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Preface

Heavy metals are naturally occurring elements that accumulate in the environment
primarily because of anthropogenic activities. Humans come into contact with these
elements via occupational exposure and food consumption. These substances can
have toxic effects on one’s health and wellbeing.

The book contains thirteen chapters that provide basic information on heavy metals
and their effects on the environment. The chapters are organized into three sections.
The first section, “Heavy Metals and Their Effects on the Environment,” includes
seven chapters.

Chapter 1: “Heavy Metal’s Environmental Impact”

Chapter 2: “Toxicity of Heavy Metals”

Chapter 3: “Influence of Heavy Metals on Quality of Raw Materials, Animal Products,
and Human and Animal Health Status”

Chapter 4: “Heavy Metal Contamination of Food Crops: Transportation via Food
Chain, Human Consumption, Toxicity and Management Strategies”

Chapter 5: “Soil-Skeleton and Soil-Water Heavy Metal Contamination by Finite
Element Modelling with Freundlich Isotherm Adsorption Parameters”

Chapter 6: “Microwave Vitrification of Hazardous Sludge by $irnak Asphaltite Slime,
Shale and Sewage Sludge — Landfill Management by Vitrified Char Sand”

Chapter 7: “Heavy Metals in Cosmetics”

The second section, “Evaluation of Heavy Metals and Their Risks to Irrigation Water,”
includes five chapters.

Chapter 8: “Concentration Levels of Heavy Metals and Selected Ions in the Irrigation
Water: The Case of Little Akaki River, Addis Ababa, Ethiopia”

Chapter 9: “Toxicants in Water: Hydrochemical Appraisal of Toxic Metals
Concentration and Seasonal Variation in Drinking Water Quality in Oil and Gas Field
Area of Rivers State, Nigeria”

Chapter 10: “Effect of Mining on Heavy Metals Toxicity and Health Risk in Selected
Rivers of Ghana”

Chapter 11: “Distribution of Potentially Toxic Elements in Water, Sediment and Soils
in the Riparian Zones around a Kraft Pulp and Paper Mill in Western Kenya”



Chapter 12: “Quantification of Heavy Metal Levels in Sediments of the “Palizada”
River in a Protected Natural Area of Southeastern Mexico”

Finally, the third section “Remediation of Heavy Metals,” includes two chapters.

Chapter 13: “Leaching Technology for Precious Heavy Metal Recapture through
(HCI + HNO;) and (HCI + H, SO,) from E-Waste

Chapter 14: “Phytoextraction of Zn(II) and Cu(Il) by Canna indica: Related
Physiological Effects”

The editors wish to thank all the participants in this book for their valuable contribu-
tions. We also gratefully acknowledge the staff at IntechOpen, especially Author
Service Manager Ms. Maja Bozicevic for her continuous assistance in finalizing this
work.

Hosam M. Saleh and AmalI. Hassan
Egyptian Atomic Energy Authority,
Cairo, Egypt
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Effects on the Environment







Chapter1

Heavy Metal's Environmental
Impact

Riyam N. Khalef, Amal I. Hassan and Hosam M. Saleh

Abstract

Heavy metals are inorganic elements with something like a density of more than
5 g/cm’. Essential and non-essential heavy metals were divided into two groups based
on their toxicity. Heavy metals, unlike organic pollutants, are non-biodegradable and
tend to accumulate in living things. Many heavy metal ions are hazardous or carcino-
genic. The majority of heavy metals, such as cadmium, copper, and zinc, are linked
to pollution and hazardous concerns. There are more than 50 elements categorized as
heavy metals, with 17 of them being extremely hazardous and easily accessible. Metal
pollutants are often non-degradable and have no recognized homeostasis mechanism.
Their mere presence in aquatic habitats is enough to have a direct or indirect impact on
living systems. The anthropogenic pollution of heavy metals in ancient mining regions
refers to areas where the concentration of one or more heavy metals exceeds normal
values. Heavy metals disrupt cellular organelles and components in biological systems.
Nanoscale zero-valent iron is a promising alternative for heavy metal cleanup. Heavy
metal ions are poisonous, non-degradable, and tend to bioaccumulate and biomag-
nify. The purpose of this chapter is to display some heavy metals and the environmen-
tal impact of these minerals, which includes soil, plants, and humans.

Keywords: heavy metals, chromium, lead, cadmium, mercury, copper, zinc, toxicity of
heavy metals, remediation of heavy metals

1. Introduction

Heavy metals are metallic elements with a higher density than water [1]. Heavy
metals also include metalloids, such as arsenic, that can cause toxicity at low levels
of exposure, based on the notion that heaviness and toxicity are linked. Because of
its physical and chemical features, this group comprises arsenic (As), cobalt (Co),
Iron (Fe), and manganese (Mn) are less common heavy metals (Mn) [1]. Essential
and non-essential heavy metals were divided into two groups based on their toxicity
[1]. Atlow concentrations, heavy metals essential are either nontoxic or considerably
less harmful (Zn, Cu, Co, and Fe). Even at low concentrations, non-essential metals
are very hazardous (such as Cd, Hg, Cr, and As) [2]. Apart from a few emissions into
the atmosphere in the form of dust particles or vapors, these heavy metals are mostly
found in the planet’s aquatic and soil phases [3]. Because of their toxicity, persistence,
and non-degradability, arsenic (As), cadmium (Cd), and lead (Pb) are considered
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primary hazardous elements [4]. Researchers devised this study to detect the pres-
ence or absence of these fatal heavy metals in samples obtained of infant formula
milk using Atomic Absorption Spectrophotometry (AAS) since lead, mercury, and
arsenic were named as the top three most harmful chemicals on the priority list. The
quantity of these heavy metals is measured in parts per million (ppm) [5]. Because,
lead, mercury and arsenic were listed as the top three most dangerous compounds

on the priority list, researchers devised this study to detect the presence or absence
of these deadly heavy metals in chosen samples of infant formula milk using Atomic
Absorption Spectrophotometry (AAS). These heavy metals’ presence is measured

in parts per million (ppm) [5]. Heavy metals are non-biodegradable, poisonous, and
easy to accumulate in living creatures in general, and the human body in particular,
in low quantities [6]. Heavy metal bioaccumulation in humans, such as cadmium

and copper, can lead to cancer, nerve damage, failure of the liver and kidneys, as well
as death [7]. Some heavy metals, such as Cd, Pb, and Cr, have no known biological
purpose, whereas others, such as Cu, Zn, and Mn, are required in small amounts

for normal plant growth and development but are severely poisonous to plants and
animals when concentrations are somewhat higher than those required [8]. Heavy
metal toxicity is still a hot topic in science, and more research is required to better

to recognize the effects of the damaging mechanism and how to control them to
lessen medical problems [9]. Due to rapid development, heavy metals wastewaters
are increasingly discharged into the environment, mainly in developing nations,

due to the rapid development of businesses such as metal plating facilities, mining
operations, fertilizer industries, tanneries, batteries, paper industries, and pesticides,
among others. Heavy metals, unlike organic pollutants, are non-biodegradable and
tend to accumulate in living things. Many heavy metal ions are hazardous or carci-
nogenic [10]. The majority of heavy metals, such as cadmium, copper, and zinc, are
linked to pollution and hazardous concerns, particularly when they are dissolved.
Because of their toxicity and mobility, the presence of any of these heavy metals at
high levels is dangerous to individuals and can interfere with a variety of environmen-
tal benefits [11]. Heavy metals’ capacity to penetrate membranes until cells is a key
role in many of their harmful effects. Furthermore, metals’ transmembrane transfer
may be implicated in their absorption, distribution in the body, and excretion, hence
transmembrane transfer aids in the determination of metal toxic kinetics. Because cell
membranes are so important in metal toxicity [12]. Toxic metals are commonly found
in industrial, municipal, and urban runoff, and they can affect humans and other
living things. Rising levels of trace metals, particularly heavy metals, in our rivers are
due to increased urbanization and industry. Many hazardous chemical components
accumulate in the soil and sediments of water bodies after being released into the
environment. There are more than 50 elements categorized as heavy metals, with 17 of
them being extremely hazardous and easily accessible. Anions play a significant role
in drinking water, and the outcomes have been shown to have an impact on people’s
health [13]. China was close to the city streets. The residents are exposed to street
dust regularly. Metal pollutants are often non-degradable and have no recognized
homeostasis mechanism. As a result, any large concentration of heavy metals poses a
threat to biological life [14]. An increase in anthropogenic activity has resulted in the
release of numerous dangerous compounds into water resources, endangering aquatic
ecosystems and the environment. Because heavy metal ions are very poisonous,
non-degradable, and tend to bioaccumulate and biomagnify as a result of the food
chain, they are the most serious contributors to water pollution. Their mere presence
in aquatic habitats is enough to have a direct or indirect impact on living systems.
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Heavy metal ions are extremely harmful to both plants and animals in the soil envi-
ronment, as they are absorbed by plants and eventually reach animals and people
[15]. A set of metals and metalloids having an atomic density larger than 4000 kg/
m? is referred to as “heavy metal” (four times the density of water). Heavy metals are
present in rocks, soil, plants, and animals and occur naturally in the environment.
Metals can be found in a variety of forms, including dissolved ions in water or vapor,
as well as minerals in rocks, sand, and soil. These materials can also form bonds with
organic and inorganic molecules, as well as cling to airborne particles. Metals are
released into the air and water by both natural and manmade mechanisms [16]. The
vast range of issues surrounding the presence of HMs in the food chain and their
effects on human health necessitates more research in this area as part of a holistic
approach to the environment in which humans live. The anthropogenic pollution of
heavy metals in ancient mining regions refers to areas where the concentration of one
or more heavy metals exceeds normal values in most soils, as well as some agricultural
products used as plant food, such as vegetables and fruit, and even animal products
(meat, eggs, and milk) [17]. It’s also crucial to identify the various sources of heavy
metals in the environment and establish their total concentration. Element speciation,
profile distribution, and spatial distribution are common methods for distinguishing
between anthropogenic and geogenic sources of potentially toxic elements, but they
are insufficiently reliable to distinguish between sources of element concentration on
their own and should be combined with additional information such as parent rock
composition or known anthropogenic sources [18]. Heavy metals have been found to
disrupt cellular organelles and components in biological systems, including the cell
membrane, mitochondria, lysosomes, endoplasmic reticulum, nuclei, and several
enzymes involved in metabolism, detoxification, and damage repair [19]. Nanoscale

Air Plant Animal
Health problem Health problem

Gas/Dust

Alteration of
Metabolic activities

Gas/liquid/solid % Bioaccumulation|

u i - E— :
discharge Polluted water Tnorganic
Direct { Irrigation pnoliutants
contamination . =% .
Solid waste S P
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_Soil pollution
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Microbial l
Affect crop diversity "
productivity * Affect soil health
Agriculture | Elbaegr‘aacﬁlon
Figure 1.

Sources, migration and toxicity of heavy metals [23].
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zero-valent iron is a promising alternative for heavy metal cleanup, with high effi-
ciency and low economic costs [20]. It has a bigger specific surface area, reduction
reactivity, and high surface energy. Such dangerous forms of heavy metals may
survive in our environment for longer periods, and once they come into touch with the
land, water, and soil, they may pose harm to living things [21].

Currently, the study region is endowed with significant mineral resources that
span the whole state. Illegal mining of these minerals has resulted in the occurrence
of HMs in soil and water supplies. Land application of fertilizers, animal manures,
sewage sludge, pesticides, mining tailings, mechanic wastes, and disposal of heavy
metal wastes are further sources of HMs [22]. Heavy metals are thought to arise from
two basic sources: natural inputs (such as parent material weathering) and human
inputs (such as metalliferous industries and mining, automobile emissions, agricultural
practices, and so on) [23]. As a result, identifying metal sources is critical before imple-
menting various pollution cleanup measures. The majority of current research is done
on mid-to large-scale (for example, mining areas, industrial areas, large cities, etc.) as
shown in Figure 1 [23].

2. Some of the heavy metals
2.1 Mercury

Mercury is a naturally occurring metal that comes in a variety of shapes and
sizes. Metallic mercury is a lustrous, silver-white liquid with no odor. Mercury
forms inorganic mercury compounds or salts, which are usually white powders or
crystals when it reacts with other elements like chlorine, sulfur, or oxygen [24].
Mercury enters the brain quickly, causing tremors, sadness, and behavioral issues
[25]. Thousands of years have passed since the beginning of time. It’s mostly used
for precious metal extraction. Mercury (Hg) is used in thermometers, barometers,
manometers, sphygmomanometers, float valves, mercury switches, mercury
relays, and fluorescent lights, as well as in the paint industry [26]. In New Jersey,
USA, levels of mercury above 0.5 ppm were found, a level of human health concern
for those who consume fish regularly. 48.8% of the sampled population of 36,422
lakes in the USA had mercury tissue concentrations that exceeded 0.3 ppm [27].
For many years, mercury, which is on the US EPA’ priority pollutants list, has
received a lot of attention [28].

Among the various methods developed over the years for mercury removal,
adsorption has substantial promise due to its simplicity and low cost, as well as the
adsorption method’s efficacy in purifying water [29]. We have observed substantial
progress in Hg removal in adsorptive separation technology and materials science
over the last 4 years [30]. The Hg(II) removal efficiencies increased in the order
of ACCl impregnated ACBr-impregnated ACI-impregnated AC, indicating that
the introduced functional groups’ electron-donating ability may help increase the
adsorption capacities of the adsorbents [30]. There are several promising advantages
for the removal of aqueous Hg(II), such as rapid separation, easy elution of analytes,
and reusable adsorbent [31]. Existing adsorbent materials have largely been limited
in their effectiveness and efficiency for the removal of Hg(II) from aqueous solutions
due to challenges such as low surface area and improper distribution of thio/thiol
groups, resulting in low capacity and moderate affinity for Hg(II), sulfur leaching,
and poor stability over a wide pH range [31].
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2.2 Cadmium

Cadmium is a silver-white metal with a density of 8.7 g/mL and an atomic weight
of 112.41 g/mol. Its main industrial applications are governed by its strong electrical
conductivity, good chemical resistance, and low melting point [32]. Cadmium is
released from a wide range of sources, including galvanized pipeline corrosion, ero-
sion of natural deposits, discharge from metal refineries, runoff from waste batteries,
and mining, smelting, and refining of nonferrous metals [33]. Cd impacts the brain
by disrupting particular membrane function, primarily in the hippocampus, accord-
ing to reports. Neurotoxicity is known to be higher in newborns than in adults, which
could be owing to the absence of blood-brain barrier maturation in newborns. Cd
accumulates greater in the choroid’s plexus region of the brain in newborns. In prena-
tal exposure to Cd inhibits the acetylcholine esterase (AchE), Na*/K*-ATPase pump,
which lowers neuronal activity in pups, according to in-vivo investigations [34].
Cadmium is one of the most toxic heavy metals, and this has piqued the attention of
environmentalists. The primary sources of cadmium discharge into the environment
through waste streams include electroplating, smelting, alloy production, pigments,
plastic, battery, mining, and refining activities [35].

Compared to virgin biochar, biochar treated with MnO, has more hydroxyl
groups, a bigger surface area, and a higher pore volume. They also verified that Cd(II)
complexation with hydroxyl groups produces CdmmO or CdmmOH species, which is the
major mechanism for Cd elimination [24]. The batch and column desorption experi-
ments were carried out under the same conditions. One gram of adsorbent was used
to treat 50 milliliters of sample water containing 20 mg of Cd(II). It was left in contact
with the adsorbent for 24 hours. Then, as detailed in a previous paper [36] investi-
gated the effects of pyrolysis temperature on biochar Pb removal ability [24].

2.3 Chromium

Chromium is an element that can be found as a liquid, solid, or gas in rocks,
animals, plants, and soil. Chromium(VI) compounds are carcinogens and toxins,
but chromium (III) is a required vitamin. Long-term exposure can affect the
liver, kidneys, circulatory system, and nerves, as well as cause skin irritation.
High levels of breathing can cause nasal irritation, nose ulcers, runny nose, and
breathing problems such as asthma, cough, shortness of breath, or wheezing
[37]. The use of cellulose ion exchangers for water and wastewater treatment was
investigated. The ability of three cellulose ion exchangers to remove proteins, azo
dyes, chromate, and heavy metal ions was investigated [38].

As aresult, the elimination of Pb(II) and Cr(VI) has been recognized as a crucial
environmental issue. To remediate Pb(II) and Cr(VI), mineral adsorption, coagula-
tion, chemical precipitation, ion exchange, biosorption, chemical reduction, and
membrane separation have all been developed [20].

2.4 Lead

Pb(II) ion has been discovered to be one of the most dangerous heavy metals,
with the ability to cause harmful consequences in animals and plants. Drinking
water is the primary route for Pb(II) ions to enter the food chain, and aquatic crea-
tures’ bioaccumulate them [39]. Lead poisoning and chelation therapy: The general
public is exposed and its compounds through industries like automobile and battery
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manufacture, refining, and smelting. Lead disrupts several biological processes and
is toxic to the nervous system, heart, kidneys, and gastrointestinal tract, with the
neurological system being the most vulnerable. Lead also causes cognitive issues

in children by interfering with brain growth [40]. Heavy metals, including Pb, are
produced by the combustion of fossil fuels in automobiles. Pollution is also thought
to be caused by the wear of motor tires and the corrosion of parts. As a result, heavy
metal pollution caused by automobiles continues to be a severe problem around the
world [41].

Many strategies have been used to remove heavy metals from contaminated liquid
effluents to reduce the negative impact. Chemical precipitation is a popular industrial
procedure that takes multiple phases before the water can be considered drinkable
[42]. The majority of adsorption research was done in a batch setting. Various low-
cost adsorbents, such as bagasse pith sulphurised activated carbon, blast furnace
sludge, biogas residual slurry, olive mill products, and peanut shell carbon, have been
used in the search for effective and cheap removal of Pb(II) from wastewater [43].

2.5 Copper

Copper is common metal contamination that, by definition, is essential for
organism functioning, but it is also potentially dangerous copper may in the soil be
either static or migratory. Immobile copper that is not bioavailable can be absorbed
or precipitated into the soil matrix. Because copper is usually cationic, it forms
complexes with negatively charged clay minerals, anionic salts, organic materials,
hydroxides, phosphorus, and sulfate [44]. Copper is a versatile metal with many uses
due to its excellent qualities. It’s utilized in electronics, as well as the manufacture of
wires, sheets, and tubes, as well as the formation of alloys. Copper is resistant to the
effects of the atmosphere and many chemicals; yet, it is known that metal is prone
to corrosion in aggressive media. Copper corrosion inhibitors are required in such
situations since no protective passive layer may be envisaged. Copper corrosion is a
possibility [45]. Even though copper is required for human metabolism, it is hardly
used. Excessive copper use, on the other hand, can cause major health problems
including high cholesterol, rapid breathing, kidney and liver damage, convulsions,
cramps, vomiting, and even death [46].

The disposal of precipitated cupric hydroxide is a major issue with this form
of treatment. Ion exchange treatment, which is the second most extensively used
approach for copper removal, does not have a sludge disposal issue and has the advan-
tage of Cu(II) reclamation [47].

2.6 Zinc

Zinc belongs to the periodic table’s group IIB and is a beautiful bluish-white metal.
When heated between 110°C and 150°C, it transforms from brittle and crystalline to
ductile and pliable. It’s a moderately reactive metal that reacts with oxygen and other
non-metals to form hydrogen, as well as dilute acids. The majority of zinc is added
through industrial processes such as mining, coal and waste combustion, and steel
processing [48]. Zinc is an important trace element for human health. It regulates
various metabolic processes and is necessary for the physiological functioning of
living tissue. Too much zinc, on the other hand, can cause serious health problems
such as stomach pains, rashes, vomiting, nausea, and anemia [10]. Vomiting, diar-
rhea, bloody urine, icterus (yellow mucus membrane), liver failure, renal failure, and
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anemia have all been documented as symptoms of zinc toxicosis [49]. Zinc is widely
used in various industries such as galvanization, paint, batteries, smelting, fertilizers
and pesticides, fossil fuel combustion, pigment, polymer stabilizers, and so on, and
zinc is present in large amounts in effluent from these industries [50].

The process is affected by a variety of factors. Adsorption (chemisorption),
complexation on the surface and pores, ion exchange, microprecipitation, heavy
metal hydroxide condensation onto the biosurface, and surface adsorption are some
of the processes involved in the biosorption process [51].

3. Effect of heavy metals on water

An increase in anthropogenic activity has resulted in the release of numerous
dangerous compounds into water resources, endangering aquatic ecosystems and
the environment. Heavy metal ions, which are very poisonous, non-degradable, and
tend to bioaccumulate and biomagnify, are the most serious contributors to water
pollution [15]. Toxic contaminants from anthropogenic businesses, such as mining
or agricultural operations that do not use environmentally friendly procedures,
or natural phenomena, such as volcanoes, earthquakes, or storms, are virtually
always present in wastewaters [52]. Heavy metals are now one of the most impor-
tant environmental hazards. To safeguard people and the environment, hazardous
heavy metals should be eliminated from wastewater. Chemical precipitation, ion
exchange, adsorption membrane filtration, electrochemical treatment procedures,
and other ways are utilized to remove heavy metal ions [53]. It is regarded as one of
the most hazardous to human health among heavy metals. Precipitation, coagula-
tion/flocculation, ion exchange, reverse osmosis, complexation/sequestration, and
electrochemical processes are all common ways of removing heavy metal ions from
wastewater. These technologies are not commercially viable, and they may result in
the production of harmful by-products [54]. As a result, removing unwanted metals
from water systems effectively and thoroughly remains critical yet difficult work for
environmental engineers. Several strategies for removing heavy metals from water
have been presented in recent years [55].

3.1 Treatment of water contaminated with heavy metals

Because the composition of wastewater is exceedingly intricate, and the char-
acterization of target species will be severely influenced by the many coexisting
compounds, current technologies will have a difficult time recognizing the detailed
composition. Physicochemical tests such as complexometric titration, ion exchange,
and stripping voltammetry were used to evaluate the complexation features in early
investigations, making it difficult to obtain the exact coordination condition of heavy
metals [56]. Micellar-enhanced ultrafiltration (MEUF) is a newly discovered water
treatment technique that has been proved to be an effective technology for removing
heavy metals even at low concentrations [7].

4. Effect of heavy metals on plant

Soil heavy metal pollution would result in two major issues: loss of soil value
and increased health risks for persons living near affected areas. Soil that has been
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poisoned by heavy metals will lose at least some of its function. When heavy metal
concentrations are within legal limits, soils may be able to continue to function.
However, more attention should be made to soil heavy metal intervention and goal
values [57]. In light of the phytotoxicity and biological relevance of the metal species
that control various plant processes, the term “heavy metal” is coined. Few metals,
such as Zn, Fe, Cu, Mn, Ni, and Co, are important micronutrients for plants, but oth-
ers, such as Hg, Al, Cd, Pb, As, Ga, Ag, and Cr, are non-essential for plants and have
no recognized physiological function. The HMs’ critical limit thresholds and reactions
at the cellular and whole-plant levels are summarized [58]. The overall visual toxic
reaction differs between heavy metals due to their varied locations of action inside
the plant. The most common visual indication of heavy metal toxicity is a reduction
in plant development, which includes leaf chlorosis, necrosis, turgor loss, a drop-in
seed germination rate, and crippled photosynthetic machinery, which is commonly
linked to senescence or plant mortality [59]. The concentration of this element in food
varies depending on where it comes from, how it’s stored, and how it’s processed.
These metals have several peculiar characteristics, including the fact that (1) they do
not degrade over time (2) they can be necessary or beneficial to plants at certain levels
but can be toxic when levels exceed specific thresholds, (3) they are always present

at a background level of non-anthropogenic origin, with their input in soils being
related to weathering of parent rocks and paedogenesis, and (4) heavy metals in soils
can become mobile as a result of changing environmental conditions because they
frequently appear as cations that interact strongly with the soil matrix [5]. Multiple
studies have found that anthropogenic sources are the principal contributors of heavy
metal contamination in the environment. Traffic emission (vehicle exhaust particles,
tire wear particles, weathered street surface particles, brake lining wear particles,
etc.), industrial emission (power plants, coal combustion, metallurgical industry, auto
repair shop, chemical plant, etc.), domestic emission, building and pavement surface
weathering, and atmospheric deposited heavy metals are all anthropogenic sources of
heavy metals in urban soils and urban road dust [60]. Soil bacteria have been shown
to alter heavy metal mobility and bioavailability by solubilizing metal phosphates,
releasing chelating agents, producing redox changes, and acidification [61]. Due to
the textural composition of distinct soil strata, heavy metals differ in different soil
horizons. Different remediation strategies have been developed to avoid metal deposi-
tion and movement within the soil profile. Those based on the addition of materials
capable of immobilizing mobile forms of metals, such as compost and biosolid, are
sufficient. Another approach is phytoremediation, which is based on heavy metal
absorption by various plant species [62]. pH, organic matter, and redox conditions are
all factors that affect the chemistry of metals in soil and their intake by organisms; of
these, pH is the most important and easiest controllable. Soil pH influences the avail-
ability and plant uptake of micronutrients [63].

4.1 Treatment of soil contaminated with heavy metals

Soil washing, which comprises pretreatment, separation, coarse-grained treat-
ment, fine-grained treatment, water treatment, and residual management, can
reduce heavy metal concentrations in soils by physical/chemical desorption, chela-
tion, dissolution, and oxidation processes. The distribution of heavy metal com-
pounds between soil and washing solution impacts soil cleaning performance. The
efficacy of treatment varies depending on the washing technique and solution agents
utilized [57]. Heavy metals and metalloids can accumulate in soils due to emissions
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from rapidly expanding industrial areas, mine tailings, disposal of high metal

wastes, leaded gasoline and paints, fertilizer application, animal manures, sewage
sludge, pesticides, wastewater irrigation, coal combustion residues, petrochemical
spillage, and atmospheric deposition [64]. Minerals are dissolved in most cases by
reacting with carbonic acid and water. Insoluble minerals are distributed into fine
particles. Metals and metalloids from metal wastes, gasoline, animal feces, sludge,
wastewater irrigation, and atmospheric deposition contaminate soils. Heavy metals
can be removed from soil and water via phytobiological remediation, which is a cost-
effective and environmentally benign method. Heavy metals are removed from soil
and water through phytobial remediation, which incorporates plants and bacteria.
Plants are used to ingest heavy metals, and microbes aid in the breakdown of those
metallic elements in phytobial-based remediation [65]. Integrating an appropriate
bacteria that can release numerous plant growth-promoting substances can improve
these mechanisms [66]. Phytobial remediation, in contrast to other invasive technolo-
gies, is widely considered the safest and most cost-effective option. It’s in situ treat-
ment method has also been demonstrated to reduce heavy metal distribution in soil
and aid in topsoil preservation. Phytoremediation is aided by the mobilization and
volatilization of free-living microorganisms. Metals are mobilized through a variety
of processes, including volatilization, redox transformation, leaching, and chelation.
Endophytes are bacteria and fungus that dwell on the inside of plants. They spend

at least part of their life cycle inside the plant without harming it. They are found in
almost every plant, with certain of them having the ability to encourage plant devel-
opment [67]. Secondary metabolites are produced by a few fungal endophytes. Heavy
metal tolerance has been discovered in Methylobacterium strains from the Pteris
vittata plant [68]. Algae are considered an essential constituent of the aquatic system,
playing a significant role in the biogeochemical cycle. Because of its exceptional
absorption and sequestration capability, it has piqued the interest of researchers

all over the world [69]. Though several integrated techniques, recombinant genetic
engineering of bacteria and plants has also proven to be worthwhile in terms of heavy
metal removal applications. If microbes are genetically modified, they can perform
better than the natural variety, which has enormous remedial potential. Similarly,
genetic engineering can be used to stimulate phytoremediation to increase heavy
metal accumulation and absorption [70].

5. Effect of heavy metals on human

These do not degrade and accumulate in live beings, resulting in a variety of
illnesses and disorders of the neurological, immunological, reproductive, and gas-
trointestinal systems. Because these heavy metal ions (HMI) are non-biodegradable,
they can last for decades or even centuries once released into the environment. Lead
(Pb), mercury (Hg), cadmium (Cd), chromium (Cr), and arsenic (As) are among
the most poisonous heavy metals [71]. Melanin may protect tissue by filtering or
detoxicating heavy metals from the surrounding neuronal retina and photoreceptor
cells. The choroid plexus of the brain, like the retinal pigment epithelium, sequesters
lead and acts as a protective barrier against harmful materials entering the brain [72].
During pregnancy, potentially dangerous contaminants circulating in a pregnant
woman’s blood might reach the fetus, posing a risk to the child’s health. Because of
their ubiquitous exposure, cadmium (Cd), lead (Pb), manganese (Mn), and mer-
cury (Hg) have gotten a lot of attention [73]. Exposure to heavy metals and other
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contaminants has resulted in a variety of problems in humans and wildlife, including
carcinogenic, mutagenic, and teratogenic effects. Structure anomalies, nutritional
imbalance, metabolic disruption, and low have all been observed in plants cultivated
in contaminated areas [74]. Furthermore, exposure to these hazardous metals has
been linked to several serious disorders, including Alzheimer’s disease [75]. Due to
the difficulty of completely avoiding heavy metal exposure, chemoprevention is a
prominent technique for shielding humans and animals from the risk of major health
problems caused by toxic metal exposure. The usefulness of many antioxidants,
including vitamins taurine, in reducing heavy metal-induced oxidative DNA damage
was investigated [75]. Liquid pollutants can hurt human health as well as the environ-
ment. Landfill leachate and mine drainage, among other sources of these toxins, cause
serious health and environmental hazards [76]. Lead (Pb), cadmium (Cd), mercury
(Hg), and arsenic are the most prevalent heavy metals that can cause health concerns
when taken in contaminated foods (As). For thousands of years, heavy metals have
been employed in a variety of situations throughout human culture. Even though

the severe health consequences of heavy metals have long been known, heavy metal
exposure persists and, in certain countries, is even rising. Unfortunately, food and
food containers are one of the most prevalent causes of heavy metal contamination in
the general population [77].

Cadmium-rich foods can significantly increase the amount of cadmium in people’s
bodies. Liver, mushrooms, prawns, mussels, cocoa powder, and dried seaweed are just
a few examples. The circulatory system is a significant route of exposure, and blood
vessels are thought to be the main organs of cadmium poisoning. Chronic inhalation
exposure to cadmium particles is linked to pulmonary function abnormalities and
chest radiographs that are suggestive of emphysema [78]. Cigarette smokers have
greater blood and urine cadmium levels, while former smokers have intermediate
levels and nonsmokers have lower levels [79]. High quantities of chromium(VI) in the
air might irritate the lining of the nose and cause ulcers. Irritation and ulcers in the
stomach and small intestine, anemia, and sperm impairment are the most common
health concerns found in animals after consuming chromium (VI) compounds [80].
Lead is the most systemic toxin, affecting the kidneys, liver, central nervous system,
hematopoietic system, endocrine system, and reproductive system among other
organs [81]. Mercury has an extremely low excretion rate once absorbed. The kidneys,
neurological tissue, and the liver store a large part of what is absorbed. Mercury is
harmful in all forms, with gastrointestinal toxicity, neurotoxicity, and nephrotoxic-
ity among the side effects [82]. Several additional critical elements, like copper, are
required for biological function; nevertheless, excessive amounts of these metals
cause cellular and tissue damage, resulting in a range of negative impacts and human
diseases. There is a relatively limited range of concentrations between helpful and
hazardous effects for several elements, such as chromium and copper [82].

6. Conclusion and recommendations

Heavy metals are found naturally throughout the earth’s crust, anthropogenic
activities such as mining and smelting, industrial production and use, and domestic
and agricultural use of metals and metal-containing compounds cause environmental
contamination and human exposure. Physical parameters such as temperature, phase
association, adsorption, and sequestration influence their bioavailability. Metals such
as Co, Cu, Cr, Fe, Mg, Mn, and Zn have been identified as crucial nutrients necessary
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for a variety of biochemical and physiological functions. A lack of certain micronutri-
ents leads to several deficient illnesses or syndromes.

The most important steps taken to protect the environment are the establishment
of natural reserves that ensure that one element is not tyrannized over another, by
placing endangered animals and rare plants in an ideal environment suitable for
them to grow and reproduce without imbalance or imbalance. It decreases because
the environment is safe in our necks to maintain it well and use modern methods or
environmentally friendly materials for the treatment process. Remediation of heavy
metal-contaminated soil is required to eliminate the related dangers, make the land
resource available for agricultural development, improve food security, and reduce
land tenure issues. In the future, more emphasis should be placed on assessment
methodologies for measuring remediation efficacy while creating new remediation
technologies.
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Toxicity of Heavy Metals

Elena Loredana Ungureanu and Gabriel Mustatea

Abstract

Heavy metals are elements who exist naturally in the environment, but rapid
urbanization and industrialization led to increased levels of these metals. These
metals can reach the human body through food, water or air, where they have the
property to accumulate in various tissues and organs for long periods of time and to
produce serious effects on certain organs and the proper functioning of the body.
Studies have also shown that heavy metals can have important effects, including on
plants or animals. Their toxicity is dependent on factors such as dose, route of expo-
sure, time of exposure, level of concentration, as well as age, gender, genetics, and
nutritional status of exposed individuals. There is a growing interest from researchers
to detect various physical, physical-chemical or microbiological methods to reduce or
eliminate the presence of these metals, especially from surface or wastewater, which
are mainly responsible for food contamination. This chapter present the main char-
acteristics of heavy metals, the sources of contamination of exposure, as well as their
toxicity on some environmental segments and especially on living organisms.

Keywords: contamination, heavy metals, human health, sources of exposure, toxicity

1. Introduction

Heavy metals (HM) represent a group of metallic elements and metalloids charac-
terized by a relatively density higher than 5 g/cm?, an atomic number greater than 20
and with properties like conductance of heat, current and luster surface [1-3].

Pollution or contamination of the environment with heavy metals is a major
concern, due to their capacity to bioaccumulate and persistence in the environment,
non-biodegradable nature, contaminate the food chains and their toxicity on the
environment and living organisms (humans, animals and plants) [1-3]. Heavy metal
toxicity is a concern of ecological, nutritional, evolutionary and environmental
reasons [1].

Heavy metals are among the most investigated pollutants and received a higher
attention by researchers, because of their toxicity [2, 4]. These elements are naturally
present in the environment, but on which modern industrialization and urbanization,
anthropogenic activities and use of fertilizers, led to increased levels of these metals
in the environment and implicitly to a high exposure of living things to them [2, 5].
Among the heavy metals and the most toxic metalloids are chromium, mercury, arse-
nic, cadmium, lead, nickel, copper, zinc, but the most common heavy metals in the
environment are chromium, manganese, nickel, lead, cadmium, copper and zinc [2].
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Regarding their functions in biological systems, heavy metals can be essential and
nonessential. The nonessential heavy metals do not possess biological functions in
living organisms, being non-essential to metabolic system, both for plants and animals.
Their category includes lead, cadmium, mercury, aluminum and arsenic [2, 6, 7],
being able to exert toxic effects even at low concentrations [8]. The essential heavy
metals are elements, which are indispensable for plant and animals, which play a vital
role in biological processes and entire metabolism and may be required in living organ-
ism in different concentrations [2, 8]. These heavy metals are considered as trace ele-
ments because of their presence in trace concentrations (less than 10 ppm) in different
environmental matrices [9]. The essentiality and toxicity of the trace metals depending
on the dose of exposure [10]. This category includes 19 elements, among which the
most important are manganese, iron, copper, zinc, nickel and chromium [2].

Trace elements or trace minerals are minerals necessary for the body, but in
amounts between 1 and 100 mg/day for adults and represents less than 0.01-0.02% of
the total body weight [10-12]. When they exceed these threshold concentrations, they
become dangerous to the health of living organisms [1].

According to WHO classification, trace elements can be divided into three groups,
such as essential elements (zinc, iodine, molybdenum, copper, selenium, chromium),
probably essential elements (manganese, silicon, boron, vanadium, nickel) and
potentially toxic elements (lead, cadmium, fluorine, mercury, aluminum, arsenic,
barium, lithium, tin [13, 14].

Another classification of the trace elements was made by Frieden in 1981, based
on their levels in biological tissues, being divided into 3 groups, namely essential trace
elements (boron, cobalt, copper, iodine, manganese, molybdenum, zinc), probably
essential trace elements (chromium, fluorine, nickel, selenium, vanadium) and
physically promotive trace elements (bromine, lithium, silicone, tin) [13, 15].

The present chapter presents the characteristics of heavy metals, the main sources
of heavy metal contamination of the environment, as well as human exposure sources.
The impact of their toxicity on various environmental segments, such as water, air, soil,
as well as on living organisms, animals, but especially humans, has also been described.

2. Sources of environmental contamination

Heavy metals contamination of environment can come both from natural sources
and from anthropogenic processes. Natural emissions of heavy metals include volca-
nic eruptions, rock weathering, sea-salt sprays, forest fires, biogenic sources, wind-
borne soil particles and can be found in the nature as oxides, hydroxides, silicates,
sulphates, sulphides, phosphates, organic compounds [4].

Anthropogenic processes which can release heavy metals in different environ-
mental compartments, are industries, agriculture (insecticides, pesticides which can
release As), fossil fuels combustion (Ni, V, Hg, Se, Sn), wastewater, mining, smelting
(As, Cu, Zn), corrosion, metallurgical processes, residual organic matter, transporta-
tion (Pb) [4, 7, 16].

3. Toxicity

Heavy metals can produce side effects on soil, on water, on air, but also on plants,
animals and humans [3, 4, 17]. In soil, high levels of heavy metals can produce

22



Toxicity of Heavy Metals
DOI: http://dx.doi.org/10.5772/intechopen.102441

alteration of soil quality through modification of pH, color, porosity and natural
composition [4, 18], but also low crop production, loss of many types of normal
flora and habitat [19]. Their accumulation into the water imposes serious problems
on humans and ecosystems [4], due to decreasing of drinking water quality and
purity, decreasing water supplies for all living organisms [19]. High levels of heavy
metals in air can lead to harmful health problems, including respiratory infections,
cardiovascular disease, premature mortality, eyes and skin irritation, but also can
cause infrastructure deterioration, acid rain increasing, corrosion, eutrophication
and haze [4], low yields of the crop, not enough oxygen [19]. In plants, they can
produce damage of roots or leaves, interfere in important biochemical process, such
as photosynthesis, alteration of minerals absorption, damage of chlorophyll, reduce
the growth and development of the roots, which leading to reduction pf overall
growth of the plant [3, 20, 21].

The toxicity of heavy metals in animal is manifested through decreased body
weight, kidney damage, liver affections, shortened life span, increased oxidative stress,
modifications of cells composition, DNA damage [17]. In humans they can produce
kidney damage, liver affections, pulmonary effects, several types of cancer [3].

Heavy metals became toxic when are not metabolized by the body and accu-
mulates in organs and soft tissues [4]. They reach the human body by ingesting
contaminated water or food, inhalation of absorption through the skin. Among
the pathways, ingestion in the common route that helps the heavy metals to enter
to the animal bodies [3, 4]. The effect of this metals can be inhibitory, stimulatory
and toxic for some biochemical processes [3], being able to produce various health
problems on nervous system (Alzheimer, Parkinsoma, depression, dementia), on
bone system (bone mineralization) an on reproductive system. Also, can produce
DNA damage, RNA affection, or cancer of lungs, skin, bladder, due to production
of ROS [3]. Their toxicity depends the dose of exposure, time of exposure, pollutant
concentration, organism which are exposed to it, nature and oxidation state of the
metal [3, 4].

3.1 Toxicity of lead (Pb)

Lead is the most important toxic heavy metal in the environment because can
cause serious environmental contamination and health problems [1, 10]. The main
sources of environmental contamination including industrial processes, such as fossil
fuel burning, mining, smelting, manufacturing, recycling activities. It is also used for
leaded pipes, lead-glazed or lead-soldered containers, leaded paint, leaded gasoline,
leaded aviation fuel [10, 22].

The inorganic lead can enter into the human body by inhalation (pulmonary
absorption) of contaminated air or by smoking (15%), or by ingestion (gastrointesti-
nal absorption) of food (65%) and water (20%) [1, 3, 22, 23]. Although organic com-
pounds are absorbed through skin, inorganic compounds cannot be absorbed [10].

According to the WHO guidelines, the international level of concern of poisoning
with lead is 25 pg/dl of blood for adults and for children, it must be less than 5 pg/dl
of blood [23]. Their absorption is influenced by the age and physiological status of the
exposed person [22].

However, the nervous system is most affected by exposure to high concentra-
tions of lead, in both children and adults. Because children absorb 4-5 times more
ingested lead, it can cause impaired neurobehavioral development, learning dis-
abilities, speech and language handicaps, poor attention span, lower IQ, diminished
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intelligence, anti-social behavior [10, 22]. At high concentration, lead can produce
coma, convulsions and even death on children and may be left with mental retarda-
tion and behavioral disorders [10]. In adults it can be manifested headache, poor
attention, irritability, loss of memory, dullness [9, 22]. Increased absorption rate

was observed when other nutrients such as calcium or iron are lacking. Even at lower
concentrations, known as safe levels, children face learning or behavioral problems,
decreased intelligence in children [10]. Although it mainly affects the nervous system,
the largest amount of lead is found in the kidneys [9, 22].

Research has shown that this heavy metal can cross the placental barrier in
pregnant women who have high levels of it in the blood, causing fetal abnormalities
such as low IQ level, encephalopathy, neurological disorders, disruption of calcium
levels in nerve cells [3]. Pregnant women exposed to lead, can manifest miscarriage,
premature birth, reduced birth weight, stillbirth [10, 22].

After absorption, 99% of lead is bound to the hemoglobin, being circulated
through the vascular system to soft tissues, bones, liver, kidneys (organs of lead excre-
tion), hair [3, 10, 19], being stored especially in teeth and bones (where in incorpo-
rated into the mineral in place of calcium) [10, 22]. The stored Pb can be reintroduced
into the bloodstream, especially during pregnancy, exposing the fetus [10].

Lead can produce lungs disorders, reduced pulmonary function, anemia, liver
damage, cardiovascular dysfunction, renal impairment, immunotoxicity, disturbance
of the balance free radicals-antioxidant system, cognitive impairments [1, 5, 10, 17].
Anemia occurs as a result of the interaction that this metal has with the important
enzymes involved in the synthesis of hemoglobin, enzymes that are responsible and
transport oxygen. Thus, by retardation of these enzymes, the hemoglobin concentra-
tion is reduced [3]. At high concentration, it can produce high risk of hypertension,
gastrointestinal disorders, Alzheimer’ disease, kidneys damage, interfere in vitamin
D metabolism and thyrotoxicity, by affecting the normal function of thyroid gland,
(3,19, 22].

In people with high levels of lead in the blood, there was an impairment of sexual
function, manifested by decreased libido, decreased sperm count and their mobility,
changes in sperm composition [3, 22].

Also, this metal can cause changes at cellular level, such as decreased cell viability,
cell distortion, reduced cohesion, lipid peroxidation, damage of protein folding,
stop structural protein synthesis, intra- and inter-cellular signaling, apoptosis, ionic
transportation, especially of calcium, cell adhesion, release of neurotransmitters,
inhibiting enzymes activity, inhibits mineral absorption, affecting the activities of
mitochondria and endoplasmic reticulum, decreases level of glutathione, generation
of reactive oxygen species or reducing antioxidants [1, 3, 17, 22]. Lead has ability to
inhibit or mimic the activity of calcium and perturbs their intracellular cycling, may
interfere with proteins, can be bound to biological molecules and interfering with
their function by various mechanisms [22].

Studies demonstrated that lead can produce genetic damage by mechanisms which
include inhibition of DNA synthesis and repair, oxidative damage, being considered
by the International Agency for Research on Cancer (IARC) as a probable human
carcinogen [22].

Studies performed on animal models have shown altered homeostasis, induced
kidney damage, decreases of antioxidant levels, decreased body weight, shortened life
span, increases of total protein, albumin, histamine, creatinine, decreased red blood
cells count [5, 17].
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3.2 Toxicity of cadmium (Cd)

Cadmium is an industrial compound, used in plastic industry, for obtaining plastic
stabilizer, but also for production of color pigments, alloys (being a by-product of
zinc production), glass production, electroplating industries, welders, rechargeable
batteries (about three-fourths of cadmium production). Others important sources
include emissions from industrial activities, such as mining or smelting [1, 5, 9,

19, 22, 24].

Exposure to cadmium is achieved by ingestion of food or water, inhalation of con-
taminated dust, especially for employers which work in primary metal industries or
in cadmium-contaminated places, or by smoking cigarettes [3, 5, 10, 19, 22]. Because
this metal could not penetrate the skin barrier, dermal exposure not represent a health
concern [10].

The main way of exposure for smokers is the smoking, while, for non-smokers, the
primary source of exposure is food, such as peanuts, crustaceans and mollusks, leafy
vegetables, sunflower seeds, cocoa powder, rice, grains, soybeans, mushrooms, potatoes
[3, 10, 22, 25]. Biomonitoring studies have shown that in the case of cigarette smokers,
blood and urine levels were generally high, moderate in former smokers and in non-
smokers they were reduced [22]. This is related the capacity of this metal to accumulate
in high concentrations in tabaco leaves [5, 26]. Their toxicity depends both, the dose of
exposure and the exposure time [3]. The percentage of cadmium, absorbed after inges-
tion is 5-10%, but in diets with a low intake of iron, calcium or protein, the percentage
absorbed is higher [10].

In case of occupational workers, in industries which uses this metal, inhalation is
the primary way of exposure, so that a percentage of 5-35% of inhaled cadmium is
absorbed into the blood, depending the form, particle size, or site of deposition. If
this metal reaches the level of the alveoli, its absorption into the blood could be 100%
[10]. Their chronic exposure has been associated with changes in pulmonary func-
tion, emphysema, decreases in olfactory function [22].

The most toxic form is divalent cadmium ion (Cd**), which is the most common
form and may disturb the basic cellular functions and can cause various side effects
[3, 22]. This element can cause side effects even at low concentrations, due to its low
excretion rate [17, 27].

Also, it has the capability to replace iron and copper in different cytoplasmic and
membrane proteins, and these unbounded substituted metals participate in oxidative
stress processes, due to their increased levels [17].

When it binds to cysteine-rich proteins, its concentration inside the body increases
3000 times, forming compounds, such as metallothionein, which can produce
hepatotoxicity, nephrotoxicity [1, 3]. If attached to compounds such as histidine, glu-
tamate or cysteine, it can cause iron deficiencies. As a result of exposure, the immune
system and endocrine system is affected, even at a young age [3].

Studies have shown that women have higher levels of cadmium than men, and
pregnant women have more levels than non-pregnant women. Cadmium does not
cross the placental barrier, and remains trapped in it, preventing it from affecting the
prenatal exposure of the fetus [3].

The target organs for cadmium are the liver, bones, vascular system, nerve tissues,
but especially the kidneys, leading to their damage or malfunction [3, 17, 19, 28]. As
their concentration inside the kidneys increases, the rate of calcium excretion from
the body is high, which means an increased risk of kidney stones [3, 17, 29]. Also, its
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renal excretion causes damage to the renal tubules and tubular disfunction by pro-
moting oxidative stress in proximal tubular cells [3, 17].

In case of acute ingestion, symptoms such as vomiting, vertigo, abdominal pain,
burning sensation, muscle cramps, shock, loss of consciousness, nausea, convulsions
appear in 15-30 min. Because this heavy metal is a severe pulmonary and gastrointes-
tinal irritant, erosion of the intestinal tract, diseases of pulmonary, hepatic or renal or
coma could appear, depending the route of poisoning [22].

The exposure to low levels, may affect the prostatic lipid metabolism and the
increasing of the fatty acids used to synthesis of phospholipids, with effects on the
composition and functions of the plasma membrane [3].

High levels of cadmium in the blood cause a decrease in bone density, especially in
pregnant women. Also, it can produce Itai-itai bone disease, which is characterized
by painful degenerative bone disease (such as osteomalacia and osteoporosis), renal
tubular abnormalities, calcium and phosphate excretion, lung cancer [5, 10, 30].

Chronic exposure can cause effects such as anemia, emphysema, osteoporosis,
renal disorders, anosmia, chronic rhinitis, but also have a depressant effect, by chang-
ing the levels of serotonin, norepinephrine or acetylcholine [3, 22].

By accumulating in the pancreas and blood, the both exocrine and endocrine func-
tion of the pancreas is affected, resulting in a reduction in serum insulin. It may also
affect the pancreas to resisting the secretion of insulin, and producing diabetes type 2.
Research has shown that it can affect adipose tissue and can lead to obesity. Research
has shown that exposure to this element can alter the balance of pituitary hormones.
On reproductive system, Cd can affect the synthesis of testosterone and progesterone,
spontaneous abortion, low birth weight, changes and apoptosis of germ cells, reduc-
ing of semen quality, damage of DNA of sperm cells, apoptosis of Sertoli cells [3].

Long term exposure to cell, it could transform normal cell into malignant cells.
Because it contributes to the development of certain types of cancer, such as lung,
prostate, pancreatic or kidney cancer, especially in case of occupational exposure,
it has been classified as no. 1 human carcinogen by the International Agency for
Research on Cancer USA [3, 5, 17, 22, 31]. Rodent studies have demonstrated the
capacity of this metal to causes pulmonary adenocarcinomas or prostatic proliferative
lesions, leading to adenocarcinomas [22].

At the cellular level, Cd disrupts the respiratory chain of the mitochondria,
involved in transport across cell membranes and cell damage through production
of reactive oxygen species (ROS), blocking calcium channels, hinders sulthydryl
enzymes, interacts with some cell ligands, promote lipid peroxidation and protein
carbonylation. It also affects oxidative phosphorylation pathways, mitochondrial
genes involved in cell apoptosis, reducing the ATP level and the energy production.
This heavy metal affects the activity of some antioxidant enzymes, such as glutathi-
one reductase, catalase, glutathione peroxidase. Also, cadmium could interact with
DNA and may reduce its binding capacity or repair, DNA damage or disruption of
synthesis of nucleic acid or proteins [3, 17, 22, 24].

Animal studies have shown that it can produce disorders in the metabolism of
zinc, copper and calcium, being able to decrease their absorption and resulting
in low dietary intake [5, 32, 33]. The hepatotoxicity and nephrotoxicity of Cd was
also observed, after administration of certain doses of cadmium [5, 33]. At cellular
level, changes in cell-cell adhesion, autophagic response, changes in cellular signal-
ing pathways, cell death [5], mitochondrial swelling, decrease in antioxidant levels,
increases in urinary proteins, more vacuoles and lysosomes in proximal tubule cells
were observed [17].
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3.3 Toxicity of arsenic (As)

Arsenic is one of the most important heavy metals, with property of a semi metal-
lic, is found in nature in the form of metalloid (As®) inorganic and organic form, and
arsine (AsH;) [1, 17, 22, 34]. The main inorganic forms include the trivalent form,
arsenite (As’*), and the pentavalent form, arsenate (As’*). Among the organic com-
pounds of arsenic are the methylated metabolites, such as monomethylarsonic acid
(MMA), dimethylarsinic acid (DMA) and trimethylarsine oxide [9, 22]. Inorganic
arsenic compounds, found in water is more toxic than organic compounds, found in
seafood, which is less harmful [1, 10, 17, 23, 35]. Studies demonstrated thar trivalent
arsenite is 2-10 times more toxic than pentavalent arsenate [22]. The order of increas-
ing toxicity of arsenic compounds is the following, organic arsenicals < metalloid
(As°) < inorganic forms (As™ < As**) < arsine [5, 36, 37].

Arsenite, which is prevalent and more mobile, has the capability to bind to thiol
or sulfhydryl groups of proteins and inactivate more than 200 enzymes, with effects
on different organ systems, but also to inhibits the uptake of glucose into cells, fatty
acid oxidation, production of acetyl coenzyme A, gluconeogenesis, synthesis of
glutathione reductase and thioredoxin reductase. Arsenate can replace phosphate,
involved in biological processes, including the transport system [3, 17, 22, 23, 38].
Environmental pollution with this heavy metal, occur as a result of volcanic erup-
tions, soil erosion or some anthropogenic activities [9, 22]. It is used to obtain
industrially products, such as, insecticides, herbicides, fungicides, algicides, smelt-
ing, mining, sheep dips, ceramics and glass making, wood preservatives, refining of
metallic ores, paints, dye stuffs or for some medicinal treatments for syphilis, yaws,
amoebic dysentery, trypanosomiasis [1, 22].

The exposure to elevated levels of inorganic arsenic occurs through ingestion (oral
route) of food and water contaminated, inhalation of smoking tobacco, dust or burn-
ing smoke from arsenic-treated wood, working in a place where this metal is made
or used, dermal contact and parenteral route [5, 10, 22]. Diet, and especially water,
is the most important source of exposure, with an intake of about 12-50 pg/day, but
the dietary requirement has been suggested to be between 12 and 25 12-50 pg/day
[22, 23, 39]. Food sources of arsenic are seafood, poultry, grains (especially rice),
bread, cereal products, mushrooms, dairy products [23, 40].

Exposure from air and soil is much smaller, but in areas with a high contamina-
tion, the intake through these ways may become significant [22]. Inorganic and
organic compounds leave the body through renal excretion. Most of inorganic com-
pounds are eliminated within several days, but some will remain stored for several
months or even longer. Organic compounds are eliminated by the body much faster
than inorganic arsenic, so most of them will leave the body in a few days [10]. After
the absorption in the body, the target organs are lungs, spleen, kidneys, liver, but also,
hair, skin and nails, but the last three for long-term accumulation [5].

Researcher showed a strong association between arsenic exposure and increased
risks of carcinogenic and systemic health effects, including cardiovascular, der-
matologic, nervous, hepatobiliary, renal, gastrointestinal and respiratory diseases
[3, 9, 22]. So, in the case of poisoning, the symptoms manifested are abdominal pain,
hemolysis, keratosis and hyperkeratosis, edema, gangrene and finally skin cancer
[3, 23, 35]. The severity of symptoms varies depending upon the oxidation state and
chemical species of arsenic, the solubility, frequency and exposure time, exposure
dose, individual susceptibilities, age, gender, genetic and nutritional factors of
exposed person [3, 9, 22].
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It has been observed that in the case of persons exposed to high concentrations,
symptoms such as developmental abnormalities, diabetes, cardiovascular and
peripheral vascular disease, pulmonary disease, hearing loss, liver fibrosis, cirrhosis,
melanosis, hematologic disorders (anemia, leukopenia, eosinophilia), neurologic and
neurobehavioral disorders and different carcinoma have occurred [1, 9, 17, 22, 41, 42].

Long term exposure influences the promotion of carcinogenesis in various
tissues or organs, so in areas with higher pollution, was observed a higher mortal-
ity rate for different types of cancers, such as kidney, skin, liver, lungs and bladder
[3, 9, 10, 22]. For this reason, arsenic and arsenic compounds has been classified as
carcinogenic to humans by International Agency for Research on Cancer (IARC)

[3, 10]. Also, symptoms like, pigmentation changes, skin lesions, hyperkeratosis,
was observed, which may be a precursor to skin cancer. Even at low concentration
for a long time, it could change the color of the skin [1, 10]. Chronic arsenic toxicity
is termed arsenicosis [1].

At lower concentration, for shorter exposure, arsenic and its compounds may
cause nausea and vomiting, reduced production of erythrocytes and leukocytes,
abnormal heart beat, damage of blood vessels [1].

This heavy metal could cross the placenta, particularly during early gestation, and
affect the fetus, leading to adverse pregnancy outcomes, such as spontaneous abor-
tion, stillbirth, preterm birth, low birth weight), higher infant mortality [5, 10, 43].
Numerous studies demonstrated that in utero or in childhood exposure to this metal,
can lead to increases mortality in young adults due to multiple cancers, cardiovascular
diseases, kidney failure, lung damage [10, 44], but also negative impact on cognitive
developments, intelligence and memory [10, 45].

Their genotoxicity was demonstrated through its capacity to inhibit DNA repair,
induce some chromosomal anomalies and DNA damage, sister-chromatid exchanges,
arrest cells in mitosis, induce expression of some genes and gene amplification, inter-
fere with formation of micronuclei in different cells, promote oxidative stress, altered
growth factors, interfere with cell signaling pathways, inhibition of cell prolifera-
tion, promote apoptotic mechanism in various cell (monocytes, T-cells, cancer cells,
melanocytes, dermal cells, keratinocytes), mitochondrial disfunctions [5, 17, 22, 46].

In addition to the ability to bind certain structures or to replace some compounds,
at cellular level, arsenic compounds could inhibit the mitochondrial enzymes
involved in cellular respiration, inactivate some enzymes, such as thiolase and dihy-
drolipoyl dehydrogenase and affects the oxidative phosphorylation [22].

Animal studies released that arsenic could produce deficits of growth, altered liver
and breast milk triglyceride levels [17, 47], decrease of cell viability, induced apoptosis
in some cells, increased oxidative stress, increased phosphorylation [17, 48], lower
levels of corticosterone receptor, reduced learning and memory [17, 49].

3.4 Toxicity of mercury (Hg)

Mercury or hydrargyrum is a heavy metal which belong to the transition elements
series of periodic table [9, 22] and exist in the nature in three chemical forms, such
as elemental or metallic or elementary mercury (Hg’), inorganic mercurous (Hg"™)
and mercuric (Hg**) and organic mercury compound, methylmercury (MeHg or
CH3-Hg) and ethylmercury (EtHg or CH3CH2-Hg), the last two being obtained
through methylation of inorganic mercuric form by microorganisms found in water
and soil [5, 9, 17, 22, 50, 51]. Each chemical form has its own toxicity and chemical
properties [9, 22]. Organic Hg compounds are more harmful than inorganic Hg, the
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order of increasing toxicity being following: metallic mercury (Hg®) < inorganic
mercuric (Hg**) < inorganic mercurous (Hg'*) < organic compounds [5]. At room
temperature, elementary mercury is a liquid with high vapor pressure and released
into nature as Hg vapor, which are more hazardous than liquid form [5, 9, 23].

It is used in numerous industrial processes, including mining (for extraction of
gold), electrical industry (switches, thermostats, batteries), in lamp production
factories (for fluorescent light bulbs), caustic soda production, measurement instru-
ments (thermometers, manometers, barometers, mercury switches), nuclear reac-
tors, paint industries, antifungal agents for wood processing, fungicides in agriculture
(methylmercury and ethylmercury), soaps and some skin lightening creams (as
mercury chloride) [1, 5, 22, 23, 52].

This metal can reach into the body through inhalation and ingestion of food
contamination, especially of fish and seafood, but also by dental amalgams (which
contain over 50% elemental mercury), preventive medical practices, industrial and
agricultural operations, occupational operations [17, 22].

The most absorbed chemical species are elementary and methyl mercury (Me-Hg)
[5, 22]. Metallic mercury, which is highly lipophilic, is absorbed by lungs (80%) and
tissues lining the mouth and then passed into the cell through cell membranes when
in oxidized and became inorganic mercuric (Hg*"), highly reactive. The elementary
mercury has the capacity to cross the blood-brain barrier and the placental barrier
[5, 22], having a higher neurotoxicity compared to inorganic mercury, which passes
the cell membrane in a slower rate, but cannot cross the blood brain barrier and
placenta [5]. Metallic mercury is slightly absorbed in the gastrointestinal tract, the
toxicity in this case being reduced [5].

Methyl mercury is easily absorbed in gastrointestinal tract (95%) and circulated
in the body, where bound to thiol groups, such as cysteine, with which it can form
compounds able to pass the blood brain barrier [5, 17, 53]. Toxicokinetic of ethylmer-
cury is similar with that of methylmercury [5, 53].

Methyl mercury entered in organism through the consumption of fish [5, 54],
is absorbed in the gastrointestinal tract and due to its lipophilicity can pass the
blood-brain barrier and placental barrier [22]. Cooking of fish does not diminish
or eliminate mercury content [5]. Exposure to methyl mercury can produce mental
retardation, cerebral palsy, deafness, blindness, dysarthria (especially at children
exposed in utero) [17]. Instead, at higher concentration for short time, this could
produce lung damage, nausea, vomiting, skin rashes, increased heart rate and blood
pressure. Symptoms of organic mercury poisoning are depression, fatigue, memory
problems, headache, tremors, hair loss [1].

Mercury and its compounds excretion rate depends on its oxidation state [10].
Elemental and inorganic mercury is eliminated by the kidney (urine) and minimally
through gastrointestinal tract (feces), having a half-life of 30-60 days [10, 55, 56].
Organic compounds are excreted by feces, but are recirculated enterohepatic, in this
case the half-life being 70 days.

Major of absorbed mercury accumulates into kidneys (where produce adverse
effects on proximal tubules), hair, neurological tissues and liver [5, 22]. Because it
accumulates in hair, it represents an index of exposure to methylmercury [5].

Elemental mercury exposure is associated with cough, dyspnea, fever, tremors,
polyneuropathy of axonal sensor motor, malaise, gingivitis, delusions, hallucina-
tions, mercurial erythrism, while exposure to inorganic mercury produce insomnia,
renal tubular damage, wight loss, erythema, pruritus, hypersalivation, excessive
perspiration [17].
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Chronic mercury exposure produces neurological disorders, such as ataxia,
shyness, tremors, numb limbs, memory problems, inability to speak, irritability,
chewing, swallowing, muscle weakness, but also renal system disorders [1, 5, 23, 57].
Patients exposed to higher levels of methylmercury present increased tendon reflex
[5, 57]. Low dose mercury can produce effects on neuronal systems, both on devel-
oping fetus and adolescent stage [17, 58], but also cell cytotoxicity, oxidative stress,
which are associated with neurodegenerative disorders like Alzheimer and Parkinson
[17, 51, 59]. At low concentration, it can affect the human endocrine system, through
reduced production of thyroid gland hormone, affecting physiological functions of
endocrine glands, reduced binding capacity of hormone to receptor, the most affected
hormones being adrenaline, estrogen, testosterone and insulin [3].

On reproductive system, studied demonstrated their capacity to produce infertil-
ity in both, men and women. In male the spermatogenesis is affected, while in women
could affect the levels of progesterone and estrogens, which produce disfunctions in
ovaries, irregular menstruation and sloped uterus [5].

Because mercury can pass the placenta during pregnancy, it can affect fetus and
can cause various abnormalities of the baby, such as developmental disabilities,
dysplasia of the cerebral and cerebral cortexes and neuronal ectopia, especially after
exposure to methylmercury [3, 5, 17, 57].

Into the cell, inorganic compounds and methylmercury interact with cysteine
residues of proteins, product oxidative stress through generation of reactive oxygen
species (ROS), which can produce enzymes, nucleic acid and lipids damage and may
proceed to cell death [17]. They can affect the calcium homeostasis, by increasing
intracellular calcium through acceleration the influx from extracellular medium and
mobilizing intracellular stores [22]. Methylmercury also interact with sulfhydryl
(=SH) and selenohydryl (—=SeH) groups of the proteins and could produce damage
of nucleophilic groups involved in catalytic, binding and transport functions [17].
Inorganic mercury also produces reactive oxygen species (ROS) through affecting
oxidative phosphorylation and electron transport [22].

A number of compounds, such as vitamin C, vitamin E, selenium, melatonin
and enzymes, including, glutathione reductase, glutathione peroxidase, catalase,
superoxide dismutase, can have a protective effect on the body through antioxidant
mechanisms to reduce or avoid the formation of reactive oxygen species. Mercury
genotoxicity was associated with DNA damage, conformational changes in proteins
responsible for DNA repair, genetic mutations, mitotic spindle, chromosomal segre-
gation, action on nucleic acids [22].

3.5 Toxicity of aluminum (Al)

Aluminum, the third most common metal of the earth crust, exist in the environ-
ment in only one oxidation state (AI’*). It is naturally present in food, but also in the
environment, as silicates, oxides and hydroxides. Aluminum and its compounds are
poorly absorbed through ingestion and inhalation, but the rates of absorption are not
yet known [1, 10].

The ways in which this metal can reach the body are ingestion, inhalation, dermal
contact or drugs [3, 10, 60]. Human exposure takes place through the consumption
of drinking water, food and beverages that are high in aluminum content, working
in environment with high levels of this metal, hemodialysis, long term intravenous
nutrition, cosmetic products, utensils and medicines which contains it, dusty envi-
ronments [1, 3, 10]. Patients with kidney dialysis are more exposed to this metal,
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through contaminated dialysates and phosphate binders [1]. The bioavailability of
aluminum from diet is influenced by its form, as well as the presence of other food
constituents which help him to form complexes [10].

The primary way of excretion is through urine. Due to the its natural presence and
intake from food, all people have some levels in the body, and also in the urine [10].
People suffering from kidney disease has a low rate of elimination from the body,
which involves its accumulation in the body, affecting the bones and brain [1, 3].
Also, their accumulation in the body, leading to changes in proximal tubules, such as
increases in number and size of lysosomes, damage of mitochondria [3].

After entry to body, aluminum accumulates in soft tissues where interact with
proteins and lipids and may produce changes in their structure [3].

In case of poisoning, the principal symptoms are nausea, ulcer of mouth and skin,
skin rashes pain, vomiting, diarrhea and arthritic pain [1, 3].

On nervous system, aluminum may produce loss of memory and coordina-
tion, problems with balance, neurodegenerative disorders, such as Alzheimer,
dementia, Parkinson, sclerosis. The studies demonstrated that higher concentration
of aluminum found in different parts of brain could initiate the development of
Alzheimer disease in humans [1, 3]. This metal could form a complex with adenosine
triphosphate (ATP) from neuronal cells, which can affect their signaling and cause
excitotoxicity [3].

Dialysis patients treated with dialysis fluids which contain aluminum, showed
neurotoxic effects, while humans exposed to high aluminum dust in the workplace,
manifested aluminosis [10, 61].

Humans exposed to higher levels could manifest changes of secondary hyperpara-
thyroidism, adynamic bone disease, osteomalacia, the last two being characterized
by low bone remodeling. Their toxicity is associated with lung disorders, anemia,
nervous system problems, impaired iron absorption [1]. The accumulation of alumi-
num in bones impaired the bone formation process, known as osteodystrophy and put
antiproliferative effects on osteoblasts [3]. Workers chronically exposed to aluminum,
developed contact dermatitis and irritant dermatitis [1].

At cellular level, studies conducted demonstrated that it can disturbs the homeo-
stasis of magnesium, calcium and iron, lower cholinergic elevations, apoptotic death
of neuronal cells, inhibition of enzymes involved in DNA repair, inhibition of activ-
ity of antioxidant enzymes, cross linking of DNA, affecting cell viability, plasma
membrane, microvilli and cell function in cells kidney [3, 62]. This increases the
peroxidation of lipids from plasma membrane, by enhancement of lipid hydroper-
oxides, which can reduce the molecular arrangement of lipoprotein at the surface of
membrane, but, also physical and chemical properties change in high density lipid
(HDL). Also, aluminum is involved in high production of reactive oxygen species
(ROS), which may obstruct normal process of mitochondria, initiation of inflamma-
tory events and accumulation of iron, which induces genotoxicity in neuronal cells
and death cells, affects the gene expression through interaction between aluminum
and nucleic acid and monophosphate nucleotides [3].

3.6 Toxicity of chromium (Cr)

Chromium exists in environment in oxidation states and from Cr*? to Cr*® [1, 3,
5,22, 63]. It does not exist in elementary state (Cr% [3, 22]. Trivalent oxidation state
of Cr is considered more stable, followed by Cr**. The most commonly forms are Cr*?
and Cr*®, both oxidation states being toxic to animals, humans and plants [5, 63].
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Cr*? is immobile and insoluble in water, while Cr*® is mobile and highly soluble in
water [1, 13]. The solubility of chromium depends on its pH, Cr** is soluble only in
acidic pH, while in neutral and alkaline pH, Cr** gets precipitated [23].

Environmental contamination with it, occurs by oil burning, catalyst, pigments
production, chromium steel, tannery facilities, but also fertilizers and sewage,
because is extensively used in several industries, like metallurgy, refractory, tannins,
production of paints and pigments, pulp and paper production, wood preservation
[1, 9, 22]. Chromium released by the anthropogenic activities in the environment
occurs mainly in the hexavalent form [22].

Human exposure occurs through ingestion of food and water which contain,
inhalation, especially in case of occupational workers or by dermal contact [5, 64].
Through their bioaccumulation in the body, a variety of affections can appear, such
as, dermal, renal, neurological and gastrointestinal diseases, but also development
of several types of cancer, on lung, larynx, kidney, testicles, bones, bladder, thyroid
[5, 65]. Chromium can affect the reproductive function in men, due to sperm count
decline [19]. Ingestion of drinking water containing high level of chromium may
cause tumor in stomach [3]. The target organs are lungs, but significant chromium
exposure can take place through skin [3, 22].

Occupational exposure to chromium increases the risk of cancer of lung, liver,
gastrointestinal tract and central nervous system, while in female workers cause abor-
tion [3, 13, 38]. Excess of chromium can produce thyroid cancer through reduction
of requirement level of thyroid hormone in the body, disrupting hormones synthesis
and secretion, interfering in its metabolism or interaction with their receptors [3, 66].

Some humans are sensitive to Cr’* and after exposure allergic reactions, including
redness and swelling of the skin, can appear. This oxidation state is poorly absorbed
by any way, the toxicity being attributable to Cr*® oxidation form [22].

Ingestion of Cr™* can cause irritation and ulcer of stomach and small intestine,
anemia, disfunctions of male reproductive system and at high dose produces sever
problems on nervous, respiratory and cardiovascular systems, digestive organs,
excretory function [3]. Researcher studies demonstrated that high levels in water were
associated with cancers of liver, lung and genitourinary system [5, 67].

Cr*® can produce adverse effects on excretory system, reproductive system,
asthma, allergy, irritation and ulcers in the stomach and small intestine, anemia,
increased mortality due the development of cancer of lung, larynx, kidney, testicu-
lar, thyroid, bones [3, 5, 22, 68], and in case of excess inhalation appear irritation
and ulcer of nose [3, 22]. Also, it can reduce the DNA replication, damage DNA
transcription, chromosome aberrations and affection of RNA [3, 5, 69]. Inside the
cell, Cr*® is converted into Cr*, as intermediate, and then in Cr*?, which can form
complexes with proteins and DNA [1, 3]. Cr*® and other intermediate compounds,
including reactive species of carbon and oxygen, that form during the reduction of
Cr*® to Cr*3, can react with DNA [3]. When hexavalent cation reacts with cellular
reductants, Cr** and Cr*? can also be obtained. Cr*® was classified as group I occupa-
tional carcinogen [5, 70].

In cell, mechanism of chromium toxicity generates reactive oxygen species (ROS),
which bring cell apoptosis, damage of DNA, genomic instability [3, 5, 71], suppres-
sion of DNA synthesis and genes expression [3], but also induces hyperexpression of
some antioxidant enzymes, such as, peroxidase, catalase, superoxide dismutase [23].

Their carcinogenicity and toxicity depend of concentration, time of exposure,
tissue and cell type [5, 72], route of exposure (ingestion, inhalation or dermal) [10],
generation of free radicals [5, 73], oxidation state and its reactivity [5, 10, 22],
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3.7 Toxicity of copper (Cu)

Copper is a trace element, component of many enzymes, including ceruloplasmin
and cytochrome C oxidase, tyrosinase and dopamine beta-hydrolase, zinc-copper
superoxide dismutase (antioxidant defense) and others, having function in transport
functions, detoxification, antioxidant defense, immune function, pigmentation and
melanin production [10, 74]. When it is present in high levels in the body, it may
become toxic [3].

Human exposure take place through its release from water carrying pipes, fun-
gicides, cooking utensils, birth control tablets, food. Copper has the highest redox
activity, which lead to production of reactive oxygen species. Also, it binds to thiol
groups of proteins and cause changes in liver enzymes involved in biotransformation
processes [3].

At cell level, it can change the activity of natrium (Na*)/potassium (K*) ATP-ase
and change of plasma membrane permeability, due the affection of the natrium/
potassium pumps and increases of level of natrium in cytoplasm [3]. Large amounts
of copper are stored in the liver [74], while the target organs are nervous system
organs, including ganglia, neurons, cerebellum and hippocampus [3].

Excess of copper in the body or hypercupremia, occurs naturally during preg-
nancy, but also by chronic exposure to it, being associated with a number of diseases
including Wilson’s disease, hepatic disorders (cirrhosis, hepatitis, gastroenteritis),
neurodisorders, hyperceruplasmin [3, 10, 74]. Neurodisorders produced by chronic
exposure to copper include neurodegenerative disorders, like Alzheimer and
Parkinson, but also Huntington disease, amyotrophic lateral sclerosis [3], cognitive
impairment, personality and behavioral changes [74].

Cells studies demonstrated that copper is accumulated in some cancer cell, such as
colon cancer cell, ovarian cancer cells, breast cancer cell, more than in normal cells.
Also, at cellular level, it can cause oxidative damage of DNA, their reduction can be
made by use of Cu specific chelating agents [3].

Hypocupremia or copper deficiency are represented by serum level less than normal
value of 0.64-1.56 pg/mL. Extreme hypocupremia could produce Menkes disease,
known as Menkes kinky hair syndrome, a genetic disorder, characterized by steely hair,
due to a mutation of the transport protein mediating the copper uptake from the intes-
tine, but also by progressive neurological deterioration and early childhood death [10].

3.8 Toxicity of zinc (Zn)

Another trace element, zinc, is involved in over 200 enzymes, with action in
immune system, catalytic and structural structures, but also, in processes like synthe-
sis and degradation of some components, including lipids, proteins, carbohydrates,
nucleic acids, transcription and translation of polynucleotide, genetic expression, cell
proliferation and differentiation, normal growth and development during pregnancy,
childhood, adolescence, reduced growth rate and impaired resistance to infection [10].

Exposure to zinc of human is made by inhalation of zinc vapors and ingestion of
a large overdose of zinc supplements, which contain zinc sulfate, overusing denture
cream, but also by consumption of contaminated food and water [75, 76].

Zinc poisoning, at intakes higher than 100 mg/day, has been associated with
abdominal pain, vomiting, diarrhea, nausea.

Long term exposure can cause malabsorption of copper and in case of diabetics,
it can affect immune function associated with diabetes mellitus [10]. Severe toxicity
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present symptoms like kidney injury, pancreatic function damage, liver failure,
dehydration and acute gastrointestinal bleed, septic shock, lethargy, sideroblastic
anemia and dizziness [74, 76]. Zinc inhalation could produce dyspnea, airway
inflammation and acute respiratory distress symptom, especially in case of
occupational exposure [76].

Because this metal could interfere in copper absorption in the gastrointestinal
tract, leading to copper deficiency [10], chronic exposure can cause polyneuropathy
and can affect bone marrow [76].

3.9 Toxicity of nickel (Ni)

Nickel is an essential trace element for plant, animals and human, but also a
chemical pollutant which exist in several oxidation states, but most common is Ni*".
In the body, it is involved in activation of some enzymes, in protein structure and
function, in prolactin production [3, 10].

Environmental contamination with nickel comes from natural sources, like volca-
nic emissions, weathering of soils, but also from industry, being used in catalysts for
automobile, electroplating, electroforming, jewelry production, medical prostheses,
production of nickel-cadmium batteries, cast coins [19].

This metal can reach the body through ingestion of contaminated water and food,
inhalation of dust or smoking cigarettes and dermal contact, leading to increases level
of Ni in blood, urine and body tissues. However, less than 10% of ingested nickel is
absorbed by gastrointestinal tract [3, 10].

It can pass through plasma membrane through diffusion, calcium transport
channels and phagocytosis, is circulated to various tissues, where bind with albu-
min, histidine and macroglobulin. In case of nickel, the target organs are kidneys,
bons, lungs, liver, brain and glands of endocrine system, but it is not accumulated
in those, being excreted outside [3].

Nickel exposure can produce disorders of liver, kidney, spleen, brain and tissues,
but also vesicular eczema, nasal and lung cancer. Also, it interferes in iron resorption,
which lead to anemia, disturb the incorporation of calcium into skeleton, causing
parakeratosis damage [10]. On reproductive system, this metal affects the quality of
semen and cause abnormalities in it, including the tail of sperms [3].

Occupational exposure can cause allergic dermatitis, known as “nickel allergy”.

In case of dermal contact, skin rash or allergic dermatitis appear, due to wearing of
nickel-plated jewelry. Women are more sensible to nickel than men, especially in
pregnant women which work in metallurgic industry and their babies hence structure
abnormalities [3, 10].

At cellular level, it can produce breaking of DNA strands, cross linking of DNA
protection, DNA oxidation, nucleotides removal, genes mutations, modifications of
chromatids, binding to enzymes involved in DNA repair and degradation of protein,
generation of ROS, enhances lipid peroxidation, affecting calcium and sulfhydryl
homeostasis, degradation of glutathione [3].

4, Conclusions

Heavy metal pollution is global treat and increasing day by day, due to many
natural and anthropogenic activities, which disturb natural composition of soil, water
and air, but also of living organisms [3, 23].
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These metals can enter the body from sources of contamination by ingestion,
inhalation or dermal contact, where they are absorbed, then bioaccumulated in vari-
ous organs or target tissues, for different periods of time [5, 22]. The most important
is the occupational exposure for those working in industries where these metals are
produced or used, which can be reduced by various engineering solutions [1].

Heavy metals can affect organs and their functions, causing adverse effects in
humans like, cardiovascular, neurologic, gastrointestinal, immunologic, endocrine,
reproductively disorders, but also various types of cancer, including lungs, bladder,
skin. But, the severity of those side effects depends on chemical state, time and dose
of exposure, solubility [22].

In order to prevent exposure to these metals, as well as the occurrence of health
problems, it is important to establish safety limits for different matrices [19].
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Chapter 3

Influence of Heavy Metals on
Quality of Raw Materials, Animal
Products, and Human and Animal
Health Status

Anna Bartkowiak

Abstract

Heavy metals constitute one of the threats to the natural environment and the
health of living organisms. The sources of contamination of the environment with
heavy metals are mainly industry, thermal and chemical processing of mineral
resources, burning of coal, gases and liquid fuels, municipal economy (rubbish
dumps, sewage), and agriculture consuming mineral fertilizers, plant protec-
tion agents, utilizing huge loads of pollution accompanying animal production.
Accumulation of toxic elements in plant tissues leads to disturbances in plant repro-
duction and thus to lowering of their nutritional value. In humans and animals, in
turn, it may cause poisoning and the occurrence of various disorders and diseases,
including cancer. There are different ways to reduce the penetration of heavy metals
into crops and deactivation in animal organisms—by using the tolerance of plants
to heavy metals, cleaning the environment through phytoremediation, the use of
antagonistic type interactions to reduce bioaccumulation in animal tissues, as well as
the properties of compounds of organic and mineral origin. The aim of the chapter
is to present the problems of environmental pollution and accumulation of heavy
metals (mainly cadmium, mercury, and lead) in tissues of farm animals, their impact
on human and animal health, as well as the possibility of inactivation of heavy metals
in animal organisms.

Keywords: heavy metals, soil and plants, quality of raw materials, animal products,
health status

1. Introduction

Problems concerning heavy metals are studied all over the world, including in
Europe. This is because they constitute one of the threats to the natural environment
and the health of living organisms, and thus pose a problem in the implementation of
the concept of sustainable development [1, 2].

In the accepted classification of elements participating in life processes, heavy
metals, such as mercury, lead, and cadmium, do not play any significant role in
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metabolism. They are considered to belong to the group of extreme toxicants with
known embryotoxic, teratogenic, mutagenic, and carcinogenic effects. Even in trace
amounts, they pose a real threat to living organisms. In the natural environment,
there are also other heavy metals, such as arsenic, zinc, nickel, copper, which are also
toxic and may cause poisoning and cancer. The effects of heavy metals entering the
human body can be revealed even after many years [3].

In the past, the danger resulting from the presence of these metals in the environ-
ment concerned only certain groups of people employed in specialized branches of
industry. Currently, as a result of development and civilization changes, toxic ele-
ments may appear in high concentrations far beyond the sources of contamination.
This violates the biological balance of ecosystems, and their presence in the trophic
chain creates exposure conditions for wide groups of the population [3].

The sources of contamination of the environment with heavy metals are the mining
industry and mechanical, thermal, and chemical processing of mineral raw materials.
Other important sources of emission of metallic elements are large-scale burning of
coal, gases, and liquid fuels (motorization), municipal economy (waste dumps, sew-
age), and agriculture consuming mineral fertilizers, plant protection agents, utilizing
huge loads of pollution accompanying animal production and processing industry.
Monitoring studies of soils, drinking water, plants, as well as tissues of farm animals
and products of animal origin (milk, eggs, honey) indicate considerable variability
of heavy metal concentrations in this material, from trace to many times exceeding
permissible values. In the case of animals, it depends on the animal species, life stage,
husbandry system, and location of the breeding facility [3-8].

It has been repeatedly shown that mineral fertilizers have heavy metals in their
composition, which lead to soil pollution. Fertilizers can be ranked in ascending order
of heavy metal contamination—nitrogenous, potassic, calcareous, and phosphatic.
The accumulation of these elements in the fertilizer material depends primarily on the
technology used and the material from which they are produced (Table1) [7, 9, 10].

Agriculture is the dominant land-use industry where large amounts of agrochemi-
cals are applied. Unfortunately, metals and pesticides in the soil can reach aquatic
ecosystems through leaching, soil erosion, and surface runoff [11]. The combination
of heavy metals with pesticides is very dangerous because they can cause very serious
health consequences for humans and animals. They contribute to neurodegenerative
disorders, musculoskeletal diseases, and hormonal imbalances, are carcinogenic,
cause genetic damage [12].

Source Ace Cd Cu Hg Ni Pb Zn
Sewage sludges 2-26 2-1500 50-3300 0.1-55 16-5300 50-3000 700-49,000
Nitrogen 2-120 0.05-8.5 1-15 0.3-3 7-38 2-1450 1-42
fertilizers

Phosphate 2-1200 0.1-170 1-300 0.01-1.2 7-38 7-225 50-1450
fertilizers

Limestones 0.1-24.0 0.04-0.1 2-125 0.05 10-20 20-1250 10-450
Manure 3-25 0.3-0.8 2-60 0.09-0.2 7.8-30 6.6-15 15-250
Pesticides (%) 22-60 — 12-50 0.8-42 — 60 1.3-25

Source: own study based on [7].

Table 1.
Agricultural sources of heavy metals contamination in soils (ppm DW).
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Therefore, the aim of the chapter is to present the problems of environmental
pollution and accumulation of heavy metals (mainly cadmium, mercury, and lead)
in tissues of farm animals, their impact on human and animal health, as well as the
possibility of inactivation of heavy metals in animal organisms.

2. Heavy metal contamination of soils, plants, and drinking water

The excess of heavy metals in the soil inhibits the development of microorgan-
isms and disrupts processes related to the transformation of organic matter. It also
causes the accumulation of toxic elements in plant tissues, leading to disturbances
in plant reproduction and thus lowering their nutritional value [13-15]. Excessive
accumulation of the mentioned elements in the soil, however, is harmful to plants in
particular [3, 7, 16, 17].

In soil, heavy metals can occur in different forms—dissolved in soil solution,
exchangeable in organic and inorganic components, being structural components of
soil grids, and as insoluble sediments with other soil components. The first two forms
are the most available to plants. The concentration of elements in the soil depends on
the pH of the soil—the higher (to slightly alkaline) the higher the immobilization of
elements. The mobility of heavy metals in the soil varies. In acidic soils, Cd, Ni, and
Zn are particularly mobile, Cr is moderately mobile and Cu and Pb are immobile.

In neutral and alkaline soils, Cr is highly mobile, Cd and Zn are moderately mobile,
and Ni is immobile. Other factors, such as cation exchange capacity, redox potential,
organic matter content, type and amount of clay minerals, and oxide content of
antagonistic elements Fe, Al, and Mn, also determine the increase of heavy metals in
the soil and thus their availability to plants [18].

The natural cadmium content in soils is 0.2-1.05 mg kg ™' d.m. It is a highly mobile,
active element, and easily assimilated by plants because of the available form of Cd**
ion. The environmental hazard is related to the fact that Cd is one of the most toxic
metals that show adverse effects on soil biological activity, plant metabolism, human
health, and the animal kingdom. Excess cadmium in the plant manifests itself by
twisting of leaves and the appearance of brown spots on the leaves [7].

Another toxic element is lead. Its natural content in soil is strongly related to the
composition of the rock substrate. It is characterized by the lowest mobility among
heavy metals. The highest Pb content in soil is found in highly industrialized areas.
Lead can enter the body from two sources—the food chain and through inhalation
of soil dust. It is a very dangerous metal with negative effects on humans, animals,
and plants. Excess lead leads to reduced yields and dark green or red spots on leaves.
Lead content in soil exceeding 500 mg kg™ is a toxic value. A characteristic feature
of this heavy metal is its accumulation in the human body, as it does not disintegrate
in this environment. Getting into the human body a dose of about 20-50 g leads to
death [7, 19-23].

In the case of copper, its excess causes tissue damage and elongation of root cells,
alteration of membrane permeability and leakage of ions (e.g., K) and solutes from
roots, peroxidation of chloroplast membrane lipids and inhibition of photosynthetic
electron transport, immobilization of Cu in cell walls, in cell vacuoles and nondis-
persive Cu-protein complexes, as well as DNA damage and consequently inhibition
of photosynthetic processes. Manganese, on the other hand, has a significant effect
on some soil properties, particularly raising pH. Mn compounds are known for their
rapid oxidation and reduction under varying soil conditions, thus oxidizing [7].
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Nickel has become a major pollutant that is released during emissions from metal
processing and increasing coal and oil burning, sludge application. Some phosphate
fertilizers may also be an important source of Ni [3, 7].

In Poland, the permissible content of heavy metals (so-called risk-causing
substances) on agricultural land is defined by the Regulation of the Minister of
Environment of September 1, 2016, on the manner of conducting the assessment
of land surface pollution (Annex No. 1 to the Regulation) [24]. According to the
Ordinance, risk-causing substances that are particularly important for the protec-
tion of the earth surface and the permissible contents of these substances in the soil
and the permissible contents of these substances in the soil [mg kg™ dry mass of the
earthy parts of the soil (<2 mm)] are defined (Table 2)—for depths 0-0.25 m ppt
and more than 0.25 m ppt, with the division taking into account the soil groups and
separated based on their use, the soil subgroups separated based on the soil properties

(defined for the soil group II) and the soil and groundwater permeability.

Koncewicz-Baran and Gondek [25] investigated the content of general forms and
bioavailable elements (Cd, Cr, Ni, Cu, Pb, Zn, and Mn) in agriculturally used soils
showed that among the investigated soils, the natural content of Ni, Cu, and Pb was
the highest. In other soils, increased content of Cd and Zn was determined.

Li et al. [26] pointed out the problem of soil contamination in China due to
increased industrial development and urbanization. In Hunan Province, Central
China, a study was conducted on the content of heavy metals in soil (Pb, Zn, Cu, Cd,
As, Hg, Cr, and Ni). The results showed that the content of each heavy metal in the
soil varied spatially. The highest accumulation was shown for Cd, followed by Pb, Zn,
As, and Hg.

Plants can accumulate toxic metals from the soil over a very wide range. This
depends on its temperature, reaction, water capacity, and potential. Under conditions
of high immission, plants take up heavy metals from the air through the leaf blades.
Strong accumulation of heavy metals in the root system and the aboveground parts of
plants is a result of a poorly developed mechanism of chemical homeostasis in plants,
which leads to non-selective absorption of elements and creates a high risk of includ-
ing heavy metals in the food chain system. Changes in toxic metal concentrations in
fodder plants may occur as a result of drying, ensiling, and granulation processes. In

Element Permissible content
Arsenic (As) 10-50
Chromium (Cr) 150-500
Cadmium (Cd) 2-5

Cobalt (Co) 20-60
Copper (Cu) 100-300
Molybdenum (Mo) 10-50

Nickel (Ni) 100-300

Lead (Pb) 100-500
Mercury (Hg) 2-5

Source: own study based on [24].

Table 2.
Permissible content of selected elements causing the risk.
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addition, heavy metals can be introduced into animal feed rations through enrich-
ment with yeast, meat, bone, and fish meals and inorganic mineral additives, such as
phosphate, dolomite, and chalk [3].

Karimi et al. [27] investigated the levels of toxic heavy metals (As, Cd, Hg, Pb) in
agricultural products, such as legumes, wheat, and potatoes, in Markazi Province,
Iran. Markazi Province is the most industrialized region in the country. Lead mines
and other industrial activities are located there, which carries the presence of heavy
metals in the soil. The results showed that among the samples analyzed, the carci-
nogenic risk index was within the acceptable level. However, in the case of wheat,
it was found to be the most important source of toxic metal exposure due to its high
consumption compared to the other crops, i.e., earthlings and legumes.

Studies conducted in Nigeria, where soils are contaminated with oil, showed that
among the heavy metals tested (Pb, Cd, Cr, Mn, Fe, and Zn), for crops in the test
samples, the elements Pb and Cr exceeded the limits set by WHO [28]. In Turkey of
12 districts of Sakarya city where cucurbit crops are grown, organochlorine pes-
ticides have been applied to fields for more than 30 years. Studies of heavy metals
(As, Cd, Cu, Cr, Ni, Pb, Zn) showed that the concentrations of Cu, Ni, and Cr were
at 108.2 mg kg™, 219.9 mg kg™, and 173.1 mg kg ', respectively, and were the high-
est, i.e., 2-7 times higher than the limits given in the Turkish Soil Pollution Control
Regulation [29].

Exposure of animals to heavy metals from drinking water is a very big problem.
It is difficult to estimate, especially when animals use random intakes and when they
are kept in an extensive (poultry) or grazing (sheep, cattle) way. Naveedullah et al.
[11] conducted a study on the distribution of selected metals (Zn, Cu, Mn, Fe, Cr,
Cd, and Pb) in soils in the Siling reservoir watershed in China, the various ecological
and health risks associated with selected metals to the inhabitants. Protection of soil
quality in the reservoir watershed is of great importance to preserve water quality,
which is a source of drinking water. The study revealed seasonal variations of selected
heavy metal content in soil samples. In addition, the multivariate analysis conducted
showed significant anthropogenic, point, and non-point pollution of selected metals
in the Siling reservoir watershed. Through the use of enrichment factor, geoaccumu-
lation index and contamination factor, moderate to high contamination was found
in soil samples during the summer and winter seasons. Low soil pH and high organic
matter content increase the leaching of some elements from the soil into the aquifer
formations and increase the toxic metal content in the water sources. According to the
authors, the quality and quantity of fertilizers used were important causes leading to
the accumulation of heavy metals in soils depending on land use.

3. Heavy metal content of animal tissues and raw materials
of animal origin

Among animal products, cow’s milk generally contains a number of trace elements
in its composition, and its value as an environmental bioindicator is quite low. The
mammary gland of cows forms a natural biological barrier that limits the passage of
toxic elements from the mother’s body to the food. However, milk may contain higher
amounts of heavy metals, as a result of their breeding in industrial areas or second-
ary contamination in technological processes. The conducted studies on the content
of heavy metals in animal tissues and raw materials of animal origin mostly confirm
bioaccumulation of these elements in living organisms and products of animal origin.
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For example, in Poland, on farms located in the direct vicinity of the Turéw power
plant, high concentrations of Pb, reaching even 1.865 mg kg ™' ;were detected in milk.
Also, in milk collected directly from cows on smallholder farms in Lower Silesia, Pb
content in 22.6% of samples exceeded the permissible level, Cd in 29.4%, and Hg in
50% of samples [30].

In pigs, the main source of possible contamination of pig tissues is feed, which
due to the use of various additives may increase the concentration of heavy metals.
The sources may be also dust and gas emissions from the industry caused by intensive
air exchange in the livestock building. The average Pb content in the muscle tissue of
fattening pigs is 0.05-0.58 mg kg™ d.m. The concentration of Cd in muscles ranges
from 0.02 to 0.04 mg kg™ [30].

Sheep belong to good bioindicators of the environment because they are kept in
extensive and pasture systems. Research shows that in industrial areas, cadmium
accumulated in kidneys and udder. On the other hand, lead was found in the ribs,
liver, and long bones. Zinc was most abundant in ribs and long bones, and Cuin
kidneys, bones, and udder [30].

Conventional farms in central Greece were analyzed for the heavy metal content
of copper (Cu), zinc (Zn), cadmium (Cd), lead (Pb), nickel (Ni), and chromium (Cr)
in muscle tissues, livers, kidneys, feces and staple mixtures for livestock, such as cows
and sheep. The study showed that the transfer of heavy metals from feed to animal
products varied below acceptable risk levels. In experiment 2, feed for animals kept
under different feeding systems and seasons on different farms (sheep, dairy cows,
and pigs) was studied. The analyses conducted showed relatively high concentrations
of Cu in pig feces (155 + 9.13) and Zn in sheep feces (144.56 + 5.78) [31].

Excessive accumulation of heavy metals can occur in poultry, particularly from
backyard rearing. Poultry is exposed to landfills (farm waste), animal feces, and
contaminated roadside ditches. It may eat contaminated soil, plants, and geohel-
minths. The study by Kotacz et al. [30] shows that in hens kept in the Lower Silesia
region exceedances of Pb in chicken muscles occurred in 20% of samples, and chicken
eggs in 14.3% of samples. In the case of Cd, exceedances concerned 14.8% and 7.9%,
whereas Hg exceedances concerned 45.5% and 64.5%, respectively. Relatively high
accumulation of mercury occurred in hen eggs, with averages often exceeding the
nationally permissible limit of 0.02 mg Hg kg™". Kotacz et al. [32] performed an
assessment of the degree of bioaccumulation of heavy metals (Cd, Cu, Hg, Pb, and
Zn) in the muscles and livers of free-range hens in the copper Belt region. The results
showed that the organ accumulating the higher amounts of heavy metals was chicken
liver, in which the permissible content of Pb and Cd was exceeded. In the muscles,
however, the Pb content was exceeded.

Duck and goose eggs are a good indicator of environmental contamination with
heavy metals in the rural environment. Studies performed in industrialized areas
exposed to metal-bearing dust emissions and other sources have shown many times
higher concentrations of As, Cd, and Hg, slightly less Pb and Cu compared to sites not
exposed to industrial emissions [33].

Bees are a very good bioindicator of the heavy metal content of micronutrients
and toxic metals in the environment. Roman [34] conducted a study in two regions—
industrial and agroforestry, with the aim of indicating whether worker bees and
drones accumulate toxic metals. Toxic elements (Ni, Cr, Pb, Cd, and Se) were found
in all samples, with higher concentrations of Ni, Cr, Cd, and Pb detected in the organ-
isms of worker bees, while higher concentrations of Se were found in the organisms of
drones. The organism of worker bees is a filter that retains from 20.45 (Pb) to 36.36%
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(Cd) of toxic metals from the honey raw material in the process of processing it into
honey. In a study conducted in Wroclaw, Poland, concerning the content of heavy
metals in multiflower honey and propolis, it was found that the highest concentra-
tion of elements was in propolis: Zn—48.1, Cu—6.95, Pb—>5.74, As—0.66, and Cd
0.19 mg kg ™. Statistically, a significantly lower concentration of zinc, copper, arsenic,
and cadmium was in honey, except for lead, whose content was higher than permis-
sible values in 85% of samples [35].

Horses due to their use in different environmental conditions belong to a group of
animals potentially exposed to bioaccumulation of heavy metals, especially in indus-
trialized and urbanized areas. Few studies show that horse muscles do not contain
excess As, Cd, Hg, and Pb, while kidneys almost always accumulate large amounts of
Cd, and liver Zn and Cd [30].

Szkoda et al. [36] also conducted studies on the content of lead, cadmium, and
mercury in tissues of game animals from selected main industrial areas in Poland—
roe deer (Capreolus capreolus), red deer (Cervus elaphus), and wild boar (Sus scrofa).
Studies are a useful source of information about the quality of ecosystems in which
they live. The highest acceptable level of lead in meat was exceeded in 21% of ana-
lyzed samples. High cadmium concentration was determined in kidneys (above the
maximum level of 1 mg kg™ in 88% of samples). The highest concentration of toxic
elements was found in roe deer and wild boar from Upper Silesia, which indicates
high environmental contamination in comparison with other areas.

Heavy metal levels of wildlife biotopes from two different industrially exploited
areas in Slovakia were studied in the Zemplin region of Slovakia. Various tissues
(lungs, liver, kidneys, spleen, heart, and muscles) were sampled from animals, such
as red deer, roe deer, mouflon, chamois, wild boar, European hare, among others.
The content of elements exceeded the legal limits allowed for human consumption—
mercury in 29%, cadmium—28%, and lead—23%. Chromium concentration did not
exceed the limit in any sample. Of the wildlife living there, wild boar was the most
heavily burdened species [37].

4. Effects of heavy metals on human and animal health

Heavy metals enter the human and animal body through the respiratory tract,
sometimes even through the skin in the case of chemicals capable of crossing the
skin barrier, and the digestive tract. Food is the main source of toxic elements. The
deficiency of macro- and micro-nutrients in the body causes heavy metals to be
absorbed in their place. When there is poor nutrition and a lack of essential nutri-
ents in the body, the liver that performs detoxification cannot perform this impor-
tant task [8, 38].

Copper is one of the elements with important functions in the human and animal
body. It takes part in oxidation-reduction processes, regulates the metabolism, trans-
port of iron. In the form of complexes with amino acids and albumin, it is transported
to the liver, kidneys, intestines, and other tissues. Excess copper mainly causes
decreased hemoglobin concentration, liver, and kidney damage [8, 14, 39].

Zinc accumulates in vertebrates in the liver, forming complexes with various
proteins, and also in the kidneys and sex glands. Symptoms of zinc intoxication
are—impaired immune response, reduction of HDL cholesterol fraction, decreased
level of copper in the blood. On the other hand, acute zinc poisoning is manifested
by vomiting, epigastric pain, fatigue, and sluggishness. Zinc chloride (ZnCl,) is
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irritating to the skin, mucous membranes, and conjunctiva, causing burns in higher
concentrations [8, 14, 39].

Cadmium is easily absorbed in living organisms. It enters the human body primar-
ily through food, water, and inhalation as a result of tobacco smoking. Cadmium
accumulates primarily in the kidneys and liver. Cadmium poisoning causes nausea,
vomiting, salivation, abdominal pain, kidney damage, and circulatory failure. In
addition, exposure to cadmium oxide fumes, exceeding the concentration of 0.5 mg
Cd kg™ causes, among others—emphysema, kidney function damage, changes in the
skeletal system, pain in the limbs and spine [8, 14, 39].

Mercury poses a very high risk to living organisms. Mercury enters the body
primarily from food via the digestive system and inhalation. Mercury compounds can
interfere with most enzymatic reactions because they react with proteins containing
sulfhydryl groups. The highest concentrations of mercury are found in the kidneys,
but the brain is the most susceptible. Mercury vapor toxicly affects the lungs, even-
tually causing respiratory failure and death. In addition, chronic exposure to low
concentrations of mercury vapor causes damage to the central nervous system with
symptoms of weakness, memory impairment, mood swings, headache and limb pain,
mucositis and gingivitis, and others [8, 14, 39].

Lead is also a highly toxic element. It enters the human body through the diges-
tive system with water and food, and inhalation. It accumulates in the liver, heart,
kidneys, as well as in the skin and muscles. Symptoms of lead poisoning of the human
organism include disorders of the blood-forming system and the central nervous
system. Lead is a mutagenic, carcinogenic, and embryotoxic element [8, 14, 39].

Kotacz et al. [40] conducted a study on the blood of cows from the copper industry
region (LGOM) showed a significantly higher Cu content (1.67 mg1™") compared to
the agricultural region (0.72 mg 1"). In both regions, the content of Cd did not exceed
1.65 ug 1", Pb in the industrial region was 0.021 mg 17, and in the agricultural region
0.031 mg 1"". On the other hand, the level of Hg in the blood of cows, in both regions
was similar and was about 0.03 pg 1", It was found that the copper industry does not
adversely affect the blood parameters of dairy cows. In the whole blood of dairy cows,
alead level of 0.1 mg 1™ is considered normal, 0.1-0.3 mg 1™ is considered elevated,
and above 0.35 mg 17 is considered toxic.

5. Ways to reduce heavy metal penetration into crops and inactivation
in animals

Accumulation of heavy metals by crop plants varies genotypically. The transfer
coefficient of elements from soil to plant is expressed as the ratio of the concentration
in the plant to the total concentration in the soil. For example, low transfer coeffi-
cients for cadmium are found in maize, pea, oat, and wheat grains, while high Pb and
Cd are found in wheat grains. Low coefficients are found for Zn transfer in spinach
and lettuce leaves and roots of various plants. Therefore, it is better to grow crops
with low metal uptake (some cereals, legumes, vegetables) on polluted soils, while
leafy vegetables on unpolluted soils [41].

The mechanisms of plant tolerance to metal are important in plant breeding. It
depends on the species, plant growth phase, tissue or organ, type of metal, time of
action, and applied dose. In zinc tolerance, mainly processes related to its detoxifica-
tion by organic acids and storage in vacuoles are involved. In tolerance to lead mainly
processes in the cell walls are immobilized, while for cadmium mainly detoxification
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by phytochelatins or accumulation in the cell walls are involved. Due to the existing
network of mechanisms in plants that protect against toxic effects of heavy metals, in
the future, it may be a way to restore the biocenotic balance in ecosystems destroyed
by industrial human activities [42].

Some plants have a natural ability to accumulate heavy metals, which is used in
the process of environmental cleanup (so-called phytoremediation). Known species
accumulate 1-2% of metals in tissues (so-called hyperaccumulators), for example,
boll weed (Thlaspi sp.). However, due to the low biomass yields of these species,
the practical usefulness of the plants is limited. Plants that are to be effective in the
uptake of heavy metals should be characterized by the following features—fast
growth, high biomass yield and easy harvesting, deep root system, and accumulation
of large amounts of heavy metals in the aboveground parts. Several phytoremedia-
tion technologies can be distinguished—phytoextraction, i.e., removal of heavy
metals by accumulation in the above-ground parts of plants, phytostabilization, i.e.,
immobilization of metals in soil and reduction of their availability in the environ-
ment, phytostimulation, i.e., support by plants of naturally occurring microbial
degradation processes in the rhizosphere, phytodegradation, i.e., decomposition of
organic substances by plants and related microorganisms and phytovolatilization, i.e.,
transformation of contaminants into a volatile state. The plants most commonly used
for bioaccumulation belong to many families, of which the crucifers (Cruciferae),
grasses (Poaceae), butterflies (Papilionacae), composite plants (Asteraceae), willow
plants (Salicaceae), and clove plants (Caryophyllaceae) deserve special attention [17].

Barrero-Moreno et al. [43] conducted biofilter modeling using rice husk as filter
material to remove heavy metals from water. The use of bioadsorption represents
great potential because lignocellulosic materials can be obtained in large quanti-
ties, are inexpensive, and can selectively remove Cd (II), Cu (II), and Cr (VI) from
aqueous solutions. Based on the results, rice husk was found to be a good alterna-
tive for making filters with the ability to remove Cd (II), Cu (II), and Cr (VI) with
83.21%, 67.11%, and 92.18% efficiency, respectively, for specific values of filter height,
temperature, and pH.

In sustainable agricultural production, one of the ways to reduce environmental
and human, and animal health risks is to use fertilizer from agricultural biogas plants.
It can be used in liquid or solid form as fresh matter, granulate, or compost. The intro-
duced organic matter can prevent the leaching of toxic elements on the one hand, and
their uptake by plants on the other [41]. Studies on the content of selected heavy met-
als (Fe, Zn, Mn, Pb, Cd, Ni, and Cu) in soils fertilized with mineral fertilizers (NPK
and CaNPK) and with digestate and granulate did not show exceeding of permissible
standards. The content of elements was compared to unfertilized objects. It was found
that the applied post-fermentation masses are safe for fertilizer use. Statistically lower
contents of Zn, Cu, and Mn were found after fertilization with fresh digestate com-
pared to control objects, while lower amounts of Cu, Fe, and Cd were found after the
application of granules [44].

Compost from digestate is also a product used in fertilization. The content of
selected heavy metals (Fe, Zn, Mn, Pb, Cd, Ni, and Cu) in soils fertilized with
mineral fertilizers (NPK and CaNPK) and with compost was analyzed to demonstrate
its environmental safety and, indirectly, animal and human health. The content of
elements was compared to objects not fertilized with mineral fertilizers (object 0)
and with compost (K—control). The study showed that the long-term application
of nitrogen, phosphorus, or potassium fertilizers increased the content of available
forms of heavy metals in the soil. On the other hand, application of compost from
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post-fermentation mass caused a statistically significant decrease in bioavailable
forms of metals, especially in object CaNPK—Ni, Pb, and Fe and object 0—Zn and
Ni. In the case of the NPK object, a significant reduction in the content of all the met-
als studied except Cu occurred [45].

Detoxification of contaminated natural environments is based on different
solutions—the use of antagonistic type interactions in reducing bioaccumulation in
animal tissues and the use of properties of compounds of organic and mineral origin.

Vitamins play a special role in reducing the bioaccumulation of heavy metals in
the animal organism. They actively participate in body protection by increasing the
absorption and cellular bioavailability of elements that are antagonists, maintaining
the physiological concentration of ions of these elements, and participating in free
radical reactions. Vitamin C in animal feed rations reduces cadmium retention and
increases the effectiveness of elements antagonistic to this element, such as Fe, Cu,
and Ca. Vitamin C can reduce cadmium concentration in the kidney and liver by
35-40%. Vitamin D, with Ca and Zn, and vitamin A with calcitriol and fluorine can
also significantly reduce Cd concentration in tissues. On the other hand, vitamin E can
counteract the activity of dehydrogenases, lowered by cadmium [46, 47]. Antagonists
of cadmium are elements, such as Zn, Cu, Se, Fe, Mn, Mg, and Ca. In the case of lead,
the antagonists are: Fe, Cu, Zn, Mg, Se, Ca, P, and K, while mercury may be selenium.
Interactions involve competition in absorption for common transport sites and mutual
displacement from metalloproteins, enzymes, DNA, RNA, and cell receptors [46].

Aluminosilicates (e.g., zeolites bentonites, kaolin), humic acids, or flavonoids
play a special role in the process of heavy metals reduction in the animal organism.
Aluminosilicates, due to their complex-forming, sorption, and ion-exchange proper-
ties, counteract the bioaccumulation of heavy metals in animal tissues. Studies using
kaolin and zeolite as litter additives for broiler chickens showed a reduction of Hg by
over 93%, Pb by almost 31%, and Cd by over 31% in birds’ livers. The use of alumi-
nosilicates in animal feed rations resulted in a reduction of Cu, Pb, Cd, Cr, and Ni
content in animal tissues. The study with the application of a mixture of humic acids
(brown coal and peat) and aluminosilicates (bentonite) showed more than twofold
decreased Pb accumulation in animal livers. From the group of flavonoids, quercetin
is an organic compound showing the ability to attach metal ions and form complex
compounds. Flavonoids that are present in propolis can form chelate compounds with
heavy metals, which contributes to the detoxifying effect of this bee product [46].

6. Conclusions

Industry, motorization, agriculture, and other sources are the cause of heavy metal
contamination of the natural environment (soil, plants, water). Toxic metals easily
pass into the organism, sometimes they excessively accumulate in tissues and organs,
for example, in muscles, blood, liver, or animal hair, as well as in milk of cows, eggs
of poultry, and honey, creating certain dangers for human health. There are various
ways to reduce the accumulation of these elements in crop plants and deactivation in
living organisms. For this purpose, the mechanisms of tolerance of plants to metal,
plants having a natural ability to accumulate heavy metals in the process of cleaning
the environment (phytoremediation), or the use of fertilizers which are a byproduct
of agricultural biogas plants are used. For the deactivation of heavy metals in the
body of humans and animals, antagonistic type interactions and the properties of
compounds of organic and mineral origin are used.
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Abstract

Food security is a major concern that requires sustained advancement both
statistically and on the basis of Qualitative assessment. In recent years, antagonistic
impacts of unforeseen toxins have impacted the quality of crops and have created
aburden on human lives. Heavy metals (e.g., Hg, As, Pb, Cd, and Cr) can affect
humans, adding to dreariness and in severe cases even death. It additionally investi-
gates the conceivable geological routes of heavy metals in the surrounding subsys-
tems. The top-to-the-bottom conversation is additionally offered on physiological/
atomic movement systems engaged with the take-up of metallic foreign substances
inside food crops. At long last, the board procedures are proposed to recapture main-
tainability in soil-food subsystems. This paper reflects the contamination of the food
crops with heavy metals, the way of transport of heavy metal to food crops, degree of
toxicity after consumption and the strategies to maintain the problem.

Keywords: assimilation, crops, health, heavy metals exposure, soil, toxicity

1. Introduction

The contamination of heavy metals has spread widely across the environment,
wreaking havoc on humans and the environment causing risks to the human race
and hazard for the environment. A few hazardous Heavy metals (such as As, Pb, Cd,
and Hg) relates to metabolic and other organic capacities as inconsequential. Certain
metals, like Zn, Fe, Cr (III), etc., are important to carry metabolic cycles, includ-
ing hemeproteins (like cytochrome p450) and catalysts. They are related to biota
metabolism [1]. Despite the fact that metals like Nickel is an essential part of urease,
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it poses a significant health hazard for the human populations [1, 2] Accordingly,

food and soil, crop/vegetable frameworks have given an exemplary illustration of

the biodiverse ecosystem communications in the climate. For food the basic source

of yield is the soil, but it is prone to contamination by heavy metals from various
origins (e.g., energy-serious enterprises, for example, nuclear energy stations and coal
mine shafts, and chloro-soluble base synthetic ventures, like goldmines, purifying,
electroplating, materials, calfskin, and e-squander handling) and nonpoint sources
(e.g., soil/residue disintegration, farming spillover, and open cargo stockpiling).
Notwithstanding their human wellbeing suggestions, Heavy metals unfavorably influ-
ences soil biota through microbial cycles [3]. For instance, restorative plants utilized
for customary human medical care ought to be analyzed for Heavy metals tainting

to forestall unfavorable impacts. When exposed to near refining or other modern
environments, a variety of restorative species of plants have been found to cause
bioaccumulation of various heavy metals (e.g., Cd, As, Cr, Cd, Cu, Pb, and Fe) [4, 5].
Both anthropogenic and natural sources release heavy metals into the environment.
They can penetrate soils and groundwater, bioaccumulate in food webs, and harm
biota because they are highly reactive and typically toxic at low quantities. The biotic
effects of necessary and non-essential heavy metals are often highly distinct, and vary
depending on the exact metal involved. This paper aims to provide a global overview
of significant metal sources in agro-environments that are equivalent to the various
anthropogenic activities and cycles [6]. This also includes details about heavy metals
contamination in soil environments where food crops are grown in fully occupied
main-lands. Moreover, ecological and lives of humans in these subsystems are needed
to be discussed to aid in the understanding of the physiological/atomic systems which
constitutes to the uptake of Heavy metals in the crops [7]. By suffocating or reducing
the passage of metallic poisons from soil to food crops, management strategies are
inextricably linked to human well-being government aid (soil-crop frameworks).

2. Heavy metal contamination

Natural contamination of these heavy metals is a significant environmental issue
due to its negative impacts all over the world. Because of rapidly increasing horti-
cultural and metal enterprises, improper rubbish removal, manures, and pesticides,
organic wastes that are being disposed of in water bodies, land soil, and the environ-
ment. A few metals have an effect on natural capacities and development, while oth-
ers collect in at least one organ, creating a variety of real illnesses such as cancer. Each
metal’s toxicological and pharmacokinetics cycles in humans are depicted. In general,
environmental auditing can tell us the effects of heavy metal bioaccumulation in the
human body with context to biochemical and physiological changes, as well as the
severe illnesses occurring from their exposure.

Climate is an environmental factor in which people, plants, beings, minute living
beings. It comprises land, the atmosphere and the hydrosphere component. Earthisa
framework that is characterized by the four pillars, the living organisms (biosphere),
the atmosphere (air), the lithosphere (land) and water (hydrosphere) which are all
employed in a combination. Natural toxins, just like contaminations, are synthetic
substances that are available at more elevated levels than in any segment of the
climate [8-10]. During the most recent years, the process of industrialization has
developed at a rapid phase. This manner has expanded the interest for abuse of the
Earth’s regular assets which is a growing concern ecological contamination [11]. A few

60



Heavy Metal Contamination of Food Crops: Transportation via Food Chain, Human...
DOI: http://dx.doi.org/10.5772/intechopen.101938

poisons, such as inorganic particles, natural toxins, organometallic substances, vapor-
ous poisons, radioactive substances and nano-based materials, have actually poisoned
the climate [12, 13].

Heavy metals have existed on earth since the existence of earth. Because of
an amazing increment in the usage of substantial metals which brought about
a fast-approaching flood of metallic substances in both the earthbound climate
and the oceanic climate [12]. The Heavy metal contamination has occurred due to
anthropogenic activities, primarily due to metal mining, purification, foundries, and
other metal-based ventures, as well as metal draining from various sources such as
landfills, squander dumps, discharge, animals and chicken fertilizer, overflows, cars,
and roadworks [7]. The usage of Heavy Metals (Heavy metals) in the industries like
agriculture, pesticides, insect poisons, manures etc., has been an optional wellspring
of heavy metal contamination. Eruptions from volcanoes, consumption of metals,
from the environment are all examples of natural events that might increase heavy
metal contamination. This contamination can travel from soil and water causing
soil breakdown, and land degradation, which are all examples of natural factors that
might increase heavy metal contamination [14].

3. Source of heavy metal in irrigation water

Heavy metals are commonly found in the environment as a result of substrate ero-
sion. These naturally occurring heavy metals are generally in forms that are inacces-
sible to plant roots [15]. However, due to a rise in human activities that release more
biologically accessible forms of heavy metals into the environment, this has altered in
recent years [16] Agriculture is one of the most major human activity that contributes
to heavy metals being released into the environment [17]. Using wastewater to irrigate
agricultural soils resulted in considerably greater amounts of heavy metals in the
edible parts of the crops produced on these soils, according to [18]. Heavy metals may
be present in factory wastewater, which build over time in soil deposits along waste
water routes as well as in creatures that live near them. Human exposure to polluted
wastewater is common, especially in densely populated metropolitan areas or when
wastewater is utilized for agricultural purposes.

Multiple businesses (textile, dyeing, garment, pharmaceutical, ceramic, paint,
packing, etc.) dump untreated wastewater into neighboring canals, causing heavy
metal pollution in irrigation water in Bangladesh’s Gazipur District. Due to waste-
water discharge from businesses, it was found that the surface water and soil of the
industrial region in Dhaka and Gazipur District are significantly contaminated with
Zn, Cr, Cu, Pb, and Cd. Farmers irrigate their crops with polluted water, resulting
in heavy metal pollution in the district’s veggies. Vegetables are polluted with high
amounts of Cr, Zn, Cu, Fe, Pb, Ni, and Cd in the industrial region of the Dhaka
Export Processing Zone (DEPZ). The majority of these veggies are sold at Dhaka’s
wholesale market and are consumed by a large number of people [19-21]. (Table 1)
demonstrate the concentrations of heavy metals (mg L") in effluent-contaminated
water for irrigation within the DEPZ in Dhaka, Bangladesh [21].

3.1 Source of heavy metal in agricultural soil

Heavy metals and metalloids may be accumulated in soils as a result of discharges
from rapidly expanding modern regions, mine tailings, removal of high metal
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Values Lead Chromium Cadmium
Safe limit 0.5 01 0.01
Mean 0.21 043 0.06
Median 0.19 043 0.04
Min 0.14 0.29 0.02
Max 0.30 0.53 0.08
SD 0.05 0.08 0.04
Table 1.

Concentrations of heavy metals (mg L™) in effluent-contaminated water [21].

squanders, leaded gas and paints, land use of composts, animal excrement, sewage
slop, pesticides, wastewater water system, coal burning buildups, petrochemical
spillage, and environmental statements [22, 23]. Frequently recognized heavy metals
like Lead (Pb), chromium (Cr), arsenic (As), zinc (Zn), cadmium (Cd), copper (Cu),
mercury (Hg), and nickel (Ni) are the pollutants. Soils are a significant sink for heavy
metals delivered into the climate by recently referenced anthropogenic exercises, and
dissimilar to regular unfamiliar substances that are oxidized to carbon (IV) oxide by
microbial movement, most metals do not go through microbial or compound degra-
dation, and their complete obsession in soils goes on for quite a while after discharge
[24, 25]. Regardless, changes in their substance structure (speciation) and bioavail-
ability are conceivable. The presence of harmful metals in soil can keep regular
pollutants from biodegrading appropriately [26]. Significant metal contamination of
soil can jeopardize individuals and the organic framework through: direct ingestion or
contact with spoiled soil, the normal lifestyle (soil-plant-human or soil-plant-ani-
mal-human), drinking defiled ground water, decline in food quality (security and
appeal) because of phytotoxicity, and reduction in land usability for agrarian creation
because of phytotoxicity [27]. The adequate security and rebuilding of heavy metal-
tainted soil biological systems need their depiction and repair. At both the public and
global levels, current legislation on natural insurance and general well-being is based
on data that describes the compound qualities of ecological wonders, particularly
those that exist in our developed way of life [28]. Risk assessment is a powerful logical
tool that enables leaders to manage contaminated areas in a cost-effective manner
while protecting public and biological system health [29]. Heavy metals happen
spontaneously in the soil environment as a result of pedogenetic cycles of parent
material lasting at levels that are considered safe (1000 mg/kg-1) and occasionally
hazardous (1000 mg/kg-1) [29]. In view of man’s exacerbation and acceleration of
nature’s progressively happening geochemical example of metals, most soils in
country and metropolitan regions may collect at any rate one of the heavy metals
above described establishment regards adequately high to represent a danger to
human wellbeing, plants, animals, organic frameworks, or other media [30].
Significant metals basically become toxins in soil conditions since (I) their paces of
maturing through counterfeit cycles are quicker than normal ones, (ii) they are
moved from mines to self-assertive regular regions with higher odds of direct recep-
tiveness, and (iii) the metal unions in discarded things are tolerably high contrasted
with those in get items. Critical metals in soil from anthropogenic sources will be
more adaptable and henceforth bioavailable than those from pedogenic or lithogenic
sources [30]. Metal-bearing solids in spoiled regions can emerge out of an assortment

62



Heavy Metal Contamination of Food Crops: Transportation via Food Chain, Human...
DOI: http://dx.doi.org/10.5772/intechopen.101938

of anthropogenic sources, including metal mine tailings, expulsion of high metal
wastes from inappropriately got landfills, leaded gas and poisonous paints, land
utilization of fertilizer, creature feces, biosolids (sewage sludge), compost, pesticides,
coal start developments, petrochemicals, and air contamination [31]. Fertilizer.
Horticulture was the most important human effect on the land in general [32]. Plants
require not just macronutrients but also essential micronutrients to build up and
complete the lifecycle. Some soils are deficient in heavy metals which are necessary
for solid plant development, and harvests might be supplemented with them as a soil
development or foliar spray. Grain crops grown on Cu-deficient soils are treated with
Cu on aregular basis as a soil expansion, and cereal and root crops may also be given
Mn. In major cultivating frameworks, large volumes of compost are frequently
applied to soils to provide adequate N, P, and K for crop development. Following
measurements of heavy metals (e.g., Cd and Pb) as contaminants are present in the
mixes utilized to supply these components [33] which may fundamentally extend
their substance in the soil after being applied with compost. Cd and Pb, for example,
have no recognized physiological effects. The use of some phosphatic composts
accidentally introduces Cd and other potentially toxic components to the soil, such as
F, Hg, and Pb [34]. Pesticides. In the past, a few common insecticides used widely in
agribusiness and agriculture included significant metal centralizations. For example,
in the recent past, around 10% of the synthetics used as insecticides and fungicides in
the United Kingdom were based on intensities containing Cu, Hg, Mn, Pb, or Zn.
Copper-containing fungicidal splashes like Bordeaux mixture (copper sulphate) and
copper oxychloride are examples of such pesticides [35]. For a long time, lead arsenate
was used in natural product plantings to suppress parasitic microorganisms. In New
Zealand and Australia, arsenic-containing compounds were additionally broadly used
to control dairy cows ticks and banana bugs, woods have been saved with Cu, Cr, and
As (CCA) plans, and there are currently various disregarded regions where soil
groupings of these parts endlessly outperform establishment obsessions. The narra-
tive of arsenic pollution, infiltration, and its impact on a variety of crops, foods,
mushrooms, fruits, vegetables, sea animals, and fish and animal products is being
revealed via ongoing research [36]. Such contamination may cause issues, particularly
if areas are revamped for non-horticultural or agrarian reasons. Rather than excre-
ments, the utilization of such materials has been more compelled, in light of indicated
objections or yields. Biosolids and Manures. The inadvertent social affair of heavy
metals and others in the soil is brought about by the utilization of different biosolids
(e.g., creature composts, fertilizers, and civil sewage ooze). In agribusiness, some
living thing squanders like chickens, dairy cattle, and pig waste products are com-
monly applied to harvests and fields as solids or slurries [37]. In spite of the way that
most fertilizers are viewed as significant excrements, the Cu and Zn added to things
down as improvement advertisers and advertisers in the pig and poultry businesses.
Metal spoiling of the dirt may happen because of the fixings in poultry wellbeing
items. Fertilizers made by creatures on such weight reduction regimens incorporate
high centralizations of As, Cu, and Zn, which, whenever applied a few times to
restricted spaces of land, can bring about significant development of these metals in
the soil over the long haul. Biosolids (sewage slop) are essentially regular, amazing
items that might be used subsequent to being given by wastewater treatment systems.
Land utilization of biosolids materials is a typical procedure in numerous nations that
consider the reuse of biosolids given by metropolitan populaces [38-40]. In view of its
far and wide acknowledgment and authoritative significance, the expression sewage
waste is utilized in an assortment of contexts [41]. In any case, the word biosolids is
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getting more utilized as a substitute for sewage overflow, since it is considered to
better precisely portray the gainful properties inborn in sewage ooze. Most of the 5.6
million dry truck heaps of sewage waste utilized or unloaded in the United States are
assessed to be land applied, and biosolids are utilized in provincial regions around the
country. Over 30% of sewage ooze is utilized as manure in agriculture in the
European social class [42]. The major urban expert in Australia gives around 1,75,000
tons of dry biosolids consistently, and most biosolids applied to agrarian land are
presently utilized in arable managing circumstances where they might be united into
the dirt. There’s likewise a great deal of buzz about the chance of enhancing soil
biosolids with other regular assets like sawdust, straw, or nursery squander. There will
be suggestions for metal polluting of soils if this inclination proceeds. Biosolids’
penchant to debase soils by eliminating substantial metals has started to worry about
their use in agrarian activities. Significant metals are probably not going to be
foundare Pb, Ni, Cd, Cr, Cu, and Zn, and the metal obsessions are addressed by the
nature and the force of the advanced development, similarly as the sort of connection
used during the biosolids treatment [43]. Wastewater. The practise of dumping urban
and mechanical wastewater and associated effluents on land dates back 400 years and
is now commonplace in countless parts of the world [44]. Squander water has been
estimated to cover 20 million hectares of fertile land throughout the world.
Considerations suggest that horticulture depending on wastewater water systems
contributes 50% of the vegetable supply to metropolitan regions in certain Asian and
African cities. Ranchers, for the most part, are unconcerned with ecological benefits
or risks, and are only interested in increasing their profits and benefits. Despite the
fact that metal fixations in wastewater effluents are typically modest, a long-distance
water system with such might eventually result in significant metal accumulation in
the ground. Industrial Wastes and Metal Mining and Milling Cycles Mining and
handling of metal assets, in mix with organizations, has given numerous nations the
legacy of inescapable metal contamination transport in soil. Tailings are essentially
released into customary dejections, including neighboring wetlands, bringing about
expanded obsessions. Contamination of soil has come about because of far and wide
Pb and zinc Zn metal mining and filtration, representing a danger to human and
organic wellbeing. A significant number of the recuperation techniques utilized here
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Source of heavy metal contamination.
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are tedious and costly, and they will most likely be unable to reestablish soil utility.
Bioavailability has been featured as a soil heavy metal natural danger to individuals.
Retention of plant material filled in (normal hierarchy) or quick ingestion (oral
bioavailability) of contaminated soil are instances of assimilation courses. Various
materials are created by an assortment of organizations, including material, tanning,
petrochemicals from unplanned oil spills or the utilization of oil-based items, pesti-
cides, and medication workplaces, and they assume a critical part in the arrangement
as shown in (Figure 1). Despite the way that some appear on shore, few have agrarian
or officer administration benefits. Moreover, a few are conceivably perilous in light of
the fact that to the presence of huge metals (Cr, Pb, and Zn) or poisonous normal
mixes, and are simply applied to arrive on uncommon events, if by any means. Others
are insufficient in plant supplements or do not have the capacity to shape soil [32].

4. Heavy metal uptake and bioaccumulation in food crops

For groundwater and plants, soil serves as both a source and a sink for the presence
of Heavy metals [45]. These toxicants get accumulated in the land soil and has become
a serious concern as a result of fast advances the agricultural and industrial sectors
[46]. Crops are essential part of diet of individuals and are vital source of impor-
tant nutritional components like minerals and vitamins [47, 48]. Crops grown on
contaminated lands with Heavy Metals, these metals accumulate in the plants edible
parts, which are then ingested by humans [49] Because heavy metals are resistant
from degradation, and have long half-life periods, thus difficult to excrete out. Many
metals are hazardous at low doses, Heavy metal poisoning is a major problem in crops
[18, 45, 50, 51]. Long-term exposure to heavy metal contaminated crops can result
in a variety of health problems, including bone thinning, skin problems, improper
endocrine gland function, blood pressure, neoplastic growth, impairment of sexual
characteristics, asthma and other respiratory issues, heart diseases, and brain impair-
ments [52, 53]. Heavy metal contamination in crops is a concern worldwide that leads
to toxidromes and a variety of illnesses in humans, flora and fauna, when polluted
soils and food crops are consumed.

4.1 Metal uptake and transportation pathways

Ingestion and amassing of substantial metals in plant tissues rely on temperature,
dampness, natural matter, pH, and supplement accessibility [54]. Heavy metal amass-
ing moreover depends upon plant species, while the viability of plants in engaging
metals is directed by either plant take-up or soil-to-plant move factors of the metals
[22]. Brought lead step up in soils, for instance, may diminish soil convenience, while
very low lead obsession may stifle some fundamental plant capacities like photosyn-
thesis, mitosis, and water absorption, bringing about destructive indications like dull
green leaves, shrinking of more prepared leaves, ruined foliage, and hearty hued short
roots, among others [55]. Huge metals are possibly unsafe, causing chlorosis, helpless
plant development, and low yield, and they might be joined by decreased enhance-
ment take-up, issues in plant absorption, and a diminished ability to fix subatomic
nitrogen in leguminous plants [56]. Because of exercises like mineral burrowing,
metal transportation, decontaminating and refining, and expulsion of tailings and
waste waters around mines, mining and filtering occupations are significant reasons
for weighty metal polluting in the environment [57, 58]. Disinfecting of water and
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soil, phytotoxicity, soil crumbling, and likely dangers to human wellbeing are a por-
tion of the negative normal effects of unnecessary hefty metals tossed about mine and
purifying locales [48, 59, 60]. Critical metal pollution of cultivating soils and yields
in mining zones has been viewed as an uncommon normal risk [61-63]. Heavy metal
take-up by roots from debased soils and surface water, just as immediate exchange of
toxins from the climate on plant surfaces, can bring about critical metal defilement of
plants [23]. Lead and Cd are suspected malignancy causing synthetics and have been
connected to the etiology of an assortment of sicknesses, including cardiovascular,
renal, blood, apprehensive, and bone illnesses [64]. Notwithstanding the way that Zn
and Cu are fundamental segments, their exorbitant focus in food and feed plants is of
incredible concern attributable to their harmfulness to people and living things [65].
Development of yields for human or trained being utilization may possibly prompt
the take-up and amassing of these metals in consumable plant leaves, representing a
danger to human and living thing wellbeing (Figure 2) [66, 67]. Unnecessary dietary
gathering of heavy metals like Cd and Pb in the human body may bring about genuine
clinical issues [68]. For the greater part, dietary induction is the dominating method
of receptiveness, regardless of the way that in profoundly contaminated regions,
internal breath can assume a significant part [69]. The significant channel of human
receptiveness to generous metals is the soil-to-manage trade of heavy metals. The
developing human populace has started an interest for more food [23]. Pesticides,
manures, fertilizers, composts, and wastewater have all been utilized all the more
frequently in the water framework accordingly [70]. Food crops developed on metal-
drained soil can ingest and gather metals in critical amounts to influence food quality
and wellbeing [71]. Most nations have given genuine thought to the control of hefty
metals in food crops because of soil pollution in country regions [72].

Plants retain fundamental and pointless segments from the soil dependent on
fixing inclination and molecule explicit take-up, or by means of scattering [73].
Root assumes a critical part in the take-up of metal particles. Due to the presence of
cellulose, gelatin, and glycoproteins, which go about as express molecule exchangers,
(TEs) adsorb on the root surface in a cationic setuFp with a negative cell divider [74].
The cations (Zn2+, Mn2+, Cd2+, Fe2+, Pb2+, Ni2+) are open at the root surface and
effectively gathered into the root apoplast [75]. In the wake of being accumulated in
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Heavy metal uptake and transportation to food chain.
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the root apoplast, the cations are either held in the root cells or moved radially to the
root stele and packed into the xylem and phloem tissues in one of two different ways:
apoplastic/reserved transportation or sym-plastic/powerful transportation [76]. The
scattering of metal particles in the root cell through the earth plan causes disengaged
transportation, while the unique transportation of metal particles happens through
the plasma layer, which is hindered by different carriers or transporters [77]. The
xylem sap is coordinated upwards by the incident stream, where TEs are moved to the
aeronautical tissues. In the event that no redistribution happens, TEs will assemble in
photosynthetically powerful leaves. The phloem, another vascular tissue, revamps and
supplements the results of photosynthesis across the entire plant body, between the
sources and sinks. The scattering of metal particles in the root cell through the earth
course of action causes separated transportation, while the powerful transportation
of metal particles happens through the plasma layer, which is hindered by different
carriers or transporters [77]. The xylem sap is coordinated upwards by the occurrence
stream, where TEs are moved to the aeronautical tissues. On the off chance that no
redistribution happens, TEs will assemble in photosynthetically powerful leaves. The
phloem, another vascular tissue, reworks and supplements the results of photosyn-
thesis across the entire plant body, between the sources and sinks. TEs can be moved
from senescing leaves to sinks through the phloem (e.g., creating vegetative parts and
creating regular items). Before the xylem sap comes to the mesophyll cells, TEs can
likewise relocate to the phloem [78]. Phloem transport comprises of (I) apoplastic
stacking into both accomplice cells and sifter parts, just as (ii) unloading at the objec-
tive sink tissues [79]. A few metal-limiting mixes, including as nicotianamine and
phytochelatins, were demonstrated to be reasonable for shipping TEs in the phloem
[80]. Each progression requires a staggering cooperation of chelating designs and
metal transporters that influence metal accumulation speed [80]. Metal chelators are
connected to a few phases of micronutrient take-up, inside vehicle, and sequestration
in the cytosol and subcellular compartments [80]. Metal take-up and remobilization
from intracellular compartments into the cytosol is worked with by the ZIP, NRAMP,
yellow stripe (YS), and copper transporter (COPT) families, while heavy metal-
delivery ATPases (Heavy metalAs), the cation (CDF) family, the cation exchanger
(CAX) family, and the multi-drug and destructive compound ejection (MATE)
family, just as the plant cadmium resistance [80].

4.2 Metal stress tolerance mechanisms

Heavy metal toxicity causes a wide range of physiological and biochemical
changes, and plants must evolve and/or adopt a variety of methods to deal with the
detrimental effects of heavy metal toxicity. Plants react through several mechanisms
to external stimuli including toxicity to heavy metals. These include (i) external
stress stimulus sensing, (ii) signal transduction and signal transmission into the
cell and (iii) appropriate actions are taken to offset the negative effects of stress
stimuli by modulating the cell’s physiological, biochemical, and molecular status.
(Singh et.al 2016). Generous metals can instigate DNA strand breakage, nuclear
crosslinking, adjustments in innate materials, oxidative pressing factor and harm
from ROS and free extremists, just as helpful and hidden layer disintegrating, all
of which increment heavymetal phyto-openness and cutoff reap plant growth.
Every one of those biochemical, physiological, and genetic changes in plants are
indivisibly associated with human prosperity and the advanced lifestyle. Heavy
metals likewise produce uncommon physiological changes and opposing impacts
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at numerous periods of improvement, especially germination and seedlings. Heavy
metals antagonistically affect the synthetics and protein profiles engaged with
germination (e.g., destructive phosphatases, proteases, and - amylases). Heavy
metals, for instance, diminished starch content, restricted enhancement levels,
hampered chloroplast PSII, and provoked the declaration of warmth daze proteins
and proline [81, 82]. The impacts of substantial metals have been focused on rice
[83, 84] as per seed advancement of food yields, and Cd is likely the most considered
poison [85]. Regardless of this, restricted examination has zeroed in on multi-metal
toxicity in food crops [82, 84]. Co was demonstrated to be the most inconvenient

to cauliflower (B. oleracea) as far as hostile effects on biomass and physiological
exercises (e.g., foliar Fe, chlorophylls a, b, protein, and catalase action) [86, 87].
Those metals moreover obstructed the development of major parts (e.g., P, S, Mn,
and Zn) from the roots to the shoots, with Cr showing the least phytotoxicity [87].
Metal transporters/chelators, for example, phyto-siderophores, are utilized to ship
heavy metals and metalloids into the cells of food crops [88-93]. heavy metals and
metalloids produce oxidative pressing factor in plants by changing cysteine over

to diminished glutathione (GSH) and oxidized glutathione (GSSG) (the extent of
GSH/GSSG = oxidative pressing factor or ROS age) [90] and shaping phytochelatins
[90, 94]. Saltiness stress can likewise influence the measure of heavy metal pol-
lution in food crops, just as their physiological and biochemical properties [95].
Metal contamination diminished the biomass and chlorophyll substance of explicit
vegetables (most strikingly water spinach, trailed by amaranth, leaf mustard,
Chinese sprouting cabbage, green capsicum, and tomato); on the other hand, the
level of peroxidase, known to be an adversary of oxidative protein, at first extended
at low assemblies of the metallic pollutants [87]. With an expansion in heavy metal
focuses, tomato, the food least contaminated by metals, turned out to be progres-
sively powerless against pungent pressure [87]. Key cycles in the ability to convey
heavy metals incorporate phytochelation and immobilization by lignocellulose and
different portions of plants, just as the limit of metals in the vacuole [87].

5. Toxicity in food crops

Yields collect essential TE groups in both appealing and unpalatable portions.
When compared to other crops, verdant greens collect large groups of TEs from
contaminated soil [96]. Crops absorb Heavy metals from contaminated land and by
barometrically measuring particle matter from a variety of origins. Heavy metals
are absorbed from the roots and then transported to the various cells of the crops
[96]. They are transported to many parts of the plant by multiple channels, resulting
in degradation of the developmental characteristics of crops due to change in the
metabolic, physiological and biochemical activities of crops [97, 98]. Presence of
these harmful components in the harvests can present poisonous indications that has
serious outcomes (Figure 3).

5.1 Adverse impacts on plant health

The immediate impacts of TEs can cause catalyst inhibition of cytoplasm and
underlying oxidative pressure can cause cell damage [99]. Plant is affected in a round-
about way by substituting important nutrients. TEs are present in variety of crops and
its associated parts or even the entire plant [80]. Plant roots may easily absorb TEs
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Figure 3.
Heavy metal toxicity in food crops.

and transport them to the edible portion of the plant [100] High convergence of TEs
present in the soil has a number of unfavorable effects on crops and, subsequently,
human health [80, 101]. Heavy metals like Cd and Pb in crops are not essential, and
when they are present in large amounts they accumulate in the crops, it disturbs
ingestion and transportation system, disrupting opposition potential, electron move
framework, photosynthesis, breath, digestion, enzymatic action, development, and
propagation [102]. The presence of the heavy metal also indicated various effects on
the crops. Effect of Pb. Cr, Hg and Cd were studied on maize tomato, garlic, rice, and
reduced shoot length, reduced nutrient uptake, decrease germination percentage and
lower plant protein content was reported by [103].

6. Transportation via the food chain and occurrence in human food

Anthropogenic and natural sources are major supply for heavy metals in the
surroundings. Heavy metals contaminate land and leach out to waterbodies, show
their effect by persisting in the food cycle, have antagonistic effects on biota since
they are very responsive and toxic at low concentrations [104, 105]. Toxic metals gets
accumulated by plants from roots. Heavy metal travels through the water stream by
apoplast to the internal cells (endodermis). This endodermis function as a protec-
tive layer for Heavy metal movement. The casparian strip prevents water stream
and the Heavy metal enters the symplastic phase. Heavy metal transportation (in
low concentrations) through root to APP have accounted for of immobilization by
contrarily charged gelatins inside the root cell divider [106, 107]. Insoluble Heavy
metal salts hasten in intercellular spaces of root cells [107, 108]. Essentially, Heavy
metal amassing in plasma layers of root cells [107, 109] or in rhizodermal vacu-
oles and cortical cells of roots. Significant segment of Heavy metal is discharged
from internal cells (endodermis) during the detoxification process by the plant.
Foundations of hyper accumulator species break up metals in soil [110], increment
metal take-up and movement, and make hyper accumulator species to endure higher
Heavy metal particles focuses. Other detoxifying components include specific metal
take-up, discharge, ligand binding, all contribute to Heavy metal resistance. The
transfer of Heavy metal from lower part of plant to upper (root-shoot) is aided
by xylem, which is most likely supported by occurrence [111]. On mesquite plants
[106], demonstrated X-beam planning and observed high Heavy metal statements in

69



Environmental Impact and Remediation of Heavy Metals

xylem and phloem cells. It was found that Heavy metal traveled to the leaf from the
vascular stream via apoplastic pathway [75]. In xylem, Heavy metal can frame edi-
fices with amino/natural acids [112]. In any case, inorganic Heavy metal can likewise
be moved. Movement (i.e., Heavy metal present in aeronautical parts/driving roots)
can be executed for understanding level of Heavy metal movement [110, 112-114].
Notwithstanding, the admission of Heavy metal tainted plants has been a significant
openness to people and creature [113-115]. Consumable/wild plants developed/filled
nearby phosphate businesses can be Heavy metal bio-pointers of harmful metals
[113]. Occupants and laborers of these businesses/regions might be presented to
Heavy metal tainting.

The degree of toxicity of TEs in people relies upon every day admission through
utilization of different sorts of vegetables [41, 97, 116, 117]. To understand the human
health vulnerabilities from TEs when they consume crops, existing data records, and
boundaries are used. Target hazard quotient (THQ), daily dietary intake of metals
(DDI), hazard index (HI), daily intake of metals (DIM), and health risk index are
among the items on the list (HRI). The THQ list is used to assess the health risks by
toxic elements by giving a proper information on metal content from land (soil) and
plants [118].

7. Hazardous effects of crops containing heavy metals on health of humans

Heavy metal contaminating eateries has a progression bearing unfavorable con-
sequences for the health of humans because of their pervasive and refractory nature.
Unnecessary metals have the capacity to bypass preventive mechanisms like compart-
mentalization, homeostasis, cellular failure, oxidative breakdown, and ship, resulting
in toxic and fatal consequences. The significant manifestations of TEs harmfulness in
people are scholarly handicap in youngsters, CNS problems, dementia and sadness in
grown-ups, a sleeping disorder, kidney and liver sicknesses, passionate shakiness, and
vision unsettling influences [119, 120], expanded the dreariness and death rate. Metal
toxicants cause oxidative stress in individuals, which is described by: a) expanded cre-
ation of Reactive Oxygen Species/Reactive Nitrogen Species (ROS/RNS) b) exhaustion/
debasement of internal enemy of oxidant and free-revolutionary scroungers c) restraint/
decrease in digestion and catalysts identified with decontamination process. In spite
of the fact that toxicity arising from unexpected or word related openness to generous
quantities of metals normally influences organ frameworks, seriousness of the harmful-
ness relies upon the kind and type of the TEs, openness course and duration and, likewise
by person’s defenselessness [120, 121].

Harmful substances (metals) ingested in the course of debased crops can result in
avariety of long-term illnesses as shown in (Figure 4). TEs consumption in polluted
eatables might degrade several important nutrients of the body. This depletion is
also linked to decreased malnutritional abilities, immunological defenses, hampered
psychosocial resources, intrauterine development impediment, and increased threat
of upper GI cancer [122]. Extreme sensitivity to Cd may amplify pneumonic effects.
Subchronic inward Cd breath might also have a negative influence on the kidneys.
Moreover Lead (Pb) toxic has been linked to the Brain/CNS and the GIT in both
adolescents and adults [123], the impact may be severe or long-term. Stomach dis-
comfort, desiring trouble, joint pain, pipedreams migraine, hypertension, fatigue,
renal brokenness, restlessness, and vertigo are all symptoms of intense Pb openness
[124]. Pb over time can cause allergic reactions, chemical imbalances, birth defects,
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CNS damage, renal damage, solid shortcoming, loss of mobility, psychosis, malnutri-
tion, in severe cases death [125].

Increased centralization of Zn causes disability development and proliferation.
Examples include Cr (Cr+3 and Cr+6 effects) which are hazardous to both flora and
fauna followed by threats to humans as well [126]. Minimum concentrations of As can
lead to irregular heartbeats, low levels of blood plasma proteins, discomfort, nausea
and heaving, pricking sensations in upper and lower limbs, accompanied with vein
damage. Chronic exposures of As may result in heart disease, high blood pressure,
internal cancerous infestations, mental issues, infection of vascular system, aspira-
tory illness, acne, and Diabetes. Ongoing arsenicosis may cause permanent alterations
in major body-organ systems, thus increasing high mortality rate [127].

8. Strategies for food safety regulation and mitigation of the health
hazards

Many studies have been conducted on the uptake, collection, and elimination
of TEs in model plants at the research facility scale by a few scientists. Despite
this, few investigations are conducted in the field in a straightforward manner. As
aresult, there is a need to look into the gaps in terms of the practicality of ways to
reduce TEs in daily food sources and in high-need food items, similarly drinking
water which is an essential component in the prevention and elimination of Heavy
metals. There have been many advances in molecular biology and biotechnology
applications of a few plant and animal species, the altered/controlled ingestion
of harmful components, as well as categorizing these components into non-
consumable parts, but it is still not fully accomplished [128]. As a result, more
unified vegetables-based initiatives are predicted to boost the production of toxic
component-free palatable plant parts. Quality exchange/change in articulation of
particular receptor/chemical/component carrier may also be used to effectively
regulate the retention of hazardous components in vegetable yields. The adjust-
ment of exudates of rootsgives a powerful measure to stifle harmful components
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in soil. This process canprovide forestalling of the passage of TEs into the jungle.
Endeavors can promptly begin in those harvests on which denselyspread population
depends for food. One main consideration is the absence of subsidizing [129], with
the goal that the consumer sector is fundamental to produce successful financing
for TEs research. TEs tainting by and by exists in regular assets, yet, whenever kept
up beneath as far as possible, long haul biological system imperativeness can be
kept up without influencing the natural way of life.

Ranchers should be educated about the dangers of using excessive amounts of
compost and other synthetics, as well as the natural hazards of flooding crops in
various water bodies (wastewater, sewage, and mechanical water) so as to balance
the requirement for vegetables growth with low TE levels. Ability to manage envi-
ronmental sources, like soil and water, helps maintaining sustainability for crops
cultivation. The information gathered should include wastewater quality indexing
data to support for aquatic system water testing at rural areas to establish public
health. Capable organizations should complete general wellbeing schooling inside
the utilization region to teach people in general the possible impacts of unpredictable
waste usage risks and the wellbeing perils related to the use of vegetables developed
using untreated/contaminated. It should be capable of measuring TEs contamina-
tion & supplement stacking of aquatic system and soils to secure wellbeing, both
[130] of ranchers and buyers. Considering the expected harmfulness, diligent nature
and combined conduct just as the utilization organic materials and vegetables, it is
essential to test the breakdown of food materials to guarantee the number of impuri-
ties concerning modern day issues. Standard overview and observing projects of the
grouping of TEs in food items have been done for quite a long time in the vast major-
ity of the created nations and similar practices ought to be carried out in agricultural
nations.

9. Conclusion

Natural impurities, food handling and safety, and health of humans are inter-
connected. The presence of Heavy metals in the climate has increased altogether
in late many years. Wellsprings of Heavy metal in crops can change in the creating
and created world. Heavy metal exchange from ground soil to trim frameworks is
unpredictable and requires complex components. Synergistic harmfulness of metals
in food crops is also a major metal poisoning and contamination issue. The human
wellbeing hazards have been broadly explored on a worldwide scale, however a
couple of those works have utilized appropriate epidemiological techniques. To
forestall wellbeing chances, existing remediation alternatives center around lessening
the convergence of hefty metals in soil and the natural way of life. Fast and precise
planning of soil contamination is expected to forestall the exchange of metallic toxins
into the natural pecking order and to figure reasonable remediation techniques. Eco-
attainable mechanical advancements, for example, nano-devices and the conscious-
ness of ranchers could support neighborhood economies and vocations with certain
monetary assurances.
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Chapter 5

Soil-Skeleton and Soil-Water Heavy
Metal Contamination by Finite
Element Modelling with

Freundlich Isotherm Adsorption
Parameters

Nguyen Van Hoang

Abstract

World research results indicate that untreated leachate contains high contents of
heavy metals (HM) that are likely to pollute the soil and groundwater (GW) environ-
ment and contribute to the increase of HMs in soil and GW. The Freundlich isotherm
adsorption parameters are essential to soil input parameters for modelling of HMs’
transport to access the soil skeleton and soil pore water contamination by HMs. Finite
element (FE) modelling of advection-dispersion transport of HMs by GW movement
along with Freundlich isotherm adsorption parameters which continuously change
with space in the model domain and with time is sophisticated to accurately evaluate
the HMs’ concentrations in soil skeleton and pore water. The chapter describes the
background of the existing isotherm adsorption theory, the adaptation of the
Freundlich isotherm adsorption in the soil skeleton and soil pore water contamination
by HMs, method of determination of the Freundlich isotherm adsorption parameters,
the FE procedure of modelling of advection-dispersion transport of HMs by GW
movement in general and along with Freundlich isotherm adsorption parameters in
particular. A case study modelling has been demonstrated.

Keywords: heavy metal (HM), Freundlich, isotherm, adsorption, geochemical
background (GB), finite element (FE)

1. Introduction

In the world, in many study areas, most of the heavy metal (HM) content in the
samples did not exceed the local standards, which can be mentioned as the study of [1]
conducted a determination of soil samples of HM components in the North-Western
area of Thessaloniki, North Greece near the insanitary landfill. Soil samples were
taken at a depth of 2.5-17.5 m. Heavy metals Cd, Cr, Cu, Ni, Pb and Zn were analysed,
however, although this area has a high degree of industrialisation, the soil is not
contaminated by HMs. Research by Agamuthu and Fauziah [2] conducted sampling of

83 IntechOpen



Environmental Impact and Remediation of Heavy Metals

typical soil at different locations in two landfills of Panchang Bedena and Kelana Jaya
(Malaysia) to analyse HM content. Soil sampling depth is 2 m-35 m. The analysis
results of samples at the Panchang Bedena landfill showed that all the analysed HMs
have lower concentrations than the Dutch standard [3]. Opaluwa et al. [4] studied
HMs in the soil at a depth of 0-15 cm and leaves on the campus of the Agriculture
Faculty of National Polytechnic University, Nasarawa State, Nigeria and the areas
near landfills and got the soil concentration of metals As, Cd, Co, Cu, Fe, Ni, Pb and
Zn lower than the levels allowed by the World Health Organisation. Similarly, the
translocation of HMs from the polluted soil to the aboveground parts of plants and
lichens leads to a 1.5- to 5-fold increase in the content of HMs in all species, which
fortunately neither exceed the toxicity threshold and nor prevent their growth in the
experimental plots as by the work of Lyanguzova et al. [5]. According to Piyada and
Suksaman [6], the landfill on the edge of Nai Muang Phichai district in Uttaradit
Province, Thailand is one of the most polluted landfills in the world, leachate has a
high content of HMs. Samples of soil and groundwater from the landfill and in the
vicinity of the landfill are collected and analysed for HM content. Fortunately, the
concentrations of Cd, Pb, Cu, Zn and Fe are all low, within the limits of soil quality
standards. Research by Siti et al. [7], in Selangor state, Malaysia, there are 20
landfills, including the Ampar Tenang landfill closed in January 2010. However, the
landfill is not covered with protective soil according to operational design standards,
and before that the garbage is dumped directly onto the ground without any insu-
lating material. Surface soil is relatively polluted by As, Pb, Fe, Cu and Al. As and Pb
concentrations are greater than the allowable levels which are 5.90 mg/kg and

31.0 mg/kg, respectively. In addition, only Cu tends to decrease concentration with
depth. Kamarudin et al. [8] studied the distribution of HMs in underground aquifers
in the solid waste treatment area in Taiping, Perak, Malaysia. Soil samples were
taken in 6 boreholes at a depth of 6 m—30 m, and a sampling distance with depth was
1 m. HMs Pb, Mn, Cr, Fe, Zn and Cd were analysed by ICP-MS. The concentrations
of Pb, Mn, Fe and Zn are quite high, exceeding the allowable concentrations in the
drinking water standard.

It can be seen that most of the HM contents in the soil environment of the landfill
do not exceed the allowable levels. In cases where the content of HMs exceeds the
standards, there will be an insanitary landfill that does not operate properly with
waste burial techniques.

From the above review of several studies, it can be seen that untreated leachate,
containing high levels of HMs, is a clear pollution source. Best. Leachate from landfills
is capable of polluting the soil and groundwater environment if there are no measures
for collection and treatment and to prevent the release of leachate to the surrounding
environment. Most studies show that soil at the depth of 2 m and greater is not
contaminated with HMs at a level greater than the allowable levels for agricultural
land. However, the transport of HMs in the upper soil layer is extremely slow, espe-
cially thanks to the effect of adsorption.

2. Modelling of heavy metal transport in soil by groundwater movement

2.1 Theory of heavy metal advection-dispersion transport with soil adsorption

The general two-dimensional partial differential equation of the contaminant
transport by advection-dispersion is as follows [9]:
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’C FC oC oC 1-n a
Dxﬁ yﬁ_vxax vyay—i—Q e

where C is the contaminant concentration (M/L?, e.g., mg/L); ¢ is the time (d); D,
and D, are the hydrodynamic dispersion coefficient in x and y direction, respectively
(m?/d); x and y are the distances (m), v, and v, are the seepage velocity inx and y
direction, respectively (m/d); Q is the distributed source of contaminant (mg/d); p; is
the solid particle density (note that p, = p;(1-n) in which p, is the unit weight of the
dry soil); # is the soil porosity and g, is the contaminant mass adsorbed per adsorbent
mass (mg/kg).

Solid particles are capable of adsorption of dissolved ions of HMs in the soil pore
water. The two most common models used to represent the adsorption isotherm are
Freundlich and Langmuir isotherms [10]. The Freundlich isotherm is the most com-
mon isotherm model, used to describe physical adsorption in a solid-liquids system
[11]. Besides, the Langmuir isotherm includes the maximum adsorption capacity of
the considered soil, which requires a further special study for the study site.

Freundlich’s adsorption isotherm is used in this study and is described as follows
[12, 13] (refer to Patiha et al.):

= 1
pfar+at 1)

q, = KrC'" ()

where C is the concentration in solution at equilibrium (mg/L); Kr and 1/n are
fitting constants [13] and K is termed as the Freundlich coefficient (adsorption

coefficient) (the unit for the Freundlich constant is mgl% l'lI/kg) and 1/7 is the adsorp-
tion intensity (dimensionless). The value of K is obtained from the intercept and 1/5
from the slope of the logarithmic plot of log g, versus log C of the equation:

logq, = logKr + E logC (3)
n
d
o = Ke, Hos iy g (4)

where K} is the distribution coefficient.
K is the Freundlich constant and 1/n depends on the linearity of the isotherm and
varies between 0 and 1. Only when 1/5 = 1, the isotherm is linear and Kr = K.

From (4) the source term 2 a_g; in (1) is:

1-n o 1—n 1 0C
P = gt (5)
n ot

Therefore, the Eq. (1) may be written in the following form:

9*C *C *C ac aC aC 1 1 1) oC
xw-i- yW—FDZW_Uxa_Uya_UZdz (1+—/JJ<F CH) (6)
The so-called coefficient of retardation (retardation factor) R is also used:
1-— 1 1-—
R=1+-—"pkp-Ct=1+-"")K, 7)
n n n
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»’C ’C aC oC aC
_— _— _— _— = R—
<=7+ Dy 5 D=y 5 +Q = (8)

D
The retardation factor R is always greater or equal to 1. It is equal to 1 when 1/5 = 1.
The partial differential equation of the contaminant transport by advection-
dispersion equation is subject to initial and boundary conditions for a particular
problem in reality over a certain domain. The initial condition defines the known
contaminant concentration over the whole domain at the initial time ¢ = ¢:

C=Cy(x,y,2) 9
The boundary condition (BC) would be one of the following kinds:

* The first kind BC (the Dirichlet BC) defines a known concentration on the
boundary:

C=C,onl. (10)

* The second kind BC (the Neumann BC) defines a known gradient of contaminant
concentration across the boundary:

oC
% :]C Onr]C (11)

* The third kind BC (the Cauchy BC) defines a known rate of contaminant flux
through the boundary:

oC
v,C — D% =q, onel g (12)

where v, is the velocity normal to the boundary and C is the contaminant
concentration at the boundary.

Eq. (8) has an analytical solution only for simple domain configurations,
unchanged boundary conditions and constant spatial and temporal values of parame-
ters, i.e., hydrodynamic dispersion coefficient, seepage velocity and retardation fac-
tor. Among the transport parameters, the retardation factor is the most sensitive and
variable value in time and space as it is a non-linear function of the HM concentra-
tions. This issue always needs to be kept in mind in numerical simulation of solute
transport in groundwater in a soil medium with adsorption ability. Numerical
methods, e.g., the finite element method (FEM), are capable of solving the equation
for any domain configuration, spatial and temporal changing boundary conditions and
parameters’ values.

Due to the adsorption isotherm, to more accurately estimate retardation and con-
taminant transport other than the use of a single value is required in accordance with the
relationship in Eq. (7). However, defining transport in terms of a retardation coefficient
based on nonlinear adsorption could be complicated. Therefore, Coles [14] examined
how the Freundlich model can be used to predict retardation by presenting a simpler
way of accounting for nonlinear adsorption and by employing a more appropriate
parameter than the Freundlich constant. The linear distribution coefficient K, was used
by the author to calculate the retardation factor R. Based on the results, the author
concluded that the actual ratio of adsorbate to adsorbent may be smaller by a factor of
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about 10 at higher contaminant concentrations, it could be safer and more accurate to
make use of the unified sorption variable K to calculate R. Since Ky changes constantly
with C and using a constantly changing Kr would be complicated, one solution is to
select a small number of discrete values of K that can be used to approximate and
slightly underestimate the actual values of Kr and each of these values can be used to
calculate R over the range of contaminant concentrations that they are applicable.

2.2 FEM of the heavy metal advection-dispersion transport with adsorption by
the soil

Let the domain Q bed be divided into a number of elements E with a total number
of nodes M. Let us temporarily not consider the right-hand side term RIC/ot of
Eq. (8), take the weighting of Eq. (8) and let it be zero [15]:

o’C 0°C oC  oC
JQ(Dxﬁ+DyWD vxavy@+Q>W,;dxdy =0 = 1,2, ,M (13)

where W, is the weighting function.
Using the Green lemma:

?C ’C
JQ (Dx e + D > W dxdy = —J

< oW, oC _ _ aW, oC
Y w2 Dy
(b] Q

aC aC
A A S -~ -~ r
o +D, >dxdy + Jr (Dx Pt +D, n;,) Wed

(14)

The integral [1- is present only for the elements having sides in boundary I'y, or Iy,
which are generally denoted as I, ta cé:

oW, aC oW, aC [ oC aC _ aC aC B
,Lz (DX o o +D, W a)dxdy — JQ (l)x ™ +0, @> W edxdy = +L (Dx ™ ny + D, P ny> Wedl = 0
(15)

With the approximation function of the contaminant concentration is as follows [15]:
M
CxC =) CuN, (16)
m=1

where C,, is the approximation of the contaminant concentration at node m and
N, is the shape functions.
Equation (15) becomes:

oW, oN, oW, oN, [ oN, ON,
—JQ <Dx Wa—; Cm + Dy 7?’” Cm>dxdy — JQ (’l}x a—;” Wme + Uy Wm chm>dxdy

= Jr (G Wene +q,Wny)dl' =0

q

B oW, 0N, oW, 0N,
K= —L(Dx % ox +D, » >dxdy—Jg

(17)

oN,, oN,,
('I)x W Wf + 'l)y W Wf) dxdy
(18)
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F= —J (chﬂ’lx -‘quWﬂ’Ly)dF (19)

Iy

KC=F (20)

The shape functions Nm and weighting functions W, can be linear or higher order
functions. For unsteady problems, i.e., ROC/dt # O we have:

E(Rd—c> +KC=F (21)
dt
The square matrix E is:
E= J RW /N, dxdy (22)
Q

Eq. (21) has the following general form in regard to temporal derivative:
0K + £ CH = (—-(1-0)K + £ C+ ! (F* + F4) (23)
At At 2

The typical schemes are:

i. Forward difference (0 = 0):

R[Aﬂt]{ctﬂt} 4 ([Iﬂ —RE‘E) () = {F} (24)
ii. Backward difference (6 = 1):
<[K] i [AED oy - Shoy = (o) (25)

iii. Central difference (the Crank-Nicolson scheme) (8 = 0.5):

G+ )=+ G-y -Jam+ ey o9

At t

Let us consider two-dimensional in xy direction problems. The domain is divided
into a mesh of triangular or quadrangular finite elements. For the mesh of rectangular
elements (Figure 1) which have the side of &, and 4,

In the above equations, the matrix K at the element level is a square matrix
Ne x Ne in which Ne is the number of the vertices of the elements (square matrix
3 x 3 or 4 x 4 for triangular or quadrangular elements, respectively). As an illustra-
tion, Galerkin FEM with linear shape functions and for a rectangular element with
nodes i, j, k and 1 numbered counter-clockwise (Figure 1) which has sides of hxe and
hye the matrices K, E and F are determined as follows. Since each term of the matrix is
very long, each column containing Ne rows is to be written (columns 1, 2, 3, 4 are
denoting nodes i, j, k and I, respectively, and rows 1, 2, 3, 4 are denoting nodes i, j, k
and 1, respectively):
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he
1T 1k
he e he
y y
& L
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i < |/
Figure 1.
A mesh of rectangular elements.
The four-row terms of column i are:
[ w2 v, D p, PNy W,
Ig fO |: iVx a + 11}3’ @1 + X o Ox Y QV @,
o ON; ONi , , OW;oN; ) IW; oN;
) J‘O_[O|:]Uxax+ ]y@/ o )’@1@} xXay
Kwnr = oN; ON; _ OW,IN: _ oW aN;
| Whox Wi, = + D, 2k LT dxd
“’[“’ Ty T e o Wy&y}”
¢ ON; ()N an ON; oW, oN;
w w —_ dxd
jhfo |: lvx + lv}’ @, ax ox Y @) @,:| xy
The four-row terms of columnj are:
y (P oN; oN; oW, oN; OW, oNj
W d & W = tZ7 dxdy
LH P T o ax 7oy ay}
Jhijiw aNj+W aJ\I,+D oWjaN; o awaNdd
oo |77 ox x ox 7y oy
K¢ =
R g oN; ONj OW,, ON; oW, oN
e k & OINj
w, w +D,—=—2+D,———|dxd
Jojo{k”xa+ W D e e T ay]x
y (P oN; oN; oW, oN; 0W, oN;;
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The four-row terms of column k are:

by (e oN,, oN, oW, ON, oW, ON
Wioy — + Wi, —% 4 D, L7k L2k dd
JOL{’”"axJF’”y@JF’“axax oy o |7
hy (s oN, oN, OW ; 6N, OW ; 6N,
Wiy — + Wiy —* 4 D, —2—* 4 D, =% g
Jojo{fvxaxJ“f”yayJ”‘axaxJ’y@;&yxy
Kfi,j,k,z)k =
hy (s oN,, oN,, OW,, oN,, oW, 0N,
Wivy —= + Wyvy — + Dy ———% 4 D, =2 "%l dxd
LL{Mw+k”@+ ww+y@@]”
iy (s oN,, oN, oW, 0N, oW, 0N,
Wiy —2 + Wy —2 4+ Dy ——L =2 4 D, =L 7% dxd
LL{”M+’%®+xww+y®@}”
The four-row terms of column [ are:
by (s oN, oN, oW, oN, oW, ON 1
Wiy — 4+ Wi, — + D, —L =t L2 dxd
LL[’”’“aer P TP e e Ty Ty | P
hy (s oN, oN; oW, 0N, oW, 0N
Wiy — + Wi, — + Dy —2 — — 0 dxd
LJO{JU’“axJ’J”yayJF’“axax Yoy oy |
K?z‘,j,k,l)l =
by (e oN, oN, oW, 0N oW, 0N
Wivy — + Wio, — bl el 2" dxd
LL[Ww+k”@+x%w y@cﬂxy
by (s oN, oN, oW, oN, oW, oN,
Wy — 4+ W, — + Dy ——— + D, — | dxd
LL[Mm+Z”@+xwm+y®@]”_
The Galerkin FEM with linear shape functions results in:
The four-row terms of column I, the Eq. (27) become:
H SN e ) (B —x) (B~ . h, =y (B —x
Dx{(h’;hg)} *Dy{(h;h;)} N h;g;y ) _“x(Z;h;)_”y(h;h;)

(29)

(30)

)

(B By) L« o)
*hgh S Y Hhs W heh,
K?i,j,k,l)i = : -_
_Dihfyhf %7 ) -b hthf (hifh"x)] ! % (ﬂi(
x"y x'y xy Xy L7

e (5 )

Dew;—x>w;—xﬂ<+[w;—xv

A A W
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The four-row terms of column j, the Eq. (28) become:

3};7 [_D;(h;)2+D; (h;)z] - 2( 2055+ S )

Whe{ ‘(1) +D;(h;ﬂ = (~2whs + 2050

vai,j,k’l)j N 1 e (1€ e (1€ e er.e (32)
gigie 2000 =05 1) |+ 5 (o + 20)
1 € (4 € e 1 e e1.€
3hEh [_2Dx(hx) EDy(h) ] 12( el +”h>
The four-row terms of column k, the Eq. (29) become:
1 1 e (1.¢\2 e(1e e ere
3K, {2Dx(hx) N iDy (h ) } 12( vl — o3k )
1 4 e 4 e 2 1 e e1,€
3hEH [ D ()" - D5 (1) } + 5 (ot - 20
K = (33)
(iy,k:D)k 2 1
3hehe [D (h2)* + D5 (k) } = (—25h; — 20505
1 e (1.€\2 1 e(1e 2 1 ere epe
W [—Dx ()" +3D; () } + (~20thy — o5
The four-row terms of column /, the Eq. (30) become:
1 (4 e (4 e 2 e er1,e !
s [ D5 () - D5 (k) ] = (vl — 205m5)
1 1 (4 e (4 e 1 e
e [_EDx (1) _EDy (hy> ] 2 (” Hy — vl )
Kfi,j,k,l)l = (34)

%ihy [_D;(h;) +2D; (hy> ] 112 (21} he — o )

3};}4 ¢ (1)’ +D;(h;)} 112 (208 — 20515

The contribution of the loading vector f is determined by taking the integral over
the element. For example, for node i at a side along the boundary:

F?*J J ,?,:e (, —x) (s — ) dcdy jhi',je (e, — x)dx — J Z_y (1 —y)ay

er1,€1,¢ 1—€€ 1—€€
7th q x_iq 'y (35)

The underlined terms are existing only if the side 7, j and [ are lying in boundary
I" ;, and therefore they are not existing for the inside elements:
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The matrix E is:

node : i j k l

JoWiNidxdy  [,W;Njdxdy [,WiNydxdy [,WiNedxdy| [ C;

JoW Nidxdy — [,W;Njdxdy [,W ;Nidxdy [,W;Nedxdy | |C;

JoWiNidxdy — [,WiNjdxdy [,WiNdxdy |,WiNsdxdy || Cp

JoW¢Nidxdy [ ,W/Njdxdy [,W/Nydxdy [,WNdxdy | LCe¢
(36)

E' =

Putting the weighting function W and shape function N into Eq. (36) results in:

node : i j
| 0, =) (5 —y) (=) (55 —3) NS ) —y)x(h—y)
2 HhS e ke whe

(he— )(he—x) h —y) <h€ —y)x(he—y)
b4 x Y Y
o Jo e Wy Y A A
|y =) () | x(k-3)
Joihe e Jaih W Y
(5 —x) 04 =) (1) 5 —xy (15 —)
o e e Y bo e e
(37)
node : k l
0 =) (5 -3) O =) (5 =2) (i —xly ]
Ja e Y la s whe Y
C;
“(5-) o (=) (5 —x) |
Jo—Fere e e dxdy J eTe S dxdy C.
S TR KK i @)
y (5 —x)y C
iy hichy hihid i Jo heher 4 C
(i —x)y xy (ke —x)y (b —x)y
o e hene Y bo e e Y|

By assembling all the element matrices K, E and F a global system of equations can
be obtained the solutions of which are the approximated contaminant concentrations
at all nodes.

For linear elements, the element sizes and time steps need to be selected based on
the following criteria [16]:

e vk At At
Pe="" <oipe= 22 <p.cr =2 <10 =22 <1 (39)
D, D, 3 :
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Ky 1/ R? Kr 1/ R? Ky 1/ R? Kr 1/ R?
With ¢, in mg/g
Cr Cu Pb Zn

0.264 0260 0.999 0.131 0450 0991 0.300 0.290 0.996 0.050 0.569 0.999

As Cd Hg

0.404 0340 0.989 0.080 0.420 0964 0510 0.300 0.985

Table 1.
Freundlich coefficient KF and adsorption intensity 1/n for the soil of the study of He et al. [17].

2.3 Soil heavy metal adsorption parameters

The adsorption capacities of HMs change with physical parameters such as pH,
temperature etc. The adsorption of heavy metals As, Cu, Zn, Pb, Cr, Cd and Hg on the
soil at different pH was experimentally investigated by He et al. [17]. The adsorption
capacities of Cr decreased with increasing pH, which may be caused by the unique
physical properties of Cr. The adsorption capacities of the remaining HMs are
increased with increasing pH. One of the reasons is that the increase in pH effectively
reduces the concentration of H" in the solution. In solution with pH greater than 7, all
the ions H" are in par with ion OH™. Therefore, HM ions with a positive charge can
more effectively be absorbed by the soil colloids. It means the adsorption capacities of
HM ions increased with increasing pH value.

One of the aspects of the influence of pH on the adsorption of HMs by soil particles
is that pH has an influence on the solubility of HMs in solution [18] and controls
various adsorption reactions on the surface of solid particles, and the increase in pH,
which promoted an increase in the adsorption point of the soil colloid since soil
colloids generally have a negative charge [19]. The chapter will deal with the HM
adsorption capacity at pH around 7.

To investigate the effect of temperature on the adsorption of As, Cu, Zn, Pb, Cr,
Cd and Hg, He et al. [17] used soil samples at a different temperature from 30-50°C.
The data obtained by the authors show the increase of adsorption capacities of HMs in
the soil material with increasing temperature.

The experiment data for Cr, Cu, Pb and Zn by He et al. [17] at the temperature of
25°C have been extracted from the authors’ publication’s figures. The least squared
error method was used by the authors of this study for determining the Freundlich
coefficient Kr and adsorption intensity 1/, the results of which are also presented in
Table 1 which is showing a very high correlation of the experiment data point and the
Freundlich isotherm coefficients Ky and 1/5 of the fitting curves (Figure 2).

The Freundlich isotherm coefficients KF and 1/1 of silty soils were also studied by
some other authors. The study of Noppadoland [20] investigates the adsorption of the
most common HMs (Cu, Ni, and Zn) by various soils. Fifteen soil samples were
collected from various areas of North-Eastern Thailand.

They were excavated from different depths, ranging from 20 cm to 50 cm below
the soil surface. The average soil pH is about 6.5. The areas near watercourses, com-
munities and industries were selected as sites from which the soil samples were taken.
The authors have received the following average values of the Freundlich isotherm
coefficients Ky and 1/5 of the soils: Kr = 0.348 (mg/g) and 1/n = 0.235 (¢ = 0.059) for
Zn, K = 0.462 and 1/5 = 0.320 for Cu (6 = 0.054), Kr = 0.279 and 1/5 = 0.437
(6 = 0.059) for Ni (with the ¢, in mg/g and C unit in mg/L).
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Figure 2.
Adsorption capacities of heavy metals adsorbed on soil material at equilibrium concentration.

Soils in some regions of North-Western Spain have been the subject of agricultural
management practices involving the use of fertilisers and various types of organic
waste containing HMs. Although such practices have facilitated crop growth, they
have also raised the natural contents in HMs of the soils. Therefore, Emma et al. [21]
researched the ability of the soils with high concentrations of Cr and Ni to adsorb and
retain Cd, Cu, Ni, Pb and Zn. The soil pH is about 6.5 and the experiments’ tempera-
ture is 25°C. They have obtained the following Freundlich coefficients: Kr = 1.560
(mg/g) and 1/n = 0.327 for Cu, Kr = 0.363 and 1/5 = 0.441 for Ni, Kr = 1.363 and 1/

n = 0.351 for Pb, K = 0.463 and 1/ = 0.426 for Zn, K = 0.540 and 1/5 = 0.293 for Cd
(with the ¢, in mg/g and C unit in mg/L).

Claudia et al. [22] carried out a specific adsorption evaluation through the amounts
of adsorbed Cu, Pb, Cr, Ni and Zn after desorption experiments in ten different soils.
The HM adsorption isotherm Freundlich parameters at temperature 25°C and for the
neutral pH soils are as follows: K = 2.540 (mg/g) and 1/5 = 0.91 for Cu, K = 0.702 and
1/5 = 0.510 for Ni, Kz = 0.998 and 1/5 = 0.440 for Pb, Kr = 1.016 and 1/5 = 0.440 for Zn
(with the ¢, in mg/g and C unit in mg/L).

2.4 Dispersion parameters

The coefficient of longitudinal hydrodynamic dispersion Dy, in the water
flow direction which is the coefficient of hydrodynamic dispersion coefficient D
in Eq. (1) consists of two components: the coefficient of mechanical dispersion
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D’ and the coefficient of molecular diffusion in a porous medium D*,
ie.,Dy =D+ D% [9].

The coefficient of mechanical dispersion D' depends upon the microstructure of
the soil, the seepage velocity and the molecular dispersion in water as follows by Jacob
and Arnold [9]:

D'y = apvf (Pe, &); Pe = %1; (40)

in which: v is the seepage velocity (m/d); Pe is the Peclet number; L is the charac-
teristic length of the pores (m); D, is the molecular dispersion in water; ¢ is the ratio
between the pores’size and the characteristic length through the pores; f(Pe,&) = P./
(P.+2 + 4&2) is a function which is expressing the transport of the HMs or solutes via
molecular dispersion between the neighbouring flow streams at the macro scale, and
in most cases f(Pe,&) = 1; a;, is the longitudinal dispersivity.

For a one-directional groundwater flow, the coefficient of mechanical dispersion D’
is the multiplication of longitudinal dispersivity (a;) and seepage velocity [9]. The
longitudinal dispersivity is of the order of the average soil particle [9], e.g., particle size
dso. The coefficient of molecular diffusion in a porous medium D*, is as follows [23]:

Dy
D ==% 41
d nFR ( )

in which: Fy is the formation factor which is specified by the geophysicists as the
ratio between soil resistivity and water resistivity.

The formation factor Fg ranges from 0.1 (for clay) to 0.7 (for sand) [23], and
always less than 1.

The coefficient of molecular diffusion in water D, is:

RT 1

Dyj=——
Y, 6nru

(42)

In which: R is the gas constant; K is temperature unit Kelvin; N is the Avogadro
number; T is the temperature (K); p is the water viscosity; 7 is the average radius of
the HM or solute.

The coefficients of molecular diffusion coefficients of inorganic cations and anions
in water D, may be found in the book by Henry [24].

Jacob and Arnold [9] have divided dispersion and diffusion into five zones (Figure 7
in [9]) in accordance to the Pectlet number, for which the roles of the molecular diffu-
sion and the hydrodynamic dispersion are described. Zone I is corresponding to very
slow water movement with the Pectlet number less than 0.4 so that the molecular
diffusion predominates and the mechanical dispersion (D') is negligible, i.e., D,  Dy. In
our case, the Pectlet number is equal to 0.0011, for which the hydrodynamic dispersion
D is approximately equal to the molecular diffusion in saturated porous medium D .

3. The FE modelling application to Kieu Ky landfill, Hanoi, Vietnam

Kieu Ky waste landfill is located in Gia Lam district in the South-East of the Center
of Hanoi in the Bac Bo plain, the second largest plain in Vietnam. The waste landfill
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facility has an area of 13 ha consisting of composting compartments, a leachate
reservoir and five landfill cells (Figure 3). The landfill cells have bottoms at the depth
of 4.5 m and the thickness of dumped waste of 5 m~15 m (Figure 4). The facility
handled 175 tons of solid waste in a day. It is operated from 2002 to 2020. The area is
covered by Holocene formation, under which a rich and with good quality Pleistocene
aquifer is underlying.

Kieu Ky landfill area has a natural ground surface of elevation around 4.5 m above
mean sea level. The local shallow geological and hydrogeological conditions are as
follows (Figure 4): (1) Surface cultivated soil of about 0.8 m in thickness, which
consists of grey-yellow silt with some small construction solid waste pieces, and (2)

Boreholes for soil sampling
for analysis of heavy metals North

Landfill
cell#5

Composting

compartment AN
'3 Geotechnical
Landfill BH boreholes
cell# 4 R 7
K5 ¥ n/é
Leachate reservoir

Landfill
cell # 2

Landfill
cell # 1

Landfill
cell #3

Scale bar: X — 0" ™M

Figure 3.
The layout of landfills, geotechnical boreholes and boreholes for soil quality sampling.

Upper Holocene aguifer:
fine to medium sand -
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JeLe b St o 7 Pleistodene’aquifer. e aff T. U St o e et T DI,
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16 i 176m i 154m U

Figure 4.
The soil profile of Kieu Ky landfill site.
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Layer of Upper Holocene silt of grey-yellow, grey-green and grey-brown colours, the
thickness is around 6 m. The silt’s porosity (n) and hydraulic conductivity (K) have
been determined and are 0.455 m/d and 0.0045 m/d, respectively.

Two model domains (MD) have been selected: one is the natural soil profile next to
the landfill (from the ground surface to the depth of 6 m, i.e. to the groundwater
aquifer surface, with the length of 6 m) (MD1) and the second one is the soil profile
beneath the bottom of the landfill (from the depth 4.5 m to the surface of the
groundwater aquifer with the length of 1.5 m) (MD2). The three characteristic values
(minimum, average and maximum) of the Freundlich isotherm adsorption parame-
ters are considered in the two selected model domains.

The hydraulic conditions of the two model domains are determined based on
Figure 5 and on that the water level of the Upper Holocene aquifer is 2 m below the
ground surface, the level of leachate and the water level of the leachate pond are the
same. Domain 1 is a former rice field and almost is constantly wet. This creates a
saturated soil profile. Direct leakage of leachate from the landfills to the land slot to
supply HMs to penetrate the soil profile. Domain 2 is underneath the bottoms of the

Direct leachate leakage from landfill
Ground surface

0 ~0

1 ' 1

= <= Model domain 1 &
£ g £
£ 34 g 3£
> | Model o
Q | domain 2 =

4 | Bottom |-4

: of landfill
Figure 5.

Typical model domains in the study site.
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landfills, which are lower than the groundwater level of the beneath aquifer.
Similar to domain 1, this also creates a saturated soil profile. Besides, it is most
likely that some landfill leachate may leak into the domain. The seepage velocity

of which is determined by Darcy law through the hydraulic gradient and soil
hydraulic conductivity. The soil hydraulic conductivity in the vertical direction was
determined by the laboratory permeameter. Subsurface soil samples have been
collected for laboratory experiments for the determination of saturated hydraulic
conductivity.

3.1 Parameter calibration

The problem of aquifer parameter calibration has been studied extensively. In
modelling of groundwater flow and transport, besides the specification of the aquifer
geometry and its boundary conditions, the determination of aquifer’s geohydraulic
parameters, e.g., hydraulic conductivity, porosity, dispersivity, source or sink and
prescribed boundary fluxes is necessary. The inverse problem of parameter calibration
can be defined as the optimal determination of the parameters based on the observa-
tion data of the dependent variables, such as hydraulic heads or solute concentrations,
collected in space and time. The inverse methods have been classified by Neuman [25]
into two groups: indirect and direct. The indirect approach is based on the output
error criterion, where the accuracy of the parameters is improved by an iterative
process until the model response is close enough to the observed one. The direct
approach is based on the use of super-determinate equations derived from
rearranging the discretisation equations in such a way that the parameters are
considered as unknown variables and their optimal values are such that minimise the
residuals of the equations in a certain sense. The modern inverse techniques are often
imbedded with the numerical models, usually finite difference and finite element
models. All the soil HMs relevant transport parameters may be calibrated simulta-
neously. However, this would result in a high uncertainty of the obtained calibrated
parameters as the overall modelling results may have a good optimisation error while
the calibrated parameters are not reliable as they are beyond the physical limits.
Therefore, some parameters are better determined by experimental tests and the
remaining parameters are calibrated by inverse analyses. This procedure is particu-
larly suitable for the soil adsorption parameters and dispersion parameters of low
permeable soils.

Generally, the objective function (E(k)) to be minimised in the inverse
analysis can be expressed as the sum of weighted squares of the differences between
the model responses and the observation ones and the sum weighted squares of the
difference between the estimated model parameter and prior parameter. The indirect
method using this kind of objective function is called regularised Output Least Squares
(OLS). If the second term of sum weighted squares of the difference between the
estimated model parameter and the prior parameter has vanished, e.g., the
regulation coefficient is equal to zero, the method is called generalised OLS. In the
latter, if the optimal weighting coefficients all are equal to the unit, the method
becomes original OLS.

The numerical methods in the solution of OLS problems are unconstrained
nonlinear optimisation, which includes search method, gradient method and second-
order method (Quasi-Newton methods). Within the chapter, one-dimensional dis-
persion testing for the determination of soil dispersivity by Quasi-Newton methods is
described for demonstration.
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3.1.1 One-D dispersion testing for determination of soil dispersivity by Quasi-Newton methods

A tracer column test is illustrated in Figure 6 in which a constant tracer concen-
tration is maintained in the left boundary (a relative concentration of 1 is usually
used) and a constant zero-concentration in the other boundary.

The special and temporal concentrations are monitored, for which the observed
(C°”) and model (C"*?) concentration at time ¢ are presented in Figure 7. One-D
dispersion determination of the soil dispersivity by Quasi-Newton methods are
described as follows.

The most common criterion in the evaluation of the difference between the model
estimated and observed variables is the least squared root given as:

L
Min E(p) = > [C1(p) - Gi*]° (43)
=1

Figure 6.
A tracer column test scheme.
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Figure 7.
Plots of observed vs. model tracer concentration.
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where E(p) - objective function; L- number of observed variables; C;™°4 model

estimated values of the concentration; C,°>- observed measured values of the
concentration; p- parameters of the physical medium (hydrodynamic dispersion
coefficient as a function of pore velocity, porosity and dispersivity).

Let us consider the following multi-dimensional optimisation problem:

Min E(p),p €p,, (44)

where p, - a set of possible values of parameter variables p. This set of parameter
values may be selected based on the existing data of the parameters of similar physical
materials, of materials at the same locations, statistical data etc.

If the objective function E(p) has a second-order derivative then the necessary and
sufficient conditions for p to be the stationary point, i.e., E(p) has a local extreme
value [26]:

Gradientg = VE(p) = 0 at p, i.e.:

oE

ol 0;(m=1,2, ...,M) (45)

P

where M is the number of parameter variables.
Hessian matrix G = V2E (p):

?’E ?E ’E
ol oy, T Opidpy
P’E »’E ’E
G=lopop, 3 7 popy (46)
7E ’E ’E
Pmop: pmop, | ovk

is a positive definite matrix at p.

The optimisation algorithms in the determination of parameters consist of the
following steps:

Selection of the initial values of parameters po.

Determination of the search sequence: po, p1, P2> --+> P --- i such a way that E
(pu + 1) < E (py) for alln.

Checking the convergence criterion. If the convergence is observed, then the local
extremes have been reached and the parameter values are considered to be estimated.

Commonly, the search sequence has the following general form:

Pui1 =P+ Ml (47)

where d,- vector of displacement directions; 4,- step size (that must be most
optimally selected).

Three main groups of optimisation algorithms may be classified for solving opti-
misation problems: (1) Search method, when only the values of the objective function
are considered, (2) Gradient method, when the gradients of the objective function are
utilised and (3) Second-order method, if the second derivatives of the objective func-
tions are utilised. The Quasi-Newton method belongs to the third group.
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Suppose there is a set of initial values of parameters py, it is required to find out the
search sequence po, p1, P2 ---» P» S0 that E(p, , 1) < E (p,,) for all n. Gradient vector
g(p..1) at vicinity of p, may be determined as follows:

2(pyi1)~g, + Gulp; Ap =p —p,38, =£(p,); Gu = G(p,,) (48)

The necessary condition of extreme existence is g(p, , 1) & 0. This can be done if
Pr+1 = Pr + A pu, where Ap,, are the solution of the following equation:

g, + G,Ap =0 (49)
Ap,=2p=-¢,G =p,,1=p,—2G," (50)

This process has to be repeated until the convergence criterion is reached. Thus,
the displacement direction d,, is equal to -G, 'g, and the optimal search step 4, is
always equal to 1. This method is called the Newton method.

In Quasi-Newton methods, the matrix G, ' is replaced by symmetric positive H,,,
which is updated from iteration to iteration. The following steps are included in the #
iteration:

Initiate search direction:

d, = ~Hg, (51)
Definition of the next search point:
Pt =Py + Indln (52)

This may be done by any line search method such as blanket method, golden
section search, Fibonacci section search, quadratic interpolation method.

Replacement of matrix H,, by H,,. ;.

Initial Hessian matrix H; can be any symmetric positive definite and the simplest
one is a unit matrix I. Matrices H,,,; have been proposed by different authors.
Davidson, Fletcher and Powell have proposed the following [26]:

Ap, ApT  H,Ag A¢TH,
Hn — Hn n~Ltn n=n
T apTag, T apTH.Ag, .

where: Ap,, = Pr.1-Pr> Agy = €1.1-8n»> and superscript T indicates transposed matrix.
The parameters estimation finishes when either of the following criteria is observed:

Ip, — P, 1 | <a1&lE(p,)| <& (54)
Ip, — Pus | <e1&IE(p,) — E(p,_;)| <e3 (55)

where €1, &, and ¢; are given small arbitrary positive values.
The block scheme of the parameter estimation process is given in Figure 8.

3.1.2 Determination of Freundlich’s adsorption isotherm parameters

The soil samples were taken from borehole BH5 in April 2016, which is 15 years
from the operation of landfill cell No. 5 (Figure 3). The hydrodynamic dispersion
coefficient was determined based on the above-described values of the coefficient of
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Block-scheme of inverse analysis by Quasi-Newton method.
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molecular diffusion, the soil porosity and the formation factor in paragraph 2.4 which
were used as the input parameters. The element size and time step need to be not
greater than 0.63 m and 422 days, respectively. Element size of 0.01 m and a time step
of 1 day were used in this modelling for having sufficient data points along with a
short distance of the concentration breakthrough curve.

Freundlich’s adsorption isotherm parameters are calibrated with the obtained
HMSs’ contents in soil taken from BHS. The trial and error method of calibration is
used. Table 2 summarised the calibration results, i.e., the values of Freundlich’s
adsorption isotherm parameters and mean error between the analysed and model
HMs’ contents in the soil. Figure 9 illustrates the calibrated model HMs’ concentra-
tions versus the analysed HMs’ concentrations. In general, the calibration models have
a good fitting with a relative error of less than 7%, except the zinc.

3.2 The FE model results

As the analysis results presented in Figure 5, four heavy metals Cr, Cu, Pb and Zn
expose high concentrations on the surface 1-2 m of the soil layer. Modelling the
transport of those four HMs was carried out. The breakthrough curves of concentra-
tions of the four HMs in soil and pore water in MD1 are presented in Figure 10, where
the allowable limits [27, 28] are also indicated. Thanks to the HMs’ adsorbability of the
soil, only the upper layer of the soil horizon would be contaminated with HMs at
levels higher than the allowable limits for agricultural land. For a period of 30 years,
the soil would be contaminated in the upper 1 m, 2 m and 3 m by Cr, Zn and Pb,

Metal Ky 1/n Mean error (mg/g) Relative mean error (%)
Cr 0.264 0.260 0.0051 2.76
Cu 0.131 0.450 0.0033 5.03
Pb 0.073 0.850 0.0069 6.81
Zn 0.144 0.279 0.0312 19.41
Table 2.

The calibrated Freundlich’s adsorption isotherm parameters.
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Figure 9.
Analysed and modelled results with the calibrated Freundlich’s adsorption isotherm parameters. (a) Lead in soil.
(b) Chromium in soil water. (c) Copper in soil. (d) Zinc in soil water.
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Figure 10.

Heavy metal concentrations prediction by FEM for 30 years - MD1. (a1) Chromium in soil. (a2) Chromium in
pore water. (b1) Copper in soil. (b2) Copper in pore water. (c1) Lead in soil. (c2) Lead in pore water. (d1) Zinc

in soil. (d2) Zinc in pore water.

respectively (Figure 10: al, c1 and d1). The concentrations of Cr, Pb and Zn in the soil
pore water are higher than allowable limits in the upper 1.5 m, 6 m (i.e., the whole soil

layer) and 2.2 m, respectively (Figure 10: a2, c2 and d2).

Since the soil layer is under the landfill cells and leachate pond, only HMs in the

soil pore water in MD2 are described here. MD2 with a very short length (1.5 m)

presents a more problematic contamination situation. The MD2’s results are described
here. Since the 27th year from the beginning of the landfill operation, the pore water
with a concentration of Cr greater than the allowable limit begins to discharge into the
upper Holocene aquifer (Figure 11a). The situation is more severe regarding Pb: the
pore water with Pb concentration greater than the allowable limit begins to discharge

into the upper Holocene aquifer from the 9th year (Figure 11b). The Arsenic
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Figure 11.
Heavy metal concentrations in pore water prediction by FEM for 30 years: MD2. (a) Chromium in pore water -
MD2. (b) Lead in pore water - MD2. (c) Arsenic in pore water - MD2.

concentration greater than the allowable limit in pore exists only in the upper 0.4 m
after 30 years of the landfill operation (Figure 11c).

4, Conclusions

FE modelling of advection-dispersion transport of HMs by GW movement along
with Freundlich isotherm adsorption parameters which continuously change with
space in the model domain and with time is sophisticated, but is capable of accurately
evaluating the HMs’ concentrations in soil skeleton and pore water. The chapter
describes the background of the existing isotherm adsorption theory. The chapter has
provided a detailed mathematical formulations of the FEM in solving the advection-
dispersion contaminant transport in soil water. It also demonstrates that the
Freundlich isotherm adsorption parameters are essential to soil input parameters for
modelling of HMs’ transport to access the soil skeleton and soil pore water contami-
nation by HMs. In designing the experiments for the determination of the Freundlich
isotherm adsorption parameters, the range of the HMs’ concentrations in water is
suggested to be corresponding to the actual HMs’ concentrations under study. Besides,
the background of the existing isotherm adsorption theory, the adaptation of the
Freundlich isotherm adsorption in the soil skeleton and soil pore water contamination
by HMs has been introduced.

The methodology has been applied to a case study of Kieu Ky waste landfill in
Hanoi, Vietnam. The transport of HMs in soil water is determined not only by hydro-
dynamic dispersion but also largely by the adsorption of the metals by the soil. With
the use of the collected interpreted isotherm adsorption parameters, the magnitudes
of soil and soil water contamination by HMs from the waste leachate are very much
different from each other due to both the HMs’ concentrations in leachate and the soil
isotherm adsorption parameters. Unlike the pollutant transport in aquifers with coarse
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grain size particles like sand and gravel without clay materials with nearly-zero
adsorption, the transport of pollutants in silty soils essentially requires adsorption
parameters to have reliable modelling results.

The application modelling results show that HMs Cr, Pb and Zn present soil, soil
pore water and groundwater contamination vulnerability, specifically as follows.

* Soil contamination with Cr, Pb and Zn by the direct spreading of the metals with
dust and leachate from the waste landfills. For a period of 30 years, the soil would
be contaminated in the upper 1 m, 2 m and 3 m by Cr, Zn and Pb, respectively

* The concentrations of Cr, Pb and Zn in the pore water in the silt layer are higher
than allowable limits in the upper 1.5 m, 6 m (i.e., the whole soil layer) and 2.2 m,
respectively.

* Since the 9th and 27th year from the beginning of the landfill operation, the pore
water with Pb and Cr concentrations greater than the allowable limits begins to
discharge into the upper Holocene aquifer, respectively.

* From a quarter of a century from the landfill operation start, Cr and Zn in the soil
water would reach the Upper Holocene aquifer to pollute the aquifer. The waste
leachate would cause the Upper Holocene aquifer polluted with Cr.
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Chapter 6

Microwave Vitrification of
Hazardous Sludge by Sirnak
Asphaltite Slime, Shale and Sewage
Sludge — Landfill Management by
Vitrified Char Sand

Yildwrim Ismail Tosun

Abstract

Mazidag Etibakir Cu ore leaching waste stockpiles, land soil and groundwater in the
field should be controlled for seepages to avoid the acidic flow of solute containing the
heavy metals of Pb, Cu and Zn. The heavy metal-associated liquor from Electrowinning
Plant and Sulphuric acid Dissolution units threats the neighborhood in the town. Cu and
Co are recovered by electrolysis and acidic solutions of Cu leaching are spent. According
to this concern of waste management, a method commonly used, "vitrification of
sludge," among others such as special cementing or bituminous pasting may be used in
the waste disposal and even ground stabilization. However, mixing that with glassy
powder and further vitrification furnace heating yield a vitrified form of waste sludge,
covered by glazed matter avoiding contact with water in the landfill. In this study,
sodium silicate is used as a binder in the vitrification mixture with the sludge at 14%
water under microwave radiation. The dissolved contents of Pb Zn and Fe in the yielded
vitrified briquette are determined. Additionally, the strength of vitrified briquettes is
investigated in terms of vitrification parameters of microwave radiation.

Keywords: microwave radiation, hazardous salt slurries, metal encapsulation,
sorption, hazard assessment, vitrification treatment, vitrification sorbent, hybrid
sorbent, waste sludge, hazard salt, radioactive salt slurries, sludge treatment, heavy
metal, salt composts, shale

1. Introduction

The disposal of hazardous sludge is much significant in landfill waste management,
covering and dumping. The reactive chemistry of sludge threats ecology even in a
landfill [1-4]. There are many hazardous wastes such as the muddy by-product from
the heat-treated steel manufacturing with CN baths [1-4], textile painting [1-4] and
tanning sludge metal peroxide salts [5, 6], radioactive fuel waste sludge [7, 8], heavy
peat of pulp washing industry [1-4].
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The runoff mine phosphate ores are calcined for the production of reactive phos-
phate compound before conversion of phosphoric acid in the production of super-
phosphate fertilizer in Mazidag: Etibakir Plant [9, 10]. However, the Cu ores from
Kiire and Sirvan are transferred to Mazidag: Etibakir Cu ore stockpiles field and
dissociated from Electrowinning Plant and Sulphuric acid Dissolution units. Cu is
recovered by electrolysis and spent acid solutions of dissolution and electrowinning
are decanted and sludge effluent is collected in the two different tailing ponds [1-4].
Under the atmospheric conditions of hard wintertime, during the time of heavy
raining months in Mazidag1, Mardin province of Southeast Anatolian Region, phos-
phate plant production facilities located need clean irrigation water and a hundred
meter away, the freshwater reservoir of Mazidag: town is located. The economical
value of this reservoir reduces the cost of living, agricultural irrigation and animal
farming in the town with a low population of about 7400 [1-4]. Effective wastewater
management of high capacity of Cu dissolution plant will not threaten the scarce
freshwater potential of the town and provide the much clean ecology. The spent
sludge of sulfuric acid in Cu leaching is advantageous for the Co recovery process.
There is a resulting heavy sludge waste of electrolysis rich with Fe, Pb, Cd and Zn.
This black metal sludge is used for extraction of metals such as Au and Co. However,
the recycling dissolution results in a high solute level of Pb, Hg Zn, Cd and Fe during
recovering Co. This vitrification method provided a new idea for the hazardous sludge
disposal in recycling plants with char/coal slime use by sludge waste.

In this study, the sludge samples of tailing ponds 1 and 2 were economically heated
by microwave oven as briquettes of 50 mm size homogenously mixed with sodium
silicate in the 16% porous structure and even Sirnak asphaltite slime mixed reduces
metal contamination in the wet sludge of the tailing ponds. The development of
compaction stress reduces the porosity of briquettes and provides a much higher
strength for vitrified block formation and much possible inert-vitrified briquette yield
for landfilling. Particularly in this study, the Sirnak asphaltite slimes and oak wood
char subjected to the fine screening under 0.2 mm and carbon ability over Pb and Fe
contamination were investigated as weight rate.

1.1 Hazardous acidic leaching waste sludges

Neutralization of acidic waste effluents is washed, and settled precipitated metal
sulfates and lime iron hydrates form sludge in the oxide micron-sized hydrates in a
muddy state. However, the filtrated matter containing the sulfate part of the reaction
[7-9] may cause redox effect oxidation. Then

H,S + 4H,0 — SO4* +10H™ + 8e™. 1)

PbS + 2Fe*" +3S04%" ~ 43/20, + H,0 — PbSO, + 2Fe*" 4 2H*" 4 3504~
(2)

ZnS + 2Fe>" 4+ 350,42 ~ +3/20, + H,0 — ZnSO,4 + 2Fe*" 4+ 2H*" 4 3504~
(3)

The heavy metal contents such as Pb and Hg are dissolved in the use of lower pH
acidic solutions of H2S04 or HNO3 in the electrolysis mud recycling leaching end as

regards Pb heavy metal contamination is followed by equation, where HNO;? nitrate
concentration in the effluent
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d ; j
% = kic'™ de.f,(HNO32)"™ (4)
2CaO(FeZO3/A1203MgO SigOzo (OH)41‘1H20 + 2NaSZO42_ + 2H20

— 2NaCaO(FeO Fe203‘ A1203Mgo.8i3020 (OH)4.HH20 + 8032_ + 4-HJr (5)

Clay — Fe*" + 4N03/S04*~ « Clay — Ferrous + 25,04*" + H,0 — 2S05%~ + $,05*" + 2H"
(6)
Fe’" + Pb/Zn/MnO,4*~ + HNO; + 4 H,0 — (Fex2Cr;_)(OH); + 50H—  (7)

The dissolution kinetics of soil mud particle for Pb, MnO, heavy metal is followed
by Eq. (7)

where CPb, CaO, MnO, dissolution mg/l, k the rate of digesting of lead, i is the
reaction style, t is time.

The digesting amount of heavy metal in aliquate of solute of tailing pond as
regarding sludge contamination is managed by equation, where n is the kinetic order
type as given below

dcacao ;.
i = k;c"dc (8)

Industrial hazardous waste effluents threaten the agricultural land and freshwater
reservoirs in a high-risk concern with relationship between the collection of wastewa-
ter through the sewage network of urbanization, the hazardous sludge treatment,
transmission to decantation, disposal treatment and discharge style. Hazardous sludge
and effluent management with projection on neutralization and decantation never
avoid the harmful end of the sewage output, and toxic substances still exist. Regarding
hydroelectricity dams, animal farming freshwater lakes are located near highly popu-
lated cities, where water management taxes, loans and low-interest loans use dis-
counts as well as other financial support mechanisms. Hazardous sludge and effluent
discharge management are so much extra critical in the way of financial consideration
for public health and ecology [10-15].

1.2 Hazardous sludge

The industrial effluents with hazardous sludges are subjected to clean filtering in a
continuous flow system. The hazardous effluent is decanted and followed to a best
sorption process and the resulted sludge of sorption and filtered neutralization sludges
show that a high amount of lime and hazardous metal salts are suitable for the
vitrification of hazardous sludges for disposal. At landfill areas, the vitrified products
should protect their form without cracking and digesting the hazardous content down
to the irrigation or freshwater limits defined by the ecology legislation, with mg/1
metal Fe.

The Fe analyses were performed with the sludge original samples and vitrified
samples of different weight rate vitrifying binder to determine the duration period as
leaching kinetics of Fe and Zn metals on the dissolved briquettes. The results show
that Fe oxides, hydroxides, sulfates, Zn oxides, hydroxides and carbonates sulfates
were dependent on ion exchange ability with lime Ca, the Zn retention occurs by
crystallization as hydrozincite, and Zns( OH)~(CO3)* and ferric hydroxide crystallizes
on neutralization sludge lime coated as ferric hydrate /zinc oxide hydrocarbonate.
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Material Alkali leaching solution Solubility constant, logK
Quartz NH,4/Na/KOH+UO,= KO,UO, + 2H+ -5.5
Chlorit Na/KOH+UO,= KO'UO, + 2H+ 47
orte Na/KOH+UO,= KO'UO, + 2H+ -
Muscovite Ca/Fe(OH),+UO,= KO, UO, + 2H+ -5.75
NH4/Na/KOH+UO,= KO,UO, + 2H+
NH4/Fe(OH),+UO,= KO, UO, + 2H+ 0%
Albite NH4/Fe(OH),+UO,= KO, UO, + 2H+ 15
- NH4/Fe(OH),+UO,+HCO3= KO, UO, + 2H+
Ferrihydrite NH4/Fe(OH),+U0,+HCO;= KO, UO, + 2H+ -0.32
Limonite -0.62
Ferrihydrite -0.62
Limonite -0.42

Table 1.
Values of samples at thermal dissolution [16] over 100°C.

However, Pb sulfate and hydroxide cover are also observed in the sludges at less rates
depending on the electropotential of pH values over porosity of sludge formed from
clusters of ferric iron oxide and lime solids (Table 1) [16].

Sulfite oxidation kinetic rate is developed as given below Eq. (9),

r= k55037 { (O - (0 /(503" K}, ©

where K, is dissolution equilibrium constant, and SO5%* and O* solute concen-
trations of sulfite and oxygen are dissolved.

The mass diffusion of cracked bonds of hydrocarbon aromatic apolar reactive sites
raises the kinetic rate of dissolution through porous coal texture, while asphaltite
massive texture avoids the dissolution.

Specification and sorption for risk assessment, [17-19] modeling and application for
hazardous waste management should be considered over legitimate rules regarding:

radioactive decay

complexation reactions; hydrolysis, dissociations, association polymerization,
oxidation redox reactions may cover hazardous components in those reactions

precipitation

co-precipitation, inclusions, surface precipitation

physical and chemical sorption on surface

formative solids

ion exchange

extraction

colloid formation

biosorption

1.3 Vitrification silicate

The microwave vitrification studies of Cu, Zn, Pb and Fe were conducted on
tailing pond sludges of pools 1 and 2 of Mazidag Etibakir Cu recovery plant to
determine the efficiency of briquetting and strength of blocks. The resulted blocks are
in the form of vitrified conventional heating and microwave heating during retention

112



Microwave Vitrification of Hagardous Sludge by Sirnak Asphaltite Slime...
DOI: http://dx.doi.org/10.5772 /intechopen.101888

time. The melting capacity of Na silicate for these sludges commonly presents the
dissolution ability in the landfill area.

The window glass production technology includes the crushing-grinding, screen-
ing, washing and sand flotation unit following a very fine 200 micron and Fe % grade
of sand decreased to below 0.5%, while vitrification does not need clean sand, and
even dirty recycled glass waste is evaluated [20-23]. Thus, to provide vitrified matter,
the cement retort kiln or firing grate furnace produces sintered waste material,
homogeneous, vitrified and suitable landfill slag material. The suitable slag by-product
without landfilling can be used as aggregate in asphalt road pavement and masonry
stone production with low costs. Asphalt pasting of hazardous sludges is also becom-
ing another covering method to avoid heavy metal contamination [24-28]. $irnak
asphaltite slime is already below 100-micron size and so easily mixed to cover sludge
in microwave radiation. The recycled bottle waste glass and the broken window
should be easily evaluated as aggregate. The shale waste of $irnak asphaltite coal
quarries reaching over 7 million tons may be evaluated as vitrification binder follow-
ing grinding [29]. This vitrifying method costs less. In this study, negative effects on
the vitrification quality and capacity are determined. $irnak asphaltite slime proper-
ties are also important for vitrified briquette breakage and porosity, and surface area
change.

Instead of the use of conventional grate firing, microwave vitrification is becoming
advantageous in internal surface covering by inner volume heating by radiation of
sludge fine solids mixed with Na silicate fine and coal slimes avoiding contamination.

1.4 Microwave heating

Microwave radiation conducts the waves through the material as radio wave fre-
quency in tri-band microwave frequency (UHF: 300 MHz to 3 GHz), super high
frequency (SHF: 3 GHz and 30 GHz) and extremely high frequency (EHF 30 GHz to
300 GHz) [11]. The microwaves pass through the whole inner depth of the diamag-
netic solid texture [30-34]. The iron oxides such as wustite, magnetite and hematite
can be heated in 20-30 sec at 2-3 mm size, while plastic materials isolate the waves
[31]. The metallic salts such as Pb and Zn oxide or semi-metallic sulfides behave
similarly as ferrous solids with high emissivity in electromagnetic energy [32], in
which solid temperature increases the temperature of whole sample volume, unlike
conventional heating [33, 34].

Mineral packed in solid-densed form is easily heated under the radiation of micro-
wave with high-frequency vibrations of inner atomic layers in mineral crystal and
thermal energy increase conducts the heat from core to surface of particle grain. The
heat-covered surface raises the temperature and creates an effect of melting of surface
and sintering particles in the microwave vitrification of oxide solids. The studies
showed that iron-bearing ores, roasting of sulfides, refractory gold concentrate
oxidation, and activated carbon regeneration can be accomplished by microwave
radiation in the shortest time periods between 30 sec. and 3 min [31]. The microwave
heating slightly affects the calcination of limestone rock in 30 min.

Microwave act on minerals was determined to be sufficient [33-43]. Microwave
interaction parameters on mineral crystals, microwave penetration level, the vibration
of mineral grains, grain boundary heating, and heat absorption were managed. The
thermal effects vary according to microwave-radiated mineral species [44]. The least
penetration of mineral grains of quartz is given in Table 2 and has 79°C a temperature
change.
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Mineral type Maximum temperature, °C Time, min
Albite 69 7
Chromite 155 7
Chalcopyrite 920 1
Cinabarite 144 8,5
Galenite 956 7
Hematite 1082 7
Magnetite 1258 2,75
Marble 74 4,25
Molibdenite 192 7
Ortochlase 67 7
Pyrite 1019 6.75
Pyhrotite 586 175
Quartz 79 7
Sphalerite 88 7
Zircon 52 7
Table 2.

Microwave temperature effect on minerals [45].

Quality of vitrified briquettes—efficiency of vitrification.

High-intensity microwave radiation provides high-thermal inner particle surface
melting Na silicate over 300°C such as low-temperature glazing. The microwave act as
a sintering bound of particles of hazardous oxide and sulfate salts of dissolved sludge
with heavy metals such as Pb, Cu, Zn, Fe. The vitrified glassy product contains
16-12% Na coming from melting Na silicate behaving highly transparent liquid inter-
active conduction heating. A high duration period will also recrystallize Na silicate
binding phase. The strength of briquettes will be reduced by breaking the act of lime
and Ca hydrates, and carbonates. The addition of Sirnak asphaltite slime and Sirnak
shale as clay stone fines was examined in this study. The effect of microwave radiation
on vitrification ability and the qualities of briquettes of this mixture was investigated.

Industrial hazardous sludges and wastewater effluents from the metal coating, Zn-
galvanizing effluents and other hydrometallurgical processes generally contained high
levels of heavy metals such as Pb, Zn, Cr, Hg, Cd, Fe [46-48]. The vitrified matter
encapsulates this hazardous salty solid-precipitated matter in a mixture of bound silicate
cover. Hence, the hazard of heavy metal dissolution is avoided. The dissolution of
vitrified heavy metal salts shows the quality of vitrification. Current encapsulation
technology is also advantageous for radioactive sludge However, the other methods
following precipitation, ionic exchange and covering or melting in synthetic resins,
plastics require high-cost processing and operational costs even still create waste dis-
posal issues. The vitrification method is usually capable of proving the limits of legisla-
tion of below 0.1 and 3 mg/1 for Pb, Zn, Cd and Cd metal values [49-51]. The hazardous
metal precipitation is not sufficient in neutralization and decantation down to the legal
limits because organic and inorganic complex compounds allowed effluent levels above
those regarding the solubility of the metal hydroxides [52-57]. Recycling of heavy
metals based on vitrification may also be suggested as an alternative approach.

114



Microwave Vitrification of Hagardous Sludge by Sirnak Asphaltite Slime...
DOI: http://dx.doi.org/10.5772 /intechopen.101888

2. Methods

The studied waste deposit tailing ponds cover a surface area of approximately 9
decares, and they are 3 m deep at the northeast disposal area, and lowering 3-5 m deep at
the eastern Mazidag1 water reservoir end. It is estimated that a total 1-0.5 million tonnes
of hazardous leaching ferrite slime wastes are deposited from adjacent sulfuric acid unit
that is grayish-black in color, and now found mostly in the north part of the Mazidag
Etibakir plants. Groundwater investigation was carried out by 5 boreholes drilled 2-meter
depth in the sludge slime deposit and 15 samples were collected at 1 m and 2 m depth
from the muds for the analysis of pH, electrical conductivity, leachable Pb, Fe, Zn, Cu,
Cd and SO,. Table 3 gives the chemical analysis taken from ponds 1 and 2.

The amount of binder is investigated in the strength of briquetted blocks at 10-mm
cubic forms as reported on different weight rates of sludge waste. The contamination
characteristics in 1 M HCI and H,SO, soluble acid solutions are investigated with
standard wastewater tests over the resulted effluents at the end of 1-h boiling. The
sludge below <150-micron size is mixed with the sodium silicate sand fraction
(-0.6mm + 150 microns) by microwave melting.

The Pb, Fe and Zn metal cations studied were sludge effluents were analyzed UV
spectrophotometer from calibrated standards of 1-100 mg/1 and leaching was carried
out using HNO; 5N for a leaching period of 1 h with 75 ml of solution in the micro-
wave. The sludge samples received from Mazidagi are subjected analyses. The metal
values of sludge in effluent analyses showed that sludge had 130 mg/1 for Zn and 325
mg/1 for Fe and 28 mg/1 for Pb at pH: 5-6, 15% wet solute content.

Batch flasks using 10 gr solid samples dried as sludge slime were dried in the
microwave oven at 10 minutes and then settled in 10-mm-diameter steel molds and
compressed under 2-ton loading. The Na silicate mixed sample mixtures by Ermenek
lignite/Sirnak asphaltite/Gediz lignite slime, shale and hazardous sludge to
homogenization mixer in the experiments.

2.1 Particle size distribution: asphaltite slime/lignite slimes

This compost is especially sorbent used wastewater treatment. The fly ash compost
granules are used as hazardous industrial wastewaters and the sorbent types and

Effluent, mg/l Pond 1 Pond 2 Sludgel Sludge2 Groundwater well
Hg 8.11 4.71 52.3 74.11 4.71
Pb 10.58 14.53 73.2 128.58 11.53
Fe% 4.33 7.62 591 9.3 0.52
K+Na 227.52 338.46 1328.7 1748.52 58.6
Cd 24.72 19.56 144.1 184.72 19.56
Mn 33.3 241 274.2 463.3 24.1
Cu 27.2 30.2 715.7 997.2 10.2
As 31.10 22.44 92.8 232.10 2.44
SO4% 4.57 9.37 5.9 8.67 0.45
Table 3.

The compositions of sludge samples of Mazidag Etibakwr Leaching Plant Tailing Ponds.
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desirable properties of activated and cleaned sorbents in the experiments are given in
Table 4 and chemistry is given in Table 5 for geothermal waters used in neutralization.
M is mass of aggregate is, the void is affected by compaction of briquetting and
binder distribution, and especially, melted asphalt and polymer distribution are con-
trolled by volume % of compaction. The bulk elasticity will also be controlled by the
amount of polymer-bound as a volume.where, yg=_density of aggregate, g/cm3; V(r)
and dN(r) are the volume and particle amount of aggregate in the size region of
integration of cumulative pile from 7, to r+dr), respectively. Vr volumetric equation is,

dMr = yg V(r)dN(r) (10)
V(r) =k (11)
where k is the shape factor.

Slime particle size distribution
Particle size distribution is defined by aggregate crushing matter,

u(x, dp, ¢) = (r/dg) (1+k/dg (x = )" (12)
Rss(n) =f(n)xW (n) Zn: 1/1—r)" (13)

Sample Sirnak asphaltite Ermenek lignite Gediz lignite Oak wood Sirnak coal

slime slime slime char shale
Si0, 23.53 19.42 14.14 0.1 17.53
AlL03 10.23 6.53 12.61 0.1 13.61
Fe,03 14.59 8.48 7.34 0.1 9.67
CaO 16.48 11.23 10.18 19.48
MgO 5.20 5.28 4.77 0.1 4.28
K,0 4.41 2.53 3.22 0.2 2.51
Na,O 3.35 2.24 1.71 0.1 2.35
Ignition 26.19 50.11 36.43 60.9 26.09
loss
C/H/S 39.32 59.21 42.20 99 9.67

Table 4.

The ash chemical analysis values of vitrification mixture filling materials of Surnak province and lignite slimes.

Coal type Sirnak asphaltite slime  Ermenek lignite slime  Gediz lignite slime = Oak wood

C 20.3 42 29 24

H 2.0 21 23 2

S 6.1 2,2 3.6 0.2

Ash 67.7 24 33 0.7

Moisture 1.9 24 29 72
Table 5.

The elemental analysis values of vitrification carbon mixture filling materials, Strnak asphaltite slime, lignite.
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2.2 Briquetting of mixture prior to vitrification

The mixed slime and sludge with Na silicate and $irnak asphaltite slime microwave
heated following pressing in 50-mm mold under 3-tons load. The squeezed matter
reduced wet solute at a 10% weight rate. The surface area and porosity are measured
by the Rigden flow meter in this work. It is generally used for cement surface area
measurement. This slime and sludge mixing nearly had a low surface area, as mea-
sured by the single-point BET N, adsorption method, of 11 m*/g. Sludge used was at a
particle size < 0.1 mm for vitrification and ranging below 0.2 and 1 mm for $irnak
asphaltite slime and $irnak shale.
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Figure 1.
The ash and Swnak asphaltite slime distribution regavding void in gradation in ASTM standard.
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Figure 2.
The compaction limits of sludge regavding void in fineness gradation.
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Figure 1 shows the slime sample fineness and size distribution as solid sludge
compost increasing the compaction ability and even fine homogenous mixing.
Figure 2 illustrates the compaction ability of sludge compost under a loading press of
20 kN at size 10 mm diameters.

3. Results and discussions
3.1 Microwave-vitrified matter

The collected sludges were analyzed by XRD and the chemical analysis results
show that high ferric oxide and ferrous sulfur, over 83% with 9% wet weight rate the
rest was carbonate hydrates consisting mainly of sillimanite (ZnCO3H20), Zn-cupric
carbonates such as malachite FexZnyCuy CO3H20, Zn-ferrous hydrate (Zn, Cu)
FeSO4 H20, gypsium (CaSO4 2H20) and chalcanthite (CuS045H20). Their chemical
oxide and hydrate distribution are given in Tables 6 and 7.

The mixed slime and sludge with Na silicate and Sirnak asphaltite briquettes
comprised that below composition.

The chemical change irons in iron sulfates into the sludge contacted binder to salt
phases easily melted by salt fluxing effect with Na silicate. However, sintering iron
silicate and lead silicate melts occurred in the sludge vitrification end. The zinc and
copper ferrite bounds to Na silicate melts present whisker style needle-like fillings in
the briquette texture. The dominant spherical sludge lime hydrates and iron sulfates
are not completely wetted by binder Na silicate causing weakness in the briquette

Mixture Binder Sirnak asphaltite slime  Ermenek lignite +  Gediz lignite +oak

components +Sludgel +oak wood char+ oak wood char +  wood char+ sludge
sludgel/2 sludge 1/2 1/2

Na,Si, 06 15

Fe,03 4 42 29 24

PbO 7 21 2.3 2

ZnO 2 2.2 3.6 0.2

CaO 17 24 33 0.7

MgO 2 24 29 72

Zn/Cu ferri hydrate 4 42 29 24

ALO; 11 21 23 2

Sio, 22 22 3.6 0.2

Na+K 5 24 33 0.7

S0, 4 24 29 72

H,0 12

C

Total 99

Table 6.

The chemical analysis values of vitrification carbon mixture-filling materials: Sirnak asphaltite slime and lignite
of lime sludge.
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Vitrified Binder Sirnak asphaltite slime  Ermenek lignite + oak Gediz lignite +oak
components +Sludge2 +oak wood char wood char wood char
Na,Si,06 15
ZnCO,/CuCO; 6 D) 29 24
Fe,0; 40 21 23 2
PbO 7 22 3.6 0.2
ZnO/CuO SiO, 10 24 33 0.7
CaO 10 24 29 72
MgO 2 42 29 24
Zn/Cu ferrite 4 21 23 2
FeSO,4 1 22 3.6 0.2
CaS0,4 2 24 33 0.7
Na+K 5 24 29 72
SO4 5 29
H,0 12 23
C 23.5 43.6 34
Total 99 99 99 99
Table 7.

The chemical analysis values of vitrification carbon mixture filling materials: Sirnak asphaltite slime and lignite
of salty sludge.

structure. The dissolved iron amount relatively changed to below 6% in final vitrified
matter dissolution (Figure 3).

Gypsum is generally looks like lamella morphology, and frequently presents as
plate layer formings adhering close to residual ferric iron oxide. The compacted
briquette strength increased by binder addition of 15% till continued to 20% weight
rate as illustrated in Figure 4.

3.2 Acid digestion of vitrified matter

Lead sulfate salts over lime hydrate surface in the vitrified matrix as solid is
dissolved in 1 N HNO; and 1 M H,SO, solution on digestion bath of 100-ml flasks at
30-minute boiling period. The heavy metals such as Pb Zn and Fe hydroxides replace
CaO until the solution reaches the composition expected for the equilibrium of FeSO,4
nHZO /PbSO4 nH20 or ZHCO3 . HzO/ CUCO3 n HzO/CdCO3n Hzo

Higher dissolved Cd/Zn in the effluent caused Zn carbonate precipitation in the
sludge with iron sulfa-hydroxide. The surface solid of over lime was high oxidation
potential, while solute concentrate of Fe was high for inhibiting precipitation as the
second phase of the sorption process. This process involves mixed heavy metal
precipitation followed by slow formation of microcrystalline dirty solids solute.

These tests also showed that microwave melting or sintering sludge mud in
briquetted form provided much more heat effect on the sand matter with less amount
of weight rate of 12% and highly reactive and dissolving Pb and iron amount reduced
to 1 and 3.2 mg/l in the porosity of briquetted sludge at 16% in the vitrified matter
dissolution.
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Toxic intermediates may be sorped by char and shale clay may be generated
precipitation heavy metals as organic complexes from barrier-integrity vitrification,
effective silicate barriers and homogenous mixing with active carbon were found to be
quite difficult due to surface wetting manner of carbon.

The microwave digestion with 1M acid hot solutions avoided disposal of hazardous
sludge to landfill following decantation techniques in paste thickeners used
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flocculants, polyelectrolytes, chelants, inorganic acids or surfactants related to sludge
particle size and type. The compaction porosity decreased by solvent use in compac-
tion to 5 % under loading as shown in Figure 5.

The microwave vitrification of industrial waste slurries and hazardous sludge
creates a safe working environment while absorbant fly ash is used. The neutralization
of hazardous slurries with fly ash vitrification treatment needs just Na silicate as a
binder at a 10% weight rate for hazardous sludge of the Mazidag: Plant of more than
220,000 tons/year.

3.3 Microwave dissolution of vitrified sludge

This work was carried out a leaching method of hazardous sludges under
microwave-radiated digestion of vitrified product briquette of Sirnak asphaltite and
shale mixture for heavy metal sorption and reduction following vitrification. Sirnak
fly ash, coal char and the shale may be used in vitrification as absorbant even
improves low acidic digestion.

To evaluate the impact of shale on five different size fractions of the treatment
with microwave and heated for 3 minutes at 500°C Sirnak shale samples, vitrified
briquette dissolution and fe dissolution rate were determined as % the rate of vitrified
matter as the efficiency of vitrification success by weight of briquette.

Dissolved Fe concentrates of sludges in the microwave interaction are illustrated in
Figure 6 as the Sirnak asphaltite slime and wood char from below 0.5 mm size fraction
was observed.

The compaction of sludge at 15% wetness is becoming advantageous as mentioned
below:

* wet compaction provides the prompted compaction sliding of wet liquid by
adhesing the solid matter over the wetness of 15% grade,

* compaction loading extrusion molds, where the high-load intrusion to helical
drive the forming rope style briquettes,

50
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Compression Strength MPa
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Figure 5.
The optimum binder porosity of compost by increased solvent use as volume weight of the briquette containing 1%
kerosene.
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The dissolution of Fe and Pb content-maximum ppm at 1L volume effluent, 10g weight of the briquette sample
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* Microwave treatment or polymer extrusion at a high temperature of at least
200°C in sludges to be able drive extrusion,

* Less operating and control cost during extrusion.

Oxide melting ability was so effective in metal silicate formation manner. The
lower-temperature activities of metal salts also improve melted metal silicate crystal-
lization as efficient criteria in the vitrification hazard glazing of sludge grains includ-
ing certain salt content. The oxidation and digestion effect of vitrified sludge briquette
in nitric acid solution is seen in Figure 6.

As seen in Figure 6, the 5 N HNOj solutions show the contamination change, high
level precipitated suspensions obtained using the precipitation-siphoning technique,
depending on the salt concentration added at 10 g-100 mg.

4, Conclusions

The slag type and fluxing matter of vitrified Na silicate waste briquettes may be
evaluated as aggregates in concrete or as filler in masonry products or as concrete
debris use in foundations. The special vitrified waste briquettes may be evaluated in
colored glass bottle production.

The phosphate-contained vitrified matters may be evaluated in the green house
sands or as sand in the soil remediation of the local agricultural land. In the landfill
deposition for hazardous-type wastes with weak vitrified sludges, avoiding costing of
disposal asphalt or bituminous tar type binding is beneficial for inhibiting to solute
contact in the waste dumping so that decaying with acidic solutions or digesting of
sludge associated with environmental act is not permitted.

Basic Na silicate vitrification by 15% weight rate is sufficient for vitrification of
acidic waste sludges with a filling carbon source in a weight rate of 15%. The carbon
source of asphaltite slime and oak wood char decrease the digestion of heavy metals
into the nitric acid solution from vitrified texture. The longer vitrification time over
30 minutes produced better strength of over 40 MPa compressive strength for 15% Na
silicate added hazardous sludge and 15% carbon filler source of Sirnak asphaltite slime.
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Following 900 W microwave radiation at 20-22 min type microwave laboratory
equipment, the strength of vitrified briquettes as the quality was tested. The strength
increased from original values of 22 MPa to 10, 4 and 1% for Sirnak asphaltite slime,
Sirnak shale and Sewage sludge. The sufficient microwave duration of 30 min showed
a much efficient sintering method for hazardous sludge vitrification as designed.

Zn is decomposed as the original form of Zns(OH) 2(CO3) on vitrification grain
surface to Na ZnO silicate form causing higher strength evolution and dissolution
process is negligible, bearing in acid-digesting medium.

Heap leaching applications for gold and copper productions in the area are used for
planning the feasibility reports regarding environmental contamination showing some
degree of contamination and certain collection pools and seepage area will be highly
contaminated by atmospherical dry conditions. In the pH measurements made, the
pH value of 5.3-6.3 in washing hazardous waste sludges finally at the last washing
pound to 6.3, depending on the sulfate and heavy metal of salt sludge content, was
observed.

Soil washing and chelate-decayed solvents tend to destroy the soil profile and
should be performed to recover metals from heavily polluted industrial sites and in
case, no other methods can be applied. I situ tar or asphalt barrier layers near the
aquifer are a very promising technique for the soil protection and the aquifer may not
be toxified even sludges with toxic heavy metals.

Microwave vitrification using sodium silicate binder at 15% weight rate with 15%
carbon filler decreased heavy metal flow in seepages of 5N nitric acid solutions with
complete elimination to below 1ppm levels as shown reductions in Pb and Fe at 237%
performance. In vitrified dissolution, effluent had the 24 ppm Fe and 5 ppm Pb values,
in which Pb reduction rates of sorption at Langmuir model with 5N nitrate washed
were 0.01 ppm/min.] Pb and total Fe reduction rate 0.03 ppm/min.], respectively.
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Chapter7

Heavy Metals in Cosmetics

Tamara Attavd and Everaldo Attard

Abstract

This review provides a comprehensive insight into the content of five heavy metals
found in cosmetics and their effects at the site of application and on several organs
via the dermal route of administration. Regulation of these products is very limited
with little information on limits of these metals at the disposition of manufacturers.
Lead and arsenic are considered to be contaminants in cosmetics whereas cadmium
may be present as a coloring agent besides being a contaminant. Nickel is notorious
for its association with allergic chronic dermatitis. Though mercury is rarely present
in cosmetics, it has been found in significant quantities in skin lightening creams. A
multi-variate meta-analysis was conducted to determine the relationships between
the five metals and any possible differences between the sixteen categories of formu-
lations used for facial and body skin care and cosmetic purposes. In general, lipsticks,
eye shadows, face paints, make-up foundation and skin lightening creams exhibited a
high amount of heavy metals superior to the levels of these metals in other facial and
body products. The outcome of this analysis urges regulators and manufacturers to
consider routine monitoring for the presence of these metals in cosmetics.

Keywords: lead, cadmium, nickel, mercury, arsenic, metallokinetics, metallodynamics

1. Introduction

A cosmetic is any product that is intended to be applied superficially to the human
body to keep the treated part in good health. In this process, the cosmetic should not
alter the physiological functioning of the body [1]. The use of cosmetics has been
practiced since antiquity as apart from cleansing, cosmetics also beautify and alter the
appearance hence making the individual more appealing and attractive. There are a
plethora of ingredients that were and are used in the formulation of cosmetics. The gen-
eral intended purposes of cosmetics have not changed throughout centuries and mil-
lennia, the formulation of these cosmetics has undergone significant transformations,
some of which include the processing and the ingredients used for their formulation.
The processing has changed from a domestic/small scale production to cater for a small
number of individuals to industrial/large scale production to cater for a wider consumer
population with the use of worldwide advertising and social media. On the other hand,
the constitution of cosmetics has also changed with time. With industrialization and the
use of petrochemically-derived substances, the cosmetic formulation changed from one
based on natural products to one which is mainly based on petrochemicals. However,
during these past decades, there was a change in the constitution of cosmetics, to
include more natural ingredients, due to the great interest and concern by consumers.
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As a consequence, the massive production of cosmetic products with a wide range
of ingredients, has raised several health and safety concerns. Nowadays, cosmetics are
generally regulated [2]. One major concern is that cosmetics overlap in use and func-
tionality with topical medicines. Several regulatory bodies attempted to devise a proper
definition for cosmetic products with the intent to segregate cosmetic products from
topical medicinal products. Within the European Union (EU), Council Directive 93/35/
EEC [3] amending Council Directive 76/768/EEC, a definition for cosmetic products
was laid down in article 1 of the directive. In the first part of the definition, the external
body parts which may be treated with cosmetics are mentioned. Other body parts are
excluded and this eludes to the understanding that cosmetic products should not be
applied to these other body parts. The second part is related to the ‘activities’ which are
allowed for a product to be considered as a cosmetic. These distinguish cosmetics from
topical medicinal products which are intended for the control or treatment of condi-
tions or else in making a medical diagnosis [4]. However, whereas topical medicinal
products are meticulously scrutinized before their placement on the market, cosmetics
do not undergo rigorous testing. Nevertheless, for cosmetic products, the manufactur-
ers, distributors and importers are responsible for the safety of cosmetic products being
placed on the market [5]. The latter regulation also states clearly what ingredients are
prohibited for their presence in cosmetic products. Amongst the prohibited ingredients
several heavy metals are also included. Whereas some metals and their salts are com-
pletely prohibited (e.g., tin, arsenic, cadmium, nickel and lead), other metals and their
salts are either allowed with a specific limit or else only specific salts for such metals are
allowed (e.g., cobalt, chromium, gold, mercury and selenium amongst others). Such
additions may not be intentional as the addition of some minerals may originate from
a natural source. Heavy metals, such as cadmium (Cd), lead (Pb), nickel (Ni), arsenic
(As) and mercury (Hg) were also detected in numerous other raw materials which can
be used for the production of cosmetics considered as natural products. These include
honey [6], argan oil [7], and olive oil [8] as well as citrus essential oils [9].

Because of this, some authorities also impose limits on the presence of certain
metals in cosmetics. For example, The Cosmetic Ingredient Review Expert Panel
established by Food and Drug Administration (FDA) in the USA issued limits on
As (5 ppm), Pb (5 ppm) and other heavy metals (20 ppm) [10]. The World Health
Organisation (WHO) set limits for Pb (10 ppm), Cd (0.3 ppm) and Hg (1 ppm). The
EU’s limits for Pb, Cd and chromium are 0.5, 0.5 and 1.0 ppm, respectively, while the
Canadian authorities set limits for Pb (10 ppm), Cd (3 ppm) and Hg (3 ppm) [11].
However, there tends to be inconsistency in the type of metals and the limits for the
metals by different authorities. As a consequence, this lack of harmonization leads to
confusion amongst authorities as regulators, several manufacturers as producers and
the general population as consumers. Despite all this, several researchers investigated
the potential presence of heavy metals in a wide range of products. This review aims
at compiling a large number of studies related to the presence of heavy metals in
cosmetics and their potential harm in human beings.

2. Heavy metals

Heavy metals are elements that are primarily found in the d and p-blocks of the
periodic table showing a metallic character and an ability to form salts. Some sources
specify that heavy metal should have a high density [12]. Such metals include lead,
cadmium, nickel, mercury and arsenic amongst others.
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The main concern is that heavy metals are ubiquitous and are present in several
matrices both living and non-living. Particularly in living matrices, heavy metals may
interfere with beneficial metals some of the latter being replaced by heavy metals that
would result in the erratic physiological functioning of bodily systems. This is not
an issue related only to mammals and humans, but such erratic behavior, in terms of
morbidity and mortality has been observed in other animals, such as insects [13], and
also in plants. Some of these heavy metals accumulate in biological systems and one
source for such accumulation is the daily and/or repeated use of cosmetic products
such as face powders, lipsticks and eye shadows [2]. Some heavy metals are commonly
found in cosmetics [14-20].

3. Metallokinetics and metallodynamics within the body

The absorption, distribution, metabolism, excretion and interaction of heavy
metals with bodily systems are complex processes that are not yet fully understood.
This is even more complex when considering that some cosmetics are applied and
rinsed shortly after (such as toothpastes, shampoos and conditioners and cleansers),
others are applied and allowed for a few minutes to hours (such as body creams,
lotions and facial makeup) and those that are applied and remain in contact with the
skin for several hours (such as nail polish and hair dyes). The kinetics and dynamics
of metals present in these cosmetic products, vary significantly in their fate and their
extent of effects [21].

With the application of cosmetic products, the mode of entry of heavy metals in
the body is via dermal or topical application. These metals may have either topical
and/or systemic effects in humans [22]. At the site of application, heavy metals may
accumulate in the stratum corneum causing local effects, that may be exhibited as
allergic contact dermatitis associated with an excess of a metal (such as Ni, cobalt and
chromium) at the site [23, 24] because of their binding to keratin [22]. In the case of
Ni, this metal has a high affinity to the histidine component of the filaggrin in the
stratum corneum [25]. Although, the mechanism by which heavy metals damage
the skin is not yet fully understood, it is believed that this may be provoked by the
formation of free radicals and/or by an inflammatory effect [26]. It was discovered
that metals may accumulate with repeated application of contaminated cosmetics.
Consequently, such areas would serve as reservoirs and hence lead to long-term
exposure of the individual to the metal, even when such cosmetics are no longer
applied [27]. The exposure of the skin to heavy metals may extend the dermal inflam-
mation to the systemic system [26]. Ni can only penetrate and reach the general
circulation, when damage is provoked by other metals [28]. Other metals such as Hg,
Pb and Cd may enter the general circulation through the skin layers and transported
to various organs within the body [29, 30]. This permeation can occur via sweat
glands and hair follicles. Besides direct contact, oral ingestion of heavy metals may
occur by the application of cosmetic products either to the lips (e.g., lipstick, lip gloss
and lip balms) or within the buccal cavity (toothpastes, mouthwashes and breathe
sprays) or by hand to mouth transfer of any cosmetic applied to any body part [31].
Thinner facial skin is more permeable than skin elsewhere [32]. Several studies show
that certain heavy metals (such as Pb, Hg and Cd) found in topical cosmetics are
found in high concentrations in the blood, urine and internal organs of individuals
who use cosmetics when compared to individuals who do not [33-40]. Cosmetics that
are applied directly to the skin may contain moisturizing agents that increase skin
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permeation that may allow the entry of xenobiotics, to which some heavy metals may
be bound, into the general circulation [41]. Apart from the binding of heavy metals to
exogenous substances [42], these may also bind to endogenous biological molecules,
hence replacing the beneficial metals. These metals may bind to several functional
groups such as the amine, carboxylic and thiol function groups present in several
proteins, some of which have functional roles (such as enzymes), while others have
structural roles (such as collagen, keratin, actin and myosin). These metals can also
bind to nucleic acids which may lead to defective DNA and RNA synthesis that may
result in carcinogenesis. The application of underarm products has been hypotheti-
cally associated with the possibility of breast cancer [43]. Therefore, heavy metals
provoke several toxic effects at the cellular and molecular levels [44, 45].

Several authors reported the presence of heavy metals in cosmetic products.
This review gives an insight into the presence and effects of the most notorious and
underestimated heavy metals in cosmetics products. The metals under discussion are
lead, cadmium, nickel, mercury and arsenic.

4. The presence of typical heavy metals in cosmetics and their effects
4.1Lead

One of the most studied heavy metals is lead. Lead is not normally used for its
potential properties but it is rather considered as a contaminant with serious effects
on human health. When a lead comes in contact with vital organs, it is neurotoxic,
nephrotoxic and hepatotoxic [46, 47] and may provoke effects also on the reproduc-
tive system [48]. Lead can also affect fetal development through its passage via the
placenta [49, 50]. Some studies have shown that it is considered a potential carcinogen
to humans [51]. It has been reported that the level of Pb in the blood of consumers
who use eye cosmetics was threefold higher than that of non-consumers [52]. Lead
is acquired from industrial dust and fumes, car emissions, industrial chemicals such
as old paints and pesticides, and a burning of fossil fuels. Food contamination may
occur from some of these sources. Authorities worldwide are in a continuous struggle
to establish permissible limits for Pb. The World Health Organization established a
limit of 10 ppm [53]. The permissible level according to [54] is 0.1 mg/l. The FDA
established a maximum permissible content of 10 ppm for Pb in color additives for
the manufacture of cosmetics using Good Manufacturing Practices [10]. However, in
color additives, the Pb content should not exceed 20 ppm [55]. Lead and its salts are
prohibited in any cosmetic product within the EU [5]. Health Canada established a
limit of 10 ppm for lead in cosmetic products [11].

As shown in Tables 1-3, several researchers investigated the presence of lead
in several cosmetic products. The lipstick group is one of the most widely investi-
gated groups with over fifteen citations. Only one study reported the absence of Pb
in lipsticks [67, 70] whereas three other studies reported negligible Pb content in
lipsticks [56-58] as their lower limit. Four studies showed a significantly high lead
content (73.1-3760 ppm) [14, 16, 18, 57]. Most studies reported a Pb content that is
within the 20 ppm permissible limit established by the FDA [59]. Some studies also
tried to establish any differences between the high- and low-priced lipsticks (0.06—
0.106 ppm) [60]. Eyeshadows ranks second in terms of investigated groups for Pb
content. Four studies reported negligible Pb content in eyeshadows [31, 71-73] as their
lower end. Whereas some studies have reported low Pb content as their lower end, the
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Pb Cd Ni Hg As
Lipsticks <DL-252.4 ND-60.20 ND-22.8 <DL t0 80.00 0.01-6.931
[14, 18, [14, 18, [18, 45, 56, [58, 61-63] [58, 62, 63]
45, 56-66] 45, 56, 58, 60-62, 64,
0.27-3760 [16] 60-69] 66, 70]
Eye-shadows <DL-81.5 <DL-55.59 <0.5-3594 <DL-181.00 <DL-1630
[16, 19, 31, [19, 58, 61, [19, 31, 61, 62, [58, 62] [58, 62, 75]
58, 61, 62, 65, 62, 65,71, 71,72,74]
71-74] 72,74]
Eyebrow 0.109-61.22 ND-1.12 2.1-10.52 [62] ND-6742 ND-2.071
pencils and eye [58, 59, 62, 63] [58, 62, 63] [58, 62, 63] [58, 62, 63]
liners
Mascaras ND-12.51 ND-0.034 ND-0.028 ND-0.002 0.050-1.656
[58, 59, 73] [58] [76,77] [58] [58]
Make-up <DL to 190 <DLto17 <DL to13.1 48.99-60.77 0.12-1.0 [63]
foundation [60, 61, 63, [45, 60, 61, [60, 61, 64] [63]
64, 78] 63, 64]
Face paints 0.02-370 [79] 0.01-19.2 7.6 ppm [79] ND-0.004 0.125.0 [79]
[79] [69]
Face cream ND-1.9 [62] ND-0.37 ND [70] ND-1.27 [62] ND-0.171
[14, 62] [62]
Toothpaste ND-18.092 ND-2.490 0.025-18.535 ND-13.14 0.06-26.94
[21, 80, 81] [80-82] [80-82] [81, 83] [83]
Table 1.
The content of heavy metals in face products; cosmetics and face care products.
Pb Cd Ni Hg As
Body lotions <DL to 47.5 ND [62] ND-0.003 <DL to 475 ND-0.007 [62]
[61, 62] [62] [61, 62]
Hair shampoos 0.66-54.56 ND [14, 62] 0.01-0.06 ND-21.08 0.002-0.2
and conditioners [14, 62] [62] [62, 83] [62, 84]
Cleansers 0.04-22.14 ND [14] ND-0.08 ND-0.72 ND-0.009 [62]
[14, 62] [62] [62]
Lotions 0.068-8.29 0.007-2.13 0.012-6.29 18.98-19.02 1.537-1.543 [83]
[64] [64] [64] [83]
Hair dyes and 0.402-17.70 0.001-1.11 0.081-4.167 53.74-90.32 0.16-0.71 [63]
creams [17, 63, 64] [63, 64] [64] [63]
Tonic creams 0.35-0.55 0.35-0.55 3.40-4.70 — —
[85] [85] [85]
Beauty cream 14.38-50.39 2.40-6.27 0.0175-5.09 4717-124.8 5.08-10.74 [83]
[14, 86] [86] [87, 88] [83]
Table 2.

The content of heavy metals in body products.

higher end exceeded the 20 ppm limit established by FDA [16, 19, 61, 71, 74]. Other
eye products include eyebrow pencils (0.109-18.60 ppm) [58, 62, 63] and mascaras
(ND-12.51 ppm) [58, 59, 73], all within the 20 ppm limit established by the FDA.
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Pb Cd Ni Hg As
Skin lightening <DL-143 0.1-1.276 2.59-11.17 <DL-126,000 0.7-12.30
creams [21, 60, 61, [60, 64, 89] [60, 64] [15, 53, 61, 70, [53, 89]
64, 89] 89-94]
Sunblock ND-6.889 ND-0.155 ND-12.37 ND-1.62 [62] ND-0.01 [62]
cream [62, 64] [62, 64] [62, 64]

Table 3.
The content of heavy metals in face and body products.

There is only one study that reported Pb levels of 61.218 ppm in mascaras [59]. Face
products vary significantly in their Pb content. Make-up foundation and face powders
contain negligible Pb content up to 190 ppm as reported by [61]. Other studies did not
exceed a content of 22.57 ppm [60, 63, 64], although one study reported a maximum
of 41 ppm [78]. Face washes exceed the FDA limit (24.06-40.61 ppm) [14] and face
creams contain minimal content of Pb (0.77 + 1.13 ppm) [62]. Cosmetic face paint
is a potential threat to frequent consumers as reported levels go up to 16.6 ppm [79].
Most hair products do not pose a potential problem as reported for hair shampoos,
conditioners and dyes [17, 62-64]. Only one study reported a level of 54.56 ppm in hair
products [14]. Several studies investigated body products that are applied over a larger
surface area than those mentioned previously. Beauty creams contain a considerable
amount of Pb with levels reaching 50.39 ppm [14, 86]. Although, somebody lotions
contain low Pb levels [62], one study shows also high Pb content in such products
[61]. This same study also reports a high Pb level in skin-lightening creams (up to
43.04 ppm) alongside another study showing a maximum level of 143 ppm [89]. On
the other hand, two studies show low Pb contents (<4.015 ppm) [60, 64]. Cleansers
and lotions also contain low Pb levels (< 22.14 ppm) [14, 62, 64]. Products that are
applied to the buccal cavity include toothpaste. These may pose a problem in addition
to mucosal absorption, Pb can be also ingested and absorbed via the gastrointestinal
tract. In some studies, the level of Pb in toothpaste is minimal (0.036 ppm) [80],
however, in other studies, the highest levels were 12.04 ppm [81] and 18.092 ppm [21].
Lead is considered as a contaminant that is present to different extents in various
cosmetic preparations. Several authorities recognize Pb as a toxic metal by setting up
limits for its presence in cosmetics.

4.2 Cadmium

Cadmium is one of the metals that has been used in cosmetics for its colored salts,
ranging from deep yellow to orange [2]. It has been associated with several toxicities
in humans, mainly attributed to its absorption after topical application of several
cosmetics [49, 86, 95] though this is very low (0.5%). Topically, it may cause irritant
dermatitis [96]. The main concern with Cd is that it tends to accumulate in human tis-
sues and then release slowly into the general circulation. However, it normally binds
to the keratin. Systemically, it mainly affects the skeletal, reproductive, metabolic
[88], respiratory and renal systems [97, 98]. It has been associated with osteoporosis,
diabetes, lung cancer and kidney damage [99]. It contributes also to skin ageing as
it may provoke oxidative stress [25]. Despite of its presence in cosmetics, it may be
found in several sources such as industrial wastes, agrochemicals (pesticides and
fertilizers) and batteries. According to the WHO, the permissible limit for cadmium
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is 0.3 ppm [53]. The permissible level according to [54] is 0.06 mg/1. The oral limit
for Cd is 0.09 pg/kg to 3 ppm as given by USP for nutritional supplements. Cadmium
and its salts are prohibited in any cosmetic product within the EU [5]. Health Canada
established a limit of 3 ppm for Cd in cosmetic products [11].

Cadmium is another metal, which is banned by several authorities but still found
in several cosmetics, as reported by several researchers (Tables 1-3). One of the
studies that reports the absence of Cd in lipsticks was conducted by [67]. Several
other studies reported levels that were lower than 0.002 ppm and levels that reached
content of 60.20 ppm. Despite this, only two studies showed levels of Cd higher
than 5 ppm [65, 68]. Due to possible ingestion, lipstick use may be linked to systemic
toxicity. A study established a difference between high-priced (0.34 + 0.20 ppm) and
low-priced (0.89 + 0.58 ppm) lipsticks [60]. Although, eye shadows may contain the
deep yellow to orange pigments more than lipsticks, the Cd content of eye shadows
as reported by several researchers did not exceed 3 ppm [19, 58, 62, 63, 71, 72, 74].
However, levels of 8.89 ppm [71] and 55.59 ppm [65] were reported for eye shadows.
Another eye make-up was reported to contain low Cd content by three studies. For
eyebrow pencils, the maximum content of Cd was 1.12 ppm [63], whereas the content
of Cd in mascaras was reported to be lower, i.e., 0.034 ppm [58]. Other facial cosmet-
ics were also reported to contain a low amount of Cd, with levels less than 0.96 ppm
[45, 60, 63, 64]. The highest level was expressed to be that of 17 ppm [61] in the
make-up foundation. Similarly, Cd levels did not exceed 0.67 ppm and 0.37 ppm in
face washes and face creams, respectively [14]. Tonic creams did not exceed a level of
0.55 ppm [85]. In face paints, the average level reported was 0.6 ppm [79]. Cadmium
was also absent in hair shampoos and conditions, with levels being below the detec-
tion limit [14, 62]. Negligible Cd content was also present in hair dyes with levels not
exceeding 1.11 ppm [63, 64]. Body cosmetics are also generally low in Cd with levels
not exceeding 0.92 ppm in skin lightening creams [60, 64, 89], 0.121 ppm in sunblock
creams [62, 64] and 2.13 ppm in lotions [64]. No cadmium was detected in body
lotions [62] and cleansers [14]. The level of Cd in most toothpastes did not exceed
0.058 ppm [80, 81] but a maximum of 2.49 ppm was reported [82].

Although, Cd is considered one of the most common and noxious heavy metals, it
seems that its use in cosmetics is very limited. It may be concluded that Cd presence
in cosmetics is considered to be a contaminant rather than an ingredient, as a coloring
agent.

4.3 Nickel

Nickel is one of the metal impurities which is inevitably found in several natural
ingredients used in cosmetic products. Most of the salts containing nickel are green
in color, hence also its potential use as a colorant. However, nickel is considered to be
a contact allergen that may provoke dermal sensitization, allergies, and dermatitis
[100] by direct and often prolonged exposure. Persons have been diagnosed with Ni
allergy due to its presence in topical cosmetic products and jewelry [101]. Nickel may
also affect the respiratory system which may result in nasal and lung cancer [98].
Despite of the potential use of cosmetics to maintain the skin in a rejuvenating state,
Ni in such products may lead to oxidative stress and hence promote skin aging [25].
This may be due to the overexpression of collagenases in the skin leading to the weak-
ening of the skin matrix and a subsequent loss in elasticity [102]. The International
Agency for Research on Cancer (IARC) has classified metallic Ni as a potential
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carcinogen to humans (Group 2B) and its compounds as carcinogenic (Group 1)
[103]. Nickel may be found occurring naturally in soil and volcanic dust. This may be
acquired from industrial dust and fumes. Due to the potential skin sensitization, lim-
its for Ni presence in products have been proposed. Limits of 5 ppm [88] and 1 ppm
[104] were suggested for certain household products and detergents, respectively.
Likewise, in cosmetics, a Ni limit was also proposed particularly aimed for sensitized
persons. Most “nickel-free” products on the market, contain less than 1 ppm of Ni
[31, 105, 106]. The permissible level is 0.20 ppm according to [107] for oral consump-
tion. Nickel and a number of its salts are prohibited in any cosmetic product within
the EU [5]. These include nickel monoxide, dinickel trioxide, nickel dioxide, trinickel
disulphide, tetracarbonynickel, nickel sulphide, nickel dihydroxide, nickel carbonate
and nickel sulphate.

Due to its possible implications in allergenic reactions, the content of Ni in a num-
ber of cosmetic products was reported by a number of research groups (Tables 1-3).
The risks associated with Ni intoxication is more possible with cosmetics that are
potentially ingested. Lipsticks and lip products are amongst these candidates. Most
lipstick products investigated by research groups rarely contained less than 0.20 ppm
of Ni for oral consumption. Due to the short-term duration of lipstick on the lips,
these products are applied frequently by consumers. This may pose a further exacer-
bation if ingested. The maximum levels in most studies range from 1.61 to 22.8 ppm
of Ni in lipsticks [18, 45, 56, 61, 64, 66, 70]. However, in one study it was reported
that the mean Ni content was 0.10 + 0.14 ppm [62]. It was demonstrated that the price
has no impact on Ni content of lipsticks (high-priced 8.24 + 3.29 ppm and low-priced
5.15 + 419 ppm) [60]. Oral consumption may be due to the accidental swallowing
of toothpaste. Studies have shown the range of Ni content in most toothpaste is
between 0.02 and 2.54 ppm [80, 81] but another study reported maximum levels of
18.535 ppm [82]. Dermal sensitization has been associated with eye cosmetic prod-
ucts. In this situation the 1 ppm threshold is applicable. Several studies have reported
levels of Ni which exceed 1 ppm. Only two studies show that the minimum level of Ni
in eye-shadows was less than 1 ppm [19, 31]. In several studies, maxima for Ni levels
ranged between 4.133 and 359.4 ppm [61, 62, 71, 72, 74]. Nickel has been found in a
green eye liner which provoked a form of contact dermatitis in a 47-year-old woman
[76] whereas another study reported contact allergy to a Ni-containing mascara
[77]. A study reported a mean Ni content of 6.31 + 4.21 ppm in eyebrow pencils [62].
Most make-up foundation products seem to contain high amounts of Ni, quoting the
minimum values above 3 ppm and the maximum values to 13.01 ppm [60, 64]. Only
one study reported values being less than the detection limit [61]. In a study on face
paints, the average Ni content was 7.6 ppm [79]. However, in other facial formulations
such as face washes and creams, the content was reported to be very low with a mean
of 0.04 + 0.11 ppm [14] or not detectable [70] for these formulations respectively.
Hair products are of no major concern, as the levels in shampoos and conditions do
not exceed 0.06 ppm whereas the highest content of Ni in hair dyes is 4.167 ppm [64].
Body products vary in Ni content. In general, Ni does not exceed 12.37 ppm, but the
1 ppm of Ni is exceeded for most products that include skin lightening creams, sun
blocks, tonic creams and body creams [60, 64, 85, 87, 88]. Body lotions and cleansers
seem to contain very low Ni contents (<0.08 ppm) [62].

Whereas Ni in mascaras and eye shadows has been implicated in its involvement
in allergic chronic dermatitis, several studies have reported that Ni allergy cannot be
considered as the main risk factor in patients reporting eye-lid dermatitis [108].
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4.4 Mercury

Mercury is one of the heavy metals that is widely used in cosmetic formulations.
Although, mercury is known as a shiny, silvery, dense liquid, it may occur in vari-
ous inorganic and organic compounds. In the inorganic form, such as ammoniated
Hg, it is used for its skin lightening properties, whereas in the organic form, such as
phenyl mercuric and ethyl mercuric salts, it is used as a preservative in mascaras and
eye makeup cleansing products [90, 109]. After dermal application, Hg penetrates
through the skin via the hair follicles and sweat glands [29, 96]. During this process,
part of the Hg is reduced to the metallic form that accumulates in the skin tissue. Hg
blocks tyrosinase in situ, inhibiting the melanin-forming enzyme [110], hence its use
in skin-lightening creams [22]. Only one study mentioned that cream had the abbre-
viation ‘precip blanc’ on the label, which should suggest that this product contains Hg
[36]. Systemically, Hg may exhibit a range of signs which include vomiting, nausea
and kidney damage, central nervous sytstem effect which include irritability, tremors,
weakness, nervousness, fatigue and memory loss. It may affect also the sensorial
systems, that is, loss in hearing, taste and vision. Finally, high Hg content may lead to
death [111, 112]. In some instances, following dermal absorption and systemic uptake,
Hg may induce autoimmune glomerulonephritis. Studies reveal significant accumula-
tion of mercury in several organs and body fluids, such as hair (22.5 ppm, twice that
in non-cosmetic users), blood (up to 233 nmol/l, more than four times than that in
non-cosmetic users] and urine (up to 2531 nmol/day, fifty times more than that in
non-cosmetic users) [39, 91, 113, 114].

Mercury is a metallic element that is naturally occurring in the environment and
its compounds are the most common form that exists naturally in the environment.
Due to its ubiquity, several authorities issued limitations for Hg use. For instance,
the FDA restricts its use and is regulated in cosmetic products. The FDA allows a
maximum level of 1 ppm of Hg in mercury-contaminated lead acetate when used as a
colour in cosmetics [10]. Within the European Union, mercury and its compounds are
not allowed in cosmetics, whereas phenyl mercuric salts are only allowed as preserva-
tives in eye care products at a maximum allowable level of 70 ppm [5] whereas in the
US it is allowed up to a level of 65 ppm by weight [10]. Health Canada allows a maxi-
mum Hg content of 1 ppm in cosmetics [11].

The main emphasis of analysis by researchers was conducted on skin-lightening
creams due to their interaction with melanin metabolism. Very few studies report
levels below the 3 ppm threshold [15, 53, 70] (Tables 1-3). Other studies reveal values
up to 126,000 ppm [61, 89-93]. Although, in some lipstick products, the Hg content
was below the detection limit [58, 61, 62], some of these same studies and others
reveal contents up to 80 ppm [63]. The status of Hg contamination in eye cosmetic
products varies significantly with levels of up to 181 pm in eye shadows [58, 62],

67.42 ppm in eyebrow pencils [58, 62, 63] but levels of up to 0.002 ppm in mascaras
[58]. Apart from the make-up foundation where levels of Hg reach a maximum

level of 60.77 ppm [63], other face products contain minimal amounts of Hg, such
as face creams (0.09  0.37 ppm [62]), sunblock creams (0.41 + 1.21 ppm [62]) and
face paints (<0.004 ppm [69]). In some studies, it was reported that the content

of Hg in hair products is below the detection limit [62] whereas in other studies, it
reached a maximum of 90.32 ppm [63, 83]. Body care products such as body lotions
and cleansers contain varied amounts of Hg [62], with products from the first group
with contents up to 47.5 ppm [61]. In some beauty creams, the Hg level reached a
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maximum of 124.8 ppm [83]. The presence of mercury in toothpaste has not been
widely investigated, but in two studies, the Hg level was reported to reach a maximum
of 13.14 ppm [81, 83].

As can be concluded from these studies, Hg is one of the least detected heavy
metals in most cosmetics [22], but not in skin-lightening products. Mercury is
found intentionally in face and skin care products rather than in products for purely
cosmetic use. Apart from skin-lightening properties, Hg compounds are claimed to
reduce and remove freckles, treat acne, and prevent and remove wrinkles [22].

4.5 Arsenic

Arsenic is a metalloid that is present ubiquitously as a major contaminant in the
environment. Although, it is redox inactive, its target functional groups are sulfydryl
groups on proteins which may lead to the depletion of glutathione [115], an essential
antioxidant of an amino acid origin, which prevents damage of cellular components
caused by radicals and heavy metals. On long-term dermal exposure, As can cause
hyperpigmentation and keratosis iz situ, but systemically it may lead to carcinogen-
esis and vascular diseases [115, 116]. Though considered as a less significant contami-
nant in cosmetics than other heavy metals, authorities sought to establish limits for
its presence in cosmetic products due to long-term exposure. The problem with As
contamination goes beyond the legal cosmetic products placed on the market. It has
been found in high quantities in cosmetic products from the underground market
[58]. As with Hg, the FDA established a limit for As (up to 3 ppm) for lead acetate,
as a colorant, contaminated with this metalloid [10]. This acceptable maximum limit
goes also under the general limits set by Health Canada for all cosmetics [11]. Arsenic
and its salts are prohibited in any cosmetic product within the EU [5].

In general, several studies reveal that As is not a significant contaminant and levels
of this metalloid rarely exceed the 3 ppm limit (Tables 1-3). In lipsticks, although
most studies report a level of up to 0.34 ppm [62, 63], a study reported a maximum
level of 6.931 ppm of As [58]. In eye cosmetics, the maximum permissible limit
is rarely exceeded. In general, eye shadows, eyebrow pencils and mascaras do not
contain As levels more than 3.704, 2.071 and 1.656 ppm, respectively [58, 62, 63].
However, in a study, it was reported that in kohl, there was an alarming presence of
As (810-1630 ppm). Kohl is an ancient eye cosmetic still used nowadays [75]. The
danger with kohl is not solely because of its use as a cosmetic but there are claims that
falsely indicating its use for the treatment of eye conditions. Apart from the presence
of Asin kohl, other face cosmetics, such as foundations and creams contain minimal
quantities of As, reported as up to 1.0 and 0.171 ppm, respectively [62, 63]. Less com-
monly used products include face paints particularly used by opera actors in China.
Levels of As reach a maximum of 25 ppm [79]. Shampoos, conditioners and dyes used
on the hair contain low As concentrations (<0.71 ppm) [62, 63, 94]. Likewise, in a
study, the As content for cleansers and sunblocks does not exceed 0.010 ppm [62] but
higher levels were reported for body lotions (1.543 ppm) [83]. There are some con-
cerns with skin-lightening creams as some exceed the 3 ppm threshold [53, 89] and
other creams with levels up to 10.74 ppm [83]. In some toothpaste, the As content was
26.94 ppm [83]. Most likely, As is present as a contaminant with other heavy metals
used for this purpose. In spite of these findings, As is one of those elements that is
rarely found in cosmetics [22]. However, its presence may raise concerns particularly
in legal products that are used on a long-term basis and in illegal cosmetic products on
the underground market.
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5. General considerations

The studies discussed in the previous sections highlight the importance of specific
metals as contaminants and additives in cosmetic products. To determine any particu-
lar relationships between formulations, a multi-variate meta-analysis was carried out
using Spearman correlation and Principal Component Analysis, taking into account
the maximum levels obtained for the various cosmetic formulations. Pearson correla-
tion statistics (Table 4) reveal a relationship between all five metals (r > 0.466). Two
latent factors had an eigenvalue greater than 1, which together explained 80.54% of
the total variance. The factor loadings demonstrated the different groups of variables
(Figure 1). Factor 1, displayed on the horizontal axis, weighed heavily on Pb, Cd,

Ni and As with lipsticks, eye shadows, face paints, make-up foundation and skin

Variables Cd Ni Hg As

Pb 0.538 0.495 0.527 0.579

Cd 0.779 0.334 0.750

Ni 0.446 0.641

Hg 0.465
Table 4.

Spearman correlation matrix for the five metals.

Observations (axes F1 and F2: 80.54 %)

4 Skc
°

F2 (15.62 %)
o
=
[ ]

-5 -4 -3 -2 -1 0 1 2 3 4 5
F1 (64.93 %)

Figure 1.

Observations plot for the formulations. Legend: Lp = lipsticks; Es = eye shadows; Ep = eyepencils; Ma = mascaras;
My = foundation; Fp = face paint; Fc = face cream; Tp = toothpaste; SLc = skin-lightening creams; Sb = sunblock;
Hp = hair products; Hd = hair dyes; Bl = body lotion; Cl = cleansers; Lo = lotions; and Tt = tonic creams.
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lightening creams exhibiting high levels of these metals. These formulations were dis-
criminately different from the rest. On the other hand, F2, displayed on the vertical
axis, weighed heavily on Hg with skin lightening creams having superior quantities
of this metal for the other formulations. This multi-variate analysis consolidates the
findings from previous studies. The findings of such research works are at the disposi-
tion of authorities and policy makers for the formulation of high-quality cosmetic
products.
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Chapter 8

Concentration Levels of Heavy
Metals and Selected lons in the
Irrigation Water: The Case of Little
Akaki River, Addis Ababa, Ethiopia

Mekonnen M. Tarekegn and Getaneh L. Weldekidan

Abstract

Irrigable water resources have been challenged by the contamination of heavy
metals and unwanted ions that impair plant growth and human health. It impaired
the quality of edible fruit & vegetables. The objective of this study was to deter-
mine the concentration of heavy metals (Pb, Cd, Cr, and Cu) and selected ions
(chloride, Na, Mg, Ca), and to evaluate its suitability for irrigation use. Water
samples were collected from three various locations (the upstream, middle stream,
and downstream) of the river. Temperature (T), EC, pH, and total dissolved solids
(TDS) were tested onsite using handheld multiparameter testing equipment, while
the heavy metals (Pb, Cd, Cr, and Cu) and selected ions (Chloride, Na, Mg, and
Ca) of the water sample were analyzed using (ICP-OES). ANOVA test was
conducted to examine the concentration variations of heavy metals and selected
ions between the sampling locations along the river. The concentrations of (Pb and
Cd) were found (2.5-3.9), (0.03-0.4) mg/L respectively, and (Cr and Cu) were
below the detectible limit of the (ICP-OES) equipment. Cadmium (Cd) was found
to be higher than the permissible limit of FAO (0.01mg/L) for irrigation water.
There was no significant variation of heavy metals and selected ions between the
sampling locations.

Keywords: heavy metals, selected ions, sodium adsorption risks (SAR)COD,
physic-chemical parameters, irrigation water quality

1. Introduction

Inappropriately managed urbanization and expansion of industrialization are the
major causes of river water pollution in urban and pre-urban areas due to the
introduction of undesirable materials into soils and irrigation water sources [1].
Contamination of heavy metals and other toxic ions in irrigation water sources is a
worldwide problem and harmful for human health and the ecosystems. The
excessive accumulation of heavy metals in irrigation water and soils resulted in
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contamination of human diets [2]. Heavy metals are entering into the river water
and the environment primarily through anthropogenic activities. The main sources
of heavy metals and other pollutants entering into the Little Akaki River basin can
be industrial effluent, municipal solid waste, oily wastes from garages, and fuel
stations. Industries like textile, dyeing, garment, pharmaceutical, ceramic, paint,
packaging, etc. discharge their effluents into the rivers could be the causes of
heavy metal contamination in the irrigation water sources [3]. Industry expansion
has brought severe water pollution in Little Akaki catchment from domestic,
commercial, and industrial effluents [4] and the waste management systems of
industries and other commercial centers are very poor. According to Addis Ababa
environmental pollution Authority 2007 report, 90% of all industries lack waste
treatment facilities and subsequently dispose of their effluents into river streams.
Lack of proper waste management system in the catchment areas, the irrigation
water source in Little Akaki River is highly polluted with point and non-point waste
sources.

The rapid urbanization and expansion of industries together with poor effluent
management systems have a significant effect on the quality of irrigation water
sources in the catchment areas. In the recent few decades, the social and economic
structure of Addis Ababa city has changed radically. Rapid urbanization and indus-
tries expansion are observed and all other economic activities are also highly concen-
trated in Addis Ababa city, particularly in the Little Akaki River catchment. Besides
the urbanization and industries expansion, the intensification of pre-urban and urban
farming activities is also becoming one of the other social and economic features of the
city. However, most of these rapid changes are brought without considering the
negative environmental consequences. As a result, irrigation water pollution with
heavy metals and other undesirable pollutants become an increasingly emphasized
problem. Wastes generated from households, industries, fuel stations, hospitals, dif-
ferent business centers, and sewerages are getting into the river streams. Contamina-
tion of water bodies from various sources denies current and future generations of a
birthright and puts at risk ecological integrity [5].

Little Akaki River is the primary irrigation water source for pre-urban and urban
agriculture in the catchment area. The demand for irrigation water is markedly
increasing in the study area for the production of fruits and vegetables. Many house-
holds are involved in urban farming activities to sustain their life. The use of industrial
and municipal wastewater in urban agriculture is a common practice in many parts of
the world including Ethiopia [6]. The shortages of safe irrigation water sources in the
study area forced the farmers to look for to use contaminated river water for irrigated
agriculture and access to quality irrigation water sources is becoming a serious con-
cern these days in the study catchment.

The heavy metals and other pollutant elements are entering the soil because using
severely contaminated irrigation water source for prolonged periods in the catchment
area affect the physical and chemical characteristics of the soil. The contaminated soil
of irrigated farm sites in the catchment area harms vegetables and fruit production.
The heavy metals become highly concentrated in the edible parts of fruits and vege-
tables which alter human health. Heavy metal accumulation in soils, and subse-
quently, in vegetation by long-term wastewater irrigation has a potentially
detrimental effect on humans via their transfer along the food chain [7]. In the
existing situation, vegetables and other edible crop products produced in contami-
nated soil are distributed in the local market of Addis Ababa city. Residents are
consuming the infected vegetables subsequently by purchasing from the local market
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and farmers also use the contaminated vegetables for their home consumption before
going to market.

Few studies have been conducted so far in Addis Ababa city particularly in Little
Akaki River to investigate the contamination levels of Little Akaki River irrigation
water with heavy metals [8-12] but it was still inadequately researched. Because the
heavy metal contamination and irrigation water pollution is a very dynamic problem
and become progressively increasing. The intensification of industrialization in the
Little Akaki River catchment aggravated the progression of river water contamination
with heavy metals and toxic pollutants over time. Thus, the dynamism of the problem
and the need for updated information about heavy metal contamination are the
triggering points for the initiative of this research work. Determination of the existing
heavy metals and selected ions is a relatively newer issue or insight to provide possible
suggestions. Therefore, this research has focused to investigate the concentration level
of heavy metals (Pb, Cd, Cr, and Cu), selected ions (Chloride, Na, Ca, and Mg), and
other physic-chemical parameters of the Little Akaki River and to evaluate the suit-
ability of the river water for irrigation uses.

2. Materials and methods

The area description, materials and methods, water sample collection and labora-
tory testing procedures, and method of data analysis are discussed in detail in this
chapter.

2.1 Description of the study area

This study was conducted in Addis Ababa city, particularly in the Little Akaki
River basin. The Little Akaki River basin is located in the western part of Addis Ababa
and the river flows starting from northwest upstream of the city about 40 km before it
reaches the downstream of the Aba Samuel reservoir which is indicated in Figure 1.

Little Akaki River is highly contaminated with industry effluents and other
different anthropogenic activities. According to the Addis Ababa city administration
industry development commission report, more than 667 different sized industries are
found in Addis Ababa city and the distributions of manufacturing industries are
relatively higher in the Little Akaki River catchment area than in other parts of the
city. Most of the streams/tributaries flow from the Northwestern side of the catch-
ment area meets Little Akaki River at Gullele area where different industries are
found. Gullele Soap and Marble factories, Awash Winery, National Alcohol and liquor
factory are found in Little Akaki River catchment around, Lideta and Mekanisa areas
[8]. He also explained that tributaries that come from the Northwestern direction also
receive wastes from abattoirs. These different industries release their effluents into
the river stream thereby adversely influencing the irrigation water quality.

2.2 Water samples collection and sample preparation

Three water samples were collected from three purposively selected sampling loca-
tions from the upstream, middle, and downstream of Little Akaki River on March 2021.
All three water samples are collected on a similar day of local time (at morning
4:00 am). The sampling points are selected by considering the different variation
factors along the river stream and collecting representative water samples. The collected
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Water sampling location map in little Akaki River.

river water samples were tested for the analysis of major heavy metals (Pb, Cd, Cr, and
Cu), selected ions (Chloride, Na, Ca, and Mg), and other physic-chemical quality
parameters of the irrigation water. Samples were collected with 500 mL plastic bottles
from the representative flowing river water of medium velocity or free from any
turbulence by dipping the bottles in the deeper mid-stream of the river flow to fill it to
overflowing. The current weather conditions during sample collection were cleared the
sky and sunny condition and the air temperature was ranges between 20 and 28°C.

2.3 Water sample laboratory testing procedures

Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) was used
to analyze the concentration level of heavy metals (Pb, Cd, Cr, Cu) and selected ions
(chloride, Na, Ca, and Mg). Temperature (T), EC, pH, and TDS were tested onsite
using handheld multiparameter testing equipment. After sample collection, the water
samples were acidified with 10 ml of concentrated nitric acid and preserved in the
refrigerator. The acidified water samples were digested to dissolve the organic matter
and then the digested wastewater samples were analyzed for concentration levels of
heavy metals (Pb, Cd, Cr, and Cu) and selected ions (chloride, Na, Ca, and Mg) by
ICP-OES with ES ISO 11885:2007 testing standard procedures. In ICP-OES the sam-
ples are exposed to a high energy source such as inductively coupled plasma (ICP) ata
temperature of 5000 to 10,000 K [13] and the elements emit light of a spectrum being
characteristics of each element. The emitted light is collected by a photomultiplier and
the intensity of emitted light is directly proportional to the concentration of elements
within a sample.
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Chemical oxygen demand (COD) was tested with American Public Health Associ-
ation (APHA) 5220-B open reflux testing methods. Chemical oxygen demand (COD)
is defined as the amount of a specified oxidant that reacts with the samples under
controlled conditions [14]. Organic and inorganic components of samples were sub-
ject to oxidation [15]. The dichromate ion (Cr,0,?) is the specified oxidant in 5220-B
testing methods. Wastewater samples were refluxed in a strongly acid solution for a
minimum of two hours with a known excess of potassium dichromate (K,Cr,05).
After digestion, the remaining un-reduced K,Cr,Oy is titrated with ferrous ammo-
nium sulfate (FAS) to determine the amount of K,Cr,0; consumed and the oxidized
matter is calculated in terms of oxygen equivalence. The very important apparatus
that has been used in COD testing was 150 ml Erlenmeyer flasks with ground-glass 24/
40 neck and jacket Liebig or equivalent condenser with 24/40 ground glass joint and a
hot plate having sufficient power to produce at least 1.4 W/cm” of heating surface or
equivalence.

COD was can be calculated by Eq. (1)

(A —B)+*M=%8000
mL sample

COD asmg O,/L = (1)

Where:

A = mL FAS used for blank (volume of blank titrant).

B = mL FAS used for sample (volume of sample titrant).

M = molarity of FAS (Molarity of titrant).

8000 = mill equivalent weight of oxygen * 1000 mL/L.

The alkalinity of the wastewater samples was tested with APHA 2320-B
titration methods. The alkalinity of water is explained by its acid-neutralizing
capacity [16]. Bicarbonate, carbonate and hydroxide ions are the primary
contributors to the alkalinity of water, other constituents such as borate, phosphates,
or silicates may also contribute to alkalinity [17]. The alkalinity of the wastewater
samples was determined from the volume of standard acid required to titrate a portion
to a designated pH value. It was titrated at room temperature with a properly cali-
brated pH meter or electrically operated titration. The most important apparatus used
for the alkalinity test were pH meter and electrode, magnetic stirrer, stir bar, Beaker,
titration vessel, Burette, standard sulfuric acid titrant, Pipets volumetric, flasks
volumetric.

Procedures: standardized sulfuric acid titrant solutions were prepared as
required. The clean burette was filled with the standard acid titrant. Samples
temperature is equilibrated with the room’s temperature and transferred
volumetrically enough samples to 100/150 mL beaker to provide the titrant good
volumetric precision. The stir bar is placed in the beaker and the beaker is placed on
the magnetic stirrer and inserts the pH electrode into the beaker. The sample pH is
measured and the initial burette reading was recorded when sample pH is measured
above 8.3. And standard acid titrant is added until the pH endpoint of 4.5 is reached.
The endpoint pH value of 4.5 is used for routine measurement of alkalinity in most
environmental water and wastewater samples. Then the final burette reading is
recorded.

Calculation and reporting of alkalinity were done by Eq. (2).

B+« N=+50000

Alkalinity as (Tay)mg/LCaCO3; = Wple(S)

()

157



Environmental Impact and Remediation of Heavy Metals

Where:

B = mL of sulfuric acid titrant used to reach end point pH.

N = normality of the standardized acid titrant.

S = mL of sample volume.

Finally, total alkalinity is reported as “total alkalinity to endpoint pH mg/L as
CaCO3”.

2.4 Data analyses

Data were analyzed by the statistical tools (SPSS software version 21) and
Microsoft excels software. The analysis results of water samples were presented in
descriptive texts, tables, and respective graphs for each heavy metal element and
other irrigation water quality parameters. The relationship of the variables or heavy
metals and other irrigation water quality parameters were tested with correlation
analysis. Variations of heavy metals and selected ions between water sampling loca-
tions along the river stream were tested with ANOVA. SAR was computed to test the
level of existing sodium hazard in the Little Akaki River for irrigation uses.

3. Result and discussion
3.1 Descriptive statistics of the irrigation water quality parameters

The descriptive statistics illustrated the analysis result of heavy metals, selected
toxic ions, and other physic-chemical parameters of Little Akaki River irrigation water
(Table 1).

3.2 Levels of heavy metals in little Akaki River water

As presented in Table 2, the concentration levels of heavy metals (Pb and Cd)
were ranged between (2.5-3.9 mg/L) and (0.03-0.4 mg/L) respectively. But Cr and
Cu were found below the detectible concentration limits of the laboratory instrument
(ICP-OES) in all three sampling locations along Little Akaki River. The detectible
concentration limits of ICP-OES for both heavy metals (Cr and Cu) are 0.005 mg/L
[18]. The result has revealed that the contamination level of the river water with
Chromium and Copper was very low. Woldetsadik et al. has reported Cr (0.02-
0.029 mg/L) and Cu (0.028-0.039 mg/L) around Lekuanda and Mekanisa respec-
tively and (Aschale, 2015) also reported Cr (0.0074 mg/L) and Cu (0.0056 mg/L)

COD Chloride Alkalinity Pb Cd pH TDS ECw Ca Na Mg SAR

Max 295.6 394 400 39 04 842 1036 1584 2446 879 525 425

Min 168.9 284 366.2 25 0.03 78 198 288  16.27 66.32 495 3.68

Mean 25237 334.67 382.4 323 0.16 8.01 519.3 791 2154 7852 511 394

Range 126.7 110 33.8 1.4 037 0.62 838 1296 819 2158 0.3 0.57
S.D. 72.3 55.51 16.943 0.70 0.21 0.35 451.86 694.97 4.57 11.06 0.15 0.29
Table 1.

The descriptive statics.
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Sample ID Sampling location Pb Cd Cr Cu
01 Gelan 25 0.03 <0.005 <0.005
02 Gofa 3.9 0.04 <0.005 <0.005
03 Lekuanda 33 0.4 <0.005 <0.005
MRL (mg/L) 5 0.01 0.1 0.2
Table 2.

Concentration of heavy metals in (mg/L).

around Kera [9]. This shows that previous studies also confirmed that the level of
chromium and copper in the Little Akaki River was very low this is because the
possible reasons are it could be the presence of hydrological process of the river water.
In the natural aquatic environments or surface water, chromium does not persist for
long in the dissolved states and is precipitated as a suspension in the river water and
the soluble species of chromium are readily adsorbed by Phyto and zooplankton.

* RML-Recommended maximum limit for irrigation water set by FAO (Ayers and
Westcot 1985)

* <0.005 represents the detectible limit of Cr & Cu. These two heavy metals were
found below the detectible limits in all of the three sampling locations.

Cadmium ion found in the ranges between (0.03 and 0.4 mg/L) with an average
value of 0.1566 mg/L (Figure 2). The study shows that cadmium was found extremely
higher than the maximum recommended permissible limit of FAO (0.01 mg/L)
guidelines for irrigation uses in the catchment irrigated areas.

In addition, the concentration of cadmium was very higher upstream around
lekuanda (0.4 mg/L) and it has decreased downstream of the river around Gelan
(Figure 3). This is because the possible reason is that the concentration of cadmium in
the upper catchment is influenced by naturally occurring sources like weathering of
parent materials, sources of soils, and rocks than the anthropogenic effects. Cadmium
is also governed by the types and extent of land use in the catchment areas. However,
cadmium is decreasing downstream of the river. This is due to the presence of

0.407]

z,

Value Cadmaum m mg/L
=
1,

010+

0.00—
Gelan Gofa Lekuanda FAO MPL mmg/L

Figure 2.
Concentration levels of cadmium ions between the sampling points across little Akaki River streams.
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Figure 3.
Concentration level of sodium ion in mg/L between sampling locations of little Akaki River stream.

complex physic-chemical interaction and hydrological processes of the river water.
The river flow rate also can determine the concentration of heavy metals, in a lower
rate of river flow intensity, heavy metals become deposited at the bottom of the rivers
and can be adsorbed with different suspended particulate matter that could be depos-
ited in the bottom of the river flow while the heavy metals are transported in the long-
distance along with the river flow. The other point is Cadmium concentration is highly
influenced by the pH and other physic-chemical parameters of the river water. Because
heavy metals like Cadmium are strongly adsorbent with the organic and inorganic
matter in alkaline conditions. So, the analysis result also supported this assumption that
pH, selected ions (chloride, Na, Ca, and Mg), TDS, and ECw are higher downstream of
the river and they can influence the dissolution rate of cadmium downstream.
Woldetsadik et al. has reported a similar trend of Cadmium concentration along the
river streams that cadmium was higher in Kera (0.00282 mg/L) and Lafto (0.00148)
but the very lower value of cadmium in Akaki (0.00033 mg/L) and it was also
extremely lower than the current study result (0.03-0.4 mg/L) which indicated that
the problem of cadmium concentration is progressively increasing in Little Akaki River
water [9].

Lead (Pb) was also found in ranges between (2.5-3.9 mg/L) with an average value
of (3.23 mg/L). The concentration level of lead was higher (3.9 mg/L) in the middle
catchment around Gofa followed by the upper catchment in the lekuanda sampling
location and it was lower downstream of the river (Figure 4).

This is because in the middle catchment the anthropogenic activities such as indus-
tries and other commercial activities are higher and lead is accumulated in the river
water through various sources such as industrial emission; burning of lead-containing
gasoline etc. the concentration of leads has been reduced to the down catchment it is
because of different hydrological process and interaction of other physicochemical
properties in the river water. The low-intensity water flow downstream can reduce its
carrying energy causing lead has to be adsorbed on suspended particles and become
deposited in the bottom of the river and river banks. The downstream river water is
also diluted with different small tributaries which are joining to the main river stream
at the down catchment. Factors such as pH, Alkalinity of water, TDS, and ECw affect
the concentration of leads in the down catchment. In the downstream, the pH is
relatively higher and has a slightly alkaline nature than the upper catchment. So, this
slightly alkaline water content tends to the heavy metal ions converted to poorly
soluble forms and to adsorb on the suspended matter in the river water. And heavy
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Value Lead in (ng/L)

Gelan Gofa Lekuanda FAO MRL mmg/L

Figure 4.
Concentration levels of Lead ions between the sampling points across the little Akaki River streams.

metals like leads have strongly adsorbent properties and can be retained at river banks,
aquatic vegetation, hydro-engineering structures, suspended particles, and other solid
bodies in the river water. pH above 7 in irrigation water sources inactivate the heavy
metals and reduce their mobility and availability to crops (Office, F A O Regional and
Cairo, 2003). However, under acidic conditions (pH < 7) heavy metals could be a
problem. The correlation analysis (Table 3) also supported these assumptions because
Pb is perfectly (100%) correlated with Alkalinity and has a negative association.
Woldetsadik et al. have reported a similar trend along the river stream that the level of
lead was higher in Lafto (0.0369 mg/L) and kera (0.0477 mg/L) whereas the value was
lower in 0.0168 mg/L) in Akaki [9]. The result of previous studies has revealed similar
concentration trends along the catchment of the Little Akaki River and their result was
extremely lower than the current study result. This shows that the concentration of
heavy metals especially Pb and Cd are progressively increasing in Little Akaki River
irrigation water. And the current study shows that the existing concentration level of
lead somehow seems to be hazardous for irrigation agriculture to produce vegetables
because the value was found nearly lower than the maximum recommendation limits
of FAO (5 mg/L) guidelines for irrigation water. So, however, currently, it was found
below the permissible limits of FAO for irrigation water, the possible hazardous
condition should not be overlooked because it is persistent and highly toxicant heavy
metals to plants and human health even at lower concentrations.

3.3 Heavy metals variations between sampling locations

Variation of heavy metals concentration levels between the three water sampling
locations along Little Akaki River streams were tested with ANOVA and the result is
illustrated in Table 4.

The research Hypothesis was that Ha: the concentration of heavy metals has a
significant concentration variation between the sampling locations at 0.05. According
to the ANOVA test, the alternative hypothesis is rejected because the F calculated
value (1.079) is less than the F tabulated value (5.14325). So, it is confirmed that there
is no statistically significant concentration variation of heavy metals (Pb and Cd) at
0.05 and 0.01 between the sampling locations along the river stream.
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COD Alkalinity Pb Cd pH TDS ECw
COD  P. Correlation 1
Sig.
Pb P. correlation 0.895 —1.000** 1
Sig. 0.294 0.007
Cd P. Correlation 0.538 —0.095 0.106 1
Sig. 0.638 0.939 0.933
pH P. Correlation —1.000** 0.887 —0.892 —0.544 1
Sig. 0.005 0.306 0.299 0.633
TDS P. Correlation —0.993 0.83 —0.836 —0.634 0.994 1
Sig. 0.076 0.377 0.37 0.563 0.071
EC,, P. Correlation —0.991 0.822 —0.828 —0.645 0.992 1.000** 1
Sig. 0.085 0.386 0.379 0.554 0.08 0.009
Ca P. Correlation —0.463 0.008 —0.019 —0.996 0.469 0.565 0.576
Sig. 0.694 0.995 0.988 0.056 0.689 0.618 0.609
Na P. —0.748 0.364 —0.374 —0.962 0.753 0.822 0.83
Sig. 0.462 0.763 0.756 0.177 0.457 0.386 0.377
Mg P. Correlation —0.128 —0.338 0.328 -0.905 0.135 0.245 0.258
Sig. 0.918 0.781 0.787 0.28 0.914 0.843 0.834
SAR P. Correlation —0.945 0.693 -0.701 —0.784 0.948 0.977 0.98
Sig. 0.212 0.513 0.506 0.427 0.207 0.136 0.127

*Correlation is significant at the 0.05 level (2-tailed).
**Correlation is significant at the 0.01 level (2-tailed).

Table 3.
Correlation coefficient.

Source of Variation SS df MS F P-value F crit
Sampling location 0.285 2 0.142 1.079 0.39777 5.14325
Heavy metals 22.767 3 7.589 57.567 8.1750E-05 4.75706
Error 0.791 6 0.132
Total 23.843 11

Table 4.

The analysis of variation (ANOVA) for heavy metals.

3.4 Selected ions of water sample

The concentration levels of selected ions such as chloride, calcium, Sodium, and
Magnesium were presented in Table 5.

The concentration of chloride was varying between 284 to 394 mg/L with an
average value of 334.66 mg/L in Little Akaki River irrigation water. The result
revealed that the value of chloride was surpassed the maximum permissible limit
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Sample ID Sample location Chloride Ca Na Mg SAR
01 Gelan 326 23.88 87.90 5.13 4.25
02 Gofa 394 24.46 81.34 5.25 3.88
03 Lekuanda 284 16.27 66.32 4.95 3.68
MRL (FAO in (mg/l) 350 69 6
Table 5.

Selected ions in little Akaki River water (mg/L).

Value Chlende in mg/L

Lekuanda FAQO MEL m mg/L

Figure 5.
Levels of chloride concentrations between sampling points across the downstream of Little Akaki River.

of FAO for irrigation water (350 mg/L) in the middle catchment (Figure 5).

The Excess amount of chloride in the middle catchment is due to domestic and
industrial wastes have been discharged into the river streams. Chloride is

originating from natural resources, sewage, and industrial effluents, excessive
chloride concentrations increase rates of corrosion of metals in the irrigation structure
system, The excessive chloride ions in irrigation water have great impacts on the
accumulation of chloride ions in soil solution through long time irrigation uses and can
affect the vegetable production since excessive chloride in soil solution is very toxic to
plants.

3.5 SAR and Sodium hazard

The computed SAR value of the water samples ranged between 3.68 to 4.25 and it
is found below the Maximum limits of FAO (6) for irrigation water (Figure 6). SAR of
the irrigation water has explained the impact of sodium in the destruction of soil
structure and water infiltration problems through the application of contaminated
irrigation water for long periods. The computed value of the Na/Ca ratio from
(Table 6) was 3.64. In this regard, however, the computed SAR value is lower than
the maximum limit of FAO, sodium ions can cause toxicities to sodium-sensitive crops
at a lower SAR value in sodium-dominated irrigation water (ratio of Na/Ca > 3:1). Ata
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Value SAR

Lekuanda FAO MEL in mg/L.

Figure 6.
Computed SAR between sampling locations across Little Akaki River stream.

Sample ID Sample location COD Alkalinity PH TDS EC,, (uS/cm)
01 Gelan 168.9 400 8.42 1036 1584
02 Gofa 292.6 366.2 7.82 324 501
03 Lekuanda 295.6 381 7.80 198 288
MRL (FAO) (mg/l) 6.5-8.4  1400-2000 2000-3000
Table 6.

Physic-chemical characteristics of Little Akaki River water (mg/L).

given SAR value, the potential effect of sodium toxicity and soil water infiltration
problems increases in sodium-dominated irrigation water (Na/ca >3:1).

Sodium-ion concentration was found in ranges between 66.32 and 87.9 mg/L
with an average of 78.52 mg/L which is surpassed the maximum limit of FAO
(69 mg/L) in the middle and downstream of the river for irrigation and the
concentration is increasing to the downstream of the river (Figure 3). Sodium-ion
concentration is told us the extent of its toxicity for plants. Therefore, according to the
analysis result, sodium ion concentration is reached at the middle to slight restriction
level for vegetable production in the study area because it has a significant toxicity
effect on plants at higher concentration levels. The concentration of Sodium ions in
the aquatic system is mainly derived from atmospheric deposition and silicate
weathering [19].

3.6 Variation of selected ions between sampling locations

Variation of selected ions (Chloride, Sodium, Calcium, and Magnesium) concen-
tration levels between the three sampling locations along the river streams were tested
with ANOVA and the result is illustrated in Table 7.

The research Hypothesis was that Ha: the selected ions have a significant
concentration variation between the sampling locations at 0.05. According to the
ANOVA test, the alternative hypothesis is rejected because the F calculated value
(1.538) is less than the F tabulated value (4.45897). So, it is confirmed that there is
no statistically significant concentration variation of selected ions (Chloride, Na, Ca,
and Mg) at 0.05 and 0.01 between the sampling locations along the Little Akaki
River stream.
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Source of variation SS df MS F P-value F crit
Sample location 1791.28 2 895.642 1.538194 0.272124 4.45897
selected ions 237858.70 4 59464.68 102.1259 6.7E-07 3.837853
Error 4658.14 8 582.2684
Total 244308.20 14

Table 7.

Analysis of variation (ANOVA) test for selected ions.

3.7 The physic-chemical characteristics of Little Akaki River water

As indicated in Table 6, COD has been decreased downstream of the rivers from
295.6 mg/L at Lekuanda to 168.9 mg/L at Gelan. Whereas, the other parameters such
as Alkalinity, pH, TDS, and EC were increased across the downstream (Table 3). This
is because the COD content was diluted and attenuated across the path of the river
course from upstream to downstream. The physical and chemical properties of the
river water are characterized by several interdependent interactions and their rela-
tionships are extremely complex. The hydrological process is also the most determi-
nant factor that influence the concentration of the physic-chemical parameters of the
river water.

The pH value of water samples ranged between7.8 to 8.4 and it has a mean value of
8.01. The value of pH also increases downstream of the river this is because the
alkalinity and ECw of river water also increase downstream of the river and have a
significant contribution to raising the pH of the river water downstream because they
have a positive correlation. Hence the result indicated that Little Akaki River irriga-
tion water is slightly alkaline and it lies in the acceptable ranges of FAO guidelines
(6.5-8.4). pH is the most determinant factor for the quality of irrigation water and it
can greatly influence the toxicity of heavy metals and other impairing selected ions.
Alkaline irrigation water prohibits the solubility and bioavailability of heavy metals.

Electrical conductivity (EC,,) of the river water was varied between (288-1584 pS/cm)
with an average of 791 pS/cm and the value was increased to the downstream of the river
from 288 to 1584 ps/cm and it is found below the permissible limits of FAO (3000 pS/cm)
for irrigation uses (Figure 7).

3000

2500

g

1500

Value ECw in (uS/fem)

1000

500

Gelan Gofa Lekuanda FAO MEL in mg/L

Figure 7.
Level of ECw in (uS/cm) between sampling locations across the Little Akaki River streams.
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Figure 8.
Levels of TDS in mg/L between sampling locations acvoss Little Akaki River streams.

The total dissolved solids (TDS) of water samples were varied between 198 and
1036 ppm with an average of 519 mg/L and it has a higher value in the downstream
(1036 mg/L) and the concentration is decreased to the upstream of the river
(Figure 8). TDS is found below the maximum recommended limit of FAO
(1400-2000 mg/L) for irrigation water. But relatively the higher value is obtained
downstream of the river and it indicated the presence of a higher amount of basic or
alkaline compounds like bicarbonates, sulfates, chlorides, etc. In general, according to
the result in (Figures 7 and 8), the value of EC and TDS illustrated that salinity is not a
serious problem in the existing condition in Little Akaki River irrigation water.

3.8 The variation of physic-chemical parameters

Variation of physic-chemical parameters (COD, Alkalinity, pH, TDS, and EC,,)
between the sampling locations along the river streams were tested with ANOVA and
the result is illustrated in Table 8.

The research Hypothesis was that Ha: the physic-chemical parameters have a
significant concentration variation between the sampling locations at 0.05. According
to the ANOVA test, the alternative hypothesis is rejected because the F calculated
value (2.085346) is less than the F tabulated value (4.45897). So, it is confirmed that
there are no statistically significant variations in the physic-chemical parameters
(COD, Alkalinity, pH, TDS, and ECw) at 0.05 and 0.01 between the sampling loca-
tions along the Little Akaki River stream.

Source of Variation Ss Df MS F P-value F crit
Sample location 474733.3 2 237366.6 2.09 0.18668 4.45897
Physic-chemical parameters 1,027,322 4 256830.5 2.25 0.152122 3.837853
Error 910608.30 8 113,826
Total 2,412,664 14

Table 8.

Analysis of variation (ANOVA) for physic-chemical parameters.
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Figure 9.
Correlations between TDS and ECw.

3.9 Correlation of heavy metals and other physic-chemical parameters

The correlation analysis is conducted to show the relationship and interaction of
heavy metals and other physic-chemical properties of the river water. The interaction
between the heavy metals and other properties are the major factor for their concen-
tration variations in the river water. Therefore, the correlation result is presented in
Table 3.

The concentration of heavy metals and other selected ions were correlated with
some physic-chemical interactions and different hydrological processes of the river
water. The scatter plot analysis also depicted that ECw and TDS have positive associ-
ations and are strongly correlated with each other (Figure 9).

TDS concentration describes the presence of inorganic salts and organic matter in
the irrigation water and EC is the measure of irrigation water capacity to conduct
electric current. Both EC and TDS are very determinant irrigation water quality
parameters, which are used to describe the salinity level of the irrigation water [20].
These two parameters are correlated and usually expressed by a simple equation: TDS
(mg/L) = K*EC (pS/cm in 25°C. The value of k will increase along with the increase of
ions in water. However, the relationship between conductivity and TDS is not always
directly linear; it depends on the activity of specific dissolved ions in the liquids and
ionic strength [21].

Accordingly, the TDS/ECw ratio of the water samples in the Little Akaki River
was = 519/791 = 0.656 or it can be written as equation TDS = 0.656*EC. This indicates
that the correlation of both parameters is strongly influenced by the EC values. Unlike
freshwater, the correlation between TDS and EC in wastewater cannot be described
well because the water is heavily influenced by many contaminants [21].

4. Conclusions

The study was aimed to determine the concentration levels of heavy metals (Pb,
Cd, Cr, and Cu) and selected ions (chloride, Calcium, Sodium, and Magnesium) of
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Little Akaki River irrigation water and to test the concentration variation of heavy
metals and selected ions between the sampling locations along the river stream. To
this end, the study was brought out the following observations and conclusions. The
concentration level of Cadmium (Cd) ranged between (0.03-0.4 mg/L) and it was
extremely higher than the permissible limits of FAO (0.01 mg/L) for irrigation water
and the values of Pb was also varying in (2.5-3.9 mg/L) and it was found in
approaching the maximum permissible limit of irrigation water set by FAO (5 mg/L).
Both heavy metals (Cd & Pb) have higher concentrations in the middle and upstream
than the downstream of the river and their concentration level reached the hazardous
condition for irrigation water in Little Akaki River water. The concentration level of
Pb and Cd were extremely higher than the previous study findings and this indicated
heavy metal contamination problem is progressively increasing in the river stream.
Whereas, heavy metals such as Cr and Cu were found below the detectible limits of
the laboratory equipment (ICP-OES). Selected ions such as chloride and sodium were
reached at the maximum permissible limits of FAO in the Little Akaki River and this
can inhibit the growth of vegetables in the irrigation sites of the study catchment area.
Other physic-chemical parameters (TDS, pH, and ECw) were found in optimum
conditions for irrigation water in all three-sampling locations. The other main point
that has been observed is a variation of heavy metals and selected ions between the
sampling locations were not statically significant at 0.5 and 0.1. In general, the most
important water quality parameters such as heavy metals (Pb and Cd), selected ions
like (chloride and sodium) were exceeded the maximum recommendation limits of
FAO guidelines for irrigation water in the Little Akaki River. Therefore, the study
revealed that irrigation water quality is reached at a great concern for vegetable
production and it could be a potential risk for human health through the food chain of
vegetable consumption.
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Chapter 9

Toxicants in Water: Hydrochemical
Appraisal of Toxic Metals
Concentration and Seasonal

Variation in Drinking Water
Quality in Oil and Gas Field Area
of Rivers State, Nigeria

Morufu Olalekan Raimi, Henry Olawale Sawyerr,
Ifeanyichukwu Clinton Ezekwe and Salako Gabriel

Abstract

Groundwater pollution is a major issue in many tropical countries. Governments
at all levels are doing little or nothing to supply inhabitants with clean and accessible
water, particularly in Nigeria’s Niger Delta region. This study compares differences
in water quality parameters in the study area (determine the level of pollutions in the
different sites). The investigation made use of standard analytical methodologies. All
sampling, conservation, transportation as well as analysis followed the usual APHA
procedures (2012). To prevent degradation of the organic substances, all obtained
samples were transferred to the laboratory, while keeping in an icebox. Result shows
that during wet season, the mean values obtained for water quality parameters were
significantly lower in site 9 compared with that obtained in other sites (p < 0.05) with
the exemptions of temperature, DO, BOD, COD, acidity, TH, TDS, K, Mg, Zn, Mn,
Cd, Pb, Cu, Cr, NH;, NO,, NO;, Ni though slightly lower in most cases in site 9 were
not significantly different (p > 0.05) and both alkalinity and SO, which were signifi-
cantly higher in site 9 than site 1 (p < 0.05). Result obtained during dry season reveals
that there is no remarkable difference in pH, acidity, Pb and Ni between the nine sites
(p > 0.05) while other water quality parameters were significantly lower in site 9 than
other sites excluding Cl and Mg which were both significantly higher in site 9 than site
8 (p < 0.05). Extra efforts must be made to completely understand the hydrogeochem-
ical properties and appropriateness of groundwater in Nigeria’s core Niger Delta region
in order to ensure quality groundwater supply for varied applications. As a result, this
research will contribute to the establishment of a quantitative understanding of the
effects of many causes on groundwater level changes in every aquifer worldwide. This
analysis also reinforces a useful resource for scholars, activists, and public officials
looking to improve community awareness, planning, and performance. The verdicts
will serve as a valuable guideline for policymakers, the Ministry of Water Resources,
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and development practitioners, as they highlight the need for appropriate approaches
to mitigating toxic elements of water resource contamination in the core Niger Delta in
order to protect public health from carcinogenic and non-carcinogenic risks.

Keywords: reproductive health, human health risk, toxicants, community awareness,
extractive industry, Core Niger Delta, Nigeria

1. Introduction

Approximately 80% of houses in Niger Delta rely on this domestic water supply.
Concern about safety of groundwater supplies have centered on pollution induced by
human activities, with natural contamination receiving less attention [1-4]. This is
linked to a lack of safe water, which exacerbates health issues and reduces productiv-
ity. According to the UNDP [5] only about a quarter (24%) of the indigenous people
and half of the urban population in the Niger Delta have access to safe drinking water.
This is consistent with the findings of a Bayelsa State Micro Credit Administration
Agency poverty baseline survey, which revealed that only a small percentage of the
indigenous populace has access to safe drinkable water [6]. However, several studies
(e.g., [6-11]) have shown and document (scientifically) that the increasing presence
of geogenic contaminants in the Niger Delta can have serious health effects as well as
wellbeing on the indigenous population, thus leading to both environmental and com-
munity concerns, resulting in the prohibition of oil and gas companies in some loca-
tions. Access to safe drinking-water is a key health as well as development concern at
the local, regional and national levels [6-11]. As groundwater becomes an important
source of freshwater for residential use in the Niger Delta and most Nigerian cities, it
is necessary to analyze its quality, particularly in terms of geogenic contaminants. This
is due to the fact that people rely on groundwater from shallow aquifers, putting a sig-
nificant number of people at risk of contamination. While, trace elements are among
the few compounds that have been shown to cause severe health concerns in humans
as aresult of excessive drinking-water exposure [6, 12-15]. The study aims to compare
water quality parameters in the study region (determine the level of pollutions in
the different sites) in the vicinity of “Gas Flaring Area of Ebocha-Obrikom of Rivers
State, Nigeria”. This research will provide valuable information and add to our under-
standing on the physico-chemical examination of drinking water associated with the
contamination of the ground waters by petroleum products. Hence, the study will
help in integrating the health needs of the populace into the state health scheme, in
recognition of the fact that health is required for national development. The study will
also bring to the awareness of the local people the type of water that is good for them
as drinking water according to recommended standards. It will provide a structural
framework for effective management of groundwater and provide an available refer-
ence source and base line data for researchers involved in water resources assessment.

2. Material and methods

2.1 The study area

Ebocha-Obrikom is located among latitude 5°20 N-5°27 N as well as longitude
6°40 E-6°4 6E (Figure 1). It includes the towns of Obor, Obie, Obrikom, Agip New
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Figure 1.
Map showing the study area with Nigeria and River State insert. Sources: Adapted from Olalekan et al. [14].

Base and Ebocha, all of which are positioned in Ogba/Egbema/Ndoni Area (Figure 1)
of Rivers State. The research study area is bordered to the North by the Nkissa River,
to the West by the Orashi River, to the East by the Sombrero River, and to the South by
Omoku town [1, 2].

2.2 Sample collection

The current research inquiry used a sample method similar to that used by Morufu
and Clinton [13], Raimi and Sabinus [12], and Olalekan et al. [14], in which sampling
was targeted in selected vulnerable quarters in a highly populated environment. These
areas are prone to pollution not just due to their physical location, but also due to the
existence of crude petroleum exploration and exploitation. Water samples were taken
from groundwater sources near the sampling location (see Table 1 below) and used
mostly for drinking and domestic purposes. Only groundwater from dug wells or shallow
pumping wells built specifically for residential use was sampled. The wells range in depth
from 10 to 28 meters, indicating that they are in a phreatic aquifer. Portable GPS devices
were used to record the sampling locations. Ground water sources in the neighborhood
of the depot were chosen at random but at varying distances from one another for the
purposes of this experiment. Furthermore, samples were manually collected from nine
(9) strategic locations in the study area for ground water (boreholes and wells) into
previously washed clean plastic sampling bottles after approximately 20 min of continu-
ous water flow to ensure adequate aquifer that can remain suitably represented.
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S/N Locations Altitude (m) Latitude Longitude
Site—1 (Borehole) (opposite [jeoma Quarters. 750 m 10 Lat Long
away from Agip Gas Flaring Center Ebocha) NO05°27'068" E006°41'480"
Site—2 (Borehole) (200 m opposite Agip Gas Flaring — Lat Long
Centre Ebocha and 50 m from Agip Waste Pit) N05°2728.7" E006°41'58.1"
Site—3 (Well) (The Apple Hotel 500 m from Waste Pit 16 Lat Long
and 150 m away from Mgbede Field Oil Well 7 N05°27'37.5" E006°42'05.3"
Ebocha)
Site—4 (Well) (1000 m away from the Agip Flare Stack 22 Lat Long
Ebocha) N05°26'51.5" E006°41'38.8”
Site—5 (Borehole) (Abacha Road Obrikom, 800 m away — Lat Long
from Agip Gas Plant) N05°23'48.6" E006°40'36.8"
Site—6 (Borehole) (Eagle Base Obor. 2500 m away from 28 Lat Long
Agip Gas Plant) N05°23'00.9” E006°41'074"
Sites—7 (Well) (Obor Road Obie. 2000 m away from 24 Lat Long E006°40’
Agip Gas Plant) N05°23'22.5" 49.1"
Sites—8 (Borehole) (Green River Plant Propagation 17 Lat Long
Centre Naoc 3000 m away from Agip Gas Plant) N05°24'18.9" E006°40'55.0”
Sites—9 (Control) (35,000 m from Ebocha) — Lat Long

N5°4'58.1412"  E6°39'30.4806"

Table1.
Geographical coovdinates of the nine (9) sampling sites (samples).

All samples were collected during the day, from 9:00 am to 4:00 pm. As a result
of flooding, insecurity as well as lockdown from COVID-19. Night samples were
not taken, and the sampling took place between the month of September 2019 and
August 2020.

2.3 Sampling, preservation and analysis

Water sampling, conservation, transportation, and analysis have all been carried
out in accordance with the standard methods specified in APHA [16]; Morufu and
Clinton [13]; Raimi and Sabinus [12]; Olalekan et al. [14]; Morufu et al. [2].

2.4 Ground water collection

Ground water samples were obtained in pre-rinsed 1litre plastic containers for
analyses of physico-chemical characteristics. Prior to storage, pre-rinsed ground
water samples for trace metal analyses remained obtained in 1litre containers with
nitric acid and treated with 2 ml nitric acid (assaying 100%, Fisher Scientific, Trace
Metal Grade). These steps were taken to keep the metals oxidation settings stable. For
Dissolved Oxygen (DO) and Biological Oxygen Demand (BOD) assays, groundwater
samples remained obtained in two groups of 250 ml glass-stoppered-reagent bottles
per sampling site. The BOD samples were carefully filled without air trapping and the
bottles were wrapped in black polythene bags. This was done to exclude the presence
of light in the samples, which was capable of creating DO by autotrophes (algae). The
BOD samples were cultured for 5 days before being added to 2 ml of each sample.
Winkler solutions I and II apply various dropping pipettes to each sample to slow
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Figure 2.
A schematic illustration of quantification methodology adopted for the current study.

down additional biological activity. To precipitate the floc that was at the bottom of
the bottles, the bottles were thoroughly shaken. Furthermore, Winkler solution I is

a manganese sulphate solution, whereas solution II is a mixture of sodium or potas-
sium iodide, sodium azide (sodium nitride), sodium or potassium hydroxide as well
as sodium hydroxide. The samples of DO were collected in transparent bottles with
tight-fitting stoppers. With dissolved oxygen samples kept on the spot using Winkler
I and II solutions identical to those used for BOD samples [16]. For simple identifica-
tion, all samples had remained carefully identified and kept at 4°C. On-site mea-
surements were taken to determine the unstable concentrations and sensitive water
quality indicators such as pH, electrical conductivity (EC), total dissolved solids
(TDS), alkalinity (Alka.) as well as temperature (Temp). As a result, Figure 2 depicts
the key methodologies for researching groundwater composition.

2.5 Quality assurance and quality control (QA/QC)

Furthermore, using high purity analytical reagents and solvents, all analytical
methods remained closely monitored using quality assurance and control methodolo-
gies. The instruments were calibrated using calibration standards. The analytical
technique validation included the use of triplicate analysis, procedure blanks and the
examination of certified reference materials (CRM). The limit of detection (LoD),
precision, reproducibility, repeatability and accuracy of each organic pollutant from
the groundwater samples were determined.

3. Results and discussion

3.1 Compare differences in water quality parameters in the study area (determine
the level of pollutions in the different sites)

Trace elements exist in a variety of forms, including oxides, salts, organometallic

complexes, sulphides, and dissolved ions in groundwater and soil. Chemical processes
are driven by the partitioning of water, air as well as soil through particles adsorption
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or pH-dependent water dissolution [1-3, 6, 13, 17]. Thus, Tables 2 and 3 provide the
statistical analysis findings for the physicochemical parameters. The Ebocha-Obrikom
area of Rivers State is significant for irrigation, drinking, as well as industrial uses
[1-3, 6, 12-14]. Over the previous three decades it has been significantly altered by
population expansion and increased agricultural productivity. A detailed analysis of
groundwater geochemistry as well as associated estimation of community’s health
risk that are visible to the groundwater, remain yet to be carried out. A clear
understanding of the utmost significant aspects regulating the health risks is vital
toward taking effective management measures for the residents regarding drinking
water. Thirty-four (34) water quality parameters were analyzed during rainy and dry
season respectively. Eighteen (18) parameters such as temperature, pH, conductivity,
turbidity, DO, BOD, Acidity, TSS, Salinity, Fluoride, Aluminum, Potassium,
Magnesium, Iron, Zinc, Manganese, Cadmium and TPH were lowest at location nine
(9) during the rainy season. For dry season, twenty-two (22) parameters, which
include: turbidity, BOD, Acidity, TH, TDS, TSS, Salinity, Fluoride, Aluminum,
Potassium, Calcium, Iron, Zinc, Manganese, Cadmium, Copper, Chromium,
Sulphate, Ammonia, Phosphate, Nickel and TPH recorded minimum values below
limits of detection in sampling locations nine (9). Thus, the results showed a
significant disparity between the various sampling locations. As it is evident that
samples from location 1 to location 9 must remain adequately observed since, there
may be a remarkable increase in these heavy metal level in the future, which could
eventually cause health-related threats for indigenous residents. While, there is high
temperature variation in this region. Temperature was found to be highest with an
average value of (28.77-32.46)°C at location 4 and 2 during the rainy and dry seasons.
While it was lowest (26.01-29.00)°C at location 9 and 6 during the rainy and dry
season. The maximum permissible limit for temperature has not been stated but
ambient in nature. Groundwater temperature tend to be influenced more by dry
season than rainy season. Thus, Morufu and Clinton [13]; Raimi and Sabinus, [12]
and Olalekan et al. [14] indicated that temperature of groundwater in areas prone to
pollution and gas flaring typically is higher than that of the surrounding
environment, a study has shown. Unarguably, an increase in air temperature at a gas
flare site must have led to a rise in groundwater temperature. Hence, rising
temperature may adversely impact agriculture, thereby increasing the vulnerability of
marginalized agriculture-dependent rural populations. This is particularly true for
communities in Ogba/Egbema/Ndoni Local Government Area of Rivers State, which
is home to Agip’s Ebocha, Obrikom oil and gas facilities. The people of Ogba are
predominantly fishermen and farmers who rely on groundwater and small streams
for their water supply. Ogba is abundant in natural gas as well as is home to the
state-owned gas turbine facility. There are several large and functioning gas stacks in
the community. Water pH represents hydrogen ion concentration as well as is affected
by the interaction of several compounds dissolved in water. The pH range in which
aquatic creatures thrive varies [6, 14]. It is in itself poisonous at a certain level and can
influence the toxicity of heavy metals and cyanides. The pH of water is determined by
the carbonate cycle, which is composed of CO,, H,CO;, HCO;™ and CO;™. The pH has
no direct impact on human health but can change water taste as well as exhibit linked
to other water quality characteristics [1-3, 6, 14, 18]. The alkalinity remarkability lies
in its role for carbon dioxide chemistry, trace metal speciation and buffer capacity of
the groundwater. Hydrogen-ion-concentration (pH) is a master control measure in
the environment that demonstrates the chemical as well as biological features of
water. pH ranges from 5.82 to 7.98, depending on the environment, with values
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ranging from acidic to alkaline. The main variables affecting pH in any milieu are:
dissolved oxygen, water temperature, land runoff, decomposition of organic matter
and processes such as precipitation and oxidation reduction. The highest pH was
found in location 2, possibly due to more intensified human activity. The lowest was
detected in location 9, indicating that gas flaring at Ebocha-Obrikom area of Rivers
State affected groundwater acidity [1-3, 6, 12-14, 19]. Similarly, the analytical results
during the dry season discovered that pH ranged from 5.99 to 7.23, which was within
the WHO [20] acceptable pH range of 6.5-8.5 for drinking water, except at sampling
location 1, which had the highest pH value. Thus, water with a pH of 7 denotes
neutral water, and a value less than 7 denotes acidic water. Increasing pH values could
lead to increase in the rate of corrosion. In any of the groundwater tests, nonetheless,
no location was determined to remain beyond the maximum permissible limit. The
pH ground water variance in the Ebocha-Obrikom area was below the allowable range
and thus not dangerous for drinking [1-3, 6, 14]. Electric conductivity (EC) isa
measurement of an ion’s ability to carry electric current in a solution [1, 2, 14, 21]. The
higher the conductivity, the warmer the water. Oil, alcohol, phenol, as well as sugar
are organic compounds that do not transmit electrical current well. The EC is often
used to calculate the ionic concentration of groundwater, which fluctuates based on
the concentration, ions type and temperature of water. The most important test that
reveals the total concentration of soluble salts is the conductivity test, according to
Kanga et al., [22]. Thus, electrical conductivity (EC) diverges from (24.22-52.29)
(11.93-46.76) ps/cm, with an average of (31.83-26.81) ps/cm (Tables 2 and 3).
Electrical conductivity (EC) remains a measure of a material’s capacity toward
conducting an electric current, and suggests a wide range of salts existing in
groundwater. The percolation of agrochemicals and natural groundwater recharge
processes increase the EC value [1, 2, 14, 21, 23]. Hence, higher values for conductivity
at location 2&4 could be attributed to excessive accumulation of dissolved salts,
spilled oil through possible emission of flared gases or salinization of groundwater

(1, 2,12, 14, 21, 24]. The findings were supported by Ehirim and Nwankwo, [25];
Morufu and Clinton, [13]; Olalekan et al., [14] and Morufu et al., [2] which
established that electrical conductivity values of the ground water samples collected
from the studied location are observed to be low throughout the sampling locations,
as the variations in their mean concentrations at different distances. According to
Okafor and Opuene [26]; Morufu and Clinton, [13] and Olalekan et al., [14],
electrical conductivity reflects the degree of salinity; thus, it has a significant impact
on water taste as well as user approval. The American Public Health Association
(APHA) [16] and Morufu and Clinton [13] defines turbidity as “the optical quality of
water sample that causes light to remain dispersed rather than diffused”. The capacity
of light to flow through water is related to the suspended particles volume. The more
suspended particles there are in the water, the cloudier it becomes. An electronic
turbidity meter is used to measure turbidity. APHA recommends that the turbidity of
drinking water not exceed 5 NTUs. If turbidity is mostly caused by organic particles,
depletion of dissolved oxygen in the water may occur [1, 2, 7, 8, 13, 27-29]. As a result,
high turbidity levels may raise the risk of waterborne disease [1, 2, 6, 14, 21, 27-29].
Highest value of turbidity was noticed at location 7 (48.24-16.75) NTU during the
rainy and dry season. Groundwater turbidities remained below the typical maximum
tolerable limit of SNTU for drinking water at location 6 & 9 for rainy season and
location 5, 6, 8 & 9 for dry seasons. Despite this, location 8 (rainy season) and 1 & 2
(dry seasons) were close to the maximum permitted limit for drinking water. Thus,
turbidity levels were higher during rainy season than the dry season. Hence, the wet
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season has a greater influence on turbidity than the dry season. This could be due to
the research area’s consistent and large tendency to receiving massive volumes of
organic and inorganic material produced by gas flaring and oil spillage contaminating
ground water. Dissolved Oxygen studies in water continue to be important since it is
recognized as one of the most critical limiting elements for aquatic species’ survival.
It is an important metric in measuring pollution levels since sewage pollution is an
organic pollutant that affects fish and other aquatic life. Bacteria devour oxygen as
organic matter decomposes. As a result of this, an oxygen deficient milieu can emerge
in lakes and rivers. The highest value of Dissolved Oxygen (DO) in groundwater was
observed at location 3 (17.84-19.10) mg/I during both the rainy and dry seasons.
These conditions can eventually lead to fish kills, restricted growth, disturbance of
life cycles, migration to avoid unfavorable condition and mortality of benthic
animals’ creatures [1, 2, 6, 12-14, 21, 30, 31]. The BOD is the amount of oxygen
required by bacteria during the breakdown of organic materials. It contains the
oxygen required for the oxidation of numerous compounds found in water, such as
sulfides, ferrous iron, and ammonia [1, 2, 7, 8, 9, 32]. Meanwhile, research by
Chapman and Kimstach [32]; Morufu and Clinton, [13]; Raimi and Sabinus, [12];
Olalekan et al., [14] and Morufu et al., [2] discovered that DO concentration below

5 mg/1 have a deleterious impact on the survival of biological communities. This
measure represents the ability of microbial respiration to break down organic
material in water, which results in low DO and may be a cause of hypoxia [1, 2, 12-14].
Despite this, biological oxygen demand (BOD) reflects the amount of oxygen needed
by bacteria. It is used to determine any receiver environment pollution potential as
well as assimilation capacity. The present study for BOD had its highest value at
location 4 & 6 (5.48-6.09) mg/1 during rainy and dry seasons. The values were higher
during the dry season than during the rainy season. As a result, it is possible to
extrapolate those anthropogenic activities may affect greater BOD during the dry
season while supporting higher metabolic activity. Regardless of seasonal changes,
both seasons influenced BOD. This pattern could have been caused by gas flaring. The
chemical oxygen demand (COD) remain the amount of oxygen required to oxidize
organic compounds in waste water using a powerful oxidant and convert them to
carbon dioxide and water. The COD test is used to measure the pollution level in a
certain location. COD readings are always greater than BODs values because
numerous organic molecules can be chemically oxidized but not physiologically [1, 2, 21,
33, 34]. As aresult, the chemical oxygen demand (COD) is used to determine the level
of pollution in water. When the COD level in the water surpasses 25 mg/1, it indicates
that there is a larger concentration of contaminants. While, COD values were found to
be highest at location 4 (41.78-32.49) mg/I during rainy and dry season. This indicates
that organic pollution of water is more severe during rainy season than dry seasons.
COD is used to calculate the amount of oxygen required by organic and inorganic
substances. All reported values in this investigation were above the maximum
acceptable limit of 10 mg/1 for COD [1, 2, 21, 33, 34]. In unpolluted surface and
ground waters, the existence of dissolved carbon dioxide is commonly the dominant
acidifying agent. Apart from a palatability problem in very acidic waters, there is no
specific implication [1, 2, 35]. The water acidity affects its corrosiveness as well as its
speciation of other components. Thus, acidity values range from highest at location 3
(101.18-168.82) mg/1 for both rainy season and dry season (Tables 2 and 3). There is
currently no maximum value set for acidity according to WHO/SON/NAFDAC
standards of potability. Alkalinity is a measure of water’s ability toward neutralizing
acids as well as indicates its buffer capacity [6, 12-14, 21, 35]. Also, the existence of

186



Toxicants in Water: Hydrochemical Appraisal of Toxic Metals Concentration and Seasonal...
DOI: http://dx.doi.org/10.5772/intechopen.102656

bicarbonates generated in soil reactions via which water infiltrates contributes to the
alkalinity of the natural water body. The eutrophication effects on water are also
influenced by their pH. Thus, alkalinity was highest at location 4&8 (134.96-64.58)
during the rainy and dry season and lowest at location 3&5 (18.17-23.66). Water
hardness is a measure of water’s ability toward reacting with soap as well as
characterizes its ability toward binding soap to form scum or lather which is a reaction
that is chemically harmful toward the process of washing [1, 2, 6, 12-14, 21]. The high
rate might remain attributed toward constant discharge of acidic and chemicalized
substances through oil spillage and gas flaring which latter find their way into the
groundwater bodies and adjoining environment. Because calcium as well as
magnesium remain the only remarkable minerals that are known to induce hardness.
The sources of the metallic ions remain often found in sedimentary rocks, the most
prevalent of which remain limestone (CaCOs) as well as dolomite (CaMg(COs),)

[1, 2, 6, 12-14, 21]. The concentration of TH levels varied from 39.17 mg/1 to

44.02 mg/1 [both rainy and dry season]. More than half of the sample’s groundwater
in Ebocha-Obrikom area of Rivers State possess TH below 100 mg/1. Thus, total
hardness (TH) of the aquifers fluctuated on average from 39.17 mg/1 for rainy season
to 44.02 mg/1 for dry seasons, with the lowest confined groundwater (mean = 35.02 at
location 5) (35.78 at location 9), and highest confined groundwater

(mean = 42.22 mg/] at location 3) (51.66 at location 5). Groundwater hardness varied
from 198.5 to 409.5 mg/1, with a mean of 289.1 in the Upper Tigris River Basin,
Diyarbakir-Batman, Turkey, Koffi et al. [36] discovered that the increased
groundwater hardness was caused by carbonate sources. The research results
contradicted Disli [37] who had found that the TH level varied “from 198 to

400 mg/1” in this region, but were mostly caused by mineral dissolution like
carbonates and gypsum [1, 2, 6, 12-14, 21, 38, 39]. In the crystalline basement
complex rock of India, Adimalla et al. [40] obtained TH values ranging from 60 to
750 mg/1, with approximately 18% of the samples falling into the moderately hard
category, whereas Koffi et al. [36] recorded TH values ranging from 50.8 to 272 mg/1,
with 60.6% of samples falling into the moderately hard category. Despite this, the
maximum allowable level of TH for drinking purposes is 500 mg/1, with a suggested
limit of less than 100 mg/1 [20]. The groundwater in the Ebocha-Obrikom oil and gas
area was found to be 100% safe, with all samples falling within the maximum
permitted 500 mg/1 limit. Conversely, Ezekwe et al., [41] claims that subsurface
waters remain often tougher than surface waters. Total Dissolved Solids (TDS) refers
to the various minerals that remain existent in water in dissolved form and is a pointer
of water salinity as well as signifies dissolved salts in water [1, 2, 12-14, 42].
Consuming water of high TDS for an extended period of time can result in kidney
stones as well as promote gastrointestinal discomfort in consumers [1, 2, 6, 27]. TDS
levels above a certain threshold impair the palatability of water and promote
gastrointestinal discomfort in consumers. It is also, an important metric for
determining the appropriateness of irrigation as well as drinking water. WHO [20]
claims that groundwater taste with a TDS level of less than 600 mg/1 is regarded good
for aquatic lives and residential water supply protection? High (TDS) levels in
groundwater may cause unpleasant taste as well as gastrointestinal complications,
according to the World Health Organization (WHO) [1, 2, 12-14, 43]. High TDS maybe
derived from intensive or massive usage of agrochemical, dissolution of salts, ion
exchange, organic materials, and sediment dissolution, aquifer percolation and allied
substances emanating from oil related activities such as gas flaring. Thus, groundwater
contamination in this wise could be due to the continuous contamination of
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groundwater by industrial pollutants as suggested by Olalekan et al., [14] and
Olalekan et al., [6]. The total dissolved solids (TDS) show a very weak variability as
seen by their low standard deviation (SD). The overall hydro chemical groundwater
characteristics are regulated by major ions [1, 2, 12-14, 21, 44]. Hence, the
groundwater samples were desirable as well as allowed for purposes of drinking based
on the TDS categorization. WHO [20] recommends a concentration of 1500 mg/1 for
fisheries and aquatic life protection, and for household water supply? Because all
values remained below the tolerable limit, they remain safe for drinking on TDS basis
as supported by researches from Dami et al. [45]; Morufu and Clinton [13]; Raimi and
Sabinus [12] and Olalekan et al. [14]. The difference in TDS indicates a wide variation
in the geochemical processes. Concentrations of TDS in Ebocha-Obrikom area remain
below the optimal threshold in all locations, according to earlier research, Besides,
TDS concentrations remained sufficient in quality for drinking in all areas. According
to Adimalla and Qjan [46], about 95% of the total samples remained below ideal
drinking threshold. The mean values for total suspended solids (TSS), demonstrate
that the greatest value in groundwater was witnessed at location 1&8 (39.80-34.76)
mg/1 for rainy and dry seasons. The least value of (34.00-29.56) mg/1 at location 9 for
rainy or dry seasons respectively. All of the values noted in this investigation were
above the maximum allowable limit. Indicating that gas flaring and oil spillage
releases persistent non-combustible chemicals and less dense volatile chemicals into
the environment. All groundwater comprises salts solution; and documented salt
contents extend from less than 25 mg/1 in a quartzite spring to above 300,000 mg/l in
brines [1, 47]. Because of the larger exposure toward soluble elements in geologic
strata, groundwater often has a larger concentration of dissolved components than
surface water. Bicarbonate, which is typically the predominant groundwater anion, is
produced from the released of carbon dioxide in the soil by organic breakdown.
Salinity values range from highest at location 7 (25.71) mg/1 for rainy season to
location 3 (16.00) mg/1 (Tables 2 and 3). The maximum value is set at 600 mg/1
according to WHO/SON/NAFDAC standards of potability. All of the readings
obtained in this study were less than the maximum allowable limit of 600 mg/1 for
drinking water. Chloride can be present in a variety of chemical and non-chemical
components in the body. It is an essential component of the salt found in many foods
and used in cooking. Even in small children, too much chloride from salted meals can
raise blood pressure [1, 2, 12-14, 48, 49]. Excessive use of drinking water containing
sodium chloride at concentrations greater than 2.5 g/l linked to hypertension [1, 2, 14].
Thus, a number of studies alleged that Cl excess in groundwater is an indicator
pollution index and has a harmful influence on human health [1, 2, 12-14, 40, 50].
Though, chloride is also one of the prominent anions in Rivers State oil and gas
producing area of Ebocha-Obrokom, ranging from (28.33-32.16) (25.26-31.27) mg/1
for both rainy and dry season with a mean of (30.60-28.21) mg/I (Tables2 and 3). It
has been noted that while water with low chloride ions is not dangerous, but chloride
ions at large concentrations can kill floras when used for horticultural or agricultural
applications. It may also be to blame for the unpleasant taste of water consumed [51].
While samples at location (3 & 5) for rainy and dry season were high in the Ebocha-
Obrikom region. High levels of chloride may perhaps remain linked to domestic waste
effluents, septic tanks leakage, as well as chloride bearing rocks dissolution [1, 2, 6,
12-14, 21, 36, 52, 53]. In spite of the fact that no health dangers have been established,
residents of Ebocha-Obrikom areas remain hesitant toward drinking water due to
texture and taste issues. High CI” groundwater concentrations remain seen as a
symptom of pollution from a number of sources, and they impart a salty flavor to the
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water [1, 2, 12-14, 54]. Furthermore, chloride concentration in drinking water above
200 mg/]1 has been linked to heart disease, asthma and possibly cancer. It is usually
safe to drink water within the limits of 0.5-1.5 mg/1 according to the suggested
guidelines [1, 2, 6, 12-14, 20, 21, 55]. Fluoride becomes harmful to health at quantities
above/below this recommendation, and is denoted as a double-edged sword [6].
Water consumers remain prone to dental carries at lower concentration, while at
larger concentrations, it can induce skeletal fluorosis, debilitating fluorosis, dental
fluorosis, as well as kidney damage [1, 2, 12-14]. Fluorine remains the 13th most
prevalent element in the earth’s crust but it is essential to human life. Excess
consumption of fluoride has been associated to infertility, abortion, fertility, as well
as hypertension [56]. Water ingestion and skin absorption remain the primary sources
of trace elements intake in the milieu [1, 2, 12-14, 57, 58]. Heavy groundwater fluoride
concentrations are a pervasive problem around the globe; particularly in the global
south, where individuals remain disproportionately impacted by fluorosis due to high
reliance on groundwater. Excessive levels of fluoride in drinking water might result in
a decrease in total erythrocyte, hematocrit value and hemoglobin percentage, as well
as protein content. In trace amounts, fluoride is advantageous to the human health as
it can minimize dental caries risk even though encouraging strong bones formation

[1, 2, 59, 60]. Fluorine (F-) in groundwater in this study either falls below or within
the WHO/SON/NAFDAC limit. The lowest as well as highest values (0.00 and

0.85 mg/1) (0.00 and 1.02 mg/1) for rainy and dry season were observed in Ebocha-
Obrikom area of Rivers State. Aside from increased hydrodynamics during gas flaring
production, water mixing from diverse aquifers might also affect F— in location 4, 5,
6, 7, and 8 [both rainy and dry season]. Thus, chronic exposure toward fluoride raises
the risk of developing tooth decay, as well as other dental diseases [9]. Aluminum had
highest recorded value of (0.03) (0.02) mg/l at location 7 during the rainy and dry
season. However, its presence in other locations could be attributed to gas flaring and
this of course calls for serious concern. Sodium [Na*] is abundant in rocks and soils. It
is always present in natural water and is used medicinally as a laxative. In the Ebocha-
Obrikom oil and gas area of Nigeria, Na* varied from 14.33 mg/l in rainy season to
11.39 mg/1 during dry season. Still, the highest [Na*], 16.39 mg/l was observed in
location 7 of the unconfined groundwater, while the lowest mean [Na*], 12.22 mg/l,
was observed in location 3 of the unconfined groundwater. This suggests that the
region’s groundwater is affected by more complex factors. Overall, Na* had the
highest concentration in location 2, 4, 5, 6, 7 & 8. Na" ions in groundwater are largely
regulated by weathering and water-rock interactions. Excess of Na* also indirectly
indicates the process of ion exchange in water formation [61, 62]. In the Ebocha-
Obrikom oil and gas area, principal lithology is occupied by crystalline rocks.
Weathering of these rock forming minerals might likely be the chief source for
elevated Na* concentration. For potassium (K*), it usually exists at low concentrations
in groundwater because of weak mobility [63]. The highest [K*] (3.29 mg/]) was
observed in location 8 of the shallow confined groundwater. Mg* possesses the
highest SD value, indicating a very high spatial variability. Ca*", Mg**, and Na* range
between (50.31-59.98) (40.37-50.73) (129.26-146.67) (149.44-184.68), and (12.22—
16.39) (9.22-13.33) mg/l, respectively. As a result, He and Wu [64] reported that K" in
groundwater is one of the essential trace elements for human health. K* occurs
naturally in drinking water in amounts considerably below those deemed hazardous
to human health; it is the most vital nutrient for humans, and too much of it can cause
constipation [20]. However, high levels of K" in drinking water (beyond the
regulatory limit) might cause hypertension, high blood pressure, hyperkalemia, and,
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in the worst-case scenario, a heart attack. Ca®* is one of the dominant cations in the
Ebocha-Obrikom oil and gas area of Rivers State groundwater, ranging from (50.31-
59.98) (40.37-50.73) mg/l with a mean of (54.80-45.37) mg/l. There is some evidence
that the incidence of heart disease is reduced in areas served by public water supply
with a high degree of hardness, the primary constituent of which is calcium, so that
the presence of the element in a water supply is beneficial to health. While, calcium
and magnesium contribute to the formation and solidification of bones and teeth and
play a role in the decrease of neuromuscular excitability, myocardial system, heart,
and muscle contractility, intracellular information, transmission, and blood
contractility [1, 2, 46]. They also play a major role in the metabolism of almost all cells
of the body and interacts with many nutrients [1-3, 61]. However, inadequate, or
excess intake of either nutrient can result in adverse health consequences [9].
Magnesium (Mg**) concentration in groundwater in the Ebocha-Obrikom oil and gas
producing area of River State were between (129.26-146.67) and (149.44-184.68)
mg/1 throughout rainy and dry season. The main source of Mg** in groundwater was
magnesium containing minerals in the host rocks and also animal, domestic, and
industrial wastes [1, 2, 6, 14, 53, 65]. However, all groundwater samples collected
above the maximum allowable limit of 150 mg/1. Thus, the presence of exchangeable
Na' in the soil may explain the high concentration of Mg** in groundwater [61, 66].
Although values higher or equal to 100 mg/] are stored particularly in cold climates
[1, 2, 46, 67]. Low magnesium status has been implicated in hypertension, coronary
heart disease, type 2 diabetes mellitus and metabolic syndrome, endothelial
dysfunction, increased vascular reactions, elevated circulating levels of C-reactive
protein (a proinflammatory marker that is a risk factor for coronary heart disease)
and decreased insulin sensitivity [1, 2, 6, 14, 18, 67, 68]. The concentration of Fe
ranges from (1.21-5.16) (0.95-4.42) mg/1 both rainy and dry season, and four samples
in rainy seasons have the Fe concentration higher than the permissible limit for
drinking purpose. While, it is evident that trace metal can be toxic to human health if
they are consumed in excess and accumulated in human bodies [1, 2, 6, 12-14, 21, 69].
High concentrations of iron could result in hemochromatosis which is characterized
by tiredness, pains in the joints and abdomen [1, 2, 6, 12-14, 21, 70]. This condition is
caused by rapid dissolution of iron species in anoxic groundwater. It is well-known
that water-quality thresholds may be frequently breached for iron. While, the highest
value for zinc was observed at location 3 (0.77) mg/1 for rainy season and location 4
(1.01) mg/1 for dry season. It was noticed that the maximum permissible limit of
3.00 mg/1 for zinc was not exceeded by any of the locations. Zinc at these limit does
not pose serious health and environmental effects though significant values were
noticed at locations stated above between the seasons. Thus, zinc could be deposited
in those locations due to oil related activities, especially during dry season. Zinc
deficiency can cause nausea, lack of moisture, tiredness, pains in the abdomen,
coordination of the muscles, and kidney failure. It can also cause malabsorption,
Acrodermatitis enteropathica, liver damage, renal damage, sickle cell damage,
diabetes, malignancy, and other chronic diseases. People most at risk are the elderly,
children in rising nations, and individuals with renal deficiency. Signs of mild zinc
insufficiency are varied but generally due to unsatisfactory dietary consumption [1, 2,
6,7 8, 9,18, 21, 42]. Physiological consequences of eating a diet high in protein
contain depressed development, diarrhea, weakness and late sexual development,
alopecia, eye and skin abrasions, decreased appetite, changed perception, decreased
host protection possessions, defects in carbohydrate utilization, and reproductive
spermatogenesis [1, 2, 6, 12-14, 21]. Two (2) samples are not suitable for drinking
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(location 2&3-4&5) because of high Mn concentration in groundwater. Manganese is
an essential nutrient but neurotoxic at high levels and evidence suggests infants could
be uniquely vulnerable to its effects. Manganese exposure in drinking water has been
associated with neurodevelopmental outcomes that include reduced IQ or poorer
memory, hyperactivity, impulsivity and motor function in children [1, 2, 6, 12-14, 18,
21, 71-73]. Groundwater in Ebocha-Obrikom area of Rivers State contain widely
varying amounts of manganese. Water that exceeds the state’s reference dose (RfD) is
likely to cause harmful effects over a lifetime of exposure. This finding should be seen
as a wake-up call for many communities in the Niger Delta region to be aware of their
groundwater levels. Cadmium (Cd) are known to increase the risks of lung cancer and
renal carcinoma. The highest value for cadmium was observed at location 2, 7 & 8
(0.02) mg/1 during the rainy season and location 4 &7 (0.06) mg/] during the dry
season. All values recorded in this study area were above the maximum permissible
limit of 0.003 mg/] for WHO/SON/NAFDAC. Thus, Cadmium (Cd) is known to cause
damage to the kidney, bones in both young and old, also responsible for bronchitis,
anemia [1, 2, 6, 12-14, 21]. Lead is classified as a prevalent toxic metal and a major
environmental health hazard. Excessive lead causes problems in the synthesis of
hemoglobin, kidney disease, mental retardation, anemia and acute or chronic damage
to the nervous system. The primary cause of lead’s toxicity is its interference with a
variety of enzymes since it binds to sulfhydryl groups found in many enzymes. Lead
also interferes with the activity of an essential enzyme called delta-aminolevulinic
acid dehydrates, or ALAD and ferrochelatase which are important in the biosynthesis
of heme, the cofactor found in hemoglobin. Extreme level of lead absorption in the
human body can cause death or perpetual harm to the brain, central nervous system
and kidneys [1, 2, 6, 12-14, 21, 74]. During the wet season, the greatest value for lead
was found at location 7 (0.14) mg/1, whereas during the dry season, the highest value
was observed at location 3 (0.03) mg/l. All levels obtained in this research region were
either within or above the WHO/SON/NAFDAC maximum acceptable limit of

0.01 mg/l. Long-term lead exposure can be damaging to the circulatory and nervous
systems. Lead is found in the human body mostly through water and food. It can be
inhaled as lead particles in paints or as excess gases from leaded petroleum products.
It is originated in minor quantities in several water bodies and food, particularly fish,
which remain seriously focus to industrialized toxic waste. The capability of lead to
permit above the barrier blood and brain is mostly due to its capability to extra for
calcium ions. Major toxicity of lead causing the brain prefrontal hippocampus,
cerebellum and cerebral cortex can lead to a variability of neurological disorder, such
as brain injury, psychological delay and nerve injury [1, 2, 6, 12-14, 21, 41, 75].
Long-term exposure to copper can cause irritation of the nose, mouth and eyes and it
causes headaches, stomachaches, dizziness, vomiting and diarrhea. Intentionally high
uptakes of copper may cause liver and kidney damage even death [76-80]. Copper is a
ductile metal with very high thermal and electrical conductivity. The metal and its
alloys have been used for thousands of years. Copper had its highest of (0.05) mg/1 at
location 6 for rainy season and (2.81 mg/I at locations 4 during the dry season.
Contamination of drinking water by copper could be by directly polluting water
sources or through rusting of copper pipes and materials. High values of copper could
lead to the development of chronic anemia [1, 2, 6, 12-14, 21, 81]. One of the most
prevalent contaminants detected in industrial effluents is copper. Excessive copper
consumption causes gastrointestinal issues, kidney damage, anemia, and lung cancer.
Copper is deadly to humans in concentrations ranging from 4 to 400 mg/kg body
weight. Lower concentrations of copper ions might elicit food poisoning symptoms
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(headache, nausea, vomiting, diarrhea) [1, 2, 6, 12-14, 21]. The liver is the major
organ affected by copper poisoning in humans. Finally, copper intoxication produces
Wilson’s disease in humans. In this study, chromium had its highest of (1.29) mg/1 at
location 5 for rainy season and (2.81) mg/l at locations 4 throughout the dry season.
All values remained above the maximum permissible chromium level. Thus, inhaling
hexavalent chromium compounds on a regular basis raises lung cancer risk.
Chromium (VI) ingestion can potentially induce stomach and intestinal discomfort or
ulcers. Although, chromium does not pose any known serious environmental and
public health threat, its current concentration must be continuously monitored since
it may perhaps be attributable to gas flaring. While, chromium is a highly toxic
element due to its ability to penetrate cell membranes and at high exposure level can
cause liver damage. Levels more than 0.05 mg/1 of chromium (VI) in drinking water
can result in convulsions, diarrhea, abdominal pain, vomiting, indigestion, as well as
damage to liver and kidney. Chromium is essential for human nutrition and is
considered non-toxic [1, 2, 6, 12-14, 21, 82-86] Chromium exposure in the
environment involves compound mixtures identified to cause multi organ
poisonousness like allergy, asthma, kidney damage and, in severe cases, cancer of the
respiratory tract in humans [1, 2, 6, 14, 87]. Impatience as well as small intestine
ulceration and anemia are some of the most serious health problems reported in
humans after consuming chromium combinations. Despite the fact that evidence of
chromium carcinogenicity in humans and other living things appears to be difficult
to come by [1, 2, 6, 12-14, 21, 88]. The highest value of sulphate at location 4 & 2
could remain found in water body (Tables 2 and 3), indicating a significant sulphate
sensitivity toward changes in geochemical characteristics within the aquifer system.
High sulphate concentrations are widely recognized to be caused by minerals
dissolution that govern its water natural abundance or by land use. It may be said that
sulphate is particularly unstable in the atmosphere, where it is transformed into forms
ideal for its long-term presence in groundwater’s. Ammonia (NH;") values range from
highest at location 6 (2.80) mg/1 for rainy season to location 3 (4.39) mg/1 (Tables 2
and 3). The maximum value is set at 3.0 mg/l according to WHO/SON/NAFDAC
standards of potability. Nutrient salts (nitrite, nitrate and ammonia) are vital to the
metabolism and growth of aquatic life, and when their concentrations rise, the
biological balance shifts. Human activity has caused a significant increase in the
amount of nutrients and salts in aquatic ecosystems, causing an issue with water
quality. Extensive use of mineral fertilizers in some areas has resulted in atmospheric
pollution, greenhouse gas emissions and eutrophication of water [1, 2, 6, 12-14, 21,
76,78, 79, 89]. Nickel intake is determined by its physicochemical technique, with
water-soluble techniques (nitrate, sulphate, chloride) providing additional readily
consumed nickel. Thus, the values for nickel was higher at location 4 (1.00) mg/1 for
rainy season and location 3 (1.40) mg/1 for dry season respectively. The values were
higher than the WHO/SON/NAFDAC tolerable limits of 0.02 mg/1. The nickel values
differed remarkably. Even though nickel has been identified as a vital trace metal, it
could also be highly poisonous at higher doses. Hair loss, lung fibrosis, allergies of the
skin, eczema, and various degrees of kidney and heart poisoning have been associated
with humans exposed to high concentrations. Nickel also has the propensity of
replacing iron and zinc in the body, thus interfering in the normal biochemistry [1, 2,
41, 82, 90]. Exposure to highly polluted water is likely to cause a number of clinical
consequences in humans. Among these are skin allergies, respiratory cancer, lung
fibrosis, and iatrogenic nickel toxicity. It has been established that nickel exposure has
hematological implications in both animals and humans. Even if no reproductive
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repercussions have remained reported with humans’ exposure to nickel. Location 1, 2,
3, 4 & 6 have higher TPH concentrations, while location 5, 7 & 8 have lower TPH
concentration and in location 9 TPH was not detected for rainy season. The content of
TPH in groundwater, on the other hand indicated that locations 2, 3, 4, & 7 had
higher concentration above WHO/SON/NAFDAC standards. But location 9 did not
show any presence of T PH for dry season. The findings found that five (5) locations
in the rainy season and four (4) locations in the dry season did not fulfill the WHO/
SON/NAFDAC criteria. Accordingly, the result show that TPH concentrations in
drinking water remain much higher, signaling that water quality may have a
detrimental effect on fish survival, eggs and larvae production and ecosystem
development. Because of the high tidal velocities, the pollution is dispersed over a
large area. There is also concern about the lengthy period required for total
biodegradation of the heavier components, which contain extremely dangerous
aromatic compounds with low boiling points. The high TPH values in those sites are a
cautionary sign that everything is not well, since some water company and vendors
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causing them. Source: Adapted from Morufu et al. [1].
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use ground water for production as well as sell it in places nearby or as far away as
Yenagoa and Imo. Apart from its deadly effects, oil can induce death via producing
narcosis, which causes animals to get detached from substrate. Total recovery may
perhaps take close to 20 years. Oil coatings on the water surface in damaged areas
impede light transmission and thus photosynthetic primary production. As a result,
we must not forget that the general pollution effect on water bodies as well as
ecosystem is significantly more problematic to anticipate. Summarily, trace metals
cause respiratory irritation, kidney failure, neurological impairments,
immunosuppression, anemia, gastrointestinal as well as cancer of liver, skeletal
system abnormalities, liver inflammation, cardiovascular diseases following chronic
exposure. The main contaminants effects on human health (see Figure 3) is
represented thus:

4. Conclusion and recommendations

The Ebocha-Obrikom oil and gas producing area of River State, was chosen as the
study area in order to gain awareness into the hydrochemistry as well as perspective
of groundwater health. The aim of the research was to make available decision-useful
information that could assist in taken action to solve the urgent threats facing societ-
ies across the Niger Delta. Thus, the following highlights are offered after the broad
research findings:

* Development partners as well as local governments must be involved in the
artificial recharge schemes implementation as well as maintenance at the com-
munity level.

* The relevant stakeholders have an urgent task ahead in closing down open
wells in the Niger Delta region of Nigeria, for the sake of population likely to
be affected through them, since they live near gas flaring area and make use of
polluted groundwater, also because the indigenous population breath in toxins
released from gas flaring. Groundwater pollution growth is inevitable in the
Niger Delta, unless we act.

* This study found that groundwater contamination has a greater harmful impact
on indigenous residents’ life expectancy than COVID-19.

* Furthermore, open lines of communication among decision makers, academia,
and society remain essential to guarantee that decision makers and other stake-
holders have access to timely, science-based information on the possible hazards
caused via contaminants.

* Eventually, public and school kids should be educated on groundwater qual-
ity and its management at the community level through a series of seminars,
short videos, and other activities. Furthermore, seasonal groundwater quality
monitoring, as well as other necessary actions to prevent further groundwater
contamination, should continue.

* Appropriate management approaches, such as limiting human activities, imple-
menting water treatments, developing public awareness, and establishing a
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groundwater quality monitoring network, are recommended to improve ground-
water quality.

Human interference (indiscriminate disposal of drainage wastes and unregulated
use of agricultural pesticides) should be more effectively and rigidly monitored,
as it is the most important technique of preventing groundwater contamination.

It is strongly recommended that frequent monitoring and assessment of total
water resource availability be encouraged. Waste management, land use, and
agricultural practices that help to preserve the quality of water resources should
all be implemented. The water should be thoroughly boiled before consumption.

The first step in water pollution management is identifying and assessing risk at
potentially polluted sites. If pollution at an assumed location remains at levels
that may harm humans, evidence around that location should remain collected
and made public, and appropriate remediation or risk-minimization actions
should be taken, particularly if the location is utilized for water reservoir or
production of food designed for human consumption.

In light of the current global trend scenario of worsening groundwater pollution,
stronger political, business, as well as social commitment is required to identify
alternatives to the usage of extremely harmful pollutants as well as increased
research investment in prevention as well as cleanup.

Enhanced cooperation as well as partnership remain required to enable knowl-
edge availability, the exchange of successful experiences, as well as worldwide
access to safe and sustainable technologies, that leave no one behind.

Agip should immediately begin replacing all old pipes in the Ebocha-Obrikom
Oil Fields as soon as possible, and should collaborate with other agencies to
complete a comprehensive Joint Investigation Visit (JIV) report. Furthermore,
fair compensation should be provided to the impacted victims of Agip careless-
ness because their means of livelihood have been annihilated.
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Chapter 10

Effect of Mining on Heavy Metals
Toxicity and Health Risk in
Selected Rivers of Ghana

George Yaw Hadzi

Abstract

Heavy metal contamination of selected rivers in the mining areas of Ghana was
studied. In the study, 44 composite water samples were collected, digested, and
analyzed for selected metals using ICP-MS. The average concentrations (mg/L) of
heavy metals from the pristine sites ranged from 0.003 (As) to 0.929 (Fe), and the
mining sites ranged from 0.002 (Pb) to 20.355 (Fe). Generally, the metals were within
the WHO and USEPA acceptable limits except Al, Fe, As, Cr, and Mn. Hazard quo-
tients for ingestion (HQing) and dermal contact from pristine and mining sites ranged
from 0.838 (Cr) to 3.00 x 10~ * (Cu) and from 0.181 (As) to 2.40 x 10~° (Cu),
respectively. The carcinogenic risks (CRs) for ingestion were within standard limit
(107°to 10~ *). However, Arsenic showed high CRing above the acceptable limit
(1.83 x 10%). The CRs for dermal contact range from 4.22 x 10 %t0 1.44x 102 (Cr)
and from 7.34 x 10 ®t0 5.65x 10 (Pb). Carcinogenic risk values for As in the mining
areas raise carcinogenic concerns for the residents in the studied areas. PROMETHEE
and GAIA indicate major contribution of the metals from the mining. Multivariate
PCA and cluster analysis suggest anthropogenic activities as the major source of the
metal toxicity of the mine rivers.

Keywords: surface water, pristine, mining, heavy metal, contamination, toxicity,
health risk

1. Introduction

The issues of heavy metals contamination of local, regional, and global
environment emanate directly from natural sources and indirectly from anthropo-
genic activities such as mining, rapid industrialization, urbanization, improper waste
management, and other local and regional man-made activities [1].

Substantial quantities of heavy metals are released from different anthropogenic
sources into the atmosphere from where they are deposited in soils and aquatic
ecosystem through dry and wet deposition processes.

Anthropogenic inputs of heavy metals are currently getting higher and in some
areas exceeding natural inputs where human activities are predominant [2, 3]. The
metals accumulation and distribution in soil, water, and environment are increasing at
a faster rate causing deposition and sedimentation in water reservoirs and affecting
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aquatic organisms [4, 5]. High levels of Cd, Cu, Pb, and Fe can act as ecological toxins
in aquatic and terrestrial ecosystems [6].

Heavy metals are potentially harmful to humans and various ecological receptors
due to their toxicity, persistence, bio-accumulative characteristics, and their
nonbiodegradable nature. Toxic metals can cause different health problems
depending on the type of the metal concerned, its concentration, and oxidation state.
They are among the most toxic and persistent pollutants in freshwater systems [4, 5].
Certain heavy metals and metalloids are toxic and can cause adverse effects and
severe problems such as oxidative stress by formation of free radicals even at low
concentrations [7, 8].

Heavy metals contamination can result in several diseases and deformities; for
instance, in the 1950s, an advanced country such as Japan was devastated by heavy
metal poisoning known as the Fetal Minamata Disease, which resulted from contam-
ination of fishes by organic mercury. The situation led to severe nerve damage of
newborn babies from pregnant women [9].

In Iraq, babies walked at later age due to consumption of organic mercury con-
taminated grains by pregnant mothers. Similar incidence occurred in Faroe Islands
where school children scored lower grades on brain function test due to consumption
of mercury-contaminated whale meat by pregnant women [10].

A third world country such as Bangladesh in recent years has become vulnerable to
heavy metal contamination of groundwater [11] and heavy metals contamination of
drinking water sources by Cd, Pb, Cu, and Zn in Bolivia, Hong Kong, and Berlin
[12, 13].

Efforts were made in both research and monitoring to establish sources,
transport, and fate of these metals in the aquatic environment. However, studies
have shown that contamination artifacts have seriously compromised the reliability
of many past and current analyses and under certain circumstances, metal
concentrations have been measured 100 times the true concentrations [14]. These
errors are of great concern, since contaminant-free data are necessary to detect trends
and to identify factors that control the transport and fate of toxic metals in water
bodies.

Many mineral resources including gold represent significant material basis for
socioeconomic development, justifying the exploitation and utilization of mineral
resources essential to national development. Nonetheless, despite the importance of
mineral resources, mineral extraction with its associated release of heavy metals has
caused serious environmental damage in many developing and developed countries
[15, 16].

As gold mineral is being mined actively in many developing countries, there are
fears that the mining activity may be causing serious metal pollution to water
resources. Disused and closed mines with huge mine waste materials including tailings
were left from the extraction processes without adequate treatment, and as a result,
soils, plants, water bodies, and sediments in the vicinity of mines were contaminated
by potentially toxic metals from tailings through wind and Acid-Mine-Drainage
[17, 18]. Reports from earlier studies have shown that metal levels of surface and
groundwater exceeded World Health Organization (WHO)s acceptable limits for
drinking water around Tarkwa mining area [19]. Huge deposits of mine wastes as well
as ore stockpiles and waste rocks are usually seen in large piles around both large- and
small-scale mining areas. These deposits are gradually washed through weathering
and leaching into far and near water bodies, thereby releasing toxic substances into
water bodies [20].
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Metals associated with gold mines, including Cd, Cu, Pb, and Zn, may be dispersed
downstream due to the weathering process of tailings. Thus, the extent and degree of
heavy metal contamination around mines may vary depending on geochemical
characteristics and mineralization of tailings [21].

Mine tailings may result in the influx of metals and toxic chemicals into the
environment. Waste rocks are known to contain arsenic (As), mercury (Hg), cad-
mium (Cd), lead (Pb), and other toxic metals, which are extensively dispersed into
the environment [22]. According to the recent World Health Organization (WHO)
report on arsenic, it was recognized that at least 140 million people in 50 countries
have been drinking water containing arsenic at levels above the WHO provisional
guideline value of 10 pg/L [22, 23]. In the evaluation conclusions, arsenic and other
heavy metals exposure through drinking water is causally related to cancer in the
lungs, kidney, bladder, and skin. There is also an increased risk of skin cancer and
other skin lesions, such as hyperkeratosis and pigmentation changes. Ingestion of
inorganic arsenic may induce peripheral vascular disease, which leads to black foot
disease [24, 25].

It is therefore imperative to continually assess and monitor the concentration of
heavy metals in water bodies in the environment due to anthropogenic activities,
including gold mining, for evaluation of human exposure and for sustainable envi-
ronment [26, 27].

This study investigated the extent of contamination by heavy metals of selected
water bodies in the vicinity of gold mines and further compared the metal levels with
those from the pristine sites to assess the possibility of mining activities causing
toxicity (contamination) of the water bodies.

2. Materials and method
2.1 The study area

Samples were collected in eight regions of Ghana with the land cover ranging from
138 to 2950 km®. The rivers that were sampled in the mining areas are Nyam river,
Subri river, Birim river, and river Bonsa. The nature and the location of the rivers
demonstrate the presence of metal contamination due to mining activities. The rivers
from the pristine areas are Oda river, Bosomkese forest river, Ankasa river, Atewa
forest river, Kalakpa river, Kakum river, and Mole river. The pristine rivers were used
as background checks in order to assess the extent of metal contamination.

2.2 Sampling and sample collection

Water samples were collected from four selected rivers around the gold mining
areas and seven rivers from the pristine areas. Sample collection was undertaken from
January 2015 to January 2016. A total of 44 composite samples of water were collected
from both mining and pristine areas. The rivers were sampled 100 m apart at four
different points. 1.5 L plastic bottles that had been prewashed with detergent and 1:1
concentrated nitric acid/distilled water solution and eventually rinsed with only dis-
tilled water were used. The samples for metal analysis were acidified to a pH of 2 at
site using concentrated HNO; before they were transported to the Chemistry Depart-
ment laboratory of University of Cape Coast. The samples were kept in refrigerator at
a temperature of 4°C for further analysis [28].
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2.3 Digestion and analysis of water samples

Chemicals and reagents for analysis were acquired from the Central Analytical
Facility of Queensland University of Science and Technology. 70% Nitric acid (HNO3)
was further distilled twice in Analab Sub-Boiling Distillation system. Water for the
analysis was acquired from MilliQ water purification system (Millipore, Billerica, MA,
USA). Water samples were analyzed in triplicates to check the efficiency of the
analytical instrument. Centrifuge tubes were washed by rinsing three times in
ultrapure water. They were then soaked in 3% analytical grade HCI and left on a hot
plate for two days. The operating conditions for the instrument were the following
parameters: Cell Gas flow rates: 5 ml/min; Carrier Gas Flow: 1.05 1/min; KED Voltage:
5 V; ICP RF Power: 1550 W; Octopole bias (V): —18, Octopole RF (V); 190: Spray
Chamber t (C); 2: Sample depth (mm); 8.

The samples were digested by acidifying with 1 mL NHO;. They were later
centrifuged at 3500 rpm for 15 min. The samples were then filtered through 0.45 pm
pore size cellulose acetate filters.

They were then analyzed with Agilent 8800 Triple Quadrupole Inductively
Coupled Plasma Emission Spectrometer (ICP-QQQMS) in the Central Analytical
Research Facility (CARF) laboratory of Queensland University of Technology, Aus-
tralia. The same digestion procedure was applied to the Quality Control (QC) samples
and the blank. The analytes were acquired using He mode, and those elements that do
not suffer from polyatomic interferences were acquired in no gas mode.

Some physicochemical parameters such as pH, conductivity, and turbidity were
also determined. The pH was determined alongside the temperature using a pre-
calibrated JENWAY 3310 and JENWAY 3510 pH meter. Conductivity was measured
using a pre-calibrated PHYWE 13701.93 and WAGTECH 4510 conductivity meter.
The turbidity was measured with a Hachturbidimeter.

2.4 Recovery and reproducibility studies

Calibration solution was prepared by using Choice Analytical ICV-1 Solution and a
Standard Agilent Technologies Multi Element Reference Standard 2A. The Agilent
Standard was analyzed as unknown to monitor the accuracy of analytic process. The
percent recovery was computed to range from 99.5% to 103.8% with the relative
standard deviation ranging between 0.38 and 2.23. The recovery results indicate that the
error associated with the determination of concentrations of the metals was negligible.

2.5 Data and statistical analysis

IBM SPSS Statistics version 22 and the Excel Analysis ToolPak were used to analyze
the data from the study. Basic statistics such as mean and standard deviation were
computed along the multivariate statistics. Relationships associated with the variables
were tested using correlation analysis with statistical significance at p < 0.05. Hierar-
chical Cluster analysis (HCA) was also employed to provide a visual summary of the
clustering process unsupervised pattern recognition technique. Factor analysis (FA)
and principal component analysis (PCA) were computed to identify significant prin-
cipal components in the data. The PCA was carried out by the Promax normalized
rotation method for the results [29, 30]. PROMETHEE, a multicriteria outranking
method, was employed to rank objects on the basis of range of variables and GAIA to
add descriptive complement to the PROMETHEE rankings.
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2.6 Human health risk assessment

The risk estimation was based on the United States Environmental Protection
Agency (USEPA) risk assessment method for ingestion and dermal contact [29, 31].

The average daily dose (ADD) for the heavy metals (Eq. 1) was calculated using
the following modified equations from USEPA protocol 1989 and 2004.

Cx xIrxEf x Ed
Bwt x At x 365

ADDing = (1)

where Cx is the concentration of the metals in the drinking water (mg/L), Ir is the
ingestion rate per unit time (L/day), Ed is the exposure duration (years), Ef is the
exposure frequency (days/year), Bwt is the body weight of receptor (kg), and At is the
average lifetime (years), which is equal to the life expectancy of a resident Ghanaian. In
addition, ADDing is the quantity of heavy metals ingested per kilogram of body weight.

In this study, surface water ingestion is assumed to be the main pathway for risk
assessment because the rivers are potential sources of drinking water. However, dermal
contact is another important pathway, because residents sometimes swim in these rivers
and thus may come into contact with the toxic metals through body contact.

Average daily dose for dermal contact was calculated using the formula in Eq. 2 below:

Cx xSa x Pc x Et x Ef x Ed x Cf

ADDderm = Bwt x At x 365

2

where Sa is the total skin surface area (cm?), Cf is the volumetric conversion factor
for water (1 L/1000 cm?), Pc is the chemical-specific dermal permeability constant
(cm/h).

The hazard for the metals was estimated as the ratio of the calculated dose to the
reference dose (RfD) (mg/L/day) using Eq. 3 below:

ADD

The chronic daily intake (CDI) of the metal was calculated using the Eq. 4 below:

Dling
Bwt

CDI=C (4)
where C is the concentration of heavy metal in water, DI is the average daily intake
rate (2 L).
The carcinogenic risks (CRs) of the metals were calculated using Eq. 5 and 6 below

for ingestion and dermal contact, respectively. The carcinogenic risk acceptable by
USEPA ranges from 1x10° to 1x10*.

. ADDing
CRing = SFing (5)
CRderm = M (6)
SFing

where SF is the slope factor (mg/kg)/day. For As, Cd, and Cr, the slope factor
values are 1.5, 6.1 x 102 and 5.0 x 10° (mg/kg)/day, respectively.
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3. Results and discussion
3.1 Analysis of physical and chemical parameters

Even though people may not be affected directly by some of these parameters,
elevated levels can cause unfavorable conditions and discomfort. For instance,
drinking water with elevated pH will taste bitter [32]. Parameters such as
electrical conductivity, pH, turbidity, and temperature as shown in (Table 1)
were measured in this study. Water samples from the mining sites were acidic
with pH values of some of the sites recording as low as 3.51. The pH of the
pristine samples was, however, within the normal WHO’s range of 6.5-8.5. The
low pH values for mine samples might be responsible for the high metal levels
measured.

The electrical conductivity values measured for the water samples were below
the WHO normal range (400-600 pS/cm) [33]. The temperature values for the
samples were below the recommended WHO’s value of 29°C. Turbidity values
for the mine samples were higher than those measured for the pristine samples due to
activity of mining in those rivers. Other measured parameters such as salinity and
total dissolved solids were relatively low. Low turbidity of the pristine samples
indicates the absence of disease-causing organisms such as bacteria, viruses, and
parasites that cause symptoms such as nausea, cramps, diarrhea, and associated

headaches [34].

3.2 Concentration of heavy metals in water

The mean concentrations of the heavy metals obtained from ICP/MS instruments
were presented in the attached Table 2. The mean concentrations were compared
with the threshold/permissible values as shown in Table 3. The concentrations of Fe
and Al especially from the mining sites were higher than the permissible values [35].

Sites pH Cond. (pS/cm) Salinity Turbidity Temp. TDS
Range Range Range Range Range Range
AOBW  3.45-3.56 64.4-65.6 34.78-35.42 9-22 28.1-28.5 38.6-39.1
BAMW  5.34-5.86 2.98-3.19 1.64-1.72 3-21 28.6-28.9  6.06-6.35
EAMW 5.32-5.44 11.33-11.46 6.12-6.19 12-27 28.0-28.7 5.67-5.90
WTBW  5.10-5.41 9.54-10.05 5.15-5.41 5-15 28.3-28.6 2.70-2.71
EAW  6.20-6.09 4.46-4.89 2.41-2.64 1-6 28.0-28.2  1.96-1.99
WAW  6.14-6.41 0.52-0.54 0.28-0.29 0-4 28.6-28.9 0.31-0.32
BBW  6.38-6.48 1.65-1.66 0.89-0.90 3-9 27.4-279  0.98-0.99
AOD 6.24-6.33 2.11-2.19 1.14-1.18 5-7 28.2-28.4  1.64-1.66
VKPW  6.34-6.41 0.53-0.59 0.29-0.32 1-6 28.5-28.7 0.54-0.58
NM 6.06-6.99 0.66-0.73 0.36-0.39 2.-9 28.0-28.1  0.40-0.44
CK 6.55-6.77 0.41-0.47 0.22-0.25 0-1 28.0-28.3  0.70-0.76
Table 1.

Physical and chemical parameters for the water samples from the sites.
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Water Quality Guideline As Cr Cu Fe Mn Ni Pb Zn Co

Drinking Water Quality

EC(1998) 0.01  0.05 2 02 0.05 0.02 0.01 0.1 —

WHO (2004) 0.01 0.05 2 — 0.4 0.07 0.01 — —

USEPA (2009) 0.01 0.1 13 0.3  0.05 — 0.015 5 0.11

USEPA (2006) 0.34 — 0.013 1 — 0.47 — 0.12 —
Table 3.

Maximum permitted heavy metal concentrations (mg/L) for dvinking water quality and protection of freshwater
aquatic life.

Metal concentrations from this study were safe for aquatic life. Hg and Cd were below
detection limit. In general, higher concentrations of heavy metals were measured in
mine sample with maximum concentrations of 13.847, 20.355, 2.667, 0.088, 0.245,
0.111, 0.226, and 0.026 mg/1 for Al, Fe, Mn, Cr, Cu, Zn, As, and Pb, respectively. The
concentrations of most metals in the pristine samples were either below their permis-
sible limits or far below levels obtained from the mining sites, which suggests less
anthropogenic activity in the pristine sites. Distribution of Al, Fe, and Zn is the same
at the pristine and the mining sites. In assessing the heavy metal contaminations of the
various sites, the levels were compared with previous studies from the same sampling
sites and other natural rivers, and it was realized that the metal concentrations in this
study are lower [36, 37]. A study conducted by Hadzi et al., in 2015 on the same rivers
indicated a low metal input. However, similar low concentrations of Cd, Hg, As, Mn,
Cu, and Zn in river Samre in the Wassa Amenfi West District in the Western region
and Nangodi and Tinga drinking water sources in the Northern region of Ghana were
reported. In a separate study in 2013, Cobbina et al., found relatively low concentra-
tions of heavy metals in surface water and boreholes at Tinga in the Bole-Bamboi
District of Ghana. According to Bowen [38], freshwater contains 0.1, 3.0, 3.0, and

15 mg/1 of Cd, Cu, Pb, and Zn, respectively. However, the concentrations of metals
reported at the pristine sites of this study are far less than those reported in freshwater
bodies. Aladesanmi et al., in a similar study in Nigeria, 2014 [39], reported concen-
trations of Cd and As below detection limits and levels of Pb, Cr, Co, and Cu ranging
from 0.003 to 0.009 mg/L.

3.3 Statistical analysis of data

Possible correlations and variability checks were conducted on the metal
concentrations. The cluster analysis, as shown in Figure 1 (attached), indicates
two main groups of metals. Cluster 1 comprised V, Co, Cr, Ni, Pb, Cu, Zn, and As
with some association with Mn. Cluster 2 comprised Fe and Al with some association
with Mn. The measurement of metals such as Pb, Co, Zn, Cu, As, and Cr indicates
anthropogenic sources such as mining around the study sites. The PCA analysis
identified two components that were significant with eigenvalues greater than 1 and
were extracted accounting for total percent variance of 88.6% as shown in Table 4.
Component 1 accounted for 74.1% of the total variance, and Component 2, 14.5% of
the total variance. This association of the metals into components as shown in
Figure 2 was confirmed by the correlation results in which As and Mn correlated
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Figure 1.
A plot of concentration against sampling sites from ICP/MS results source: [12].
PCA1 PCA2
Co 0.99
Cu 0.98
\% 0.98
Al 0.97
Pb 0.97
Cr 0.96
Fe 0.95
Zn 0.85
Ni 0.77
As 0.87
Mn 0.77
Eigenvalues 8.151 1.59
% total Variance 74.10 14.50
% cumulative variance 74.10 88.60
Table 4.

Factor loading for select heavy metals in water from mining and pristine sites.

weakly with all metals except Mn and Fe (0.76) as shown in Table 5. Manganese and
As co-precipitate when Mn hydroxide and oxides in clay minerals act as
nucleation sites for adsorption of As [40]. There was strong correlation between Pb
and Cu, Co, V and Al. Lead was not detected in the pristine samples; therefore, the
metal occurrence in the mining samples may be due to anthropogenic activities of
mining.

Component 1, which explains majority of the total variance (74.1%), had strong
loadings on Fe, Al, Pb, V, Cu, Zn, Co, Ni, and Cr. The presence of metals such as Pb,
Cu, Co, Ni, Zn, and Cr suggests that mining might have contributed to metal
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Dendogram showing clustering of metals in rivers from pristine and mining sites.

Correlations
Al A% Cr Mn Fe Co Ni Cu Zn As Pb
Al 1
\% 921 1
Cr -.053  —-.074 1
Mn 244 429 —.063 1
Fe .740 .832 —.058 755 1
Co 943 .953 —.063 490  .847 1
Ni 498 .529 —.110 437 543 .558 1
Cu .965 936 —.055 259 709 957 510 1
Zn .553 418 —.041 .010 331 415 272 441 1
As -.042 —-.039 —-.050 348 .052 123 156 .073  —.088 1
Pb 967 .896 —.058 159 .658 929 446 984 440 .040 1

Table 5.

Correlation matrix of select heavy metals in water samples from pristine and mining sites, n = 44.

contamination of the rivers [41]. Component 2 had strong loading on As and moderate
loading on Mn suggesting that these two metals may be coming from different pollu-
tion sources. The ANOVA two-way computed indicates significant difference in metal
concentrations since the probability associated with the p-value (0.005) is less than

0.05 (F = 2.89, Ferit = 1.99). The p value (0.015) for the site study indicates significant
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ANOVA
Source of Variation SS df MS F P-value Fcrit
Rows 112.047 10 11.2047 2.372162 0.015297 1.937567
Columns 122.8127 9 13.64586 2.888984 2.888984 1.985595
Error 425.107 90 4.723411

Table 6.

Two-way ANOVA showing differences between sites and metals.

differences in site concentrations (F = 2.37, Fcrit = 1.94) as shown in Table 6. These
differences were confirmed by PCA, cluster analysis, and the correlation results. The
study identifies anthropogenic activities as a major source of metal contamination of
the rivers especially from the mining areas.

3.4 PROMETHEE and GAIA analysis of the heavy metals

Contamination of the rivers by heavy metals was ranked and recognized from site
to site by simultaneously and systematically subjecting the concentrations to
PROMETHEE and GAIA analysis. PROMETHEE II complete ranking of the sites
(Figure 3) from least polluted to the highest polluted is shown as follows: CK”> AOD >
NM>EA”>VKP”>WA?>BB>WTB”> AOB> BAM > EAM.

The ranking shows that the pristine sites are less contaminated by the metals com-
pared with the mining sites. The site with the least metal contamination is Kakum River
(pristine site), and the highest contaminated river is the Birim River (mining site).
GAIA, which is a pattern recognition tool, indicates that approximately 81.90% of the
variance is explained by the first two principal components (PCs). The GAIA plot

Component Plot in Rotated Space
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Figure 3.
Component plot showing metal loadings on components from pristine and mining sites.
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Figure 4.

PROMETHEE 2 outflow ranking of sampling sites based on heavy metals concentration in water samples from
mine sites.
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Figure 5.
GAIA plot of site distribution of metals in water samples from pristine and mine sites.

Figure 6.
GAIA plot showing heavy metals deviation from the decision axis (pristine and mining sites).

(Figure 4) identified similar groupings and trend as obtained from the PCA analysis.
GAIA plot of the sampling sites (Figures 5 and 6) showed the decision axis (Pi) pointing
toward the pristine sites. The PROMETHEE and GAIA analysis clearly indicates that the
pristine sites are the least contaminated, while the mining sites are the most contami-
nated with the metals. The results also showed that anthropogenic activities such as
mining may be impacting heavily on heavy metal contamination of the rivers.
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Oral intake Cr Mn Fe Cu Zn As Pb
ADD Range 2.5E-03 - 0.076- 0.582- 0.007- 0.003- 0.006- 0.001-
8.57E-05 1.14E-04 2.11E-03 1.14E-05 1.71E-04 2.86E-05 5.71E-05
CDI Range 0.0025- 0.0762- 0.5816- 7.00E-03- 0.0032- 6.50E-03 - 7.00E-04 -
8.571E-05 1.14E-04 2.114E-03 1.14E-05 1.714E-04 2.86E-05 5.71E-05
CR Range 5.03E-06 - 4.31E-03 - 8.74E-05 -
1.71E-07 1.91E-05  6.72E-06
HQ Range 0.838- 3.175- 0.831- 0.175- 0.011- 21.52— 0.743-
0.0285 0.005 0.003 0.0003 0.0005 0.095 0.057
Dermal
Contact
ADD Range 2.12E-05- 6.40E-04 - 4.89E-03- 5.88E-05- 1.44E-05- 5.42E-05- 6.24E-07 -
7.20E-07 9.60E-08 1.77E-05 9.60E-08 8.64E-7 2.40E-07 4.80E-08
CR Range 4.22E-08 - 3.62E-05- 7.34E-08 -
1.44E-09 1.60E-07  5.65E-09
HQ Range 7.04E-03 - 2.67E-02- 6.98E-03- 1.47E-03- 4.79E-05- 0.18- 6.24E-04 -
2.40E-04 4.00E-05 2.54E-05 2.40E-06 2.90E-06 8.00E-04 4.80E-05
References
RfDo, 0.003 0.024 0.7 0.04 0.3 0.0003 0.001
USEPA, 2004,
2013
SF 500 1.5 8.5
(DWSHA),
2012
Table 7.

Carcinogenic and non-carcinogenic assessment.
3.5 Carcinogenic risk assessment

Using the Central Tendency Exposure scenario (CTE) for child and adults,
carcinogenic risks associated with ingestion and dermal contact with heavy metals (As,
Cr, Ni, and Pb) were determined. For ingestion of water, the highest cancer risks for
child and adult were measured from river EAM, a mining site for Cr as 3.45 x 10 'and
3.70 x 10", respectively. The highest cancer risks were measured for child and adult
residents from river WA for Cr as 2.19 x 10> and 2.35 x 10 %, respectively. Chromium
posed the highest cancer risks in river EAM and WA for adult and child residents
(Table 7). Chromium concentration from all the sites posed serious carcinogenic risk
to both adult and child residents ranging from 9.39 x 10 *t01.35x 10" "and 8.77x 10>
t01.26 x 10}, respectively. The carcinogenic risks for Ni, As, and Pb are within the
USEPA risk limit (1.0 x 107 to 1.0 x 10~*) [30, 31] except for As (3.35 x 10> and
3.12 x 10?) at site AOB and Pb (2.10 x 10 > and 1.96 x 10~?) at site EAM for resident
adult and child, respectively. This implies that for As and Pb, there is a likelihood that
up to 2-3 adults, out of 1000 and 1-3 children out of 1000 respectively if equally
exposed continuously for 70 years would contract cancer. The carcinogenic risk via
dermal contact (Table 7) or As, Ni, and Pb in the pristine and mining sites for adult
and child is almost within the USEPA risk assessment guideline limit. However, the
carcinogenic risks for Cr from all rivers in the mining sites were higher, ranging from
7.37x10 2 to 1.31 x 102 and 3.90 x 103 to 1.07 x 102 for child and adult residents,
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respectively. The risk values in this study are comparable with values obtained by other
researchers [19, 32, 42]. The high carcinogenic risk values for As and Cr raise carcino-
genic concerns for the local residents in the catchment areas. The method of risk
estimation employed in this study provides ways to screen those pollutants that are of
public health concern in order to prioritize research and policy interventions.

4, Conclusion

Rivers from pristine sites are less contaminated of heavy metals and are therefore
safe for consumption. However, continual anthropogenic deposition of metals in the
pristine rivers could accumulate with time and rise beyond acceptable limits resulting
in human health risk. It was observed that the average concentrations of some of the
toxic metals were low; however, direct consumption of water from these rivers could
be harmful to residents since the concentrations of metals from the mining sites were
far above the USEPA and WHO drinking water guideline limits. Though alternative
sources of metal deposition could be accounting for high heavy metals presence in
some of the rivers, anthropogenic activities, possibly mining, are suspected to be the
major contributor. The first four most contaminated sites were all from the mining
sites linking metal availability to mining activities.
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Distribution of Potentially Toxic
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Abstract

This chapter discusses the impact of effluent discharge on the distribution of
potentially toxic elements (Pb, Cd, Cu and Zn) in water, sediments and soils near a
Kraft mill in Western Kenya. Potentially Toxic Elements (PTEs) concentrations were
determined at three sites: Water Intake Point, Effluent Discharge Point and
Downstream Point. The mill liquid effluent parameters and gaseous emissions were
also characterized. One-way ANOVA was used to analyze the spatial differences in
PTEs concentrations. Principal component analysis determined the correlations
between the proximity to the Kraft mill and the PTEs in soils, water and sediments. In
riverine soils, Cd was 0.78 £ 0.01 mg/kg, while Pb was 94.38 & 9.65 mg/kg. In
sediments, the concentration was 16.81 + 2.46 mg/kg for Zn, 6.16 £+ 0.72 mg/kg for
Cd and 75.28 + 5.97 mg/kg for Pb. In water, Zn was 0.26 & 0.038 mg/L, Cu was
0.75 £ 0.11 mg/L, Cd was 0.05 £ 0.004 mg/L and Pb was 1.26 & 9.65 mg/L. The
spatial distributions of PTEs in soils near the factory and across the river may have
resulted from the factory’s effluent discharge and gaseous emissions. These findings
should help formulate more stringent industrial effluent management programs in
Western Kenya.

Keywords: potentially toxic elements, gaseous emissions, industrial effluent, Kenya,
pollution, pulp and paper

1. Introduction

Potentially toxic elements (PTEs) pollution is one of the most important
environmental problems in many developed and developing countries [1-8]. PTEs
are naturally occurring elements throughout the earth’s crust and they exert key
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biochemical and physiological functions in plants and animals. At low concentrations
as trace elements, they are important constituents of several enzymatic and biological
functions and play important roles in various oxidation-reduction reactions in the
human body.

At higher concentrations, however, PTEs become environmental contaminants,
causing many ailments in humans through exposure to anthropogenic activities such
as agriculture, mining and smelting operations [9-12]. Significant contribution to
PTEs contamination may also come from natural phenomena i.e. metal corrosion,
atmospheric deposition, soil erosion of metal ions and leaching of potentially toxic
elements. Other natural phenomena include sediment re-suspension and metal evap-
oration from water resources to soil and groundwater volcanic eruptions and
weathering [4, 13-15]. Industrial sources of PTEs include: metal processing in refin-
eries, coal burning in power plants, petroleum combustion, nuclear power stations
and high tension lines, plastics, textiles, microelectronics, wood preservation, leather
tanning and paper manufacture plants [4, 14, 16-19].

Metal occurrence in the environment can increase significantly from industrial
effluent leachates and accumulate near the surface layer of soil and at water column.
Metal chemistry, biotic species or specific differences in water resource can affect
patterns of metal exposure, uptake and metabolism. Analyzing sediments best
assesses metal pollution in river, as they are less susceptible to flow conditions than
water column and act as sink for metal pollutants. The metals attach to any of these
phases (water, soil and sediments) in proportions that depend on the physico-
chemical conditions such as conductance, pH and temperature prevailing in these
phases.

The pulp and paper industry, in particular, has historically been a major contribu-
tor of pollutants into the environment, including PTEs [18, 20, 21]. There are five
steps in the production of pulp and paper, namely, 1) preparation of raw materials, 2)
pulping, 3) bleaching, 4) pulp handling and/or paper production, and 5) recovery of
chemicals through the combustion of spent or black liquor [22, 23]. The paper
manufacturing process consumes large volumes of fresh water, most of which
becomes contaminated with recalcitrant compounds before effluent discharge.

The composition of each mill’s effluent depends on the pulping process used; the
grade of paper manufactured; the volume of fresh water consumed; the wastewater
cleaning technique; and wastewater reuse programs. Paper mills effluents are complex
mixtures with more than 200-300 different organic chemicals [24, 25] and approxi-
mately 400-500 inorganic compounds [26, 27]. Raw effluent from paper mills has
characteristics of high BOD, COD, high levels of chlorinated ligno-sulphonic acids,
total dissolved and suspended solids, chlorinated resin acids, chlorinated phenols
and hydrocarbon. In addition, the effluent may contain PTEs such as Fe, Zn, Cu, Cd,
Mn, Ni, Cr and Pb, that can be present in high concentrations well above permissible
limits [20].

1.1 Source of PTEs in a Kraft pulp mill

The main chemical ingredients in a Kraft pulp mill are sodium hydroxide (NaOH)
and sodium sulphide (Na,S). The primary PTEs found in wood and wood products are
Ca, Mg, K, Mn, Ba, Al, Ni, Cu, Zn, Cd, Pb. In addition, PTEs are generated through
other make-up chemicals, such as sodium sulfate (Na,SO,4); bleaching agents; water;
the chemical recovery system where the cooking liquor is regenerated; Green Liquor
Dregs (GLD); Lime Mud (LM); Slaker Grits (SG); Boiler Fly Ash (BFA) and waste
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GLD SG LM BFA
Element "] 1™ [#] 1 [##] [*#] [*1 sl [Pe]
Pb 6.12 46.8 13 <3 341 6.79 <3 443 28.7 31
Cd 3.81 5.19 9.4 0.3 4.75 0.91 <0.3 4.7 2.9 33
Cu 229 80.9 102 <10 4.6 0.73 4.1 25.8 63.6 72
Cr 295 56.0 118 12.6 12.4 16.7 7.0 241 66.9 74
Ni 233 189 84 239 25.2 ni 4.0 97.4 32.4 33
Zn 3197 160 1000 9.9 15.0 ni 36 689 2953 320
Hg <0.05 ni ni <0.03 ni <0.04 <0.03 ni 0.03 0.1
\% ni ni 1.9 39.0 ni ni ni ni 92.7 ni
Mo 0.29 ni 17 <1 ni ni 2 ni 3.8 ni
As <0.1 ni 0.3 <3 ni 0.38 2.7 ni 13.0 14

*[31]; #[32]; **[33]; ##[34]; #*[35]; *## [36]; **## [37].

Table 1.
Content of potential toxic element [23].

paper recycling [28-30]. Table 1 shows the chemicals composition of GLD, LM, SG,
BFA determined in a few mills throughout the pulp and paper industry. These ele-
ments leave the mill system through wastewater, fugitive uncontrolled air emissions
or flue gases from the recovery boiler [38, 39]. Apart from the fugitive emissions, the
mill effluents (liquid and gaseous) undergo treatment in the wastewater purification
plant or the air pollution control system depending on the local effluent discharge
standards before final disposal into the environment.

There is increasing awareness of potentially toxic elements pollution from indus-
trial discharges, especially their potential effects in a rural setting such as Western
Kenya. The area houses several agro-industrial factories; including a Kraft pulp and
paper mill, several sugar milling plants, tea factories and fish processing plants.
Because of the various amounts of chemicals used in the manufacturing processes, the
roles of these industrial discharges could be significant in metal concentration, fate
and transport in the adjacent water bodies and soils. An extensive assessment of PTEs
contamination in such a setting is therefore required. The objective of this study was
to estimate PTEs (Pb, Cd, Zn and Cu) distribution in water, sediments and soils
collected near a Kraft pulp and paper mill in Western Kenya.

2. Materials and methods
2.1 Study area

This study was carried out on a Kraft pulp and paper mill in Webuye (34-36° E, 0°
03'-1°15’ N) in the upper catchment of the Nzoia River (Figure 1). The Nzoia River
basin is approximately 12,696 km” [40] and lies within the Lake Victoria basin in
Kenya, East Africa. The river flows between 2700 and 1134 m above sea level. The
region receives an average annual rainfall of 1350 mm. The average annual air tem-
perature varies between 8°C and 28°C, with minimum temperatures between 8°C and
12°C and maximum temperatures of 24 and 28°C [41]. Food crops such as maize,
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Figure 1.
Study area and study sites.

sweet potatoes and cassava, sorghum, millet and vegetables are grown on small-scale
farms, usually extending up to the river banks. Livestock farming is practiced and
River Nzoia provides water for both domestic and industrial use. The mill consumes
about 40,000 m? of fresh water and discharges between 35,000 to 40,000 m> daily
into the river at a dilution rate between 0.3 to 3.2%, depending on the seasonality of
the river discharge. The mill’s effluent takes 6 weeks to flow through a set of settling
tanks (one primary and one secondary), two aerated lagoons, and two stabilization
ponds before discharge into River Nzoia. Recent expansion programs within the mill
have led to an overloaded wastewater treatment system, initially designed to treat
only 25,000 m> of mill effluent per day.

226



Distribution of Potentially Toxic Elements in Water, Sediment and Soils in the Riparian...
DOI: http://dx.doi.org/10.5772 /intechopen.102440

2.2 Study sites

There were three sampling sites, namely, the “Water intake point’ (WIP), the
‘Effluent deposition/discharge point’ (EDP) and the ‘Downstream point’ (DSP).
These sites were located along the profile of River Nzoia (Figure 1). The WIP was
situated upstream of the factory discharge point and the river width at this location
was 6.53 m. The EDP was approximately 3.2 km from the WIP and the river width was
5.92 m. The downstream point was 3.2 km from the EDP with a river width of 6.44 m.
All the sampling sites located on the factory side were designated Side AA (Figure 2),
while those on the opposite side were designated as Side BB.
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Figure 2.
Trends of heavy metal concentration mg/g in wetland soil at WIP in PanPaper.
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2.3 Sampling and analysis of pulp and paper industrial wastes

Grab samples of 3 kg each of lime mud and boiler ash were collected from the
recovery area of the pulp and paper mill in Webuye. These samples were spread on
trays; air dried overnight, sieved using a No. 9 mesh sieve (2.00 mm) and stored in
plastic bags. The pH of these samples was determined using the ASTM D 4972-01
Standard Test Method for soil pH (Electrometric method). The ASTM D 2216-98
Standard Test Method for Laboratory Determination of moisture was used to measure
the moisture content. The concentration of PTEs was determined using an Inductively
Coupled Plasma-Optical Emission Spectrometry (ICP-OES). The mill liquid effluent
was tested for various parameters at different treatment stages and compared with
national effluent discharge standards.

2.4 Sampling and analysis of river water

Grab river water samples were collected using half liter metal free Van Dorn bottle.
These samples were collected at about 0.5 m below the water surface. Before collecting
the samples, the Van Dorn bottle were washed in 2 L tap water, and rinsed three times
in distilled water. The collected samples were then transferred to half liter polythene
bottles pre-soaked in nitric and sulfuric acids solution at 1:1 volume ratio. The water
samples were acidified to a pH 2 using concentrated nitric acid [42], and stored in an
ice box before transportation to the laboratory for chemical analysis.

Temperature, pH and electrical conductivity (EC) were measured iz situ using a
calibrated JENWAY 3405 electrochemical analyzer (Barloword Scientific Ltd., Essex,
UK), with a specific probe for each variable. The equipment was calibrated using de-
ionized water before measurements. The measurements were conducted in triplicate
for each site included in the study.

2.5 Sediments and soil sampling

Thirty-six sediment samples were collected from each sampling site. The sedi-
ments were collected at the bottom of the river using an Ekmans Grab Sampler. A
polypropylene spatula was used to transfer the sediment sub-samples to acid rinsed
polypropylene bottles and placed in an icebox for transportation to the laboratory for
chemical analyses. Soil samples were collected using a soil auger along the river banks
within the organo-mineral layer of 0-25 cm of the soil. The samples were then kept in
black polythene bags, labeled and stored in an icebox before transportation to the
laboratory for chemical analyses.

To determine PTEs concentration, soil samples were scooped at five equidistant
points from the river bank, i.e. 0.0, 0.5, 1.0, 1.5 and 2.0 kilometers respectively
away from the River Nzoia bank on both sides AA and BB. The 0.5 km distance
was deemed sufficient to reflect lateral variations of potentially toxic elements con-
centrations in the soil.

2.6 Determination of leaching capability of PTEs in sediment and soils

A leachability tests were used to evaluate the possible elution of Pb, Cu and Zn
from the sediment under selected treatment conditions. These tests took place because
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the paper mill periodically discharges the recovery boiler ash and lime mud into the
river. The sediment and soil samples were filtered through a @ 9.0 mm filter paper, air
dried, crushed and then sieved through of 9.5 mm pore size. Distilled water was used
as the leaching solution, adjusted to a pH 5 using a mixture of sulfuric and nitric acids
(80, 20 by weight). Initially, 50 grams of sediments were added to the leaching
solution followed by soil at a solid to liquid ratio of 1:20 (proportional to 1000 mL
leaching solution). The mixture was agitated in a rotary agitator for 18 hours at

30 rpm and a constant temperature of 25°C. After agitation, the soil slurry was filtered
through a 0.8 mm glass fiber filter. The liquid extract was digested using concentrated
HNOj; and analyzed for Cr, Cu, Pb and Zn using an ICP-OES. All the analyses were
run in triplicate.

2.7 Analytical determination of PTEs in water

Water samples were digested using sulfuric and nitric acids before spectro-
photometric analysis was conducted to minimize the interference of complex
organic matter [43]. The samples were digested and concentrated on a hot plate from
100 mL to 25 mL for 3 hours. After digestion, the samples were allowed to cool to
room temperature and then 2 mL of 30% hydrogen peroxide (H,0,) were added to
oxidize any residual organic matter. Further cooling followed before the digested
samples were filtered through a 0.45 pm nucleopore membrane filter over a vacuum
pump. The filtrates were stored in 125 mL polyethylene sample bottles, at 4°C
before analysis for Zn, Cu, Pb, and Cd in an Atomic Absorption Spectrophotometer
(Model AA 10/20). In this study, at least two calibration standards were prepared
for each metal before recording the measurements. The PTEs were determined at
various spectrophotometric wavelengths and slit width (Pb = 17.0 nm; Zn = 13.9 nm;
Cu = 324.8 nm; Cd = 228.8 nm and slit width for Pb and Zn = 1.0 nm and Cd
and Cu = 0.5). The concentrations of PTEs in water were calculated and reported in
mg L.

2.8 Determination of PTEs in soil, sediment and industrial wastes

The study used analytical grade reagents and the stock solutions met the Merck
certificate AA standards. In addition, all experiments used milli-Q water. Plastic and
glassware were cleaned by soaking them in 14% (v/v) HNOj for 24 hours and rinsed
with nano pure water. The sediments, soils samples and industrial wastes were
crushed and homogenized using a Fritsch, Pulverisette 5, planetary mill (Fritsch
GmbH Laborgerate, Idar-Oberstein, Germany) for 5 minutes at 400 rpm. About
0.20 g of soil and sediment samples and about 25 mL of water were weighed in Teflon
(© poly-tetra-fluoretheen (PTFE), DuPont™) high pressure vessels. Then 4.0 mL
concentrated nitric acid (65%), 1.0 mL concentrated hydrochloric acid (37%) and
1.0 mL ultrapure water were added to the samples. Six samples of each item were
placed in the carousel of a Paar Microwave oven (Anton Paar GmbH - Graz —Austria).
The samples were digested in a microwave oven (Anton Paard GmbH Kirntner StrafSe
322 A-8054 Graz/Austria) at a maximum temperature of 220°C and pressure of 75
bars for 15 minutes.

After cooling, the resultant clear solutions were poured into 50 mL
volumetric flasks and diluted to the mark with ultra-pure demineralized water
(Barnstead NanoPure, Thermo Fisher Scientific Inc., Barnstead International,
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Iowa USA). Finally, the diluted solutions of the respective samples were

transferred into acid cleaned polyethylene bottles. All elements were determined
using an Inductively Coupled Plasma-Optical Emission Spectrometer (Perkin

Elmer Optima 3000 XL, ICP-OES) with the PE calibration standards. The
concentrations of PTEs in soil and sediments were calculated and reported in mg kg™
dry weight. The quality of the analytical process was controlled by the analysis

of IAEA MA-A-3/TM certified standard reference material of river sediment.

Care was taken to ensure analytical results varied from certified values by less

than 10%.

2.9 Estimation of atmospheric discharge of gaseous pollutants from the Kraft
paper mill

Previous studies have indicated that atmospheric deposition is a major source of
most PTEs entering agricultural land [44, 45]. Thus, emission (E) estimates of
selected gases, particulates, ash and chemical elements were calculated using emission
factors (Eg) from literature [31, 46]. The equation used was E = AixEf, where
A, = Activity or industrial production of the paper mill. The maximum production was
300 metric tonnes per day or 105,000 metric tonnes per year air-dried unbleached
pulp. The study assumed that Kraft pulping was the only system at the mill and
that the emissions came solely from the recovery boiler at the factory. In addition,
we assumed that only an electrostatic precipitator was used to treat flue gases from
the mill.

2.10 Data analysis

Statistical analyses were performed using STATISTICA 6.0 [47]. Data collected
were first tested for homoscedasticity [48] before subjecting them to statistical
analysis. Data on PTEs in water, soils and sediments were calculated as means (£ S.D)
for each site. Spatial differences in metal concentrations were analyzed using One-way
ANOVA. Duncan’s Multiple Range Tests (DMRT) were used for Post-hoc
discrimination between the means that differed significantly. The data for all the sites
were subjected to Principal Component Analysis (PCA) to determine the correlation
between the PTEs concentration in soil, water and sediments and their proximity to the
Kraft mill [49].

3. Results

A summary of the liquid effluent from the paper mill at various stages of the
treatment process are presented in Table 2. Most effluent parameters decreased or
reduced as we moved from the primary clarifier to the final stabilization pond prior to
discharge into the river and the difference was statistically significant (p < 0.05).
Only turbidity and color of the treated effluent increased markedly. For example, the
effluent color increased on average by almost 250% from 133 °H to 331 °H, while its
turbidity rose by 155%, from 1574 NTU to 2431 NTU.

Table 3 summarizes emission estimates from the Kraft Paper mill in Western
Kenya. The volume of total reduced sulfur (TRS) was still high during the study, and
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Parameters Primary clarifier Treated after last Effluent discharge
overflow stabilization lagoon standards*

pH 8.5-9.3 6.9-7.5 6.5-8.5 (non-marine)

Alkalinity (mg/L) 330.0-346.4 70.0-88.15 —

Temp (OC) 39.0-39.6 19.0-21.2 £3

TS (mg/L) 872.4-980.7 440.0-474.5 30

TDS (mg/L) 670.0-699.6 300.0-348.5 1200.00

TSS (mg/L) 212.5-291.5 94.6-133.0 30

Color (OH) 1280.5-1867.7 1600.0-3263.3 15

BOD5 (mg/L) 182.5-234.7 62.8-117.6 30

COD (mg/L) 536.0-591.54 296.7-401.5 50

Turbidity (NTU) 130.0-136.1 311.0-351.3 —

Conductivity (mScm-1) 1339.2-2109.3 790.0-891.3 —

Dissolved oxygen (mg/L) 0 0.40-0.30 —

Phosphorus (mg/L) 0.056-0.067 0.0050.0015 —

Nitrites (mg/L) 0.004-003 0.008-0.01 —

Nitrate (mg/L) 0.020.01 0.036-0.05 —

Cd (mg/L) 0.193-0.182 — —

Co (mg/L) 0.041-0.035 — —

Cr (mg/L) 0.568-0.63 — —

Cu (mg/L) 0.105-0.146 — —

Fe (mg/L) 0.211-0.235 —

K (mg/L) 0.24-0.34 — —

Mg (mg/L) 0.65-0.71 — —

Mn (mg/L) 1.325-1.41 — —

Na (mg/L) 0.083-0.92 — —

P (mg/L) 0 _ _

Pb (mg/L) 0.08-0.09 — —

Zn (mg/L) 0.04-0.46 — —
Table 2.

Raw and treated Kraft pulp and paper mill effluent by current treatment system (*source: Kenya effluent
discharge standard. 3vd schedule).

confirmed the characteristic strong foul smell in and around the mill. The concentra-
tion of Cu, Pb and Cr remained relatively high, while Zn, Ni and Cd were low over the
course of the study period.

The river Nzoia’s water physico-chemical parameters results within the three
sampling sites (WIP, EDP and DSP) are presented in Table 4. Temperature, pH and
electrical conductivity (E.C) in the three sites exhibited significant variations
(p < 0.05) (Type IlI, One-Way ANOVA). Temperature, pH and EC were significantly
higher at EDP as compared to other sites but there was not enough evidence of
significant difference in pH between WIP and DSP sites.
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Air Emission factor Energy (MJ/ Paper Production at Emission
Pollutants (kg/metric tonne) metric tonne) PanPaper (tonne/year) (kglyear)
Particulates 1 33763.2 105,000 105,000
SO,* 35 33763.2 105,000 367,500
Cco?* 5.5 33763.2 105,000 577,500
TRS® 75 33763.2 105,000 787,500
NOX* 1 33763.2 105,000 105,000
Hg! 1.0E-05 33763.2 105,000 1.06
cd? 1.6E-04 33763.2 105,000 16.31
crt 6.7E-04 33763.2 105,000 70.19
Cu? 1.0E-03 33763.2 105,000 108.13
Ni¢ 4.0E-04 33763.2 105,000 42.19
pb? 1.3E-03 33763.2 105,000 132.23
Zn4 4.0E-04 33763.2 105,000 42.19
Sn¢ 2.7E-04 33763.2 105,000 28.36
Co? 8.1E-05 33763.2 105,000 8.51
Ash? 1.1E-04 33763.2 105,000 11.70

“Emission Factors expressed in unit weight of air —dried unbleached pulp (ADP) from Recovery boiler and direct
evaporators —Controlled by Electrostatic Precipitators from US EPA, 1990.

bTRS (Total Reduced Sulfur) includes methyl mercaptan, dimethyl disulphide, and hydrogen sulphide.
“Emission factors from [42].

Table 3.
Estimated Kraft pulp mill emissions.

Sampling sites One-Way ANOVA
Parameters WIP EDP DSP F P
Temperature °C 2078 £ 0.14* 2383+ 053" 2154+ 025 20735 <0.0005
pH 8.13 + 0.11° 8.43 4+ 0.57° 8.13 + 0.07% 4.871 0.014

Electrical conductivity (uS/cm)  109.6 + 0.6*  2720.5 + 2193 33334215 129.403 <0.0005

*Mean values + SEM followed by different superscripts ‘a’ or b’ across the rows are significantly different at a = 0.05.
Mean values across the rows with the same superscripts ‘a’ are not statistically different at a = 0.05. For example, the pH
at DSP is not statistically different from the pH value at WIP because it carries the same superscript ‘a’.

Table 4.
*mean values + SEM of the physico-chemical parameters along the sampling sites at PanPaper Mills, Webuye,
Kenya during the study period.

The results for lime mud and recovery boiler ash in Table 5 showed their pH level,
Cd and Zn concentrations were not significantly different, but the moisture content,
Pb and Cu concentrations were significantly higher in lime mud compared to recovery
boiler ash (p < 0.05). In terms of chemical compositions, calcite (calcium carbonate
and calcium oxide) was probably the major component of lime mud, while recovery
boiler ash was mainly composed of burkeite (sodium carbonate sulfate), aphthitalite
(potassium sodium sulfate), and halite (sodium chloride).
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Parameter Pulp and paper industrial wastes
Lime mud Recovery boiler ash

pH 11.9 115
Moisture content (% w/w) 1.11 0.25
Potentially Toxic Elements
Pb (mg/kg) 3211 20.66
Cd (mg/kg) 1.69 1.42
Cu (mg/kg) 8.73 3.36
Zn (mg/kg) 109.22 122.22
Chemical composition’ CaCO3 Na4S04C03

K3Na(S04)2

NaCl

"Determined by X-ray diffraction analysis (XRD).

Table 5.

Chemical characteristics and metal concentration in the Kraft pulp and paper mill solid waste.

Metal Soil Sediments P-value
Pb (mg/g) 0.250 0.451 0.002
Cd (mg/g) 0.008 0.009 0.432
Cu (mg/g) 0.036 0.037 0.124
Zn (mg/g) 0.060 0.192 0.019
Table 6.
Amount of leachable metals in soils and sediments near the pulp and paper industry.
Solubility product constant (Kp)
Theoretical values Experimental value
Metal LM 80 g/L LM 110 g/L RB 80 g/L RB 110 g/L
As hydroxide
Pb 25x107' 1.95x10° 723x10°Y 3.11x107
cd 8.0x10** 153x10 " 6.44x10° 154x10° %
Cu 2.0x10** 8.45x10° " 412x10°® 177x10
Zn 6.0x107 "% 593x10° " 324x107% 222x10°"
As carbonate
Pb 74x107'% 243x107° 6.50x107° 121x1077
Cd — — — _
Cu 23x107'* 122x1077 3.97x10°° 593x10°
Zn 3.0x107°% 7.55x10°° 2.96x1077 7.81x1077
No data reported for the precipitation of Cd as carbonate.
“Values from [50].
"Values from [51].
Table 7.

Solubility product constants between the theoretical values and experimental values.
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Figure 3.

Variations in concentration of potentially toxic elements in water, sediment and soils along the three sampling sites
in PanPaper, Webuye during the study period. One way-ANOVA test for potentially toxic elements concentrations
at WIP, EDP and DSP showed significant differences denoted by diffevent letters ‘a’, b’ and C’. For each sets where
columns had the same letter b’ or ‘@', the difference was not statistically significant.

The leaching tests yielded only small amounts of Pb, Cd, Cu and Zn (Table 6).
Statistical analysis confirmed that treatment with the different types and dosages of
pulp and paper industrial wastes had an effect on the leaching behavior of these PTEs.
However, treatments with 80 and 110 g L ™" of lime mud did not yield any statistical
difference for Cu concentration (p = 0.124) and Cd (p = 0.432) (Table 7). Compared
to the local standards, only the leaching of chromium and lead was within the
regulatory limits.

The results of PTEs concentration in water at the WIP, EDP and DSP are presented
in Figure 3. In this graph, the concentrations of PTEs in the soil were consolidated
(8 values for each sampling point) and a mean concentration was calculated at WIP,
EDP and DSP. In water, all the PTEs exhibited highest concentration at EDP but the
difference in Cu concentration between ESP and DSP was not statistically significant.
For soil samples, Pb, Cu and Zn remained higher at EDP, while Cd and Cu exhibited
higher concentration at DSP, although the difference of Cd level between WIP and
DSP was not statistically significant (p > 0.05).

PTEs distributions from the river, with respect to the paper mill are represented in
Figures 2, 4, and 5. In Figure 4, at WIP, concentrations of Zn, Cu and Cd significantly
(p < 0.05) reduced away from the river as one approached the factory (AA side),
while Pb increased. On the BB side at WIP, Pb, Cd and Cu concentrations also
decreased significantly (p < 0.05) away from the river, while Zn reduced (Figure 4).
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Trends of heavy metal concentration mg/g in wetland soil at WIP in PanPaper.

In Figure 2, at EDP, all metals concentrations decreased (p < 0.05) away from the
river as one moved closer to the factory (AA), while on the side opposite the factory
away from the river, concentrations of Zn and Pb increased significantly as there was
a marked reduction in Cu and Cd levels (BB side). Finally, at DSP (Figure 5), only Zn

and Cu reduced away from the river bank to the factory, on the AA side, with an

increase in Pb (p < 0.05). On the side BB, Pb, Cu, and Zn concentrations reduced
away from the river (p < 0.05). Cd exhibited the same trend on both side of the river,
with an initial increase followed by a slight and steady decrease as you moved away

from the river.

The results of principal component analysis (PCA) on PTEs at 0 km, 0.5 km, 1 km,
1.5 km and 2.0 km on both sides (AA and BB) in the sediments, soil and water are
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Figure 5.
Trends of heavy metal concentration mg/g in wetland soil at DSP in PanPaper.

presented in Figures 6-10. At 0 km from the river, two Principal Components (PC)
could explain 96% of the variation in the data. There was a high positive score of Cd
and Pb at EDP on AA side and high positive score of Zn and Cu at the DSP on both AA
and BB sides. Generally, high score values were associated with the AA side at the EDP
on the first PC (73.34%) but no clear association between PTEs concentration in soil,
sediment and water. On the second PC (23.25%), there was a high positive score of Cd
and Pb at the EDP but a high negative score of Zn and Cu at DSP at both AA and BB
side (Figure 8).

In Figure 7, at 0.5 km from the river, two Principal Components could explain
93.26% of the variations in the data. There was a high positive score of Pb at the WIP
on AA side and high positive score of Cd at EDP on BB side on PC1. A high positive
score of Zn and Cu was recorded at DSP on BB side. Generally, high values were
associated with the AA side at both EDP and DSP on the first PC (75.50%) but with no
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Principal component analysis of potentially toxic elements (cadmium, Lead, zinc and copper) sampled in
sediments, water and at 0.5 km (both sides of the buffer zone at Webuye, PanPaper mill. sample location at WIP,
EDP, and DSP.

clear association between PTEs concentration in the soil sediments and water. PC2
explained 17.78% of the total variability, and there was a high positive score of Cd at
EDP and Pb at WIP on BB and AA sides respectively. There was a high negative score
of Zn and Cu at DSP on BB side (Figure 7).
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Figure 9.

Principal component analysis of potentially toxic elements (cadmium, Lead, zinc and copper) sampled in
sediments, water and at 2 km (both sides of the buffer zone at Webuye pan-paper industry. Sample location at
WIP, EDP, DSP.
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In Figure 8, at 1 km from the river bank, there was a high loading of Cu on PC1 at
WIP, Zn at DSP and Pb at EDP, all on the BB side, and high positive score of Cd at
WIP on AA side. Generally, high scores were associated with AA side on PC1
(54.92%). On PC2 (21.34%), there was high positive loading of Cu at WIP on BB side
and negative but weak loading of Cd at WIP on AA side. PC1 and PC2 explained up to
76% of the variability in the data.

In Figures 9 and 11, at 1.5 km and 2.0 km from the river bank, the
concentrations of Pb and Cd had a high positive loading at WIP on the AA side.
There was equally high positive score of both Cu and Zn, but they were not
associated with any particular sampling points nor sides. At both distances (1.5 km
and 2.0 km), there was a general strong influence of DSP and EDP on side AA and BB
respectively on the PTEs loading from the river bank. The concentrations of PTEs
followed a pattern similar to the one in Figure 8 where Cu > Zn > Pb > Cd. However
the concentration of Cu was higher on the side (AA) of the factory at DSP and EDP.
While Zn and Cd levels were higher on the opposite side of the factory. The
concentration of PTEs in sediment and water remain lower. The PCA1 and PCA2
could explain 73.4% of the observed variation in these measurements. WIP recorded
the lowest concentrations of the PTEs at all the sampling points and on both sides
(AA and BB) of the paper mill.

Figure 10 described the Principle Component Analysis of variation of HMs
between PTEs concentrations at EDP with pH, Temperature and electrical
conductivity as secondary variables. The results show that Zn had relatively high
positive score at EDP in relation to the pH, temperature and electrical conductivity
on the first axis (56.75%). Pb had a high negative loading at WIP. Cu had a high
negative score at DSP but was not associated with any environmental variable. On the
second axis, Cd had a high positive score at WIP but was also not associated with
any environmental variable. The second axis could only explain 26.53% of the total
variability.
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Figure 10.

Relationship between pH, EC and Temperature and Zn concentration at the EDP.
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Principal Component Analysis of potentially toxic elements (Cadmium, Lead, Zinc and Copper) sampled in
sediments, water and at 2 km (both sides of the buffer zone at Webuye pan-paper industry. Sample location at
WIP, EDP and DSP.

4. Discussion

The results of this study indicate that the factory had an impact on the river’s
physico-chemical parameters. For example, at EDP, pH, Temperature and EC
were much higher than at WIP upstream and DSP downstream, with a slight
distortion at 1 km from the river bank. Since there was no other point source
between WIP and EDP, the effluent discharged from the pulp and paper mill at EDP
probably accounted for much of the observed increased levels in the physico-chemical
parameters. Higher pH at EDP sites was likely the result of alkaline industrial
effluent discharges. In the factory, sodium hydroxide and sodium sulphide
(Kraft process) used during the cooking process of wood pulps, [22, 23, 26],
might have resulted in an increase in alkaline condition of the water body at the
EDP. In addition, after Kraft cooking process at the mill, the wood pulp
underwent bleaching through CEHP or CEHH bleaching sequences. It is likely that
the strong caustic extraction in the bleaching sequence was not completely
neutralized by the final hypochlorite stage, thereby leading to additional alkalinity
into the river water.

In addition to pH, high conductivity at EDP was probably the result of the paper mill
discharge into the river. Wastewater from pulp and paper mills is known to contain
substantial amounts of dissolved ions and electrolytes. The discharge of such electrolytes
ultimately increased the electrical conductivity of the liquid effluent and by extension
the EC of the receiving river water. For instance, alkaline sulfates dissociate under high
temperature to liberate the positively charged alkali metals (X*, X** or X°*) and the
sulfate ions (SO,%"), which all increase the electrical conductivity of the water body [52].
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The major components of lime mud and recovery boiler ash in the paper mill
contain carbonate compounds [53]. Since the mill sometime releases lime mud and
recovery ash into its effluent, this practice more likely exacerbated the alkaline con-
ditions of its wastewater and the increase in pH and EC at the EDP when compared
with WIP.

The leaching test results (Table 6) showed only marginal leachable concentrations
of Cd and Cu. This can be explained by the fact the soils around the paper mill are of
Planesol type, which are of fine texture intensely weathered and negatively charged.
Planesols tend to attract positively charged ions such as Cd?*, Cu**, Zn?*, and Pb**,
which will be strongly bound to the soils around the paper mill.

There were significant spatial variations in the potentially toxic elements concen-
trations in water, sediment and soils near the pulp and paper mill. Reports by Jumbe
and Nandini, 2009 [54] had shown that average abundance of Pb in the Earth’s crust is
13 ppm, but in natural soils the background level for Pb ranges from 2.6 to 25 ppm. In
the same report, Cd in the Earth’s crust is 0.16 ppm but in soils, it ranges from 0.1 to
0.5 ppm. The average abundance of Cu in the Earth’s crust is 68 ppm while, in soils, it
is between 9 and 33 ppm. The average abundance of Zn in Earth’s crust is 76 ppm and
in soils it ranges between 25 to 68 ppm. Our results show that Pb, Cd, Cu and Zn
concentrations in the soils near the paper mill were approximately 5, 2, 0.5 and 2 times
higher than the respective natural background levels of these metals in the earth’s
crust suggesting anthropogenic input of these metals. The high concentrations of Pb
and Zn at EDP, suggest possible enrichment from the paper mill effluent as the source
of the metals [18, 20, 29, 55-60]. The levels of the PTEs were not consistently high on
the (AA) side of the mill, suggesting that the river bank was not an accurate reference
point for the factory (AA) and opposite (BB) factory sides. In addition, high PTEs
levels away from the river bank on the opposite (BB) side of mill indicate that river
water was not the only source of the metals after effluent discharge.

Some of these PTEs may been deposited on soils through air emission from the
paper factory, as suggested by Adoli et al, 2011 [61] while analyzing moss and topsoil
to monitor metal emission from the same mill. Paper mills have been reported as
potential hazardous substances emitters of metals. The presence of high Zn concen-
trations can be related to the use zinc dithionite as a bleaching agent of stone-ground
wood pulps produced within the mill. Zn concentrations at EDP was probably
influenced by pH, electrical conductivity, and temperature at the same sampling
point. The reduced concentration of Cd as we moved from the EDP to DSP is due to
absence of Cd compounds during pulp and paper processing. We can postulate that
the factory effluents probably neutralized any geochemical Cd and higher Cd levels
obtained at the soils at the downstream sites probably came from the recovery boiler
system through the mill’s gaseous emissions.

Most of the sulfates from industries are often associated with metal complexation
causing insoluble inorganic substances [62], which have higher chances of removing
Cd from the water. It is possible that the lack of such complexation agents from the
paper mill probably resulted in increased Cd at DSP. Because the study area has higher
rate of fertilizer use by farmers for sugarcane production, the net impact of fertilizer
use on PTEs in the vicinity probably surpassed Cd concentration from the industrial
effluents. However, it seems that it was efficiently reducing Cd, and therefore Cd
enrichment of water was low. While it has generally been assumed that most of the
metals are immobile in soils or sediments [63], there are factors that enhance their
mobility resulting in differential metal distribution. These factors include the proper-
ties of the metals, soil texture, pH and competing cations in the soil and sediments
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solution [52]. Cd retention is reported to be greater in fine-textured soils with high
CEC than in coarse-textured soils with lower CEC, while McBride, 1995 [63] noted
that potentially toxic elements mobility was most closely associated with metal-
organic complexation and soil pH, all these were likely to affect the distribution of Cd
and Pb in water, soils and sediments. Ultisol soils around the paper mill are generally
known to be poor in organic matter and therefore retained little of the Cd which was
transported away from the EDP.

5. Conclusion

The concentration of Pb and Zn were consistently high near the effluent discharge
points indicating enrichment through the Pulp and paper liquid effluents or gaseous
emissions. Cu was consistently high from 1 km onward away from the river bank,
while Cd was the lowest. Zn was highly influenced by pH, temperature and EC. The
levels of PTEs in soils around the paper mill confirm anthropogenic enrichment and
should therefore influence policy makers for industrial management in Western
Kenya.
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Abstract

This chapter shows the results of the determination of the levels of Copper (Cu),
Iron (Fe), Magnesium (Mg), Manganese (Mn), and Cadmium (Cd) in sediments of
the “Palizada River”; evaluated by atomic absorption. The results show high levels of
Fe, Mg, and Mn concerning previous studies and are directly related to agricultural
and livestock activities in the area. The metal-metal correlation analysis show signifi-
cant values, suggesting that the generation source is the same. Some of the pollutants
produced by industrial or population centers; end up in natural water bodies; by
different physical processes, such as precipitation, complex formation, and others.
These contaminants can bioaccumulate in aquatic organisms and reach humans
through the food chain. Certain heavy metals such as cadmium (Cd) produced by
human activities have been found in the oceans and the tissues of different organisms;
which constitutes a risk for consumption; Cd is classified as an element that predis-
poses to the presence of Cancer. Therefore, the study of sediments is fundamental for
determining the degree of contamination of an ecosystem.

Keywords: heavy metals, contaminated sediments, Palizada river, southeast Mexican

1. Introduction
Currently, coastal ecosystems are exposed to a large load of pollutants from urban

activities; this problem is because significant amounts of waste are dumped that gen-
erally has no treatment, which contributes to increasing the concentration of certain
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pollutants as heavy metals are of particular interest because they are highly persistent,
toxic and can bioaccumulate in exposed organisms.

The sediments allow lies to determine, from the geochemical point of view, the
content of trace metals, their possible origin (anthropogenic or natural), and the
mobility that serves to infer the potential risks of toxicity for the biota. The study of
sediments in an aquatic ecosystem allows a comprehensive estimation of pollution;
metals associated with the organic fraction can form solutions and remain available to
aquatic organisms [1].

An earlier study [2] shows the behavior of heavy metals; copper (Cu), nickel (Ni),
chrome (Cr), lead (Pb), cadmium (Cd), and zinc (Zn) in sediments and organisms in
Terminos Lagoon, Campeche, Mexico. The results for the sediments showed that the
total levels of metals were higher on the west side of the lagoon, except for Cd and Pb,
which had a high level on the east side. For the oyster (Crassostrea Virginica), metal
levels increase in the rainy season except for Pb, which presents higher values during
the northern season. The results show a tendency to increase in the levels of Cr and Pb
and are related to human and industrial activities.

Petroleum hydrocarbons, heavy metals, and pesticides are the main contaminants
in Mexican coastal [3]. These elements have generated harmful effects for the organ-
isms, coastal ecosystems, and public health; however, certain metals are part of the
biochemistry of living beings, are required by organisms, and are part of various
metabolic processes. Some metals, such as Fe, Cu, Zn, and others, are essential ele-
ments. The problem arises when these essential elements and other nonessential
elements such as Hg, Pb, and Cd are found at high levels in the organs or tissues of
aquatic organisms.

Another studio [4] showed levels of heavy metals in water and sediment sam-
ples; the water samples were within the national standards for river water. However,
the presence of all metals considered in the study was confirmed in the sediments,
which indicates that the sediments are a reserve source of pollutants. In this same
study, Cr, Pb, Fe, Ni, and Cu were very high in the sediments, mainly in summer
and winter.

In Mexico, other studies [5] determined levels of Cu, Mn, Fe, Ni, Cd, Pb, and Zn in
samples of oysters, water, and sediments from “San Andrés”, lagoon to determine and
understand the bioaccumulation mechanisms of the species and identify the potential
risk for the consumption of oysters.

Several factors can predispose to the presence of heavy metals in certain studies
[6], the bioavailable contents of Zn, Fe, Mn, Cu, Cr, Cd, Pb, and Ni in superficial
sediments of the “Bocaripo” coastal lagoon were evaluated in two climatic periods.
Showing the importance of the size and diameter of particles, the content of organic
matter (OM), and the pH of the sediments.

Finally, the authors conclude that the bioavailable content of Cu may represent a
potential risk of contamination and affect the mobility of other metals.

Studies carried out in the Bay of “Chetumal”, Mexico [7] confirm that organic
matter and other physicochemical parameters are essential in a global study of heavy
metals; the authors determined the levels of Cd, Pb, Hg, and As, in surface sediments
as well as organic matter and nutrients. The environmental disturbance was related
to discharges of water from the “Deep River” and from the city. In spring, the highest
levels were for Cd, Pb, Hg, and As. The parameters analyzed: PO4, NO3, CO3, and
organic matter (OM), did not show significant variation concerning reference values
of the official Mexican standards.
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The study of contamination in sediments must include the analysis of the texture
and determine the relationships with the levels of heavy metals; In this sense, in stud-
ies carried out in Chile [8], the granulometric and geochemical aspects of superficial
and subsurface marine sediments were analyzed; with this value, the authors deter-
mined the environmental quality of the sediments. In this sense, areas with environ-
mental deterioration were established, generated by enrichment or contamination of
some metals such as Ni, Zn, Pb, Cd, Cu, Hg, and As. The main textural fractions: are
silt, sand, and clay. In this same study, high values of OM were found. The authors
conclude that this area is susceptible to contamination due to its sedimentological
characteristics and geomorphology.

Gonzalez et al. [9] determined significant components such as organic and
inorganic matter (IM), silica, and carbonates, as well as heavy metals (Al, Fe, Mn, Cu,
Zn, Pb, Cr, and Ni), sedimentation, and texture studies. The authors conclude; that
the environmental problems presented by the “Copper River”, like most water bodies,
are due to the contributions of residual waters (the majority without treatment). One
of the sources of contamination has been the “Large Copper Mine”, which continues
to have an impact although it is not currently being exploited. A clear example is that
sediments are a reservoir of heavy metals and other pollutants.

Several authors [10] have studied the spatial and seasonal distribution of heavy
metals (Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, and Zn) in the dissolved fractions and
particles of the Port of Mazatldn (a lagoon system coast in northwestern Mexico).
The authors emphasize the effect of the anthropogenic contributions of heavy metals
on the concentrations in the port and the adjacent seawater, finding that the effect of
said agents in both fractions is limited to the immediate area of the discharge, with
concentrations from outside of the port indistinguishable about the coastal waters.

It is a verifiable fact that the sediments are temporary integrators of pollution [9-11]
and are affected by different physical and chemical processes, which makes the
concentration of the pollutant vary between climatic seasons.

Aguilar et al. [12] demonstrated in their studies that the climatic season has a
great influence on metal levels; the contents of Cd, Cu, Zn, and Fe were analyzed in
surface sediments of a “The Caleta” stream in the City of Carmen, Campeche. The
experimental results indicated that there was no significant difference by time and
sampling site, which was an expected behavior pattern since in the dry season there
are no significant contributions of water.

Certain metals such as Pb, Cd, Hg, and Ni; are a significant risk to human health,
are not classified as essential, and are often toxic at low concentrations. The Cd is
considered a potent carcinogen according to the International Agency for Research on
Cancer (IARC) [13]. These elements are found in the soil, air, and water and can reach
man through the food or water he consumes.

The damage they cause is so severe that many species show no symptoms, but
they accumulate large amounts in their internal tissues and organs [14-17], from this
fact derives the importance of studying marine sediments and classifying pollution
and the risk to which aquatic organisms are exposed; Likewise, sediments reflect the
environmental quality of an ecosystem [18, 19].

This chapter shows the results of determining the levels of Cr, Cd, Fe, Cu, Zn, and
their relationship to climatic seasons in the fluvial lagoon system of the “Palizada”
river, which flows into the “Terminos” lagoon.

This area constitutes one of the Natural Protected Areas of Mexico and is the
habitat of various species of flora and fauna endemic to Mexico.
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2. Methodology
2.1 Description of the study area

Physical environment: Carmen City (Figure 1), is located southwest of the state
of “Campeche”, bordered to the north by the Gulf of Mexico and the municipality
of “Champotén’, to the south by the state of Tabasco, to the east by the munici-
palities of “Escarcega and Candelaria” and to the west by the municipality of
“Palizada” [20].

The area of the “Terminos” lagoon includes Terminos lagoon and the adjacent flu-
vial -lagoon systems (“Palizada” from the east, “Chumpan-Balchacah”, “Candelaria-
Palau”), the lagoon complex of “Pom Atasta”, “Puerto Rico”, “Los Negros” and the
estuary of “Sabancuy”, the “Chacahito” lagoon, Carmen Island, and estuary Pargo.
The study area is shown in Figure 2. The “Palizada” river delta-lagoon fluid system
(SLFS) is in the southwestern portion of the Terminos lagoon hydrological basin
between geographic coordinates 18°19'13” and 18°29'04" north latitude and 91°44'36"
and 91°51'31” west longitude [20].

To carry out this study, ten points were included in the extraction of sediment
samples, during two climatic seasons (2: rainy, 3: dry) in the year, which allowed
obtaining significant information on the state of contamination of this important

ecosystem (Table1).
2.2 Selection of sampling sites

The selection of the ten sampling points was representative of the system, both in
number and location. Given the influence of seasonal variability [2]. A standardized
collection study was performed; that is the entire study area during a similar period at
the same depth, of a similar substrate [21]. Samples (sediment and water) were taken
according to standardized methods [22].

Figure 1.
The geographical location of the City of Carmen and “Terminos” lagoon.
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Figure 2.
The geographical location of the “Palizada” river.

Sampling sites Name Geographical coordinates

1 “Boca Chica” 18°29’ 22" North Latitude and 91° 47’ 37" West Longitude.
2 “San Francisco” 18° 26’ 15" North Latitude and 91° 45’ 27" West Longitude.
3 “Punta Cochinos” 18°26’ 14" North Latitude and 91° 47’ 06” West Longitude.
4 “Laguna del Este” 18°23’ 39" North Latitude and 91° 47’ 02" West Longitude.
5 “Santa Gertrude” 18°22' 06” North Latitude and 91° 44’ 17" West Longitude.
6 “Laguna vapor” 18° 22’ 21" North Latitude and 91° 49" 32” West Longitude.
7 “Botijuela” 18°19’ 21” North Latitude and 91° 50’ 06” West Longitude.
8 Cafiaveral 18°24' 59" North Latitude and 91°50" 16" West Longitude.
9 “Porvenir” 18°22' 20" North Latitude and 91° 51’ 46” West Longitude.
10 “Puerto Arturo” 18°20’ 27" North Latitude and 91° 52’ 41” West Longitude.

Table 1.

Sediment sampling points of the “Palizada’ river.

2.3 Sample treatment
2.3.1 Treatment of glassware and preparation of standards

The glassware was treated with a 10% nitric acid (HNO;) mixture, as suggested
by US-EPA method 3050B [23], and dried at a temperature of 105°C for later use.
Calibration standards for Cu, Pb, Cd, Fe, Mg, and Mn (Table 2), at 50 or 100 mL,
were prepared. The calibration blank was a 5% solution of HNOs.
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Element Wavelength (o) Working range (ug/mL)
Copper 3274 0.1-180
Cadmium 228.8 0-1.8

Lead 217 0.2-20

Iron 386 2-145
Magnesium 3225 0-1.150
Manganese 219 0.2-20

Table 2.

Working ranges and wavelengths (a), used in the analysis of heavy metals.

2.3.2 Sediment sample treatment for heavy metal analysis

The sediment samples were dried at a temperature of 105°C for 24 hours, later
they were treated in digestion with nitric acid (HNO;), hydrochloric acid (HCl), and
hydrogen peroxide (H,0,) [23]. The resulting solution is filtered, and deionized water
is added to it up to 100 mL, as suggested by EPA method 3050B [23]. The equipment
used for the analysis was an atomic absorption spectrum Mark Thermo Scientific, the
model is ICE 3500.

2.3.3 Sediment texture and Organic Matter (OM)

Granulometry analyses were carried out using the hydrometer of the Bouyocos
Technique [24], OM was analyzed by the method suggested in NMX-AA-034-
SCFI-2001 [25]; The principle of this method is based on the quantitative mea-
surement of OM contained in water by evaporation and calcination of the samples
and is summarized by the following steps: the dry sediment sample, previously
pulverized, is sieved to obtain a specific particle size. This method requires con-
stant weight measurements of porcelain vessels (crucibles), and sample calcina-
tion at 550°C to measure organic matter by weight difference with the following
Eq. (1):

MO =(GI-G)=*100 1)

Where:

OM: organic matter in mg/L

GI: is the weight of the crucible with the sample, before calcination (mg)

G: is the total weight of the crucible with the sample after calcination, in mg

2.4 Statistical analysis

To determine the variations by climatic season and by site, a one-way analysis of
variance (ANOVA) was used. To establish the relationships between sediment texture,
OM, and heavy metals, a Pearson correlation and multiple correlations (Software:
Statistical 7.1) were used [26]. The normality of the data was verified using the
Shapiro-Wilks statistical test (Software: Statistical 7.1).
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3. Results
3.1 Heavy metals, texture, and organic matter in sediments

The results of heavy metals are shown in Table 3 during the dry (1) and rainy (2)
climatic seasons. These results confirm that Fe is one of the most abundant elements
during the dry season (216.03-224.75 ug/g), suggesting evaporation phenomena and
low sediment mobility. During the rainy season, the values decrease considerably
(12.90-34.60 pg/g). During the dry season, the Mg (14.93-17.91 pg/g) did not show
significant variations. In the rainy season (5.18-24.20 pg/g) the behavior pattern
shows variations by the site. The Mn presents variations in both climatic seasons: dry
season (6.89-13.44 pg/g), and rainy season (2.77-15.09 pg/g). Cuand Cd do not show
avariable behavior. Although it is very difficult to differentiate between anthropo-
genic and natural contributions, the variations that occur during the climatic seasons;
are an important element for contamination analysis.

The highest Cd values were in the rainy season at the “Laguna del Este” site with
2.34 pg/g. For Mg, the highest values occurred during the rainy season at the “El

Site Climatic season Metallic elements analyzed

Cu Cd Mg Fe Mn
1 1 0.19 1.01 17.24 216.06 9.82
2 1 0.19 1.05 16.97 222.20 1344
3 1 0.19 113 16.62 21540 11.70
4 1 0.19 120 17.74 224.75 12.90
5 1 0.19 128 14.93 222.73 6.89
6 1 0.19 148 17.70 21917 8.07
7 1 0.19 1.52 14.69 219.67 8.85
8 1 0.19 153 17.52 222.54 9.54
9 1 0.19 1.55 17.72 219.62 715
10 1 0.19 1.60 1791 21734 9.00
1 2 113 2.25 518 3331 7.58
2 2 123 2.30 597 18.05 15.09
3 2 118 2.30 7.81 20.63 712
4 2 110 2.34 9.36 20.63 5.25
5 2 110 2.20 21.05 12.90 2.77
6 2 118 2.26 10.10 34.60 6.90
7 2 121 2.26 2216 19.89 518
8 2 117 2.25 6.26 28.71 8.01
9 2 113 219 24.20 19.52 6.56
10 2 111 226 10.29 29.45 5.40

Table 3.

Levels of heavy metals during the two climatic seasons: dry (1) and rainy (2) in ug/g.
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Site % Climatic season % Sand % Silt % Clay % OM
1 2 43.60 50.40 6.00 4.3971
2 2 71.20 26.20 2.60 3.857

3 2 56.80 32 11.20 3.8302
4 2 57.20 40.40 240 4.5454
5 2 31.60 68.80 3.60 2944

6 2 3760 58.80 3.60 2414

7 2 44.06* 50.37* 5.57* 4.1561
8 2 760 80.80 11.60 4.1421
9 2 7320 2240 4.40 4.1655
10 2 18 73.60 8.40 2.2208
1 3 5720 3840 4.40 2.0269
2 3 4760 40.80 11.60 3.7439
3 3 75.60 19.60 4.80 3.4965
4 3 33.60 55.20 11.20 3.3148
5 3 53.45* 40.3* 6.25* 31189
6 3 43.28* 50.07* 6.65* 29293
7 3 85.60 10.40 4.00 24688
8 3 15.20 76.40 8.40 2.244

9 3 7760 20 2.40 24253
10 3 1720 76 6.80 4.1819

"For the estimation of missing data, the block model approximation was used.

Table 4.
Sediment texture and organic matter (OM) in %.

Porvenir” site with 24.20 pg/g. The results for Fe in the rainy season were higher at the
“El Porvenir” site with 224.75 pg/g.

To analyze a contaminated site, it is important to establish correlations with the
physical and chemical characteristics of the sediments, because different contami-
nants are related to organic matter and fine fractions. In this study, the texture of
the sediments, organic matter, and their relationships with heavy metals (Table 4).
The organic matter content is high and is related to the extensive area of mangroves,
various species of macrophytes, and human settlements, which contributes to the
variability of organic matter.

3.2 Statistical analysis

In Table 5, the ANOVA analysis of variance is shown, all the results are within the
normal distribution (p < 0.05).

For Cu (p = 0.5136, p > 0.05) it shows that there are no statistically significant dif-
ferences by site, however, for the climatic season, the statistical results show that there
is a highly significant difference (p = 0.000, p < 0.05). The climatic season has a great
influence on Cu abundance, as shown by a recent study [11, 27]. The maximum levels
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Source Sumofsquares  Degreesoffreedom  Meansquare  F-statistic p-statistic
(Cu)

A =site 51.9116 9 5.76796 0.95 0.5136
B = climatic season 514.943 2 257471 4219 0.00000"
Residual 103.738 17 6.10222

Total 687.832 28

(Cd)

A = site 0.584661 9 0.0649623 245 0.0531
B = climatic season 4.8115 2 2.40575 90.84 0.0000
Residual 0.450235 17 0.0264844

Total 5.90262 28

(Fe)

A =site 176.139 9 19.571 0.53 0.8342
B = climatic season 256511.0 2 128255.0 3463.58 0.00000
Residual 629.505 17 37.0297

Total 259823.0 28

(Mg)

A =ssite 145.696 9 16.1885 0.79 0.6275
B = climatic season 668.429 2 334.215 16.37 0.0001
Residual 374182 17 20.4225

Total 1233.08 28

(Mn)

A =ssite 4833.04 9 537.004 0.99 0.4832
B = climatic season 190613.0 2 95306.6 175.54 0.0000
Residual 9229.77 17 542928

Total 211579.0 28

*Significant with a confidence value of 95%.

Tables.
Results of analysis of variance (ANOVA) for Cu, Cd, Fe, Mg, and Mn.

of Cuwere recorded during the rainy season, which can be related to the very particular

circulation mechanisms of the coastal zone at this time [2]. In previous studies [19, 28]

similar levels of Cu were reported. Cu is associated with fine particlesand OM [29] its

high levels come from wastewater discharges and the hydrocarbon industry [30, 31]. In

this study, no significant relationships between Cu, texture, and OM are shown (Table 6).
For Cd (Table 5) there is no significant difference for the site (p = 0.0531,

p > 0.05). But there is a statistically significant difference in the climatic season

(p = 0.000, p < 0.05), the greatest influence on the presence and distribution of

heavy metals is due to the climatic season. Table 7 shows the correlation results; none

of the values show a significant relationship.

For Fe, only the climatic season influences the variation of the data (Table 5);
Table 8 shows the correlation analyses; there is no evidence of relationships between
heavy metals and sediment texture. There is a significant relationship between
organic matter and Fe, which can be found forming oxides.
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Test stats Sand Slime Clay oM
Correlation coefficient (r) 0.1627 —0.20821 0.120697 0418
p-value 0.493 0.3939 0.6122 0.066*

*Significant at 95% confidence level.

Table 6.
Correlation values of texture and organic OM with Cu.

Test stats Sand Slime Clay OM

Correlation coefficient (r) 0.0376 —0.0780 0.1871 —-0.466

p-value 0.8749 0.7436 0.4295 0.0383
Table 7.

Correlation values of texture and OM with Cd.

Test stats Sand Slime Clay OM
Correlation coefficient (r) 0.16394 0.2032 -0.1263 0.5173"
p-value 0.4898 0.3902 0.5956 0.0403

**Significant relationship (r > 0.5).

Table 8.
Correlation values of texture and OM with Fe.

Test stats Sand Slime Clay OM

Correlation coefficient (r) 0.3101 -0.274 —0.3706 0.063

Value of the p statistic of the model 0.1832 0.2410 0.1077 0.7909
Table 9.

Values of the correlations of texture and organic matter with Mg.

Test stats Sand Slime Clay OM

Correlation coefficient (r) 0.01320 —0.0426 0.1607 0.4063

p-value 0.9559 0.8584 0.4984 0.0755
Table 10.

Correlation values of texture and OM with Mn.

Mg is a natural element of the sediments and forms part of the hardness of the
waters, it is abundant in calcareous sediments and is a source of available minerals.
The statistical results are shown in Table 5 and confirm that only the climatic season
influences the presence and availability.

The results of the relationships between sediment texture and OM with Mg are
presented in Table 9. (No significant relationships are shown).

For Mn, the results show that only the climatic season influences the presence and
distribution of the metal (Table5), The relationships between sediment texture and
organic matter are shown in Table 10 (No significant relationships shown).
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Cd Fe Mg Mn Cu
Cd 1
Fe -0.96 1
Mg —-0.4352 0.4006 1
Mn —0.5225 0.4130 -0.133 1
Cu 0.9475* 0.9964* -0.434 -0.427 1

'Sigm'ﬁmnt at 95% confidence.

Table 11.
Values of metal-metal correlations.

A correlation analysis (Table 11) between metal-metal was performed to deter-
mine the degree of relationship and if they have sources of generation in common.

4, Conclusion

In this study, the levels of heavy metals showed significant variations only due to
the climatic season; the dry season has a more significant influence on the increase
in levels of all the metals included in this study. As discussed throughout the chapter,
high temperatures in the area cause phenomena of evaporation, concentration, and
precipitation of pollutants from the water column to the sediments. The organic
matter levels have a high relationship with Fe. Likewise, this metal shows significant
associations with Cd and Cu, which indicates that the generated source is the same. It
is concluded that the contributions of Fe, Mg, and Mn come from the agricultural and
livestock activities carried out along the “Palizada” river, where its high agricultural
and livestock productivity is an essential characteristic of the municipality.

Likewise, the absence of effective programs for monitoring and controlling pollut-
ants in the Mexican coastal environment, the growing industrialization, and urban-
ization have caused more than 30% of the rivers and lagoons in the Gulf of Mexico to
be contaminated. The sediments represent a reservoir of heavy metals that contrib-
utes significantly to the bioavailability of aquatic organisms. On the other hand, the
levels of organic matter in some sites exceed the criteria that have been established for
marine areas where these levels should not be greater than 10%. These high levels of
organic matter corroborate that the “Palizada” river directly influences anthropogenic
discharges and rain slides.
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Leaching Technology for Precious
Heavy Metal Recapture through
(HCI + HNO:),) and (HCI + HzSO4)

from E-Waste
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Akilamudhan Palaniappan, VenkataRatnam Myneni,
Padmapriya Veerappan and Minar Mohamed Lebba

Abstract

The rapid growth of information technology and industrialization are the key
components for the development of electronic equipment, and their inevitable role in
human day-to-day life has an important stint in the generation of electronic waste
(e-waste). This waste has far-reaching environmental and health consequences. One
such e-waste printed circuit board (PCB) contains significant amounts of valuable
heavy metals such as copper (Cu), lead (Pb), zinc (Zn), nickel (Ni), and others that
can be extracted through various metallurgical routes. Recovery and recycle of heavy
metal ions is a major challenge to prevent environmental contamination. The present
study discusses the current e-waste scenario, health impacts and treatment methods in
detail, and also presents experimental results of recovery of heavy metals from
printed circuit boards (PCBs) by leaching using aqua regia (HCI + HNO3 and
HCI + H,S0,4). Under varying conditions such as specified conditions of 80°C,

0.05 mm of thickness, 3 hrs of contacttime, 80rpm shaking speed, and concentration
of PCB sample of 0.5 g ml ™', it results in the composition of extracted heavy metal
ions in such a way that 97.59% of copper, 96.59% of lead, 94.66% of tin, and 96.64% of
zinc, respectively. The recovery of heavy metal ions from PCBs has an important
leading contribution in electronic waste management and the result shows a higher
rate.

Keywords: e-waste, printed circuit board, leaching, aqua regia, heavy metals,
optimization

1. Introduction

The electronics industry is the largest and fastest-growing manufacturing sector in
the world. The PCBs are waste sources from electronic machines such as television
boards, CD players, and cell phones. Researchers have reported that in recent years,
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the average rate of PCB development has risen by 8.7% due to technological progress.
The studies observed that the continuous increase in e-waste generation rates is due to
the nation’s population and technological growth. The studies predict that each indi-
vidual would produce approximately 5173 kg of e-waste per year. The metallic com-
position consists primarily of 10-30% of copper (Cu) and other metals such as tin
(Sn), zinc (Zn), lead (Pb), nickel (Ni), iron (Fe), silver (Ag), cadmium (Cd), gold
(Au) and others, depending on the sources of printed circuit boards (PCB) [1-3].

A sample PCB is shown in Figure 1. Informal processing of e-waste in developing
countries can lead to adverse effects on human health and environmental pollution.
In 2016, 44.7 million metric tons of e-waste were generated globally [4, 5]. Health
symptoms like headaches, dizziness, irritation in the eyes, nose, mouth, etc. are
caused by exposure to Cu, which is present in landfills [6-8]. The methods that can be
used to recover metals from PCBs are essentially physical, mechanical and chemical
separations. Several studies on the feasibility of metal recovery from PCBs have been
investigated in the last decade. Hydrometallurgical procedures, such as leaching, are
very intentional in these studies.

1.1 Health hazards caused by informal disposal of e-waste

E-waste not only includes household and industrial electrical appliances but also
includes their components such as batteries, capacitors, castings, etc. Recycling of
such waste has been carried out both formally and informally in several countries like
China, India, Ghana, Thailand, Vietnam, etc. [9]. Traditional recycling techniques are
well developed techniques to ensure safe and efficient separation, but are highly
expensive to install and run. So such techniques are not taken into consideration and
cheap informal techniques are to be implemented. This may cause the release of
several pollutants into the environment, which can lead to a variety of health prob-
lems [8-10]. The metals present in the PCBs are highly toxic and hazardous to living
bodies. These metals follow media such as dust, air, water, and soil to reach the human
frame. Exposure to metals such as lead (Pb) and cadmium (Cd) affects reproductive
health, growth, and mental instability and damages human DNA [11-13]. Health
symptoms like headaches, dizziness, irritation in the eyes, nose, mouth, etc. are
caused by the exposure to copper (Cu) which is present in landfills [14-16]. The
different e-waste sources, heavy metals, and effects are explained in Figure 1.

Toxk metals
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Fealth effect
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Figure 1.
Diagram of e-waste sources in various aspects and health effects.
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Informal treatment strategies as well as innovative metal recovery approaches
based on the material composition present in PCBs are accompanied by management
and sustainable treatment techniques involving the reduction of waste circuit boards
in developing countries. There are two techniques used to dispose of and extract
heavy metals from PCBs. Incineration was used as a primary method through high-
temperature PCB melting and is very hazardous as it releases strong toxic metal
vapors such as polycyclic aromatic hydrocarbons and dioxins due to the emission of
possible contaminants during incineration [17, 18], and the secondary method was
followed at low temperature by hydrometallurgical techniques with the help of
chemical reagents [19-21].

1.2 Pyrometallurgical method

Pyrometallurgical processing is the most common method used for the separation
of heavy metals from PCBs. The smelting process consists of the melting of waste
PCBs in a high-temperature furnace (up to 1500°C) and is primarily used for the
recovery of copper from used waste circuit boards. The limitations of this process are
relatively low performance, high energy consumption, and difficulty in distinguishing
metallic and non-metallic components [19, 22]. The pyrometallurgy process involves
the heating of e-waste at a high temperature to recover precious metals. This treat-
ment leads to the release of dangerous gases into the air, which must be extracted
from the air by the flue gas cleaning system [23]. The limitations of this process are:

* Pyrometallurgical techniques have a greater environmental impact due to the
gaseous emissions from incineration.

* Plastic recovery is not possible due to the replacement of plastics by coke as a
source of energy.

* Hazardous emissions such as dioxins are generated during the smelting of feed
materials which have halogenated flame retardants and polyvinyl chloride
(PVC), which lead to dioxins in the form of dioxins. Therefore, special
installations (emission controls) are required to minimize environmental
pollution.

* It is very difficult to separate all the metals.
* Low metals are recovered only by a fraction of metals.
* The process has high energy consumption.

1.3 Hydrometallurgical method

The hydrometallurgical method includes the application of aqueous solution
leaching media, such as strong acid or base, oxidizing agents, and complexion agents,
for the recovery of heavy metal separations. Previous studies have employed various
leaching media such as strong acids (sulfuric acid, nitric acid), bases (sodium hydrox-
ide, sodium hypochlorite), and complexing agents (cyanide, thiosulphate). This treat-
ment approach has advantages over pyrometallurgical processes such as reduced
pollution, radioactive contaminants, and moderately toxic chemicals for
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environmental effects. Therefore, these various recovery methods used for the treat-
ment of used PCBs need to be reconsidered due to the enormous amount of flammable,
toxic, and corrosive reagents used and the large volume of effluents and other solid
waste produced [24]. In hydrometallurgical procedures, the following steps are widely
used: leaching and extraction, purification, and concentration of liquefied solutions, as
well as the recovery of heavy metals. Four operations are typically implemented in
these recovery operations, as shown in previous studies. The hydrometallurgical pro-
cedure, such as leaching, has shown a great deal of strength in several studies. Several
leaching reagents demonstrate major improvements in metal recovery. When treated
with different acidic media, aq.HNO3, aq.HCI, and aq.H,SO,4, PCBs were cut to remove
Cu®* ions and the recovery percentage of Cu’* was 97.5, 65, and 76.5%, respectively
[20]. Only trace quantities of other metals can be extracted through this targeted
extraction of copper. While using HCI as a leaching agent under specified conditions,
the PCB sample size of 4x4 cm results in the separation of Cu, Zn, Sn, and Pb with a
composition of 117.33, 28.97, 10.41, and 9.34 mg g_l, respectively [23].

The amount of Zn and Pb leached was very small when compared to the typical PCB
metal content. The recoveries for Cu, Pb, Zn, and Sn were 16, 2.0, 1, and 1%, respec-
tively, when leaching was done in crushed PCBs (size between 0.43 and 3.33 mm) using
sodium cyanide solution [25]. It has the least compositional value compared to the
average weight of the total metals found in it. After 480 min, various metals leached
from PCB waste, such as H,SO4 and H,0,, provide 76% Zn, 85% Cu, 82% Fe, 77% Al,
and 70% Ni recovery [26]. Other valuable metals are retained in the leaching solution as
residue. The effective treatment of PCBs will depend on choosing the suitable recovery
method. The development of new technology for the recovery of toxic heavy metal ions
from waste PCBs remains an important scientific endeavor. The literature study shows
the more stable and effective metal ion recovery will be achieved by two-stage chemical
leaching with adsorption from waste PCBs. However, a suitable carrier has to be
selected for the selective recovery of heavy metals in an effective manner.

This chapter presents an overview of current e-waste scenario, its impacts and
treatment methods. The experimental studies are carried out for the the extraction of
copper (Cu), tin (Sn), zinc (Zn) and lead (Pb) from PCBs by leaching using aqua regia
(a mixture of HCI and HNO; and HCI and H,SO,) for varying conditions of temper-
ature, size of sample, contact time and shaking speed.

The main objectives of the present study are:

* To prepare the suitable leaching agents in chemicals and optimize the operational
parameters like concentration, temperature, shaking speed, time of leaching, and
bulk density for the recovery of metal ions such as copper, zinc, tin, and lead
separate from PCBs.

* To determine the stability of the prepared leaching media by the recovery rate
with the help of EDXs.
2. Materials and methods
2.1 Electronic waste collection

The waste PCBs are obtained from the e-waste disposal unit in India. The sample
was initially cleaned manually to remove dust particles by the air blower. Later, other

270



Leaching Technology for Precious Heavy Metal Recapture through (HCI + HNO;)...
DOT: http://dx.doi.org/10.5772 /intechopen.102347

elements such as capacitors, resisters, integrated circuits, diodes, transistors, etc.,
were detached with the help of mechanical tools (saw metal cutter, sheet metal cutter,
metal lathe cutting tool, cutting pliers, and materials separation toolkit). This separa-
tion is not as simple due to the difference in the physical characteristics of metals and
non-metals. Hence, different separation methods, such as pneumatic separation,
magnetic separation, filtering, eddy current separation, electrostatic separation, etc.,
are used to enrich metals and non-metals [10, 14, 23, 27].

The crushed PCBs obtained from the crusher are then pulverized and further
exposed to milling operations for better size reduction using a ball mill, and particles
of different mesh sizes are analyzed. The weight fraction of crushed PCBs obtained
from the lower screens of jaw crushers with a capacity of 80 kg hr.”* and a clearance
of 10 mm is much lower, making better ion recovery impossible. Thus, it is subjected
to 5 mm of clearance in the same jaw crusher, yielding samples weighing 65, 53, 48,
and 36 grams for sieves with mesh sizes of 0.3, 0.18, 0.05 mm, and pan, respectively,
when screened using a rotary sieve shaker at a speed of 60 rpm with a power of 0.25
HP and a single-phase 80 volt supply. As the reduction in size increases the rate of
recovery of metal ions [16], the resulting crushed samples are processed into powder
form using a pulverizer with a disk diameter of 175 mm operated by a 3-phase motor
at 1400 rpm in a 225-445 V supply (Figure 2 and Table 1).

2.2 Chemical leaching experimentation with aqua regia
2.3 Leaching mediaPreparation
The leaching media is an important factor that should be considered while

extracting heavy metals from PCBs. Various sorts of leaching agents show different
leaching rates with respect to the type of metals present in PCBs. H,SO,, HCI, NaCl,

Figure 2.

Stepwise size reduction of PCBs under the various mechanical operations (jaw crusher, roll crusher, furnace and
pulverized mills produced small sizes between 4 and 0.05 mm) and heavy metals presents before leaching by SEM
with EDx analysis.
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Mesh size Weight fraction (grams)
Jaw crusher Pulveriser Ball mill
B.S.S (mm) Clearance 10 mm Clearance 5 mm Feed size 6 mm Ball weight 500 g
4 4 155 118 45 27
7 2.3 125 92 57 35
25 0.6 95 76 69 58
52 0.3 52 65 87 64
85 0.18 30 53 60 78
300 0.05 22 48 85 82
pan _ 15 36 79 120
Table 1.

Analysis of PCB sige reduction.

HNOj3, Na,S,03,etc. are commonly used leaching media for the extraction of heavy
metals from PCBs. Aqua regia, which is a mixture of hydrochloric acid and nitric
acid, is used as a leaching agent in this study. It is prepared by mixing HCI and HNO;
in a 3:1 ratio under specified conditions of temperature, time, and surrounding
conditions. Different leaching agents show different rates of recovery and metal
extracted with respect to the nature of the leaching media, rate of ion exchange,
degree of dissociation of ions and various parameters such as time, temperature,
concentration etc. When remaining constraints are held constant, metal ions such as
Cu’, Zn', Pb*, and Sn*, among others, exhibit different ionic properties with acid
medium. Even though the above studies result in significant metal recovery, they
also possess demerits, such as the targeted extraction of a specific metal leads to the
loss of several other valuable metals. By using aqua regia as a leaching reagent, heavy
metals such as Cu, Sn, Pb, and Zn can be extracted from PCBs with a high recovery
rate. Aqua regia preparation involves the mixing of strong acids. It produces heat
and toxic gases, so it is necessary to follow safety protocols while preparing and
handling this solution. In this experiment, HNOj3 is added to HCI contained in a
beaker, which is placed in a water bath in order to reduce the fume generation. The
two concentrated acids are mixed in the ratio of 3:1 (HCI:HNO3); concentrated HCI
is about 35% and concentrated HNO3 is about 65%. So that volume ratio will be 4
parts concentrated HCI and 1 part concentrated HNOj3. The solution is kept away
from organic contaminants because it leads to vigorous or violent reactions and a
low temperature should be maintained.

2.4 Treatment of PCBs with aqua regia

All the experiments are carried out in a conical flask incorporated with a
temperature-controlled shaker. Primary analysis was conducted by applying specific
conditions to obtain a standard recovery rate. 5gm of PCB samples are allowed to react
with 20 ml of leaching media inside the conical flask at 60°C and shaken in a
mechanical shaker at a shaking speed of 120 rpm for 2 hrs. At the end of this effective
contact time, the shaker is stopped and the solution in the conical flask is filtered using
filter paper. After complete filtration, the filtrate is sent for SEM with EDX analysis to
determine the composition of metals retained. The rate of leaching is affected by a
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number of factors, including sample size, concentration, temperature, shaking speed,
and contact time. By varying these parameters, different values for the recovery rate
and composition of heavy metals are obtained.

3. Results and discussion
3.1 Sample analysis of PCBs

It is important to conduct sample analysis before subjecting the crushed samples to
the leaching process. The primary sample had followed three size reduction opera-
tions, namely crushing, pulverizing, and milling, and the weight fractions obtained at
each operation are explained with their corresponding mesh size shown in Figure 3.
The ultimate purpose of size reduction has been studied previously and data analyzed.

The graphical representation of size analysis shows that the fraction of sample
obtained in the sieves with larger mesh sizes has been decreasing when subjected to a
sequence of size reduction operations. However, the total weight obtained in the
sieves is approximately conserved with a trace of negligible loss. From the sieve
analysis data of each operation, the sample obtained from the ball mill has a fraction of
weight in the pan that is less than 0.05 mm. Various studies used shredded samples
with a size of less than 0.5 mm, which resulted in a high recovery rate of heavy metals
[4, 5]. Present research comprises leaching particle sizes of 0.05 mm and 0.1 mm,
which is the sample retained just above the pan (Figures 4 and 5).

3.2 Optimization of various parameters for recovery of heavy metals
3.2.1 Effectof concentration

By varying the concentration, the leaching process shows a significant change in
the recovery rate. The recovery rate increases with an increase in the concentration of
the sample with respect to time. After attaining an equilibrium state, the rate of
leaching becomes constant. 20 ml of aqua regia is used to leach heavy metals from 2, 4,

180 + —
- 160
E 140
B 5 B Jaw crusher with
g 120 10mm clearance
£ 100 -
] 5
2 50 M Jaw crusher with
e 5mm clearance
5 @ | mPulveri

[
g 40 | veriser
20 - -
0 - | OBallmill
4 2.3 0.6 0.3 0.18 0.05 pan
Mesh Size (mm)
Figure 3.

Graphical representation of size reduction in different operation.
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Figure 4.
Presents of metal components from PCBs by the EDXs.
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Figure 5.
Graphical representation of % recovery of metals with concentration.

6, 8, and 10 g of 0.3 mm sized PCB samples at standard conditions of 80°C of
temperature and 200 rpm of speed for 2 hrs. The graph shows an increase in the
recovery rate of metals with an increase in the concentration of PCB. The metals
recovered in the decreasing order of Cu, Pb, Sn, and Zn were recovered. Copper is the
most recovered metal, whereas zinc is the least recovered. When the concentrations
were increased by 0.1 g ml 7, all metals showed a slight increase in recovery rate.

As there is no decrease in the percentage of metals recovered, it is confirmed that
the metallic distribution of powdered PCBs is uniform. When the concentration is
0.5 g/ml, the graph shows the maximum recovery with metallic composition as
92.06% of Cu, 55.42% of Sn, 48.27% of Zn, and 78.42% of Pb. Based on the previous
studies of metal recoveries [28, 29].
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Figure 6.
Graphical representation of % recovery of metals with size.

3.2.2 Effect of size

The different sieve size particles are leached using aqua regia and the weight
fraction of metallic components is analyzed. 5 gm of particles with sizes of 4, 2.3, 0.6,
0.3, and 0.05 mm are leached for hours at 80°C with a shaking speed of 200 rpm.
Figure 6 explains the relationship between size and recovery. It shows recovery
increases with an increase in contacting surface.

The graph shows an appreciable increase in the percentage of metals recovered
with a decrease in the size of the sample. The higher recovery rate is shown for the
PCB sample at the lowest size, which is 0.05 mm. The uniformity of metallic distri-
bution is also conserved here. Copper is the major component present in the leached
sample and zinc is the minimum. It results in a percentage recovery of copper, tin,
zinc, and lead of 83.49, 58.72, 57.75, and 78.42%, respectively.

3.2.3 Effect of temperatire

5 gm of PCB samples of size 0.3 mm are treated with aqua regia in a conical flask
and shaken at a speed of 200 rpm for 2 hrs. Five samples of the same condition are
maintained at varying temperatures of 40, 60, 80, 100, and 120°C. After completion
of effective time, the leached PCB sample is analyzed. The data obtained is
represented graphically and the relations between recovery and temperature are
studied. The graph shows an appreciable increase in recovery rate with an increase in
temperature for a particular point of temperature [30, 31]. When the sample is
leached at a temperature above 80°C, there is no appreciable change in recovery,
which is negligible. It indicates that the leaching depends on temperature only for a
particular limit, and that after a certain point of temperature, leaching is independent
of temperature. At 80°C, the result shows a metallic composition of 89.84% of Cu,
69.05% of Sn, 65.51% of Zn, and 82.45% of Pb (Figure 7).
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Figure 7.
Graphical representation of % recovery of metals with temperature.

3.2.4 Effect of time

To determine the effective leaching time, the sample is allowed to be leached for
different intervals of time. The persistent condition is maintained as a 5gm sample of
size 0.3 mm shaken with 20 ml of aqua regia in a conical flask and shaken at a speed of
200 rpm while the temperature is maintained at 80°C. Then it is allowed to be leached
for 1, 2, 3, 4 and 5 hrs, respectively. The data collected is graphically represented in
Figure 8 below. It shows that the recovery percentage is almost constant when a
sample is leached for more time after a certain period of time. The graph shows that
the recovery of metals increases with an increase in time for a certain period, and after
a particular point of time, the recovery becomes almost constant. That means all the
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Figure 8.
Graphical representation of % recovery of metals with time.
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metals in contact are leached from the sample within a particular time period, and
there is no use in leaving the system under leaching condition after a certain period of
time. The results show the maximum recovery when the sample is leached for 3 hrs.
When the sample is leached for 3 hrs, the result shows the recovery of metals as 91.36,
69.43, 72.41, and 83.22% of Cu, Sn, Zn, and Pb, respectively.

3.3 Optimum conditional parameter studies

Once all the results for recovery with respect to various parameters are evaluated
and studied as explained above, we get the optimum condition to obtain maximum
recovery of metals. The optimum condition is the value of concentration, size, tem-
perature, shaking speed, and time at which the maximum recovery is obtained. The
results obtained at optimum conditions show that the recovery of heavy metals is as
high as 99.9% of copper, 98.3% of lead, 96.8% of tin and 93.1% of zinc, respectively.
In this study, specific conditions of 800°C, 0.05 mm of thickness, 3 hours of
contacting time, 80 rpm shaking speed, and pulp density of PCB sample of 20gm L™
were met in both stages, with a 3:1 ratio of first stage HCI and HNO3 and second stage
HCI and H,SO,) prepared as a leaching agent. The experimental results were obtained
under the above mentioned conditions and have been shown in (Figure 9) and
(Table 2). Results found that the optimum recovery rate for stage I Cu was 89.5%,

Spectrum 1
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Full Scale 1875 cts Cursor: 0.000 ke

Figure 9.
EDXs spectrum analysis for metal ions obtained after leaching.

Metals Initial Stage-I & II weight fraction % Recovery
Co Ce-1 Ce-1 C-1I C.-1I Stage-1 Stage-II
(PCBs sample) Leached solution (PCBs sample) Leached solution
Cu 3.15 0.325 2.825 0.031 3.119 89.5% 99.0%
Sn 42.40 15.09 27.31 1.36 41.04 64.4% 96.8%
Pb 27.81 5.31 225 0.47 27.34 80.9% 98.3%
Zn 1.16 0.403 0.757 0.076 1.084 63.4% 93.1%
Others 27.81 12.4 15.41 1.168 26.642 52.6% 95.4%
Table 2.

Metallic composition of leached PCBs at optimum conditions by stage-I ¢ I1.
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Sn 64.4%, Zn 63.4%, Pb 80.9%, and stage II Cu was 99.0%, Sn 96.8%, Zn 93.1%, and
Pb 98.3%, respectively.

4, Conclusions and outlook

The study shows the dependency of the rate of recovery on the condition in an
arbitrary manner. The recovery rate has a different approach with each parameter.
The results show that the maximum percentage of metals recovered at 80°C, 0.05 mm
thickness, 3 hours of contacting time, 80 rpm shaking speed, and PCB sample con-
centration of 0.5 g/ml™".Under this condition, the resultwas obtained with 97.59% of
copper, 96.29% of lead, 94.66% of tin, and 96.64% of zinc, respectively. It is the most
effective recovery condition for this experiment. However, targeted extraction of a
particular metal can be made possible by varying a particular parameter only. In such
a way, the percentage recovery of that particular metal can be increased with negligi-
ble loss. In such extractions, the other heavy metals are retained in the sample or less
amounts of other metals are separated. Disposal of such residuals also causes environ-
mental issues. Since this type of extraction is promoted in order to reduce the envi-
ronmental problems caused by these kinds of heavy metals, the targeted extraction of
a particular metal is not advisable, even if it is economically profitable. It was con-
cluded that the combination of aqua regia (HCI and HNOj3 and HCI and H,SO,)
leaching is an effective and economic way for the recovery of copper from leached
solution. According to studies, modifying the dissolving of metal ions in the reagents
increases the rate of leaching, but this raises the total cost and results in the introduc-
tion of additional chemicals into the atmosphere. As a result, attempts will be made in
the future to resolve these issues. Only a few field trials have been performed, and
more systematic studies are needed to decide the best conditions for using aqueregia
as a leaching medium.
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Highlights

* The heavy metals in PCBs were leached with two-step aqua regia (HCI and HNO;
and HCI and H,SO,).

* Optimization of various parameters has been tested to enhance the recovery of
heavy metals.

* The maximum recovery rates obtained were Cu 97.59%, Pb 96.89%, Sn 94.66%,
and Zn 96.64%.

* The combination of aqua regia leaching and PCBs is an efficient and cost-
effective method for recovering heavy metals from PCBs.
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Nomenclature

Cu Copper (-)

EEE Electrical and electronic equipment (-)
E-Waste Electronic waste (-)

EDX Energy-dispersive X-ray spectroscopy (-)
HCI Hydrochloric acid (-)

PVC Polyvinyil chloride (-)

Pb Lead (-)

HNO; Nitric acid (-)

PCBs Printed circuit boards (-)

SEM Scanning electron microscopy (-)

H,SO,4 Sulfuric acid (<)

Sn Tin (-)

WEEE Waste of electrical and electronic equipment (-)
7Zn Zinc (=)
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Chapter 14

Phytoextraction of Zn(II)
and Cu(II) by Canna indica:
Related Physiological Effects

Josefina Plaza Cazon, Matias Gonzalez and Marcela Ruscitti

Abstract

Phytoremediation is a technique for treatment areas with medium or low heavy
metals concentrations. A pot experiment was carried out to determine the usefulness
of Canna indica L. as phytoremediator species. The plants were treated with three
increasing Zn(II) and Cu(II) solutions. 21 days later, dry weight, relative membrane
conductivity, chlorophyll, carotene, malondialdehyde, soluble proteins, proline, and
Zn(II) and Cu(II) contents were measured. Zn(II) and Cu (II) treatments caused a
decline in the dry weight, chlorophyll, carotene, and soluble proteins content,
whereas the relative conductivity, malondialdehyde, and proline content showed the
opposite pattern. The bioaccumulation reached values approximately 48 and 15 times
higher (5293 mg kg~ ' and 1425 mg kg™ "), compared with the control, for Zn(II)
and Cu(II), respectively. Our results suggest that this species can be used for the
phytoremediation of polluted soils with moderate concentrations of Zn(II) and
Cu(II).

Keywords: phytoremediation, Canna indica, copper, zinc, physiological response

1. Introduction

Heavy metal pollution of soil and water is a worldwide concern because of its
harmful effect on human health. The constant accumulation of heavy metals in soil
can pose a serious risk to living organisms including plants, animals, and microorgan-
isms [1, 2]. To date, phytoremediation is confirmed to be the most environmentally
friendly and cost-effective strategy. Types of phytoremediation include
phytoextraction, phytovolatilization, phytostabilization, phytodegradation, and
rhizosphere. The advantages of phytoremediation compared with traditional physical
surface and chemical remediation methods are low cost and simplicity [3].
Phytoremediation is linked with the morphological, biochemical, and physiological
effects on plant growth. During the phytoremediation process, some morphophy-
siological growth parameters have to be evaluated such as root growth, net biomass
weight, leaf area, the net rate of photosynthesis, the effects on the plasma membrane
of plants, reactive oxygen species (ROS) generation, hydrogen peroxide (H,0,) con-
tent, and malondialdehyde (MDA) level, linked to genotoxicity. Plants try to elude
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their harmful effects by adopting various defense mechanisms, which include antiox-
idant activation and other mechanisms of metal homeostasis. In response, plants have
developed enzymatic and nonenzymatic antioxidant mechanisms and increased
activities of catalase (CAT), superoxide dismutase (SOD), ascorbate peroxidase
(APX), and peroxidase (POD) [4].

In literature, C. indica was investigated by different authors as phytoremediation
species in pot, hydroponic, and wetlands systems [5-7]. Most of these works focused
on the efficiency of the plant to accumulate heavy metals but did not evaluate the
effect of these metals on the physiology of the plant.

This study aimed to evaluate the impact of Zn(II) and Cu(II) excess on the growth
and metabolism of C. indica through the determination of physiological parameters
and Zn(II) and Cu(II) bioaccumulation to establish the strategies used by the plant to
overcome the stress and determine the correlation between metal accumulation and
physiological parameters modification. Results obtained were compared with param-
eters measured and published in the scientific literature to provide information for
future phytoremediation research.

2. Material and methods
2.1 Growth conditions

The test was carried out in a greenhouse with natural light, forced ventilation, and
controlled temperature in La Plata city (Argentina) (34°54'45.5” S-57°55'51.5" W)
from April to July (2019).

C. indica L. (achira) seeds were superficially disinfected with NaClO (10%) for
5 min, flushed with sterilized water, and placed in Petri dishes with filter paper
moistened with water for their germination. Previously, they were subjected to a
mechanical scarification treatment to break their dormancy.

Once germination had occurred, the seedlings were transferred to 0.5 L pots and
then to 5 L pots with a substrate composed of soil and sand (2:1 v/v). After 45 days,
when the plants were approximately 50 cm tall, metal solutions were applied by
immersion for 24 h. Cu(II) was added in the form of SO,Cu-5H,0 in three concentra-
tions (500, 1000, and 1500 ppm) and Zn(II) in the form of SO4Zn-7H,0 in three
concentrations (1000, 2000, and 3000 ppm).

After 21 days of the application, plants were harvested to perform the different
physiological and biochemical determinations.

2.2 Measurements performed
2.2.1 Biomass and leaf area

At harvest, the dry weight per plant (DW) was determined for all treatments by
oven-drying them at 80°C until constant weight, distinguishing the shoot from roots.

2.2.2 Chlorophyll and carotene content

For all treatments, the contents of chlorophyll and carotene were determined from
a 1 cm diameter leaf disk. Pigment content calculation was performed using Wellburn
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technique [8] with a Shimadzu UV 160-A spectrophotometer (Kyoto, Japan). The
results were expressed in pg of chlorophyll cm™* and pg of carotenoids cm >

Chlorophylla (pg cm™?) = 12 x Agszs — 3.11 x Agss (1)
Chlorophyllb (pg cm™?) = 20.78 x Agss — 488 X Agess (2)
Totalchlorophyll(a + b) (pg cm_z) =17.67 X Agse +7.12 X Ace3 g 3)
Carotenoids (pg cnfz) _ (1000 x A4g0 — ;:52 Ca — 34.07 Cb) (4)

where A is absorbance, Ca is chlorophyll a content, and Cb is chlorophyll b
concent.

2.2.3 Soluble proteins content

The soluble protein content was measured from 100 mg of fresh leaves and root
material, employing the Bradford method [9]. The protein content calculation was
carried out using a standard curve prepared with different concentrations of bovine
serum albumin (BSA) (SiFMa Chemical Co.).

2.2.4 Proline content

Proline determination was carried out taking 100 mg of fresh leaf and root material
and homogenized with 2 ml of a 3% sulfosalicylic acid solution in water. The
homogenate was centrifuged at 12,000g for 15 min, and 1 ml of the extract obtained
was taken. Then 1 ml of the acidic ninhydrin reagent and 1 ml of glacial acetic acid
were added to the extract in a 15 ml tube and put in a water bath at 100°C for an h.
After this period, the reaction was stopped by rapidly cooling the tube. After, 2 mL of
toluene was added to the above reaction mixture and vortexed for 15-20 s. The phases
were allowed to separate and the aqueous phase containing the toluene-proline
chromophore was taken. The absorbance at 520 nm was read using toluene as a blank.
Proline content per unit of fresh weight was calculated according to:

ng prolineml’1
— ml toluene _

115.5 pg-pmol
=W )
5

pmol proline - g~ FW =

where, FW is fresh weight.

2.2.5 Malondialdehyde content (MDA)

The amount of malondialdehyde (MDA) content in fresh tissues was determined
by the reaction with thiobarbituric acid (TBA) described in the Heath and Packer
method [10]. In total, 200 mg of fresh leaf tissue and 200 mg of fresh root tissue were
ground with 1 ml of 0.1% trichloroacetic acid (TCA) and then centrifuged. The
supernatant was reacted with 1 ml of the trichloroacetic acid (TCA), butylhydrox-
ytoluene (BHT) and thiobarbituric acid (TBA) reagent (20% trichloroacetic acid
(TCA), 0.37% thiobarbituric acid TBA and butylhydroxytoluene BHT 0.01 g), then
the tubes were incubated for 30 min at 95°C. After this period, they were placed in an
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ice bath to rapidly stop the reaction, and then they were centrifuged at 10,000g for
10 min. Finally, the supernatant was separated, and the absorbance at 532 and 600 nm
was read on a Shimadzu UV 160 UV/V spectrophotometer. The MDA concentration
was calculated using an extinction coefficient of 155 mM ' cm

~ Aszp — Aeoo

MDA equivalents (nmol ml_l) = 155000 (6)

where MDA is malondialdehyde content, A is the absorbance.

2.2.6 Relative conductivity (RC) of cell membranes

The determination of the relative conductivity (RC) of the cell membranes was
made from 200 mg of fresh leaf material and 200 mg of fresh root material, from the
different treatments, according to the Lutts method [11]. Immediately after sampling,
the tissues were washed three times with redistilled water for 15 s, to remove the
electrolytes adhering to the surface and those released by the wounds produced by the
cut. Subsequently, each sample was immersed in a tube with 10 ml of double-distilled
water where they remained for 4 h at room temperature. Following this, the electrical
conductivity (dS m ') was determined using a Jenco model 3173 conductivity meter.
Then, the tubes were capped and taken to an autoclave where they were kept for
20 min at a one-atmosphere pressure and 120°C, to affect the integrity of the mem-
branes. Finally, the tubes were allowed to cool to room temperature, and the electrical
conductivity of the medium was measured again. Based on the data obtained, the
relative conductivity of cell membranes was estimated from the following formula:

RC (%) = (%) % 100 @)

where RC is the relative conductivity; L1 and L2 are the electrical conductivity
readings before and after autoclaving, respectively.

2.2.7 Zn(Il) and Cu(1l) content in aerial part, voot, and substrate

Plant tissues were digested in triplicate with concentrated perchloric and nitric
acids in a 1:4 ratio (Merck, analytical grade), for the analyses of Cu(II) and Zn(II)
(FAO & SIDA, 1983). Luoma method [12] was used to analyze the Cu(II) and Zn(II)
labile fraction of sediments, being mineralized with hydrochloric acid (1 N, Merck
analytical grade) by shaking for 24 h. Then, the absorbance was read using an atomic
absorption spectrophotometer (Shimadzu AA6650F Atomic Absorption Spectropho-
tometer, Japan). The data obtained were employed for calculating the bioavailability,
accumulation, translocations, and bioaccumulation indexes. All values were expressed
on the dry weight of the respective sample [13].

1.
BAI — mg Zn(II) - kg™ "in roots

= = ©))
mg Zn(Il) - kg "in the substrate

mg Zn(1I) - kg 'in aerial part

= =T )
mg Zn(II) - kg "in the substrate
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_ mg Zn(II) - kg lin aerial part

TI (10)

mg Zn(1I) - kg "in roots

1. .
~ mg Zn(Il) - kg™ "in the biomass (11)

B mg Zn(II) - kg 'in the substrate

where BAI is bioavailability index and indicates if the metal is extracted and
accumulated in the root; Al is accumulation index and indicates if the metal is
extracted and accumulated in the aerial part; TI is translocation index and indicates if
the metal is translocated to the aerial part; BI is bioaccumulation index and indicates if
the metal is accumulated in the biomass.

2.2.8 Statistical analysis

The experimental design was fully randomized with a control (without addition of
heavy metals solutions), two metals, and three concentrations for each one. The
number of repetitions per treatment was z = 5. The data were subjected to analysis of
variance (ANOVA) and the means compared by the 5% least significant difference
test (LSD test) and the Pearson correlations using the software InfoStat version 2019.

3. Results
3.1 Growth, physiological and biochemical parameters

A negative effect on growth was found, expressed in a decrease in total biomass, as
in Figure 1A and B. This result varied approximately 82 and 59% between the control
(0 ppm) and the maximum concentration of Zn(II) (3000 ppm) and Cu(II)

(1500 ppm), respectively. The dry weight of the root and the aerial part decreased by
82% for Zn(II), whereas 62 and 56% for Cu(II), respectively. A significant reduction
was observed from the lowest concentration of Zn(II) (1000 ppm) while for Cu(II),
this decrease was observed from the middle concentration (1000 ppm). The reduction
of biomass, both shoot and root, shows the same pattern, as the metal concentration
increases, the decrease of biomass becomes greater (Figure 1A and B).

Figure 1A and B represent chlorophyll and carotenes concentration in Zn (II) and
Cu(II) systems, respectively. A significant decreased of chlorophyll and carotenes
concentration was observed in Cu(II) treatment (1500 ppm) compared with the
control (Figure 1B). This difference was approximately 47 and 16% for chlorophyll
and carotenes content, respectively. However, chlorphyll and carotens concentration
in Zn(II) systems (Figure 1A) were not affected.

Figure 3 shows the relativity conductivity (RC) percentage in roots and leaves in
Zn(II) (A) and Cu(II) (B) systems. A gradual increase of relativity conductivity (RC)
in roots with increasing Zn(II) and Cu(II) concentrations was noted. On the other
hand, the RC in leaves biomass was not affected by Zn(II) and Cu(II) concentrations
(Figure 3A and B).

Figure 4A and B represent malondialdehyde (MDA) content in the roots
and leaves of Canna indica plants in Zn(II) (A) and Cu(II) (B) systems, respectively.
As observed in Figure 4A and B, malondialdehyde (MDA) content in leaves had
significant differences at maximum concentrations of Zn(II) and Cu(II)
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compared with the control. However, statistically significant increase of
malondialdehyde (MDA) content was only detected in roots at 1500 ppm Cu(II)
system (Figure 4B).

The soluble protein content in leaves and roots is shown in Figure 5. In general, it
was determine there are not statistically significant differences of soluble protein
content in roots for Zn(II) and Cu(II) systems, whereas the soluble protein content in
leaves biomass decreased about 26% compared with the Cu(II) maximum concentra-
tion and the control (Figure 5A and B).

Figure 6 represents proline content in leaves and roots for Zn(II) and Cu(II) sys-
tems. The proline content in leaves increased with the increase of Zn(II) and Cu(II)
concentrations, but statistically significant differences were determine only in the max-
imum concentrations for both metals compared with control system (Figure 6A and B).

3.2 Bioaccumulation and extraction of Zn(II) and Cu(II)

Figure 7A and B show the mean bioaccumulation values for Zn(II) and Cu(II) in
shoot, roots, and total biomass of Canna indica, respectively. A higher
bioaccumulation of Zn(II) and Cu(II) in the root than in the aerial part was observed.
The results demonstrated that C. indica bioaccumulated 872.99 + 694.68 mg Zn(II)
kg*1 dry weight (DW) of total biomass (+SD), almost 77 times higher than the
control (withouth heavy metal) (Figure 7A). The maximum concentration of Cu(II)
in total biomass was 1432.15 & 91.13 mg Cu(II) kg*l DW (+£SD) (Figure 7B).

On the other hand, the bioavailability (BAI), accumulation (AI), translocation
(TI), and bioaccumulation (BI) indexes were calculated with the results mentioned
above (Table 1). It was determined that BAI, Al, and BI indexes > 1 for Zn(II) and Cu
(II) system. These results mean C. indica plant was efficient in extracting Zn(II) and
Cu(II) from the substrate. However, C. indica plant did not translocate Zn(II) and Cu
(II) to the aerial part as TI index was “1 (Table 1).

3.3 Zn(II) and Cu(II) bioaccumulation correlated with physiological effects by
Pearson stadistical method

Pearson coefficients (r) showed, for Zn(II), a significant negative correlation for
shoot and root dry weight, whereas shoot malondialdehyde (MDA) and proline

Treatment BAI Al TI BI
(root/substrate) (shoot/substrate) (shoot/root)  (Biomass/substrate)

1000 ppm Zn(II) 5.409 + 0.68 3.574 £0.32 0.663 + 0.03 8983 +1
2000 ppm Zn(II) 3.940 £ 0.12 1.922 £ 0.12 0.488 £ 0.04 5.862 + 0.14
3000 ppm Zn(II) 14.283 £ 0.27 4.700 £ 0.27 0.329 + 0.02 18.982 £ 0.31
500 ppm Cu(II) 3.966 + 0.35 0.632 £ 0.02 0.160 + 0.01 4.597 + 0.37
1000 ppm Cu(II) 4.907 £ 0.74 0.706 + 0.09 0.144 + 0.01 5.613 + 0.83
1500 ppm Cu(II) 2.540 £ 0.07 0.318 £ 0.02 0.125 + 0.01 2.858 + 0.09

Note: (mean + SD).

Table 1.
BAI (bioavailability), Al (accumulation), TI (translocation), and BI (bioaccumulation) for Zn(II) and Cu(II)
systems.
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Variable 1 Variable 2 Zn (II) (r)  p-value  Cu(Il) (») p-value

Shoot Pearson correlation coefficient (v)

Metal concentration Shoot dry weight —0.74 0.001* —0.67 0.0048*
Metal concentration Chlorophyll —-0.05 0.8524 —-0.61 0.0113*
Metal concentration Carotenes 0.33 0.2525 —0.36 0.175
Metal concentration Relative conductivity -0.23 0.3991 0.11 0.6825
Metal concentration MDA content 0.53 0.0339* 0.32 0.2257
Metal concentration Soluble proteins content 0.33 0.2068 —0.58 0.0195*
Metal concentration Proline content 0.6 0.0144* 0.66 0.0053*

Root Pearson correlation coefficient

Metal concentration Root dry weight -0.8 0.0002* —0.78 0.0003*
Metal concentration Relative conductivity 0.63 0.0086* 0.93 <0.0001*
Metal concentration MDA content —0.28 0.3254 0.44 0.1188
Metal concentration Soluble proteins content -0.1 0.6989 —-0.22 0.4279
Metal concentration Proline content —0.03 0.9212 0.28 0.3267

Note: Asterisks indicate significant diffevences (p < 0.05), and () is Pearson correlation coefficient.

Table 2.
Zn(1I) and Cu(Il) bioaccumulation corvelated with physiological effects by Pearson stastical method.

content and root-relative conductivity showed the opposite. For Cu(II), negative
significant correlations were found for shoot dry weight, chlorophyll, and protein
content while positive correlations were found for shoot proline content and root-
relative conductivity. Positive correlations show an increase of both variables,
whereas a negative correlation indicates a decrease in the second variable when the
first variable increases (Table 2).

4. Discussion
4.1 Growth, physiological and biochemical parameters

Zinc is an essential trace element for normal plant growth. There are important
enzymes that contain zinc, such as the enzyme alcohol dehydrogenase, carbonic
anhydrase, ribonucleic acid (RNA) polymerase, and superoxide dismutase, a key
enzyme in protection against oxidative stress. Zinc activates different enzymes
responsible for the synthesis of certain proteins. It is involved in the formation of
chlorophyll and some carbohydrates. It is essential in the formation of auxins, which
help regulate stem development and elongation, in addition to being the precursor of
tryptophan [14]. Copper also plays a key function in normal plant growth. For exam-
ple, it participates in CO, assimilation and adenosine triphosphate (ATP) production
[15]. It is the main constituent of diverse proteins such as plastocyanin of the photo-
synthetic system and cytochrome oxidase of the electron transport chain [16]. It plays
a significant function in cell wall metabolism, signaling to the transcription protein
trafficking apparatus, oxidative phosphorylation, iron armament, and biogenesis of

289



Environmental Impact and Remediation of Heavy Metals

molybdenum cofactor [17]. Both are essential micronutrients necessary for the correct
growth and development of plants; however, in high concentrations, they turn out to
be phytotoxic, generating various negative metabolism modifications.

The results of our experiment indicate that some physiological and biochemical
parameters of C. indica were significantly different at high Zn(II) and Cu(II) concen-
trations (Figures 1-6). The biomass decreased (both aerial part and root) for both
metals (Figure 1), but only Cu(II) treatments showed a decline in the content of
chlorophyll and carotenes (Figure 2). Root-relative conductivity (RC) increased with
the Zn(II) and Cu(II) increasing concentrations (Figure 3), and the same occurred for
the malondialdehyde (MDA) content in shoots with both metals, whereas, in roots,
only Cu(II) treatments showed an increase (Figure 4). The soluble proteins content
increased in the roots of the plants treated with Zn(II) but decreased in shoots of Cu
(II)-treated plants. (Figure 5). For proline shoot content, a decline was shown in the
lowest concentrations of both metals but increased at the highest concentrations
while, in roots, increased only in the lowest concentration of Zn(II) but then
decreased again to the levels of control treatment, showing no significant difference
(Figure 6).

The decrease observed in the biomass of C. indica is highly reported in this and
other species for zinc [18-20] and copper [21, 22] toxicity as one of the most obvious
symptoms of plants growing in these conditions.

The biomass reduction related to Zn(II) toxicity is a consequence of mitosis inhi-
bition that causes growth alterations product of the inhibition of deoxyribonucleic
acid (DNA) synthesis [23]. Also could be the result of the alteration in macronutrient
absorption [24] or the micronutrient distribution in different parts of the plant [25]
such as lower uptake of Fe** and Fe**; modification of the metabolic activity [26],
inhibition of cellular division in the meristematic region, lengthening of root cells
[27], reduction of cell viability, and death in the root tips [28].

Additionally, copper excess generates reactive oxygen species, which causes oxi-
dative stress [29] that disrupts numerous metabolic pathways and modifies essential
macromolecules [30]. Also, high copper concentrations cause negative modifications
to DNA, photosynthesis, cell membrane integrity, enzyme activity, and respiration
leading to general growth reduction [31]. Excess of copper in the roots can trigger
alterations in the root system design that causes growth reduction, bronzing, necrosis,
and nutritional inequities [32, 33].
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Figure 1.
Shoot and root dry weight (mg) of Canna indica plants in Zn(II) (A) and Cu(II) (B) systems. Columns
represent the mean (n = 5), and vertical bars show the standard deviation (S.D.). Means followed by different

letters (a-b-c) represent statistically significant differences (p < 0.05), e.g., “a” is statistically different from “b”

@« »

and “c”, but not from “ab’.
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Figure 2.
Chlorophyll A, B, total and carotenes content of Canna indica plant in Zn(II) (A) and Cu(II) (B) systems.
Columns represent the mean (n = 5), and vertical bars show the standard deviation (S.D.). Means followed by

different letters (a-b) represent statistically significant differences (p < 0.05), e.g., “a” is statistically different
from “b”, but not from “ab”.
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Figure 3.
Relative conductivity (RC) percentage (%) in roots and leaves biomass of Canna indica plants in Zn(1I) (A) and
Cu(1I) (B) systems. Columns represent the mean (n = 5), and vertical bars show the standard deviation (S.D.).
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Means followed by different letters (a-b-c) represent statistically significant differences (p < 0.05), e.g., “a”is
statistically different from “b” and “c”, but not from “ab”.

Zinc helps to maintain membrane integrity, preserving the structural orientation
of macromolecules and protecting the transportation systems [18], but in high con-
centrations, triggers reactions that promote oxidative stress and the breakdown of
membrane integrity [24]. Similar behavior happens with copper excess, causing the
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Figure 4.
Malondialdehyde (MDA) content in the roots and leaves of Canna indica plant in Zn(II) (A) and Cu(II) (B)
systems. Columns represent the mean (n=5), and vertical bars show the standard deviation (S.D.). Means followed

by different letters (a-b) represent statistically significant differences (p < 0.05), e.g., “a” is statistically different
from “b”, but not from “ab”.
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Figure 5.
Soluble protein content in the roots and leaves of Canna indica plant in Zn(1I) (A) and Cu(II) (B) systems.
Columns represent the mean (n = 5), and vertical bars show the standard deviation (S.D.). Means followed by

different letters (a-b) represent statistically significant differences (p < 0.05), e.g., “a” is statistically different
from “b”, but not from “ab”.
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Figure 6.

Proline content in the roots and leaves of Canna indica plants in Zn(II) (A) and Cu(II) (B) systems. Columns
represent the mean (n = 5), and vertical bars show the standard deviation (S.D.). Means followed by different
letters (a-b-c) represent statistically significant differences (p < 0.05), e.g., “b” is statistically different from “a”
and “c”, but not from “ab” and “bc”.

disruption of cell wall integrity and deposition of electron-dense material in the
cytoplasmic membranes [34]. An increase in the relative conductivity (RC) of cellular
membranes would indicate damage at the membrane level; higher values than 30%
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metal accumulation in substrate. Columns represent the mean (n = 4), and vertical bars show the standard
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(p < 0.05), e.g., “a” is statistically different from “b”, “c” and “d”.

indicate damage [35]. In this work, results show that RC significantly increased only in
roots for both metals. However, the values obtained were relatively low, showing
damage only in the highest concentrations. The degree of peroxidation of lipids and
the degree of membrane damage are related and can be analyzed from the
malondialdehyde (MDA) concentration and RC [36]. Increased levels of reactive
oxygen species (ROS) caused by heavy metal stress could develop in damage to lipid
membranes, proteins, pigments, and nucleic acids [37]. The malondialdehyde is a
product of the lipid peroxidation of polyunsaturated fatty acids in cell membranes
caused by oxidative stress and the production of ROS [35]. In this work, shoot MDA
levels increased in the maximum concentration, in comparison to the control, for both
metals, while in roots only copper treatments showed an increase in the maximum
concentration. Also, this suggests that the antioxidant enzymes present in the roots of
zinc treatments could have compensated the damage caused by ROS [38]. Similar
results were found in different species such as Salix fragilis and Salix aurita, which
showed an increase in the electrolytic leakage (similar parameter associated to relative
conductivity) related to heavy metal concentrations [39], or Canna orchioides, which
also showed an increase in the relative conductivity and MDA accumulation associ-
ated to this type of stress [40]. Metal-induced stress induces reactive oxygen species
(ROS) generation, which can lead to lipid peroxidation, protein impairment, enzyme
inactivation, and DNA damage [23]. Membrane disruption and lipid peroxidation are
generally contemplated as dependable biomarkers of oxidative status in plants [24].
Another distinctive heavy metal toxicity symptom in plants is a reduction of the
content of photosynthetic pigments [41]. They are directly related to photosynthesis
and plant growth so, a decrease of the content of these pigments or damage done to
chloroplasts results in lower CO; assimilation and a biomass decrease [42]. Caroten-
oids participate in antioxidant defense systems and impart a significant role in ROS
sequestration [43], preventing the peroxidation of lipid membranes. [42]. Chloro-
plasts, mitochondria, and cellular membranes are some of the main sites that generate
ROS. They are interconnected to the electron transport system, so when oxidative
stress occurs, these sites are the first to be affected [44]. The decline in chlorophyll
content in plants exposed to heavy metals stress is related to the inhibition of impor-
tant enzymes, such as 6-aminolevulinic acid dehydratase (ALA-dehydratase) and
protochlorophyllide reductase associated with chlorophyll biosynthesis, and the
reduction of Mg*? and Fe** supply. Zinc in phytotoxic concentrations may be
equivalent to magnesium, causing processes of substitution of the central ion of the
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tetrapyrrolic chlorophyll ring, inhibiting its function and decreasing its concentration
[45]. Similar effects are caused by excessive copper concentrations. Photosynthetic
pigments decrease might be the result of displacement of magnesium required for
chlorophyll biosynthesis or ultra-structural alteration of chloroplast under metal
toxicity [46]. Also, this reduction might be due to the inhibited activities of various
enzymes associated with chlorophyll biosynthesis [47]. A similar effect was observed
in the present work but only with statistical significance in copper-treated C. indica
plants where a decrease in chlorophyll and carotene contents was observed with the
increment of this metal. This can be associated with the smaller biomass and the
increment of oxidative stress indicated by the increase of MDA contents found in the
highest concentrations of copper. Similar diminution in chlorophyll and carotenes
caused by copper excess was found in different species such as Citrus aurantium [48],
Phragmites australis [49], Lemna minor [50], and Camellia sinensis [51].

Shoot-soluble protein content of C. indica plants decreased with the increase of
copper concentrations concerning the control, whereas the opposite was found in the
roots of the lowest zinc treatment. Similar results were found in L. minor [52] and
Hordeum vulgare [53] treated with high concentrations of heavy metals. The decrease
in the level of soluble proteins is another symptom characteristic of the stress caused
by metals [54]. Proteins not only can act as metal chelators; they can also act in the
movement toward the interior of the cell, for compartmentalization in vacuoles, as
well as the exterior by an ion flow [55]. Therefore, the increase of the protein content
observed in the zinc-treated C. indica roots might be due to a nutritional boost caused
by the lowest zinc concentration. Also, biosynthesis of various biomolecules is another
way to tolerate zinc excess; this process includes the induction of metallochaperones,
proteins of low molecular weight, or chelators such as nicotianamine, putrescine,
spermine, mugineic acid, organic acids, glutathione, phytochelatins, and specific
metallothioneins, such as proline and histidine [56]. A similar increment was found in
different poplar clones [57] and was associated with antioxidant enzymes synthesis
during oxidative stress induced by heavy metals. On the contrary, in this work, shoot-
soluble protein content decreased in copper-treated C. indica plants. A similar reduc-
tion was found in Brassica napus growing on copper excess [58]. This decrease may be
due to ROS generation. ROS are likely to target proteins that contain sulfur-containing
amino acids and thiol groups [59]. Proteins can also be damaged in oxidative condi-
tions by their reactions with lipid peroxidation products [60], and it can result in the
deleterious effect of the normal protein form by disrupting the pathways and protein
synthesis [61].

Proline is an amino acid that helps in activating many physiological and molecular
responses in stress conditions. Its accumulation is a widespread response to heavy
metal stress [62]. Shoot proline content con C. indica in this work showed a tendency
to increase with the increment of both metal concentrations, whereas for roots only an
increment in the first concentration of zinc treatment was observed. Proline accumu-
lation increases the tolerance to heavy metals through several mechanisms, such as
osmoregulation, stabilization of protein synthesis, and enzyme protection against
denaturation [63]. It is suggested that proline accumulation is triggered by ROS,
which allows their direct detoxification without the intervention of antioxidant
enzymes [64]. Oxidative stress can lead to lipid peroxidation that produces a disrup-
tion at the cellular level, especially plasma membrane and leaking potassium from the
plant cell; exogenous proline applications suppress the heavy metal induces [65].
Several authors found an increment in proline content in different species growing in
excessive zinc [66-68] and copper [69-71] concentrations.
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4.2 Bioaccumulation of Zn(II) and Cu(II)

Heavy metals are inorganic pollutants that cannot be degraded, so the principal
strategy for plants should be to immobilize them in their rhizosphere, accumulate
them in the roots, or translocate them to the aerial part [72]. They enter the root either
by crossing the plasma membrane of the root endodermal cells, by entering the root
apoplast through the space between cells, or with the aid of membrane transporter
proteins. These transporters are present in membranes of different organelles such as
tonoplasts, endoplasmic reticulums, mitochondria, or chloroplasts [73]. Inside the
plant, they can be chelated by glutathione (GSH), phytochelatins (PCs), or
metallothioneins (MTs), chelators that have thiol (—SH) groups, which gives them a
high affinity for metal cations [74]. Also, this process may work synergistically with
secondary stress-defensive antioxidative systems to combat metal-induced oxidative
stress [75]. Metals in roots can be stored in vacuoles, cell walls or exported to the shoot
via the xylem. Vacuoles are considered the main storage site for metals in plant cells,
being a part of the tolerance mechanism [76].

In general, plants can contain, in their total biomass, Zn(II) in ranges from 30 to
100 mg kg~ ' dry weight (DW); concentrations higher than 300 mg kg ' DW are
considered phytotoxic [77], but for other authors, this limit is set at 100 mg kg*1 DW
[78]. For Cu(II), normal total biomass content ranges from 2 to 50 mg kg71 DW,
depending on the plant species. However, 5-20 mg kg~ DW seems to be optimal, as
toxicity symptoms appear above and deficiency symptoms below this critical range
[79]. In the present work, C. indica accumulated values higher than the limits consid-
ered phytotoxic, reaching up to 8723.99 + 694.68 mg kg~ ' DW for Zn(II) (+SD) and
1432.15 £ 91.13 mg kg71 DW for Cu(II) (£SD) in the total biomass in the maximum
tested concentrations. Numerous authors showed the capacity of Zn(II) and Cu(II)
accumulation of C. indica growing on different substrates [80-82].

Indexes are calculated to determine the phytoextraction efficiency, mainly being
the bioaccumulation index (BI) and the translocation index (TI) [83]. An effective
phytoextraction process requires the translocation of metals to easily harvestable
parts. Plants with BI values less than 1 are unsuitable for phytoextraction. In this
work, C. indica indexes suggest that this plant could act as a phytostabilizer because it
showed low translocation to the aerial part but a high accumulation of both metals in
the roots. Under this type of stress, the root suffers the first exposure, limiting
transmission of heavy metals to other tissues [84]. Many studies found the same for
the Canna genus for different heavy metals [85-87].

4.3 Correlation between physiological and biochemical parameters and Zn(II)
and Cu(II) bioaccumulation: indicators for different applications

Some associations between physiological and biochemical parameters and the
exposition of metals can be estimated by Pearson’s correlation coefficient (r). In this
work, C. indica plants showed a significant negative correlation for shoot (r = —0.74)
and root dry weight (r = —0.8) in Zn(II) treatments and shoot dry weight (r = —0.67),
chlorophyll (» = —0.61) and protein (» = —0.58) content in Cu(II) treatments showing
that when the concentration of this metals increases, these parameters are affected
negatively. The opposite occurred for shoot MDA (r = 0.53) and proline (» = 0.6)
content and root-relative conductivity (v = 0.63) in Zn(II) treatments and shoot
proline content (r = 0.66) and roots-relative conductivity (» = 0.93) in Cu(II) treat-
ments. Proline accumulation in shoots, relative conductivity increment in roots, and
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the diminution of dry weight could be useful indicators of the strategies of this plant
to overcome heavy metal stress and could be used to monitor the phytoremediation
process.

The analysis of the correlation between metal accumulation and physiological
parameters could be useful in different areas, such as variety selection, genetic
improvement, environmental monitoring, or index construction as an indirect indi-
cator of the phytoremediation process [88]. Various studies have demonstrated the
correlation between metal accumulation and the antioxidant system. Antioxidant
enzymes, such as superoxide dismutase (SOD), catalase (CAT), and peroxidase
(POD), show an increased production to protect the plant from the damage caused by
reactive oxygen species (ROS) under metals exposure [89]. Also, malondialdehyde
(MDA) could act as an indicator of lipid peroxidation and is usually related to
assessing oxidative damage [28]. Lipid peroxidation and oxidative damage cause
alterations in metabolic processes [90] such as photosynthesis or protein productions
leading to a decrease of photosynthetic pigments, less CO, assimilation, and diminu-
tion of biomass [91]. On the other hand, the accumulation of metabolites is another
mechanism that plants use for stress tolerance. Proline is an amino acid that is
involved in different stress mechanisms; it performs functions such as osmoregula-
tion, stabilization of protein, and enzyme synthesis or even can chelate metal ions to
help in the vacuolar sequestration [92]. These correlations are another way to
demonstrate the tolerance mechanisms, and it helps to create comparations between
species from the same genus or different cultivars to select the best for specific
phytoremediation techniques becoming these, indicators of phytoremediation
efficiency parallel to heavy metal accumulation [93].

Another use of these correlations is the construction of biomarkers. These repre-
sent the biological response to environmental disturbances or contamination, and they
allow the detection of pollution at different contamination levels corresponding to
concentrations difficult to achieve or when yield is not easy to form an integrative
sample. There are three types of biomarkers: biomarkers of exposure: such as DNA
breaks, stress proteins, and phytochelatins; biomarkers of effects such as morpholog-
ical and physiological parameters; and biomarkers of susceptibility such as genetic
mutations [94]. The use of such tools is currently increasing in the field of
biomonitoring and bioremediation. Some biomarkers that have already been reported
in plants are the following: oxidative stress by the production of reactive oxygen
species [95], the reduction of macromorphological parameters such as plant height,
stem diameter, and the number of leaves and negative modifications in chloroplasts
with implications in photosynthesis [96]. These have been useful biomarkers for
showing the adverse effects of metal exposition on the development, growth, and
physiology of different plants exposed to this type of stress [97, 98].

5. Conclusion

Physiological and biochemical parameters are essential to understand the processes
involved in the detoxification strategies employed by the plants during heavy metal
stress. Some of them could be used as indirect indicators of the status of the
phytoremediation process. In this work, C. indica plants could accumulate Zn(II) and
Cu(II), mainly in roots. This affected some physiological and biochemical parameters
due to the development of different physiological strategies, such as an increase of the
antioxidant activity or the accumulation of proline, but these were not significant to
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produce high negative modifications in the physiological apparatus. Pearson analysis
showed some negative correlations such as dry weight and chlorophyll, but also some
positive correlations such as MDA, proline concentration, and relative conductivity,
which could be useful to understand the strategies employed by C. indica plants to
overcome heavy metal stress.

The plant could grow without great problems, accumulating high concentrations
of both metals so it could be used in phytoremediation programs as a
phytostabilization species, and parameters such as proline content, relative
conductivity, and dry weight could be used to monitor the phytoremediation process.
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