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Preface

Until a few years ago, the major concern of environmental toxicology was compounds 
known to be toxic in the environment at high concentrations. Control and inspection by 
regulatory agencies around the world, in addition to concerted action between different 
countries, have reduced the release of various toxic substances. However, new or recur-
ring problems have arisen, and much of this is due to technological advances of recent 
decades in various areas such as agriculture, medicine and the electronics industry.

While these advances have undeniably provided an improvement in people’s qual-
ity of life, they are also responsible for the emergence of new problems that affect 
the environment and compromise the health of current and future generations. Our 
modern lifestyle is based on the production and widespread consumption of chemical 
compounds in the most diverse areas, and although there are already movements that 
recognize the need for sustainable development and “green” production practices, these 
are still insignificant in the face of the size and seriousness of the problem.

Thus, the current reality is the presence of a wide variety of chemical compounds found 
in different parts of the environment, such as soil, water, air and sediment, affecting not 
only human health but also several other non-target organisms for these compounds.

The Toxicity of Environmental Pollutants consists of 13 chapters that address topics ranging 
from the toxicity of environmentally relevant compounds such as organo-compounds, 
metals and radioisotopes, discuss the consequences of the interaction of these environ-
mental contaminants with organisms, such as endocrine disruption, and introduce meth-
odologies for assessing environmental contamination as well as forms of remediation.

We hope that the book has managed to achieve its initial objective of consolidating infor-
mation that can be used to improve care for the environment and resolve the consequences 
of environmental contamination for the different organisms that inhabit the planet.

Daniel Junqueira Dorta
Faculty of Philosophy,

Sciences and Letters at Ribeirão Preto,
University of São Paulo (USP), 

Ribeirão Preto, Brazil

Danielle Palma de Oliveira
School of Pharmaceutical Sciences of Ribeirão Preto, 

University of São Paulo (USP),
Ribeirão Preto, Brazil
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Chapter 1

Flame Retardants: New and Old
Environmental Contaminants
Raul Ghiraldelli Miranda, Carolina Ferreira Sampaio,
Fernanda Gomes Leite, Flavia Duarte Maia
and Daniel Junqueira Dorta

Abstract

Flame retardants are a group of compounds used in a variety of consumer goods to
inhibit or retard the spread of flames. Several classes of chemical compounds have
such capabilities, however, the persistence of these compounds in the environment
and their toxicity are crucial points for a risk assessment. Classes such as
polybrominated diphenyl ethers (PBDEs) have already been banned in some parts of
the world while they are still permitted and extensively used in other parts of the
globe. In the need for substitutes for the toxic compounds used, new structures have
been synthesized and suggested by the industry as an alternative and substitutives
flame retardants. The objective of this review is to address the classes of compounds
used as flame retardants in terms of their toxicity to human or non-human organisms
and their persistence in the environment.

Keywords: brominated flame retardant, phosphorus-based flame retardants,
ecotoxicity

1. Introduction

Materials with high carbon and hydrogen content are easily combustible, so most
materials used nowadays, including plastics, are flammable. Over the last century, the
furniture, electronics, upholstery, and textile industries have increasingly employed
synthetic materials, which are also used in the transport sector (cars, airplanes, and
trains) and at home. Using safety devices against fire, like flame retardants, is impor-
tant to prevent these materials from burning and harming the society and the envi-
ronment [1, 2].

But what are flame retardants? Flame retardants (FRs) are chemical compounds
employed as safety devices to prevent fires from starting/spreading or to delay igni-
tion, thereby reducing combustible material flammability, increasing escape time, and
providing safety to humans and properties [3, 4]. The term “flame retardants” refers
to the chemical compound action and not to the compound itself [5]. Various chemical
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compounds with different physicochemical properties and molecular structures can
act as FRs. They can be added to (additive FRs) or incorporated into (reactive FRs)
combustible materials, such as wood, plastics, kitchen utensils, appliances, computers,
electrical cables, construction materials, textiles, and upholstery [6].

The global FR market is expected to reach about US$53 billion by 2024. In 2019,
the world FR consumption amounted to over 2.4 million tons, corresponding to 4.9%
growth in market size [1, 7, 8]. China is the largest FR consumer—it accounts for 26%
of the global consumption, followed by Western Europe (23%), North America
(22%), Asia (18%), and Japan (6%). Together, Central/Eastern Europe, Central/South
America, and Middle East/Africa add up to 5% of the world's consumption. Over 175
chemicals are listed as FRs. They are classified on the basis of their chemical compo-
sition, but a single compound, aluminum trihydroxide (Al(OH)3), tops the list as the
most consumed FR in the world, corresponding to 38% of all the FRs consumed
worldwide. Halogenated flame retardants (HFRs) come next (21%, being 17% bromi-
nated FRs and 4% chlorinated FRs), followed by organophosphorus (18%). Other
classes like metal-based FRs amount to 14% of the global consumption, followed by
FRs based on antimony oxides (9%) [7, 8]. Figure 1 summarizes the consumption of
flame retardants.

Despite the recent increase in FR use, the first reports on their application date
back to 450 BC., when Egyptians employed aluminum to reduce wood flammability.
Reports dating back to 200 BC. describe that the Roman civilization used aluminum
with vinegar to decrease wood flammability [9]. In modern times, specifically in 1929,
polychlorinated biphenyls (PCBs), the first class of FRs, were introduced in the
United States of America to meet the need of the electrical industry for an insulator
that could act as FR. Later, Europe and Japan also started to produce PCBs. After
37 years, PCB presence in the environment was reported for the first time: a Swedish
biologist detected PCBs in fish. Two years later (1968) in Japan, about 1000 Japanese
were intoxicated with rising oil contaminated with PCBs. PCBs were widely applied
until the 1970s. Then, they were banned in Japan in 1972, and North America stopped
producing them in 1976 [1, 10]. However, PCB presence in the environment is still
relevant because they are Persistent Organic Pollutants (POPs) with the ability to
bioaccumulate and biomagnify, consequently presenting high toxic potential [9, 11].

After PCBs were banned, brominated flame retardants (BFRs) emerged as an
economically viable alternative to replace them. Although BFRs and PCBs differ
because they belong to distinct chemical classes, the BRF mechanism of action resem-
bles the PCB mechanism of action. In the gas phase, brominated and chlorinated FRs
inhibit the combustion process of root chain reaction. HFRs neutralize the high-

Figure 1.
Global consumption of flame retardants and their consumption by classes. (Designed using GraphPad prism 8.0.2.
Adapted form FlameRetardant-online [7]).
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energy OH˙ and H˙ radicals originating from a chain reaction in fire [12, 13]. How-
ever, concerns about HFR toxicity have been raised because they may leach into the
environment, with high HFR concentrations being recorded in fish and marine mam-
mals. Concerns about BFR toxic and ecotoxic effects, mainly their carcinogenic and
endocrine-disrupting actions in humans, have pressed authorities to legislate about or
even ban some BFRs. For example, commercial mixtures of polybrominated diphenyl
ethers (PBDEs) and hexabromocyclododecane (HBCD) have been banned or phased
out in North America and the European Union (E.U.) [14]. With the new legislation
regarding BFRs, the global market has sought economically viable and environmen-
tally friendly alternatives that act similarly to banned FRs. In this context, phosphorus
flame retardants (PFRs) have emerged as suitable alternatives for BFRs although they
have already been employed for over 150 years [4, 6].

Concerns about FRs being present in the environment grow every day. FRs may
easily spread to environmental compartments (air, water, soil, sediments, and even
house dust) through dissolution, volatilization, and attrition [4]. Improperly disposed
electronic waste and furniture contribute to FR presence in the environment. Weak
chemical interaction between manufactured products and FRs applied to them aggra-
vates FR dispersion in the environment, not to mention that numerous compounds
employed as FRs have serious effects on human health and the environment. There-
fore, ensuring conscious use of these chemicals is crucial [14–16].

2. Brominated flame retardants

Despite laws discouraging or even banning BRF use, their global production con-
tinues to grow because new BFRs are being introduced to replace the banned or
phased-out ones. About 75 different BFRs are marketed today, and most of them are
found in the environment [12, 14]. The main classes of BFRs are polybrominated
biphenyls (PBBs), tetrabromobisphenol A (TBBPA), HBCD, and PBDEs. PBDEs and
HBCD are the most employed BFRs worldwide [12, 17]. Table 1 shows the BFR
chemical structures and physicochemical properties.

After some poisoning episodes and toxicity evidence involving BFRs, some coun-
tries started regulating their use in the same way they regulate the use of PBBs and the
commercial PBDE mixture. In the early 1970s, accidental poisoning with PBBs
occurred on Michigan Farms—animal feed contamination during production resulted
in about 5 million eggs and 15.5 tons of milk products being contaminated and 1.5
million chicken, 30,000 cattle, 6000 hogs, and 1500 sheep dying. After this episode,
PBBs were removed from the U.S. market, and this class was banned in the U.S. in
1973 [14, 17]. In the late 1980s, the development of analytical methods helped scien-
tists to begin gathering data about FRs in Europe, North America, and Japan, and
environmental and human health concerns started to increase when PBDE presence
was reported in human milk [18] and marine animals [19] and rising PBDE levels
were identified in environmental compartments including sediments, sewage sludge,
the aquatic environment, and biological samples (fish, aquatic birds, and human
tissues) [20].

Given the toxicological concern and the fact that POPs represent (some BFRs are
included as POP) a growing threat to human health and the environment, in 1995, the
council of the United Nations Environment Program (UNEP) requested an interna-
tional process for evaluating an initial list of 12 POPs, and UNEP asked the Intergov-
ernmental Forum on Chemical Safety (IFSC) to recommend international action on
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these pollutants. Thereafter, a negotiation process began; the Stockholm Convention
on Persistent Organic Pollutants was created and adopted in 2001; and the Convention
came into force three years later when 50 countries ratified it. Annex A lists PBDEs,
PBBs, and HBCD as POPs to be eliminated [11]. In 2002, the European Union (E.U.)
banned PBDEs and HBCD production, followed by the development of framework
and directives such as the creation of the Registration, Evaluation, Authorization, and
Restriction of Chemicals (REACH), the Restriction of Hazardous Substances, and the
Waste Electrical and Electronic Equipment directives [14]. Other initiatives that
aimed to reduce and eliminate the two main commercial PBDE mixtures (Penta- and
Octa-diphenyl ether – Penta/OctaBDE) were also undertaken in North America (the
U.S. and Canada). In 2004, several U.S. states prohibited the use of these two PBDE
mixtures in some products. Canada also supported the virtual DecaBDE voluntary
elimination by 2013. In 2017, the U.S. Consumer Product Safety Commission (CPSC)
petitioned to restrict HFR use as additives and nonpolymeric constituents in electron-
ics, furniture, and children’s products [9, 14]. China added DecaBDE and HBCD to the
priority list of substances, which implied restricted production or limited discharges.
Taiwan and Japan follow similar examples: they have restrictions on PBDEs and
HBCD. On the other hand, although Brazil and India are signatories of the Stockholm
Convention on Persistent Organic Pollutants, no comprehensive legislation for FRs
exists in these countries [14]. Figure 2 shows a schematic timeline of the regulation of
halogenated flame retardants.

BFRs are divided into three subgroups—additive, reactive, and polymeric—
depending on how they are incorporated into manufactured materials. The incorpo-
ration mode directly influences BRF presence in the environment. Additive BFRs,
such as PBDEs and HBCD, are just mixed at the time of manufacture, so they interact
weakly with materials and easily leak into the environment. In contrast, reactive and
polymeric BFRs establish a chemical interaction with materials, giving rise to a more
stable interaction that results in less BRF bioavailability. Nevertheless, these BFRs

Figure 2.
Schematic timeline of regulation of halogenated flame retardant (HFRs). PCBs = polychlorinated biphenyls;
PBBs = polybrominated biphenyls; POPs = persistent organic pollutants; HBCD = hexabromocyclododecane; U.S.
= United States; E.U. = European Union.
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should not be neglected because they may be lost to the environment during produc-
tion or transport [21].

BFRs are ubiquitous in the environment. During the last decades, they have been
detected in environmental samples even in places located far away from where they
are produced or used (e.g., in the Artic) [22–24]. Once BFRs are released, they tend to
persist, bioaccumulate, and biomagnify, and their physicochemical properties, mainly
lipophilicity, may underlie potential toxic effects on the environment [24, 25].

2.1 Environmental occurrence and (eco)toxicological effects

2.1.1 Polybrominated diphenyl ethers (PBDEs)

PBDEs are sold as a mixture of congeners and have three commercial presenta-
tions: PentaBDE (pentabromodiphenyl ether), OctaBDE (octabromodiphenyl ether),
and DecaBDE (decabromodiphenyl ether). The mixture name refers to the main
congeners that compose it. Each PBDE congener varies in the number of bromine
atoms and the arrangement of these substituted atoms in the aromatic ring. This gives
209 possible congeners, divided into ten groups: mono-, di-, tri-, tetra-, penta-, hexa-,
hepta, octa-, nona-, and decabromo diphenyl ether. The number of isomers in these
groups may be 3, 12, 24, 42, 46, 42, 24, 12, 3, and 1, respectively [26, 27]. Depending
on the type of material, each mixture has a specific application. For example,
DecaBDE is used in diverse polymeric materials, while Penta and OctaBDE are applied
mainly in the textile and polyurethane foam industries [26].

PBDEs are released into the environment in different ways. First, they may be
released during their industrial production. Second, materials containing PBDEs may
release them. Third, goods with PBDEs in their composition may be inappropriately
discharged. The latter situation is one of the main sources of environmental contam-
ination with PBDEs. Other sources of exposure to PBDE congeners include use and
recycling of products containing PBDEs, such as computers, household appliances in
general, upholstery, and furniture [12, 27]. The PBDE physicochemical characteristics,
including their high lipophilicity, hydrophobicity, low vapor pressure, and high affin-
ity for particles, contribute to their presence in sediments in ambient compartments,
particulate matter in the air, and foods. PBDEs are absorbed by inhalation of domestic
and industrial dust, via the dermal route, and even by ingestion of contaminated food,
which is aggravated by their ability to biomagnify in the food chain [17, 28].

Regarding the PBDE toxicological aspects, several studies have shown their high
toxic potential. Their main effects include hepatotoxicity, neurotoxicity, immunolog-
ical and endocrine alterations, and carcinogenicity. However, the mechanisms
through which PBDEs exert their toxic action are not understood [17, 28]. PBDEs have
been detected in human samples, especially blood and breast milk. The latter presen-
tation is particularly alarming. Numerous studies involving human breast milk sam-
ples have reported different PBDE concentrations in all the analyzed samples, with the
congeners BDE-47, -99, -100, and -153 being the most abundant and frequent [29–31].

PBDEs, mainly those with lower molecular weight, are structurally similar to
thyroid hormones. Therefore, they may disrupt the endocrine system by interfering
with hypothalamicpituitary-thyroid axis homeostasis [12, 32]. BDE-71 and -79
decrease thyroid hormone serum levels and induce liver enzyme biotransformation, as
shown in studies carried out with mice and rats [33]. Moreover, many PBDE conge-
ners damage mitochondria, increasing reactive oxygen species (ROS) production and

8

The Toxicity of Environmental Pollutants



oxidative stress, exerting genotoxicity, and inducing apoptotic cell death in isolated
rat mitochondrial and hepatocarcinoma cells (HepG2) [34–36].

2.1.2 Hexabromocyclododecane (HBCD)

HBCD is a high-molecular-weight nonaromatic brominated cyclic alkane with six
pairs of enantiomers. It is mainly used as an additive FR in thermoplastics for final
application in styrene resins. Being an additive FR, HBCD is easily released into the
environment. It has high lipophilicity (log Kow = 5.6) and low solubility in water
(0.0034 mg/l) [12, 37]. Due to these characteristics, HBCD is persistent, with a half-
life of 3 days in the air and 2025 days in water. It bioaccumulates with a
bioconcentration factor of approximately 18,100 in fathead minnows [38, 39]. Its
commercial formulation consists of three isoforms: γ-HBCD (75–89%), α-HBCD (10–
13%), and β-HBCD (1–12%) [37]. Enantiomers may behave differently in the envi-
ronment; for example, γ-HBCD tends to be more toxic than α-HBCD, but α-HBCD is
the enantiomer that occurs more often in environmental samples [40, 41].

HBCD has been measured in several environmental compartments, including air
and dust, sediments, soil, and sewage sludge, and biological samples (aquatic organ-
isms, marine mammals, birds, plants, and even human samples). In animals, HBCD
tends to accumulate in lipid-rich organs, such as the liver, gonads, muscle, and adi-
pose tissue [17, 37, 41].

HBCD presents high toxic potential. HBCD increases catalase transcription
because this FR raises ROS concentration. Exposure to HBCD alters a protein involved
in the mollusk immune system [42]. HBCD may lead to cellular apoptosis near the
heart area, and zebrafish exposure to this compound induces cardiac hypertrophy and
arrhythmia [43]. HBCD disrupts the endocrine system in Wistar rats and causes
neuro- and hepatotoxicity in mice [44, 45]. HBCD induces cytotoxicity in human
hepatocarcinoma cells (HepG2) and human neuroblastoma cells (SH-SY5Y), reducing
cell viability. HBCD interferes with T4 metabolism in HepG2 cells and affects the
estrogenic activity in breast cancer cells (MCF-7) [46–48], suggesting that it is hepa-
totoxic and neurotoxic and that it acts as an endocrine disruptor.

2.1.3 Tetrabromobisphenol A (TBBPA)

TBBPA is a reactive FR and one of the most prevalent FRs in the world. It is mainly
applied in the epoxy resin used to produce printed circuit boards. It forms a
covalent bond with the polymer structure, so it is less likely to be released into the
environment. It is highly lipophilic (log Kow = 4.75) and has low solubility in water
(0.718 mg/l) [17, 37].

Although TBBPA release into the environment is more difficult, it may be released
during production, processing, and final usage and disposal of the product it is incor-
porated into [49]. TBBPA is currently found in many kinds of abiotic and biotic
matrixes, and it has been detected in air, water, soil, indoor dust sewage sludge, and
sediments [37, 50, 51]. TBBPAmay also accumulate in the food chain [52]. Indoor dust
is the environmental matrix where TBBPA accumulates the most. This is a concern
because human beings spend a considerable time indoors, which increases the risk of
adverse effects [37].

Long exposure to TBBPA used to be considered harmless because it was believed
to lie below levels that would produce a toxic effect [37, 53, 54]. However, several
research studies have demonstrated that even low TBBPA doses disrupt the
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endocrine system, thyroid hormones, and neurobehavioral functions [37, 55]. Studies
on animals have shown some toxic effects. Even at low doses, TBBPA induces toxicity
in zebrafish, fathead minnow, and rainbow trout after exposure for 96 h
(LC50 = 1.3 mg/l) [56]. In rodents, TBBPA induces nephrotoxicity, oxidative stress in
the kidney, increased liver volume, hepatocyte necrosis, and endocrine disruption,
but no neurological effects have been found in rats exposed to TBBA [37, 54].

The impacts of TBBPA on human health remain unclear. In vitro studies on human
cells have suggested that TBBPA has the toxic potential [37, 55]. TBBPA increases
caspase-3 activities and ROS generation; damages mitochondria; induces pathogenesis
of several lung diseases in airway epithelial cells (A549) [57]; interferes with immune
cell action [58]; induces liver cancer disorder promoting metastasis of liver cancer
cells; promotes lysosome exocytosis; and decreases intracellular levels of hexosamini-
dase (HEXB), cathepsin B (CTSB), cathepsin D (CTSD), and lysosomal enzymes in
HepG2 cells [59].

2.1.4 Novel brominated flame retardants (NBFRs)

The ban on some of the most widely used BFRs (PBDEs, HBCD, and TBBPA)
has caused novel (or new) brominated flame retardants (NBFRs) to emerge. NBFR
production and use have increased in the last decade [60]. Although NBFRs is
applied as an alternative to replace traditional BFRs, they share a similar chemical
structure with halogenic substitution in a cyclic hydrocarbon/aromatic hydrocarbon,
so their physicochemical properties are generally analog. Some NBFRs are
hydrophobic, semivolatile, relatively highly lipophilic, and little water-soluble
[61, 62]. Table 2 summarizes the NBFR chemical structure and physicochemical
properties.

Information on NBFR toxicity and ecotoxicity is lacking, causing concern and
increasing the number of studies about them. Like restricted and banned traditional
BFRs, NBFRs are present in various environmental sources, including air, dust, sew-
age sludge, and sediments, and they also appear in biotic matrixes (human serum,
fish, and birds) [62]. For example, BTBPE is usually measured in sediments associated
with others BFRs, at a lower concentration than BDE-209, but higher concentrations
than other PBDE congeners. Some studies have detected BTPE in household dust
[60, 61, 63, 64].

Due to their physicochemical properties, NBFRs bioaccumulate and biomagnify.
DBDPE has Bioaccumulation Factor (BAF) between 6.1 and 7.1 in three fish species
(Cirrhina molitorella,Tilapia nilotica, and Hypostomus Plecostomus) from a Chinese
river [65]. In southern China, the HBB trophic magnification in an aquatic food chain
(invertebrates and fish) is about 2.1 [66], whereas PBT and PBEB biomagnify in
waterbirds in the same region [67]. Metabolic rates in the organism influence NBFR
bioaccumulation and biomagnification [62].

In vitro studies have reported that NBFRs are hepatotoxic. For instance, 0.1 and
0.2 μM DBDPE up-regulates CYP1A4/5 expression [68], modifying rainbow trout
hepatocyte activity [69]. Additionally, it interferes in thyroid hormone deiodinase
activity in human liver microsomes; its inhibitory concentration (IC50) is 0.16 μM
[70]. As for HBB, it activates the aryl hydrocarbon receptor (AhR), but to a lesser
extent than 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). Furthermore, 100 μM
HBB cannot activate the human androgen receptor (AR) in human hepatocarcinoma
cells [71]. On the basis of the AMES test, PBEB and PBT have no mutagenic
activity [72].
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DBDPE does not show acute toxicity in rats or rabbits: the median lethal dose
(LD50) is greater than 5000 and 2000 mg/kg of bw, respectively [69]. However,
subchronic and chronic exposure of mice and rats to DBDPE disrupt the endocrine
system and alter thyroid hormone homeostasis, respectively [73, 74].

Ecotoxicological studies on aquatic organisms have shown acute DBDPE toxicity to
water flea: 48 h EC50 is 19 μg/l. Besides that, zebrafish (Danio rerio) exposure to 12.5
and 25 μg/l DBDPE raises hatched larva mortality and reduces the zebrafish egg
hatching rate [69]. Assessment of acute TBB and TBPH genotoxicity in fathead min-
now revealed DNA damage in liver cells after oral exposure [75]. Exposure to TBB also
increases zebrafish embryo mortality and malformation (LC50 = 7.0 mg/l). Zebrafish
exposure to 20 mg/l TBPH (highest tested dose) has no adverse effects. Table 3
summarizes the environmental occurrence and biological effects of the main classes of
brominated flame retardants.

NBFRs used as an alternative to banned BFRs have frequently been detected in
countless environmental compartments, with evidence of persistence under natural
conditions—their physicochemical properties resemble the properties of banned
BFRs. However, evidence of NBFR toxicity is lacking, and there is no legislation about
them. Nevertheless, their in vitro and in vivo ecotoxicity to diverse organisms has
been verified [22, 60, 62]. Therefore, finding new compounds that act as FRs and
which are safer than older FRs like BFRs to human and environmental health is
essential. Phosphorus-based flame retardants (PBFRs), which have already been used
for over 150 years, could be suitable alternatives for BFRs [6].

3. Phosphorus-based flame retardants: organic compounds

Although several organophosphate FR categories exist, they are usually divided
into three main groups, according to their chemical properties: organic, inorganic, and
halogenated [6]. Organic organophosphates include phosphorus derivatives, such as
phosphate esters, phosphonates, and phosphinate. Bisphenol-A diphenyl phosphate
(BPA-DP), diethylphosphinic acid, diphenylcresylphosphate (DCP), melamine
polyphosphate, resorcinol-bis-(diphenylphosphate) (RDP), tricresylphosphate
(TCP), and triphenyl phosphate (TPhP) are examples of commonly employed organic
organophosphates [6, 76].

Among organic organophosphates, Aluminum Diethylphosphinate (ALPi) is a
new generation of halogen-free flame retardants. Despite having high performance in
fire control, and gaining space in the manufacture of compounds, little is known about
its long-term effects, both in the environmental scope and for human health [77].

Apart from being used as FRs, organic organophosphates have plasticizing and
anti-foaming properties. Thus, they are present in various industrial and commercial
products, such as eletronic equipment, paints, bedding, textiles, and building
materials [78].

Smartphones deserve special attention because they represent a large portion of
incorrectly discarded electronic waste, being an important contamination source.
Zhang et al. [79] analyzed smartphone samples and found TPhP in all of them. This
compound underlies environmental contamination.

Concern about the use of these compounds is related to the fact that they are used
as additive FRs. Therefore, they are not chemically bound to the materials and prod-
ucts in which they are added, which facilitates their chronic release into the
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environment [78]. Another issue is that their concentration in the product decreases
over time, thereby reducing its FR properties [6].

To understand the chronic consequences related to the use, adverse effects on the
environment, and toxicity of these FRs, their underlying mechanisms must be under-
stood. Moreover, understanding the properties of these FRs and how they behave
upon contact with living organisms and the ecosystem is crucial. Organic organo-
phosphate FRs are considered emerging pollutants, and they have been widely studied
in recent years.

3.1 Physicochemical characteristics

In general, organophosphates have different physicochemical characteristics.
These organic compounds usually have reasonable solubility in water, but this varies
according to molecular weight.

Organophosphates with low molecular weight are easily found in the aquatic
environment, while compounds with high molecular weight are found in general
nature. The octanol/water partition coefficient (log Kow) of organophosphates ranges
from �9.8 to 10.6, which means that they are more lipophilic than hydrophilic.
However, they have better solubility in water than BFRs [6, 80].

Organophosphate distribution in the air and the environment varies. According to
Henrys law, the vapor pressure also varies [6]. Variations in physicochemical charac-
teristics are directly related to variations in biological effects. Thus, clarifying the
mechanisms of these compounds is important [81].

BPA-DP is an organic additive FR with boiling point of 680°C and melting point
ranging from 41 to 90°C, low solubility in water (� 0.4 mg/l), and log Kow of 4.5. RDP
is found in commercial blends with BPA-DP and is also an additive FR. It has a boiling
point of 587°C, no melting point, and is even more insoluble in water
(�1.11 � 10�4 mg/l), with a log Kow of 7.41. Both compounds are widely used together
due to their advantageous characteristics, such as good thermal stability, high effi-
ciency, and low volatility. They are primarily used as flat-screen protection for TVs
and other electronics such as monitors and smartphones [6, 82].

Diethylphosphinic acid, on the other hand, has good solubility in water
(4.52 � 104 mg/l), log Kow of 0.68, melting point of �14°C, and lower boiling point
(320°C). DCP also has a low boiling point (235°C), melting point of �38°C, but lower
solubility in water (0.24 mg/l) and log Kow of 4.51. Diethylphosphinic acid is an impor-
tant compound because it is also a product of the thermal decomposition of aluminum
diethyl phosphinate (AlPi), another FR that has been gaining visibility [6, 83].

Melamine polyphosphate is a nitrogen-containing FR. It is chemically linked to the
polymer molecule, so it is not considered an additive FR [84]. This compound has the
boiling point of 558°C, the melting point above 400°C, good solubility in water
(around 1 g/l), and log Kow of �2.3 [6].

TCP is an additive FR. It is an ester of cresols and phosphoric acid, with the boiling
point of 439°C, melting point of 77°C, low solubility in water (�0.36 mg/l), and log Kow

of 5.11. It is widely used in lubricants, hydraulic fluids, and engine oil. All its isomers
(ortho-cresol, para-cresol, and meta-cresol) are active, but o-TCP has gained attention
because it is related to cases of neuropathy induced by organophosphates [6, 85].

TPhP is one of the most commonly used additive organophosphates in the indus-
try, and it is also the main contaminant in nature. Its boiling point is 370°C, its melting
point is 49°C, it is sparingly soluble in water (�1.9 mg/l), and its log Kow is 4.59.
Because TPhP has hydrophobic properties, it has a great affinity for sediments and
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soil, which is why it is frequently found in aquatic environments [6, 86]. Organo-
phosphate distribution in air depends mainly on the values of the octanol-air coeffi-
cient (log Koa). Compounds with log Koa less than 10 are easily found in the gas phase,
while higher values are necessary for compounds to be detected in the particulate
form and associated with dust. Values for all the compounds are not yet clear. How-
ever, TPhP, for example, has a log Koa of 10.5 and is easily found in many forms in the
home environment [87, 88].

ALPi has excellent heat stability, producing less smoke during burning. The ALPi
log Kow is �0.44 and the water solubility is around 1 mg/l, suggesting low hydrophilic
properties. Thus, soil and sediments can be the main target of the accumulation of this
compound [89].

Organophosphates have relevant physicochemical characteristics for their applica-
tions. In general, they are interesting FRs because they decompose at a lower temper-
ature than polymers used in the production of materials. Thus, heating compounds
with phosphorus triggers phosphoric acid formation. This acid envelopes the material,
protecting it from pyrolysis and preventing toxic gases from being formed [6, 90].

Table 4 summarizes the chemical structure and physicochemical properties of
organic organophosphates.

3.2 Environmental occurrence and ecotoxicological effects

Although organic organophosphates have more interesting characteristics and
offer more benefits than BFRs, they are often found in the environment (indoor dust,
air, water, soil, and sediments) [91–93].

Because organophosphate particles are just additives and do not fully bind to the
material they are incorporated into, they are easily dispersed. This causes them to be
absorbed by suspended dust. Thus, indoor dust is an interesting indicator of indoor
exposure to industrial chemicals [64].

Huang et al. [81] analyzed indoor dust from Australian homes, to find that TPhP is
one of the most common compounds therein. This is expected if we consider the
recurrent use of TPhP. The authors also found BPA-DP in abundance. In fact, this
compound is used as a substitute for DecaBDE. The authors concluded that many
organophosphates are present in the samples, presenting a high risk to human
health [81].

Despite being mostly lipo-soluble, some organic organophosphates have good sol-
ubility in water. This has led to their detection in drinking water because treatment
stations cannot eliminate these compounds effectively. Thus, the occurrence of
organic organophosphates in the aquatic environment poses as much risk to human
beings as to the aquatic ecosystem [94].

To identify the presence of organophosphates in water, Kim and Kannan [95]
analyzed several samples, such as river water, rainwater, sea water, and tap water
samples, collected from various locations in New York State. All the samples
presented numerous organophosphates. Chlorinated compounds were identified as
the most abundant due to their greater hydrophilicity. Among organic compounds,
TPhP was found in over 90% of the river water samples.

On the other hand, compounds with greater lipophilicity are easily found in sedi-
ments and aquatic organisms, being the cause of bioaccumulation. In sediments, the
composition is directly related to adsorption capacity. For example, clay-rich areas
favor greater adsorption of these FRs [96].
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Although organic compounds, such as TPhP, are found in sediments, halogenated
compounds predominate. Lee et al. [97] and Chen et al. [98] analyzed the composition
of water and sediments in lakes. In both studies, the halogenated ester tris-
(chloroisopropyl) phosphate (TCPP) were found to predominate. Among non-
halogenated compounds, tris-(2-butoxyethyl) phosphate (TBEP) was identified in
most samples [97, 98].

Bioaccumulation and biomagnification affect biological characteristics negatively.
In fish, for example, growth, sex, food, and maternal transfer are impacted, jeopar-
dizing organism development and the ecosystem as a whole [99].

Organophosphate bioaccumulation has been studied since the 1970s. These com-
pounds have been found in different tissues of rodents, fish, and birds, and they may
accumulate in gills, kidneys, liver, and muscle tissue [100].

Wang et al. [101] evaluated the bioaccumulation and biomagnification potential of
organophosphates in coral reef fish. These authors found several other types of
organophosphates, including TCP. In addition to risking environmental health, this
phenomenon may harm human health. Contamination of coral reef ecosystems is
extremely relevant and further analysis will be needed in the future.

Indeed, water is an important factor in organophosphate distribution. Particles are
dispersed in air through the mechanical friction of the materials. These particles
may be included in rainwater and be the main cause of river water and soil contami-
nation [102].

Recycling sites also impact soil contamination by organophosphates directly. In
these sites, the soil is in direct contact with different types of materials, mainly
electronic waste. Open-air storage of these residues determines local soil contamina-
tion and release of these compounds into the air [103].

According to Sánchez-Piñero et al. [104], several organic compounds, mainly
BPA-DP and TPhP, are found in soil and dust in public places. Although these authors
state that the values are within those authorized by legislation, investigating continu-
ous exposure is necessary.

Thus, soil and water contamination are directly related to human health. Food and
drinking water contamination and environmental contamination are directly related,
as well.

As a reinforcement, the environmental effects caused by ALPi are still limited
and not very specific, although the literature describes that bioaccumulation
potential for free halogen compounds is low and that it is easily degraded in the
environment [6].

3.3 Toxicokinetics

The prevalence of organic organophosphates in living organisms has become a
research target. Toxicological research has suggested that chronic exposure may be
directly related to damage to the endocrine system, with a high risk of reproduction
being impaired. These compounds may also be related to systemic toxicity, affecting
other important organs [101].

Unintentional dust ingestion and skin absorption are the routes with the highest
organic organophosphate absorption rate. How these compounds are distributed in
biological tissues has not been completely elucidated. However, the highest organo-
phosphates levels have been found in the liver, muscle, and gonads [100].

Compounds are biotransformed through metabolization to diesters and hydroxyl-
ation by phase I reactions, followed by conjugation with glucuronide and sulfate in
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phase II reactions. These reactions happen both in humans and other living beings.
Biotransformation products are important for monitoring and evaluating exposure to
organophosphates: these products are eliminated fast because they are very hydro-
philic [105].

Although organophosphate metabolism is relatively fast, even low concentrations
of the metabolites may have physiological and endocrine effects. Considering that
human exposure to these compounds is high and that multiple exposure pathways
exist, the concern is enormous. For instance, children are generally less able to metab-
olize and to excrete xenobiotics, so these compounds are more toxic to them [106].

3.4 Toxicological effects

Among the potential adverse effects of organic organophosphates, reproductive
and neurological effects are highlighted. Although the toxicity mechanisms of these
compounds have not been fully elucidated, the consequences of being exposed to
them involve cell apoptosis, ROS production, membrane disturbance, and mitochon-
drial alterations, among others [100].

Neurotoxic effects are concentration-dependent and inhibit DNA synthesis,
decreasing the number of cells and altering neural differentiation. Acetylcholinester-
ase (AChE) inhibition is another reported mechanism. AChE is a widely used marker
in neurotoxicity studies. Tris-(1,3-dichloro-2-propyl) phosphate (TDCPP) and TPhP
have an affinity for the nervous system and are commonly associated with
neurotrophic factor inhibition [107].

Aquatic organisms are often exposed to organophosphates, which tend to be neu-
rotoxic to them. Sun et al. [108] analyzed the neurotoxicity of the halogenated tris-(2-
chloroethyl) phosphate (TCEP) and the non-halogenated alkyl tri-n-butyl phosphate
(TNBP) in zebrafish (Dario rerio). More specifically, these authors analyzed locomo-
tor behavior, enzymatic activity, and AChE gene transcription. They found that
zebrafish exposure to these compounds in early life stages affects locomotor behavior
and gene transcription, suggesting that exposure to organophosphates may be rele-
vant in humans, especially in children.

Exposure at developmental stages may also affect cardiac development. Cardiac
development comprises several stages for increasing formation during embryogenesis.
When the process occurs properly, chamber formation and maturation, septation, and
valve formation take place correctly [109].

Using zebrafish as a model species for studies on developmental toxicity is advan-
tageous and has been gaining ground in several areas of toxicology. Alzualde et al.
[110] used zebrafish as a model in developmental toxicity assays to test not only the
cardiotoxicity but also the neuro- and hepatotoxicity of organophosphates. These
authors found that TPhP affects the heartbeat and reduces locomotor activity and
hepatic edema. These data are extremely relevant when it comes to human
biomonitoring.

Abe et al. [111] evaluated the toxicity of halogen-free flame retardants in zebrafish to
trace a toxicity profile. At all concentrations used, ALPi did not show any sublethal or
teratogenic effects, suggesting that ALPi may be a good alternative for brominated flame
retardants. However, further studies are still needed to support this information [111].

The crustacean Daphnia magna is also a widely used model for toxicity testing. To
test the chronic toxicity of ALPi, Waaijers et al. [112] exposed D. magna by 21 for
toxicity tests. The toxicity of ALPi increased with the time of exposure, with low acute
toxicity and moderate chronic toxicity [112].

22

The Toxicity of Environmental Pollutants



TDCPP and TPhP are also potential endocrine disruptors, altering hormone levels
and decreasing semen quality in adult men. Furthermore, the concentration of these
compounds in house dust has been correlated with decreased sperm concentration,
increased prolactin level, and decreased free thyroxin (T4) level [113].

Given that reproductive system integrity also depends on the organism’s redox
state, An et al. [114] tested TPhP and TCPP cytotoxicity in HepG2, A549, and Caco-2
cells. In addition to inhibiting cell viability, these compounds increase ROS produc-
tion, inducing DNA damage and mitochondrial dysfunction. These changes in redox
balance may harm steroidogenesis and even estrogen metabolism, being directly
related to reproductive changes.

Epidemiological studies on exposure to organophosphates are also gaining ground,
especially when it comes to the early stages of development, when organophosphates
may have greater consequences [115].

In a cohort study, Castorina et al. [116] evaluated how exposure to organophos-
phates, mainly TPhP, affected the cognitive or behavioral development of 310 school-
age children. The authors monitored exposure by analyzing metabolites present in
pregnant women’s urine. They observed decreased intelligence quotient and working
memory, associated with an increased level of the urinary metabolite diphenyl phos-
phate (DPhP).

Although some compounds have been widely used in research, and even though
much information is available, the effects of other types of organophosphates remain
to be elucidated. For example, toxicity data on BPA-DP and RDP are limited, so their
consequences on human health are unknown [82].

Monitoring organic organophosphate metabolites is necessary to assess and control
biological exposure, not to mention that these metabolites may play important bio-
logical roles in the toxicity of these compounds. In any case, many studies on organic
organophosphates are still needed to understand their toxic effects and to reduce
exposure to them [117].

4. Phosphorus-based flame retardants: halogenated compounds

Organophosphorus FRs can be divided into nonhalogenated and halogenated.
Halogenated organophosphates have chlorinated forms, which are mainly used as FRs
in furniture, building materials, textiles, and electronics [118]. According to the 2012
Chemical Data Reporting from the U.S. Environmental Protection Agency (EPA),
about 22,700 tons/year of TDCPP, one of the most used organophosphorus FRs, were
manufactured or imported by the U.S.A. in 2010 and 2011 [118, 119]. Tris-
(chloropropyl)phosphate (TCPP), tris-(2-chloroethyl) phosphate (TCEP), tris-(1,3-
dichloro-2-propyl) phosphate (TDCPP), and tetrakis-(2-chlorethyl) dichloroisopen-
tyldiphosphate (V6) are the main halogenated organophosphates.

4.1 Physicochemical characteristics

4.1.1 Tris-(1,3-dichloro-2-propyl) phosphate (TDCPP)

Tris-(1,3-dichloro-2-propyl) phosphate is commonly abbreviated in the literature
as TDCPP, TDCP, or TDCIPP. It a viscous colorless liquid with boiling of 457°C, water
solubility of 1.5 mg/l, and log Kow of 3.8 [6, 120, 121].
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4.1.2 Tris-(chloropropyl)phosphate (TCPP)

TCPP is a clear, colorless liquid. Its commercial formulation consists of a mixture
of tris-(chloroiso-propyl)phosphate (75%) and bis-(1-chloro-2-propyl)-
2-chloropropyl-phosphate (15–30%). It has a boiling point of 342°C, the water solu-
bility of 1.6 g/l, and log Kow of 2.59 [6, 121].

4.1.3 Tris-(2-chloroethyl) phosphate (TCEP)

TCEP has boiling point of 351°C; however, above 220°C, it rapidly decomposes to
carbon monoxide, hydrogen chloride, 2-chloroethane, and dichloroethane. It has a
water solubility of 7.0 g/l and log Kow of 1.44 [6, 121].

4.1.4 Tetrakis-(2-chlorethyl) dichloroisopentyldiphosphate (V6)

V6 has a boiling point of 620°C, the water solubility of 2.1 mg/l, and log Kow of 1.9.
In addition, V6 can be used in conjunction with TDCPP and TCPP, but with specific
criteria [6, 121, 122].

Table 5 summarizes the chemical structure and physicochemical properties of
Halogenated Organophosphates.

4.2 Environmental occurrence and ecotoxicological effects

Because organophosphate FRs are not chemically bound to the original material,
they are slowly released into the environment by abrasion and volatilization
[123, 124]. Consequently, they are widely distributed in indoor and outdoor environ-
ments [124]. In addition, dust and air are important means of human exposure to
these compounds via skin and breathing [4]. Furthermore, dust may settle into water
bodies, contaminate the water environment and affect aquatic organisms [4].

A study investigated organophosphate FR concentrations in air and dust in 63
homes in Canada, the Czech Republic, and the U.S [125]. The highest concentration of
halogenated compounds was found in the U.S.—an average of 1440 ng/g TCEP to
4530 ng/g tris-(2,3-dibromopropyl) phosphate (TDBPP), followed by Canada, and
the Czech Republic [11]. Regarding air, TCIPP was detected at the highest average
concentration: 73.6 ng/m3 in Canada, followed 26.3 ng/m3 in the U.S. and 16.4 ng/m3

in the Czech Republic [125].
A study carried out in Brazil investigated indoor dust concentrations in different

places in Araraquara (Brazil) [22]. The authors observed that TDCIPP (up to
61,200 ng/g) was the second most abundant compound in homes and apartments,
[12] and the most abundant compound in cars (from 1050 to 1,600,000 ng/g) [22].

Regarding halogenated compounds in outdoor dust, a study investigated FR con-
centrations in outdoor dust from urban and rural areas in Nanjing (China) [126]. The
authors identified halogenated compounds as the most abundant in both the rural
(median: 45.9%) and urban (median: 56.8%) areas [126] and TCPP as the most
abundant FR in both studied areas [126].

Assessing sediments is important for monitoring aquatic ecosystems and the
aquatic environments quality [127, 128]. Halogenated FRs may accumulate in sedi-
ments because they have low solubility in water and a relatively high octanolwater
partition coefficient (Kow) [129].
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A study analyzed sediment samples from the Bohai and Yellow Seas (China), to
detect organophosphate FRs [130]. The authors identified halogenates as being more
abundant than non-halogenated FRs [130]. In addition, TCEP was detected at the
highest concentration (from 7 to 671 pg./g of dry weight) [130]. Another study
evaluated sediments from rivers in Austria and found TCPP as the most abundant
compound in the samples, with a maximum concentration of 1300 μg/kg [131].

Thus, evaluating FRs in sediments is important because, if they are present
therein, they will be continuously ingested by aquatic organisms and will eventually
accumulate in the food chain, thereby being a potential risk to aquatic organisms [4].

Organophosphate FRs are not completely removed during the wastewater treat-
ment process. Besides that, chlorinated FRs (halogenated group) are more difficult to
degrade than non-chlorinated ones [132]. Thus, halogenated FRs have the greatest
potential to harm water quality and aquatic health [4, 133].

A study conducted in Germany evaluated the surface waters of the Elbe and Rhine
rivers, to detect organophosphate FRs in the samples [134]. In the Elbe River, TCPP
and TCEP were measured at concentrations between 40 and 250 ng/l and between 5
and 20 ng/l, respectively [134]. On the other hand, the Rhine river contained smaller
concentrations of TCPP (75–160 ng/l) and TCEP (12–25 ng/l) [134].

A study evaluated samples from the Santa Clara River in Los Angeles (California,
United States), to find halogenated organophosphate FRs as the main compounds,
including TCPP (3.3 μg/l), TDCPP (1.4 μg/l), and TCEP (0.81 μg/l) [135].

Other works have evaluated the presence of halogenated compounds in seawater
[136]. A study conducted in China analyzed samples from the Yellow Sea and the East
China Sea and detected TCEP (134.44 ng/l), TCPP (84.12 ng/l), TDCPP (109.28 ng/l),
and TDBPP (96.70 ng/l) [24]. The authors concluded that the source of these com-
pounds is the municipal and industrial effluent of wastewater treatment plants [136].

Another study conducted in China evaluated types of drinking water samples
including tap water, filtered drinking water, bottled water, barreled water, and well
water in both urban and rural areas in Eastern China [137]. The authors identified
TCPP as being more abundant in barreled water (8.04 ng/l) and well water (2.49 ng/
l). The authors found TCEP in low amounts in all types of drinking water, making its
carcinogenic risk unlikely [137]. The authors concluded that exposure to organophos-
phate FRs in drinking water in Eastern China poses no risk to human health [137].

Because halogenated FRs are not fully degraded during wastewater treatment, as
already discussed above, they may occur in environmental compartments including
air, sediments, and water [125, 130, 132, 137]. Therefore, investigating whether these
compounds bioaccumulate in organisms is relevant, as it could damage the ecosystem
and human health [138]. The appearance of halogenated FRs in mussels has already
been reported in a study conducted in Maizuru Bay (Japan) [139], with TDCPP
(18 ng/l), TCP (11 ng/l), and TCEP (11 ng/l) being detected. According to the study
authors, these concentrations would not be able to promote adverse effects in the
organisms [139]. Another study analyzed fish samples collected from the Pearl River
in southern China and domestic birds (chicken and ducks) purchased from farmers
living in Qingyuan County [28]. TCEP (82.7–4692 ng/g lipid weight in fish and 33.7–
162 ng/g lipid weight in the bird) and TCPP (62.7–883 ng/g lipid weight in fish and
3.89–21.4 ng/g lipid weight in the bird) were detected in all the samples [140].

Studying human exposure to aquatic animals that bioaccumulate halogenated
compounds is important. A study has evaluated fish, mussels, and breast milk samples
[141]. Aquatic organisms were collected from Swedish lakes, and breast milk samples
were collected from women in Swedish cities [141]. The authors found that all the
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samples contained TCPP at concentrations between 170 and 770 ng/g lipid weight
(l.w), and they detected TDCPP only in fish, at a concentration between 49 and
140 ng/g l.w [141]. In addition, they identified TCPP (22–82 ng/g l.w) and TDCPP
(1.6–5.3 ng/g l.w) in the breast milk samples [141]. The authors concluded that human
exposure to organophosphate FRs via fish and human milk ingestion seems to have
minor significance compared to the calculated exposure to these compounds in dust
and air [141].

4.3 Toxicokinetics

Humans may be exposed to halogenated organophosphates through inhalation or
oral or dermal contact; the general population is exposed to these compounds through
food and drinking water [142]. Moreover, occupational exposure to these compounds
occurs through vapor inhalation and dermal contact [143]. Consumer exposure
includes exposure through vapor inhalation, direct skin contact with halogenated
organophosphates on the surface of objects, incidental ingestion of air-suspended
particulates or resuspended dust, and ingestion via object-to-mouth behavior by chil-
dren [144–146].

TCDCPP, TCEP, and TCPP are rapidly absorbed by the oral route of exposure.
Furthermore, TDCPP dermal absorption is significant in rats, and TCPP dermal
absorption is significant in humans as revealed by in vitro studies [147]. In addition,
TCEP is extensively absorbed during nebulized exposure [148]. After halogenated
compounds are absorbed, they are distributed throughout the body without specific
accumulation in tissue or organs, but TCEP has been reported to be present in breast
milk [149].

These compounds are rapidly metabolized during Phase I and Phase II metabolism.
TDCPP is metabolized by a combination of hydrolase, MFO (mixed function oxidase),
and GST reactions synthesizing glutathione conjugates, so the main metabolite is
BDCPP (bis-(1,3-dichloro-2-propyl)phosphate) [147, 150]. TCEP and TCPP are
metabolized by hydroxylation possibly by MFO and CYP 450 enzymes conjugated
with glucuronic acid [147]. After that, the metabolic products of halogenated organo-
phosphate FRs are rapidly excreted, primarily in the urine [147].

4.4 Toxicological effects

Exposure to halogenated organophosphate compounds may cause some toxic
effects in humans. According to Freudenthal and Henrich, chronic exposure to
TDCPP causes benign tumors to appear in Sprague–Dawley rats [151]. A study
conducted with patients at a Duke Cancer Institute suggested that increased incidence
of thyroid cancer may be associated with exposure to TCEP in the home environment
[152]. Additionally, under regulation EC 1272/2008, TDCPP is classified as a category
2 carcinogen with hazard statement H351 “suspected of causing cancer” and TCEP is
classified as a “potential human carcinogen” by the E.U [145, 153].

In recent years, endocrine disruption effects of halogenated compounds have been
observed. Stapleton and Meeker associated TDCPP concentrations in house dust with
hormone levels [64]. They analyzed TDCPP in-house dust collected from 50 men
recruited through a U.S. infertility clinic, to observe that increased TDCPP was asso-
ciated with 3% lower free thyroxine concentration and 17% higher prolactin level
[64]. Increased prolactin is a positive effect because it serves a number of important
functions involving reproduction, metabolism, and angiogenesis [64, 154]. Studies
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have also shown that exposure to TDCPP causes thyroid endocrine disruption—expo-
sure of female zebrafish to TDCPP decreases T3 and T4 hormone levels, whereas
exposure of Sprague–Dawley rats to TDCPP decreases serum thyroid stimulating
hormone [155, 156].

Halogenated FRs and organophosphorus pesticides, such as chlorpyrifos, have
similar chemical structures, so these FRs might also exert neurotoxic effects like
organophosphate pesticides do [157]. Stapleton performed studies on PC12 cells and
observed that TDCPP inhibits DNA synthesis and causes high oxidative stress, with-
out adverse effects on cell viability or growth [157]. Moreover, TDCPP promotes
differentiation into dopaminergic and cholinergic neurophenotypes, while TCEP and
TCPP only promote the cholinergic phenotype [157].

Finally, there are very limited human health and toxicity data available for organ-
ophosphate halogenated FRs, so further studies are needed to understand how they
affect humans.

5. Phosphorus-based flame retardants: inorganic compounds

Inorganic FRs act mainly in the solid phase, with thermal decomposition through
the release of phosphoric acid. This leads to substrate carbonization, resembling
phosphorus-containing FRs [158].

The German report “Substituting Environmentally Relevant Flame Retardants:
Assessment Fundamentals” analyzed some FRs on the basis of several evaluation
criteria, including potential to accumulate in environmental media (occurrences in
humans and the environment), chronic and acute toxicity, emission trend (produc-
tion, use, and waste disposal), fire by-products (smoke density, gas toxicity, and
corrosivity, and fire extinguishing water charges, etc.), and concluded that red phos-
phorus and ammonium polyphosphate are the least problematic FRs [158].

5.1 Red phosphorus (RP)

RP is a very effective FR in many polymer applications is. It is a stable form of the
element phosphorus, which has an amorphous structure [158].

RP acts as an FR via a solid-phase mechanism. It forms a rigid layer that prevents
flammable material replenishment in the gas phase, reducing fire and decreasing fire
gas toxicity [159]. For polyphosphoric acid (the main component of the aforemen-
tioned rigid layer) to be formed, oxygen must be supplied by the polymer or another
material used as matrix. Therefore, RP is a more efficient FR in materials with high
oxygen content (such as cellulose or plastics containing oxygen) [158]. The RP con-
centration varies from 2 to 10% of the total weight. RP reduces the toxic smoke
formation and heat release, preventing large fires from occurring [160]. Its use
restrictions are based on color—because it is red, it cannot be used in white or light
products given that it is difficult to mask even with dyes, [158].

RP is mainly used in condensation polymers (polyamide, polyester, polyurethane,
polyisocyanurate, and epoxy resins), but it can also be used in dispersions for textile
finishing, polyamide components for electrical and electronic devices, fiberglass
reinforced plastics for electrical applications, synthetic glues, and automotive tex-
tiles [158].

According to some studies, the use of RP as FR is not problematic because it does
not dissolve in water easily, making the risk of environmental contamination with
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phosphorus unlikely. Organ intoxication effects are also unlikely, and RP may only
cause skin irritation. Therefore, the use of this FR has a low ecological and human
health impact, as long as it is not mixed with white or yellow phosphorus [158].

The risks of contaminating the environment with phosphorus as a result of using
RP as FR are unlikely. There are no data on RP concentrations in air, soil, or water.
Like microencapsulated phosphorus, inert RP does not pose a threat to the
environment [158].

The occurrence of phosphorus compounds in environmental samples cannot be
analyzed separately from the natural occurrences of phosphorus compounds and
cannot be seen as a consequence of the use of RP as FR [158]. Accumulation is hardly a
consequence of RP used in plastics because this FR degrades fast, with phosphine and
phosphoric acid formation. The effects on aquatic systems are not alarming because
phosphorus concentrations are low compared to natural occurrences [158].

RP oral ingestion is unlikely because it is degraded in the environment when it is
eliminated in sewage plants through adsorption to sewage sludge. Whether resorption
occurs when RP is microencapsulated and ingested orally has not been examined, but
resorption is more likely negligible and organ effects are improbable [158].

If inhaled, RP LD50 in rats is 4.3 mg/l, which indicates moderate acute toxicity
because metabolism is rapid. Eyes and mucous membranes may become irritated
probably due to acid formation. Therefore, affected individuals should not be taken
for toxicological evaluation because phosphoric acid may be formed due to the high
reactivity of phosphine. Nevertheless, oxides released during a fire should not be
ignored because they may irritate the affected persons skin [158].

The RP physicochemical properties prevent it from evaporating at room tempera-
ture and from solubilizing in water. Because oxygen is present in the environment, RP
forms some phosphates that generate phosphine (PH) through a complex chain of
chemical reactions. As toxic as phosphine is (with prescribed exposure limits for
humans being TLV/TWA—0.3 ppm or 0.4 mg/m3; TLV/STEL—0.75–1 ppm), it is also
very reactive and produces non-toxic phosphates [159].

Some techniques for RP production have been developed and improved, so phos-
phine is no longer a problem. Phosphine arises if RP is treated at high temperatures or
if it is exposed to humidity. If during compounding the RP levels are kept below the
TLV/TWA limit, phosphine formation may be drastically reduced, and they can be
removed in a well-ventilated area [159]. RP should not be stored in closed containers
because phosphine may be formed [158].

RP in the powder form is flammable and has therefore been regulated as a poten-
tially hazardous material. The safest and most ecological way to transport RP is to
microencapsulate it. But the newly developed RP grade is highly stable, safer to use,
and easier to handle in terms of cleaning and service life [159].

During a fire, RP is easily oxidized to phosphorus oxides that do not form phos-
phine: in fact, phosphorus oxides remain as polymeric phosphoric acid or phosphates
that can be removed in the incinerators’ flue gas treatment system [159].

5.2 Ammonium polyphosphates (APP)

APP is a crystalline inorganic salt with the chemical formula NH4PO3. This FR
retardant is found in the crystalline or liquor form and contains nitrogen and
phosphorus (Figure 3). Like most FRs containing phosphorus, APP begins to
decompose at temperatures above 225°C and acts by releasing phosphoric acid and
carbonizing [158].
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The composition of ingredients varies depending on the manufacturer. For exam-
ple, APP 422 from Clariant GmbH, contains 31.5% phosphorus and 14.5% nitrogen
[158]. APP is often used in conjunction with other compounds such as polyalcohol as a
carbon dioxide dispenser, melamine as a blowing agent, and aluminum trihydrate
(ATH) in resins [158].

In intumescent systems, APP is combined with carbonic compound distributors
and blowing agents. This mechanism releases non-flammable gases, preventing oxy-
gen from being supplied to the flammable substrate. APP is used in polyurethane
foams (hard and flexible), polypropylene, epoxy and polyester resins, cellulose-
containing systems, and wash-resistant textile backings [158].

Some studies have reported that, from a toxicological viewpoint, APP is not prob-
lematic, or that it has a very low ecological and human health impact. Air contamina-
tion caused by APP is unlikely due to its physicochemical properties [158].

There are no data available on APP reabsorption by oral ingestion, but a high rate
can be predicted from experiments with similar compounds. APP is metabolized to
ammonia and phosphate, which integrate with the nitrogen and phosphate cycle.
However, there are no considerable concentrations in the body or toxic effects that
need to be feared. If APP comes into contact with skin, it causes some irritating or
sensitizing effect because hydrolysis occurs in the presence of acid and ammonia salts
in an aqueous medium. The LD50 data (>2000 mg/kg) allows no conclusions about
chronic toxicity [158].

Rapid APP decomposition into ammonia and phosphate occurs in soil and sewage
sludge, so water eutrophication must be taken into account. However, there are no
exact data on the relevance of the volume. During a fire from plastics containing APP,
nitrogen oxide and ammonia are formed, as well as phosphorus oxide. These gases are
aggressive, and the health effects cannot be ignored [158].

Table 6 summarizes the biological effects caused by organic, halogenated, and
inorganic phosphorus-based flame retardants.

6. Conclusion

Fire has always been an enemy of humanity and can cause a lot of destruction.
Over time, more and more people live with materials with high flammability, creating
the need to control the flammability of these materials. Thus, flame retardants are
widely used to reduce the risk of fire, as a safety device. However, other risks can arise

Figure 3.
APP chemical structure.

31

Flame Retardants: New and Old Environmental Contaminants
DOI: http://dx.doi.org/10.5772/intechopen.104886



with the wide use of this class of compounds, including the risks to environmental and
human health.

As flame retardants are being used, research and new knowledge are being gener-
ated to understand the behavior of these substances in the environment and the
consequences for the ecosystem and human health. Classes of flame retardants begin
to be legislated and controlled due to their highly toxic potentials, such as PCBs,
PBDEs, and HBCD. On the other hand, new compounds have been introduced to

Abbreviation Type Toxic effect Reference

TPhP Organic • Neurotoxic—AChE inhibition;
• Cardiotoxicity, affecting heartbeat and

reduces locomotor activity and hepatic
edema;

• Decreased sperm concentration,
increased prolactin level, and decreased
free thyroxin (T4) level;

• Cytotoxicity in HepG2, A549, and Caco-2
cells, increasing ROS production,
inducing DNA damage and mitochondrial
dysfunction;

• Affect the cognitive or behavioral
development.

[107, 110, 113, 114, 116]

TNBP Organic • Affect locomotor behavior and gene
transcription.

[73]

ALPi Organic • Any sublethal or teratogenic effects,
suggesting that ALPi may be a good
alternative for brominated flame
retardants;

• Increase with the time of exposure, with
low acute toxicity and moderate chronic
toxicity (Daphnia magna).

[111, 113]

BPA-DP Organic • Toxicity data are limited. [6]

RDP Organic • Toxicity data are limited. [6]

TDCPP Halogenated • Affinity for the nervous system and are
commonly associated with neurotrophic
factor inhibition;

• Altering hormone levels and decreasing
semen quality in adult men;

[107, 113]

TCPP Halogenated • Cytotoxicity in HepG2, A549, and Caco-2
cells.

• Increasing ROS production, inducing
DNA damage and mitochondrial
dysfunction.

[114]

TCEP Halogenated • Inducing thyroid cancer [152]

RP Inorganic • Low human health impact as long as it is
not mixed with white

• and yellow phosphorus

[158]

APP Inorganic • Low human health impact [158]

Table 6.
Summary of biological effects caused by organic, halogenated, and inorganic inorganic phosphorus-based flame
retardants.
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replace the legislated flame retardants, here, phosphorus-based flame retardants
emerge as an effective and possibly ecofriendly alternative to the old flame retardants.

As the need arises for alternatives to the old flame retardants, new substances are
being introduced into the market with the purpose of reducing the damage that could
be caused. However, this insertion occurs without full knowledge of the toxic effects
of these new products. Furthermore, over the last decades, we can observe a pattern
of substitution of harmful or legislated flame retardants to another that initially was
human and ecofriendly but, after few years it turns out and it was harmful. In this
way, the environmental consequences can be exacerbated, as can the exposure of
ecosystems. In this chapter, we provide a review of the main classes of flame retar-
dants and its possible substitutes, trying to understand the behavior of these sub-
stances in the environment and their toxicological consequences for the ecosystem
and human health.
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Abstract

Water has become a major threat in today’s world. Collection of heavy metals, a few 
of them, is potentially toxic and these get distributed to different areas through differ-
ent pathways. With an increase in the earth’s population, development and industrial-
ization are taking place rapidly and these get the major source of water contamination. 
With heavy metals in lakes, rivers, groundwater, and various water sources, water 
gets polluted by the increased concentration of heavy metals and metalloids through 
release from the suddenly mine tailings, disposal of high metal wastes, growing indus-
trial areas, leaded gasoline and paints, usage of fertilizers inland, animal manures, 
E-waste, sewage sludge, pesticides, wastewater irrigation, coal, etc. Exposure to heavy 
metals has been linked to chronic and acute toxicity, which develops retardation; 
neurotoxicity can damage the kidneys, lead to the development of different cancers, 
damage the liver and lungs; bones can become fragile; and there are even chances of 
death in case of huge amount of exposure. This chapter mainly focuses on heavy metal 
pollution in water and its toxic effect on living organisms.

Keywords: heavy metal, water, toxicity, pollution, living organisms

1. Introduction

Expeditious expansion and industrial development near the rivers have led to 
more stress on the river, and with increased stress, the water becomes polluted, and 
worsening environmental health is observed [1]. The water-soil interface and the 
water-atmosphere interface are the medium through which the heavy metals travel 
[2, 3]. Both anthropogenic activities and geochemical processes are responsible for 
heavy metal contamination in ecosystems [4]. Elements that have high density and 
are less noxious are known as heavy metals. Examples of heavy metals are lead, iron, 
mercury, cadmium, zinc, arsenic, copper, and chromium and the actual volume 
of these heavy metals is more than 6 g/m3 [5]. Heavy metals have the property of 
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environmental persistence and bioaccumulation, and these heavy metals enter the 
aquatic system through various routes. These heavy metals not only impair the quality 
of the aquatic ecosystem but also human health [6, 7]. These heavy metals can be 
found on the layer of earth in their regular form. These heavy metals are so dangerous 
that they cannot be degraded or decomposed and they have the arability to bioac-
cumulate [8]. These heavy metals once get into the ecosystem through the air, via 
drinkable water, or multiple chemicals and products that are manmade. The route of 
administration of these heavy metals is via inhalation, ingestion, and skin absorption. 
These heavy metals get into the biosphere via human activities, which include indus-
trial production, mining, agriculture, and transportation [9]. Some methods are fossil 
fuel burning, smelting of different, waste from the municipality, fertilizers, pesti-
cides, and sewage these all are considered to be the primary sources of metal pollution 
[10–13]. The toxicity of these heavy metals in the human body reduces energy levels; 
disrupts brain functioning; disturbs the functioning of various other organs such as 
the brain, lungs, liver, and kidney; and also hinders blood composition. If the con-
tact with heavy metals continues, then it can hinder the physical, neurological, and 
muscular functioning. And due to these diseases like multiple sclerosis, Parkinson’s 
disease and muscular dystrophy, and Alzheimer’s disease. Chronic exposure to some 
of the heavy metals and their compounds may even cause cancer [14]. Pollution of 
these heavy metals into the river may cause distressing effects on the ecological bal-
ance of the aquatic environment, and with the extent of contamination, the diversity 
of aquatic organisms becomes limited [15]. The fish in the aquatic ecosystem can be 
used for examining the well-being of biota. Due to pollutants in the food chain of 
organisms, harmful effects can be seen and the aquaculture can become dead [16]. 
These heavy metals are neurotoxins for the fish living in the aquatic environment. 
When these heavy metals enter the fish body, they interact with them to generate 
biochemical reaction inside the fish, which makes it difficult for fish to communicate 
with their surroundings [17]. The presence of these heavy metals leads to diseases 
like Minamata, which is organic mercury poisoning. When these heavy metals get 
bioaccumulated, they become a threat to both the human population and animals 
who uses that water [18]. Modeling of risk assessment is divided into four stages, i.e., 

Heavy metal ions WHO’s permissible limit (mg L−1)

Se 0.02

Hg 0.001

Mn 0.02

Ag 0.1

Cd 0.05

Cr 0.003

Pb 0.01

Zn 3.00

Fe 0.30

Cu 0.02

As 0.01

Table 1. 
Permissible limit of heavy metal ions in water [21].
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exposure assessment, toxicity (dose-response) assessment, hazard identification, and 
risk characterization. There are three pathways through which humans get exposed 
to traced metals, which include directly ingesting, inhaling through the mouth or 
nose, and via skin absorption when it gets exposed. From the water, the heavy metals 
usually enter through ingestion and dermal absorption. To assess exposure, the 
average daily dose is measured for pollutants through different identified paths. In a 
dose-response assessment for no carcinogens, reference doses (RfD) are calculated, 
and for carcinogens, slope factors (SF) are obtained by the United States Environment 
Protection Agency (USEPA) Integrated Risk Information System (IRIS) database. 
With the help of the facts which are discussed above, there was a study done with an 
aim to evaluate the water quality of the Subarnarekha River relating to metals, their 
temporal classification, source of identification, and assessment of human health 
risk when that water was ingested or the contaminate when absorbed through the 
skin. Through this, it is possible to know the contamination level and accordingly, the 
strategies were planned (Table 1) [19, 20].

2. Source of contamination in water

The presence of these heavy metals on the surface of the water can be due to 
natural or anthropogenic activities. In natural activities, weathering of rocks that 
contain metals, an eruption from volcanos, fires in the forest, and naturally occur-
ring processes of weathering can be included. From these activities, metal enters the 
different sections of the environment. Heavy metals can be found in the forms of sul-
fates, hydroxides, oxides, sulfides, phosphates, and silicates [12, 22]. A huge amount 
of accumulation of heavy metals into the water is mainly due to anthropogenic and 
natural activities. Some more examples of natural source through which heavy metals 
contaminates water are, wet and dry deposition of atmospheric salts, water-rock 
interaction, or water interaction with the soil. While the sudden increase in urbaniza-
tion and industrialization are an example of anthropogenic sources through which 
water get contaminated (Table 2; Figure 1) [23].

2.1 Natural sources

Trace metals are found in excess levels in the environment, they are formed by 
geographical processes such as volcanic eruptions, weathering of rocks, and leaching 
into rivers, lakes, and oceans due to the action of water [25]. The presence of heavy 
metals in water depends on the local geology, hydrogeology, and geochemical charac-
teristics of the aquifer [26]. One of the main sources of pollution is weathering. The 
weathering of the sedimentary rocks such as limestone or dolomite or shale makes 
the water contaminated or polluted. When there is an interaction of water with rock 
element, it also leads addition of these elements into the water; thus, contamination 
occurs. Examples of such elements are granite, syenite, basalt, gabbro, nepheline, 
and andesite. Due to the particular ore or the minerals, the element level increases. 
Elements examples are magnetite, hematite, goethite, siderite, calcite, cuprite, 
malachite, azurite, chromite, kaolinite, montmorillonite, arsenic trioxide, orpiment, 
arsenopyrite, calamine, smithsonite, pyrolusite, and rhodochrosite [27–30]. The 
sulfide deposition also increases as it is associated with the mineralization of the gold 
and hydrous iron oxide ores [31].
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2.2 Anthropogenic sources

Anthropogenic events, in which human settlement replaced the natural forest and 
agricultural activities have increased the environmental impacts. Such activities have 
contaminated the aquatic ecosystems, which include spring waters from the river like 
the Amala and Nyangores, tributaries of Mara River, Indonesia in Mau Complex. The 
maximum of forest land is converted into human settlement and agriculture. People 

Figure 1. 
Contamination of water through different sources.

Heavy metal 
ion

Common sources

Copper (Cu) Fertilizers, tanning, and photovoltaic cells

Zinc (Zn) Soldering, cosmetics, and pigments

Silver (Ag) Refining of copper, gold, nickel, zinc, jewelry, and electroplating industries

Chromium 
(Cr)

Leather industry, tanning, and chrome plating industries

Arsenic (As) Wooden electricity poles that are treated with arsenic-based preservatives, pesticides, 
fertilizers, the release of untreated effluents, oxidation of pyrite (FeS) and arsenopyrite 
(FeAsS)

Mercury 
(Hg)

Combustion of coal, municipal solid waste incineration, and volcanic emissions

Cadmium 
(Cd)

Paints, pigments, electroplated parts, batteries, plastics, synthetic rubber, photographic and 
engraving process, photoconductors, and photovoltaic cells

Lead (Pb) PVC pipes in sanitation, agriculture, recycled PVC lead paints, jewelry, lead batteries, lunch 
boxes, etc.

Table 2. 
Major sources of some heavy metal ions in water [24].
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who live near the Mara River Basin use that spring water for the purpose of animal 
and agricultural purposes [21]. The water carrying capacity has decreased with the 
rapid increase in industrialization and urbanization. Hg concentration in water has 
increased with agriculture activities and human activities. Activities like domestic 
sewage into the water, solid waste burning, coal and oil combustions, and pyrometal-
lurgical processes and mining are the main reason for this. Water, by either snow or 
rain, brings the contaminated soil with Hg into the adjacent water areas [32, 33]. The 
source of Ni is the corroded metal pipes and containers [34]. The major source of lead 
in water majorly comes from additives of paints and petrol and aerosol precipitation, 
which is formed due to the high temperature used in industrial processes for the 
purpose of coal combustion, smelting, and cement production [35], and chloralkali, 
batteries, fluorescent lamps, thermometers, and electronic switches production. 
Chemical industries are some industrial activities through which Hg pollutes the 
water system and these activities are the largest contributor to Hg contamination in 
the environment [36].

2.3 Domestic sewage

Huge amount of untreated sewage from domestic is thrown into the river. This 
untreated waste from domestic has the presence of toxins. These toxins are due to the 
presence of solid waste or from the litter of plastic, or the contamination of bacteria due 
to the presence of these the water can get polluted. Domestic untreated water is thrown 
directly into the water resource and this majorly causes pollution inside the water and 
harms the ecosystem [37]. These pollutants majorly depend upon what kind of industry 
has thrown those pollutants. When these toxic metals get inside the water, they decrease 
the quality of the water [38]. Around 25% of pollution inside the water is caused only by 
these industries [39]. When the water gets contaminated, the water gets enriched by the 
nitrogen and phosphorous elements. With the presence of these nutrients, the growth 
rate of algae gets multiplied, and then it competed with the surrounding aquatic biota 
for the dissolved oxygen in water [40]. The presence of nitrite and nitrate anions leads 
to a major threat to the exposed organisms; examples of such threats are methemoglo-
binemia. It is more common in small children, and the symptoms caused by this are 
cyanotic color in the skin due to blood alterations [41]. Water sources that get deposited 
by this sewage also become anions rich, due to the presence of chlorine in urine, and 
NaCl is used in the human diet. On the side of the sea, there is the presence of chloride 
in high concentrations due to the leakage of salt into the sewerage system. It also may be 
increased by industrial processes [42].

2.4 Industrial source

Contamination of heavy metals in the aquatic environment is very harmful 
since these elements cannot be degraded and they get accumulated inside the living 
organisms [43]. Residue from the industry is the major source through which these 
heavy metals get into the aquatic ecosystems, and their accumulation in water varies 
with the type of wastewater treatment used [44]. Effects known as deleterious can 
be observed when the metal particles are introduced into the water system [45, 46]. 
Different metals from the Amazon River (Brazil) and the Yukon River (Alaska) were 
analyzed in the solid-state only. Plants have the presence of these metals in water. In 
tissue, the concentration of several metals is slow, and their concentration should 
be kept in less range only as more concentration can be harmful to the biological 
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development of the pant [47]. Through the food chain, fish contaminants can reach 
man [48]. Effluent from industries, water tank leakages, dumping beside marines, 
and due to radioactive waste and atmospheric deposition, are some sources of water 
contamination. Disposed of heavy metals and waste from industries they get accu-
mulated in rivers and lakes thus causing harmful impacts on animals and humans. 
For suppression of the immune, reproductive failure and acute poisoning toxins are 
responsible [49]. Then there is direct damage to plant or animal nutrition at that 
time human health is affected. The pollutants that are polluting the water are killing 
marine organisms such as mollusks, marine birds, fishes, and other organisms that 
live in the sea [50].

2.5 Urbanization

With an increase in the population has created many issues and one of the issues is 
the pollution of water [38]. An increase in the population leads automatically leads to 
more generations of solid waste [51]. Both solid waste and liquid waste are deposited 
into the water without any treatment. Human excreta also contaminate the water. 
Thus, contaminated water leads to a generation of a large number of bacteria, which 
is a threat to human well-being [39]. Government is unable to supply vital require-
ments to the People because of the increase in the number of people. Facility for 
sanitization is more in urban areas as compared to rural areas. Plastic bag and waste 
are a major contribution to pollution. People throw the waste in plastic bags into water 
sources [24]. From the research, it was found that around three crore people of the 
population defecate in the open, while 77% population use flush and around 8% use 
the pit latrines. Urbanization can cause many infectious diseases. Overpopulation, 
unhealthy conditions, and dangerous drinkable water are these major health problems 
in urban areas. One-third of urban people are vulnerable to disease [37].

2.6 Agriculture source

The population in rural areas is less but the use of fertilizers, pesticides, and 
eroded soil contaminates the water. When it rains the water from the surface runoff 
and that rainwater enters the nearby water resource and thus pollutes the existing 
water [52]. Agricultural runoff cases freshwater bodies’ eutrophication. Half of 
the lakes in the US are eutrophic. Phosphate has one of the major contributions to 
eutrophication. And the high concentration of phosphates promotes cyanobacteria 
and algae growth, which leads to the excessive use of the biologically dissolved oxygen 
inside the water [53]. Fertilizers that are too enriched with nitrogen decrease the dis-
solved oxygen in rivers and coastal zones thus bringing hazardous effects to the biota. 
Since 2006, the nitrogen in fertilizers is being controlled in America and Northwest 
Europe [54]. Like pesticides, which are used as pest control, these pesticides leach into 
groundwater, thus polluting groundwater. The pesticides that are water-soluble leach 
more and the sandy soil favors the process of leaching [55].

2.7 Atmospheric source

Small pollutants particles which are present in the air, get into the water stream 
through the rain, when it rains these particles come down and then with the flow 
of water enters into the sea, thus polluting the water there. These pollutants that 
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are present in the air usually get from the burning of fossil fuels e.g. is CO2, which 
combines with water and produces sulfuric acid. Sulfur dioxide, which is formed via 
volcanic eruption and from industries, also gets attached to a water molecule to form 
the sulfuric acid. When coal is combusted then also sulfuric dioxide is produced and it 
is also produced from petroleum products. Just like this nitrogen dioxide also com-
bines with the water and forms the nitric acid. And with the help of rainwater, they 
enter the water resources (Figure 2) [52, 56–59].

2.8 Mining source

Heavy metals are present on the earth and thus they can enter the water system 
through various pathways and one of them is through mining sources. When it rains 
or through flowing water, it leaches heavy metals out from their geological formation. 
These processes get disturbed when manmade economic activities such as mining 
are done. Through these processes, the area that is already mined out gets exposed to 
water and air and this leads to the acid mine drainage (AMD). The low pH conditions 
associated with AMD mobilize heavy metals, including radionuclides where these are 
present [60].

2.9 Heavy metal intake through water

Soil gets polluted with the presence of heavy metal on surface and underground 
water and the pollution rises when mined ores are discarded on the ground surface for 
manual dressing [61]. Due to the dumping over the surface, the metals get exposed 
to air and rain thereby generating huge AMD. If soil is polluted at that time, it gets 
into the plant tissue and gets accumulated there. And when those plants are grazed 

Figure 2. 
Circulation of contaminants between environmental sources under the effect of atmospheric sources.
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by animals and water is used for the drink from polluted waters, through there these 
heavy metals enter the body. Also, marine lives, which reproduce in contaminated 
water, also have the presence of heavy metals inside their body tissues, if they are lac-
tating then inside their milk. As an overview, all organisms within a given ecosystem 
are contaminated via these pollutants through their food chains [62]. When nutrition 
from these contaminated vegetables is taken, the presence of heavy metals in those 
vegetables can lead to different chronic diseases. Toxic effects due to these heavy 
metals usually depend on the amount of concentration and the oxidative state of the 
particular heavy metals [63]. Heavy metals have a very dangerous impact as they are 
non-biodegradable in nature, have long biological half-lives, and have the potential 
to accumulate inside the body. Also, there are some heavy metals that are extremely 
toxic only because of their solubility. Fewer concentrations of heavy metals inside 
the food chain also show severe effects as there is no particular procedure through 
which these heavy metals pollutants can be extracted from the body of an organ-
ism. Nowadays presence of these toxic heavy metals is everywhere because of their 
extreme use in industries. In case of the wastewater, it contains a huge concentration 
of heavy metals, which create various health-related problems [64, 65].

3. Effect on living organism

3.1 Effect on aquatic environment

Water from estuaries and freshwater is not polluted till now to some extent, but 
that water is also at threat of being polluted in the long term due to metal deposition 
because of human past activities [66]. The water in the river and lakes can be highly 
polluted depending on the volume of flow and proximity to the point sources. Due 
to the human civilization, the element content in water is raised. Such elements are 
cadmium, lead, mercury, zinc, and chromium. Unlike organic chemicals, there are 
some metals that cannot be converted into compounds with lesser toxicity, and one 
of its characteristics is the loss of biodegradability. Once the heavy metals enter the 
water system it gets redistributed throughout the column and gets accumulated in 
the sediments [67]. The sediments constitute a partial contribution to polluting the 
natural phenomena due to their activity and metal remobilization processes. Metal 
residues that are present in the contaminated surroundings have the flexibility to 
get bioaccumulated into the aquatic environment [68]. Growth in fish larvae and 
juveniles is rapid. But when these heavy metals enter they might inhibit the growth 
rate. The fish grows in length and bulk when given the right conditions, such as a 
specific temperature and an acceptable amount of food. Fish growth, on the other 
hand, may be impeded in water contaminated with toxicants, such as heavy metals. 
One of the most noticeable signs of metal toxicity in fish larvae is growth inhibition. 
As a result, the length and bulk of fish are indications of environmental conditions 
[69]. Heavy metals are introduced in liquid form and surface water constituents 
(carbonate, sulfate, organic substances humic, fulvic, and amino acids) cause the 
formation of non-soluble salts or complexes. Aquatic species are not expected to be 
harmed by these salts and compounds. Some of them sink and collect in the sedi-
ments at the bottom. A decrease in pH of water either due to acid rain or any other 
acidic incidents, due to the heavy metal’s deposition into the water column, causes 
aquatic biota to become poisonous. Low levels of heavy metals can also make chronic 
stress, through fish might not get dead but can cause them to lose weight and become 
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smaller, reducing their capacity to compete for food and habitat [70]. Pollution poses 
a hazard to both freshwater and marine habitats. Heavy metal poisoning of water 
is a significant environmental hazard that has detrimental consequences for organ-
isms who are exposed to it be that plant-animal or humans. Fish from freshwater 
are majorly exposed to various heavy metals, which are added into the water bod-
ies through the different-different sources. Contamination of these heavy metals 
into aquaculture has intensified global issues because it shows a risk to fish and has 
harmful impacts on fish buyers [71]. There are three different modes through which 
heavy metals enter the fish. These methods are either through the gills of fish, by the 
body of the fish, or by the digestive tract of the fish. Heavy metals immediately enter 
the fish body through the gills, while the body surface takes time for uptaking of 
these heavy metals through this mode [72]. Mostly the metals get accumulated in the 
liver, kidney, and gills. In fishes, the muscles have most of the metals present there as 
compared to the other body parts of the fish. Too much accumulation of these heavy 
metals inside the fish organ can cause lesions and operative disturbances [73]. These 
heavy metals also interfered with the embryo’s shape and the metabolic processes 
of the fishes. Structural and functional defects throughout the development of the 
embryo resulted in fewer larvae hatching. Several freshly born larvae die shortly after 
hatching owing to lead and copper absorption [74, 75]. Heavy metals get into the fish 
through three routes: the first is via the fish gills, the second is through the digestive 
tract of the fish and the last one is through the body of the fish. The gills of fish are the 
area that is known for the primary metal intake from the contaminated water. On the 
fish gills, zinc accumulates. It suggests a depressing influence on tissue respiration, 
which leads to hypoxia and mortality. Zinc pollution also causes alterations in the 
structure of the lungs and heart [76]. Humans and fish are both affected by mercury. 
Brain damage, with postnatal and fetal problems, leads to abortions, congenital 
deformity, and development differences in young fry due to Monomethyl. Minamata 
illness and Hg poisoning (via methyl Hg) both showed considerable neurotoxicity 
[77]. Nickel is necessary for tiny amounts for the formation of RBC, but when its 
concentration gets increased, at that time, it becomes harmful or poisonous. Cd has 
been linked to an increase in blood pressure and cardiac illness in fish. Blood vessels 
damage, hemorrhages, and depletion of blood cell count of a fish are induced by Hg, 
from previous research. Anemia, eosinophilia, lymphocytosis, bronchial, and renal 
injuries can affect chromium levels in the blood [18]. Malformations in fish are caused 
by cadmium, nickel, mercury, chromium, lead, and arsenic. The accumulation of 
these heavy metals in excessive amounts causes a variety of physiological effects. Fin 
loss, gill underdevelopment, liver dysfunction, and fin function in fingerlings were 
all prevalent findings in the studies [78]. The harmful effects of heavy metals have the 
greatest impact on the death rate, reproduction, individual development rates, and 
physiological capacity of fish. There have been effects on physical functioning and 
chemical parameters in the tissues and blood of fish living in water that is polluted 
via metals. It has been reported that fish exposed to metals developed immune system 
defects, making them more susceptible to infectious infections and increasing their 
chances of dying (Figure 3) [79].

3.2 Effects on aquatic plants

For the growth of plants, few HMs like As, Cd, Hg, Pb, and Se are not important 
as they do not perform any known physiological function in them. Others, such as 
Co, Cu, Fe, Mn, Mo, Ni, and Zn, are key elements that are required for regular plant 
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development and metabolism, but their amounts can quickly exceed the appropriate 
levels, resulting in poisoning [80, 81]. Heavy metal concentrations in plants vary by 
plant species, and the efficiency with which various plants absorb metals is mea-
sured by plant absorption or metal transfer factors from soil to plant. An increased 
amount of Pb in agricultural soil decreases the productivity rate of the soil, and a 
less lead amount may hinder some important processes of plant, dark green leaves, 
withering of older leaves, stunted foliage, and brown short roots are poisonous 
indicators of photosynthesis, mitosis, and water absorption [82]. Heavy metals are 
poisonous and phytotoxic to plants, resulting in diseases such as chlorosis, poor plant 
development, and yield depression, as well as decreased nutrient absorption, plant 
metabolic problems, and a reduced capacity to fix molecular nitrogen in leguminous 
plants. Seed germination was gradually reduced in the presence of increasing levels 
of lead, it may be due to exposure to lead for a longer duration, some methods, such 
as leaching, chelation, metal binding, or microbe accumulation, have resulted in the 
neutralization of lead’s harmful effects [83]. Heavy metals such as Cd, Pb, and Ni 
even their small concentration in plants can be hazardous to them. Poisoning due to 
this heavy metal will result in the complex interplay between the primary unpleas-
ant ions and additional necessary or non-essential ions. Metals affect the activity of 
enzymes by swapping metal ions from metal enzymes, as well as preventing plant 
growth [84]. Some exceptional metals are vital for plants, as they reveal their roles in 
the catabolism of plants and biosynthesis, together as cofactors for enzymes and as 
metabolic yields. For example, Zn, Fe, Cu, Cr, and Co are the important nutrients but 
when their amounts are increased, they become toxic. Comparatively, Pb and Cd have 

Figure 3. 
Harmful effects on the aquatic environment.
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no effect, which is favorable to the plant and is solely lethal [85]. The most abundant 
hazardous elements in the soil are lead. Pb poisoning in the soil is caused by munici-
pal sewage sludge discharge, mining and smelting operations, Pb-containing paints, 
paper and pulp, gasoline, and explosives. They do not have any role in the shape of 
the plant or their growth and photosynthetic process of the plant. Pb poisoning also 
inhibits enzyme action, creates an imbalance of the water, alters membrane perme-
ability, and disrupts mineral feeding [86].

3.3 Effects on fish

One of the main sources of contamination of the water is heavy metals, as it 
overwhelms the important species indirectly through biological chains or directly 
via chemical modifications in water. Three potential ways are there, through which 
heavy metals get into the fish body: though fish gills, through the body of the fish, 
and through the fish digestive tract. Gills are responsible for the immediate absorp-
tion of metals from the water, whereas the body surface is thought to have a smaller 
role in the intake of these elements in fish [87]. By altering the normal activities of 
numerous enzymes and metabolites, the accumulation of these heavy metals in the 
tissues causes significant biochemical, physiological, and histological changes in fish 
and other freshwater fauna. Fish are one of the most widely dispersed creatures in the 
aquatic ecosystem, and their susceptibility to metal poisoning may indicate the extent 
of metal pollution’s biological impact [88]. Heavy metals, such as As, Cd, Cu, Cr, Fe, 
Pb, Mn, Hg, Ni, Zn, and tin (Sn), are major contaminants that cause serious toxicity 
in fish. Due to the heavy metals, the physiological and biochemical functions both 
in tissues and in blood Carpi can be altered. The compounds of As and inorganic As, 
Cd, Ni, silica in its crystal form, beryllium, and its compounds are considered to be 
chemical carcinogens, which results in the development of cancer inside the fishes. 
The drop in hematological parameters indicated that the exposed fishes had become 
anemic as a result of Cr exposure. This dangerous heavy metal was released into the 
aquatic ecosystem via trash, causing severe anemia and changes in hematological 
parameters in the Labeo rohita fish [89]. There are various studies on different fish 
such as Noemacheilus barbatulus, Perca fluviatilis, Catostomus commersonii, Oreochromis 
mossambicus, and Oreochromis aureus, and increased quantities of zinc, lead, cad-
mium, copper, mercury, and cadmium were found in the gonads of fish, according 
to the study. This causes contamination of eggs and sperm, as well as a reduction in 
fish fertility and embryonic development [90]. The number of hatched larvae was 
reduced due to anatomical and functional abnormalities during embryonic develop-
ment. A percentage of freshly born larvae died shortly after hatching as a result of 
lead and copper absorption [75]. The sensitivity of heavy metals inhibits estrogenic 
and androgenic secretion and produces pathological differentiation in fish. The repro-
ductive tissues of fish gonads are affected by effluents such as industrial and agricul-
tural waste, pesticides, and heavy metals [91, 92]. Zinc gets accumulated over the gills 
of fish. It entails a depressing influence on tissue respiration, which leads to hypoxia 
and death. Zinc contamination also causes abnormalities in the structure of the 
ventilator and heart. Zinc is a toxicant that destroys gill tissue, disrupts acid–base and 
ion balance, and causes hypoxia in fish [93]. More importantly, heavy metal for neu-
rotoxicity is Hg. While other factors play a role in neurotoxicity, mercury has a major 
impact on both fish and humans. Japan’s rivers have been contaminated with mercury. 
Minamata illness and Hg poisoning (via methyl Hg) both showed considerable 
neurotoxicity [77]. Arsenic coagulates proteins, binds to coenzymes, and reduces the 
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production of adenosine triphosphate (ATP) during respiration. It can induce cancer 
in all of its oxidation states in combination, and high-level articulation can result 
in mortality. Carcinogenic metals such as cadmium, arsenic, nickel, and chromium 
[94] can damage DNA by deleting base pairs, mutating it, or attacking it with radical 
oxygen. Malformations in fish are caused by cadmium, nickel, mercury, chromium, 
lead, and arsenic. When the accumulation of these heavy metals gets excessive inside 
the water through this, many physical effects on fish can be seen. Fins get shortened; 
gills are underdeveloped; and liver and fin functions of fingerlings were commonly 
observed. The harmful effects of heavy metals have the greatest impact on the death 
rate, individual growth rates, reproduction, and physiological capacity of fish. The 
effects of metal pollution on physiological processes and biochemical parameters in 
the blood and tissue of fish have been studied. Fish that are exposed to heavy metals 
reveal faults in the immune system and thus are more exposed to diseases and chances 
of death increase [79].

4. Conclusion

Water pollution is a global problem, and the world’s population is suffering the 
consequences of tainted water. Living organisms are also affected by the polluted 
water very much and it is very harmful to the environment. Acute and choric illnesses 
are caused by heavy metal concentrations in drinking water that exceed the permis-
sible limits set by several national and international organizations. These can range 
from nonfatal, such as muscle and physical weakness, to fatal, such as brain, nervous 
system, and even cancer. Water quality testing is necessary for the protection of 
human health and the environment.
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Chapter 3

The Toxicity of Environmental 
Pollutants
Bamba Massa Ismaël and Sorho Siaka

Abstract

In view of the growing threat of trace metals to human health, this work set itself 
the objective of documenting the toxicity of the trace metals most in contact with 
humans on human health through food. Thus, this study revealed that organic matter, 
pH and CEC are the main soil parameters that influence the passage of trace metals 
from soil to plants. The study also revealed that agriculture, industry and road traffic 
contribute greatly to the input of trace metals into the environment. Regarding the 
mechanisms of toxicity, the study showed that chromium VI and copper manifested 
their toxicity by the formation of free radicals after reduction, those of zinc, nickel, 
manganese and nickel resulting from the disfunctioning of homeostasis. The study 
showed that lead caused toxic effects by replacing certain cations such as Ca2+, Mg2+, 
Fe2+, Na+ which have important functions in the cell. Cadmium expresses its toxicity 
by binding to albumin, thus altering the homeostasis of metals such as calcium. All 
these mechanisms have revealed both acute and chronic toxic effects.

Keywords: trace metal element, toxicological profile, toxicity

1. Introduction

The term metallic trace elements or heavy metals denote the elements of the 
periodic table having densities greater than 5.0 g.cm−3. They contain metals and  
metalloids [1]. They are naturally present in the environment, but the various indus-
trial revolutions and the exponential progress of heavy industries have led to an 
increasingly massive release of these pollutants into the environment.

The environment is made up of several compartments, which are the final 
recipients of these heavy metal discharges. One of these compartments is the soil. 
Soils are the precursors of food for the majority of the world’s inhabitants; their 
pollution by these metals therefore presents a threat to human health. Indeed, 
metallic trace elements can, under certain conditions, pass from soils to crops 
grown on them.

Among the metallic trace elements most in contact with human food, we can 
cite lead, cadmium, manganese, chromium, copper, nickel and zinc. Manganese, 
copper, zinc and nickel are considered as trace elements. However, depending on 
their concentrations, studies have shown that these trace elements can have differ-
ent toxicities on human health. Lead, chromium and cadmium are considered strict 
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pollutants because of the harmful effects they can have on human health. Faced 
with this increasingly growing threat, several questions may arise: What are the soil 
parameters that influence the penetration of metals into the plants we or animals eat? 
Once contaminated food is consumed, what health problems are we exposed to?

To provide some answers to these concerns, the main objective of this work is to 
document the toxicity of the metallic trace elements mentioned above on human 
health through food. Specifically, it will be a question of recalling the main sources of 
contamination of these metallic trace elements, showing their behaviour in soils and 
drawing up their toxicological profiles.

2. Sources of metallic trace elements

2.1 Natural sources

Soil naturally contains metallic trace elements. They are generally in the natural 
pedogeochemical background (FPGN) resulting solely from the geological and pedo-
logical evolution of the soil. This natural pedogeochemical background varies greatly 
depending on the nature of the rock and the type of soil that has developed there 
[2, 3]. Other natural phenomena such as wind erosion and volcanic activities can 
transport metallic trace elements from one soil to another [4]. Indeed, according to 
Ilyinskaya and al [5], in 2018, emissions from a volcano in Hawaii had concentrations 
of cadmium, lead, and zinc respectively of 4.10−3 μg.m−3, 2.10−3 μg .m−3, 0.04 μg.m−3. 
In addition, Ma and al in 2019 [6] showed in volcanic ash, the presence of chromium, 
copper, lead, zinc and manganese respectively at concentrations of 0.824 mg.kg−1, 
0.95 mg. kg−1, 16.16 mg.kg−1, 367 mg.kg−1, 518.6 mg.kg−1.

2.2 Anthropogenic origins of trace metals in soils

The main anthropogenic sources of increased fluxes of heavy metals in soils are 
urban and industrial discharges as well as agricultural activities [7, 8].

With regard to pollution linked to agricultural activities, inputs of trace metals 
come mainly from the spreading of NPK and phosphate fertilizers [9]. These types 
of fertilizers generally provide agricultural soils with cadmium, arsenic, chromium 
and lead. In addition, the application of certain pesticides, and the use of sewage 
sludge, untreated industrial wastewater, and landfill compost to amend agricultural 
plots can be an important source of chromium, molybdenum, lead, zinc, manganese, 
arsenic, copper, mercury, uranium, and vanadium, copper, nickel, and lead to the 
soil [1, 10, 11].

Industrial activities such as mineral processing, refining, galvanisation, manufac-
turing of electric batteries, pigments and plastics are releasing large amounts of trace 
metals into the environment [13].

In road traffic, the wear of car tyres and exhaust gases are also sources of nickel 
and zinc emissions, and lead [12–14].

3. Behaviour of trace metals in soils

In soils, trace metals, depending on their speciation, can have several types of 
behaviour. Since this study aims to provide information on the toxicology of these 
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metals, we will focus on the behaviour of metals in agricultural soils, which we 
consider to be the most important source of food for humans.

3.1 Cadmium

Cadmium is a relatively rare element in the earth’s crust, with content of between 
0.1 and 1 mg.kg−1 [15]. In soils, the mobility of cadmium is strongly dependent on 
the pH and organic matter content of the soil. Thus, an acid pH favours cadmium 
phytoavailability [16], while a high soil organic matter content significantly reduces 
phytoavailability [17]. Indeed, soil organic matter easily forms complexes with 
cadmium and thus makes it less available to plants [17, 18]. According to European 
Union (EU) directives, the limit value for cadmium in soils should be between 1 and 
3 mg.kg−1 [19].

3.2 Chromium

Chromium is naturally present in soils. Its content depends on the content of the parent 
rock in which it is found. Generally speaking, the average content in the earth’s continental 
crust is 35 mg.kg−1. In soil, the migration and speciation of chromium are influenced 
by many factors such as the valence state of chromium ions, soil pH, redox potential, 
soil organic matter and the concentration of manganese dioxide in the soil [20–22]. The 
maximum allowable chromium content in agricultural soils is 100 mg.kg−1 [22, 23].

3.3 Copper

Copper is a relatively abundant metal in the earth’s crust. Its presence in the soil is 
therefore natural but can be enhanced by anthropogenic activities. The concentration 
of copper in the earth’s crust is between 10 and 100 mg.kg−1 [24]. In soil, the avail-
ability of copper to plants depends mainly on pH, cation exchange capacity (CEC), 
organic matter content, the presence of iron, manganese and aluminium oxides and 
redox potential [1]. Thus, in neutral or basic soil with a high CEC, copper will be 
adsorbed to the solid phase of the soil and therefore less available to the plant.

3.4 Manganese

The origin of manganese in soils and plants is mainly from rock decomposition 
and to a lesser extent from anthropogenic activities. Natural levels of manganese in 
soils are between 400 and 1500 ppm. In the soil, manganese is moderately mobile, 
compared to highly fixed elements such as cesium or lead. Its mobility depends on soil 
characteristics such as pH, cation exchange capacity, organic matter, and especially 
clay content.

3.5 Nickel

Nickel is naturally present in the soil from the weathering of rocks, which may 
contain about 0.009%, and from volcanic eruptions [25]. The maximum permis-
sible nickel limit in agricultural soils is 75 mg.kg−1 [19]. Nickel uptake by plant roots 
is highly dependent on the pH, CEC, soil texture, water content, redox potential, 
organic matter content, as well as on the concentrations of competing ions such as 
Ca2+, Cu2+, Mg2+ and Zn2+ [25, 26].



The Toxicity of Environmental Pollutants

72

3.6 Plomb

Natural lead levels in the soil range from 5 to 20 mg.kg−1. The maximum lead 
content in agricultural soils set by the European Union is 300 mg.kg−1. Once in the 
soil, the behaviour of lead depends on its speciation and also on the characteristics of 
the soil [27–29]. As lead is generally very bound to soil colloids, it is one of the least 
mobile metallic micropollutants in the soil. However, it can accumulate in the roots 
with little diffusion to other plant organs [30]. Lead can also be delivered directly to 
plants through the discharge of lead-containing fuel from automobiles. This type of 
discharge usually occurs when plants (lettuce, cabbage) are grown on the roadside in 
many African countries.

3.7 Zinc

Zinc is a ubiquitous metal in the earth’s crust. According to Taylor et al. 1964 in 
Ondo, 2011 [31], the average zinc content of the West African land crust is between 
40 and 100 mg.kg−1. In soil, the important factors controlling zinc mobility are clay 
and organic matter contents and pH. liming, the addition of high clay content soil, 
iron or phosphorus reduces the transfer of zinc to plants. Thus, clays and organic 
matter retain zinc, while an acid pH favours its release into the soil solution [24, 32].

4. Toxicological profile of metallic trace elements through dietary intake

4.1 Cadmium

Food is one of the main sources of cadmium exposure [29]. After absorption from 
the gastrointestinal tract, cadmium is transported into the blood plasma, initially 
bound to albumin [33, 34]. Albumin-bound cadmium is preferentially absorbed by 
the liver.

In the liver, cadmium induces the synthesis of metallothionein and a few days after 
exposure, cadmium bound to metallothionein appears in the blood plasma. Due to 
the low molecular weight of metallothionein, this protein transports cadmium to the 
tubules via the glomerulus of the kidney. Cadmium then accumulates in the human 
kidney throughout life [35–37]. The accumulation of cadmium in the kidneys leads 
to the most serious chronic effect of oral cadmium exposure, which is renal toxicity. 
This critical effect is characterised by tubular proteinuria resulting from renal tubular 
dysfunction [38]. In addition, the fixation of cadmium to albumin can lead to the dis-
ruption of calcium, zinc and iron homeostasis [39]. This lack of stability of calcium, 
zinc and iron concentration is capable of causing liver damage.

In addition, the disruption of calcium homeostasis due to the decrease in serum 
parathyroid hormone (PTH) concentration induces the release of calcium from bone 
tissue [40, 41]. This leads to loss of strength and bone fracture. Also, having the 
same oxidation states as zinc, cadmium can replace the zinc present in metallothio-
nein (MT), thus preventing this protein from acting as a free radical scavenger in the 
cell [42].

According to Andujar, et al., 2010 [43], cadmium also has cardiovascular, hema-
tological and hepatic effects. Inaba et al., 2005 [44], showed that cadmium was 
responsible for Itaï-Itaï disease, which occurred after long exposure to a concentration 
of up to 1 ppm. All these health effects have led to a very low tolerable daily intake of 
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0.36 μg.kg−1 is proposed by the National Agency for Food, Environmental and Health 
Safety [45]. Note that acute cadmium toxicity is very rare and requires very high 
concentrations.

4.2 Chromium

Depending on its degree of oxidation, chromium can be a trace element or a 
toxic element. According to Cotte and Duret, 2011 [46], trivalent chromium (III) is 
implicated in the action of insulin. Although, the human body is highly exposed to 
chromium through ingestion, a small percentage of ingested chromium enters the 
body through the digestive tract [47]. In fact, chromium (VI) is more absorbed in 
the small intestine than chromium (III) because of the structural similarity between 
chromium VI and sulphates. In humans, the adsorption of chromium III does not 
exceed 1%, whereas that of chromium VI can be around 10% [48, 49]. Moreover, once 
absorbed, chromium VI represents the real danger for the human body. It can enter 
many cells and be reduced by hydrogen peroxide (H2O2), glutathione (GSH) reduc-
tase and ascorbic acid to produce reactive intermediates including chromium (V), 
chromium (IV), thiyl radicals, hydroxyl radicals, which can disrupt cellular functions 
by attacking DNA, membrane proteins and lipids [50, 51]. This ability to produce oxi-
dants makes chromium VI responsible, according to the French National Institute for 
Occupational Safety and Health, for gastric corrosion and renal failure [52, 53]. Also, 
according to the Agency for Toxic Substances and Disease Registry, chromium (VI) 
is responsible for ulcer and anaemia. These different actions of chromium VI on the 
body make chromium one of the eight metals present in the top 50 toxic substances in 
the world [47]. The World Health Organization (WHO) has classified chromium as 
carcinogenic to humans [54].

4.3 Copper

Copper is an essential element for good health and the proper functioning of 
certain biological processes [55]. Copper in food can be in monovalent Cu (I) or 
divalent (Cu (II)) form [56]. The predominantly active copper uptake involves the 
copper transporter 1 (Ctr1) which is specific for the transport of monovalent copper 
(CuI) into cells (including gastrointestinal cells). Copper absorption occurs mainly 
in the small intestine and is likely to be inhibited by transition metals such as iron or 
zinc [57–59]. Copper absorbed by the small intestine is transported in the blood by 
binding mainly to albumin, but also transcuprein [60]. Copper is transported to the 
liver and can be stored in hepatocytes. Copper present in hepatocytes is mainly linked 
to metallothionein or transcuprein [61].

Once absorbed into the body, plays a particularly important role in seed pro-
duction, disease resistance and water regulation in plants [62, 63]. As a result, it 
participates in various metabolic processes and maintains the functions of organ-
isms. However, the transition of copper from its oxidised to its reduced form can 
lead to the production of superoxide and hydroxyl radicals which cause damage 
to the body [60]. Indeed, Myers and al, 1993; Sokol and al 1933 [64, 65] have 
shown in studies on rats that at high concentrations of copper, these radicals can 
attack the cell’s membrane lipids. As a result, copper disrupts the total antioxidant 
capacity of the body [63, 66]. Free radicals from copper reduction also tend to be 
responsible for amyotrophic lateral sclerosis, which results in progressive muscle 
paralysis [67].
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According to Ellingsen and al, 2015 [68], nausea is the most frequently observed 
symptom of acute copper toxicity. These authors showed that the minimum con-
centration that can cause nausea is 4 mg.L−1. In addition, Araya and al, 2007 [69], 
have shown that acute effects from a single, short-term exposure to copper result in 
gastrointestinal manifestations.

4.4 Manganese

After ingestion manganese is absorbed in the gastrointestinal (GI) tract by passive 
diffusion or by active transport by divalent metal transporter 1 (DMT1), which trans-
ports other metals such as iron, copper, zinc and calcium [70]. Manganese is then 
distributed through the bloodstream to the liver, pancreas, bones, kidneys, brain, 
colon, urinary system and erythrocytes [71]. The amount of manganese absorbed 
from the gastrointestinal tract in humans is variable, but generally averages around 
3–5% [72].

As an essential nutrient, absorbed manganese plays many physiological roles. 
Manganese is required for the formation of cartilage and healthy bones and for the 
urea cycle, and also plays a key role in wound healing [73, 74].

However, once absorbed at high concentrations, manganese can exhibit various 
toxic effects, of which neurotoxicity is a prominent one. Mn neurotoxicity may be 
associated with the interaction with other essential trace elements, including iron 
[75–77]. Indeed, according to the work of Olanow [78], when neurons are exposed 
to a high concentration of manganese, the cellular regulation of iron by the divalent 
metal transporter 1 (DMT1) decreases, in favour of that of manganese. This leads 
to an accumulation of iron in neurons and can consequently produce cellular oxida-
tive stress that leads to neuronal damage [77, 79]. In addition, in studies on rats, 
Mohammad [80] found a delay in the development of the skeleton and fetal organs in 
pups born to pregnant rats exposed to manganese by gavage at a dose of 33 mg.kg−1.
d−1. Also, Bouabid et al. in 2016 [81], showed that during ingestion of high concentra-
tions of manganese, a decrease in neurological activity was observed in rats.

4.5 Nickel

Once absorbed into the bloodstream, nickel is bound to albumin. It can therefore 
go to all organs, such as the thyroid and adrenal glands, brain, kidneys, heart, liver, 
spleen and pancreas [82, 83]. This mobility confers beneficial effects on the body. In 
humans, nickel is involved in the metabolism of methionine, an amino acid involved 
in protein synthesis [84].

Although, easily eliminated from the body in faeces and urine, nickel can also 
have adverse health effects. Indeed, at high concentrations, much of the toxicity of 
nickel may be associated with its interference with the physiological processes of 
zinc, calcium and magnesium [85]. Nickel can thus replace magnesium in certain 
stages of complement activation. For example, replacing nickel with magnesium can 
increase the formation of the C3b enzyme by 40-fold, which amplifies the activation 
of the complement pathway [86]. Therefore, various disease states such as myocardial 
infarction and stroke are associated with altered transport and serum concentrations 
of nickel [86].

Aleksandra and Urszula in 2011 [87], reported that an accidental ingestion of 
570 mg of nickel had caused cardiovascular effects and the death of a child who had 
2 years old. It should be noted that the acute toxicity of nickel after oral exposure 
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depends on the chemical form of nickel. For example, a death due to nickel-induced 
adult respiratory distress syndrome was reported in a worker spraying nickel using a 
thermal arc process [88]. The death occurred 13 days after a 90-minute exposure to 
an estimated nickel concentration of 382.1 mg/m3; the total nickel intake was esti-
mated to be nearly one gram. Furthermore, Das et al. in 2002 [89], in a study on rats, 
demonstrated a decrease in body weight in rats after daily intakes of 8.6 mg.kg−1.d−1 
for 91 days. According to some authors [85, 89], gastrointestinal disorders consisting 
of nausea, abdominal cramps, diarrhoea, and vomiting have been reported in workers 
who consumed water contaminated with nickel sulphate. To our knowledge, no study 
has demonstrated a carcinogenic effect of nickel, nor chronic toxicity of nickel on 
human health.

4.6 Lead

In contrast to manganese or nickel, lead is not a trace element and is well known 
to be toxic [90]. In general, absorption by ingestion is the predominant route of 
exposure to lead. After ingestion, lead absorbed from the gastrointestinal tract enters 
the bloodstream by attaching to red blood cells, which transport it to various tissues 
or organs in the body [91]. This distribution of Pb in the body is independent of the 
route of absorption. As it cannot be destroyed in the body, lead accumulates in the 
bones. In fact, in adults, more than 90% of the lead present in the body is stored in 
the adult bones, compared with 70% in children. However, certain phenomena such 
as pregnancy, breastfeeding, menopause and osteoporosis increase the passage of lead 
from the bones to the blood [92, 93].

The mechanism of lead toxicity is manifested by the ability of this metal to replace 
cations such as Ca2+, Mg2+, Fe2+ Na + that have important functions in the cell 
[94, 95]. This disrupts the metabolism of the cell and leads to significant changes in 
various biological processes such as cell adhesion, intra- and intercellular signalling, 
protein folding, ion transport, enzyme regulation and neurotransmitter release. 
Furthermore, this substitution may also affect protein kinase C, which regulates 
neuronal excitation and memory storage [96]. These phenomena will therefore lead 
to adverse effects on human health regardless of the age group, even if infants and 
young children are more at risk [96, 97]. Organic forms are more toxic to humans 
than inorganic forms of lead. These reach humans through the food chain [93]. The 
pathologies resulting from lead poisoning are numerous and can be separated into 
two categories: physiological disorders and neurological disorders [53]. About physi-
ological disorders [98], demonstrated that an average concentration of 29 μg.L−1 
caused arterial hypertension in men. Studies have also shown that blood lead concen-
trations below 100 μg.L−1 are associated with kidney failure [98]. Moreover, according 
to Robert and et al., in 2004 [99] prolonged exposure to lead can cause sterility or 
serious problems for the fetus in the case of a pregnant woman. There are numer-
ous studies demonstrating the existence of neurotoxic effects of lead in adults and 
children. According to Oscar and al, 2017 and Sanders and al, 2009 [53, 101], lead is 
believed to cause a decrease in intelligence quotient in children. Also, in their studies, 
Hsiang and Díaz in 2011, [102] showed that this metal was the basis of neurological 
dysfunctions and neurodegenerative effects. According to the same authors, these 
disorders generally follow chronic exposure to lead. In addition, other studies have 
shown disturbances in cognitive and behavioural functions, resulting from changes 
in the brain caused by lead poisoning [100]. According to these authors, children 
were more affected by these disorders than adults. Also, lead poisoning leads to lead 
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poisoning, which manifests itself by anaemia, digestive disorders and damage to the 
nervous system with memory loss and disturbances in cognitive and behavioural 
functions [103].

4.7 Zinc

The absorption of zinc after ingestion takes place in the central part of the small 
intestine (jejunum). Zinc is transported by metallothionein from the enterocytes to the 
blood. In the blood, zinc is bound to albumin which distributes it throughout the body 
[104]. As an essential element for living beings, it plays a major role in cellular metabo-
lism. It is involved in enzymatic systems either as an integral part of the active site of 
numerous enzymes or as a cofactor regulating the activity of so-called “zinc-depen-
dent” enzymes [32]. Zinc is therefore an essential micronutrient for human health 
[105]. This metal is involved in major metabolic pathways through its role in enzyme 
systems. It is also essential in the structure and function of a large number of macro-
molecules. It is implicated in gene expression and stabilises the structure of proteins 
[106]. Zinc also plays a role in cell signalling, hormone release and nerve transmission.

However, at high concentrations of zinc in the body, the concentration of metallo-
thionein increases to regulate zinc. This leads to a decrease in the concentration of 
certain metals such as copper, whose homeostasis is ensured by metallothionein. 
This leads to a malfunction in the metabolism of copper, which can have several 
adverse effects. It is true that the acute toxicity of Zn is found in rare abnormal food 
conditions (poisoning). According to studies, several cases of gastrointestinal dis-
turbances and diarrhea have been caused by high zinc ingestion [107, 108]. In a study 
by Samman and Roberts in 1989, and reported by the US Environmental Protection 
Agency [109] symptoms such as abdominal cramps, vomiting and nausea appeared in 
26 of 47 healthy volunteers after six-week ingestion of zinc sulphate tablets, contain-
ing 150 mg.kg−1 of elemental zinc, for six weeks.

In addition, Gary in 1990 [110], stated that an ingestion of 1–2 g of zinc sulphate 
would have resulted in a concentration of nausea and vomiting, epigastric pain, 
abdominal cramps and diarrhoea (often bloody), while a young boy who ingested 12 g 
of elemental zinc over two days suffered only lethargy, dizziness, a slight shift in gait 
and difficulty in writing. These studies also show that the acute effects of zinc also 
depend on the form of zinc ingested.

In addition, chronic toxicity can manifest itself in bone marrow effects and 
polyneuropathy due to concomitant copper deficiency. It may also manifest itself 
as anaemia resulting from the malfunction of copper metabolism. Also, excessive 
zinc intake over a prolonged period of time increases the risk of prostate cancer and 
prostate cancer-related mortality [111].

5. Conclusion

The study aimed to document the toxicity of trace metals on human health via the 
food chain. At the end of this work, we can retain that the trace metals retained in our 
study have various sources and can all be present in the soil. In the soil, some trace met-
als are more phytoavailable than others. Also, we can retain that the metals character-
ized by strict pollutants such as cadmium and lead cause serious damage to health at low 
concentrations due to their accumulation in the body. Elements and also easily remov-
able, it takes high concentrations to cause more or less significant effects on health.
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Chapter 4

Boron and Boron-Containing 
Compounds Toxicity
Çiğdem Sevim and Mehtap Kara

Abstract

Boron is an important element found in limited resources on earth, especially in 
Turkey, and is essential for living organisms. Boron plays key roles in human and 
animal systems. While boron shows its important effects as an essential element at low 
concentrations in the organism, it causes different toxic effects to occur at high concen-
trations. There are different studies on boron and boron-containing compounds effects 
on organisms, toxic effects mechanisms need to be detailed. Boron and its compounds 
can cause toxic effects in oral, dermal, and inhalation exposure and even deadly effects 
at very high concentrations. The use of disinfectant and cleaning products containing 
boron as sprays, fertilizers, etc., during the Covid-19 pandemic also increases the interest 
in this issue. Boron exposure could cause lung irritation, dermal irritation, genotoxicity 
in male reproductive system, teratogenicity in concentration-dependent manner. In vitro 
studies have tried to explain the toxic effects mechanisms. The aim of the current work is 
to explain the toxic effect mechanisms of boron and boron compounds on body systems.

Keywords: boron, boric acid, bortezomib, toxicity

1. Introduction

Boron (B) is an essential element for living organisms. B has different physiologi-
cal effects on living organisms at low concentrations, whereas it has toxic effects 
at higher concentrations. Generally, B is not found as an element in nature and is 
commonly found in the form of boric acid, borax, and other complex forms. People 
are affected by boron:

• By contacting boron minerals in air and water

• Drinking and using the underground and surface waters in the basins rich in 
boron deposits

• Taking foods and drinks with high boron concentrations

• Working in quarries and factories

• Working in places that make cleaners and whiteners such as soap, detergent, 
beauty products, and similar products, or using such products



The Toxicity of Environmental Pollutants

88

Since boron is ubiquitous, it will be accepted that no limit can be drawn for being 
under the influence of boron [1].

Animals and humans could be ingested higher levels of B through foods or may 
be exposed to boron due to occupational conditions as inhalation, dermal or oral 
exposure. During the exposure, damaged and injured absorption sites can lead to 
increased absorption. In some cases, dermal higher exposures to B could result in 
death. Boric acid could be fatal after higher ingestion [2, 3]. More studies are needed 
about the cellular toxicity mechanisms of B and B compounds at tissue level. Higher B 
exposure could cause:

• Mortality risk increase

• Osteoporosis

• Cognitive dysfunctions

• Cell injury

• Inflammation tendency

• Congestion

• Dermatitis

• Renal cells degeneration

• Edema

• Eye irritation

• Intestinal apoptosis

• Developmental toxic effects

• Reproductive dysfunctions

• Cardiovascular dysfunctions

• Data on carcinogenicity are unclear. There were not sufficient data about carci-
nogenic effects of B and B compounds (Table 1) [4].

As a normal consequence of boron uptake from food and drinking water, human 
tissues and body fluids contain B. Boron found in soft tissues is close to the blood 
level. B can accumulate in bones. Muscle tissue, heart, lung, and intestine contain 
lesser amounts of boron [6, 7]. The World Health Organization compared the blood 
levels of ingesting boron through drinking water and diet in humans and rats. The 
distribution of boron in blood and tissue samples for human and rat species, boron 
kinetics may be the same for both species [8].
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Numerous studies on humans and laboratory animals have revealed that more 
than 90% of borates taken into the organism are removed from the organism in the 
form of boric acid. It has been reported that boric acid can form complexes with dif-
ferent biological molecules depending on the dose [9].

Regardless of the route of its uptake into the organism, the elimination of boron 
mainly occurs by glomerular filtration. Glomerular filtration is 3–4 times faster in 
rats than in humans, and it has been reported that more than 90% of boron, which is 
taken into the organism by various ways in humans, is removed through urine within 
the first 24 hours [10, 11].

The data obtained from animal studies are not enough for determining the Bor’s 
potential of causing cancer to human [12]. Boron was not evaluated as a carcinogen 
by EPA (US Environmental Protection Agency) and NTP (US National Toxicology 
Program), IARC (International Agency for Research on Cancer) [8]. The studies 
about boron and its compounds mainly focus on their toxicologies. In the studies 
about boron exposure, data are stated as equivalent of boron for providing compared 
data. Under the physiological pH conditions, borate salts are completely converted 
to boric acid; based on this, it was stated that boric acid and borate salts have similar 
toxicological properties [13].

In this chapter, we aimed to review current toxicity data of B, and B compounds.

2. Boron and boron compounds

Boron (B) as a metalloid belongs to third group of periodic table. Boron has an 
interesting unique and complex chemical structure like metal and nonmetal. It has 
very small atomic size as 4.39cm3/mol. B includes three valance electrons, and its 
ionization energy is very high. B’s p-orbital includes vacant electron at B+3 state. B has 
high potential to make anionic complexes than cationic complexes. B occurs in the 
nature as borates (such as borax Na2B4O7•10H2O), boric acid [B(OH)3 or H3BO3], and 
BF4 (not very common). In living cells, B occurs in the cytoplasm as H3BO3 and borate 

Compound Dose/concentration Toxic effect

Boric acid 3–6 gr-infants
15–20 g-adults

Nausea, vomiting, greenish diarrhea, dehydration, 
hypotension, metabolic acidosis, oliguric renal failure, 
erythematous rash

Sodium borate 10 mg/kg day 
and > 15 mg/kg

Sex hormone decrease, globulin binding (SHGB) 
decrease, irritability, disturbed sleeping, vomiting, severe 
diarrhea, seizures, anemia and death

Bortezomib >1.3 mg/ day Peripheral neurotoxicity and lung toxicity

Dimethylamine 
borane

“occupational 
exposure”

Dizziness, nausea, diarrhea, cognitive dysfunction, 
slurred speech, irritability, ataxia, peripheral neuropathy, 
cerebellar damage and parkinsonism. Myelin and axonal 
degeneration

Boromycin “in vitro study” Hemolysis

Adopted from [5].

Table 1. 
Boron compounds and toxic effects.
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forms. Boric acid and borate interact with several different molecules very easily and 
form different esters and generate mono-, d, poly hydroxyl forms. Boric acid has 
affinity to furanoid rings of sugars, which are very important for life. These complex 
compounds are very important during evolution because of providing organisms 
stability and very strong defense mechanisms.

B’s inorganic form is originated from anthropogenic sources in the nature and 
could found elsewhere in soil, water, and atmosphere. Also it circulates in the air, 
volcanos, ocean, geothermal water sources, etc. According to EPA (1987), boron 
compounds are released into the air as anthropogenic sources. Generally, because of 
boron dust, people are exposed to boron via the air in boron mines. A dose of 14 mg 
of boron per cubic meter of air has been reported in boron mines where boric acid 
and refined products are produced. Boron can be found in soil, especially in the form 
of bonk JMI or borate, absorbed on soil particles, or in soil solution as a free anion. 
In the research studies, it has been shown that the amount of boron in the plant is 
primarily related to the soil pH. Other important factors are the plant type, the boron 
content of the soil, the type of ions that can change in the soil, the amount and type 
of other minerals in the soil, the amount of organic matter in the soil, the temperature 
of the soil, the wetting and drying conditions of the soil, the soil-water ratio, the light 
intensity, and genetic factors. Low-boron soils contain up to 0.7 ppm boron and do 
not pose a problem for any plant. Medium-boron soils contain 0.7–15 ppm boron, 
and it has been determined that it does not cause problems for some plants. Soils with 
high boron contain 15–75 ppm boron and are mostly dangerous for plants, while soils 
with very high boron contain more than 75 ppm boron, and these are dangerous for 
plants. Boron has important metabolic functions in plants and plant growth stops 
in the absence of boron in the soil. Boron shows its effects on drinking water and 
agricultural water. In 1968, the Water Quality Criteria Committee set the limit value 
as 1 mg/l; in 1971, as a result of the investigations of the Drinking Water Standards 
Technical Review Committee, it was decided that there was no evidence to require 
the 1 mg/l limit, and that 0.3 mg/l was a reliable limit for human health. According 
to research studies, it is important for human health that drinking water does not 
contain high levels of boron [14, 15].

The negative effects of boron products on the environment are much lower than in 
other industrial sectors. In fact, with the effect of radioactive substances after chemo-
therapy, it is one of the elements that can be considered environmentally friendly due 
to its necessity for human and living creatures [16].

Depending on the technological developments, the economic grades of the ores 
are reduced with the development of new methods and equipment, and many stored 
heaps in the form of waste are evaluated in this way. Accordingly, possible evaluation 
possibilities in the future should be considered in the disposal of waste. For these 
reasons, it is necessary to pay maximum attention to the storage of boron wastes. It is 
possible to list the advantages to be obtained as follows [16].

• The problems arising from the stocking of wastes and the cost of stocking will 
decrease.

• Environmental pollution will be minimized.

• An additional income will be obtained with the new product produced.

• It will be prevented that the wastes pollute the underground and surface waters.
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Predominant mineral sources of B are found in Australia, China, Turkey, Russia, 
and Argentina. B and B compounds could not naturally occur as volatile com-
pounds; however, minimal volatile B compounds release to atmosphere via volcanic 
activities and different industrial places. B is an essential for several body organs 
and systems, and 1–13 mg/kg consumption is acceptable. High exposure could cause 
several health disorders in neurological, urogenital, skeleton, and cardiovascular 
systems [17].

3. Respiratory system

There are few studies on the effects of boron and its compounds on the lung. In 
some studies, it has been reported that exposure to boron may cause damage to the 
lung cellular layer. It causes symptoms such as irritation in the nasal epithelium, 
nosebleeds, cough, and shortness of breath in people working in boron mines [18]. 
Boron nitride nanoparticles (BNNTs) appear as a nanotechnological product with a 
wide range of applications in engineering and biomedical fields. Therefore, there is 
an increasing interest in studies on the risks these products may pose for health. It has 
been demonstrated that BNTTs cause cytotoxicity in human lung adenocarcinoma 
epithelial (A549) cells and murine alveolar macrophage cells (RAW 264.7), being 
concentration dependent (0.02, 0.2, and 2 μg/mL concentrations). In addition, 
cytomorphological examinations revealed serious cell morphology disorders in 
both cell types [19]. In another study, it was shown that high boron application may 
cause an increase in the capacity to transform in non-tumorogenic cells. In total, 
5–50,000 μM concentration range of boric acid is applied to human nontumorigenic 
lung epithelial (BEAS-2B) cells and human lung epithelial carcinoma (A549) cells. It 
has been determined that 5000–50,000 μM concentrations significantly suppressed 
the anchorage-dependent growth of cells. This effect could have occurred via an 
important pathway that plays key role in cell transformation such as SRC and PI3K/
AKT and MEK/ERK signaling pathway [20]. Diborane gas (B2H4) is a strong toxic 
substance for the respiratory tract. Mice were exposed to diborane gas at a concentra-
tion of 5 ppm diborane (1.7 mg boron/m3) for 2 weeks, which caused severe damage 
to their lungs, including pulmonary congestion, hemorrhage, and edema. Mild 
changes such as infiltration of polymorphous neutrophils in the peribronchiolar 
region were observed in the group given 0.7 ppm diborane (0.2 mg boron/m3). Case 
reports have stated that boron can be lethal after short-term oral exposure at high 
doses and can be quite large despite variability in human responses to acute exposure. 
It has been reported that the minimum lethal dose of boron (as boric acid) taken is 
2–3 g in infants, 5–6 g in children, and 15–20 g in adults. However, 784 cases with 
boric acid (10–88 g) reported no deaths, of which 88% of the reviewed cases were 
asymptomatic. Liver, kidney, central nervous system and gastrointestinal effects, and 
skin lesions have been found in fatal cases following boron ingestion, but death has 
been attributed to respiratory failure [21].

4. Immune system

If boron levels decrease in body, this decrease causes immune deficiency. However, 
higher and/or chronical exposure could have negative effects on immune system 
homeostasis [4].
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Jin et al. conducted a study that showed that the effect of boron on the immune 
system in vivo is dose-dependent. They supplemented 0, 20, 40, 80, 160, 320, and 
640 mg/L B in drinking water of rats (1.5, 3, 6, 12, 24, 48, and 96 mg/kg/bw) for 
70 days. It was demonstrated that 20 and 40 mg/kg doses of B improved immune 
functions in the rats and increased the concentrations of serum IgG levels, splenic 
IFN-γ and IL-4 expressions, and the expression levels of CD3+, CD4+, and that they 
also proliferated cell nuclear antigen (PCNA) + cells. However, at such high concen-
trations as >48 mg/kg/bw, toxic effects on immune system were detected and immune 
activities were suppressed. At higher concentrations of IgG, IL10 levels and CD8+ 
cells were significantly found as decreasing. This is a good example of U-shaped dose–
response effect. Both very low and very high concentrations could be associated with 
harmful effects on immune system [22].

Boron nitride nanotubes (BNNTs) engineered nanomaterials have superior 
electrical, chemical, and thermal properties, and they were planned to be used in the 
area of engineering applications such as lightweight and high-temperature ceramic 
components, flame retardants, etc. BNNTs’ size could be <100 nm in diameter 
and microns of length. Effects of mixture of BNNTs (BNNT-M) in vitro in THP-1 
cells (human peripheral blood monocyte cell line) and in vivo pathogen-free, male 
C57BL/6 J mice were evaluated by Kodali et al. The range of in vitro concentrations 
was 0–100 mg/ml and in vivo dose was 40 μg/mouse. BNNT induced cytotoxicity and 
cellular oxidative stress in THP-1 cells, being concentration-dependent. These results 
were in accordance with in vivo in the same study as increased lactate dehydrogenase 
levels in bronchoalveolar lavage, mitochondrial membrane potential loss. They 
demonstrated that cathepsin B, caspase 1, protein levels of IL-1b and IL-18 increased 
both in vitro and in vivo. These results indicated that BNNTs could increase acute 
inflammation and toxicity in vitro and in vivo [23].

The use of borax (Na2B4O2(H2O)10) as a food additive and its excessive con-
sumption in recent years could result in serious toxic effects such as kidney damage. 
Higher borax exposure decreased immune cell numbers and increased sister chroma-
tid exchange in blood immune lymphocyte cells [24].

5. Nervous system

Bortezomib (C19H25BN4O4), or dipeptidyl boronic acid, is a proteasome inhibi-
tor drug used in chemotherapy against hematologic malignancy. It has an anticancer 
activity. However, bortezomib often causes severe peripheral neuropathy. This 
condition has a special name such as “bortezomib-induced peripheral neuropathy 
(BIPN).” BIPN includes numbness and painful paraesthesia. Bortezomib has toxic 
effects on dorsal root ganglia via endoplasmic reticulum stress, protein carbonylation, 
and oxidative stress inducing. It also causes morphological changes in nervous system 
cells such as microglia [25, 26].

It was determined that infants exposed to 5–14 g boric acid or sodium tetraborate 
exerted such serious neuronal symptoms such as headache, tremor, convulsions, and 
even death after coma. These symptoms were associated with neuron degeneration, 
edema, and hemorrhage in the brain. However, chronical B deficiency causes such 
mental disorders as focusing problems, electroencephalogram changes, vigilance and 
psychomotor activity problems. B deficiency is strongly related to nervous system 
action potential problems [27]. In another study, Ozansoy et al. demonstrated that 
sodium borate decahydrate and boric acid administrations improved amyloid-beta 
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toxicity in SH-SY5Y cells in vitro via increased expression levels of Sirt1 and regulated 
GSK-3α/β expressions [28].

Thus, this information suggested that B and B compounds could have U-shaped 
effects in the nervous system. Excessive B and B compounds exposure causes toxic-
ity, and deficiency causes neuron metabolic pathway problems, and even B and B 
compounds could be possible therapy options for neurological diseases.

6. Reproductive system

It is well known that boron has negative effects on male and female reproduc-
tive system. It causes atrophy in seminifer tubulus, germ cell loss, sperm mobility 
impairment, altered follicle stimulating hormone and testosterone, reduction of 
ovulation processes [4]. Exposure to a range of boric acid concentrations between 
1000 and 9000 ppm causes serious male fertility problems such as testicular atrophy 
and decreased sperm motility in experimental animals. With the studies on different 
species of animals, these toxic effects were confirmed with different doses. Human 
studies with occupational workers in Turkey and in China did not confirm these 
results [29, 30]. As a result of a study conducted in Russia, it was determined that 
sexual activity decreased in boron workers (n = 28). In addition, interestingly, in the 
study conducted on boron workers in the United States, it was determined that there 
was an increase in the birth of girls compared with boys [7].

According to animal studies, it was reported that boron, boric acid, and sodium 
borate compounds could be toxic to reproductive system and also developmental 
system. For reproductive system, NOAEL levels of boron were 17.5 mg /kg/day and 
for developmental issue NOAEL levels of boron were 9.6 mg/kg/day. Duydu et al. 
reported that daily 14.45 ± 6.57 mg/day boron exposure in boron workers did not lead 
to any change in reproduction-related hormone levels (FSH, LH) and sperm cells 
morphology and count [31].

In different studies, it was shown that low levels of boron compounds caused 
developmental problems. Low levels disrupted developmental processes of chicken 
(400 mg B/L drinking water), rat (640 mg B/L drinking water), and African ostrich 
(640 mg boric acid/L) experimentally. In another study, boric acid exposure higher 
than 0.5 mmol/L in male rats’ Sertoli cells triggered necrosis and apoptosis and 
caused a decrease in cell viability rate. At 40 and 80 mmol/L boric acid levels, it was 
reported that sertoli cell viability was arrested at G0/G1 phase [32].

In one lineage study, male rats were exposed to boron via oral gavage with differ-
ent concentrations. Then they mated with unexposed female rats. It was observed 
that fetus viability rate decreased at higher exposure levels (100 mg B/kg/day) and 
fetus malformations increased at higher concentration. Additionally, testicular 
enzyme levels (MDH, SDH, G3PDH) and FSH levels changed. These changes were 
associated with lipid metabolism changes that play a key role in hormone and enzyme 
activities via metabolomic assays [33].

7. Cardiovascular system

There are many studies showing that the inclusion of boron and boron compounds 
as food supplements has a positive effect on the cardiovascular system. It has been 
reported that it will reduce especially cardiovascular risk factors. Today, however, 
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the production and use of boron-containing compounds for the treatment of various 
diseases are popular. Some of these compounds have been reported to cause cardio-
vascular toxicity in toxicity studies. Boron nitride (BN) nanoparticles and different 
formulations could be good candidates for biomedicines. Liu et al. reported that BN 
nanoparticles coated by PEG (BN-PEG) highly were distributed in the heart tissue 
and caused high toxic effects histopathologically [34–36].

Hexagonal boron nitride nanoparticles (hBNNPs) are nanomaterials that have 
special chemical properties and candidate therapeutics in medical applications. In 
Wistar albino rats, it has been determined that hBNNPs increased oxidative stress. In 
the cardiac tissues, 3200 μg/kg dose of hBNNPs caused a statistically more significant 
increase in LOOH levels than the controls [37].

It is known that Bortezomib leads to neurological disorders as peripheral neuropa-
thy; however, a study conducted with Bortezomib showed that it decreased the left 
ventricular ejection fraction, led to cardiomyocyte abnormalities, damaged the car-
diomyocyte contraction through decreased ATP [38]. In another study that compared 
Boronic acid and Epoxyketone Proteasomal-Targeted Drugs found that boronic acid 
was much more damaging to myocyte [39].

8. Anticancer boron compounds

Cancer is the disease that reduces the life quality of patients the most and causes 
the highest rate of death in the world. For this reason, intensive scientific research 
continues on strategies that will both improve the quality of life of patients and treat 
the disease. Boronic acid, bortezomib, talabostat, and boron nitride capture therapy 
are important boron-containing candidates for anticancer therapy. Bortezomib is 
a 26S proteosoma inhibitor and activates NF-κB. This process enhances apoptotic 
mechanism in the cells. Boronic acid is used as an anticancer agent via ROS modula-
tion in the cells. It has been demonstrated that boronic acid prodrugs significantly 
induce apoptosis in primary leukemic lymphocytes [40]. Bortezomib was approved 
by US Food and Drug Administration (FDA) in 2003, and at the present time, it is 
used for chemotherapy of multiple myeloma and mantle cell lymphoma, but periph-
eral neuropathy is one of the common adverse effects of Bortezomib [41].

9. Conclusions

Boron is a vital element for living organisms. Boron and several types of its 
compounds have different beneficial effects in humans at sufficient doses. However, 
too little or too much intake in the required amount causes serious health problems. 
Its use as a food supplement to prevent boron deficiency in the body has become 
popular today. In addition, the use of boron and its compounds in many fields such 
as cosmetics, cleaning, medicine, electronics, war industry, and the development of 
new products for these fields are increasing day by day. Such reasons cause an increase 
in exposure not only to individuals working in boron mines, but also in daily life. 
Besides, boron and its compounds appear as candidate molecules in the treatment 
of various diseases. All of these factors indicate that there will be more exposure to 
boron and its compounds today and in the future. For this reason, it is a fact that 
these compounds, which are mentioned as having many benefits under normal 
conditions, will also encounter toxic effects due to the increased exposure over time. 
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Chapter 5

Environmental Pollution
Originated by the Excessive Use of
Agrochemicals in the Production of
Granadilla (Passiflora ligularis)
Oxapampa District, Pasco, Perú
Benito Buendía Quispe and Raymundo Erazo Erazo

Abstract

The purpose of this research was to evaluate the environmental pollution originated
by the excessive use of agrochemicals in the production of granadilla (Passiflora
ligularis) in the Oxapampa district, Pasco – Peru. The crops of this fruit were chosen in
the sectors named: Abra (Ab), Chacos (Ch), Quillazú (Qll), Acuzazú (Ac), Cañera
(Ca), San Alberto (SA), Alto Río Pisco (ARP), and Paradise (Pa), where applying the
nonexperimental and comparative design, the soil, water, and fruit samples were
taken, which were analyzed in the specialized laboratory of the Faculty of Chemistry
and Chemical Engineering, of the Universidad Nacional Mayor de San Marcos
(UNMSM). A survey was also carried out by the farmers to form groups (ABC), and
the results obtained were statistically analyzed by means of the comparative difference
of concentration of heavy metals in three groups selected according to intensity of use
of agrochemicals, which were between 0.26 and 0.36 mg of Cu/kg of fruit, between
0.001 and 0.003 mg of Cd and Pb/kg of fruit, between 0.0012 and 0.0006 mg As and
Hg/kg of fruit, between 19 and 25 mg of Cu/kg of soil, between 0.02 and 0.08 mg of Cd
and Pb/kg of soil, between 0.05 and 0.08 mg of As and Hg/kg of soil; between 1 and
1.12 mg of Cu/l of water, between 0.002 and 0.003 mg of Cd and Pb/l of water,
between 0.002 and 0.005 mg of As and Hg/l of water; being observed high averages in
some heavy metals and whose comparisons were not significant for As, Hg, Pb, Cd, Cu
in fruits, soil, and water, and significant only the Cd in fruits and Hg in soils, conclud-
ing that there is a potential risk of toxicity due to ingestion of granadilla (P. ligularis).

Keywords: heavy metals, soil, water, fruits, toxicity

1. Introduction

In the agricultural fields of some sectors of the district of Oxapampa, it has been
detected that farmers are applying agrochemicals in excess during the production
process of granadilla fruit (Passiflora ligularis), generating environmental
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contamination, which must be evaluated and made known community-wide to take
corrective measures regarding the concentration of possible heavy metals that would
be found in the soil, runoff water from rainfall, and fruits. Everyone’s concern is to
contribute to the knowledge of environmental contamination in the agricultural sec-
tors. The most important environmental and social consequences of the use of agro-
chemicals are: persistence of the agrochemical, bioaccumulation, soil and water
pollution by agrochemical residues [1].

Under this evidence found in the agricultural activity, human health is put at risk
due to the consumption of fruits contaminated with toxic residues of heavy metals.
Pesticides cause damage to the environment, to the cultivation soil, and to the water
so it is inadmissible that the same practices continue to be carried out in agricultural
management [2]. One of the main characteristics of heavy metals is their level of
toxicity according to their concentration in the habitat they are found. This has been
the subject of many studies in order to evaluate the mechanisms involved in their
toxicity and their harmful effects on human beings. For example, mercury is one of
the environmental contaminants with the greatest negative impact [3].

There are studies in many countries of the world on the negative effects caused by
agrochemicals. They report that vegetable species presented concentrations of lead and
arsenic that did not exceed the reference regulations; however, in the case of medicinal
plants, arsenic was found in 0.2 mg/kg, so it is recommended that it is necessary to
monitor whether the content of this heavymetal is due to the use of chemical substances
in soil where it was cultivated [4]. Studies carried out on samples of Tessaria integrifolia
leaves from Trujillo, La Libertad, found concentrations of lead at 2.022 mg/kg, cadmium
at 0.155 mg/kg, mercury at 0.073 mg/kg, and arsenic at 0.308645 mg/kg [5]. This is
evidence that contamination exists in different places and under different conditions.

The purpose of the research was to determine the comparative difference in con-
centration of heavy metals between the sampling groups according to the intensity of
application of agrochemicals during the agricultural management of the granadilla
fruit crop, so it raises the hypothesis that “the different agrochemical application
intensities during the management of the granadilla (P. ligularis) crop in three sam-
pling groups (A, B and C), generate significant differences in the content of heavy
metals in the fruit, soil and runoff water, in the district of Oxapampa.”

For this, surveys were planned and carried out among the farmers to select according
to the frequency of application of agrochemicals the sample size of the geographical area
that was 55 Ha in full production of granadilla, from where soil, runoff water, and fruit
samples were taken, based on the protocols defined by the Chemical Analysis Labora-
tory (USAQ) of the Faculty of Chemistry and Chemical Engineering of the National
University of San Marcos (UNMSM) Lima, Peru, and for the chemical analysis of heavy
metals, an atomic absorption spectrophotometer was used.

Codes were defined (see appendices) that identify the origin of the different
samples, achieving the study of three groups of farmers who apply agrochemicals in
the granadilla fruit production process at different frequencies in various sectors.

2. Methodology, results, and discussion

2.1 Methodology

The research carried out, due to its purpose, falls within the type of basic research,
since it was analyzed what metallic elements the fruits, soil, and runoff water contain
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in the granadilla fruit production process. On the other hand, social information is
obtained that allows determining the cause of contamination under three dimensions
of groups selected according to the intensity of use of agrochemicals, which is consid-
ered as a process of environmental contamination by human intervention (anthropic)
and, likewise, allows to determine how the soil-water interaction influences the con-
tamination of granadilla fruit [6].

2.1.1 Population and sample

The population was of the finite type that was made up of all granadilla fruit
crop fields (P. ligularis) in full production in the district of Oxapampa, with 1463
Ha [7].

The sample size consisted of 55 Ha of granadilla fruit in production and was
determined using the following equation:

n ¼ Z2pqN
E2 N � 1ð Þ þ Z2pq

(1)

Where: Z = 1.65, P = 0.70, q = 0.30, N = 1463 y E = 0.10.
From the 55 Ha of granadilla fruit crop in full production, corresponding to

several owners with diverse extensions of granadilla fruit crop, they were
geographically distributed in rural sectors within the district of Oxapampa,
such as: Alto Rio Pisco, Cañera, Abra, Chacos, San Alberto, Acuzazú, Quillazú,
Paradise.

The production fields were taken randomly in each sector, then a survey was
carried out on each owner (farmer) through a questionnaire, information was col-
lected on the surface of their granadilla fruit production fields, types of agrochemicals
that are generally used, and with what frequency they are applied during the year of
crop management. Three groups were then selected and formed according to the
intensity of agrochemicals application per year. Group “A” includes those who apply
agrochemicals with high frequency; group “B,” with medium frequency; and group
“C,” with low frequency.

From these groups, samples were taken in different sectors already classified and
duly coded for each production area. Fruit sampling was randomly selected, taking six
fruits/sample; in the same way, soil samples were extracted from the field, also at
random points, following a zigzag scheme at a depth of 20 cm, homogenizing the
subsamples and obtaining a single representative sample in the amount of 0.5 kg.
Runoff water samples were also taken from the production fields in an amount of 1
liter/sample; for this last case, it was necessary to previously prepare collectors, which
were holes prepared on the ground surfaces covered at the base or bottom with plastic
to ensure the accumulation of runoff water on rainy days, distributed at various points
in the study area.

The period of extraction and transport of the samples from the field to the labora-
tory was 2 days. Water was collected in a white polyethylene bottle with a capacity of
1 liter as a representative sample; the fruit and soil samples were collected in hermetic
polyethylene bags for the appropriate capacity. All the collected samples, 15 fruit
samples, 15 soil samples, and 15 water samples were transported from the study fields
to the UNMSM laboratory, following strict quality control, for the corresponding
analyses.
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2.1.2 Design of the investigation

Due to the nature of the research, the nonexperimental and comparative design
was applied; defined as a schematized structure, which consists of determining the
significance between two or more variables of interest in one or more samples, com-
paring the observations obtained and analyzing the inferences between two or more
different populations, the scheme of which is as follows (see Figure 1):

The techniques used during the investigation were: identification, observation,
data collection, and samples in field and laboratory phases. For the social component,
the interview and dialogue technique was used. For the assessment of heavy metals:
As, Pb, Hg, Cd, and Cu present in the samples, an atomic absorption spectrophotom-
eter was used, and the results were measured in mg of contaminant/kg of sample.

The instruments used in the research were: predesigned formats and question-
naires, to record the data obtained during the evaluation process. The questionnaire
for the interview was validated with professionals and research experts in the social
area, using the DELPHI method, which is a method of structuring a communication
process that is effective in allowing a group of individuals, such as a whole in dealing
with a complex [8].

The data obtained in the study area were processed in the cabinet, SPSS and Excel
software were used, descriptive and inferential statistics, ANOVA for the comparison
between sectors comprising three ABC groups, the analysis was carried out based on
the processing and interpretation of the data.

2.2 Results

The results of the environmental pollutants analysis in the laboratory of the sam-
ples of fruits, soil, and runoff water show that, with respect to the fruits: in the sectors
of AcAf SA1Bf, PaCf, average values between 0.26 and 0.36 mg of Cu/kg of sample;
(Ch2Af, Ab3Bf ARP3Cf, QllAf, Ch3Bf, SA2Cf) average values between 0.001 and
0.003 mg of Cd and Pb/kg; (Ab1Af, CaBf, ARP1Cf, Ch1Af, Ab2Bf, ARP2Cf) average
values between 0.0012 and 0.0006 mg of As and Hg/kg. Soils: in the sectors of (AcAs
SA1Bs, PaCs) average values between 19 and 25 mg of Cu/kg; (Ch2As, Ab3Bs ARP3Cs,
QllAs, Ch3Bs, SA2Cs) average values between 0.02 and 0.08 mg of Cd and Pb/kg;
(Ab1As, CaBs, ARP1Cs, Ch1As, Ab2Bs, ARP2Cs) average values between 0.05 and
0.08 mg of As and Hg/kg. Runoff water: (AcAa SA1Ba, PaCa) average values between
1 and 1.12 mg of Cu/kg; (Ch2Aa, Ab3Ba ARP3Ca, QllAa, Ch3Ba, SA2Ca) average

Figure 1.
Scheme of the research design derived from reference [6]. Where: MA1 = Sample of areas with low pesticide
application. MB2 = Sample of areas with medium pesticide application. MC3 = Sample of areas with high pesticide
application. Oi-3a = Observation of metal variables in contaminated water. Oi-3s = Observation of metal variables
in contaminated soil. Oi-3f = Observation of metal variables in contaminated granadilla fruits. R = relationship
between variables (Oi-3a – Oi-3f) and (Oi-3s – Oi-3f). =, 6¼: comparisons between samples of the variables between
three different populations (a = water, s = soil, f = fruits).
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values between 0.002 and 0.003 mg of Cd and Pb/kg; (Ab1Aa, CaBa, ARP1Ca, Ch1Aa,
Ab2Ba, ARP2Ca) average values between 0.002 and 0.005 mg of As and Hg/kg.

High values were found in the average content of arsenic, mercury, lead, cad-
mium, and copper, which constitute a risk to human health. However, through
ANOVA, it was found that there is no significance for the comparison of concentra-
tion of heavy metals for As, Hg, Pb, and Cu in the fruit, and it was significant for Cd.
In the case of the comparison of concentration of metals As, Pb, Cd, and Cu in the soil,
it was not significant, and for Hg it was significant. The comparison of the concentra-
tion of heavy metals in the runoff water was not significant for the metals As, Hg. Pb,
Cd, and Cu. This corresponds to a reality observed in the study area in the granadilla
fruit production systems and is dependent on chemical inputs with inappropriate
management for the farmers and coupled with this the minimum commitment by the
institutions to the respective control.

The following figures show average content of heavy metals in fruits, soil, and
runoff water of the granadilla crop (Passiflora ligularis).

Figure 2 shows that in the sectors of Abra, Chacos, Quillazú, and Acuzazú,
belonging to group A; in the Cañera, the Abra, Chacos, and San Alberto sectors, for
group B and from the Alto Río Pisco, San Alberto, and El Paraíso sectors for group C,
which are within the jurisdiction of the Oxapampa district, were found fruits with
high average values of arsenic, mercury, lead, cadmium, and copper content. Thus, in
the sectors of (AcAf SA1Bf, PaCf), they have averages between 0.26 and 0.36 mg of
Cu/kg. Other samples taken in the sectors such as Ch2Af, Ab3Bf ARP3Cf, QllAf,
Ch3Bf, SA2Cf have averages between 0.001 and 0.003 mg of Cd and Pb/kg and in the
sectors of Ab1Af, CaBf, ARP1Cf, Ch1Af, Ab2Bf, ARP2Cf, they have averages between
0.0012 and 0.0006 mg of As and Hg/kg.

From Figure 3 it can be seen that in the sectors of Abra, Chacos, Quillazú, and
Acuzazú, for group A; from the Cañera, El Abra, Chacos, and San Alberto sectors, for
group B and from the Alto Río Pisco, San Alberto, and El Paraíso sectors for group C,
which are within the jurisdiction of the Oxapampa district, were found soils with
average values of arsenic, mercury, lead, cadmium, and copper high content. Thus, in
the sectors of AcAs SA1Bs, PaCs, have averages between 19 and 25 mg of Cu/kg. Other
samples taken in the sectors such as Ch2As, Ab3Bs ARP3Cs, QllAs, Ch3Bs, SA2Cs have

Figure 2.
Average content of heavy metals in granadilla fruit (Passiflora ligularis) fruits in mg of contaminant/kg of
sample.
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averages between 0.02 and 0.08 mg of Cd and Pb/kg, the sectors of Ab1As, CaBs,
ARP1Cs, Ch1As, Ab2Bs, ARP2Cs have averages between 0.05 and 0.08 mg of As and
Hg/kg.

In the samples of runoff water extracted from the fields of fruit-producing granadilla
sectors, such as Abra, Chacos, Quillazú, and Acuzazú, for group A; from the Cañera, El
Abra, Chacos, and San Alberto sectors, for group B; and from the Alto Río Pisco, San
Alberto, and El Paraíso sectors for group C, which are within the jurisdiction of the
Oxapampa district, high values of average content were found of arsenic, mercury, lead,
cadmium, and copper. Thus, in the sectors of AcAa SA1Ba, PaCa, they have averages
between 1 and 1.12 mg of Cu/kg. Other samples taken in the sectors such as Ch2Aa, Ab3Ba
ARP3Ca, QllAa, Ch3Ba, SA2Ca have averages between 0.002 and 0.003mg of Cd and Pb/
kg, and the sectors of Ab1Aa, CaBa, ARP1Ca, Ch1Aa, Ab2Ba, ARP2Ca have averages
between 0.002 and 0.005 mg of As and Hg/kg, (see Figure 4).

Figure 3.
Average content of heavy metals in granadilla fruit (Passiflora ligularis) crop soils in mg of contaminant/kg of
sample.

Figure 4.
Average content of heavy metals in the runoff water of the granadilla fruit crop (Passiflora ligularis) in mg of
contaminant/kg of sample.
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A statistical analysis was carried considering the different intensities of application
of agrochemicals during the management of the granadilla (P. ligularis) crop in three
sampling groups and considering that there are significant differences in the content
of heavy metals in the fruit, soil, and runoff water in the Oxapampa district.

2.2.1 Analysis of results in relation to the concentration of arsenic and mercury
in the fruits (mg/kg)

Ho: There are no differences in As and Hg between sampling groups.
H1: There are differences in As and Hg between sampling groups.
In the ANOVA, it is observed that the significance values are 0.062 (As) and 0.626

(Hg), a result that is obtained when comparing the selected groups A, B, and C,
respectively, according to the heavy metal of arsenic and mercury and according to
the intensity of use of agrochemicals. Said value is greater than the significance of
α = 0.05; therefore, the statistical decision in this regard is to accept the null hypoth-
esis; consequently, the alternative hypothesis is rejected, concluding that here there is
enough evidence to affirm that there are no significant differences in the concentra-
tion of arsenic and mercury in the fruits at different intensity of application of
agrochemicals with a confidence level of 95% (see Table 1).

2.2.2 Analysis of results in relation to the concentration of lead and cadmium in fruits (mg/kg)

In Table 2, it is observed from ANOVA that the significance values are 0.475 (Pb)
and 0.042 (Cd), a result obtained from comparing selected groups A, B, and C,
respectively, according to the heavy metals of lead and cadmium, according to the
intensity of use of agrochemicals. Said value with respect to Pb is greater than the
significance of α = 0.05; therefore, the statistical decision in this regard is to accept the
null hypothesis; consequently, the alternative hypothesis is rejected. However, the
value with respect to cadmium is less than the significance of α = 0.05; the alternative
hypothesis is accepted and the null one is rejected, concluding that there is sufficient
evidence that affirms the existence or not of significant differences in the concentra-
tion of lead and cadmium in fruits at different intensity of application of agrochemi-
cals with a confidence level of 95%.

Ho: There are no differences in Pb and Cd between sampling groups.
H1: There are differences in Pb and Cd between sampling groups.

Variation Source SC gl CMe F Sig.

As Hg As Hg

Between groups (ABC) 0.000 2 0.000 3545 0.488 0.062 0.626

within groups 0.000 12 0.000

Total 0.000 14

Source: Data processed from chemical analysis Laboratory UNMSM 2019.

Table 1.
ANOVA of comparison between groups of concentration of arsenic and mercury in granadilla fruits (Passiflora
ligularis), according to the intensity of use of agrochemicals.
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2.2.3 Analysis of results in relation to the concentration of copper in fruits (mg/kg)

Ho: There are no differences in Cu between sampling groups.
H1: There are differences in Cu between sampling groups.
In the ANOVA, it is observed that the significance value is 0.371, a result that is

obtained from comparing selected groups A, B, and C, respectively, in accordance
with the heavy metal of copper according to intensity of use of agrochemicals. Said
value is greater than the significance of α = 0.05; therefore, the statistical decision in
this regard is to accept the null hypothesis; consequently, the alternative hypothesis is
rejected, concluding that there is sufficient evidence to affirm that there are no
significant differences in copper concentration in fruits at different intensity of appli-
cation of agrochemicals with a confidence level of 95% (see Table 3).

2.2.4 Analysis of results in relation to the content of arsenic and lead in the soil (mg/kg)

Ho: There are no differences in As and Pb between sampling groups.
H1: There are differences in As and Pb between sampling groups.
In the ANOVA, the significance values are of 0.863 (As) and 0.579 (Pb), results

obtained from comparing selected groups A, B, and C, respectively, according to the
heavy metal content of arsenic and lead in the soil from the fields of granadilla fruit
production (P. ligularis) according to intensity of use of agrochemicals. These values
are greater than the significance of α = 0.05; therefore the statistical decision in this
regard is to accept the null hypothesis; consequently, the alternative hypothesis is
rejected. In this way, it is concluded that there is sufficient evidence to affirm that
there are no significant differences in the content of arsenic and lead in the soil
samples at different intensity of application of agrochemicals at a confidence level of
95% (see Table 4).

Variation Source SC gl CMe F Sig.

Pb Cd Pb Cd

Between groups (ABC) 0.000 2 0.000 0.792 4174 0.475 0.042

within groups 0.000 12 0.000

Total 0.000 14

Source: Data processed from chemical analysis Laboratory UNMSM 2019.

Table 2.
ANOVA of comparison between groups of concentration of lead and cadmium in granadilla fruits (Passiflora
ligularis), according to the intensity of use of agrochemicals.

Variation Source Sum of squares gl Root mean square F Sig.

Between groups 0.028 2 0.014 1077 0.371

within groups 0.156 12 0.013

Total 0.184 14

Source: Data processed from chemical analysis Laboratory UNMSM 2019.

Table 3.
ANOVA of comparison between groups of copper concentration in passion fruit (Passiflora ligularis), according
to the intensity of use of agrochemicals.
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2.2.5 Analysis of results in relation to the mercury content in the soil (mg/kg)

Ho: There are no differences in Hg between sampling groups.
H1: There are differences in Hg between sampling groups.
From the ANOVA analysis, the significance value is 0.012, whose result has been

obtained after comparing between selected groups A, B, and C, respectively, in
accordance with the heavy metal content of mercury in the soil from the granadilla
fruit production fields (P. ligularis) according to intensity of use of agrochemicals. As
can be seen, such value is less than the significance of α = 0.05; therefore the statistical
decision in this regard is to reject the null hypothesis; consequently, the alternative
hypothesis is accepted. In this way, it is concluded that there is sufficient evidence to
affirm that there are significant differences in mercury content in the soil samples at
different intensity of application of agrochemicals at a confidence level of 95%
(see Table 5).

2.2.6 Analysis of results in relation to the content of cadmium in the soil (mg/kg)

Ho: There are no differences in Cd between sampling groups.
H1: There are differences in Cd between sampling groups.
From the ANOVA analysis in Table 6, it is observed that the significance value is

0.331, a result obtained from comparing selected groups A, B, and C, respectively, in
accordance with the heavy metal content of cadmium in the soil from fruit production
fields granadilla (P. ligularis) according to intensity of use of agrochemicals. Said value
is greater than the significance of α = 0.05; therefore the statistical decision in this
regard is to accept the null hypothesis; consequently, the alternative hypothesis is
rejected, concluding that there is sufficient evidence to affirm that there are no

Variation Source SC gl CMe F Sig.

As Pb As Pb

Between groups (ABC) 0.000 2 0.000 0.149 0.571 0.863 0.579

within groups 0.000 12 0.000

Total 0.000 14

Source: Data processed from chemical analysis Laboratory UNMSM 2019.

Table 4.
ANOVA of comparison between groups of arsenic and lead content in the soil of the granadilla fruit crop
(Passiflora ligularis), according to the intensity of use of agrochemicals.

Variation Source Sum of squares gl Root mean square F Sig.

Between groups 0.003 2 0.001 6576 0.012

within groups 0.003 12 0.000

Total 0.006 14

Source: Data processed from chemical analysis Laboratory UNMSM 2019.

Table 5.
ANOVA of comparison between groups of mercury content in the soil of the granadilla fruit crop (Passiflora
ligularis), according to the intensity of use of agrochemicals.
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significant differences in cadmium content in the soil samples at different intensity of
application of agrochemicals at a confidence level of 95%.

2.2.7 Analysis of results in relation to the copper content in the soil (mg/kg)

Ho: There are no differences in Cu between sampling groups.
H1: There are differences in Cu between sampling groups.
In the ANOVA, the significance value is 0.317, a result that is obtained from

comparing selected groups A, B, and C, respectively, in accordance with the heavy
metal content of copper in the soil from granadilla fruit (P. ligularis) production fields
according to intensity use of agrochemicals. Said value is greater than the significance
of α = 0.05; therefore the statistical decision in this regard is to accept the null
hypothesis; consequently, the alternative hypothesis is rejected, concluding that there
is sufficient evidence to affirm that there are no significant differences in copper
content in the soil samples at different intensity of application of agrochemicals at a
confidence level of 95% (see Table 7).

2.2.8 Analysis of results in relation to the content of arsenic and mercury in runoff water
(mg/kg)

Ho: There are no differences in As and Hg between sampling groups.
H1: There are differences in As and Hg between sampling groups.
In the ANOVA, the significance values are of 0.469 (As) and 0.624 (Hg), a result

obtained from comparing selected groups A, B, and C, respectively, according to the
heavy metal content of arsenic and mercury in the runoff water of fields of production
from granadilla fruit (P. ligularis) according to intensity of use of agrochemicals.
These values are greater than the significance of α = 0.05; therefore the statistical

Variation Source Sum of squares gl Root mean square F Sig.

Between groups 0.012 2 0.006 1215 0.331

within groups 0.057 12 0.005

Total 0.069 14

Source: Data processed from chemical analysis Laboratory UNMSM 2019.

Table 6.
ANOVA of comparison between groups of cadmium content in the soil of the granadilla fruit crop (Passiflora
ligularis), according to the intensity of use of agrochemicals.

Variation Source Sum of squares gl Root mean square F Sig.

Between groups 80.,533 2 40.267 1268 0.317

within groups 381.200 12 31.767

Total 461.733 14

Source: Data processed from chemical analysis Laboratory UNMSM 2019.

Table 7.
ANOVA of comparison between groups of copper content in the soil of the granadilla fruit crop (Passiflora
ligularis), according to the intensity of use of agrochemicals.
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decision in this regard is to accept the null hypothesis; consequently, the alternative
hypothesis is rejected, concluding that there is sufficient evidence to affirm that there
are no significant differences in the content of arsenic and mercury in the runoff
water samples at different intensity of application of agrochemicals at a confidence
level of 95% (see Table 8).

2.2.9 Analysis of results in relation to the content of lead and cadmium
in the runoff water (mg/kg)

Ho: There are no differences in Pb and Cd between sampling groups.
H1: There are differences in Pb and Cd between sampling groups.
In the ANOVA, the significance values are 0.887 (Pb) and 0.813 (Cd), a result

obtained from comparing selected groups A, B, and C, respectively, according to the
heavy metal content of lead and cadmium in the runoff water of fields of production
from granadilla fruit (P. ligularis) according to intensity of use of agrochemicals. These
values are greater than the significance of α = 0.05; therefore the statistical decision in
this regard is to accept the null hypothesis; consequently, the alternative hypothesis is
rejected, concluding that there is sufficient evidence to affirm that there are no signif-
icant differences in lead and cadmium content in runoff water samples at different
intensity of application of agrochemicals at a confidence level of 95% (see Table 9).

2.2.10 Analysis of results in relation to the copper content in the runoff water (mg/kg)

Ho: There are no differences in Cu between sampling groups.
H1: There are differences in Cu between sampling groups.

Variation Source SC gl CMe F Sig.

As Hg As Hg

Between groups (ABC) 0.000 2 0.000 0.808 0.491 0.469 0.624

within groups 0.000 12 0.000

Total 0.000 14

Source: Data processed from chemical analysis Laboratory UNMSM 2019.

Table 8.
ANOVA of comparison between groups of arsenic and mercury content in runoff water in the granadilla fruit
(Passiflora ligularis) crop, according to the intensity of use of agrochemicals.

Variation Source SC gl CMe F Sig.

Pb Cd Pb Cd

Between groups 0.000 2 0.000 0.121 0.211 0.887 0.813

within groups 0.000 12 0.000

Total 0.000 14

Source: Data processed from chemical analysis Laboratory UNMSM 2019.

Table 9.
ANOVA of comparison between groups of lead and cadmium content in runoff water in granadilla fruit
(Passiflora ligularis) cultivation, according to the intensity of use of agrochemicals.
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In the ANOVA, the significance value is 0.622, a result obtained from comparing
selected groups A, B, and C, respectively, according to the heavy metal content of
copper in the runoff water from the granadilla fruit production fields (P. ligularis)
according to intensity of use of agrochemicals. Said value is greater than the signifi-
cance of α = 0.05; therefore the statistical decision in this regard is to accept the null
hypothesis; consequently, the alternative hypothesis is rejected, concluding that there
is sufficient evidence to affirm that there are no significant differences in copper
content in runoff water samples at different intensity of application of agrochemicals
at a confidence level of 95% (see Table 10).

2.3 Discussion

Next, you perform the comparison of the content and concentration of heavy
metals between sampling groups (A, B, and C) according to intensity of application of
agrochemicals in the agricultural management of granadilla (P. ligularis), Oxapampa
district.

The average results obtained for heavy metals in the fruits were: in the sectors of
AcAf SA1Bf, PaCf between 0.26 and 0.36 mg of Cu/kg; (Ch2Af, Ab3Bf ARP3Cf,
QllAf, Ch3Bf, SA2Cf) between 0.001 and 0.003 mg of Cd and Pb/kg; (Ab1Af, CaBf,
ARP1Cf, Ch1Af, Ab2Bf, ARP2Cf) between 0.0012 and 0.0006 mg of As and Hg/kg. In
soils: in the sectors of AcAs SA1Bs, PaCs, between 19 and 25 mg of Cu/kg; (Ch2As,
Ab3Bs ARP3Cs, QllAs, Ch3Bs, SA2Cs) between 0.02 and 0.08 mg of Cd and Pb/kg;
(Ab1As, CaBs, ARP1Cs, Ch1As, Ab2Bs, ARP2Cs) between 0.05 and 0.08 mg of As and
Hg/kg. For the runoff waters: in the sectors of AcAa SA1Ba, PaCa, between 1 and
1.12 mg of Cu/kg; (Ch2Aa, Ab3Ba ARP3Ca, QllAa, Ch3Ba, SA2Ca) between 0.002 and
0.003 mg of Cd and Pb/kg; (Ab1Aa, CaBa, ARP1Ca, Ch1Aa, Ab2Ba, ARP2Ca)
between 0.002 and 0.005 mg of As and Hg/kg.

These results show high levels of risk in human health and the environmental
contamination in the agroecosystems of the district of Oxapampa, whose main cause
is lack of technical advice from state agencies and coupled with this a nontechnical
dosage of pesticides and fertilizers, chemicals, agrochemicals, applied by farmers in
the production of granadilla fruit.

The average results obtained for heavy metals in fruits are shown below in
Table 11, where the Provisional Tolerable Weekly Intake (PTWI) values [9] are also
shown, in mg/kg of body weight for the same heavy metals, in order to observe that
there is a toxicological risk related to a weekly consumption of these fruits.

It has been preferred to use the PTWI and not the maximum levels (ML), since this
toxicological result is appropriate for food contaminants, such as heavy metals, due to

Variation Source Sum of squares gl Root mean square F Sig.

Between groups 0.038 2 0.019 0.494 0.622

within groups 0.465 12 0.039

Total 0.503 14

Source: Data processed from chemical analysis Laboratory UNMS 2019.

Table 10.
ANOVA of comparison between groups of copper content in runoff water in the cultivation of granadilla
(Passiflora ligularis), according to the intensity of use of agrochemicals.
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their cumulative capacity. The PTWI by definition is a value that represents the
permissible weekly human exposure to such contaminants.

These results are comparable with those obtained in other investigations such as the
studies by Fang and Zhu, who showed concentrations of five heavy metals (chromium,
copper, cadmium, mercury, and lead) in four fruits (pear, grape, peach-shaped plum,
and orange), which exceeded safety standards. They state that the origin of these metals
was mainly due to the application of foliar fertilizers, ripening agents, fungicides, and
pesticides during flowering and ripening [10]. Shaheen et al. used inductively coupled
plasma mass spectrometry (ICP-MS) and demonstrated the presence of toxic heavy
metals such as As, Cd, Pb, Cr, Mn, Ni, Cu, and Zn in representative samples of fruits and
vegetables in Bangladesh. These results exceeded the maximum permissible concentra-
tion (MAC) established by the FAO/WHO for Pb inmango and Cd in tomato among the
fruits and vegetables analyzed, representing risks to human health [11].

Other researchers such as Abbasi et al. also evaluated the concentration of heavy
metals and associated health risk in processed fruit products sold in local markets in
northern Pakistan. They quantified seven metals: cadmium (Cd), chromium (Cr),
cobalt (Co), copper (Cu), iron (Fe), lead (Pb), and zinc (Zn) in different food
samples and showed that measured levels of these metals varied significantly and
were relatively higher than their allowable limits. Univariate and multivariate analysis
yielded a strong association between Cr, Co, Pb, and Fe and confirmed heavy metal
contamination through natural and anthropogenic sources in processed foods [12].

Likewise, Marini et al. evaluated the daily intake in various foods of four heavy
metals, such as cadmium, mercury, lead, and arsenic; and four minerals: chromium,
nickel, selenium, and zinc. The risk of exceeding the provisional tolerable daily intake
in the four proposed Danish dietary profiles was on average 60%, 17%, and 16% for
cadmium, mercury, and lead, respectively. For total arsenic, the risk of exceeding the
provisional daily intake was 33%, and they emphasize the importance of
implementing measures to reduce the risk cycle of heavy metals that threaten envi-
ronmental health and food safety [13], showing a relationship with the results
obtained in this work.

As will be seen later, the results obtained in the investigation agree with other
studies, in which they also demonstrated that the contaminated water used for grow-
ing vegetables has contaminated the soil and that the samples of water, soil, and
vegetables were contaminated with Ni, Cd, Cr, Cu, Pb, and Zn, and the concentration
trends of these metals were as follows: 0,613 > 0,316 > 0,162 > 0,065 > 0,041 >

Heavy metal in granadilla
fruit (Passiflora ligularis)

Average results
mg/kg sample

PTWI: Provisional Tolerable
Weekly Intake in mg/kg

body weight *

Arsenic, As 0.0012 to 0.0006 0.015

Mercury, Hg 0.0012 to 0.0006 0.005

Lead, Pb 0.001 to 0.003 0.025

Cadmium, Cd 0.001 to 0.003 0.007

Copper, Cu 0.26 to 0.36 1

* Source: CODEX STAN 193–1995 Revision 2009 Mod. 2019.

Table 11.
Comparison of the average experimental results with the PTWI of heavy metals in food.
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0,028 mL/L for Ni, Cd, Pb, Cr, Cu, and Zn, respectively, in the contaminated
water and 189,09 > 125 > 104,92 > 41,85 > 28,58 > 21,72 for Zn, Cr, Ni, Pb, Cu,
and Cd mg/kg in the soil, which represents a risk to the health of the population
[14, 15].

Table 12 shows the concentrations of heavy metals: Pb, As. Cd, Cu, and Hg,
obtained by this research in runoff water in the granadilla fruit (P. ligularis) cultiva-
tion fields and the concentrations of water destined for livestock activity for dairy
animal consumption in the location of Chontabamba [16].

Table 12 shows the results obtained by Bernal from the analysis of water from
broken, rivulets that originate from wetlands, groundwater, and that are relatively
protected by natural forest areas, and that correspond to areas dedicated only to
livestock, where no As, Cd, and Cu are detected, while Hg and Pb present relatively low
levels. Compared with the results of the study for this water factor, an impact on runoff
water contamination is observed, which would be related to the use of agrochemicals in
granadilla fruit (P. ligularis) crops and the consequent risk to human health.

Table 13 shows the contents of heavy metals in the grazing soil of the dairy herds
analyzed in samples from the localities of Chontabamba and Oxapampa [16] and the
concentrations of these heavy metals obtained by the study in the soils intended for
the cultivation of granadilla (P. ligularis).

In Table 13 it can be seen how the concentrations of heavy metals present in the
soils destined for livestock, downstream of the soils destined for the cultivation of
granadilla show a higher concentration of heavy metals in arsenic, mercury, lead, and
cadmium with the exception of copper, where its value is small compared with the soil
for granadilla fruit that has a high concentration, which corroborates the hypothesis
that the excessive use of agrochemicals would be the cause of these negative environ-
mental impacts and that they represent a risk to human health.

Place Lead, mg/kg Arsenic mg/kg Cadmium mg/kg Copper mg/kg Mercury mg/kg

Granadilla
cultivation
field

0.002 to 0.003 0.002 to 0.005 0.002 to 0.003 1 to 1.12 0.002 to 0.005

Oxapampa* 7.78475 ND ND ND 0.29675

NA = not detected.
*Source: Bernal Marcelo, A.R., 2019.

Table 12.
Concentration of heavy metals: Pb, As. Cd, Cu, and Hg in runoff water and water collected in the cattle town of
Chontabamba – Oxapampa [16].

Place Lead,
mg/Kg

Arsenic
mg/Kg

Cadmium
mg/Kg

Copper
mg/Kg

Mercury
mg/Kg

Granadilla cultivation soil
localities

0.02 to
0.08

0.05 to 0.08 0.02 to 0.08 19 to 25 0.05 to 0.08

Chontabamba* 30.5638 12.847 0.1248 22.667 0.0486

Oxapampa* 22.3833 10.095 0.1153 22.995 0.0445

*Source: Bernal Marcelo, A.R., 2019.

Table 13.
Concentration of heavy metals: Pb, As, Cd, Cu, and Hg, in the soil of granadilla fruit (Passiflora ligularis)
cultivation and soil of the cattle town of Chontabamba and Oxapampa [16].
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The studies carried out by other authors corroborate the results obtained in this
investigation, agreeing when mentioning that there are differences between the dif-
ferent managements studied, evidencing that in those intensively used soils, the
highest values were recorded for Cu2+ and Pb2+ while in the case of Cd2+, the agri-
cultural management system presented the highest content, reaching a value higher
than the maximum permissible limit of several countries [17]. On the other hand, it is
also mentioned that that the coefficient of variation of the analyzed metal content
indicates that the values are dispersed in a range average: copper from 0.007 to 0.053,
cadmium from 0.013 to 0.070, and lead from 0.010 to 0.064 [18].

From the results of the statistical analysis by ANOVA of comparison between
groups according to intensity of use of agrochemicals (A, B, and C) for soil samples
obtained from the production fields of P. ligularis of the selected farmers, it is found
that the heavy metals found such as arsenic, lead, cadmium, and copper, according to
hypothesis testing, it was shown that there is no significant difference in the concen-
trations of these heavy metals in soils. However, in the case of mercury concentration,
it did show significant differences between the groups of samples that were analyzed.
These results indicate that the contamination of the soil by these chemical elements is
limiting the quality of the agricultural products of Oxapampa. In this regard, they
point out that the high proportion of Pb is a potential bioavailable contaminant that
can interfere with the development of crops and that can be incorporated into the
different levels of the food chain until reaching human beings.

On the other hand, from the analysis by ANOVA of comparison between groups
of samples selected according to intensity of use of agrochemicals, for heavy metals
such as arsenic, mercury, lead, cadmium, and copper that were found and analyzed
in the runoff water of the granadilla fruit (P. ligularis) production fields, the
hypothesis that there is no significant difference in the concentration of these
chemical elements was demonstrated, the same ones that agree with the results
obtained by Pérez [18].

Finally, from the ANOVA analysis of comparison between groups according to the
intensity of use of agrochemicals (A, B, and C) for samples of granadilla (P. ligularis)
fruits from the fields of the selected farmers, the heavy metals found that such as
arsenic, mercury, lead, and copper and according to the verification of hypotheses, it
was shown that there is no significant difference in the concentrations of said heavy
metals. However, in the case of the concentration of cadmium, it did show significant
differences between the groups of samples analyzed. This statistical procedure carried
out is reinforced by mentioning that through the analysis of variance of one factor
(ANOVA), the comparison tests serve to evaluate the behavior of the experimental
data obtained in the analysis [19].

3. Conclusions

From the results that have been obtained in the investigation related to the
contamination of water, soil, and passion fruit (P. ligularis) in Oxapampa, due to
the excessive use of agrochemicals in the agricultural fields, it is concluded that the
fruits indeed have a content of metals As, Pb, Cd, Hg, and Cu, which when
compared with the provisional tolerable weekly intake, PTWI, toxicological criteria
for heavy metal intake in foods because they are cumulative, expressed in mg/kg of
body weight for each heavy metal is evident that the risk of toxicity to human

113

Environmental Pollution Originated by the Excessive Use of Agrochemicals…
DOI: http://dx.doi.org/10.5772/intechopen.104910



health is increasing if corrective measures are not taken to mitigate these future
impacts.

The quality of runoff water in the agricultural sector was compared with water
quality data from the livestock sector within the same area of study, observing that the
levels of contamination by As, Cd, and Cu are increasing in the agricultural sector
compared with nonpresence of the same in the cattle fields. Not so in relation to soil
contamination, because when comparing the results of the study with others within
the sector, it was observed that the livestock sector is more impacted by the five heavy
metals compared with the agricultural sector. This accumulation of heavy metals in
livestock soils would be due to the drag, transport, and diffusion mechanisms of
agrochemical contaminants formulated with these metals, which are applied in excess
in agricultural fields that occupy higher slopes, concluding that there is a process
increasing environmental contamination in Oxapampa and that represents a potential
risk to human health due to ingestion through fruits, and other foods that are con-
sumed in the place and outside of it, as some of these are for export.

By an analysis of variance, with a probability of α = 0.05 and a confidence level
of 95%, for comparisons between three groups of farmers (A, B, and C), selected
according to the intensity of application of agrochemicals in production of granadilla
fruits, it was shown that in the case of the concentrations of heavy metals in fruits,
such as arsenic, mercury, lead, and copper, there are no significant differences; not
so for cadmium, which showed a significant existence. In the case of the content of
heavy metals in soils, such as arsenic, lead, cadmium, and copper, it was also shown
that there are no significant differences; however, mercury showed significant exis-
tence. In the case of the content of heavy metals in runoff waters such as arsenic,
mercury, lead, cadmium, and copper, it was shown that there are no significant
differences.

Therefore, considering the spatial and temporal environment of agricultural and
livestock activities in the district of Oxapampa, it is concluded that there is a potential
risk of toxicity to human health due to ingestion of granadilla (P. ligularis).
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Nomenclature

MLP Maximum permissible limit of heavy metals, (mg/kg)
Ab1Af Code (Abra, first sample, group A, fruit components)
CaBf Code (Cane, group B, fruit component)
ARP1Cf Code (Alto Rio pisco, first sample, group C, fruit component)
Ch1Af Code (Chacos, first sample, group A, fruit component)
Ab2Bf Code (Abra, second sample, group B, fruit component)
ARP2Cf Code (Alto Rio Pisco, second sample, group C, fruit component)
Ch2Af Code (Chacos, second sample, group A, fruit component)
Ab3Bf Code (Abra, third sample, group B, fruit component)
ARP3Cf Code (Alto Rio Pisco, third sample, group C, fruit component)
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QllAf Code (Quillazú, group A, fruit component)
Ch3Bf Code (Chacos, third sample, group B, fruit component)
SA2Cf Code (San Alberto, second sample, group C, fruit component)
AcAf Code (Acuzazú, group A, fruit component)
SA1Bf Code (San Alberto first sample, group B, fruit component)
PaCf Code (Paraíso, group C, fruit component)
Ab1As Code (Abra, first sample, group A, soil components)
CaBs Code (Sugar cane, group B, soil component)
ARP1Cs Code (Alto Rio Pisco, first sample, group C, soil component)
Ch1As Code (Chacos, first sample, group A, soil component)
Ab2Bs Code (Abra, second sample, group B, soil component)
ARP2Cs Code (Alto Rio Pisco, second sample, group C, soil component)
Ch2As Code (Chacos, second sample, group A, soil component)
Ab3Bs Code (Abra, third sample, group B, soil component)
ARP3Cs Code (Alto Rio Pisco, third sample, group C, soil component)
QllAs Code (Quillazú, group A, soil component)
Ch3Bs Code (Chacos, third sample, group B, soil component)
SA2Cs Code (San Alberto, second sample, group C, soil component)
AcAs Code (Acuzazú, group A, soil component)
SA1Bs Code (San Alberto first sample, group B, soil component)
PaCs Code (Paraíso group C soil component)
Ab1Aa Code (Abra, first sample, group A, water component)
CaBa Code (Sugar cane, group B, water component)
ARP1Ca Code (Alto Rio Pisco, first sample, group C, water component)
Ch1Aa Code (Chacos, first sample, group A, water component)
Ab2Ba Code (Abra, second sample, group B, water component)
ARP2Ca Code (Alto Rio Pisco, second sample, group C, water component)
Ch2Aa Code (Chacos, second sample, group A, water component)
Ab3Ba Code (Abra, third sample, group B, water component)
ARP3Ca Code (Alto Rio Pisco, third sample, group C, water component)
QllAa Code (Quillazú, group A, water component)
Ch3Ba Code (Chacos, third sample, group B, water component)
SA2Ca Code (San Alberto, second sample, group C, water component)
AcAa Code (Acuzazú, group A, water component)
SA1Ba Code (San Alberto first sample, group B, water component)
PaCa Code (Paradise, group C, water component)

A. Appendices

Photographs of the sectors chosen for sampling
See (Figures 5–8).
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Figure 5.
Sectors of Chacos and the Abra.

Figure 6.
Interview with a farmer.
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Figure 7.
Agrochemical residues.

Figure 8.
Fields of study duly codified.
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Chapter 6

Application of Lead Transport
through Brain Capillary for
Determination of Weight, Brain
Damage, and Encephalization
Quotient in Humans
Saganuwan Alhaji Saganuwan

Abstract

The ability of lead to cause brain damage and reduce intelligence quotient has been
established. However, transport of lead through brain capillary has not been eluci-
dated. Hence, plasma and brain tissue kinetics of lead was studied mathematically.
Literatures were searched for formulas that could be used for the determination of
relationship between plasma and brain tissue kinetics of lead with an interest to
discovering the residence time of lead residues in brain. Findings have shown that
5 μg=dl of lead in plasma permeates the brain of human weighing 20 kg faster than
that of 40 kg and 70 kg body weight, respectively. The surface area of permeability of
brain cell is higher, in low body weight human than in high body weight human. Time
of exposure and concentration of lead are higher in low body weight human as
compared to high body weight human. Hence, neonates and children are more vul-
nerable to brain damage than adult human.

Keywords: encephalopathy, lead, brain capillary, toxicokinetics, encephalization
quotient, transport

1. Introduction

Plasma concentration (>5 to >100 μg/dl) of lead can cause neurological, cardio-
vascular, hematological, reproductive, renal, immunological, and respiratory prob-
lems [1]. The reported lead concentrations of surface sample of soil was 23–35 mg/kg
soil, whereas the concentration of the lead elute from soil was 0.6 mg/L, respectively
[2]. Lead has the ability to penetrate brain having molecular weight of 207.28 g [3] and
elimination half-life of 18 months. Highly contaminated soil could have the concen-
tration of lead 3.03 times higher than the maximum limit for agricultural soil and 1.97
times higher than the value limit for fodder [4], suggesting that lead is very stable in
soil and toxic to human [5]. However, soil concentration of lead (11.42 mg/L) could
decrease during rainy season relative to dry season [6]. Lead exerts opposite effects on
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antibody response and phagocytosis [7]. Some plants such as Cyamopsis tetragonoloba
and Sesamum indicum could tolerate lead concentration of up to 1000 mg/kg; hence,
they could be used for bioremediation of soil heavily contaminated by lead [8]. The
factors responsible for penetration of central nervous system acting agents are lipid
solubility, pH, and molecular weight [9]. Hence, toxicological study of chemicals is
necessary for the identification of potential toxicants [10]. Severe lead poisoning in
young children and neonatal rats may cross microvessel endothelium of the brain.
There is evidence that lead can cause brain damage, and lead uptake in the endothe-
lium is reduced by calcium adenosine triphosphatase (ATPase) pump [11]. In view of
this, transport of lead through brain capillary was mathematically assessed with a view
to identifying pathogenesis of brain injury caused by lead in humans.

2. Materials and methods

2.1 Calculation of blood and plasma lead concentration

Literatures were assessed with a view to obtaining formulas that could be used for
the calculation of lead transport through brain capillaries and its pathogenesis of
causing brain damage and low intelligence quotient. Measurement of red blood cell
(RBC) partitioning of lead is done as follows:

Plasma Imax,u� fup Plasma Imaxþ Fa � Fg � Ka �Dose
Qh
Rb

 !
(1)

where Imax ¼ Cmax μmolð Þ,Dose μmolð Þ,fup ¼ fraction of unbound drug in plasma
(lower limit, 0.01), Ka= absorption rate constant (0.1 min�1Þ, Fa= fraction absorbed
(1), Fg= fraction escaping gut metabolism (1), Qh= hepatic blood flow (1.6 L/min),
and Rb= blood–plasma concentration ratio [12].

Distribution of lead to red blood cells %ð Þ ¼ 1� Plasma conc� 100�HCð Þ
Blood conc� 100

� �
� 100

(2)

Blood to plasma ratio ¼ Blood Conc
Plasma Conc

(3)

Hb ¼ PV � CrCl�D� Scr� 72
K � 140� Ageð Þ

� �
� 12:5� 1

0:33
(4)

D ¼ Pcr
Scr

� 144: (5)

RDB ¼ RRW � 80 ml 1kg �Desired PCV � Recipient PCV
Donor PCV

(6)

2.2 Blood and tissue kinetics of lead

Cl ¼ DR=Css (7)

LD ¼ Css� Vd (8)
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The first-order equation that describes the release of lead from biological system is
concentration-dependent and can be expressed as [13]:

logCt ¼ logCo � Kt

2:303
(9)

where Co= initial concentration of lead and Ct= concentration of lead in solution at
time t. slope equals �K=2:303 [14]. The elimination rate constant (1.16 h�1) terminal
half-life (0.6 h�1) and volume of distribution (1.03 L/kg) have been reported for
60 kg weighted man.

Hence, terminal half-life

t
1
2
β

� �
¼ Vd

PCl
� 0:693 (10)

where PCl = plasma clearance. However, initial concentration (Co) is calculated as:

Co ¼ D
Vapp

(11)

where D = dose of lead; Vapp = apparent volume of distribution, when renal
function is not impaired the serum concentration:

Csð Þ ¼ observed concentration
0:2 x Albumin g=dlð Þ þ 0:1

(12)

When there is end-stage renal failure, the serum concentration is calculated as:

Cs ¼ observed concentration
0:1 x Albumin g=dlð Þ þ 0:1

(13)

Integration of exposure time with toxic dose of lead is presented as:

D ¼ Tn

K
(14)

where D = dose, T = time of exposure, and K = concentration of toxicant causing
toxicity [15].

2.3 Translation of lead dose in animals to human

HED ¼ Animal dose� Km
Human Km

(15)

Animal dose and animal Km are substituted with 40 and 20 kg as well as 31.3 and
25.0, respectively [16].

2.4 Transport of lead through brain capillary

Lead can be transported through brain capillary having the rate constant:
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Kinð Þ ¼ QE
Vbrain

(16)

E ¼ 1� e
�PSA
Q (17)

Alternatively Er ¼ Cin� Cout
Cin

(18)

where Q = brain capillary blood flow, E = fraction of lead that flow into the brain,
Vbrain = volume of brain, Er = extraction ratio of lead, PSA = permeability surface area
( MS�1m2
� �

of blood-brain barier, Cin = concentration of lead entering the brain
capillary mol L�1� �

, and Cout = concentration of lead leaving the brain capillary
[17, 18].

The passive flux (QPas) of lead across blood-brain barrier between plasma and the
brain extracellular fluid (ECF) is given as:

QPas ¼ P Cpl � C ECFð Þ
� �

(19)

where QPas = passive flow rate mol m�2s�1ð Þ, P = permeability of the BBB MS�1� �
,

Cpl=concentration of the lead in the plasma mol m�3ð Þ, and CECF= concentration of
lead in the ECF [19]:

ΔCECF

Δt
¼ kBBB Cpl � CECF

� �
(20)

VECF ¼ Δ ECFð Þ
Δt

¼ CLBBB Cpl � CECF
� �

(21)

CECF ¼ AECF

VECF
(22)

Cerebral metabolic rate (CMR) scales with brain volume, hence:

CMR
V

¼ α V0:167 (23)

Density of neuron Dnð Þ ¼ α V0:167 (24)

The capillary length density Cnð Þ ¼ α V0:167 (25)

Total length of capillary is proportional to the number of neurons [20].

Capillary diameter Cdð Þ ¼ α V0:08 (26)

It is 7 μm diameter in human brain [21]. The flow rate of blood to the brain is
800 mL=min [22]where ΔCECF = change in lead concentration of extracellular fluid,
KBBB = rate constant of lead transport across the BBB (S�1Þ, CL BBB = transfer
clearance of lead transport across the BBB m3S�1� �

, AECF = molar amount of lead in
the brain ECF molð Þ, and VECF= volume of the brain ECF m3ð Þ [23–25].

Passive permeability pð Þ ¼ PtransþDpara

WTJ
(27)
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where Pt = passive transcellular permeability ms�1ð Þ,Dpara = diffusity of lead through
the BBB intercellular space m2s�1ð Þ, andWTJ = width of tight junction (m) [24].

Total flux Qtotalð Þ ¼ Ptot Cpl � CECF
� �

(28)

Qtotal ¼ PAFin Cpl
� �� PAFout CECFð Þ (29)

where Ptotal = rate of active and passive transport across BBB, PAFin = affinity of
lead to active transport into the brain, and PAFout = affinity of lead to active transport
out of the brain [25].

Ptot ¼ Ppas � Cpart (30)

Ppas = passive permeability to BBB; Cpart= coefficient of partition [26].

Active clearance Clactð Þ ¼ Tm
Kmþ C

(31)

where Tm = maximum rate of lead transport across the BBB ( μmol L�1S�1� �
,

Km = concentration of free lead μmol L�1� �
at which half of Tm is attained, and

C = concentration of lead in plasma [27].
Change in lead concentration within the cells of the brain is given as follows:

ΔCICF

Δt
¼ Kcell CECF � CICFð Þ (32)

VICF
ΔCICF

Δt
¼ Ccell CECF � CICFð Þ (33)

CICF
AICF

VICF
(34)

where CICF = concentration of lead in the brain ICF μmol L�1� �
, Kcell= rate constant

of lead transport across the cell membrane S�1� �
, and VICF= apparent volume of

distribution in the brain ICF [28].

Dissociation constant kdð Þ ¼ kon
koff

(35)

where kd ¼ 45:62 nM 0:91 μg=dLð Þ that has been reported for on-site lead detec-
tion using a biosensor device [29].

2.5 Michaelis-Menten kinetics of lead

Clearance of lead by Michaelis-Menten kinetics is given as follows:

CLact� cell ¼ Tm� cell
∝ Km� cellþ Cð Þ (36)

where CLact� cell = active transfer clearance of free lead across the cell
membrane, C = concentration of lead in the brain ECF or ICF, Tm� cell= maximal
veolocity of the transporter, and Km� cell= Michaelis –Menten constant [30].
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Enzyme metabolic clearance φmetð Þ is given as follows:

φmet ¼ Vmax
C

Kmþ C
(37)

where φmet = flux of the enzymatic metabolic reaction mmol L�1min�1
� �

,
Vmax = maximum flux of the reaction mmol L�1� �

, C = concentration of substrate in
ECF or ICF ( mmol L�1� �

, and Km = affinity of coefficient of the enzyme substrate
mmol L�1� �

[31]. Three-dimensional model that integrates lead transport through BBB
and lead binding within the brain could predict lead distribution in the brain [32]. One
kilogram equals 1000 mililiters [33].

2.6 Relationship between brain mass and encephalization quotient

Encephalization quotient EQð Þ ¼ Brain mass
0:14� Body weight0:528

(38)

Brain mass Eð Þ ¼ kpβ (39)

where k = 0.14, p = body weight, and β = 0.528 [34, 35].

Brain volume log 10 Bð Þ� � ¼ 3:015þ 0:986 log 10C (40)

where B = brain size (mm3) and C = internal cranial capacity (mm3).

Also brain volume Vbrainð Þ ¼ 4=3 � π� r3 (41)

where

π ¼ 3:14159 and r ¼ radius ¼ diammeter
2

(42)

T
1
2
β ¼ 0:693

β
(43)

Lead concentration (Ct), plasma clearance (Pcl), calculated administered lead and
time of exposure to lead were extrapolated to 60, 40, and 20 kg weighed human, using
human equivalent dose formula.

2.7 Parameters for the determination of therapeutic and toxic agents across
brain cells

The relevant parameters that can be used for the determination of therapeutic and
toxic agents across brain cells are as follows: capillary radius (3–5 � 10�6 mÞ, capillary
surface area (15–25 m2Þ, intercapillary distance (40–60� 10�6mÞ, capillary blood flow
rate (0.3–200 � 10�1 Lmin �1Þ, BBB passive permeability 6� 10�8 � 10�6 ms�1

� �
,

BBB rate constant (1.4 � 10�4 � 1:4 � 10�2S�1Þ, BBB transfer clearance
113� 850� 10�5 LS�1� �

, BBB trancellular permeability 0:6� 10� 10�7ms�1
� �

, BBB
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paracellular diffusity 550� 767 � 10�12m2s�1
� �

, width tight junction
0:3� 0:5� 10�6 m
� �

, active transport velocity 22� 167 μmol L�1S�1� �
, concentration

to reach half of Tm 4:5� 5� 103μmol L�1� �
, BBB surface area 12� 18167m2ð Þ, blood

cebrospinal fluid barrier (BCSFB) surface area 6� 9 m2ð Þ, cerebrospinal fluid (CSF)
flow rate 50� 67 � 10�7LS�1� �

, brain ECF flow velocity 2� 8� 10�7ms�1
� �

, brain
ECF volume fraction (0.23–0.49), tortuosity (1.5–1.7), effective diffusion constant
0:1� 15� 10�10m�2s�1
� �

, cellular uptake rate 0:22� 304:3 s�1ð Þ, cellular transfer
clearance 4:2� 103 � 3� 105 LS�1� �

, ICF volume (960 L), association rate constant
2:8� 10�5 � 2:8� 102 μmol L�1S�1� �

, binding site concentration
1� 10�3 � 5� 10�1 μmol L�1� �

, affinity constant 0:003� 528� 103μmol L�1� �
, max-

imum reaction flux 5:76� 102 � 1� 109μmol L�1 min �1� �
, and elimination rate con-

stant 1:1� 10�7 � 6:8� 104S�1� �
have been reported for human brain [12].

3. Results

Table 1 shows kinetic parameters of lead in various compartments of brain of 20,
40, and 60 kg weighted adult humans.

Parameters Value

Weight (kg) 60 40 20

Volume of brain (mm3) 4400 3000 1500

Fraction of blood flowed into the brain (μg/dl) 5.0 5.0 5.0

Rate constant of brain transport through
capillary (kin) (L/min)

3.4 � 10�4 to
2.3 � 10�1

5 � 10�4 to
3.3 � 10�1

1.0 � 10�3 to
6.7 � 10�1

Permeability surface area (m2) 0.064 0.25 1.13

Concentration at time (Ct) (mol/s) 1.87 2.24 2.81

Plasma clearance (Pcl) (L/S) 1.19 1.43 1.78

Dose of administered lead CD 5.15 6.17 7.73

Time of exposure (T) (h) 5.20 6.23 7.80

Brain diameter (mm) 20.4 17.9 14.2

Brain radius (mm) 10.2 8.9 7.1

Brain elimination half-life (S�1) 6.3� 10�8–1.0�
10�3

6.3� 10�8–1.0�
10�3

6.3� 10�8–1.0�
10�3

Blood lead level (μg/dl) 0.52–8.38 131–7.29 2.1–6.2

Blood-to-plasma ratio 0.1–1.7 0.3–1.5 0.4–1.2

Erythrocytes lead level (μg/dl) 3.38 2.29 1.2

Brain mass (kg) 4.4 3.0 1.5

Encephalization quotient 3.6 3.1 2.2

Table 1.
Kinetic parameters of lead in the brain of humans of varying weights.
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4. Discussion

The increased rate constant of lead transport through brain capillary, permeability
surface area, concentration of lead in the brain, and time of exposure to lead in 20 kg
weighed human as compared to 40 and 60 kg weighed humans agree with the report
of Nicholson [35] indicating that young humans are more vulnerable to plumbism.
The increased plasma clearance of lead in the human of 20 kg body weight as com-
pared to 40 and 60 kg body weight human agrees with the report indicating that
children have the ability to eliminate lead faster than adult [35]. Absorption of lead by
bone and teeth is 94% in adult as compared to 70% in children [36]. Half-life of blood
lead is 40 days in human. Renal insufficiency caused by plumbism could delay lead
elimination. Lead concentration lower than 5 μg/dL is associated with reduced aca-
demic performance. Tyrosine and phenylalaine are the two main binding sites in
albumin. The binding site is Tyr84 and Cys34 [37]. The allowable lead limit in drinking
water is 15 Ppb 73 nMð Þ [38, 39]. Serum albumin consists of 585 amino acids which
have three structural domains stabilized in disulfide bonds with binding sites for fatty
acids, glycerol, and metal ions. The ability of lead to bind serum albumin is used to
detect micromolar concentration of lead ions in biological solution [40–42]. Centre
for disease control’s (CDC’s) limit of 5 μg/dl in blood is contrary to revised limit of
3.5 μg/dl, but even 3 μg/dl has caused diminished cognitive function [43]. Protein
kinases regulate the development of brain capillaries and expression of blood-brain
barrier. Lead could stimulate protein kinase, disrupting BBB development at the
regulation of neuronal development. More so, low doses of lead can stimulate protein
kinase C that may enhance the release of neurotransmitters [44]. Protein kinase C is
most sensitive to lead followed by calmodulin-protein kinase C and cyclic adenosine
monosphosphate protein kinase [45]. Toxic action of lead is influenced by the inter-
action between endothelial cells and astrocytes [46]. Genetic and environmental fac-
tors could make some particular children more vulnerable to lead neurotoxicity [47].
Human brain is made up of 100 billion neurons, which consumes 15–20 W power.
Brain consumes 15–20% of consumed glucose [48]. Utilization of adenosine triphos-
phate (ATP) in gray matter and white matter are 9.5 μmol g�1S�1 and 3 μmol g�1S�1,
respectively, signifying that 77% energy is consumed by cortical gray matter, which is
50% of brain volume. Components of gray matter are dendrites, neurons, glial cells,
unmyelinated axons, and capillaries, but components of white matter are glial cells,
myelinated axons, and capillaries. The density of brain capillary is 2–4 times more in
gray matter [49]. Adult human brain weighs 1500 g and occupies 1200 cm3, with
surface area of microvessels (100–200 cm2g�1) [50]. Brain extracellular space consti-
tutes 15–30% of the brain volume and brain vasculature 3% of the brain volume [51].
Increased size of human brain from 400 cm3 to 1200 cm3 [52] indicates increased
cognition capacity of modern human. Serum creatinine 0:88� 0:2 mg=dlð Þ has been
reported for human with blood lead level of 2:36� 2:54 μg=dl [53]. Blood level of
24:43� 5:31 μg=dl has been reported for traffic policeman in Taiwan [54]. Less than
1.5 min cerebral perfusion of labeled lead chloride was fast, providing a space of
9.7 mol/100 g of frontal cortex at 1 min. The influx was linear with concentration of
4 μM. Albumin (5%), cistern (200 Mm), and ethylene diamine tetraacetate (EDTA)
(1 μm) slipped lead uptake. Potassium reduces lead 203 uptakes [55]. Concentration of
lead in blood 2:1� 6:2 μg=dlð Þ has been reported for children [56] and 0.52–8.38 μg=dl
in adults [57]. Brain weight of man decreases by 2.7 g and that of human by 2.2 g per
year with increasing age. Also brain weight increase of 3.7 g is independent of sex [58].
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However brain weight increased by 0.78 g/year for 80 years between 1860 and 1940,
amounting to 62.4 g [59]. Cognitive ability is dependent on number of neurons [60].
White matter decreases in old (75–85 years) as compared to young by 11% [61].
Hence, there is a need to revise the toxic reference value of lead in children. The
reference value of 3.5 μg/dl should be revised to guide clinical and public intervention
for individual children [62], because the relationship between encephalization and
intelligence could be affected by low allometric value, when linear regression line was
used [63]. Brain size, different regions of the brain including cerebral cortex, cortical
thickness, frontal cortex, parietal cortex, cerebellum, and experience correlated posi-
tively with intelligence. Therefore, gene and environmental influence plays a key role
in intelligence quotient [64], as such brain size based on cognitive equivalence is
preferred to the encephalization quotient in empirical cognitive studies [65]. Envi-
ronment could affect the development of neural tissues [66].

5. Conclusion

Lead fragments permeate blood–brain barrier of a young human weighing 20 kg
body weight faster than those of humans weighing 40 and 60 kg body weights.
However, rate constant of brain transport, permeability surface area, lead concentra-
tion in the brain, and exposure time of lead are higher in children leading to low
encephalization quotient.

Abbreviations

Hb haemoglobin
PV plasma volume
D depuration
Scr serum creatinine
K constant
Pcr plasma creatinine
RDB required donor blood
RRW recipient real weight
PCV packed cell volume
Cl clearance
DR dose rate
Css steady state concentration
LD loading dose
Vd volume of distribution
HED human equivalent dose
Km metabolism consant
Kin rate constant of lead transport through brain capillary
VECF extracellular fluid volume
α flow rate of blood to the brain
AICF molar amount of lead in intracellular fluid
Kon dissociated lead
Koff original lead
β elimination rate constant of lead
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Chapter 7

Ecotoxicity Effects of Lead Bullets
in Human and Wildlife: The
Consequences of Environmental
Pollution, Low Intelligence
Quotient, Brain Damage and Brain
Overclaim Syndrome
Saganuwan Alhaji Saganuwan

Abstract

Bullets from gunshots made of lead are used to kill and arrest criminals, as they are
also used by criminals to intimidate or kill innocents for psychosocial gains. So the
increased environmental pollution caused by lead from industries, firearms, gasoline,
among others is a source of concern for environmental health specialists, clinical
toxicologists, experimental toxicologists, industrial toxicologists and ecotoxicologists.
Lead can get into body system accidentally via oral, inhalational, epidermal, dermal,
intraperitoneal, and intravenous routes. The toxicokinetic data of lead disposition via
various routes of administrations are quite inconsistent. Hence the set blood limit
concentration has been considered to be incorrect. In view of this, toxicokinetic data
analysis of lead was carried out with intent to determine toxic doses of lead in various
organs, and its toxicological consequences. Findings have shown that at lower doses,
kinetics of lead is linear (first order), and at higher doses the kinetics becomes non-
linear (zero-order). Metabolic processes modulated by lead could be either rate limit-
ing or non–rate-limiting causing induction and inhibition of a myriad of metabolizing
enzymes in liver, brain, kidney, intestine and lung. The LD50 of lead bullet in human
was 450 mg/kg, which caused death in 9.1 days, and penicillamine (18 mg/kg) can be
used for treatment. Mean residence time (MRT) and elimination half-life (T

1

2β
) were

25.8 and 18 days, respectively.

Keywords: plumbism, toxicokinetic, Michaelis-Menten order, brain, half-life, tissue
concentration, bullet, lead, overclaim syndrome, neurosis, pollution
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1. Introduction

Bullets made from lead cause lead intoxication (plumbism), which may be fatal if
left unremoved for a period of time [1]. Fragment of lead radiates in target animals
[2]. The target doses of lead fragments in Andean condors, Turkey vulture and bald
eagle are 45.5–58.2, 20.7–33.8 and 11.5–27.0 mg/kg, respectively [3–5]. Interference of
lead with calcium metabolism can lead to neurological and neuromuscular disorders
via signal transduction of protein kinases, neurotransmitter and calcium [6].
Behavioural and learning deficiencies have been linked to interference of lead with
signalling of brain cells in human and birds [7, 8]. Bullet fragments can be lodged in
body joints and cause anaemia, abdominal colic, nephropathy and neuropathy. The
precipitating factors are infection, metabolic stress and alcoholism [2]. Mass spectro-
metric isotope dilution analysis with chelation therapy was used for the mobilization
of lead from bone [1]. Violence can lead to the use of firearms causing lead poisoning
characterized in part by changes in behaviour, neurological status and death. Clinical
neuronal manifestations are fatigue, malaise, irritability, loss of libido, headache,
encephalopathy, delirium, ataxia, convulsions and motor neuropathy [9]. As low as
10 μg/dl interferes with haem synthesis and increases aminolevulinic acid (ALA) that
suppresses gamma aminobutyric acid (GABA) neurotransmission [10]. Lead concen-
tration less than 4 μm causes acute encephalopathy [11]. Lead exposure (0.25 μg/g) of
brain tissues for 50 days, starting on post-natal day 1, caused abnormal expression of
glial-related genes [12]. Lead (19–31 μg/dl) caused decrease in the size of cortical
column in somatosensory cortex [13]. Placental blood lead (10 μg/dl) caused cognitive
impairment [14]. Bullet lodged in various parts of the body can stay in the body for
3 months to 40 years, and associated neurodiseases are alcoholism, delirium tremens,
thyrotoxicosis and shock. Gunshot after 4 years caused depression with detected
blood lead of 6.7 μg/dl [1]. Intracellular bullets may result in unwanted long-term
complications [15]. After 4 years gunshot, caused malaise and weakness with blood
level of lead 62 μg/dl, whereas gunshot after 3 years caused paroxysmal abdominal
pain and post prandial emesis [16]. Clinical toxic threshold doses for lead fragments in
blood (50–100 μg/dl), liver (6 mg/kg), Kidney (4–16 mg/kg) and bone (>20 mg/kg)
have been reported for Anseriformes, Falconiformes and Accipitriformes, respec-
tively [17]. Lead concentration of blood (<0.2 ppm), liver and kidney (>2 ppm) and
bone (<10 ppm) have been reported for birds not exposed to lead [18], but the cost of
antidotes has increased [19]. Therefore, poisoning severity score can be modified to
assess the degree of bullet toxicity [20] in human and wildlife with a view to curtailing
consequences of lead poisoning.

2. Materials and methods

Literatures were searched for information on acute and chronic effects of lead
bullets in wildlife, young and adult humans, especially in relation to brain damage and
criminology. Some established formulas for determination of LD50 were modified for
determination of acute and chronic toxicity effects of lead in wildlife and human. The
developed formulas were used to determine lethal time fifty (LT50), chronicity factor
(CF), dose of lead that can kill one man, toxic dose rate, target concentration, clear-
ance, effective dose of antidote, volume of distribution, area under curve, mean
residence time and elimination rate constant [21–23]. Up and down procedure (UPD)

136

The Toxicity of Environmental Pollutants



was used to estimate LD50 of bullets, as the initial estimate of the LD50 was within a
factor of the authentic LD50 [24], and has been validated [25].

2.1 Kinetic energy of lead bullet

The velocity of bullet is proportionally more influential than the weight of the
bullet. Therefore, the kinetic energy transferred to the target animal is presented by
the equation given below [26]. Kinetic energy of bullet is the mass of bullet times
squared velocity of the bullet.

KE ¼ 1
2
mv2 (1)

KE = kinetic energy; m = mass of bullet; v = velocity.
Low velocity = 1200 ft./s; medium = 1200–2500 ft./s; high = >2500 ft./s [27].

Bullets from handguns have velocity of <1000 ft./s, rifles (<2500 ft./s) and bullets of
5.56 mm are small but relatively fast. Outer jacket of the bullet determines margin line
of tissue injury which is responsible for bullet moving more than 2000 ft./s [28].

Air rifle pellet that weighed 8.25 grains and of 0.38 calibre received velocity of
101 m/s, but could damage the brain, whereas that of 113 grains of 58 m/s could
damage brain matter [29]. An impactor (bullet) of 200–297 mm2 could exert force of
980–1334 N on parietal bone [30]. Therefore Head Injury Criterion (HIC) is used as
protective measure for skull. It is a function of the period of acceleration at the head
centre of gravity, bearing in mind that head is a one-mass structure:

HIC ¼ t2 � t1
� � 1

t2 � t1

ðt1
t2
a tð Þdt

" #2:58<
:

9=
;max (2)

t1 = initial time (s); t2 = final time (s); a(t) = acceleration at the centre of gravity of
the head; t2-t1 = acceleration window (15–36 ms) [31].

2.2 Determination of calcium-lead concentration in erythrocytes

Erythrocyte volume Vð Þ ¼ 4
3 πa

2xb, where a = larger axis; b = minor axis;
π = 3.1415. Surface area and volume of a single red blood cell are 155 μm2 and 87 μm3

respectively [32]. Calcium concentration (mg/100 ml) to per cent decrease of lead
erythrocytes content is equal to;

% decrease erythrocytes lead content
concofCa2 mixture

¼ 40� 10
8� 4

¼ 1 : 7:5 (3)

2.3 Determination of acute toxicity of lead in rodents

The detection limit of lead (0.04 μg/dl) at 5% level of significance, blood level lead
(0.2–37 μg/dl) and urine lead (9–930 μg/dl) as well as less than 1% of lead transport
from sink to plasma have been considered for calculations [21–23, 33, 34].

Chronicity factor CFð Þ ¼
´LD50

90daysLD50
(4)
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Dose rate DRð Þ ¼ Target concentration TCð Þ � Clearance Clð Þ (5)

Also median lethal time fifty LT50ð Þ ¼ LD50

DP whereas D ¼ LD;

P ¼ Power coefficient 1=3
(6)

Note that ED50 ¼ LD50

3
xWax10�4 (7)

LD50

3
¼ ED50

Wa � 10�4 (8)

LD50 ¼ 3 ED50ð Þ
Wa � 10�4 (9)

LD50 ¼ LT50 �DP ¼ 3 ED50ð Þ
Wa � 10�4 (10)

DP ¼ 3 ED50ð Þ
Wa � 10�4 �

1
LT50

(11)

Therefore:

ED50 ¼ DP �Wa � 10�4 � LT50

3
(12)

Also the volume of distribution Vdð Þ ¼ Dose
Concentration

(13)

Clearance ¼ Dose
AUC

(14)

2.4 Calculation of pulmonary oxygen toxicity of lead

The cumulative pulmonary toxic dose (CPTD) of lead expressed as OTU (oxygen
toxicity units) is calculated thus, partial pressure of oxygen (PO2) remains constant
[35].

OTU ¼ txx
0:5

PO2 � 0:5

� ��5
6

: (15)

Where as tx = time of exposure; PO2 = constant; �5
6 = exponent (�0.8333).

Exposure time tx ¼ Segmenttime x
MaxPO2 � lowPO2

MaxPO2 �MinPO2

� �
(16)

2.5 Calculation of central nervous system oxygen toxicity of lead

CNS oxygen toxicity is calculated thus, PO2 remains constants [36]. Therefore

CNSfraction ¼ TimeatPO2

TimelimitforPO2
¼ TimeatPO2

mPO2 þ b
(17)

where as m = slope of the time; b = intercept for the given range of PO2.
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2.6 Calculation of exposure dose of lead from contaminated environment

The equation for calculation of exposure dose of lead from contaminated environ-
ment [35, 36] is given as follow:

D ¼ C� IR� AF� EF
BW

, (18)

whereas D = exposure dose; C = contaminated concentration; IR = intake rate of
contaminated medium; AF = bioavailability factor; EF = exposure factor; BW = body
weight, but the exposure factor is calculated as follow:

EF ¼ F � EDð Þ
AT

, (19)

whereas F = frequency of exposure (days/year); ED = Exposure duration (years);
AT = averaging time (ED � 365 days/year).

2.7 Calculation of water dermal contact dose of lead

Dose of water concentration of lead that can penetrate dermal layer of skin [35, 36]
is calculated as follow:

D ¼ C� P� BSA� ET� CFð Þ
BW

, (20)

whereas D = dose (mg/kg); C = contaminant concentration (mg/l); P = permeabil-
ity coefficient (cm/h); BSA = exposed body surface area (m2); ET = exposure time;
CF = conversion factor (1 l/1000 cm3); BW = body weight.

2.8 Calculation of soil ingestion exposure time of lead

Dose of lead ingested via soil can be calculated [35, 36] using the following formula:

D ¼ C� IR� ET� CFð Þ
BW

, (21)

where D = exposure dose (mg/kg); C = contaminant concentration (mg/kg);
IR = intake rate of contaminated soil (mg/day); EF = exposure factor; CF = conversion
factor (kg/mg); BW = body weight.

2.9 Calculation of dose of lead particles present in food

Quantity of lead fragments present in the ingested food can be calculated as follow:

D ¼
Xn
n¼i

C� Cri� EF
BW

, (22)

whereas D = exposure dose (mg/kg/day); C = contaminant concentration (mg/g);
Cri = consumption rate of incriminating food (g/day); EF = exposure factor;
BW = body weight (kg); n = total number of incriminating food group [30].
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2.10 Toxicokinetic scaling of lead fragments

Steady state volume of distribution (Vss) of lead fragments is calculated thus:

Vss ¼ 1:22W0:68 where W ¼ body weight of animal (23)

Cl ¼ 0:91W0:5 where Cl ¼ clearance (24)

Vss and Cl are based on plasma concentrations of blood and free lead. However,
the Vss and Clu for plasma free concentration of lead are presented below.

Vss ¼ 247W0:93 (25)

Clu ¼ 186W0:76 (26)

Maximum tolerated dose (MTD) = 47:5e�0:51, e = 2.718 [37].
Relationship between respiratory minute volume and body weight is given by the

equation.

Vm ¼ 0:518W0:802 (27)

A value of 15.6 l/min has been calculated for 70-kg weighed human [38].
Apparent volume of distribution (Vd) related to absolute oral bioavailability is

given as follow:

Vd
F

¼ Dose
AUC� Kel

, (28)

where F = bioavailability; AUC = area under curve; Kel = elimination constant.

Cl=F �MLP ¼ β �Wa (29)

where Cl = clearance; MLP = maximum lifespan potential; W = body weight;
a = exponent.

Dose mgð Þ ¼ Animal AUC� Scaled Human
Cl
F

(30)

AUC = lowest value among species [39].

Blood=Plasma concentration ratio Ppð Þ ¼ 1þH� fu–1ð Þ (31)

whereas fu = fraction unbound in plasma; H = hematocrit (human, 0.44; rat,0.46;
mouse, 0.45; rabbit, 0.36; monkey, 0.36).

Cl ¼ 33:35ml=min x
að Þ0:77
Rfu

(32)

Rfu = ratio of unbound fraction in plasma between rats and humans; a = coefficient
of surface area.

Conc:H ¼ Conc:Ax
DoseH
DoseA

x
WA

WH

� �c

(33)
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TimeH ¼ TimeAx
WA

WH

� �b

(34)

where b and c are exponents of simple allometry of Cl and Vdss, Percent (%) error
between observed clinical concentration and predicted concentration of lead is calcu-
lated thus [40].

%error ¼ Observed� Predicted
Observed

� 100 (35)

The experiment for elimination half-life has allometric exponent of 0.25 [41].
Error involved in prediction of clearance is in most cases >30% [42]. Since inhaled

lead particles can be distributed immediately the following equation can be used to
calculate lead concentration in the blood.

Ct ¼ Coe�kt (36)

Ct= lead concentration at time t; Co= theoretical lead concentration obtained if it
had been inhaled at time t = 0; k = elimination rate constant [43–45].

Ratio of urinary clearance to total body clearance ¼ Clu
Clb

(37)

Ratio of plasma free lead to total body lead ¼ PL
Bl

(38)

2.11 Application of the formulas for calculation of toxicokinetic parameters of
lead

The reported LD50 of lead in human is 450 mg/kg body weight, but LD1 = 450/
50 = 9 mg/kg body weight

i. LT50(d)
LD50

DP ¼ 450
913

¼ 450
2:06 ¼ 218:4

24 h 9.1 days

However, for an adult man weighing 60 kg, the ED50 for lead antidote is
calculated as follows:

ii. (ED50) LD50
3 �Wa � 10�4

(ED50) 450
3 � 60, 000� 10�4

(ED50) 150� 6 ¼ 900

ED1
90
50 ¼18 mg/kg of antidote

iii. Using dose rate (DR) = TC � Cl

1080 = 0.037 � Cl

Cl = 1080
0:037 = 29189.2 kg/h.

29189:2
1000 � 1

24 ¼ 1.24 l/kg/h.
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At concentration of lead = 525 μg/dl.

If LD1 = 9 mg/kg.

Dose of lead for 60 kg man = 60�9 = 540 mg

iv. (Vd=) Dose
Concentration

Vd = 540
525 = 1.028 = 1.03 l/kg

v. AUC = Dose
Clearance

450
1:24 = 362.9 mg/kg/h

vi. β = Clb
Vd = 1:24

1:03 = 1.20 h.

vii. MRT = Vd
Clb =

1:03
1:24 = 0.83 h.

viii. T½β = 0:693
β = 0:693

1:20 = 0.58 h.

3. Results

LD50, ED50, clearance, LD1, and volume of distribution of lead bullet in adult
human, Red grouse, Mallard, Partridge, pheasant, Woodpigeon and Woodcock are
presented in Tables 1 and 2. However indices of lead poisoning at various concentra-
tions are presented in Table 3. Concentrations of lead (≤ 5 � > 100 mg/dl) are

Weight
(kg)

LD50

(mg/kg)
ED50

(mg/kg)
CL

(kg/h)
LD

(mg/kg)
Vd

(L/kg)
AUC

(mg/kg/h)
β
(h)

MRT
(h)

T½β

60 450 18 1.24 9.0 1.03 0.01875 1.16 0.86 0.6

Keys: LD50 = Median lethal dose; ED50 = Effective dose fifty; Cl = Clearance; LD1 = Lethal dose for 1 human;
Vd = Volume of distribution; AUC = Area under curve; β = Elimination rate constant; MRT = Mean residence time;
T½β = Elimination half-life.

Table 1.
Toxico-therapeutic and pharmacokinetic parameters of lead in adult human.

Name of bird Weight (kg) LD50 (μg/kg) ED50 (μg/kg) Cl (kg/h) LD (μg/kg) Vd (I/kg)

Red grouse 0.600 384 7.6 5.49 8 0.07

Mallard 1.063 274 9.7 4.65 5 0.06

Partridge 0.488 267 4.3 4.85 5 006

Pheasant 1.163 360 14 3.68 7 0.10

Woodpigeon 0.453 120 1.8 6.16 2 0.02

Woodcock 0.300 126 1.3 1.23 3 0.10

Keys: LD50 = Median lethal dose, ED50 = Effective dose fifty; Cl = Clearance; LD1 = Lethal dose for 1 human;
Vd = Volume of distribution.

Table 2.
Toxicokinetic parameters of lead bullet fragments in birds.
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injurious to haematological, neurological, cardiovascular, reproductive, renal, immu-
nological and respiratory systems (Table 3). The calculated maximum tolerated dose
of lead for 70 kg weighed man was 337.1 mg/kg. Bioavailability was 82.3%, whereas
62% of lead was cleared in the urine and 42% sequestrated in various tissues of 70 kg
weighed man. Inhaled lead (525 μg/dl) would translate to 622 μg/dl over a period of
5 months with elimination rate of 1.2 h.

3.1 Effects of lead on intelligence quotient

Lead in the brain affects intelligence quotient (IQ) of school age child. IQ mea-
sured at 3.8 years is affected by 5 μg/dl of lead concentration in the brain [44].
The established Benchmark limit doses of 1% extra risk are for intelligence quotient
(IQ- BMDL01) (12 μg/dl), systolic blood pressure, SBP-BMDL01 (36 μg/dl) and
chronic kidney disease, CKD- BMDL01 (15 μg/dl) respectively. Increased blood lead of
1–6.7 μg/dl is associated with mortality from ischaemic heart disease and cardiovas-
cular disease [45] This may likely affect 600,000–900,000 population of Sweden that
consume game meat [46].

4. Discussion

4.1 Median lethal effects of lead bullet in human

The reported LD50 (450 mg/kg) of lead in human indicates that lead is very
dangerous to life. The concentration, 100 mgpb/m3 is unsafe [33]. However, blood
concentration of lead (525 μg/dl) after 5 months caused epilepsy and death, but
10–60 μg/dl for 21 days caused neurological signs [47], as 6.25 μg/dl (0.3 μM)
damaged and reduced dopamine uptake [48] and up to 97.2 μg/dl can cause acute
death [49]. The concentration of pb (>50 μg/dl) at 60-day increased D1 receptors in
the striatum, but decreased D1 receptors in the nucleus accumbens [50]. Lead
(5.2–20.8 μg/dl) reduced glutamine synthetase activity [51], as 38.2 μg/dl caused
abnormal oligodendrocytes [52]. Where blood lead level is below 45 μg/dl, chelation is
not recommended [53]. The calculated 1080 mg of lead poisoning antidote agrees with
the report indicating that, 500–1000 mg of penicillamine can be used for treatment of
plumbism in man [54]. Accumulation of lead in astrocytes altered neurotransmitter
release, receptor density, impaired development and function of oligodendrocytes,
caused abnormal myelin function, neurotrophic factor expression, abnormal dendritic
branching patterns, disruption of blood brain barrier, thyroid hormone transportation
to brain, lowered IQ, impaired neuropsychological function and impaired academic
achievement [55]. Interspecies comparison of lead LD50 between rat and mouse
using regression analysis, showed high correlation of 0.8 and 0.9, respectively. LD50

variability showed 90% probability; 54% in one category, and 44% in adjacent cate-
gory suggesting the possibility of an alternative method to conventional in-vivo
acute oral toxicity test [56]. Blood lead concentration was significantly higher
among Australian consumers of meat contaminated with lead-based ammunition
(≤18.1 μg/dl daily), as compared to non-consumers of lead-based ammunition meat
(≤7.4 μg/dl rarely) [57].
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4.2 Clinical implication of delayed lead bullet elimination

The lead clearance of 1.2 l/kg/h agrees with the reported value of 1.18 l/kg/h [58].
Our findings agree with the report indicating that, other methods can complement the
application of LD50 for discovery of potential toxicants. Such methods could aim at
encouraging replacement, refinement and reduction [23]. Many scaling factors are
determined experimentally, as all scaling factors have uncertainty associated with
them. Mathematics of translation from one species to another requires multiple
experimentally estimated scaling factors [59]. The developmental effects of lead occur
at the age (>2 years). Low level of lead (>10 μg/dl) is associated with adverse effect in
the developing child [60] and inversely proportional to neuropsychological develop-
ment in the first 7 years of life [61]. The reported average blood lead concentration in
child aged 1 and 5 years are 0.03 mg/l (3 μg/dl) and 0.11 mg/l (11 μg/dl), respectively.
The elimination half-life in adult is 1 and 10 months in children [62]. Circulation of
lead after absorption is 30 days. It diffuses into soft tissues including brain, and after
2 min diffuses into bone with blood half-life of 30 days and bone half-life of 20–
30 years [63]. Also, half-life of lead in blood is 1–1.5 months and 25–30 years in bone
respectively. However, Center for Disease Control (CDC) has defined poisoning level
of lead equals or greater than 5 μg/dl [64]. Blood lead concentration of 9.1 μg/dl causes
bad mood, headache, memory loss, daylight drowsiness, trembling, tingling of limb
among others. Hence there is no known level of lead exposure considered safe [65].
This confirms that lead can enter brain because, it has a molecular weight of 207.2 g
[66]. The total elimination half-life of lead is greater than 18 months. The primary
route of elimination is urine [67], suggesting that urine is the most important sample
in forensic toxicology of lead poisoning. Therefore, governments at various levels and
law enforcement agents should curtail the use of lead bullet, so as to avoid damage to
physical and intellectual capacity of affected humans [68]. Blood lead concentration
(391 μg/dl) requires the use of calcium EDTA, but lead (49 μg/dl) can be neutralized
using 600 mg succimer, three times daily for 14 days [69].

4.3 Relationship between brain damage caused by lead, low intelligence quotient
and renal dysfunction

Acute encephalopathy occurs in children of blood lead concentration of ≥80 g/dl
[70], therefore low threshold of 30–70 g/dl has been suggested [71]. Every increase of
10 g/dl in blood lead caused a loss of 4—7IQ points, hence it is difficult to identify a
threshold for decrement in IQ [72, 73]. Renal dysfunction was caused by lead concen-
tration of blood at <40–70 g/dl, and 10 g/dl was associated with 9% reduction in
creatinine clearance [74, 75]. Nevertheless, 85 g/dl blood lead caused increased sus-
ceptibility to cold and >50 g/dl caused significant immunological changes [76], such
as increase in lymphocytes, abnormal T-cell subsets and cellular immune function
[77, 78]. Lead concentration of >62 g/dl inhibited conversion of vitamin 2 into 1.25—
dihydroxy vitamin 2 which was reduced in children with severe renal insufficiency, at
blood lead concentration of 33–55 g/dl [79]. Nevertheless, blood lead concentration of
14 g/dl caused low birth weight, premature birth and increased risk of developmental
abnormalities [80]. Threshold level for hypohaemoglobinaemia is 50 g/dl in adult and
≤40 g/dl in children, respectively [38]. Regulatory bodies such as Control of Lead at
Work (CLAW) and Scientific Committee on Occupational Exposure Limit (SCOEL)
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have recommended 30 g/dl for female workers of child-bearing capacity and 60 g/dl
for men and others. However, European Lead Association has recommended 30 g/dl
for men and 10 g/dl for women with reproductive capacity, respectively [81, 82].
Mean blood lead concentration of pigs that fed on venison was 2.29 g/dl which is 3.6
times higher than that of pig that did not feed on venison (0.63 g/dl). The venison-fed
pig eliminated lead within 6 days of last ingestion [45]. Blood concentration of lead
>5 g/dl is associated with high risk of spontaneous abortion in woman and the con-
centration > 40 g/dl is associated with decreased libido, sperm count and abnormal
morphology of sperm cells [83, 84].

4.4 Effects of lead bullet on human and wildlife, diagnosis and therapeutic
benefit of plumbism

About 0.4 million water birds of 33 species die every year from lead shot in
European Union wetlands, and it cost European Union 105 million euros to replace 0.7
million captive-bred birds for killed ones. Restriction of water birds hunting cost
greater than 100 million euros [85–87]. The milk plasma concentration ratio for lead is
50–100:1 after 24 h in mice, indicating a higher efficient concentration of lead milk of
lactating mice as compared to that of non-lactating mice [88]. Linear biokinetic model
of prehistories/preindustrial children’s blood of 0.06–0.12 g/dl was calculated for two
lead intakes, which was lower than CDC threshold limit value of 10 g/dl.
Toxicokinetics of bone lead that causes resorption with metabolic stimuli is of great
concern for baby growth [89]. However, plumbism in birds cause death in 3 weeks
[90]. The metabolizing enzymes that play very great role in the toxicokinetics of lead
are d-amino-levulinate dehydratase d–ALA–d and porphobilinogen synthetase [91].
The activity of d-ALA-d, an allosteric enzyme with 28 thiol group is inhibited by lead
[92], leading to accumulation of d-amino levulinic acid (d-ALA), whose concentration
in urine of human and other animals is used to diagnose lead poisoning [93]. Sublethal
dose of lead (0.2–0.5 ppm) has been reported with ≥0.5 ppm showing a significant
decreased of d-ALA-d, causing brain damage which can be reversed by zinc.
Haemosynthetase, ALA-dehyrotase and ferrochelatase have antidotal effects [94].
The latter enzyme binds iron to protoporphyrin, an indicator of blood lead, 40 ppm of
the protoporphyrin is a clear proof of plumbism, over 500 pm affects neuromuscular
activity with a consequent change in the motor functions [95–97]. Dimercaprol, a
diethylene triamine pentaacetic acid, D-penicillamine, thiamine and calcium
disodium ethylene diamine tetraacetate chelate lead for elimination. Highly hunted
birds such as red grouse, mallard partridge, pheasant, woodpigeon, woodcock and
deer could have lead fragments that exceeded threshold values of 100–10,000 ppb
[98]. Many lead fragments in the carcasses of killed animals weighed >12–25 mg each,
concentration of blood lead (5.9–18.1 g/dl) has been reported for consumers of game
meats in Greenland and Switzerland and >4.1 millions shots have been reported
against macropods, deer, red foxes, feral pigs, European rabbits and feral goats in
Australia, annually [74], signifying that Australia may have high incidence of plum-
bism among wildlife. One million wild fowl estimated to have been killed by lead
poisoning and ≥3 million sublethally poisoned [17], including Anseriformes,
Falconiformes and Accipitriformes. They were severely poisoned with lead blood
concentration of (>100 g/dl) [18]. Lethal lead concentration range (56–120 g/dl) has
been reported for bearded vulture, Cape vulture and golden eagle [99–103] suggesting
variation in susceptibility to lead poisoning among wild birds. However, concentra-
tion range of 10–47 g/dl was survived, and associated with different isotopes of lead
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[100, 104, 105]. Clinical threshold limit values for lead toxicosis of blood (>0.5 mg/
kg), liver and kidney (>6 mg/kg) have been reported. Fragment sample size of 0.5 to
>5 mm radiate from the wound channel [2]. Concentration of lead in the liver
(28.9 ppm) for bald eagles and 19.4 ppm for golden eagles are sources for concern
[106]. However reduced circulatory erythrocyte volume reduce uptake of lead by
blood [107].

4.5 Exposure to environment lead

Exposure to lead arises from air and surfaces, and absorption occurs via ingestion,
inhalation, percutaneous and transdermal routes. The first two are relevant to firing
ranges, 0.1–5 μm lead can be inhaled, absorbed through the lung and 50% gets dis-
tributed to various parts of biological system. Absorption of ingested lead is >8–10%
[108]. However, 12.5 g/m3 of airborne lead particles of ≤1 μm is of public health
significance and the particles higher than >1 μm are deposited in the upper respiratory
tract [109]. About 70% of workers exposed to lead (50 g/m3) had blood lead of 405 g/
dl and 6% had >505 g/dl respectively [110]. However, 94% of samples of deer killed
with bullets contained fragments of lead, which portend very high risk for scavengers
[111]. Blood lead levels increased with time after injury up to 3 months with fragments
and increasing age, which is 30% higher in the patient whose torsos are affected.
Hence, blood level could be higher (11.8%) at 3 months and 2.6% at 12 months,
respectively. Therefore, there is need for continued surveillance after gunshot [112].
The uncertainty in predictive power of algometric scales remains a concern in plum-
bism caused by lead bullet. Hence, the scales can only apply for exploratory research
[113]. The uncertainty and availability, both in terms of inter-subject and application
associated can be significant [114]. Natural isotopes of lead; 204 pb, 206 pb, 207 pb,
and 208 pb constitute manufactured lead in various percentages, and their measure-
ments in human and wildlife could be compared with their potential sources for
environment risk assessment [2].

4.6 Lead causes cognition impairment

Lead causes impairment of neurodevelopment, cognition and behavioural devel-
opment in the foetus and young child. The source of plumbism from wild birds killed
by ammunition is significant among 5 million people in European Union countries
[45]. The half-life of lead in blood and bone is 30 days and decades, respectively [115].
Unfortunately, maximum level (ML) for lead in game animals has not been set in the
Codex Alimentarius General Standard for contaminants and toxicants [116], and by
European Union [117], leading to concentration of 690 μg of lead fragments in wild-
shot moose carcasses in Finland, Norway and Sweden [45]. Daily blood lead (12 μg/l)
and lead intake (0.5 μg/kg) can affect intelligence quotient (IQ) of a child [118]. Bullet
position may preclude surgical removal in order to avoid exacerbation of neurologic
damage. The complication of the removal may be due to immediate migration of the
fragment [119]. Retention of lead fragments in joint space is associated with increased
risk of lead poisoning, and joint disruption leading to synovial metaplasia [120]. Good
radiography and clinical findings are highly essential, for identification and complete
surgical removal of bullet fragments, that may have high potential of distribution to
various parts of biological system [121]. Injuries from bullet are most severe in brain
and liver, causing temporary cavitation far from the actual bullet track. Bone and
subcutaneous fats are highly resistant to bullet injury [122, 123]. Toxic leads widely
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used to hunt game animals and varmints are a source of environmental pollution. Lead
and bismuth are highly frangible [26] and about 90% of the total burden of lead is
found in bone and 5% in plasma, which pass through the cell membrane and cause
toxic effect in brain, red blood cells, liver among others. In view of this, the knowl-
edge of lead kinetics is of prime importance to a greater and better understanding of
lead toxicity, as the risk of its adverse effects is very high [124]. Substitution of toxic
lead bullets for non-toxic bullets such as steel, bismuth and tungsten may be possible
alternative of curtailing lead poisoning from firearms, and phasing-out period of lead
bullets could reduce cognition impairment [125]. Rationales used to remove lead from
paints, gasoline and household items should be applied to lead-base ammunition
globally, an issue that regularizes international intervention [126]. About 45% of
surveyed states and provinces in the USA and Canada have non-toxic short regulation
above federal water fowl regulations [127].

4.7 Forensic implication of lead poisoning

Regulatory toxicology consists of collection, processing and evaluation of epide-
miological and experimental toxicological data, that end up in a decision for protec-
tion of health against toxic substances [128]. Clinicians treating plumbism from
gunshot must be aware of potential incompatibilities between drugs and lead [129].
Mathematical modelling is becoming increasingly relevant for drug development
[130]. One in every five injuries caused by firearm is fatal [131]. Ballistic weapon can
move with a velocity of 915 m/s, whereas bullet can move up to 610 m/s [132]. Hence
there is need for anatomical mapping of the target organs. Neck injuries caused by
bullet are described according to the anatomical zones (1–111). Zone I extends from
clavicle to cricothyroid membrane, zone II from cricothyroid membrane to the man-
dibular angle and zone III from mandibular angle to base of the skull [133]. But
advanced neurotrauma research can improve the quality of life of patients that suffer
from traumatic brain injuries [134].

4.8 Relationship between lead poisoning and brain over claim syndrome

Brain over claim syndrome (BOS) is about the relationship between neuroscience
and criminal responsibility, distinguishing between internal and external critiques
based on neuroscience [135]. The brain holds the key to mind and behaviour, which is
useful to the law [136]. Criminal behaviour and violence are worldwide public health
problem, since criminal behaviour has neurobiological basis with judicial implication.
The affected brain pathways are genetic (foetal neural development), hormones and
neurotransmitters (cortisol and testosterone), psychophysiology (e.g., low resting
heart rate, low electroencephalography), brain imaging and neurology (reduced
frontal lobe function) with attendant legal context (punishment, prediction and
prevention) [137], respectively. Morality is part of human judgment, behaviour and
mind. Frontal, temporal and cingulate cortex mediate between emotion and reason-
ing, amygdala, hippocampus and basal ganglia play vital role in morality. Therefore,
genetic polymorphism, endocrine and environmental factors could modify the psy-
chology of morality. Hence, abnormal behaviour can arise from structural brain stim-
ulation [138], especially the anterior cingulate which causes empathy, orbital
prefrontal cortex (causes regret), ventromedial prefrontal cortex (PFC) (ethical dis-
cussion), ventrolateral PFC (inhibits behaviour) and dorsolateral PFC is for reasoning
[139]. Relationship between lower intelligence, crime and custodial outcomes has
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been established [140]. Also established is a very strong association between preschool
lead and subsequent crime rate trends over decades in USA, Britain, Canada, France,
Australia, Finland, Italy, West Germany and New Zealand [141]. Nevertheless,
removal of lead from petrol since 1975 has led to the decline of crimes in the USA
[142], because inhalation of lead content of petrol from 2 g to 0.5 g per gallon
between 1975 and 1980 was highly reduced [143]. Atmospheric exposure could cause
aggressive crime in children [144].

4.9 Arsenic can mar litigation caused by lead bullet

Since lead decreases arsenic bioavailability [145], it can reduce the chance of
arsenic poisoning and vice versa. Hence there is need for knowledge of toxicokinetic
changes of lead for better evaluation and interpretation of preclinical safety and
clinical hazard [146]. Also the dose of bullets can be used to deduce lead concentration
in the body, and the area under curve (AUC) base line should be compared with lead
AUC response to eliminate uncertainty and variability [147]. This may be highly
beneficial in biopsy [148] and autopsy of living or dead person tissues, affected by
lead bullets. Under this condition, statistical moment theory instead of the compart-
mental model may be used to calculate mean residence time [149]. Elimination and
absorption rate constants and volume of distribution may vary with age, gender,
weight, clinical status, genetic variability and co-administration of lead with another
drug or toxicant. Hence therapeutic monitoring of plumbism is very important [150].
Therefore, Pharmacokinetic/Pharmacodynamic (PK/PD) relationship is very impor-
tant guide for identifying susceptibility and treatment potential of poisoning from
lead bullets [151]. Lead distribution and clearance were 2.5 and 4 times higher in
lactating and non-lactating animals respectively [152], and 10 μg/dl limit issued by
Centre for Disease Control (CDC) is relatively high [89]. Relationship between blood
lead concentration and lead intake is non-linear, [153], but at low concentration the
kinetic is linear and at 60 μg/dl in erythrocytes which corresponds to blood level of
25 μg/dl, the kinetic becomes non-linear [153], indicating that lead kinetics is
Michaelis–Menten. Accessibility pool parameters (Vd, Clb, β, MRT) can be used
compartmentally and non-compartmentally [154]. Gunshot residue and shooting dis-
tance could be used to determine contact and near contact wound in putrefied or
charred bodies [155, 156]. In conventional rifles and gun bullet projection, the projec-
tile requires high altitude and glides with subsonic speed and a good ratio lift/drag.
This is applicable with bullets having projectiles of 2–5 times [157]. Threshold level
(25 μg/m3) in air is dangerous to health [158]. Velocity of 150–170 fps is required by
bullet to penetrate skin [121]. But bones change the speed of bullets greatly, by
changing their course and slowing them down [159]. Origin of bullet can be deter-
mined using the major/minor axis which determines the impact angle, although mod-
ern laser methods provide better results. Semi-automatic gun and bullet system
(7.62 mm) is more effective [160]. Toxicosis from lead ammunition in predatory and
scavenging birds have been reported in Argentina, Chile, Swiss Alps, Namibia, South
Africa, Botswana, Israel, French Pyrenees, Spain, Iberian Peninsula, Sweden, USA,
Granada, UK, Japan, Poland, Finland, Ireland, Portugal, Italy and Canada [17]. Inter-
national suspension limit of blood lead is 10–70 μg/dl in females and 20–70 μg/dl in
males, respectively. However, 5–80 μg/dl and above can cause hypertension, kidney
dysfunction, neurocognitive deficits, colic, gout, sperm abnormalities, anaemia,
peripheral neuropathy and encephalopathy (Table 3). Hence, there is narrow margin
of safety between blood lead suspension and subclinical effects [161]. Therefore, the
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1899 Hague Declaration is about abstinence from the use of bullets; an effective treaty
applied for over 100 years, but may likely face modern challenges [162]. At short
range of shooting bullets, the amount of energy absorbed is increased which is pro-
portional to striking velocity [163]. Jauhari experimented on bullet crochet, defined as
deflection of a bullet from its course by firing low velocity handgun cartridges on
targets [164].

4.10 The importance of ban on the use of lead ammunition

Gun at 0.436o hit the centre of a target 1 m off the ground and 1 km away with an
air temperature of 27.2°C. Hence hollow bullet has more drag and hit the centre of the
target at a different angle [165]. Bullets from high velocity modern rifles produce lead
fragments, and lead shot (6.1 μg/g) could kill birds, when the meats from such birds
were consumed, blood concentration (15–128 mg/l) was detected in the blood of
human consumers, as well as 24–50 and 9–180 μg/l were detected in mothers and
newborns, respectively [166]. Low blood lead concentration (LBLC) is associated with
decreased intelligent quotient (IQ) in children [167]. Hence the use of lead ammuni-
tion has been banned in the USA, Canada, Mexico, Oceania, Austria, Japan, South
Africa, Bennin, Guinea-Bisau, Sudan, Denmark, Norway, Netherland, Finland and
Sweden on some categories and species of birds [168]. But 3 mm lead pellet and
3.4 mm steel pellet each weighed 250 mg. Increasing diameter by 0.5 mm compensates
for steel’s lower density [169]. Over 90% of ammunitions manufactured in the world
contain lead [170]. Pattern density is the primary factor that influences types of
ammunition performance [171]. A high lead load (45–52 mg) per 100 g wet weight and
the embedded pellet per body mass (1.21/100 g) in woodcock portend high health risk
to consumers [172]. Exit wound caused by bullets are very rare at close range [173]. But
sabot bullet made from lead alloy and plastic tends to be the most dangerous in soft and
medium density materials. However, the effect of lead ammunition in non-quarry
species of animals is unknown [174]. All these are very specific in forensic toxicology
that can be relied upon in justice delivery, and provision of solution for criminal cases
[175]. Hence forensic scientists play critical role in the determination of various risk
factors in litigations related to the medical and legal cases [176], which are related to
complete penetration of bullet into brain, that may cause death or incomplete pene-
tration that may cause death or survival [177]. Hence, there is need to reduce level of
lead exposure in overall population with a view to having healthy and safe environ-
ment [161], >0.1 mg/kg concentration has been reported for bovine, sheep, pigs and
poultry, a dose that exceeds European Union Maximum level of 100 ppb [178], fulfill-
ing the expectations of the community and justice [179], bearing in mind that wildlife
could serve as source of potential lead bullet poisoning [3, 5, 173, 180–185]. Neverthe-
less renal damage could be confirmed legally by applying the reported investigation
protocol [186]. European Chemical Agency (ECHA) has proposed a restriction on lead
use in sports shooting, hunting and fishing. The restriction could reduce lead emissions
by 630,000 tonnes over 20 years, representing 72% lead reduction [187].

5. Conclusion

Lethality of lead bullet is dependent on the body weight, median lethal time, doses
of lead fragments released per unit time, concentration of lead in the brain, volume of
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distribution, elimination rate constant, mean residence time and elimination half-life
of the lead fragments, which could be detected within 100 days after gunshots. Brain
damage caused by lead fragments appears to be associated with low level of intelli-
gence and brain over claim syndrome. Hence, forensic pathologists, police and the
concerned judges should take note of prevailing conditions during gunshot attack.
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Abstract

The use of synthetic dyes began in 1865 with the discoveries of researcher William 
Henry Perkin. Its production and use only grew due to the high demand of several 
industrial sectors, mainly textiles. At the same time, concerns about environmen-
tal problems arose due to the disposal of wastewater with dyes, being the textile 
industry’s effluents the most polluting in the world. According to their structure, 
dyes can be more or less harmful, whereby azo dyes are the most worrisome from 
an environmental point of view. Problems, such as carcinogenicity, mutagenicity, 
and genotoxicity, are related to dyes, as well as contamination of water, and soil, and 
damages to agricultural plantations. Some of the methods used in the treatment of 
textile industrial effluents are membrane filtration, coagulation, chemical oxida-
tion, biodegradation, photocatalytic degradation, phytoremediation, and enzymatic 
remediation. Enzyme remediation is considered an efficient, ecological, and innova-
tive technique, through which enzymes can be used in free or immobilized form. The 
main enzymes involved in the degradation of azo dyes are azoreductases, laccases, 
and peroxidases. In some cases, harmful by-products are formed during the reactions 
and require proper management. Thus, this chapter addresses the main aspects of 
enzymatic bioremediation of dyes present in effluents from the textile industry.

Keywords: azo dyes, azoreductases, dyes and colorants, emerging pollutants, 
enzymatic remediation, microbiological remediation, wastewater treatment

1. Introduction

The history of dyes began over 4000 years ago, and for many years, dyes were 
extracted from natural sources, such as flowers, vegetables, wood, insects, and roots, 
among others [1]. The synthetic dye industry began with the synthesis of mauveine, 
by researcher William Henry Perkin, in 1865. This dye, which until then was extracted 
from coal tar, was synthesized by Perkin while the researcher was looking for a 
new synthetic route for quinine, a drug used to treat malaria [2]. Perkin’s discovery 
marked the creation of a new generation of dyes [3].

Synthetic dyes are organic compounds that are produced from raw materials of 
petrochemical origin. Such compounds may or may not be soluble in water, are gener-
ally easily absorbed, and quickly impart color to substrates [1]. Structurally, dyes 
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contain three essential groups: the chromophore, which is the active site of dyes where 
atoms interacting with visible electromagnetic radiation are located [2]; auxochrome, 
which has functional groups that introduce the chromophore, increase the fiber’s 
affinity to color, and decrease its solubility in water [4] and conjugated aromatic 
structures, such as benzene, anthracene and perylene rings [2]. Dyes are classified 
according to their chemical structure and application mode. Thus, according to 
the chemical structure of the dye, this is classified into azo, anthraquinone, sulfur, 
phthalocyanine, and triarylmethane [2]. Depending on its method of application, the 
dye is classified as reactive, direct, dispersed, basic, and by vat dyeing [5].

The chemical composition of the dye reflects in its pigmentation (formation of its 
color), being also responsible for the lighter or darker tone of each dye. The coloring 
is due to the absorption of light of a certain wavelength in the visible range of the elec-
tromagnetic spectrum, that is, the dye is a molecule capable of absorbing certain light 
radiations and then reflecting the complementary colors [6]. Table 1 brings together 
the main classes of dyes used in the textile industry, the types of fiber or substrates 
to which the dyes of each class are applied, the types of interaction between dye and 
fiber or substrate, and the methods of application or dyeing.

Dyes are materials of great importance in different industrial sectors, such as fab-
ric production, papermaking, plastics, cosmetics, as well as in medicine and biology 
[8]. Currently, the world production of dyes is about 800 tons a year and most of the 
dyes produced, about 70 million tons a year, are used in the textile industry [1].

With high world production, the textile industry occupies the second place among 
the industrial sectors that most pollute since during the dyeing stage a large amount 

Classes Fiber type Interaction between 
dye and fiber

Method of application

Acid dye nylon, wool, silk Electrostatics; 
hydrogen bond

Neutral to acid dye baths.

Basic dye modified nylon, 
polyester

Electrostatics Acid baths.

Direct dye cotton, rayon, 
leather, nylon

Intermolecular forces. Neutral or slightly alkaline baths containing 
additional electrolytes.

Dispersed 
dye

polyester, 
polyamide, 
acetate, plastic, 
acrylic

Hydrophobic - solid-
state mechanism

High or low-temperature pressure 
transport methods.

Reactive 
dye

cotton, nylon, silk, 
wool

Covalent bond Under the influence of heat and pH of the 
medium, which must be alkaline, the dye 
reacts with the fiber functional group, with 
which it covalently bonds.

Sulfur dye cotton, rayon Covalent bond Aromatic substrate covered with sodium 
sulfide and reoxidized to sulfur-containing 
products, insoluble in fiber.

Vat dye cotton, rayon Impregnation and 
oxidation

Water-insoluble dyes are solubilized 
by reduction with sodium hydrosulfite 
and then exhausted into the fiber and 
reoxidized.

Table 1. 
Main classes of dyes used in the textile industry, types of fiber to which the dyes of each class are applied, types of 
interaction between dye and fiber, and methods of application or dyeing [7].
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of dyes is released into the environment due to the nonadhesion of the dye to the 
substrate to be dyed [2]. Therefore, the search for economically viable and ecologi-
cally sustainable alternatives for the treatment of effluents containing textile dyes is 
of extreme importance and interest, whereupon bioremediation is a process that can 
help to solve this industrial problem.

This chapter brings together the main and most recent information reported 
in the scientific literature on the enzymatic bioremediation of dyes from textile 
industry effluents. In this context, the negative impacts of dyes used in this 
industrial segment on human and animal health are discussed, as well as methods 
conventionally used for the treatment of industrial effluents containing dyes, the 
principles of enzymatic bioremediation, the enzymes used in this process, and their 
by-products.

2. Negative impacts of textile dyes on human and animal health

Textile industry effluents are considered the most polluting compounds both 
by the volume generated and discarded and by their toxicity [9]. Wastewater from 
the textile industry is estimated to contain between 10 and 200 mg L−1 of dyes, as 
well as other organic chemicals, inorganic compounds, and additives. Even after the 
treatment of such effluents, about 90% of the dyes are still dumped in water bodies 
without undergoing chemical changes [1]. The biodegradation of such dyes is ham-
pered by their xenobiotic nature, aromatic structure, high thermal resistance, and 
photostability [4].

In recent studies, Gita et al. [9] have observed that the toxicity of dyes is generally 
low for mammals and aquatic organisms, however, secondary products formed by 
biodegradation, especially aromatic amines from anaerobic dye reduction, can be 
harmful. In addition, these authors found that the concomitant presence of dyes and 
other pollutants in textile wastewater, such as heavy metals, can have a synergistic 
effect, causing considerable damage to the aquatic environment.

The main concern about the discharge of dyes is the presence of genotoxic, 
mutagenic, teratogenic, and carcinogenic effects, observed in animal studies [9]. 
Carcinogenicity is related to the formation of ions that bind to DNA and RNA, 
causing mutations and leading to the formation of tumors. In this sense, benzidine 
and 2-naphthylamine dyes are associated with a high incidence of bladder cancer 
[10]. Azure-B dye is capable of interspersing in the helical structure of the DNA and 
may have cytotoxic effects since it is an inhibitor of monoamine oxidase A (MAO-
A), an enzyme that acts on the central nervous system and is important to human 
behavior [10]. Sudan 1 dye, widely used in the textile industry, although illegal in 
many European countries and the US, is also used in foods, such as paprika. Such 
dye, when present in the body of humans and animals, is transformed by the action 
of enzymes in carcinogenic aromatic amines [10]. Furthermore, human exposure 
to dyes can still generate skin and lung irritations, headaches, congenital malforma-
tion, and nausea [11].

Triphenylmethane dyes are phytotoxic to agricultural plantations, cytotoxic to 
mammals, and generate tumors in several fish species [10]. The violet crystal dye is 
also a powerful carcinogen, capable of inducing tumors in fish, such as hepatocellular 
carcinoma and reticular cell sarcoma in several organs [10].

Some of the main environmental problems related to the disposal of synthetic dyes 
are—i. contamination of surface water, which leads to decreased penetration of light, 
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with damage to photosynthesis and consequent oxygen deficiency; ii. accumula-
tion of nonbiodegradable organic dyes along with the food chain; iii. Soil and water 
contamination, and iv. inhibition of growth and development of various crops of 
agricultural interest [4].

In the literature, a correlation is described between the increase in the concen-
tration of dyes and the decrease in the growth of microalgae, reaching the total 
suppression of their growth [9]. In that study, different concentrations of three 
dyes were used to evaluate the specific growth rate of green algae Chlorella vulgaris 
exposed to dyes. Such findings are important because the inhibition of microalgae 
growth causes disturbances in the trophic transfer of energy and nutrients in aquatic 
environments [4].

Aquatic macrophytes are used as natural ecological markers to quantify the 
phytotoxicity of textile dyes when exposed to effluents that contain those since there 
is a change in all their parameters [4]. In the presence of two textile dyes, Lemna 
giba, an aquatic macrophyte, had its growth rate and photosynthetic pigment con-
tent decreased. The authors of the study concluded that this species can be used as 
a bioindicator of polluting dyes [12]. High concentrations of dyes are reported to 
decrease vital elements, such as P, Mg, Ca, S, and Ca in plants of Eichhornia crassipes 
and Salvinia natans, which also presented damaged roots, chlorosis, and necrosis in 
leaves [13].

Among thousands of dyes studied, found in effluents, more than 100 have the 
potential to form carcinogenic amines. However, these potentially toxic dyes are still 
marketed and used, especially in small textile factories. In several places around the 
world, the demands of export and cheap labor sustain the existence of factories with a 
small-scale activity that clandestinely releases toxic dyes into water bodies [10].

2.1  Textile industry effluents: Composition and conventional methods of 
treatment

Textile industry effluents contain large quantities of biodegradable organic 
compounds and nonbiodegradable compounds [14]. According to the literature, there 
are more than 8000 substances, such as acids, surfactants, salts, metals, oxidizing 
agents, reducing agents, as well as dyes and their auxiliaries [15]. Wastewater from 
the textile industry contains characteristic color, resulting from the mixture of dyes, 
in addition to the presence of metals, organic carbon, ammonium salts, nitrate, and 
orthophosphate [5].

Due to the environmental impact of this type of effluent, pretreatment is neces-
sary before such compounds are released into natural water bodies, and the textile 
industry shows interest in controlling this problem [14]. However, even after treat-
ment, effluents are still discarded in rivers with up to 90% of dyes that have not 
undergone chemical changes [1]. Table 2 shows information related to the studied 
treatment processes for the removal of textile dyes from industrial effluents and the 
main results obtained, as reported in the literature.

The composition, as well as the standards allowed for each substance present in 
the composition of effluents from textile factories, aiming at its release in surface 
water bodies, vary according to the standards of each country. In China, the chemical 
oxygen demand (COD) and chrominance of wastewater from dyeing and finishing 
processes cannot exceed 80 mg L−1 and 60, respectively, so that such effluents can be 
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Name of dyes Treatment Method Main Results Reference

Reactive Yellow 
138, Reactive Red 
231, and Navy 
HEXL® Procion

Electrolysis, carried out 
in a filter-press cell, under 
galvanostatic conditions.

Complete discoloration (99%) was 
observed in all cases.

[14]

Reactive Red 120 Biodegradation and dye 
biosorption by Pseudomonas 
guariconensis.

The immobilized VITSAJ5 
bacterium exhibited maximum 
adsorption of 87%.
There was only 37% of removal 
without immobilization of the 
microorganism.

[15]

Malachite Green, 
Reactive Red 
198, and Direct 
Yellow 31

Chitosan adsorption. The amount of dye adsorbed 
depends on the mass of the 
adsorbent and decreased with its 
increase.

[16]

Basic Blue 9 
(MB), Basic 
Green 4 (MG), 
and Acid Orange 
52 (MO)

Adsorption using synthesized 
materials

Fast adsorption of MB, MG, and 
MO in the initial 60 min.
After 240 min, adsorption 
equilibrium is reached.

[17]

Basic Blue 26 
(BB26), Basic 
Green 1 (BG1), 
Basic Yellow 2 
(BY2), and Basic 
Red 1 (BR1)

Adsorption on carbonaceous 
materials (acai seeds and 
Brazil nut shells), activated in 
the following ways: chemical 
activation with H3PO4, heat 
treatment, and oxidation with 
HNO3.

The adsorbents activated by 
heat treatment showed good 
performance for the removal of 
BB26 (87 and 85%) and BG1 (100 
and 99%) but were not efficient for 
the removal of BY2 and BR1.
Chemical activation was the most 
efficient for all dyes tested.
Oxidation with HNO3 showed the 
worst results.

[18]

Diamine Green 
B (DG-B), Acid 
Black 24 (AB-
24), and Congo 
Red (CR)

Cellulose adsorption on 
cationized rice husk (CRHC).

Maximum adsorption capacities 
of DG-B, AB-24, and CR: 207.15, 
268.88, and 580.09 mg g−1 at 
pH = 8, respectively, following the 
order CR > DG-B > AB-24.

[19]

Methylene Blue 
(MB)

Photocatalytic degradation 
of organic dyes with 
nanocomposites

Synthesized nanocompounds 
showed high catalytic activity for 
the reduction of methylene blue 
under solar irradiation, efficiency 
of up to 90.1%, simple and low-cost 
method.

[20]

Basic Yellow 28 
(BY28), Acid 
Brown 75 (AB75)

Adsorption of cationic and 
anionic dyes by natural clays 
rich in smectite.

BY28: removal efficiency increased 
(97%) with increasing pH.
AB75 anionic dye: adsorption was 
high in acidic medium (86%).

[21]

Reactive Violet 5 
(RV5)

Decolorization of azo-reactive 
dyes using sequential chemical 
treatment and activated sludge.

Almost complete decolorization 
was obtained for dye concentrations 
up to 300 mg L−1.
Fenton’s reagent was 
unable to decolorize at 
concentration ≥ 500 mg L−1 (87.4% 
dechlorination).

[22]
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released into the environment. In the United States, according to the Environmental 
Protection Agency (EPA), the limit value for COD is 163 kg per ton of fabric, 
however, in practice, cod effluents are up to 15 times higher than the legal standard 
[27]. Therefore, it is essential to apply efficient treatment strategies that ensure the 
complete removal of pollutants or that ensure the sustainability of the environment 
for future generations through physical, chemical, and biological technologies or a 
combination of them [10].

Physical methods, such as membrane filtration (nanofiltration, reverse osmosis, 
electrodialysis), sorption techniques, or chemical methods, such as coagulation or 
flocculation combined with flotation and filtration, flocculation by precipitation, 
electroflotation, and electrokinetic coagulation, considered for the removal of various 
dyes, do not degrade them. Such methods simply promote the reduction of the con-
centration of dyes, converting them from one chemical way to another, thus creating 
secondary pollution [6]. Among the several processes used for the removal of waste-
water dyes, such as chemical oxidation, biodegradation, electrochemical treatment, 
adsorption, and photocatalytic degradation, the use of photocatalyst provides good 

Name of dyes Treatment Method Main Results Reference

Procion Red 
HE-3B (RR120)

Photoelectrocatalysis Treatment proved to be efficient, 
with up to 100% of decolorization 
in 30 min, concentration 10 mg L−1 
of the dye RR120.
The efficiency is only effective at 
low concentrations, with increasing 
concentration the decolorization 
occurs to a certain extent, then 
stabilizes.

[23]

Reactive Red 120 Simultaneous adsorption, 
filtration, and 
photoelectrocatalytic oxidation 
processes

The simultaneous performance of 
the treatments demonstrated that 
the dye was completely removed in 
solution.
No pretreatment of intermediate 
by-products was necessary.

[24]

Acid Blue 25 Adsorption The absorbent material was shown 
to reach an equilibrium constant in 
270 min, as was observed to reduce 
absorption with alkaline solutions.
The mortality rate of Daphnia 
similis reduced from 50–10% using 
30 mg of quaternary chitosan 
granules when compared to the 
control.

[25]

Acid Blue 25 Adsorption Chitosan beads 
(CB) and chitosan beads with 
immobilized Saccharomyces 
cerevisiae by zeta potential 
(CBY)

The adsorbent with immobilized S. 
cerevisiae reached equilibrium faster 
than the chitosan polymer alone.
The adsorption capacity 
increased in both treatments with 
acidification, and also varied with 
temperature.
There was a significant decrease in 
toxicity with the CBY treatment.

[26]

Table 2. 
Examples of treatment processes used to remove textile dyes.



173

Enzymatic Bioremediation of Dyes from Textile Industry Effluents
DOI: http://dx.doi.org/10.5772/intechopen.103064

results with high efficiency, low cost, speed, and better performance in environmen-
tal conditions when sunlight is used in the process [28].

Several natural materials, such as chitosan, are used in physical dye adsorption 
processes. Chitosan is a modified natural biopolymer, derived from the deacetylation 
of chitin, which is the most abundant polymer on the planet, derived from impor-
tant biomass produced by inferior plants and animals, such as arthropods, shells of 
crustaceans, lobsters, shrimps, crabs, and squid [16]. Adsorption is one of the most 
efficient methods for removing dyes, however, there is a need for further treatment of 
the residue resulting from the process.

In addition to the physical and chemical processes aimed at the removal of dyes 
from wastewater, biological processes also play an important role. Among the biologi-
cal methods that can be used to remove dyes from industrial wastewater, phytoreme-
diation is a process that has advantages compared to chemical and physical methods 
of removal. The removal of textile dyes by plants occurs by adsorption, accumulation, 
and subsequent degradation, mediated by enzymes [29].

In situations where the application of chemical products must be continuous, 
the use of microorganisms may be considered a simpler and low-cost process, since 
microorganisms can be added only once in the effluent to be treated, as they have 
the potential to multiply [30]. Within this context, the activated sludge is commonly 
used in bioreactors for effluent treatment, which is one of the most used processes 
by the textile industry [10]. Another possible biological method for the treatment of 
effluents is the use of bacterial cultures. The isolation of pure cultures from textile 
wastewater is usually not performed, as it can be a slow and laborious process. Thus, 
mixed bacterial cultures are commonly used, which, due to cooperation to achieve a 
potentiated effect, provide better results in discoloration and mineralization of toxic 
aromatic amines [1].

3. Principles of enzymatic bioremediation

Bioremediation techniques have been gaining increasing prominence worldwide 
due to high public acceptance, low cost compared to conventional remediation 
methods, high availability of enzymes, and minimal impact on the environment [31]. 
The exploration of enzymes for bioremediation has been of great interest due to their 
ability to function in wider ranges of pH and temperature, in the presence of contam-
inants and saline concentrations [32]. Enzymatic bioremediation is an ecological, eco-
nomical, promising, and innovative technique. The process consists of exploring the 
typical characteristics of microorganisms or genetically modified organisms capable 
of producing specific enzymes to catalyze or metabolize the pollutant, transforming 
the toxic form into a nontoxic form and sometimes into new products [33].

Among the enzymes involved in bioremediation processes are laccases, dehaloge-
nases, and hydrolases. Laccases are enzymes capable of catalyzing the oxidation of 
phenolic compounds, aromatic amines, and their compounds. Dehalogenases degrade 
a wide range of halogenated compounds by cleaving C – X bonds (X = halogen atom, 
such as Cl). Hydrolases break chemical bonds using water and convert larger mol-
ecules into smaller molecules, decreasing their toxicity. These enzymes facilitate the 
cleavage of C – C, C – O, C – N, S – S, S – N, S – P, C – P bonds [33].

Enzymes can be used in free or immobilized form, the latter having the following 
advantages—long-term operational stability, easy recovery, and reuse in industrial 
applications, which improve process performance and lower overall cost [34]. 
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Immobilization consists of coupling the enzyme with an insoluble support matrix 
to maintain an adequate geometry, which guarantees greater stability to the enzyme 
[32]. The bioremediation process using microbial enzymes can be slow and so far, 
only a few bacterial species have been able to produce enzymes with potent biodegra-
dation capacity. Thus, the use of genetically modified organisms is more common due 
to their ability to produce large amounts of enzymes under optimized conditions [33].

Enzymes from aerobic bacteria, such as Pseudomonas, Alcaligenes, Sphingomonas, 
Rhodococcus, and Mycobacterium, are often used in the bioremediation of pesticides 
and hydrocarbons, while those produced by anaerobic bacteria are more used in bio-
remediation of polychlorinated biphenyls (PCBs), trichloroethylene (TCE) decolor-
ization, and chloroform. The main enzymes used in bioremediation processes include 
those of the cytochrome P450 family, laccases, hydrolases, dehalogenases, dehydro-
genases, proteases, and lipases [33]. Fungi can also biodegrade, generally mediated 
by enzymes, such as azoreductases, lignin peroxidases, manganese peroxidases, and 
laccases. White rot fungi, for example, are capable of degrading textile dyes through 
peroxidases and laccases [10].

In the treatment of effluents from the textile industry, enzymes act on the dyes, 
generating precipitates that can be easily removed or chemically transformed into 
easy-to-treat compounds [35]. The rate of dye degradation by enzymes will depend 
on the chemical structure of the dye, salt content, the concentration of metal ions, 
pH, and temperature of the wastewater [36]. The enzymatic degradation of pollut-
ants in textile effluents has several advantages, such as specificity and selectivity 
to the substrate, in addition to being an accessible, efficient method that meets the 
principles of green chemistry [37]. The requirement of large amounts of enzyme, 
high cost, thermal instability, inhibition of enzymatic activity, attack of certain 
enzymes by proteases, and the formation of undesirable by-products are the main 
difficulties or challenges related to the use of enzymatic degradation for wastewater 
treatment [30].

Some of the problems listed can be solved, at least partially, by immobilizing 
effective enzymes in low-cost matrices, leading to their separation and reuse, in 
addition to application in continuous bioreactors [30]. To control the reactions in the 
biodegradation process, the use of enzymes is often more advantageous than the use 
of cells [37]. As for the high cost of the enzymes themselves due to the fact of trying to 
obtain an enzymatic solution as pure as possible, the tendency is that it will decrease 
as technologies and techniques advance and the exploration of cheaper growth 
substrates for the reproduction of microorganisms increases.

3.1  Main enzymes used in the bioremediation of textile dyes and toxicity of 
degradation by-products

Enzyme-mediated bioremediation has gained notoriety due to its versatility and 
efficiency in the degradation of persistent organic pollutants, thus being applied in 
industrial, biotechnological, and environmental processes [38]. These enzymes can 
be obtained from the extraction of intracellular and extracellular metabolites from 
cultures of certain species of bacteria, fungi, algae, and plants [39].

Table 3 shows some studies related to the degradation of dyes by enzymes pro-
duced by microorganisms. As it is shown, many of the tested can decolorize the dyes, 
as well as provide a decrease in their toxicity, as in the case, for example, of horserad-
ish peroxidase, which promotes the decrease in the toxicity of the methyl orange dye.
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Study objective(s) Results and by-products of degradation Reference

Use of ionic liquids (ILs) with surfactant 
characteristics in the degradation of Indigo 
Carmine (IC) dye by laccase.

Rapid and significantly higher discoloration of 
the IC dye in 0.5 h.
Color removal percentage: 82% (against 6% 
obtained without ionic liquids).
By-products from IC oxidation induced by 
laccase: indole-2,3-dione, which is decomposed 
into aminobenzoic acid. Both are less toxic than 
the IC.

[38]

Use of the isolate of Oudemansiella canarii 
to produce laccase and evaluation of its 
potential in the degradation of Congo Red 
(CR).

The O. canarii laccase was efficient in 
decolorizing the red of the dye.
Accumulation of various intermediates during 
degradation as naphthalene derivatives, for 
example. These products are less toxic than 
CR.

[40]

Validation of a novel bioinformatics 
amalgamation and bacterial remediation 
approach using non-native strains for 
decolorization and degradation of azo dyes: 
Drimaren Red CL-5B (Reactive Red 195).

The gas chromatography–mass spectrometry 
(GC–MS) analysis of the degradation products 
indicated the formation of low molecular weight 
metabolites, confirming the dye degradation.
Need to carry out microbial toxicity, cytotoxicity, 
and phytotoxicity tests before large-scale 
bioremediation.

[41]

Development of an airlift bioreactor for 
the use of copper alginate laccase in the 
degradation of dyes: Indigo Carmine 
(IC), Remazol Brilliant Blue R (RBBR), 
Bromophenol Blue (BB), Crystal Violet 
(CV), Malachite Green (MG), Congo Red 
(CR), Direct Blue 15 (DB) and Direct Red 
23 (DR).

100% decolorization of IC and RBBR, quickly.
Discoloration percentages of MG, BB, and CV: 
82; 64.4, and 48.5%; respectively.
Percentages of discoloration of azo dyes CR, BD, 
and DR: 64, 54, and 22%, respectively.
Isatin sulfonic acid was confirmed as the main 
degradation product.

[36]

Development of a hydrogel blended 
with an agarose-chitosan polymer for 
plant-based horseradish peroxidase 
(HRP) immobilization and its use in the 
degradation of synthetic textile dye RB-19.

During the degradation process, the 
chromophore was fragmented into respective 
smaller fractions, leading to discoloration.
The RB-19 has degraded into its possible 
daughter compounds.
There is no result of toxicity studies of these 
compounds.

[42]

Use of a packed bed reactor equipped 
with polyacrylamide gel-immobilized 
horseradish peroxidase (PAG-HRP) for 
the purpose of sequentially degrading the 
Methyl Orange (MO) dye.

PAG-HRP biocatalytic system: efficient in 
biologically based degradation.
The MO degradation efficiency was 93.5% at 
pH 6.
Significant reduction in the toxicity of azo textile 
dyes according to the results of acute toxicity 
bioassays together with phytotoxicity.

[43]

Study the potential of Aspergillus niger for 
detoxification and discoloration of Congo 
Red (CR) dye.

High CR removal (85%).
97% of discoloration results from the 
combination of two processes: adsorption and 
enzymatic biodegradation.
Detoxification by A. niger indicates degradation 
of amines in solution.
According to phytotoxicity and microtoxicity 
analysis results, the metabolites generated after 
the CR biodegradation are less toxic than the 
crude dye.

[44]
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Study objective(s) Results and by-products of degradation Reference

Evaluate the performance of a new 
Meyerozyma guilliermondii, Yarrowia sp. 
and Sterigmatomyces halophilus (MG-Y-SH) 
oleaginous yeast consortium in the 
decolorization and detoxification of textile 
dyes Reactive Black 5 (RB5), Reactive Red 
120 (RR120), Reactive Blue 19 (RB19), 
Reactive Green 19 (RG19), Blue Remazol R 
(RBBR), Bromophenol Blue (BPB), Azure 
B (AB), Methylene Blue (MB), Methyl Red 
(MR), Malachite Green (MG), Congo Red 
(CR) and Scarlet GR (SGR).

Maximum decolorization efficiency: ranged 
between 55.81 (blend III) and 80.56% (blend VI) 
in 24 h of treatment with MG-Y-SH at 18°C and 
static conditions.
Maximum decolorization efficiency by MG-Y-SH 
reached 100% for 100 mg L−1 of RR120 in 3 h.
Phytotoxicity results indicate the ability of 
MG-Y-SH to convert the toxic azo dye RR120 into 
non-toxic metabolites.

[45]

Test a new consortium of oleaginous yeasts 
that produce lipase and xylanase in the 
removal of Sigma-Aldrich, Reactive Black 5 
(RBB), Reactive Green 19 (G19R), Reactive 
Red 120 (HE3B), Reactive Blue 19 (B19R), 
Reactive Violet 5 (V5R) and Reactive 
Orange 16 (O3R) textile dyes.

Discoloration rate obtained by the Yarrowia 
sp., Barnettozyma californica, and S. halophilus 
(Y-BC-SH) consortium: higher than that of pure 
yeast cultures.
Phytotoxicity assay results: metabolites 
generated after biodegradation of RBB are less 
toxic when compared to the original dye.

[46]

Examine Methylene Blue (MB) dye 
removal performance by an immobilized 
enzyme.

The immobilized enzyme showed the highest 
removal efficiency (99%) compared to the pure 
nanocarrier and the free enzyme (81 and 36% 
removal, respectively).
No result of toxicity analysis of by-products was 
presented.

[47]

Evaluation of a new strain of white-rot 
fungus, Ceriporia lacerata, of its ability 
to discolor Congo Red (CR) in a statically 
open system and the effect of toxicity of 
degradation products.

The discoloration occurred by the absorption 
of mycelia and by degradation by manganese 
peroxidase (MnP) and laccase enzymes.
By-products or intermediates identified: 
naphthylamine and benzidine (very toxic to an 
organism).
At 48 h the by-products were more toxic than the 
original dye, demonstrating the dye can take a 
long time to become harmless.

[48]

Immobilization of lignin peroxidase (LiP) 
on Ca-alginate granules, its application in 
the degradation of dyes, and its potential 
for reducing the cytotoxicity of Reactive 
Red 195a (VR), Reactive Blue 21 (AR21), 
Reactive Blue 19 (AR19); Reactive Yellow 
154a (AR154); Sandal-Fix Black CKF.

Discoloration efficiencies: 66, 59, 52, 40, and 
48% were observed for VR, AR21, AR19, sandal-
fix black CKF, and AR154, respectively with free 
LiP, which increased to 93, 83, 89, 70, and 80% 
with immobilized LiP. It was an efficient catalyst 
for the decolorization and detoxification of 
synthetic dye solutions.
Results of the hemolytic and brine shrimp 
lethality tests—they showed that Ca-alginate 
beads entrapped LiP may be an effective 
biocatalyst for bioremediation of dye-based 
textile industry effluents.

[49]

Biochemical characterization of 
stable azoreductase enzyme from 
Chromobacterium violaceum and its 
application in the degradation of Methyl 
Red, Methyl Orange, and Amaranth dyes 
present in industrial effluent.

The lower value of the Michaelis–Menten 
constant (KM) indicates a very high affinity of 
the three dyes with the azoreductase enzyme.
Azo dye metabolites resulted from the action of 
enzyme: they had reduced toxicity on fibroblast 
cell lines (L929) as compared to raw and intact 
dye.

[50]

Table 3. 
Main results of studies on dye bioremediation by enzymes and degradation by-products.
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As reported in the literature, dye-decolorizing microorganisms produce a variety of 
enzymes, including azoreductase, riboflavin reductase, laccase, peroxidases, NADH-
DCIP reductase, tyrosinase, reductase, and aminopyrine N-demethylase, lignin peroxi-
dase, and veratryl alcohol oxidase [39]. Among those enzymes, the main ones responsible 
for the discoloration of azo dyes are azoreductases, laccases, and peroxidases [35].

Azoreductases are considered the main degradation enzymes produced by bacteria 
[30]. Such enzymes can be of two types—i. membrane-bound or ii. intracellular, 
which are thermostable, hydrophilic, and, in general, capable of degrading azo dyes 
more efficiently [51]. Laccases are copper-dependent and use oxygen to degrade lignin 
and other aromatic compounds, including textile dyes [32]. Because of their higher 
redox potential, fungal laccases, when compared to plant or bacterial laccases, are used 
to treat various xenobiotics, including textile dyes, present in water and soils [40].

Peroxidases also play a role in the degradation of the azo dye and are oxidore-
ductases, which contain heme. Peroxidases are present in plants, microorganisms, 
and animals. The mechanism of action of such enzymes is similar to that of laccases, 
providing the degradation of the dye without the production of toxic by-products 
[30]. Peroxidases act especially on synthetic dyes, degrading their respective constitu-
ents through the oxidative polymerization of phenolic compounds to form insoluble 
polymers [52]. An association between oxide-reducing enzymes can significantly 
reduce the toxicity of dyes [39].

Enzymes are proteins easily affected by changes in pH, and small variations in  
the medium’s pH can result in changes in the ionization phase of the active site and the 
distribution of charge in the protein structure, possibly affecting its affinity for the 
substrate [52]. Thus, one of the main challenges of enzymatic treatment is the deactiva-
tion of the biocatalyst caused, mainly, by the denaturation of the enzyme, due to the 
pH of the medium or extreme temperatures, which can alter the conformation of the 
enzyme’s active site [53]. Despite the many advances in enzymatic engineering, enzymes 
are still expensive and/or labile and, as a result, the industrial application of enzymes 
often requires their immobilization in a matrix (support) [54].

It is essential to evaluate the toxicity of effluents containing dyes after they have 
undergone enzymatic biodegradation, as some degradation products are mutagenic 
and carcinogenic, which represents a threat to human and animal health [30]. Thus, 
phytotoxicity tests are widely used and, according to the literature, among the 
bioindicators considered suitable for the detection of environmental toxicity, Artemia 
salina and Daphnia magna are cited [43].

Ali et al. [55] performed phytotoxicity studies, whose results indicate that 
MG-Y-SH can convert the toxic azo dye RR120 into nontoxic metabolites. However, 
many studies reported in the literature lack further tests to evaluate the by-products 
of enzymatic dye degradation, as well as the effects of these by-products on the 
environment.

4. Conclusions

Much of the textile dyes are still discharged into rivers without undergoing chemical 
changes, even with conventional effluent treatments. Pollution generated by dyes from 
textile industry effluents is harmful to human and animal health, presenting carcino-
genic, genotoxic, mutagenic effects, in addition to having direct effects on the survival 
of aquatic species, as such dyes can accumulate in the food chain, conferring toxicity to 
water and soil and interfere with the development of crops of agricultural interest.
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A more rigorous inspection of the release of dyes is important given its potential 
toxicity, as well as the factories that may be clandestinely dumping effluents contain-
ing toxic dyes in water bodies, without any treatment. Studies must be carried out to 
optimize effluent treatment methods, which must be ecological and efficient, making 
use of new technologies provided by modern science.

Among the methods currently used, photocatalytic degradation presents good 
results, is cheap, and uses sunlight, a clean source of energy. In addition to this 
method, there is phytoremediation, considered an ecologically correct process, and 
enzymatic remediation. The enzymes used in the enzymatic bioremediation of textile 
industry effluents are mainly azoreductases, laccases, and peroxidases.

Enzymatic bioremediation or even conventional treatment can generate by-
products that are equally toxic to the starting compounds. But in some cases, less 
toxic intermediate compounds are generated, such as those presented in this chapter. 
Therefore, due importance must be given to these secondary products or by-products, 
identifying them, quantifying them, and subjecting them to proper handling and 
treatment.

The key point for the treatment of dyes is to have greater investment by compa-
nies to put the results of scientific research into practice. An alternative would be to 
carry out tests in simulation stations, as if on an industrial scale. In addition, genetic 
engineering has significantly revolutionized the field of bioremediation, with the 
possibility of modifying organisms or their metabolites so that they are more efficient 
in degrading pollutants.
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Chapter 9

Nonbiodegradable Hospital Waste 
Burden and Implications
Deepak S. Khobragade

Abstract

Hospitals and other healthcare facilities are very essential for the cure and care 
of persons suffering from health issues and also to promote health in society. As the 
health care services are improving and increasing their reach even in underdeveloped 
countries, so is the problem of health care waste (HCW) as hospitals generate a 
relatively huge amount of HCW, which consists of general as well as hazardous waste. 
The persons handling HCW are at immediate risk, followed by persons residing near 
HCW dumping/processing areas and the general public. Infectious HCW is a major 
threat to the health of humans and animals as it has the potential to spread various 
infectious diseases to the human and animal population. Due to the uncontrolled use 
of disposable nonbiodegradable materials by healthcare systems and their processing 
or lack of it, the HCW has emerged as one of the major sources of environmental 
pollution including the emission of the significant amount of greenhouse gases, 
which stands from 3 to 10% of total emissions of nations. HCW also leads to leaching 
chemicals, heavy metals like Pb, Cd, Cr, radioactive substances, and even generat-
ing carcinogens like dioxin in the environment contaminating air, soil, and water in 
general and especially in areas surrounding HCW dumping or processing affecting 
health and quality of life of not only of humans but cohabiting flora and fauna in 
those areas. Thus, the HCW is becoming one of the major sources of environmental 
pollution and collectively contributing to the problem of global warming. The HCW 
needs to be given the desired attention and priority in actions and policy. The chapter 
focuses on sources, types, and various environmental and health hazards related to 
HCW, its global environmental impact and management strategies for minimum 
effects with an eco-friendly and sustainable approach.

Keywords: health care waste, biodegradable, infectious waste, sharp, cytotoxic waste, 
radioactive waste, environment, carbon emission

1. Introduction

A biodegradable material can be decomposed by natural microorganisms, while 
nonbiodegradable material cannot be decomposed by natural microorganisms. The 
former will not be adding to pollution as it will be slowly broken down, but the latter 
acts as a source of pollution as it will remain as such in the environment for a very 
long time.
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Biodegradable waste typically originates from some kind of organic materials 
from plant or animal sources and is commonly found as green waste, food waste, 
paper waste, and other biodegradable materials, like human waste, manure, sewage, 
slaughterhouse waste, etc.

Nonbiodegradable wastes are not decomposed or dissolved by natural biological 
processes. Most of the inorganic waste is nonbiodegradable. The major drawback of 
technological advancements in the creation of materials that nature cannot decom-
pose, i.e. nonbiodegradable. Prominent examples of nonbiodegradable wastes are 
polyethylene and plastics, which are commonly used materials in almost every field, 
including the healthcare system. Now a day’s improved, temperature resistant and 
more durable plastics are being produced making them even more long-lasting pollut-
ants. Cans, metals, and chemicals form other chunks of nonbiodegradable waste.

It remains on earth for thousands of years unchanged and the threat caused is 
more significant. It not only causes air, water, and soil pollution but also act as a 
measure health hazard causing diseases like cancer (Table 1).

2. Health care waste (HCW)

The hospitals are considered as noble places, which treat sick persons and work for 
the health of society. The various adverse effects like high waste generation by them, 
their unplanned disposal, and their impact on the health of humans, animals, and the 
environment were generally neglected. A well-established and well-accepted fact is 
that Health care waste (HCW) or hospital waste is a potential challenge not only for 
the health care employees but for the general public and animals and plants of the 
surrounding environment.

HCW is anything that is produced by health care centers either of biological or 
nonbiological origin that needs to be discarded and is not intended for further use. It 
can be generated during the diagnosis, treatment, immunization, healthcare-related 
research activities, any such activity in healthcare centers, or hospitals. HCW may be 
composed of bio-waste like bodily parts and fluids, used medical materials, and also 
nonmedical general waste material which may be nonbiodegradable. Various sources 
of HCW are enlisted in Table 2.

S. no. Biodegradable waste Nonbiodegradable waste

1 Decomposed and degraded by microbes. Not decomposed and degraded by microbes.

2 Degradation process waste is rapid. Degradation process is extremely slow.

3 Do not accumulated in environment but are 
cleaned up in a short time.

Accumulated in environment and are not easily 
cleaned up.

4 Becomes part of biogeochemical cycles, and 
are rapidly turned over in nature into useful 
components.

Never enter into biogeochemical cycles, and are 
therefore toxic and hazardous for nature.

5 Produce energy manure, compost, and biogas. Can be separated and recycled and reused.

6 Decomposition process is natural and very 
affordable.

The process of treatment of waste is very 
expensive.

Table 1. 
Difference between biodegradable and nonbiodegradable waste.
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3. Classification of biomedical waste

The medical waste generated is a multi-component waste and varies from regular 
nonhazardous waste. It consists of general items, biological materials to chemicals 

S. no. The EPA USA The EU The UK government World Health 
Organization (WHO)

1 General waste: the 
major portion of 
medical waste consists 
of typical domestic and 
office waste.

Infectious waste 
including sharps.

Infectious waste: any 
waste generated by the 
treatment of patients or 
containing any infectious 
body fluids or material.

Infectious waste: any 
thing that’s infectious or 
contaminated.

2 Infectious waste: any 
waste having potential 
to cause an infection e.g. 
blood, human tissue, or 
anything contaminated 
with bodily fluids, etc.

Pathological 
waste

Cytotoxic/cytostatic 
waste: drugs and materials 
that are cytotoxic and/or 
cytostatic and the items 
that are in contact with 
toxic or carcinogenic 
agents etc.

Sharps: waste like 
needles, scalpels, broken 
glass, razors, etc.

Major sources Minor sources

Hospitals/clinics/nursing homes

• Teaching University hospital

• General and District hospital

• Primary healthcare center

• Medical emergency services

• Other health-care establishments

• Obstetric and maternity hospitals

• Dialysis centers

• Dispensaries

• Physicians’ offices

• Specialized health-care establishments

• Door to door health services

Medical and biomedical laboratories

• Diagnostic centers

• Autopsy centers

• Dental clinics

• Medical research & training centers • Psychiatric hospitals

• Biotechnology research centers/institution/production units • Disabled persons’ institutions

• Animal houses • Acupuncturists
• Chiropractors

• Blood banks and blood collection services • Ambulance services

• Home where health care is being provided • Home treatment

• Mortuaries • Funeral services

• Cosmetic ear-piercing and tattoo parlors

• Illicit drug users

Table 2. 
Sources of biomedical waste.
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including radioactive substances. The classification of medical waste, as per EPA 
(USA), EU, the government of UK, and WHO is depicted in Table 3.

All these classifications have commonly focused on Infectious waste, hazardous 
waste, chemical waste, and general waste. WHO’s classification is most elaborate and 
very specific and generally followed irrespective of country and continent.

4. The problem of hospital waste

The healthcare sector can be a great nuisance, if HCW is not given due importance and 
handled properly and become the worrisome source that emits different greenhouse gases 
and is home to different pathogens that can cause damage to human and animal health and 
affect the environment. HCW also is the source of particulate matter and the area close to 
HCW dumping or processing site has a relatively very high level of the same [1].

S. no. The EPA USA The EU The UK government World Health 
Organization (WHO)

3 Hazardous waste: 
waste that is potentially 
dangerous but non-
infectious e.g. sharps, 
discarded surgical 
equipment, some 
chemical waste, etc.

Chemicals & 
pharmaceutics

Medicinal waste: All 
types of noncytotoxic 
medicine, pills,creams, 
etc.

Pathological waste: 
Human or animal tissue, 
body parts, blood, fluids, 
etc.

4 Radioactive waste: 
waste generated during 
radioactive treatments, 
like in cancer and due 
to the use of medical 
equipment, which use 
radioactive substances.

Cytotoxic & 
radioactive waste

Anatomical waste: waste 
from a human or animals 
including body parts, 
blood bags, etc.

Pharmaceutical waste: 
discarded, unused or 
expired medicines like 
tablets, capsules, syrups, 
creams, etc.

5 Nonrisk general 
waste

Offensive waste: 
non-infectious waste that 
includes sanitary,nappy 
waste, etc.

Genotoxic waste: 
hazardous waste 
containing drugs that 
are cytotoxic and 
carcinogenic, mutagenic, 
or teratogenic.

6 Domestic or municipal 
waste: all other general, 
nonclinical waste.

Radioactive waste: 
waste contaminated with 
radioactive materials

7 Chemical waste: 
hazardous waste congaing 
chemicals, disinfectants, 
liquid waste from 
machines, batteries, etc

8 General/other waste:
nonhazardous waste 
containing stationary or 
other general daily use 
items.

Table 3. 
Classification of medical waste.
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Considering the segregation of HCW, the nonhazardous waste usually constitutes 
80–85% of the total HCW and hazardous waste is about 15–20% based on rough 
estimations provided by WHO [2]. HCW is a worldwide issue as the AAMC found 
that globally approximately 4.4% of all greenhouse gas emissions and over 5 million 
tons of waste come from hospitals [3].

This estimation needs to be further investigated with respect to the degradation 
potential of total health care waste as the nonhazardous waste may not be biode-
gradable. Table 4 gives the classification of overall HCW based on biodegradation. 
The list indicates that though the waste may not be hazardous but it may also not be 
biodegradable thus aggravating the problem of long-term environmental pollution 
and subsequent effects.

Various studies reported an increased incidence of health issues among employees 
and the resident population living nearby of waste processing facilities especially 
living near landfill sites, incinerators, composting facilities, and nuclear installations. 
Studies also reported that pathogens originating at HCW treatment plants pose a high 
risk of gastrointestinal infections [4].

Biodegradable waste Partially biodegradable waste Nonbiodegradable waste

Human anatomical waste:

• Human tissues

• Organs

• Body parts

Liquid waste generated from 
laboratory and washing, cleaning, 
house
keeping

Sharps:
Needles, syringes, ampoules, scalpels, 
blades, glass, etc.

Animal waste:

• Animal body parts, tissues, 
and organs

• Carcasses

• Animal blood

• Waste generated by 
veterinary hospitals and 
research centers, colleges, 
and animal houses

Ash from the incineration of any 
Biomedical/HC waste

Solid waste:
Tubings, catheters, intravenous sets, 
oxygen sets, dialysis sets, PPE gowns, 
gloves, masks, empty bottles and 
plastic containers, and polybags
Disposable items
Materials used during test for 
diagnostics

Microbiological & 
biotechnology waste

• Laboratory cultures

• Microorganisms specimens 
or stocks

• Unused or partially 
used vaccines (live or 
attenuated)

• Cell culture (human and 
animal)

• Infectious agents (from 
research and industry)

• Production of Biologicals

• Toxins

Chemical waste
Chemicals used in the production of 
drugs and biologicals
Unused drugs and medicines
Chemical Materials used during 
surgery
Chemicals used in disinfection and 
cleaning
Radioactive waste
Insecticides, etc.)

Table 4. 
Biodegradable and nonbiodegradable medical waste.
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Rapid and uncontrolled growth of medical care facilities are resulting in an 
increase in waste generation because of the marked increase in the use of dispos-
able items and their illegal recycling. Illegal recycling affects the local community, 
especially health workers, hospital employees, waste processing staff, and rag pick-
ers [5]. A study in Iranian some selected hospitals indicate that the average of total 
medical waste generated was about 3.48 kg/bed of which approximately 1.039 kg/bed 
was hazardous-infectious waste, and 2.439 kg/bed-day was general waste [6]. Some 
studies reported the concern that large quantity of nonbiodegradable HCW such as 
disposable syringes, infusion bags, IV fluid bottles and administration sets, oxygen 
masks, etc. Are dumped in-properly by health care facilities and picked up by rag 
pickers and returned back into the market without any processing, posing a danger-
ous threat to the health of patients [7]. Exposure to HCW may spread communicable 
diseases through skin contact, injection, inhalation, and improper sterilization of 
containers and plastic materials before recycling [8].

HCW directly impacts on the health of the community, healthcare workers, 
animals, and surrounding environment. The HCW is saturated with infectious and 
hazardous waste. Impromptu, haphazard, and nonscientific disposal of HCW results 
in exposing the public in general and healthcare workers in specific to pathogenic 
waste which can cause different diseases. This also leads to contamination of all 
components of the surrounding environment by various hazardous content of HCW 
especially nonbiodegradable. Hence, HCW requires due attention and specific treat-
ment and management prior to its final disposal.

Most of the times, the HCW gets mixed with domestic waste before disposal 
creating different types of problems in the long run. In economically developing or 
underdeveloped countries, the public, health workers, and waste processing person-
nel in particular, are not aware of the hazards of HCW or trained in management 
of HCW leading to the escalation of dangers of HCW. Also, in these countries, the 
lack of sufficient funds and proper information and awareness is a barrier for HCW 
management [9, 10].

One of the problems with HCW is that due to well-developed, superior, and well 
spread medical facilities available, the quantum of the pollution by HCW is much 
more than that of developing or poor countries, which have relatively underdeveloped 
and scarcely available health care systems [11, 12]. However, the global increment of 
the HCW production worldwide is increasing at an alarming rate, The middle and low-
income countries contributing to this as HCW production is sharply increasing due to 
improved healthcare services and in the wealthy nations, the rapidly aging population 

S. No. national income level Type of waste Annual waste generation
(kg/person)

1 High-income countries All of the HCW 1.1–12.0

Hazardous HCW 0.4–5.5

2 Middle-income countries All of the HCW 0.8–6.0

Hazardous HCW 0.3–0.4

3 Low-income countries All of the HCW 0.5–3.0

Hazardous HCW Negligible (0.02–0.1aprox)

Table 5. 
HCW generation and economic status of country.
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that need frequent usage of health care systems is increasing HCW generation rate 
(HCWGR) [13]. Table 5 illustrate the average rate of HCW generation with respect to 
the economic status of the country and Table 6 indicates that of continents [14].

As per WHO report of 2018, in general, hazardous medical waste generation per 
hospital bed per day in high-income countries is on an average up to 0.5 kg [3].

5. HCW and carbon emissions

It is estimated that in the USA alone, 8–9% of the total annual carbon dioxide 
emissions (33.34 MT) is contributed by the healthcare industry (HCI) [15, 16]. Just to 
understand the contribution of HCI in CO2 emission, if we consider that the average 
value of 5% of total carbon dioxide emission is by HCI the amount of carbon dioxide 
emission by the top 10 carbon dioxide emitting countries in the year 2020 can be of 
large quantum as is given in the following Table 7 [17].

The research shows that three groups of countries i.e. North America (29%), 
East Asia/Pacific (30%), and Europe/Central Asia regions (19%) contribute about 
78% of health care emissions. The remaining 22% of global health care emissions is 
shared by Latin America (6%), South Asia (2%), and the remaining 14% is shared by 

Continent Mean(kg/bed/day) Sample size

Africa 0.8 8

America 4.41 6

Asia 2–44 18

Europe 3.10 10

Combined 2.57 42

Table 6. 
Healthcare waste generation rates in different continents.

S. no. Country Total CO2 Emission (Mt) CO2 Emission by HCI (Mt)

1 China 11680.42 584.02

2 United States 4535.30 226.77

3 India 2411.73 120.59

4 Russia 1674.23 83.71

5 Japan 1061.77 53.09

6 Iran 690.24 34.51

7 Germany 636.88 31.84

8 South Korea 621.47 31.07

9 Saudi Arabia 588.81 29.44

10 Indonesia 568.27 28.41

Total 1223.45

Table 7. 
Top ten countries with CO2 emission rates and contribution of HCS
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the combined health sectors of Sub-Saharan Africa, Middle East, and North African 
countries [18].

If we consider HCI a country, it would be at least the fifth-largest emitter of 
greenhouse gases on the planet. The HCI’s carbon footprint can be the same as the 
emissions of 514 coal-fired power plants [19].

Studies have reported that greenhouse gas emissions from the health sector in vari-
ous countries range from 3 to 10% of the national emissions. The energy consumption 
and other waste generation make it a significant factor in changing climatic condi-
tions due to various pollutions. US Environmental agency has reported that HCW is 
the third major cause of dioxin pollution and 10% of overall mercury emission. The 
burning of medical waste such as plastic materials, which are generated from polyvinyl 
chloride (PVC) products is the major producer of dioxin [20]. The effect of climate 
change has a multifaceted effect on human health which is summarized in Table 8.

6. Health hazards of carbon emissions

Exposure and inhalation of CO/CO2 lead to a variety of health issues which 
include difficulty in breathing, increased heart rate, profound sweating, tired-
ness, restlessness, dizziness, headaches, a tingling sensation, hypertension, coma, 

S. no. Primary factor Secondary factor Impact

1 Increased CO2 level Air pollution Asthma, cardiovascular disorders, effect are generally 
more prominent in persons having lung and heart 
diseases.

Increased allergens Respiratory allergies, asthma, skin disorders, tiredness 
with minimum physical activity.

2 Rising temperature Extreme hot 
conditions

Disorders related to heat and illness and may be deaths, 
cardiac disorders including cardiovascular failure.

Severe weather 
conditions

Migration and social effects, injuries, mental health 
impacts, and fatalities.

3 Rising sea level Impact on water 
quality

Infections like cholera, leptospirosis, cryptosporidiosis, 
campylobacter, and algal growth.

Food and water 
supply impact

Food and drinking water problems, malnutrition, 
diarrheal, and other infective diseases.

4 Extreme weather 
conditions

Environmental 
degradation

Disturbed weather cycles, food and water supply 
problems, increased diseases, migration, civil conflict, 
and mental health impacts.

Changes in ecology 
(especially vector)

Changed life cycles and growth in previously 
unfavorable areas leading to the spread of diseases 
like malaria, dengue, chikungunya, encephalitis, 
hantavirus, Rift Valley Fever, Lyme disease, West Nile 
virus, etc.

5 Acid rain Decreased pH of 
water bodies

Decreased portability and utility e.g. not good for 
swimming, digestive, and skin problems.

Increased particulate 
matter

Asthma or chronic bronchitis, make it hard for people 
to breathe, lungs infections.

Table 8. 
Impact of environmental pollution on human health [21].
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asphyxia, and convulsions. Continuous exposure to CO in the closed area may even 
lead to death.

Higher average temperatures and changes in weather disturb rain and snow 
patterns which leads to the migration of invasive species to new areas. Pathogens and 
even their hosts which were not able to survive low temperatures will spread to new 
areas as the average temperature rise due to global warming. Insect pest infestations 
of plants and crops will increase as pests will be able to take advantage of weakened 
plants due to atmospheric and weather conditions (Table 9).

Marine animals are severely affected by the increase in carbon dioxide in the 
atmosphere. This is because the ocean absorbs CO2 in the atmosphere and becomes 
more acidic. Though the increase of CO2 in the ocean may have little impact on big 
marine animals, marine phytoplankton multiplies rapidly with more CO2, and more 
phytoplankton support larger aquatic animal populations.

The major impact of a more acidic ocean is on animals like corals, sea urchins, and 
mollusks that produce calcium carbonate shells. Acidification not only causes dif-
ficulty for these animals to produce shells but cause the shells to actually dissolve due 
to the change in the chemical balance of ocean water. Decreased number of shelled 
animals can impact the ocean ecosystem and trigger a chain reaction in wide range of 
organisms that depend on these animals for their food (Table 10).

City/country Population
(Million)

HCW 
generated

Additional HCW generated due 
to COVID

% Increase due to 
COVID

Manila 14 47 280 496

Jakarta 11 35 212 506

Kuala 
Lampur

10.5 35 210 500

Bangkok 8 27 160 493

Ha Noi 7.8 26 154 492

Table 10. 
Increase in waste generation by COVID-19 in some cities.

CO2 level Conditions

400 ppm Normal level of outdoor air.

400–
1000 ppm

Typical level is found in normally populated spaces having good air circulation.

1000–
2000 ppm

Poor air quality is prominently indicated by complaints of drowsiness.

2000–
5000 ppm

Health issues like increased heart rate, respiratory disorders, slight nausea, poor 
concentration, loss of attention, headaches, sleepiness, and stagnant, stale, and stuffy air.

5000 ppm This is the maximum permissible exposure limit. Toxicity and oxygen deprivation occur. 
High levels of other gases may be present leading to more severe effects.

40,000 ppm Very dangerous due to deprivation of oxygen.

Table 9. 
Potential health problems with increased levels of CO2 in the air [22].
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According to Practice Green-health, an organization working for more sustain-
able hospitals, about 25% of the waste generated by hospitals is plastic. The National 
Health Service (NHS), UK creates.

133,000 tons of plastic annually with only 5% of it being recyclable [23] and 
hospitals in the USA produce more than 5 million tons of waste each year, 1.25 million 
tons of which is plastic. About 16 billion injections are utilized worldwide every year, 
but not all of them are properly disposed of afterward generating a huge amount of 
nonbiodegradable waste [24].

HCW that contains chemicals like pharmaceuticals, laboratory and diagnostic 
reagents, disinfectants, cleaners, solvents, and waste containing metals and heavy 
metals is considered chemical healthcare waste. Chemical waste accounts for about 
3% of waste originating from health care activities [25].

The literature reveals even in small and economically not so sound countries like 
Pakistan hospitals produce 2.0 kg of waste, per bed per day, of which at least 0.5 kg 
can be categorized as hazardous HCW and the average daily HCWG from both public 
& private sector hospitals is approx 0.8 million tons [26].

7. COVID and HCWG

In 2019, an unprecedented medical emergency in the form of the COVID-
19 pandemic was experienced by the whole world. The infection spread to 
the majority of areas and more than 370 million confirmed cases and over 5.6 
 million deaths have been reported globally. Tens of thousands of tons of extra 
HCW have been produced due to the medical efforts to treat and deal with 
COVID-19. The WHO Global analysis of HCW in the context of COVID-19 
states that approximately 87,000 tons of personal protective equipment (PPE) 
were distributed to various countries from March 2020 to November 2021. It 
also points out that over 140 million test kits, generating 2,600 tons of plastic 
non-infectious waste and 731,000 liters of chemical waste have been shipped to 
support countries. Globally more than 8 bn vaccine doses have been adminis-
tered generating 144,000 tons of added HCW in the form of nonbiodegradable 
syringes, needles, and safety boxes. Approximately 129 bn masks and 65 bn gloves 
were utilized per month globally during the COVID-19 epidemic increasing the 
burden of HCW immensely [27]. Wuhan in China, which is considered as the 
starting point of the COVID-19 outbreak has to manage a rise of HCWG of 600% 
during that period. Table 8 shows an increase in HCW during COVID-19 out-
break in some cities. In Taiwan, it is reported that HCW generation has increased 
to 40,407 Mt. in 2019from 35,747 Mt. in 2016, an increase of 4.17% in three years 
span [28].

In a highly populous country India, about 420,461 kg/day of HCW is generated 
out of which only 240,682 kg/day of waste is treated [29]. India generated 550.9 tons/
day of HCW in 2020 as per the estimation of ASSOCHAM (Associated Chambers of 
Commerce and Industry of India).

8. Effect of HCW on Environment

The HCW affects all components of the environment. The effect on water, soil, 
and air is discussed below.
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8.1 Impact of biomedical waste on water

HCW is a multi-component waste; improper disposal of HCW causes leaching 
out of pollutants from the waste dumping sites into the surrounding water bodies 
including groundwater affecting water quality. The water near landfills and dumping 
sites contain a relatively higher amount of pollutants including heavy metals [30–32] 
found that incinerated biomedical waste contains the elevated percentage of heavy 
metals and polycyclic aromatic hydrocarbons (PAHs), and may pollute surface and 
groundwater by percolation of toxic substances. The analysis of water near HCW ash 
showed increased hardness at the levels of 1320 mg/L and chloride at 8500 mg/L. 
The levels of Al, V, Cr, Mn, Co, Ni, Ba, Fe, and especially Pb content in leachate 
were above the acceptable levels as per drinking water guidelines of WHO and EPA. 
Hence, it is also important to detoxify ash before disposal into landfills or reutiliza-
tion [33, 34]. They cause indirect health hazards by conversion into other materials, 
breakdown, and decomposition. Consumption of contaminated drinking water and 
the resulting health issues may include cardiovascular disorders, neuronal damage, 
renal injuries, and risk of cancer and diabetes. Fabián Fernández-Luqueño et al. 
has comprehensively revived the health hazards of various metal contaminants on 
human health [35] Water is considered as the blood of the ecosystem. Heavy metals 
are extremely toxic to aquatic animals and cause histopathological changes, especially 
in fish even at low concentrations. They get accumulated in aquatic organisms as well 
as in vegetables and fruits grown using contaminated water and thus enter the food 
chain and propagate into other animals who feed on them thus increasing toxic effects 
to many folds [36].

8.2 Impact of biomedical waste on soil

Soil quality near waste dumping sites is greatly affected by improper and unscien-
tific disposal of HCW, resulting in alteration of physical and chemical soil properties. 
The chemistry and biology of the soil ecosystem may change due to different pol-
lutants getting mixed with the soil. The soil samples near the HCW incinerator and 
dumping sites were found to have very high concentrations of heavy metals like Fe, 
Cu, Zn, Cr, Cd, Pb, and Ni [37–40]. Soils at these sites showed high pH, TDS, and 
EC regime in comparison to control sites resulting in deteriorating soil quality and a 
decrease in vegetation [41]. The study in china indicated that the HW ashes contained 
large amounts of metal salts of various common metals with a concentration range of 
1.8–315 g /kg. Abundant precautions and measures are needed to further prevent and 
reduce soil damage due to HCW with increased waste development due to increased 
establishment and utilization of healthcare facilities [42].

8.3 Biomedical waste and its impact on air quality

Greenhouse gas and particulate emissions are challenging issues for HCW dump-
ing sites. Hospitals produce a huge quantity of waste mostly disposed of by incinera-
tion. Incineration is the conventional and most common method of choice for the 
treatment of HCW. The burning of HCW pollutes the environment by discharging fly 
ash and toxic metals in the incinerated ash. Burning HCW results in higher incidences 
of cancer, respiratory disorders, innate abnormalities, and hormonal disorders other 
issues related to the burning of HCW are contribution to global warming, acidifica-
tion, ozone or smog formation, and eutrophication. This also releases various gases 
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and particulate materials into the air contaminating the environmental air. Dust, 
particulate matter, black carbon, metals, acid gases, ammonia, sulfate, and nitrate are 
the major contaminants released in the air. Burning of HCW emits harmful organic 
compounds like acetone, octane, decane, dodecane, methenamine, cyclo-butane, 
diethyl phthalate, nonane, carbon disulfide, and diperoxide [43]. The incineration 
of plastic-rich hospital waste results in emissions of HCl, CO, C2H4, C2H6, C3H8,C3H6 
in the concentrations of 3.3–5.3, 1.4–1.8, <0.002, <0.010, <0.012, and < 0.011 g/kg, 
respectively [44]. A high concentration of dioxin and furan in the atmosphere near 
medical waste incinerators was reported [45]. The high prevalence of self-reported 

S. no. Heavy metal contaminant Toxicity

1 Mercury (Hg) CNS injuries

Renal dysfunction

Gastrointestinal ulceration

Hepatotoxicity

2 Lead (Pb) CNS injury

Lungs dysfunction

Hematological disorders like anemia

gastrointestinal colic

Liver damage

Reduced pulmonary function

Cardiovascular dysfunction

3 Chromium (Cr) Kidney dysfunction

Gastro intestinal disorders

Dermal diseases

Increasing the incidence of cancers including lungs, larynx, bladder, 
kidneys, testicular, bone, and thyroid

Genomic instability

4 Cadmium (Cd) Degenerative bone disease

Renal dysfunction

Liver disorder

GI disorders

Lungs injuries

Disorders in the metabolism of metals like Zn and Cu

Cancer

5 Arsenic (As) Cardiovascular dysfunction

Skin and hair changes

CNS injury

Gastrointestinal discomfort

Liver damage

Table 11. 
Health hazards of heavy metal contaminants in HCW [52].
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health symptoms such as fatigue, sleepiness, and headaches among residents near 
waste sites was reported in most of the studies [46–48]. The process of incineration 
may convert solid and liquid toxic waste into gaseous emissions, particulate matters, 
oxides of nitrogen, and oxides of sulfur causing acute effects such as eyes and respira-
tory irritation. It also increases the toxic effects of heavy metals and contributes to 
acid rain. The plastic waste made up of chlorine releases dioxins that are known as 
human carcinogens [46].

The increased level of these pollutants is dangerous to human health causing various 
types of health issues especially respiratory problems [49]. Studies have also reported 
the prevalence of adverse health effects other than respiratory problems like birth 
defects with low birth weight, cancers, etc. in individuals residing near HCW process-
ing and dumping sites [50]. The study findings suggest a relatively higher prevalence of 
various health issues among people living in proximity to waste dumping and process-
ing sites than those living far from these sites particularly respiratory illness (23% v 
10%), eye irritation (20% v 9.5%) and stomach problem (27% v 20%) [51–53].

Heavy metals generate reactive oxygenic species (ROS) and induce oxidative stress 
which is responsible for various diseases and health conditions. Acting as metabolic 
poisons they react and inhibit sulfhydryl (SH) enzyme systems which are involved 
in cellular energy production. Heavy metals have been reported to be carcinogenic, 
mutagenic, and teratogenic [54]. The harmful effects of heavy metals which are the 
main pollutants from HCW are depicted in Table 11.

9. Management of nonbiodegradable wastes

Management of waste involves steps right from the generation to disposal of the 
treated waste. For nonbiodegradable waste, special care has to be taken during collec-
tion, storage, transport, and disposal. All are separated from general biodegradable 
and nonhazardous waste.

As nonbiodegradable wastes cannot be broken down by decomposers, their 
disposal poses a grave problem. Nonbiodegradable wastes can be managed by practic-
ing the principle of 4RDs i.e. Reduce, Reuse, Recycle, Recover, and Dispose. The fifth 
R i.e. Refuse is also very important in controlling HCW.

9.1 Reduce

The best mode to control pollution is reducing the release of pollutants in the 
environment, which can be achieved by reducing the usage of polluting materials. 
Without giving a thought, often more things are utilized than are actually needed 
resulting in the generation of more quantum of waste. The generation of waste needs 
to be reduced by reducing the usage of nonbiodegradable waste generating materials. 
Consume maximum and throw away minimum should be the guiding principle in 
the selection and utilization of materials in general and nonbiodegradable materials 
in specific. Thoughtful planning for use of nonbiodegradable materials for minimum 
waste generation should be the priority of all healthcare activities.

9.2 Reuse

Increased use of the single-use materials leads to increased generation of 
waste. Hospitals should try to make it a practice to utilize reusable materials 
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wherever possible. Certain things can be used for more than one purpose and if 
we reuse them for the same or other purposes, we can reduce the waste genera-
tion. This can be employed not only for nonclinical use like eatery and other 
nonclinical purposes use but also for clinical uses wherever possible. Use glass or 
metal containers and trays which can be cleaned and even sterilized after every 
use. Also use cloth gowns and masks instead of plastic protective units in areas 
where they can be used.

9.3 Recycle

The process by which waste materials are utilized in the production/creation of 
new products is called recycling. The materials used/reused in recycling are substi-
tutes for raw materials obtained from natural resources thus reducing the exploita-
tion of natural recourses to some extent and also reducing contamination of the 
environment by waste disposal. It also prevents wasting potentially useful materials 
and reduces demand for new raw materials. Generally, materials like glass, metal, 
plastic, wood and paper are collected, separated, and recycled to make new things. 
The energy generation from waste treatment is also a part of the recycling process. 
Recycling can be internal (in-house) or external.

Following steps can be undertaken for nonbiodegradable waste management.

• Setting up nonbiodegradable waste collection centers in specific wards or divi-
sions where the waste is temporarily stored before further processing.

• Segregation of waste into BW and NBW.

• NBW is taken for a separate treatment process.

• Transport with care to avoid spillage.

9.4 Recycling of nonbiodegradable waste

In the case of nonbiodegradable wastes, in addition to the 3 Rs of managing waste, 
a 4th R of Refuse should be considered. So, Refuse, Reduce, Reuse and Recycle, and 
Dispose is the best policy for reducing nonbiodegradable waste.

The nonbiodegradable waste goes for processing and treatment at specific waste 
treatment plants where they are recycled. Usually, the treatment of nonbiodegrad-
able waste is done on the basis of the nature of the material it is made up of. Different 
procedures employed according to the major types of recycled waste are.

Iron metal materials: Iron is the most recycled metal. Recycled by separating by 
magnetic methods, melting in a furnace, and used for the production of other iron 
materials or steel.

Non-iron metal materials: Other metals like aluminum, copper, and alloys like 
brass are ground into fine pieces and molten to be recast in new materials.

Glass: Glass is crushed, decolorized, and put into the furnace for melting. This can 
be remolded into other articles of required shape and size. Molten glass is also used for 
layering on roads as glassphalt.

Plastic: Plastics are of various types and grades that all cannot be mixed together 
for treatment and need to be sorted. The plastics can be further processed remolded 
and used for making new materials.
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9.5 Recover

Every material requires and intakes a lot of energy during its manufacture and 
the energy in waste materials cannot be wasted. It is cost-saving and eco-friendly to 
recover energy from waste materials.

Energy from biodegradable waste can be extracted relatively easily and efficiently 
by biomass energy conversion, composting, biogas plants, etc. This process converts 
biological energy into a usable form of energy like gas and electricity [55].

Energy retrieval from nonbiodegradable is somewhat difficult and requires a 
complex process. NBW is subjected to a process of thermal decomposition or pyroly-
sis, which involves the breaking of intermolecular bonds to release energy in the form 
of heat. The residue obtained is in the form of ash or degraded product which can be 
safely dumped or discarded.

9.6 Dispose

9.6.1 Ways to dispose of nonbiodegradable waste

Not all waste fits into the criteria of reuse or recycle. These waste needs to be 
disposed off in a way to have minimal impact on the environment. Disposal of 
biodegradable waste is very simple and can be done employing easy methods like 
landfilling, composting, etc.

The NBW cannot be decomposed naturally and need special disposal techniques 
for minimizing hazardous effects on environments and people handling it. Let us look 
at some nonbiodegradable waste management methods commonly used.

9.6.2 Incineration

Usually used for nonrecyclable nonbiodegradable waste and bio-hazardous waste 
from hospitals, etc. Incineration involves decomposition by combustion of waste 
using high heat, i.e. above 500°C. It is also referred to as the thermal treatment of 
waste. Incineration of waste converts it primarily into ash, flue gas, and heat. Heat 
can be used for various heat-based processes. The gases and fumes must be treated 
properly to prevent or at least reduce environmental pollution. Air filters are nowa-
days employed for the same. Modern methods of incineration such as gasification, 
pyrolysis, and anaerobic digestion can be utilized for energy recovery. Useful content 
from the residual ash contains metals that can be recovered using separate treatments. 
Table 10 depicts some methods of incineration for waste disposal (Table 12).

Incinerators reduce the mass of the waste by 80–85% and the volume by 95–96%, 
depending on the composition and degree of recovery of materials such as metals 
from the ash for recycling [53].

9.6.3 Landfills

Solid waste landfill is a separate area of land or excavation where waste is col-
lected. It provides long-term storage for nonbiodegradable waste. Ideally, landfills 
should be carefully situated and designed to prevent waste contamination from 
entering the neighboring environment. They are designed to reduce odor and pests to 
the maximum possible extent.
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S. no. Type of 
Incineration

Features Concerns

1 Burn pile Carried out in the open ground. A mound of 
combustible waste materials is piled on and set on 
fire.

Cause pollution.
Spread uncontrolled fires.
Incomplete combustion of waste 
produces particulate pollution.

2 Burn barrel It holds the burning waste material inside a metal 
barrel having a metal grating over the exhaust. 
The spread of burning material is prevented by the 
barrel and residue after processing settles down in 
the barrel.

Cause pollution.
Do not result in full combustion 
of waste and therefore produce 
particulate pollution.

3 Fixed grate Simplest and most common form. It has a brick-
lined chamber and a fixed metal grate over a lower 
ash pit. There are two openings, one either at the top 
or side for loading waste and another on the side for 
removing residue.

Cause pollution.
The combustion is partial.
Do not result in full combustion 
of waste and therefore produce 
particulate pollution.

4 Moving grate Consists of an opening called “throat” for feeding 
waste at one end of the grate. The waste burns and 
moves through the descending grate to the ash pit 
present at the other end and is removed through a 
water lock.

Complete combustion.
Advanced designs cause reduced 
pollution and can be utilized for 
energy generation.

5 Rotary-kiln Contains a primary chamber and secondary chamber. 
The primary chamber has an inclined refractory lined 
cylindrical tube where volatilization, destructive 
distillation, and partial combustion reactions convert 
waste into gases that are completely burned in the 
secondary chamber.

Complete combustion
Cause pollution.
Prone to the production of gas 
and particulate pollution though 
can burn in afterburner.

6 Fluidized bed It consists of a waste processing chamber where a 
strong airflow is forced through a sand bed until a 
fluidized bed is created. At this point the fuel and 
waste are introduced, mixing and churning occurs, 
and waste is incinerated. As the bed is mixed and 
agitated with force, content forms a fluid-like state 
making all of the mass of waste, fuel, and sand 
fully circulating through the furnace for efficient 
incineration.

Complete combustion
Highly efficient process
Can cause pollution if generated 
gases and ash not properly 
managed

7 Specialized 
incinerator

These are designed for incineration of special 
waste content lime chemicals, resin powder, and 
flammable substances. The process has higher 
control and prevents burn back.

Complete and controlled 
combustion
Can handle critical waste 
components.
Generated gases and ash need to 
be properly managed.

8 Liquid 
injection
incinerator

It has a waste burner feed system, a supporting fuel 
system, and an air supply system attached to the 
combustion chamber for maximum incineration.

Used for waste in liquid form.
Complete combustion.
Cause pollution.
Can be used to recover metals 
and energy.

9 Multiple 
hearth 
incinerator

Consist of a number of circular hearths or kilns 
superimposed over each other. Waste is introduced 
from the top and moved by rotating “rabble arms”, 
which move over the surface of each hearth to 
continuously shift the content.

Complete combustion.
High flexibility and efficiency. 
Precise control of the 
temperature profile.
Less pollution.
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Sanitary landfills are similar to normal landfills but are built in a planned and 
methodical way. Normal landfills cannot completely prevent the leaching or leakage 
of waste and toxic substances along with water into the ground. Sanitary landfills are 
closed areas built with concrete and with facilities to collect the leachate and gases 
released. These also are superior in preventing pest breeding and pathogen spread.

Large area requirements, cost and chances of leakage, and pollution are some 
disadvantages.

9.6.4 Plasma arc furnaces

They are referred to as “plasma recycling,” and “plasma gasification. In this process, 
the waste is heated to super-high temperatures where it melts and then vaporizes produc-
ing gas that can be used for energy and rocky solid residue that can be used for various 
purposes like a building material. Unlike inclinators which convert waste to ash and gases, 
plasma arc furnaces first directly convert waste to plasma, the fourth state of matter, and 
then produce gasification. Thus, it’s a cleaner, greener form of waste treatment.

9.6.5 Encapsulation

Encapsulation is covering of material with some kind of material uniformly result-
ing in a product called the capsule. In waste disposal by encapsulation method, the 
waste is crammed very compactly in an inert cover just like a capsule which does not 
allow any exchange of materials including gases. These capsules of waste are buried 
deep down into the ground resulting in safe and long-lasting waste disposal without 
any leakage, leaching, and contamination of the environment.

At the COP26, world leaders discussed strategies directly affecting climate change. 
The Centre for Sustainable Healthcare has requested world leaders to take initiatives 
to make sure that healthcare systems are Net Zero by 2040. They further stated to 
fund existing healthcare facilities to transfer them to environmentally sustainable 
healthcare systems. This includes collaboration with all players in the supply chain to 
de-carbonize medical devices. Reducing plastic medical waste is an essential strategy.

9.7 Refuse

It is the fifth “R” of waste management. Refuse should be the first choice which 
involves refusing a certain amount of waste production. Refuse means not using or 

S. no. Type of 
Incineration

Features Concerns

10 Catalytic 
combustion

It is a chemical process in which a catalyst is used to 
speed up desired oxidation reactions and reduce the 
formation of undesired products.

Complete combustion.
High flexibility and efficiency. 
Precise control of the 
temperature profile.
Less pollution especially nitrogen 
oxide gases (NOx).

Table 12. 
Methods of incineration for waste disposal.
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discontinuing use of waste-generating things, especially nonbiodegradable and haz-
ardous things. Refuse can act as the most prominent measure in reducing waste gen-
eration. By refusing the usage of certain materials, one can avert the HCW generation 
thus not requiring any treatment or processing and saving a lot of financial resources, 
and preventing health and environmental hazards waste. For example, the refusal to 
single-use plastic in HCI will not only decrease the amount of plastic in HCW but will 
also prevent the related effects of plastic waste. It can look impractical and difficult, 
but there are some better and less waste generating options that can be opted for. It’s 
the most effective way to reduce the amount of waste HCI is producing.

The measures are summarized in Table 13 with enlisting more R’s.

10. Causes for failure of waste management efforts

10.1 Lack of awareness about the hazards related to healthcare waste

Not only the general public but even highly educated people including healthcare 
professionals are not fully aware of the hazardous effects of HCW on health and 
the environment. Due to this, the HCWM does not gather the importance needed 

REFUSE The concept is about refusing the use of materials that add on to the nonbiodegradable waste 
burden. If we refuse to use them and stop buying these materials in the first place, then 
automatically we will not have to deal with them as waste.

RETHINK Thinking about any material we use and try to adopt a Zero Waste practice thus rethinking 
the way we carry out hospital services so as to minimize waste generation.

REDUCE Reducing unnecessary waste generation by using fewer materials should be a priority and 
adopted policy from the start. Also reducing energy consumption can indirectly help in 
reducing environmental pollution.

REUSE Reusing any material, which can otherwise be a waste results in reduced waste generation. 
Applying some creative thinking and processing can result in the consumption of new 
materials and waste generation.

RECYCLE Recycling all the waste to create new materials or products can reduce environmental hazards 
to a great extent. Using recycled products wherever available and possible can also serve the 
purpose to great extent.

RECOVER The recovery of waste is of two types processed and without any pre-processing. Waste oils 
can be burnt for energy or energy can be recovered by processing waste with novel techniques 
to generate energy and thus reducing dependence on nonrenewable energy sources to some 
extent.

REPAIR Repairing means fixing or restoring supposed to be waste material for use or reuse. This 
should be applied wherever possible instead of just discarding damaged materials /items as 
waste.

REPURPOSE Repurposing comprises of using items for a different purpose than they were meant for. This 
is also termed as up-cycling Utilizing waste material for another use instead of disposing 
of it ending in hazardous waste. Some products can be repurposed using creativity and the 
possibilities are endless.

DISPOSE The process of getting rid of HCW by one or other way like landfilling or incineration when 
all of the above means are exhausted. This should also be done scientifically and very carefully 
to have minimum effect on the environment and health.

Table 13. 
Strategies for HCW management.
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resulting in a casual and careless approach. Not all the hospital staffs have knowledge 
of standard protocol for collection, segregation, and disposal of HCW. In most of 
the cases, health care staff does not receive occupational safety education and has no 
knowledge of the safe handling of hazardous substances. They also are not properly 
trained for using personal protective equipment. A large number of waste handlers 
and cleaners are casual labors and are illiterate or relatively very less educated unvac-
cinated and untrained personnel. They generally never use proper personal protective 
equipment and do not understand the threats of HCW thus putting their and other’s 
health in danger. HCW is transported by hand in regular waste risking spilling of 
toxic or infectious materials, or injuries to handlers from sharps like needles or other 
substances. Either, they are unaware or have very little knowledge and a careless 
approach towards safety measures like spillages and accidents. As the cleaners and 
waste handlers are in close contact with HCW, they are the worst sufferers of the 
effects of poor and improper safety procedures [56]. These factors lead to escalation 
of HCW which could be reduced if given needed importance and attention.

10.2 The low priority is given to the waste management

The HCW management requires the highest consideration and assiduousness to 
avoid the significant health challenges related with poor HCWM practices like expo-
sure to infectious HCW and toxic material therein. It is one of the most prominent 
results of failure of HCWM. Sometimes even though the importance of safe manage-
ment of HCW is sometimes known and understood but the efforts required are not 
undertaken.

It is generally regarded especially by the general public that waste management is 
the sole duty and responsibility of government and local administration and that the 
public is not supposed to contribute [57]. Waste management’s success depends upon 
the active participation of all, the government through local administration, hospital 
management, and workers and patients. The guidelines related to waste management 
should be made mandatory to be followed by the hospital staff and regular monitor-
ing of the same can lead to improved compliance. Hospital management is focused 
on earning more profit from the services without any regard for the environment and 
HCWM resulting in illegal and uncontrolled disposal of untreated waste increasing 
the severity of the problem.

The vital issue is the clear ascription of responsibility and accountability of apt 
handling and processing of HCW. According to the concept of “you pollute you clean 
or you pay”, the responsibility of HCW management lies with the waste producer, the 
healthcare provider, or the establishment involved in related activities being the one. 
This needs to be made known to the healthcare system and fixing accountability with 
them can only bring some seriousness in their attitude.

10.3  Lack of legal framework and absence of waste management and disposal 
systems

Many countries either do not have proper regulations, have very nominal regula-
tions, or do not enforce them strictly. Research indicates that having adequate legal 
framework results positively in the development of a waste management system 
[58] while the dearth of adequate policies [59] and not so strong regulations [60, 61] 
are disadvantageous to it. Lack of pollution and environmental control systems and 
systems for evaluation of the real impacts of pollution is a major concern, especially 
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in middle and lower middle-income countries. The developed countries have strong 
legislative frameworks and control systems which is lacking in developing and 
underdeveloped countries. In these countries/societies, the condition is relatively 
better in urban areas but practically missing in remote village areas [62]. Thus, there 
is no system of waste management and disposal and most of the waste including 
HCW remains dumped anywhere without treatment. If we consider a ban on dispos-
able plastics it is somewhat functional in urban areas but completely nonexistent in 
rural areas where nonbiodegradable plastic enters but is never returned. The HCW is 
also treated as general waste most of the time and disposed off without due care and 
precautions.

10.4 Insufficient financial and human resources

The developing and underdeveloped countries are facing the problem of a dearth 
of financial resources to address the rising quantity of HCW resulting due to rapid 
urbanization and healthcare facilities. Lack of the proper utilization of available 
finances has hampered the delivery of proper waste management services [63]. The 
available resources are primarily allocated to the high-income urban areas with higher 
tax yields habituating residents with more political influence. This leads to vast area 
which is poor and suburban housing major population that is relatively economically 
weaker unnerved. Huge expenditure is needed to provide the service [64] inadequate 
and insufficient funds and resources local government cannot finance adequate levels 
of service required for waste management in general and HCWM in particular. In the 
absence of proper financial support, limited resources with reservations, and unwill-
ingness of the users to pay for the waste management [65] contribute to the problem 
more.

10.5 Utilization of traditional ways instead of modern techniques

The technical issues hinder efficient and broader health care management. In 
most of places the conventional approach to deal with waste treatment especially 
health care waste is in practice. The modern techniques of collection, segregation, 
and processing are very expensive and adopted mostly only by developed and highly 
industrialized countries. These techniques are expensive to purchase and maintain, 
sophisticated, and difficult to operate, thereby often inadequate for the socioeco-
nomic conditions of developing and underdeveloped countries to be used extensively. 
Even though if systems are procured and utilized after a short period of usage, 
usually only very few systems remain in operation for want of trained staff and 
maintenance cost. Other technical factors apart from insufficient technologies are 
lack of trained and technically skilled personnel within [66], poor infrastructure and 
roads, and old vehicles [67, 68]. There is a lack of validated and authenticated data 
systems making it unreliable to know the exact level of HCW generation, processing, 
and its effects [59].

Some key elements for improving healthcare waste management are

• Having a strong legal framework and guidelines.

• Spreading awareness towards risks associated with HCW and safe practices of its 
treatment and processing.
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• Addressing responsibilities.

• Proper and sufficient resource allocation.

• Opting for safe and sound, environment-friendly HCW management options.

• Building a comprehensive system for handling, processing, and disposal.

• Protecting people from hazards when collecting, handling, storing, transporting, 
treating, or disposing of waste.

• Long-term planning for gradual and sustained improvements.

• Government commitment and support to local bodies and both public and 
private players involved in waste management.

• Incentives for best practices and performance.

• Universal cooperation and sharing of knowledge and technology.

11. Conclusions

The problem of HCW management in general and hazardous and nonbiodegrad-
able portion thereof is too big to be ignored or else it will boomerang into something, 
which will be very difficult to manage. Though, at first sight, it does not look that 
severe a close analysis reveals that it is one of the major sources of greenhouse gas 
emission and comprehensively affects all the components of the environment and 
contributes to global warming. One of the serious aspects of HCW is its threat to the 
health of humans and animals as a good part of HCW contains infectious waste. The 
HCW contaminate the air, water, and soil of the surrounding environment releasing 
toxic substance like chemicals including heavy metals and radioactive substances, 
carcinogenic toxic gases like dioxin and furan, and causing many health issues not 
only in humans but also in animal species. The surrounding areas in dumping and 
processing sites are affected by these pollutants making them inhabitable. There is an 
urgent need for comprehensive research on the health hazards of HCW and measures 
to prevent them, processing of HCW and development of biomarkers for risk assess-
ment of HCW, and a standard protocol for its processing that can be made mandatory 
to be followed by HCI. Unless there are universal consensus and framework for deal-
ing with HCW the problem will not be solved. The healthcare industry needs to adopt 
eco-friendly approaches and operations and initiate whatever it takes to really become 
a health care provider and not itself become a threat to the health of living and non-
living environment by indiscriminate toxic HCW generation. Measures like extensive 
awareness and training programs, setting up environment-friendly hospitals, and 
avoiding single-use materials should be undertaken. Refuse, reduce, reuse, recycle, 
recover, and dispose should be the governing principles of HCW management. With 
collective responsibility, sincerity and honest efforts the menace of HCW in general 
and nonbiodegradable in specific can be not only controlled but contained for good of 
the environment in general and human health in specific.
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Chapter 10

Endocrine Disruptors and 
Infertility
Selma Yazar

Abstract

Endocrine-disrupting chemicals (EDC) are known to interfere the body’s endocrine 
system. EDCs can also be considered as industrial chemicals namely pesticides, clean-
ing materials, plastics, heavy metals, and cosmetics. Most of these compounds par-
ticularly at low doses, occurring in complex mixtures, have been reported as emerging 
contaminants. EDCs are currently present in environment (water, diet, food contact 
materials, personal care products, etc). The adverse effects of exposure to EDCs have 
already been extensively described such as infertility, cancers, disrupted thyroid 
function, neurological disorders, obesity, metabolic syndrome. EDCs may be blamed 
for increasing the human reproductive disorders especially infertility. This is a serious 
public health problem that should not be ignored. This chapter aims to summarize the 
major scientific advances in human infertility associated with exposure to EDCs with 
epidemiological and experimental evidence. The chemicals covered in this chapter are 
heavy metals (lead), pesticides (pyrethroids), and cosmetics (UV filters).

Keywords: endocrine disruptors, infertility, pesticides, heavy metal, cosmetics

1. Introduction

Industrialization and the development of technology make our lives easier, but 
they also bring negative effects on our health. Particularly, the reproductive health 
is the system most affected by these modern living conditions and environmental 
factors. In recent years, many environmental polluting chemicals have been shown to 
have the ability to interfere with the functioning of the body’s hormone, which have 
been classified as endocrine-disrupting chemicals (EDCs). An EDC is defined by the 
United States Environmental Protection Agency (EPA) as, “an exogenous chemical 
substance or mixture that alters the structure or function(s) of the endocrine system 
and causes adverse effects at the level of the organism, its progeny, and populations or 
(sub)populations” [1–4].

These EDCs are extremely heterogeneous and can be divided into three groups;

1. Pharmaceuticals—(e.g., diethylstilbestrol, ethinyl oestradiol, naproxen,  
acetaminophen),
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2. Natural and synthetics hormones—(e.g., phytoestrogens, 3-omegafatty acids; 
synthetic such as oral contraceptives).

3. Environmental EDCs—(e.g., polycyclic aromatic hydrocarbons, polybrominated 
diphenyl ethers heavy metals, pesticides, detergents, plasticizers, solvents,  
dioxin and cosmetics) [5, 6].

EDCs have been by far the biggest focus due to their widespread use and wide 
exposure. The major route of human exposure to these chemicals is through ingestion 
of contaminated water and food (e.g., meat, fish, dairy products, and vegetables), 
via inhalation, and through the skin. These chemicals are easily released into the 
environment for example through leaching into the soil and water. Some EDCs (such 
as some organochlorine pesticides, polychlorinated biphenyl, biphenol-A, phthalates, 
heavy metals) are known as persistent organic pollutants due to their high lipophilic-
ity. These substances pass into the systemic circulation, can be metabolized to com-
pounds that are more toxic than the parent chemicals, and are potentially eliminated 
through pathways such as urine, semen, and breast milk [6–9].

EDCs include different groups of chemicals such as persistent organic pollutants, 
industrial compounds, children’s products (containing lead, phthalates, cadmium), 
food contact materials (e.g., bisphenol A, phthalates, linings of cans, or plastic bottles 
containing phenol), pesticides, chemical substances that are widely used in cosmet-
ics such as phthalates, ultraviolet (UV) filter constituents, and parabens, as well as 
several heavy metals, polybrominated diphenyl ethers that are flame retardants used 
in agriculture, and many household and industrial products [2, 8].

Most EDCs have the potential to markedly affect the development of the steroid 
hormone dependent human reproductive system. EDCs can interfere with the normal 
secretion, synthesis, production, metabolism, transport, or effect of hormones. EDCs 
can alter cellular processes by different mechanisms, by binding to steroid hormone 
nuclear receptors and activating genomic and non-genomic pathways, activating ion 
channels, inducing proinflammatory cytokines and chemokines, promoting oxidative 
stress, and altering cell proliferation and differentiation [7, 8]. EDCs may contain a 
large number of molecules capable of inducing estrogenic or antiandrogenic effects. 
They may mimic the sex hormones estrogen or androgen or they may block the 
activities of estrogen or androgen. (i.e., be antiestrogens or antiandrogens) [4, 5, 10]. 
EDCs can indirectly produce an estrogenic response by a number of different mecha-
nisms, such as increasing estrogen synthesis (e.g., peroxisome proliferators inducing 
aromatase activity, thus increasing circulating estradiol levels), facilitating estrogen 
receptor binding, or altering the estrogen ratio. Estrogens are a group of chemicals 
of similar structure primarily responsible for female reproduction but the existence 
of estrogen in men has been known for over 90 years. However, our knowledge of 
the general role of estrogens in the male reproductive and non-reproductive organs 
is clearly far behind that in females. In addition, exposure to exogenous estrogens, 
especially developmentally, has recently been shown to have deleterious effects on the 
male reproductive system in men [11, 12].

Estrogens are mainly produced by the ovaries, but also by the adrenal glands and 
adipose tissue. Estradiol is most potent member of the class of steroid hormones pro-
duced primarily by the ovaries [11, 13]. For instance, in either sex, androgens give rise 
to estrogens, through aromatase, so together they play a vital role in homoeostasis. In 
addition, EDCs can exert an antiestrogenic effect by preventing endogenous estrogens 
from interacting with their receptors and thus inhibiting their action. In general, 
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estrogenic compounds promote the development of female sexual characteristics; 
antiestrogens inhibit the development of female characteristics, but not necessarily 
male characteristics [7, 13].

It is well known that chemicals interfering with hormonal pathways can seriously 
affect human reproductive disorders such as infertility, endometriosis, breast cancer, 
testicular cancer, poor sperm quality, and/or function [5, 6, 9, 14]. A growing body 
of scientific evidence indicates that reproductive health, and ultimately reproduc-
tive capacity, is under pressure globally. Unfortunately, relatively few studies have 
addressed the impact of environmental exposures on human reproductive function. 
It has been reported that the number of families applying to infertility clinics to 
have a child with the assisted reproductive techniques has increased significantly in 
recent years [4, 8, 15]. Infertility is defined as “a disease characterized by the failure 
to establish a clinical pregnancy after 12 months of regular and unprotected sexual 
intercourse.” It affects 10–15% of all couples and varies between countries and 
geographic regions. Idiopathic infertility accounts for approximately 44% of male 
infertility cases and is the most common individual diagnosis [3, 16, 17].

The current chapter discusses the detrimental effects of EDCs exposure on male/
female infertility, by providing an overview of experimental studies on humans and 
by reporting epidemiological studies in humans. The present section will focus on the 
relationship between hormone disruptors and female infertility. Specifically, pesti-
cides pyrethroids, heavy metal such as lead as well as commonly used cosmetics like 
UV filters will be discussed.

2. Male infertility

The psychological, social, and economic consequences of reduced male capacity 
to have children are often severe and extend beyond individuals to entire families and 
society at large. The previously discussed subject of decline in male fertility is no lon-
ger controversial because many studies over the past 10 years have shown a decrease 
in semen quality [4, 17–19]. EDCs affect the maturation, function, and viability of 
sperm by acting directly on the sperm or altering the function of the epididymis as 
well as the sperm’s ability to fertilize an egg. In normal human males, the number 
of sperm is close to what is normally required for fertility. While acute exposure can 
cause significant changes in spermatogenesis, it appears to occur with low-dose, 
chronic exposures to EDCs that impair spermatogenesis [5, 17, 20]. Therefore, even a 
small decrease in daily sperm production can cause infertility. Semen parameters are 
used to measure sperm quality and they are very important because they can be used 
to predict male infertility [5, 20]. However, for many reason, semen may be the least 
understood body fluid in terms of the distribution of its normal values in the general 
population. Since it is difficult to obtain semen fluid, men are not included in the 
study, therefore not many studies can be conducted to reveal the relationship between 
semen quality and chemical substances [21].

About 15% of couples worldwide are infertile and half is the male factor. Male 
infertility is considered as primary cause of infertility in 20% of couples and a 
contributing factor in 30–40% of cases. Infertility is caused by changes in the 
hypothalamic-pituitary-gonadal (HPG) axis or by direct effects on sperm and other 
semen parameters [4, 17]. Men with sperm parameters below the values specified in 
WHO are considered to have male factor infertility. The most important of these are 
low sperm concentration (oligospermia), poor sperm motility (asthenospermia), 
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and abnormal sperm morphology (teratospermia). Other factors less correlated with 
infertility include semen volume and other seminal markers [15].

In a large review of international studies conducted by authors, it is reported that 
the average sperm count in men decreased from 113 million/mL to 66 million/mL and 
significant anomalies in sperm morphology/motility in 50 years (1940–1990) in the 
world [7, 22].

Sperm function is affected by reactive oxygen species (ROS) produced during the 
metabolism of these chemicals, which is another possible effect of infertility includ-
ing EDCs. Oxidative stress plays an important role in the mechanism of male infer-
tility. Oxidative stress is a balance between the production of ROS and the natural 
antioxidant defense of semen. Increased ROS levels can be due to many factors such as 
environmental pollutants and lifestyle factors [23, 24].

The effect of EDCs in testicles is mediated mainly by the nuclear estrogen recep-
tors (ESR1 and ESR2) expressed by Sertoli and germ cells. These cells secrete mas-
culinizing hormones that regulate sperm production, [6, 10, 25]. Because hormones 
tightly control the male reproductive system, anti-androgens or EDCs that mimic 
estrogens can interfere with spermatogenesis and have a profound effect on healthy 
sperm production [16]. Men exposed to estrogenic EDCs may reduce fertility and 
develop female secondary sex characteristics such as gynecomastia [13].

Different mechanisms of action related to the hormone-disrupting effects of pesti-
cides are discussed, but the most common mention is the interaction with the rec-
ognition and binding of reproductive hormone receptors. Most EDCs are substances 
with estrogenic/anti-androgenic activity that act by interfering with the estrogen 
receptors (ER) or the androgen receptor (AR), which are commonly found in male 
reproductive tissues [26, 27]. For the last been, it has focused on the estrogenic 
effect of EDCs and it has been determined that many substances are “environmental 
estrogens.” It is though that increased exposure to estrogens not only causes prenatal 
testicular damage, but may also contributes to postpartum inhibition of testicular 
function and spermatogenesis. Environmental estrogens affect fetal development by 
inhibiting the development of Sertoli cells, which determine the lifetime capacity of 
sperm production. These estrogens can also inhibit enzymes in testosterone synthesis 
and directly affect testosterone production [28–30].

2.1 Heavy metal (LEAD-Pb)

Rapid industrialization and over-growing urbanization and the toxic effects of 
heavy metals on the male reproductive system have become an important public 
health all over the world. Reproductive problems in males due to metal exposure are 
one of the most important areas of concern in toxicology [31]. In epidemiological and 
clinical studies, it has been found to be associated with impaired semen quality as a 
result of the direct effect of heavy metals on testicular function or hormonal changes. 
One of the heavy metals of greatest concern is lead (Pb). Lead exposure can cause 
toxicity to both the male and female reproductive systems. Pb is a natural compound 
and is regularly used in mining, smelting, refining, leaded gasoline (petrol), lead-acid 
batteries, paints, jewelry, children’s products, and many other products. The general 
population is exposed to Pb through contaminated food and water and inhalation of 
airborne Pb. Lead in seminal plasma may increase with environmental pollutions, and 
industrial and dietary exposure [6, 32, 33].

In toxicology studies, it is argued that the determination of heavy metal levels 
in the seminal fluid may better indicate exposure, due to the accumulation of these 
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substances in the male reproductive organs, rather than the determination of heavy 
metal levels in the blood [31, 32]. At low levels of occupational exposure in smelting 
industry workers, lead has been associated with reduced semen concentration, motil-
ity, and viability. Heavy metals cause toxicity by affecting the HPG axis, testicular 
function, spermatogenesis, and steroidogenic processes either directly or through the 
endocrine system [17, 31, 34].

Strong evidences confirm that male infertility in metal-exposed humans is medi-
ated via various mechanisms such as production of reactive oxygen species (ROS). It 
is known that smoking causes oxidative stress by increasing oxidant levels or decreas-
ing antioxidant levels in seminal plasma [34, 35]. Kiziler et al. [35] investigated Pb 
levels in blood and seminal plasma of the infertile and fertile groups. Pb levels in 
seminal plasma and blood were significantly higher in infertile men than those in fer-
tile groups. It was revealed that sperm count, motility, and morphology were signifi-
cantly decreased in infertile smokers than in non-smoker infertile and fertile men. He 
et al. [36] investigated whether oxidative stress is an intermediate mediator in regu-
lating the associations between heavy metal exposure and impaired semen quality. A 
significant inverse relationship was found between Pb exposure and the percentage 
of normal sperm morphology [36], and a negative correlation was detected with 
the sperm count and motility [37]. Lead levels of non-occupational lead exposure in 
341 infertile men were investigated by Wu et al. [32]. The research results showed a 
significant inverse correlation between the lead concentration in seminal plasma and 
the sperm count. These results showed a negatively correlation with standard semen 
parameters and biomarkers of sperm function. Therefore, the authors postulate that 
unexplained male infertility may be due to increased Pb levels [38].

It is known that semen quality has an effect on sperm motility, which is one of the 
most important factors in infertility [39]. Sperm motility depends on the synchro-
nized movements proteins, sugars, ions, and small organic molecules. It is one of the 
main factors that facilitate the journey of sperm toward the egg and the subsequent 
fertilization process. Defects in sperm motility are a common reason for infertility in 
humans [34]. Li et al. [40] examined the positively relationship between increased 
blood Pb levels and low semen quality. Li et al. [41] also found a negative correlation 
between Pb concentrations and sperm motility. Therefore, authors suggest that among 
the semen parameters, sperm motility can be a sensitive indicator of semen quality.

It has been reported that 90% of male infertility problems are related to sperm count, 
and there is also a positive relationship between sperm count and semen parameters [15]. 
Famurewa and Ugwuja [42] found that seminal plasma Pb was significantly (p < 0.05) 
higher in oligospermic and normospernic men than in azospermic men. Significant 
inverse associations (p < 0.01) were found between blood lead and sperm count.

In conclusion, lead shows its effect on reproductive hormones by changing the 
reproductive hormone axis and hormonal control over spermatogenesis rather than 
having a direct toxic effect on the seminiferous tubules of testicles [43]. The overall 
results of these studies indicate that even considerably low levels of blood and seminal 
plasma Pb might reduce the human semen quality, it potentially reduces male fertil-
ity; however, more infertility studies are needed to show that lead has a direct effect 
on male infertility [42].

2.2 Pyrethroids

The most widely used group among pesticides is the group of synthetic pyre-
throids. General population exposure to pyrethroids can occur primarily through 
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dietary residues and inhalation or ingestion of contaminated house dust after indoor 
application. Because of high performance and low toxicity of pyrethroids, these 
chemicals are widely used both in agriculture and at home as a substitute for organo-
chlorine insecticides [44, 45]. In recent years, hormone disruptors such as pyrethroids 
have been discussed with studies showing the male infertility relationship [28, 29]. It 
is suggested that pyrethroids can cross the blood testicular barrier, reach the nucleus 
of spermatogenetic cells, and affect sperm function, due to their hydrophobic and 
small molecular structure. Although associations between occupational exposure 
to pyrethroids and altered semen quality are generally reported, there are limited 
epidemiological data on the potential effects of non-occupational exposure to pyre-
throids on male reproductive function [44]. In recent years, studies have reported that 
pyrethroid pesticides can reduce sperm count and motility, change sperm morphol-
ogy, increase abnormal sperm count, cause sperm DNA damage, and also affect sex 
hormone levels [46–49]. It is emphasized that these findings may be of particular 
concern for male infertility due to increased use of pyrethroids and widespread 
human exposure. As a result, it is reported that these substances play an important 
role in reproductive toxicity [45].

The number of environmental pollutants such as pyrethroids determined to have 
anti-androgenic effects is increasing day by day. However, recently the relationship 
between androgenic/antiandrogenic effects of these substances and male infertility 
has been discussed [28, 29, 50, 51]. Androgens, like testosterone, are steroid hormones 
essential for normal male reproductive development and function and play a very 
important role in spermatogenesis, in adulthood [52]. Androgenes belong to the 
steroid superfamily and are mainly involved in gonadal development. Androgens 
are present in different levels in both men and women [27]. The differentiation of 
the male reproductive system depends on fetal testicular androgen production. In 
addition, disruption estrogen exposure in the fetal period may cause reproductive 
abnormalities by disrupting the sensitive androgen-estrogen balance [7, 27]. Anti-
androgenic pyrethroids interfere with the androgen receptor signaling pathway by 
interacting with androgen receptors [51]. In recent years, cypermethrin, deltame-
thrin, fenvalarate, bifenthrin, permethrin, lambda cyholothrin, cyfluthrin are the 
most used pyrethroids in many countries, and the anti-androgenic effect of these 
substances has been reported [53–59]. Therefore, the identification of these chemicals 
is very important in many fields, including food production, reproductive toxicology, 
and risk assessment [57]. Although it has been suggested that some pyrethroids act as 
androgen receptor antagonists, more studies are needed to determine the mechanisms 
underlying the antagonism [50].

As a result of exposure to pyrethroids in different ways, it has been shown that 
these substances are rapidly metabolized in human by hydrolytic cleavage of the 
ester bond followed by oxidation [60]. Because of the rapid metabolism of pyre-
throids, determination of their urinary metabolities is preferred for the estimation 
of pyrethroid exposures. 3-phenoxybenzoic acid (3-PBA) is a general metabolite 
of many pyrehroids (cypermethrin deltamethrin, permethrin, and others) and is a 
metabolite with the highest rate in non-occupational exposure. Therefore, determi-
nation of this metabolite in urine may indicate environmental exposure to different 
pyrethroids [44, 60]. In the literature, there are not many studies on the infertility 
relationship of anti-androgenic pyrethroids/metabolites [28, 29, 44, 46, 61]. In infer-
tility studies, exposure to non-persistent pyrethroid metabolities has been associated 
with changes in reproductive hormones in men [62], as well as decreased semen 
quality and increased sperm DNA damage due to urinary metabolities of pyrethroid 
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insecticides [29, 44, 63]. Han et al. [60] found an association between serum hor-
mone levels and urinary 3PBA levels (between 3-BPA and LH and E2 hormones), in 
infertile men, as result of their investigation. The detrimental effect of pesticides 
such as pyrethroids on sperm concentration, motility, and morphology may result 
from impaired spermatogenesis due to various hormonal changes [64]. The infor-
mation provided by examining sperm morphology in a complete semen analysis 
is becoming increasingly important clinically for infertility and fertility [65]. 
Abnormal sperm morphology due to secretory dysfunction of Leydig and Sertoli 
cells impairs sperm fertilization capacity. Sperm parameters such as sperm concen-
tration, sperm motility, and sperm morphology are related to each other. The factors 
that cause deterioration in any of these parameters generally affect the others. It 
is reported that the best indicator of infertility is sperm concentration after sperm 
motility [64, 66]. More studies are needed to better elucidate the effects of exposure 
to potential endocrine-disrupting pyrethroid pesticides on semen parameters.

2.3 Cosmetics (UV filters)

Cosmetics include all non-pharmaceutical substances consumed or applied to 
improve personal health, hygiene, or appearance. These products contain many 
components such as phthalates, parabens, UV filters, polycylic musks, antimicrobi-
als, formaldehyde, which are used different purposes. In addition, many cosmetic 
products contain heavy metals such as lead, cadmium, antimony, chromium, arsenic, 
mercury, nickel as ingredient or impurities [18, 67]. The main route of exposure is 
through the skin and through inhalation. The main endpoint of exposure is endocrine 
disruption. This is because of the many substances in cosmetics and UV filters that 
have endocrine active properties that affect directly damaging the testicular tissue. 
Recently, Peterson et al. [18] investigated the cosmetic exposure and associations 
with measures of semen quality in young Danish men. Despite the widespread use of 
multiple products, they found little an association with semen quality.

UV filters are used not only in cosmetic products such as skin lotion, beauty 
creams, lipsticks, and hair sprays, but also as additives in plastics, printing inks, 
shampoos, perfumes, and other products. Although UV filters are applied to the body 
surface, there is information that they are absorbed, metabolized, bio accumulated, 
and/or excreted from the skin. There is not much information about the metabolism 
of the UV filter in humans in the literature [68–70].

UV filters are new environmental pollutants that could potentially affect a large 
proportion of the population [71]. Men’s exposure to these substances is likely due 
to contact with products containing these chemicals [72]. In fact, in vitro and in vivo 
studies in different species of mammals showed that some of these UV filters exhibit 
hormonal activity and are able to interact with estrogen, androgen, and thyroid sig-
naling [68]. However, epidemiological studies on the relationship between hormone-
disrupting effects of organic UV filters and infertility are very limited. Therefore, 
more research is needed to determine the health risks of these substances [73]. 
Frederiksen et al. [72] investigated the degree of exposure of human spermatozoa to 
UV filters in Danish men. They found that almost half of the men had measurable 
concentrations in their seminal fluid of at least one of the selected UV filters.

In recent studies, the mechanism of action of UV filters on sperm has been 
evaluated. Some processes in sperm depend on calcium ion channels opened in the 
cell membrane. CatSper ion channel, which is specifically expressed in spermatozoa, 
controls intracellular Ca2+ concentration and sperm motility. CatSper activation 
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mediates an increase in intracellular Ca2+ levels in the sperm tail. The presence of  
an inactive CatSper protein in male mice has been reported to cause infertility  
[74, 75]. Schiffer et al. [74] investigated the effect of 96 different EDCs including UV 
filters (4-MBC, BP3, 3-BC, HMS, OD-PABA) on human sperm. Researchers reported 
that structurally diverse EDCs activate the sperm-specific CatSper channel, thereby 
inducing intracellular Ca2+ increase, motility response, and acrosomal exocytosis. 
Rehfeld et al. [76] also revealed that organic UV filters have been shown to induce 
a Ca2+ influx through CatSper. As a result, authors argue that EDCs (selected UV 
filters) interfere with various sperm functions and thus may impair human fertility. 
Sperm cell dysfunction is a common cause of infertility. Progesterone is a known 
inducer of acrosomal reaction in sperm cells, and suboptimal induction of acrosomal 
reaction in response to progesterone is correlated with fertility. Rehfeld et al. [77] 
examined the effects of organic UV filters on the human sperm cell function acroso-
mal reaction, sperm penetration into a viscous medium and hyperactivation, as well 
as on sperm viability. The result of these study showed that selected UV filters mimic 
the effects of progesterone on the activation of the CatSper Ca2+ channel in human 
spermatozoa.

Adoamnei et al. [78] investigated whether there are associations between urinary 
concentrations of BP-type UV filters and semen quality and reproductive hormone 
levels in young men. They found a significant positive association between urinary 
BP-type (BP1 and BP3) concentrations and some reproductive hormones (FSH, T/E2). 
They suggest that further research is needed in other male populations. When the rela-
tionship between semen parameters and reproductive hormones is evaluated in other 
studies with BP-type UV filters, it is reported that there is a significant relationship [79] 
and found no association between urinary concentrations of BP3 and idiopathic male 
infertility [80]. As a result, human exposure to these organic UV filters can interfere 
with sperm and impair fertility.

3. Female infertility

EDCs are thought to affect women’s menstrual cycle, estrogen deficiency, 
infertility, and are also associated with diseases such as polycystic ovary syndrome 
(PCOS) and endometriosis, spontaneous abortions, birth defects, endometriosis, 
breast cancer, premature ovarian failure [23, 25]. Female are at a greater risk than 
men, especially with the rise in environmental estrogens. However, since research 
on these exposures often tends to focus on male fertility, it is unlikely that EDCs 
will answer questions about female fertility [25, 81]. Because females are relatively 
sensitive to estrogens and are heavily exposed to environmental estrogens, women 
will also be most affected by EDCs. The origin of endocrine disruption hypothesis 
was related to exposure to estrogens. Literature data also show that long-term and 
combined exposure to environmental estrogens will have an impact on female fertil-
ity. Although it has long been known that female fertility is impaired by estrogen 
exposure, there are limited data on whether long-term low-dose exposure to envi-
ronmental pollutants with weak estrogenic effect causes problems such as infertility 
in women [81].

There is little epidemiological information about trends in female infertility. Data 
on the effects of EDCs on the female reproductive system and fertility are insuffi-
cient. However, it has been suggested that there is a relationship between exposure to 
EDCs and their long-term effects [7, 81].
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The most common direct or indirect causes of female infertility are endocrine 
problems. EDCs alter endocrine function through various mechanisms. One of these 
mechanisms is that these substances directly bind to estrogen receptors and increase 
aromatase activity, thereby increasing estrogen sensitivity. Another mechanism is that 
EDCs indirectly lead to an increase in endogenous estrogen production and exert their 
effects through both receptor-dependent and receptor-independent mechanisms 
through their effects on gonadotropin-releasing hormone. Both mechanisms result 
in altered ovarian function by altering endocrine signaling with several processes in 
ovary and the other reproductive organs [3, 33, 82].

EDCs act on female reproductive hormones and receptors through estrogenic, 
anti-estrogenic, androgenic, and anti-androgenic mechanisms [23, 25]. Estradiol 
(E2) plays a very important role in female fertility. The functions of estrogens are 
mediated primarily by two estrogen receptors: ESR1 (ERalfa) and ESR2 (ERbeta), 
both of which are widely expressed in cells throughout the female reproductive 
system [83]. Most EDCs interfere with female reproductive function by activating or 
inhibiting ESRs. EDCs have different binding affinities to ESRs and therefore exert 
different effects in ovary. In ovary, the main function of ESR1 is to regulate ste-
roidogenesis in theca cells. On the other hand, the function of ESR2 is granulosa cell 
differentiation toward FSH, follicle maturation, and ovulation. Many EDCs interfere 
with female reproductive function by activating or inhibiting ESRs. Different EDCs 
exert different effects in the ovary depending on their binding affinity to different 
ESRs [82, 83].

The sensitivity of the developing female reproductive system to estrogens raises 
the question of whether exposure to EDCs with estrogenic activity (such as heavy 
metals, pesticides, and cosmetics) can affect the female fertility [81].

3.1 Heavy metal (LEAD-Pb)

Lead is known to be one of potential female reproductive toxins. However, there 
are few studies on whether low Pb exposure causes female infertility compared with 
male infertility. Lead is a potent disruptor of adrenal and ovarian steroidogenesis and 
inhibits progesterone synthesis and activity in dose-dependent manner. The effects 
of lead on 17-β-estradiol, testosterone, and cortisol may cause stimulant effects after 
low-level exposure, while inhibiting effects after high-level exposure. Exposure to Pb 
causes impaired fertility in women, two key proteins in the function of the pituitary-
ovarian axis. Both P-450 aromatase and ER-β-activity in granulosa cells of ovarian 
follicles have been shown to be strongly inhibited in women exposed to Pb [84–86].

It is known that Pb can concentrate, impair cellular processes, and cause harm-
ful results in terms of reproductive health. Lee et al. [85] found that low blood lead 
level was positively associated with infertile women. It has been suggested that even 
low blood lead levels may be detrimental to female fertility. Silberstein et al. [87] 
compared lead levels in blood and follicular fluid from nine patients undergoing 
IVF treatment. Lead levels in follicular fluid were found to be significantly higher 
in non-pregnant patients compared with pregnant patients. The results of this 
study show that high concentrations of lead negatively affect female fertility [87]. 
Another researcher investigated the association between blood concentrations 
of Pb and risk factors for infertile or pregnant women in Taiwan. The concentra-
tion of Pb was significantly higher in the blood of infertile women than in that of 
pregnant women. Particularly, frequent use of Chinese herbal medicine by infertile 
women has been associated with elevated blood Pb levels. It is suggested that the 
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risk-benefit of Chinese herbal medicine intake should be evaluated by women of 
childbearing age [88].

With the increase in the female workforce of more women in Pb production in 
developing countries, more women are exposed to potential reproductive hazards. 
In a study by Tang and Zhu [89], it was shown that Pb causes reproductive toxicity 
and female infertility as a result of occupational exposure (lead battery plants). In 
this study, it was observed that the menstrual cycle, that is, the hormonal balance of 
female workers exposed to lead was disturbed [89]. On the other hand, Gerhard et al. 
[90] investigated whether the urinary heavy metal excretion is associated with differ-
ent factors of infertility. They found that accumulation of heavy metals in the ovary 
disturbs the production of estradiol and progesterone. The study by Srivastava et al. 
[91] also supports that pubertal women exposed to low levels of lead maternally have 
suppressed levels of both luteinizing hormone (LH) and estradiol (E2). Maternal Pb 
exposure changes only LH, not FSH secretion.

Endometriosis affects 10% of women of childbearing age and causes infertility in 
about half of these women. Recently, it has been reported that exposure to EDCs is 
associated with endometriosis [7]. Tanrıkut et al. [92] determined the role of endo-
metrial concentrations of heavy metals including Pb in the unexplained infertility. 
Lead levels were detected in 15 and 3% of 33 infertile and 32 fertile women, respec-
tively. Further population-based studies are needed to determine the reproductive 
toxicity of low-level Pb exposure [85].

3.2 Pyrethroids

Although in vitro and experimental animal studies show that pyrethroids may 
affect ovarian function, epidemiological studies in this direction are scarce. Since 
pyretroids are rapidly metabolized in mammals, their toxicity is reported to be very 
limited [93, 94]. Marettova et al. [93] reviewed the effect of pyrethroids on female 
reproductive system. In vitro and experimental animal studies have shown that 
pyrethroids can inhibit female endocrine functions. It has been determined that 
pyrethroids such as fenvalarate, deltamethrin, and cypermethrin cause morphometric 
and structural changes in female genital organs. It has been determined that the 
negative effect of toxic substances on the ovary may be caused by decreased gonado-
tropin secretion, impaired follicular growth, or enzymatic interaction, which may 
lead to decreased sex steroid hormone synthesis. As a result, it has been reported that 
pyrethroids/metabolities may impair the structure and function of female reproduc-
tive organs [93].

Women are normally exposed to estrogen, but the effects of ECDs on women are 
more difficult to monitor due to the large differences in the estrogen cycle and circu-
lating hormone concentrations during different phases of the cycle. The presence of 
estrogen-mimicking compounds in adult women can interfere with natural hormone 
cycles, impairing reproductive capacity, potentially making women unable to con-
ceive, or maintaining a pregnancy [5]. If fertilization does not occur or pregnancy 
does not occur, the corpus luteum undergoes a process of cell death known as lute-
olysis or corpus luteum regression. Disruption of the process of folliculogenesis and 
corpus luteum formation leads to adverse reproductive outcomes such as anovulation, 
infertility, decreased fertility, estrogen deficiency, and premature ovarian failure 
(POF). The POF is one of the mechanisms leading to female infertility [82, 95]. 
Anti-Mullerian hormone (AMH) is a marker of ovarian reserve. Whitworth et al. [96] 
investigated the relationship between residential spraying pyrethroid exposure and 
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AMH levels in African women. The authors reported that pyrethroids reduce the level 
of AMH, one of the predictors of female fertility. In another non-occupational expo-
sure study in Chinese women, a positive correlation was found between increased 
urinary 3-PBA concentration and FSH and LH levels, and a negative correlation 
between AMH and 3-PBA [97]. Hu et al. [98] researched the effects of preconception 
exposure pyrethroids on gestational duration and infertility in the general population 
of couples planning to conceive in China. They found that the urinary 3-PBA con-
centrations in the highest quartile were correlated with longer time to pregnancy and 
infertility in women.

These limited study data highlight that this may be of concern due to the increas-
ing use of pyrethroids causing non-occupational exposure among the general popula-
tion and the lack of epidemiological studies.

3.3 Cosmetics (UV filters)

Residues of UV filters were also studies biological samples such as urine, breast 
milk, placenta, plasma, fetal cord blood, semen, and tissues [99–102]. Considering 
the chronic toxic effects of UV filters in terms of both their residual values and their 
hormone-disrupting effects, there are serious warnings in the literature. In particular, 
there are studies showing that organic UV filters, called “environmental estrogens-
endocrine disruptors,” have estrogenic and antiandrogenic activity as much as other 
industrial chemicals [69, 103]. Recent studies dealing with organic UV filters are 
mostly focused on their effect on endocrine damage. Wang et al. [68] reviewed the 
potential endocrine disruptors of typical UV filters including benzophenones (BPs), 
camphor derivatives, and cinnamate derivatives.

It has been shown that there is statistically significant relationship between 
exposure to endocrine-disrupting UV filters and estrogen-mediated diseases. Kunisue 
et al. [104] assessed the relationship between exposure to BPs and endometriozis. 
The association of urine concentrations of BPs with an increased probability of 
being diagnosed with endometriozis was studied in 600 women. Significant regional 
variations were found for 2OH-4MeO-BP and 2,4OH-BP urine concentrations, and 
monthly variations (higher concentrations in July and August) were determined 
based on female use. When these results are evaluated, it is reported that there may be 
a relationship between exposure to high 2,4OH-BP levels and endometriozsis, consid-
ering that 2,4OH-BP has a higher estrogenic activity than 2OH-4MeO-BP [104]. The 
most used group of UV filters is benzophenone (BP) and it has about 29 compounds. 
Considering the wide use of BPs in sunscreen and personal care products, as well as 
their estrogenic and antiandrogenic activities, BPs are reported to be a public health 
concern. Given the widespread use of UV filters, concerns have arisen about their 
potential impact on human health, including infertility [71]. Thus, further studies are 
needed to clarify associations between exposures to these chemicals.

Faass et al. [105] examined the pre- and postnatal effects of 4-MBC and 3-benzyli-
dene camphor (3-BC) that are sunscreens with endocrine-disrupting properties, in rat 
and dog. It was observed that these UV filters disrupted female sex behaviors, estrus 
cycle, and gene expression of sex hormones in brain. Screening the data from this point 
of view, in rat exposed to endocrine-disrupturing UV filters in low doses, it was observed 
that these chemicals have an influence on the sexual behaviors and gene expression of 
sex hormones. In this study, it was additionally found that the difference is not so high 
when residual values of organic UV filters are compared with those in humans. It is obvi-
ously underlined that this could be a potential risk namely for women [105].
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However, human data evaluating the effects of hormone disruptors of these 
substances are very limited and studies have been carried out recently. BP-3, which 
is a UV filter used in sunscreens and cosmetic products, has been detected in almost 
all individuals and not only during the summer season. Louis et al. [71] investigated 
the effects of 5 UV filters, which are most commonly used in sunscreen products and 
personal care products, and whose residues were detected in human urine samples, 
on the duration of conception. Urine samples were collected from 501 couples who 
stopped using contraceptives to become pregnant until they achieved pregnancy. The 
effect of five UV filters BP3 (its metabolites BP1, BP8), BP2, and 4-OH-BP on the 
duration of conception was evaulated. The results show that male exposure to selected 
UV filters (BP2 and 4-hydoxybenzophenone) can reduce couple’s fertility, resulting 
in a longer time to pregnancy [71].

4. Conclusions

In general, it is being observed that the most important harmful effects of 
exposure to endocrine-disrupting environmental pollutants such as heavy metals, 
pesticides, and cosmetics are on the reproductive system in humans. Infertility is both 
clinical and social problems that affect the couple’s life, health services, and social 
environment. With the awareness of these important issues, factors that increase the 
risk of infertility can be prevented. Further toxicological studies are needed to further 
understand the risk and mechanisms of action of these substances on male and 
especially female reproductive function, and to identify and characterize new EDCs.
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Chapter 11

Radionuclide Contamination 
as a Risk Factor in Terrestrial 
Ecosystems: Occurrence, 
Biological Risk, and Strategies for 
Remediation and Detoxification
Peter Ostoich, Michaela Beltcheva, Jose Antonio Heredia Rojas 
and Roumiana Metcheva

Abstract

Radionuclide contamination poses serious hazards for terrestrial ecosystems. 
Beyond the readily apparent damage to the biota at high doses, low doses of ion-
izing radiation produce stochastic effects: mutation, carcinogenesis, and genomic 
instability. The proposed chapter is a review of the biological and ecological effects of 
radionuclides. The authors discuss, beyond the Chernobyl accident, other contami-
nation events. The review includes the biological and ecological effects of the three 
principal technogenic contaminants in terrestrial ecosystems: Cs-137, Sr-90, and 
I-131. Ecological risks to terrestrial small mammals are assessed in detail. In addition, 
the chapter provides some of the lesser-known methods of remediation and detoxifi-
cation, including the use of modified natural zeolites as environmental remedies and 
bio-sorbents. Presented herein is little-known information on environmental protec-
tion against radioactive contamination.

Keywords: radionuclides, radioecology, contamination, remediation, detoxification, 
zeolites

1.  Introduction: the essence of radionuclides—emission types  
and biological effects

Radionuclides are unstable isotopes of different chemical elements. Usually, 
this instability is due to excess energy in the atomic nucleus, leading to the release 
of particles with different energies in a process called radioactive decay. Natural 
radionuclides emit three types of radiation: alpha (α), beta (β-), and gamma (γ). Of 
these types, α-particles have the strongest biological effects, causing 20 times more 
biological damage than an equivalent dose of β- or γ radiation [1, 2]. While α- and 
β-particles tend not to penetrate into matter, γ-radiation, especially at the higher 
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end of the energy spectrum, penetrates deep into living and non-living matter. This 
means that, when considering the biological and ecological effects of radionuclide 
contamination, α- and β-emitters are only relevant if incorporated into living organ-
isms. In contrast, γ-emitters are relevant as both internal and external components 
of the total absorbed dose. In the context of anthropogenic contamination, it needs 
to be taken into account that some of the man-made radionuclides emit other types 
of radiation. For example, radioisotopes used in medical PET scans such as 18F, 11C, 
13N, 15O are positron (β+) emitters. Other, more exotic man-made radionuclides such 
as Californium-252 (252Cf) are capable of spontaneously emitting neutrons. Both 
positron and neutron emitters require specific equipment for handling and detection 
of the radiation sources [1]. Some radionuclides emit multiple types of particles. 
The anthropogenic radionuclide 137Cs emits β− particles at two energies: 511 and 1173 
kiloelectronvolts (keV), and γ-rays at 32 and 661.6 keV [3, 4].

The biological effects of radionuclides are mainly due to the emitted ionizing radia-
tion (IR). IR interacts with biomolecules directly by damaging them or indirectly—by 
producing reactive oxygen species (ROS), which in turn damages biomolecules. 
According to the paradigms of classical radiobiology, the principal target of IR on a 
cellular level is genomic DNA—it can be damaged directly or indirectly, leading to cell 
cycle arrest and an activation of DNA repair systems, followed by recovery, cell death, 
or mutagenesis [5, 6]. Sparsely ionizing radiations such as β- particles and γ-rays cause 
around 70% of DNA damage indirectly through ROS, while densely ionizing radia-
tions, such as α-particles and high-energy cosmic particles, cause only about 30% of the 
biologically significant damage indirectly [7]. Researchers have elucidated the biologi-
cal effects of high and medium doses of radiation. Nevertheless, biological effects 
at low doses remain insufficiently understood and a subject of much debate [1, 8]. 
Currently, radiation risk is extrapolated linearly to the low doses by using the Linear 
Non-Threshold (LNT) mathematical model [1, 9]. However, other hypotheses include 
radiation hormesis, which is the idea that small doses of radiation are beneficial [10], 
and low-dose hypersensitivity, which is the assumption that low doses of radiation are 
more mutagenic because they do not activate DNA repair systems [11]. While radiation 
hormesis has been well researched recently [10], it has still not been taken into account 
in radiation protection calculations, where every minimal dose of radiation is assumed 
to carry a small but non-negligible risk [12]. On the other hand, the low-dose hypersen-
sitivity hypothesis is supported by recent studies, raising questions about the validity of 
current assumptions in radioprotection [13]. Living organisms tend to display different 
radiation sensitivity. Mammalian species are very sensitive to radiation, while insects 
tend to be comparatively radioresistant. The champion of radiation resistance is the 
bacterium Deinococcus radiodurans, which can withstand an acute dose of 5000 Gray 
with almost no loss of viability. Similarly, tardigrades can withstand 5000 Gray with 
50% loss in viability (LD50 = 5000 Gy). For comparison, the LD50 for humans is around 
6 Gray, for mice around 6.4 Gray, and for goats only around 2.4 Gray [14].

A significant concern in radionuclide-contaminated areas arises from the process 
of bioaccumulation. Similar to other chemical elements from their respective groups, 
radioisotopes are incorporated preferentially into different target organs and tissues. 
Thus, 137Cs, a chemical analogue of potassium, is preferentially accumulated into 
nerve and muscle tissue. 90Sr, an analogue of calcium, has a very strong affinity for 
bone and hematopoietic tissue. Some of the properties of the three most environmen-
tally significant anthropogenic radionuclides are presented below (Table 1).

As evident from the table, the most significant environmental contaminants of the 
above are 137Cs and 90Sr due to their long half-lives and persistence in nature. 131I was 
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only a very significant contaminant in the first year following the Chernobyl accident, 
causing ~4000 excess thyroid cancers in the most significantly affected populations 
of Russia, Belarus, and Ukraine [15].

2. Radionuclide occurrence in nature: natural and anthropogenic sources

Natural radioactivity, including external terrestrial γ radiation, internal α-, β-, and 
γ-radiation from naturally occurring radionuclides, cosmic radiation, and exposure to 
radon (222Rn) and thoron (220Rn) and their radioactive progeny molecules, accounts 
for ~95% of the annual radiation dose for the terrestrial biota [1]. The global annual 
dose for an average person is 3.6 millisieverts/year (mSv/a), of which 82% is due to 
natural radiation exposure, around 15% is due to medical exposure, and only about 
0.8% is due to anthropogenic contamination of the environment. Natural radioactiv-
ity has been a subject of concern for decades. Globally, there are areas with increased 
natural radiation, often due to thorium (232Th) deposits in the form of monazite 
rocks. Two such areas are Guarapari, Brazil, and the state of Kerala in southern 
India. The area of Ramsar, Iran, has enormously increased natural radioactivity due 
to radioactive hot springs containing 222Rn and its progeny. Although annual doses 
in these areas reach an average of 35–40 mSv/a, compared to 3.6 mSv/a average in 
Europe and 2.5 mSv/a in Bulgaria, modern biomedical studies report no excess cancer 
risk, leading researchers to believe that a 10-fold increase in natural radioactivity is 
harmless [16].

In contrast, environmental contamination by anthropogenic radionuclides 
without doubt creates serious risks. The Chernobyl accident is the most prominent 
example of environmental damage due to technogenic sources, although it is not the 
only one; Chernobyl caused significant chronic morbidity and mortality in people 
and enormous damage to the environment and economies in Europe. This is mostly 
due to 131I, 137Cs, and 90Sr, and their tendencies for bioaccumulation and biomagnifi-
cation in terrestrial ecosystems [17]. Although the Chernobyl accident is the best-
known example, there are many other significant contamination events in the period 
1945–2011 (Table 2).

One aspect evident from the table is that, according to atmospheric radioactivity 
released, the Chernobyl accident exceeds all other INES scale 5–7 accidents combined. 
At the same time, during this accident, only about 30% of the core radioactivity was 
released, suggesting that a full-blown reactor explosion can cause even greater dam-
age to the environment. Another noteworthy peculiarity is that most reactor accidents 

Radionuclide Symbol Half-life (λ) Emitted radiation Target tissues 
and organs

Biological 
effects

Cesium-137 137Cs 30.17 years β-(511, 1173 keV), γ (32, 
661.6 keV)

Nerve, muscle Different cancers

Strontium-90 90Sr 28.8 years pure β-(546 keV) Bone Bone cancer, 
leukemia

Iodine-131 131I 8.02 days β-(333.8, 606.3 keV), γ 
(364.5, 636.9 keV)

Thyroid gland Thyroid cancer

Table 1. 
The most significant anthropogenic radionuclides and their biological effects (data adapted from [3, 4]).
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so far occurred either with new or experimental power plants (Chernobyl, Chalk 
River, Simi Valley, Beloyarsk) or military reactors (windscale). Nevertheless, the 
Fukushima accident in 2011 presents a new precedent—the reactors in the plant were 
old, nearing the end of their design life. Since this is true for many of the currently 
operating reactors, this presents a new, threatening perspective. Aging, crumbling 
nuclear infrastructure may present a new, unmitigated radiation hazard in the future.

3. Radionuclides and nature: significant risks and unknowns

Some of the risks to ecosystems posed by radionuclide contamination are well 
understood. They include, at high doses >1 Gray acute dose, teratogenesis in develop-
ing embryos, stunted plant growth, and visible damage to the flora and fauna. These 
are deterministic effects, and they occur definitely after exposure to strong doses of 
ionizing radiation and are dose dependent (Figure 1).

As shown in Figure 1, pine trees are very radiosensitive; they can serve as a bio-
indicator of severe radioactive contamination at doses exceeding 3 Sv acute exposure 
[19]. The other depicted deterministic effect is teratogenesis in pregnant mammalian 
species. At doses exceeding 1 Sv acute in utero exposure, the number of resorbed 
fetuses decreases, and so does the number of offspring born with malformations [1].

Perhaps more worrying are the stochastic effects, which occur with a small prob-
ability even at low radiation doses. These include radiation mutagenesis and, as a 
consequence of it, radiation carcinogenesis [1, 12]. Based on data from experiments 
with specially bred laboratory mice and results from the radiobiological monitoring 
of humans, exposed to γ-rays and neutrons during the bombings of Hiroshima and 
Nagasaki, it is estimated that the doubling dose of radiation-induced mutagenesis is 
1 Gy. This means that an acute exposure to 1 Gy of γ-rays doubles the spontaneously 
occurring rate of mutation [20, 21]. Nevertheless, this perspective is being challenged. 
For example, Belarussian researchers observed transmission of chromosomal damage 
in the progeny of wild rodents from the vicinity of Chernobyl, indicating genomic 
instability [22]. An international team observed a higher mini- and microsatellite 
mutation rate in the children of Chernobyl liquidators [23]. Both of these findings 
support the theory that even low doses of radiation can be harmful to the biota, as 
well as current and future generations of humans. Another, more recent venue of 

Figure 1. 
Deterministic effects of ionizing radiation: Dead pine trees near Chernobyl, Ukraine in 1990 (left, taken from 
[19]), and experimental radiation teratogenesis in mouse embryos (right, photograph by Dr. Roberts Rugh, taken 
from [1]).
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research with significant progress is the radiation-induced bystander effect (RIBE) 
phenomenon, in which non-irradiated cells show similar cytotoxicity and genetic 
damage to their irradiated neighbors [24, 25]. The results from bystander effect stud-
ies generally support the theory of low-dose hypersensitivity and highlight possible 
molecular mechanisms for increased radiation risks in the low-dose range [24, 25]. 
Radiation risk is still to be taken very seriously, and every effort should be made to 
keep radioactive contamination of ecosystems to a minimum.

4.  Estimation and appraisal of radioactive contamination and its effects 
on the components of terrestrial ecosystems

Radioecology is a sub-discipline of ecology concerning the presence and effects 
of radioactivity on Earth’s ecosystems. Some of the risks of ionizing radiation were 
known in the early twentieth century. Nevertheless, the discipline de facto started 
developing in the period following World War II and the bombings of Hiroshima and 
Nagasaki [26]. The advent of the Atomic Age not only gave the impetus to study radia-
tion effects on ecosystems, but also gave them powerful tools in the form of radioac-
tive isotopes, which could be used as tracers [26, 27]. Initially, studies were carried out 
by the US Atomic Energy Commission (AEC) at several sites crucial to the Manhattan 
Project, principally Oak Ridge, Tennessee, and Hanford, Washington; many of these 
studies dealt with the cycling with biogenic carbon, phosphorus and oxygen through 
ecosystems and were conducted with radioactive tracers (14C, 32P, and others) [27]. 
In parallel, studies were conducted in the former USSR in the closed town of Ozyorsk 
(Chelyabinsk-40). Some studies were conducted in secret; most of them dealt with 
dispersal and deposition of bomb radionuclides and with the bioaccumulation of 
radioactivity in crop plants and farm animals [28–30].

Without a doubt, the most significant contamination event in the context of terres-
trial ecosystems is Chernobyl. It is estimated that, at the time of the accident, around 
10% of the total core radioactivity was released, including 100% of all noble gases and 
around 30% of volatile atoms including 30% of the core radiocesium (134Cs and 137Cs), 
55% of the core 131I, and ~ 45% of the core 132Te. Less volatile radionuclide species such 
as radiostrontium (89Sr and 90Sr) were also released in smaller amounts (~5% of core 
inventory), as well as <3.5% of the core transuranic nuclides (neptunium, plutonium, 
curium) [31, 32]. The core inventories and releases are summarized in Table 3.

The most significant release of radioactivity from the damaged reactor was in the 
form of noble gasses (85Kr and 133Xe). Nevertheless, fast atmospheric dispersal and the 
lack of chemical reactivity of noble gasses mean that radioactive krypton and xenon 
resulted only in trace global contamination. In contrast, the volatile iodine-131, released 
in significant quantities during the reactor fire, was the predominant problem in con-
taminated areas during 1986. It is estimated that up to 4000 additional thyroid cancers 
among people can be attributed to this nuclide [4]. In the long term, the most significant 
contribution of radiation dose to the biota is attributed to radiocesium (134Cs, 137Cs), 
particularly 137Cs, due to its long half-life (30.17 years), its propensity to accumulate in 
plant and fungal matter and animal nerve and muscle tissue. The contribution of 90Sr to 
the background dose is also significant, but much lower and often indistinguishable from 
pre-Chernobyl global fallout from atmospheric nuclear testing [34].

Radioecological research after 1986 in Europe involved multinational teams 
working in the Chernobyl exclusion zone (ChEZ) and the most contaminated areas 
of Belarus and Russia (Gomel and Bryansk regions), as well as many studies on a 
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national level focusing on areas with known contamination. Among the projects 
conducted in the ChEZ, several exemplary studies of the bioaccumulation of different 
radionuclides in wildlife stand out [17, 19, 34, 35]. Researchers have demonstrated that 
the appropriate sentinel species for radioecological studies comprise small rodents 
including representatives of family Cricetidae like Myodes glareolus Schreber, 1870, 
Microtus arvalis Pallas, 1778, Microtus oeconomus Pallas, 1776 as well as European 
murid species: the yellow-necked wood mouse Apodemus flavicollis Melchior, 1834 
and the wood mouse Apodemus sylvaticus Linnaeus, 1758.

During the 200 s, researchers reported very high internal doses in Cricetidae, 
particularly the bank vole (M. glareolus) due to high dietary intake of 137Cs [17, 34]. 
This has been confirmed by subsequent monitoring studies in the ChEZ [19, 35, 36], 
as well as in Alpine ecosystems in Bulgaria [37, 38]. Recent monitoring data suggest 
that M. glareolus is potentially the best rodent zoo monitor for residual contamination 
in Europe. A selection of results from two groups of monitoring programs, mentioned 
above is presented in Table 4.

Chernobyl core inventories at the time of accident Radioactive release

Radionuclide Symbol Half-life (λ) Core activity, PBq % core activity Released, PBq

Krypton-85* 85Kr 10.76 years 35 100 35

Xenon-133* 133Xe 5.3 days 6500 100 6500

Iodine-131 131I 8.02 days 3200 55 1760

Cesium-134 134Cs 2.0 years 180 30 54

Cesium-137 137Cs 30.17 years 280 30 85

Tellurium-132 132Te 78 hours 2700 45 1150

Strontium-89 89Sr 52.0 days 2300 5 115

Strontium-90 90Sr 28.8 years 200 5 10

Barium-140 140Ba 12.75 days 4800 5 240

Zirconium-95 95Zr 1.4 hours 5600 3.5 196

Molybdenum-99 99Mo 65.9 hours 4800 3.5 168

Ruthenium-103 103Ru 39.26 days 4800 3.5 168

Ruthenium-106 106Ru 1.0 year 2100 3.5 73

Cerium-141 141Ce 32.5 days 5600 3.5 196

Cerium-144 144Ce 284.9 days 3300 3.5 116

Neptunium-239† 239Np 2.4 days 2700 3.5 95

Plutonium-238† 238Pu 86.0 years 1 3.5 0.035

Plutonium-239† 239Pu 24,110 years 0.85 3.5 0.03

Plutonium-240† 240Pu 6580 years 1.2 3.5 0.042

Plutonium-241† 241Pu 13.2 years 170 3.5 6

Curium-242† 242Cm 163 days 26 3.5 0.9

*noble gases
†transuranic nuclides

Table 3. 
Core inventories and releases of the most important contaminants originating from the Chernobyl accident. Data 
obtained from [31–33].
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The summarized works show evidence for the high value of M. glareolus as a 
monitoring species for residual radioactivity from the Chernobyl accident due to its 
propensity to accumulate radiocesium. While accounting for the differences in values 
obtained by the various research groups, and the different time frames, another 
aspect of Chernobyl contamination becomes apparent: There are significantly higher 
depositions and animal body burdens of radiostrontium (90Sr) within the Chernobyl 
exclusion zone, as opposed to very low amounts of 90Sr present at greater distances 
from the accident site; this can be explained by the much lower volatility of strontium 
compared to cesium. This is one of the main reasons why 90Sr is still a significant con-
taminant within the ChEZ, but in most of Europe the largest part of the Chernobyl-
associated dose burden to the biota comes from 137Cs.

During recent monitoring studies, conducted in Bulgaria in the period 1996–
2020, small mammals such as rodents and insectivores were selected mainly due 
to their positions in the food chain like primary consumers, rapid maturity, large 
population number, and rapid biological reaction to the environmental changes 
[38]. The possible biological response of the organism was studied at different 
levels of organization of living matter, and evaluated the population number and 
structure, food spectrum, total beta-activity in target tissues, and organs of the 
investigated animals, standard hematological methods—to determine hemoglobin 
contents, hematocrit, and morphological characterization of erythrocytes, as well 
as cytogenetic methods. The food spectrum was analyzed as a basis for further 
investigations on the transfer of beta-emitters through the rodent populations and 
the whole ecosystem.

Study Location Result

Chesser et 
al., 2001 
[17]

Six different biotopes 
within the Chernobyl 
Exclusion Zone

Very high internal doses from 137Cs in dry muscle of M. glareolus 
from areas with high and medium contamination; average 137Cs 
body burden in M. glareolus 2902–24,720 Bq/g. High body burden 
of 137Cs in Sorex araneus—2592–5901 Bq/g).

Beresford 
et al., 2008 
[36]

Three different 
biotopes within the 
Chernobyl Exclusion 
Zone

High total-body internal doses from 137Cs in M. glareolus 
2260 ± 1290 Bq/g; much lower doses from 90Sr in different species 
of small rodents (for M. glareolus 81.3 ± 22.1 Bq/g, for Microtus sp. 
107 ± 35.0 Bq/g, for Apodemus sp. 66.6 ± 28.3 Bq/g).

Beresford 
et al., 2020a 
[19]

Reference (low-
contamination) 
biotopes within the 
Chernobyl Exclusion 
Zone

Comparatively high doses from 137Cs in M. glareolus from low-
contamination “reference areas” in the ChEZ, total body burden 
of 137Cs in M. glareolus = 649 Bq/g; comparatively high total body 
burden of 137Cs in Microtus sp. (952 Bq/g); Much lower doses 
from 137Cs in Soricidae (161 Bq/g for S. araneus, 121 Bq/g for S. 
minutus).

Iovtchev 
et al., 1996 
[37]

Two localities (Musala 
peak and Skakavtsite), 
Rila Mountain, 
Bulgaria

Comparatively high whole-body total β-activities in wild rodents 
from both localities (2.5–3.0 Bq/g for Apodemus species, 3.25 Bq/g 
for Chionomys nivalis from Musala Peak, 2.75 Bq/g for M. glareolus 
from Skakavtsite).

Beltcheva 
et al., 2019 
[38]

Two localities (Musala 
peak and Skakavtsite), 
Rila Mountain, 
Bulgaria

Overall 10-fold reduction in whole-body total β-activities in wild 
rodents from both localities. Highest residual activities observed 
in M. glareolus (0.52 Bq/g). β-activities in other rodents show 
more significant reduction (0.23–0.37 Bq/g for Apodemus sp., 
0.38 Bq/g for Ch. nivalis).

Table 4. 
A summary of the findings of five radioecological studies using small mammals as zoo monitors.
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The total body burden of β-emitters of a species depends on the trophic chain 
position, food, life mode, physicochemical composition of the atmospheric precipita-
tion, total suspended dust content in atmospheric air, and other factors. The total 
β-activities in Bq/kg of some small mammal species were investigated at two different 
altitudes in Rila Mountain, Bulgaria. The results, obtained in 2019–2020, are pre-
sented on Table 5.

All values were below 480 Bq/kg and were considered as referent.
Significant differences between mice and voles were obtained only due to the 

difference in their food specialization. Mice are omnivorous, while voles are mainly 
herbivorous species. Green vegetable parts accumulate radiocesium more actively 
than seeds and the quantity of the consumed low-caloric green food by animals is 
higher.

The comparison of the results obtained with the data 20 years ago makes it obvious 
that the values of total β-activity decreased by about 10 times in the period 1995–2019. 
Data obtained in the bodies of different monitor species of small mammals from Rila 
Mountain during 1995 varied from about 3500 Bq/kg in the yellow-necked wood 
mouse to 5000 Bq/kg in the snow vole. The total level of beta-activity in bank vole 
and yellow-necked wood mouse from Beli Iskar region during 1995 was between 2000 
and 3000 Bq/kg [37].

High doses of radiation can influence the normal function of the blood and 
disturb the hematopoiesis. These were possible basophilic granulations that appear 
in enhanced, but also disturbed erythropoiesis, basophilic DNA fragments observed 
in a blood smear, frequently as a result of decreased spleen function, anemia, and 
overloaded bone marrow. However, the given results do not suggest such changes, and 
they have not been established.

A correlation between total beta-activity loading and chromosome aberration 
frequency in bone marrow cells was established. The percentage of chromosome 
aberrations in mice was about 1.6% and breaks were 0.2% and in herbivorous voles 
respectively 7.0 and 2.5%. The percentage of aberrant bone marrow cells of mice from 
the investigated regions is visibly lower than in vole species. This fact correlates with 
the recorded total body burden of β-emitters in herbivorous species in comparison 
with the omnivorous murids.

5. Principal remediation strategies for radioactive contamination

The issue of remediating radioactively contaminated terrestrial ecosystems 
dates back to the early years of the Atomic Age (1945–1965) when protection 
measures were a secondary consideration to weapons production. Tests were 
conducted in contaminated areas such as near Hanford, Washington, and Ozyorsk 
(Chelyabinsk-40) [27, 29].

Moussala Peak
2925 m a.s.l.

β-activity
/mean ± SD/, 

Bq/kg

Beli Iskar (Skakavtsite area), 
1400–1500 m a. s. l.

β-activity
/mean ± SD/, Bq/

kg

Ap. flavicollis n = 12 230.3 ± 7.2 Ap. flavicollis n = 13 366.3 ± 8.1

Ch. nivalis n = 12 382.0 ± 8.3 M. glareolus n = 22 424.2 ± 5.3

Table 5. 
Whole-body total β-beta activities at two localities (Rila Mountain, Bulgaria), 2019–2020 [38].
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After 1986, to protect the environmental health and resolve the liabilities due to 
eventual radioactive contamination, severely contaminated countries and the respon-
sible institutions have undertaken certain remediation and protection measures:

1. mechanical/physical methods—creation of barriers, burial/demobilization of 
radioactive sources; deep tilling of agricultural fields for facilitating downward 
migration of radioisotopes;

2. forestry management—clearing and burial of severely contaminated coniferous 
forests presenting a fire hazard, natural succession/ecosystem restoration, and 
manual afforestation of contaminated agricultural areas with deciduous trees;

3. selective use of soil additives—addition of lime to increase soil pH and limit the 
uptake of 90Sr by plants, use of fertilizers containing phosphorus, and potas-
sium in order to reduce 137Cs bioaccumulation in plant matter, the addition of 
complexing agents such as powdered zeolites, and other aluminosilicate minerals 
in order to demobilize 137Cs; addition of hydroxyapatite (HAP) to prevent 90Sr 
cycling in ecosystems;

4. crop selection in agricultural areas—production of non-food/feed crops such as 
cotton, flax, timber, and biofuels; use of land with low levels of contamination 
for sugar and oil production, whereby most residual radioactivity is removed 
during the refining processes;

5. careful livestock farming—feeding farm animals clean fodder, administration of 
powdered zeolites as bio-sorbents, the addition of salt licks containing Prussian 
Blue to reduce 137Cs uptake by grazing animals.

Most of these strategies are discussed in detail elsewhere [39–44]. All of the 
methods were applied to some degree within the ChEZ and the highly contaminated 
areas of the former USSR [42]. By far, the most widespread method used was the 
deep tilling of agricultural fields. Nevertheless, one of the strategies for remediation, 
the use of zeolites for demobilization and biodetoxification of 137Cs has only been 
tested on a small scale in the ChEZ, while, at the same time, being the most promising 
approach for countering the toxicity of radiocesium [39, 45].

6. Zeolites as bio-detoxifiers of radionuclides

Natural zeolites are one of the most interesting groups among minerals, some of 
which (clinoptilolite, mordenite, chabazite) have enormous potential in science and 
technology due to their high sorption capacity and the presence of deposits with huge 
reserves in many countries, including Bulgaria. In the early years of zeolite research, 
Ames (1960) found that clinoptilolite from the Hector deposit, California, is highly 
selective for Sr2+ and Cs+ [46]. Other heavy metals, especially monovalent ones, were 
also well adsorbed—respectively ion-exchanged by this natural zeolite. The author 
introduced an order of selectivity of clinoptilolite, which is:

 + + + + 2+ + 2+ 2+ 3+ 2+ +
4Cs >Rb >K+>NH >Ba >Sr >Na >Ca >Fe >Al >Mg >Li  
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The ion exchange properties of clinoptilolite and its selective sorption are especially 
valuable in the control of radioactive waste from nuclear energy production. The min-
eral has been successfully used as a sorbent of radionuclides from water and contami-
nated soils, as well as a food additive to limit 137Cs absorption in livestock [39, 41, 45].

Very significant research on zeolites has been conducted in Bulgaria for the past 
five decades, with two deposits of clinoptilolite in the Eastern Rhodope Mountains—
Beli Plast and Beliya Bair-Zhelezni Vrata—being particularly suitable for bio-sorbents 
of heavy metals and radionuclides in the form of additives to food and livestock feed 
[47]. Recently, it was demonstrated that modified natural clinoptilolite from the 
Golobradovo deposit in the Eastern Rhodopes was practically non-toxic to laboratory 
mice and facilitated significantly the excretion of Pb2+ions from the gastro-intestinal 
tract of the experimental animals, thus protecting them against lead toxicity [48, 49]. 
In parallel, other Bulgarian researchers validated the use of zeolites from the Eastern 
Rhodopes in decontamination procedures and as soil fertilizer and even developed a 
clinoptilolite-based artificial soil (“Balkanin”) that was used for growing vegetables in 
space onboard the Mir station [50]. In the early 1990s, researchers from the Bulgarian 
Academy of Sciences developed a specially modified natural clinoptilolite (CLS-5) 
as a bio-sorbent for radiocesium (134Cs and 137Cs) and radiostrontium (89Sr and 90Sr) 
[51]. In a modified form and labeled KS-3, CLS-5 was used in the production of over 
55,000 personal radiation protection emergency kits, most of which were distributed 
among the personnel of the Kozloduy Nuclear Power Plant and the people from the 
surrounding areas (Figure 2).

Two plastic vials containing CLS-5 with a quantity of 7 grams each have been 
integrated in the radiation emergency kit. The other components of the radiation 
protection kit are a painkiller syrette, a syrette with an antiemetic, a broad-spectrum 
antibiotic, potassium iodide (KI) tablets, and CBT (a radioprotector for abating acute 
exposure to radiation), bandages, and ethanol for disinfection [51].

As evident from the material presented, research into zeolites as bio-sorbents of 
radionuclides and heavy metals is fairly advanced in Bulgaria. The past achievements 
in developing modified clinoptilolite derivatives as 90Sr and 137Cs sorbents, and cur-
rent and ongoing basic research in clinoptilolites as a countermeasure to Pb2+ and Cd2+ 
intoxication in mammalian species promise to yield the interesting results.

Figure 2. 
Modified natural zeolites as part of a radiation protection emergency kit: Plastic vials containing CLS-5 (left), 
and the entire emergency kit (right) [51].
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7. Conclusion

Ionizing radiation is one of the best understood cytotoxic and genotoxic agents. 
Nevertheless, much remains to be understood about the behavior of radionuclides 
in nature and the biological responses they induce. The radiobiology of low-dose, 
protracted irradiation is still an open area of research.

At the same time, bioaccumulation of certain radioisotopes along food chains 
poses serious ecosystem risks, or as the doyen of modern ecology Eugene Odum 
stated: “we could give nature an apparently innocuous amount of radioactivity and 
have her give it back to us in a lethal package!” [26].

The mitigation of environmental risks from radionuclides involves responsible 
management of the nuclear fuel cycle, as well as careful monitoring and safeguarding 
of nuclear installations. Among the strategies discussed in the chapter, all have been 
applied to a varying degree in severely contaminated agroecosystems and forest eco-
systems. Perhaps the most promising venue of detoxication research is the application 
of zeolites as immobilizers and bio-detoxifiers for radiocesium and radiostrontium. 
Nevertheless, no method can fully remediate a contaminated ecosystem, meaning 
that prevention of radioactive contamination remains the first and best defense 
against anthropogenic radioactive pollution.
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Abstract

Coastal ecosystems are exposed to pollution by various contaminants due to  
several anthropogenic activities. Numerous pollutants, such as pesticides, drugs, met-
als, Polycyclic Aromatic Hydrocarbons (PAHs), Brominated flame retardants (BFRs), 
and Microplastics (MPs), transported in the water column tend to persist in the sedi-
ments. Among the Tunisian coastal areas, the Bizerte and Ghar El Melh lagoons are 
exposed to several pollutants resulting from different activities, such as agriculture, 
urbanization, and industrialization. Consequently, sediments are intensely dirtied by 
a wide range of pollutants. Due to their relatively short life cycles and high turnover 
rates, free-living nematodes reacted quickly to environmental changes. This most 
dominant meiobenthic taxon, has been mainly exploited as indicator of disturbance 
because of its ubiquity, high abundance, and taxonomic diversity. In this current 
chapter, we cited the different environmental pollutants effects and show the impor-
tance of nematodes as bio-indicator species in environmental monitoring.

Keywords: Tunisian Lagoon ecosystems, free-living nematodes, emerging 
contaminants (ECs), risk assessment, experimental approach

1. Introduction

Emerging contaminants (ECs), including drugs, polycyclic aromatic hydrocarbons 
(PAHs), metals, pesticides, brominated flame retardants (BFRs), and microplastics 
(MPs), resulting from the rise of industrial production and anthropogenic activities 
around lagoon ecosystems are transported toward the water column and adsorbed 
on sediments particles [1]. Coastal lagoons are considered to be distinct systems 
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rather than adjoining ones [2]. As interfaces between land and sea, they exhibit high 
primary and secondary productions that promote the development of extensive 
fisheries and aquaculture [3]. As semi-enclosed systems, coastal lagoons are strongly 
influenced by freshwater input [4] and are usually impacted by agricultural, indus-
trial, and tourism activities [5]. These unique features allow lagoon waters to acquire 
significantly different characteristics compared to the nearby seawater, which leads 
to greater diversity in the biological communities in these ecosystems. In Tunisia, the 
Bizerte and Ghar El Melh lagoons are exposed to several contaminants resulting from 
different activities, such as agriculture, urbanization, and industrialization [6].

Free-living marine nematodes sheltering the marine sediment matrices can accu-
mulate these chemicals and then transfer them to higher trophic levels through the 
food chain causing widespread contamination of the trophic chain [7]. These species 
constitute the dominant meiobenthic group in marine areas. They are characterized 
by their high abundance (up to 20 million individuals per m2) [8] and species richness 
(approx. 8000 species) [9], their ubiquity and holobenthic lifestyle [10], and their 
small size (1–5 mm in average length), which make them easily manipulated in labo-
ratory studies [11]. Nematodes have also high fecundity and metabolic rates and their 
short generation time, less than a year [12], which allow fast experimental outcomes 
(e.g., a month) laboratory assays based on the rapid responses to pollutants [13–17].

The objective of this chapter is to describe previous studies and to show the eco-
logical risks of emerging contaminants in two different Tunisian lagoon ecosystems “ 
Bizerte and Ghar El Melh lagoons” by focusing on the responses of benthic meiofauna 
more particularly marine nematodes to experimental various environmental pollut-
ants exposure.

2. Materials and methods

2.1 Bizerte and Ghar el Meleh lagoons

In Tunisia, lagoon milieus cover a total space of 1100 km2 and are distributed 
over the entire Mediterranean coastline [18]. These lagoons are of high ecological 
and economic importance but are experiencing rising anthropogenic pressure, being 
exposed to various types of environmental degradation resulting from agricultural, 
manufacturing, and touristic activities [19]. Among its many lagoons, two are the best 
known and are located in northern Tunisia (Figure 1):

The Ghar El Melh is a shallow coastal lagoon, which is isolated by a narrow-
vegetated sand strip from the Mediterranean Sea. It is located in the southern 
Mediterranean Sea on the northeastern coast of Tunisia (37°06–37°10 N and 
10°08′–10°15 E) and is influenced by regional water circulation patterns [20]. It covers 
a surface area of about 3000 ha, including two small sub-lagoons, El Ouafi Lagoon 
to which it is permanently connected, and Sidi Ali El Meki Lagoon from which it is 
separated by embankments. The Ghar El Melh is linked to the Mediterranean Sea 
via a permanent channel. The lagoon displays different levels of salinity with the 
highest registered in the lagoon still areas. Freshwater inflows are cyclical, restricted 
in summer, and tall in winter, occasionally with the existence of exceptional floods 
generating a link between the lagoon and the Mejerda River. The benthic vegetation 
is dominated by R. cirrhosa that extensively covers (80–100%) the lagoon bottom in 
summer [21]. The benthic fauna has important biodiversity, such as the presence of 
molluscs, crustaceans, and fishes (26 species) [22].



257

Marine Free-Living Nematodes as Tools for Environmental Pollution Assessment: A Special Focus…
DOI: http://dx.doi.org/10.5772/intechopen.104721

The Bizerte lagoon is situated in the north of Tunisia in the latitudinal and longi-
tudinal extensions of 37°8′–37°16′N and 9°46′ and 9°56′E. It has a 150 km2 complete 
surface, an 8 m mean depth, and a 380 km2 catchment area. It is connected with the 
Mediterranean Sea through a channel 12 m deep and communicates in the south with 
the Lake of Ichkeul (140 km2) by the Tinja river. This ecosystem has great biodiver-
sity (30 teleosts and eight elasmobranch fish species have been described) and its 
socio-commercial revenues in the animals’ sale (mussel and oyster farming) [23]. 
Unfortunately, it receives freshwater inputs via eight rivers [24], urban (bounded by 
six cities) and industrial activity discharges as well as the products of agricultural 
activity. In addition, this lagoon is exposed to high biotic and abiotic variations [25].

2.2 Experimental nematodes study

Free-living marine nematodes are known to be well suited as bioindicators for 
monitoring studies in marine environments and bioassays (Figure 2) [26]. These 
worms are ubiquitous and occupy an important link in the food chain, feeding on 
microalgae and bacteria and, in turn, being preyed upon by macrobenthic predators, 
such as polychaetes, crabs, and fishes [27]. They are expected to be highly susceptible 
to sediment-associated pollutants because they live and feed on the sediment [8].

Technically, sediments containing meiofauna were collected from a coastal site 
in the Tunisian lagoon. Before being enriched with ECs, the sediment was arranged 
using the method of Austen et al. [28]. Then, large substrate particles (>63 mm) were 
removed by wet sieving, and appropriate concentrations of ECs were supplemented 
with sediment (100 g dry weight; dw). The microcosms used in this experiment were 
based on the original design of Austen et al. [28] and consisted of 570 mL glass bottles. 

Figure 1. 
Location of the Bizerte and Ghar ElMelh lagoons (Northern Tunisia).
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Treated microcosms were occupied by 300 g of homogenized sediments (200 g of 
natural sediment + 100 g of contaminated sediment) topped up with filtered natural 
water (0.1 mm). The control microcosm consisted of not treated and azoic sediments. 
Treatments were set up, each with minimum of three replications (control [(C)] and 
“treated by ECs” microcosm [29]. During the 30 days of the experiment, each micro-
cosm was constantly aerated with an oxygen pump (Figure 3) [13].

At the end of the experiment, the sediment samples were fixed in a 4% buffered 
formalin solution. Nematodes were extracted by centrifuging with Ludox-TM three 
times and stained with Rose Bengal (0.2 g l−1) for one day [30]. The nematofauna 
taxa were counted on a stereomicroscope (50×, Wild Heerbrugg M5A Model), and a 

Figure 2. 
General organization of nematodes species”Odontophora villoti” (Axonolaimidae); A: male; B: gravid female.
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maximum of 100 individuals/replicates were randomly taken. Animals were slowly 
evaporated in anhydrous glycerol, mounted on slides under an oil immersion objec-
tive (100×). The Platt and [31–33] pictorial guides and NeMys database [34] were 
used to species identify, respectively.

2.3 Biological parameters analysis

Nematodes are the most diverse and numerically dominant metazoans in aquatic 
ecosystems, and, because of their rare ability to survive in extremely polluted condi-
tions, they are usually the only persistent taxon in heavily polluted/disturbed habitats 
[35]. To assess the effect of chemical pollutants on the benthic fauna, the research 
work has focused on studying ecological indices of nematodes, such as the spatial 
or temporal diversity of a taxonomic group (Shannon–Wiener diversity (H’)), the 
distribution of the relative species abundances (Pielou’s evenness (J’)), the species 
number present (Margalef ’s species richness (d)), Maturity Index [36] (MI; based on 
the ecological characteristics and reproductive strategies of nematodes), and Index 
of Trophic Diversity [37] (ITD; expressed in an index calculated on the basis of the 
percentage of each feeding type) were studied.

In addition, the functional and morphological attributes of each species (i.e., trophic 
diet, tail shape, amphid shape, and life history) were considered. Trophic diet was 
categorized based on the characteristics of the buccal cavity [38], as epigrowth feeders 
(2A), selective deposit feeders (1A), non-selective deposit feeders (1B), and omnivores/
predators (2B). The tail shape was illustrated into four types: conical (co), clavate/conico-
cylindrical (cla), short/round (s/r), and elongated/filiform (e/f) [39]. The Amphid shape 
was distinguished into eight categories based on the shape of the amphidial fovea, of 
which four categories were used in our study—circular (Cr), spiral (Sp), pocket (Pk), 
and indistinct (Id) [8]. The life strategy (c–p scale) was estimated on a scale of c–p=1 
(good colonizers: short life cycle, great reproduction rates, resistant to various types of 
stress) to c–p=5 (good persisters: lengthy life cycles, limited offspring, sensitive to stress), 
analogous to K/r-strategists, following [36, 40, 41]. The adult length was assigned to four 
groups (<1 mm, 1–2 mm, 2–4 mm, and >4 mm) [10].

Supplementary studies were conducted for the analysis of bacterial abundance. 
Density (per gram) was calculated for each sediment sample. Aliquots of 100 μL 

Figure 3. 
The experimental design. [C]: control; [ECd1, ECd2, ECd3, ECd4, ECd5]: increasing doses of emerging 
contaminant.
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were successively diluted in PBS and then displaced on duplicate bacterial agar plates 
(Difco), which were later incubated at 37°C (overnight). Using the plaque method, 
30 to 300 colonies were counted and the amounts were expressed as colony-forming 
units per gram of sediment (CFU g−1) [14].

2.4 Statistical data analysis

Statistical analyses were executed using the Plymouth Routines in Multivariate 
Ecological Research (Primer v5.0) software package [42, 43]. For each microcosm 
treatment, all univariate indices were considered—abundance, species number (S), 
Shannon-Wiener diversity index (H’), Margalef ’s species richness (d), and Pielou’s 
evenness (J’). Data were first tested to fulfill parametric requirements, Gaussian nor-
mality, and homogeneity of variances. Two tests were necessary: The Kolmogorov–
Smirnov test to evaluate the first condition and the Bartlett to check the second 
condition. Once our data approximated normality, one-way ANOVA (1-ANOVA) was 
useful to determine the total significant difference between conditions. For multiple 
comparisons, the test of Tukey’s HSD was applied (Statistica version 5.1).

For multivariate analyses: a non-metric Multi-Dimensional Scaling ordination 
(nMDS) by the Bray-Curtis matrix of similarity (square-root transformed abun-
dance) were performed to detect a possible trend in the distribution of treatment, 
depending on the responses of nematode taxa or those of biological traits after ECs 
exposure. Hierarchical cluster analyses (CLUSTER) were used to confirm the results 
provided by the nMDS. The analysis of Similarity (ANOSIM) was considered to test 
the dissimilarities significance eventually noted between the nematode assemblages 
or each biological trait. Finally, The SIMPER analysis was useful in determining the 
contribution (cumulative contribution of 70%) of each species or functional group to 
the mean dissimilarity between treatments.

To detect the different relationships between nematode taxa and functional 
groups, PAST v3.26 software was used to perform correspondence analysis (CA) using 
two-dimensional plots. Also, the principal component analysis (PCA) (performed 
after transforming the data into log (x + 1)) is associated with the Pearson correlation 
(adopted via XLSTAT. 2019) to determine the targeted relationships.

3. Results and discussion

Emerging pollutants (ECs) from industrial production or agricultural runoff enter 
coastal waters and cause negative impacts on benthic organisms. Meiobenthic organ-
isms, particularly free-living marine nematodes, because of their short life cycles and 
rapid metabolic rates, are considered ideal for laboratory experiments [13–17]. Many 
studies have investigated the impact of various ECs on these animals from two famous 
Tunisian ecosystems “Bizerte and Ghar el Meleh lagoons”:

3.1 Ghar el Meleh nematodes response

3.1.1 Drugs effects

Four 17-β-estradiol concentrations (0.15, 0.31, 0.62, and 1.24 ppm) were tested 
in an experimental microcosm, and effects on the nematode community from the 
Ghar el Meleh lagoon were examined after 30 days. Significant differences were 



261

Marine Free-Living Nematodes as Tools for Environmental Pollution Assessment: A Special Focus…
DOI: http://dx.doi.org/10.5772/intechopen.104721

noted between the control nematode assemblages and those from 17-β-estradiol 
treatments. Total abundance, Shannon–Wiener index, and evenness were affected 
by 17-β-estradiol contamination, but species richness was unaffected. The species 
named; Chromadorina metulata and Ascolaimus elongatus were eliminated and seemed 
to be intolerant to estradiol. Kraspedonema octogoniata reduced at all doses could be 
categorized as estradiol sensitive. Spirinia gerlachi augmented at all doses seemed 
to be an opportunistic species [44]. Another experimental study was carried out to 
determine the effects of endocrine disruptors “Estradiol Benzoate (hereafter EB)” 
(0.43, 4.3, 8.6, and 12.9 ng l−1) for 30 days. A significant increase in nematode abun-
dances was registered after the EB introduction. In contrast, a decrease in nematodes 
species diversity has been shown. A clear structural separation of the enriched 
replicates with EB from controls based on species lists using the nMDS ordination 
method. A predominance of non-selective deposit feeders and a decline of epistrate 
feeders were registered [45]. Meiobenthic nematodes were also exposed in experi-
mental microcosms to a drug for COVID-19 treatment “ivermectin” (1.8 ng.g−1, 9 ng.
g−1, and 18 ng.g−1) for 10 days. A great reduction in abundance and diversity indices 
was recorded. The functional types represented by—nonselective deposit feeders and 
nematodes with circular or indistinct amphids, were affected while these of epistrate 
feeders and nematodes with rounded or elongated loop amphids, took advantage of 
ivermectin doses [46].

3.1.2 Polycyclic aromatic hydrocarbons (PAHs) effects

The effects of two lubricating oils on nematode assemblages were examined. 
Sediment was treated with mineral oil (Mobil 20 W-50), a synthetic lubricant (Mobil 
0 W 40), and the same two lubricants after usage in a vehicle, and effects were 
examined after 35 days. Total nematode abundance, species richness, and number 
of species diminished significantly. The evenness was affected only in used mineral 
lubricant compared to the control. Daptonema trabeculosum was removed in all treat-
ments and seemed to be a sensitive species. Spirinia gerlachi augmented in mineral 
lubricant (“clean” and used), was reduced in all synthetic lubricant. Terschellingia 
longicaudata augmented only in synthetic lubricant treatments (“clean” and used) 
seemed to be a “resistant synthetic-oil species” [47]. A microcosm experiment 
was carried out to study the effect of diesel on a free-living nematode community. 
Sediments were polluted by diesel (0.5–20 mg kg−1 dry weight (dw)), and effects were 
inspected after 90 days. Community structure, diversity, and species richness were 
modified significantly. The responses of nematode species to the diesel treatments 
were varied: Chaetonema sp. was eliminated and seemed to be intolerant species to 
diesel contamination; Pomponema sp. and Oncholaimus campylocercois were signifi-
cantly affected but they were not eliminated, these species were considered as “diesel-
sensitive”; Hypodontolaimus colesi, Daptonema trabeculosum, and Daptonema fallax 
that significantly augmented and appeared to be “opportunistic” species [48].

3.1.3 Metals effects

The lead and zinc influence, individually and in mixtures on marine nematodes 
were investigated after 1-month treatment. Results from the multiple comparison 
tests showed significant differences between nematode assemblages from controls 
and those from the treated microcosm. The diversity and species richness decreased 
significantly in the treated microcosms. Multivariate analyses showed that the 
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differential response occurred in all treatments but the communities from micro-
cosms contaminated with lead and zinc separately were much more strongly affected. 
Calomicrolaimus honestus was eliminated and seemed to be intolerant species, whereas 
Oncholaimus campylocercoides increased significantly at low and medium lead con-
tamination, and at all zinc doses seemed “opportunistic” [49].

The effects of mercury contamination (low, 0.084 ppm; medium, 0.167 ppm; and 
high, 0.334 ppm) on a free-living nematode community were examined after 60 days. The 
majority of univariate indices decreased significantly with increasing levels of mercury. 
The responses of nematode species were varied: Araeolaimus bioculatus was eliminated at 
all mercury doses; Marylynnia stekhoveni augmented at low and medium treatments was 
performed to be an “opportunistic species,” whereas Prochromadorella neapolitana, which 
amplified at all concentrations, seemed to be a “mercury-resistant species” [50].

Nematodes were subjected to cobalt and/or zinc enrichment in a microcosm 
experiment for 30 days. Nematode abundance, diversity, and taxonomic structure 
were significantly altered. Using multivariate analyses, the data showed that nema-
todes assemblages from treated microcosms with zinc alone were much more nega-
tively affected compared with those exposed to cobalt alone. The nematode species’ 
responses to the cobalt and zinc treatments were different. Oncholaimellus mediterra-
neus, Oncholaimus campylocercoides, and Neochromadora trichophora were significantly 
affected by cobalt contamination. Hypodontolaimus colesi was eliminated and seemed 
to be an intolerant species versus zinc [51].

The ecotoxicity of a chromium-enriched superfood, Spirulina platensis, on the 
nematodes was investigated after 1 month of exposure. The abundance, taxonomic 
structure, and the nematode’s functional diversity showed significant changes 
between the Spirulina and Spirulina + chromium groups. The lowest taxonomic 

Ghar el Meleh 
lagoon

ECs Sensitive species Resistant species Opportunistic 
species

Functional traits 
response

17-β-estradiol Kraspedonema 
octogoniata

Spirinia gerlachi NS

Ivermectin Nematodes with 
circular or indistinct 
amphids were the 
most affected

Lubricating 
oils

Daptonema 
trabeculosum

Terschellingia 
longicaudata

NS

Diesel Chaetonema sp Daptonema 
trabeculosum

NS

Lead + zinc Calomicrolaimus 
honestus

Oncholaimus 
campylocercoides

NS

Mercury Araeolaimus 
bioculatus

Prochromadorella 
neapolitana

Marylynnia 
stekhoveni

NS

Permethrin Daptonema 
trabeculosum

Oncholaimus 
campylocercoides

NS

Table 1. 
Ghar ElMelh lagoon nematodes response to ECs. NS (not studied).
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and morpho-functional diversity were observed in the highest concentration of S. 
platensis (50% DW). The nematode species’ responses differed depending on their 
functional traits. Spirulina supplemented with chromium induced high toxicity for 
nematodes species, whereas, the Spirulina/chromium combinations toxicity was lower 
suggesting mutual neutralization between these two components [52].

3.1.4 Pesticides effects

The nematode response to permethrin contamination [P1: low (5 mg kg−1), P2: 
medium (25 mg kg−1), and P3: high (250 mg kg−1)] was examined in a microcosm 
experiment and the effects were evaluated after 30 days. The univariate and multi-
variate analyses showed significant variances between nematode assemblages from 
control assemblage and those from permethrin treatments. Total nematode abun-
dance (I), Shannon-Weaner index (H’), species richness (d), evenness (J’), and num-
ber of species (S) reduced significantly. The nematode community responses were 
varied: Oncholaimus campylocercoides, Theristus pertenuis, Araeolaimus bioculatus, and 
Calomicrolaimus honestus amplified in all doses, appeared to be “permethrin-resistant 
species.” Daptonema trabeculosum was eliminated and appeared “permethrin-sensitive 
species” (Table 1) [53].

3.2 Bizerte lagoon nematodes response

3.2.1 Drugs effects

Free-living marine nematodes from Bizerte lagoon were exposed to the penicillin 
G (D1: 3 mg.L−1, D2: 30 mg.L−1, D3: 300 mg.L−1, D4: 600 mg.L−1, and D5: 700 mg.L−1) 
in microcosm experiment for 30 days. Results showed significant differences between 
nematode assemblages from control assemblage and those treatments. Univariate 
measures, containing diversity (H’), species richness (d), equitability (J’), and a 
number of species (S) diminished significantly with increasing levels of antibiotic 
treatment. Results of multivariate analyses showed that the nematode’s response 
was varied: Kraspedonema octogoniata and Paracomesoma dubium were eliminated 
at all doses tested and seemed to be sensitive species; Oncholaimus campylocercoides 
survived even the highest dose of D5, may be classified as “opportunistic” species, 
whereas, Nannolaimoides decoratus that showed a positive response at the highest 
concentration, seems to be “penicillin G resistant” species [12]. In terms of feeding 
responses, Microvores (M), Deposit feeders (DF), and Ciliate consumers (CF), most 
abundant in the control microcosm, were very much affected and their abundance 
decreased significantly in response to antibiotic contamination. Epistrate Feeders 
(EF) seem unaffected by the treatment but an abundance of optional Predators (FP) 
and exclusive Predators (Pr) showed a significant increase in dominance compared 
to the control [54]. In addition, the trophic index was significantly reduced in all 
microcosms treated whereas the trophic ratio 1B/2A appears to be insignificant [55].

The ecotoxicity of ciprofloxacin on the nematodes community was studied. 
Four ciprofloxacin doses [D1 (50 mg/g), D2 (100 mg/g), D3 (200 mg/g), and D4 
(500 mg/g)] were applied, and responses were considered after 1 month. All univar-
iate measures were modified significantly compared to those in the control assem-
blage. The non-parametric Multi-Dimensional Scaling based on species abundances 
(MDS) showed significant separation of the control assemblage from the treated 
populations. Odontophora villoti was reduced at all ciprofloxacin concentrations and 
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considered “sensitive,” whereas Metoncholaimus pristiurus was affected by moderate 
concentrations and was described as “opportunistic.” Paramonohystera pilosa, whose 
abundance increased with antibiotic doses, appeared “resistant” [13]. The trophic 
structure of nematodes was modified in terms of relative abundance—the microvo-
res (M), epigrowth feeders (EF), and ciliate consumers (CF) elevated in the control 
assemblage, were highly altered in response to contamination. Nevertheless, the 
deposit feeders (DF), optional predators (FP), and exclusive predators (Pr) showed 
a significant increase. In addition, ciprofloxacin leads to a significant reduction in 
bacterial density with the highest dose, which could explain the results obtained 
for the nematode trophic group’s distribution [14]. The association of the two-
dimensional (2D) non-metric multidimensional scaling (nMDS) plots and relative 
functional groups abundances revealed that all biological traits were affected. 
Amphid shape and feeding diet were the most affected and the tail shape was the 
closest biological trait to the generic distribution [15].

3.2.2 polycyclic aromatic hydrocarbons (PAHs) effects

The nematofauna were exposed to four treatments of three polycyclic aromatic 
hydrocarbons (PAHs), including one with chrysene (150 ppb), chrysene (150 ppb) 
plus fluoranthene (75 ppb), chrysene (150 ppb) and phenanthrene (15 ppb), and 
an uncontaminated reference during 30 days. Results showed that the diversity 
of nematodes differed based on hydrocarbon combinations. Nematodes popula-
tions in contaminated compartments differed from those in control. Rhabditis sp., 
Calamicrolaimus honestus, and Oncholaimus campylocercoides presented in all compart-
ments and categorized as tolerant to PAHs. Parasphaerolaimus paradoxus, Encheliidae 
(sp.), Trichotheristus mirabilis, and Theristus pertenuis were considered sensitive 
because of their presence only in control compartments [56]. Metoncholaimus 
response studies after selection showed a marked increase in activity of catalase and 
glutathione S-transferase, and the response was more accentuated when zinc and 
permethrin were administered in combination [57]. In another study, Oncholaimus 
campylocercoides were cultured and exposed for 21 days to phenanthrene and chry-
sene. Toxicity has been shown with high levels of PAH fluorescence at the level of the 
spicules, mouth, and pharynx compared to the other organs [58].

Three increasing concentrations of BaP (i.e. 100, 200, and 300 ng/l) were used 
in the experiment for 30 days to determine the effect on nematode structure and 
functional traits. The results revealed a reduction in the abundance and significant 
changes were observed at the community level. The nematode populations were 
dominated at the start of the experiment and also after being exposed to BaP by 
Odontophora villoti, explicable through the presence of well-developed chemosensory 
organs (i.e., amphids), which potentially increased the avoidance reaction following 
exposure to this hydrocarbon. Moreover, changes in the activity of catalase ‘CAT’, 
glutathione S transferase ‘GST’, and ethoxyresorufin-O-deethylase ‘EROD’ were 
detected in Oncholaimus campylocercoides, paralleled by significant reductions in CAT 
activity compared to controls at concentrations of 25 ng/l BaP and associated with a 
significant increase in GST and EROD activities [59].

3.2.3 Metals effects

The nickel effects on nematode communities were examined. Sediments were 
contaminated with three concentrations [(250 ppm), (550 ppm), and (900 ppm)], 
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and effects were studied after 1 month. Results showed significant differences 
between nematode assemblages from undisturbed controls and those from nickel 
treatments. Diversity and species richness indices diminished significantly with 
increasing nickel levels. The nematode species responses to the nickel treatments were 
varied: Leptonemella aphanothecae was removed and seemed to be sensitive species; 
Daptonema normandicum, Neochromadora trichophora, and Odontophora armata that 
were significantly augmented at 550 ppm appeared to be “opportunistic,” whereas 
Oncholaimus campylocercoides and Bathylaimus capacosus that augmented at all doses 
used (250, 550, and 900 ppm) seemed to be “resistant” [60].

Nematodes were exposed to chromium concentrations (500 ppm, 800, and 1,300 
ppm), and effects were studied after 4 weeks through an experimental microcosm. 
Results showed significant differences between univariate measures of control nema-
todes and those from treatment microcosms. Leptonemella aphanothecae species was 
eliminated at all doses tested and seemed to be sensitive; Daptonema normandicum 
and Sabatieria longisetosa that significantly augmented at 500 ppm appeared to be 
“opportunistic” at this dose, whereas the Bathylaimus species that augmented seemed 
to be “resistant” [61].

3.2.4 Brominated flame retardants (BFRs) effects

The taxonomic and trophic response of marine nematodes to polybrominated 
diphenyl ether (BDE-47) was examined using four concentrations [(2.5 mg.kg−1), 
(25 mg.kg−1), (50 mg.kg−1), and (100 mg.kg−1] after 30 days after exposure. All 
univariate indices were significantly affected compared to the control. After group-
ing nematode species according to their trophic diversity, their abundance showed 
differential responses. A significant separation between the control microcosm and 
each treatment condition was registered using the non-metric multidimensional 
scaling analysis and cumulative k-dominance. The analyses of trophic groups’ abun-
dance showed the control microcosm was dominated by microvores, represented 
by Terschellingia. However, when treated with the highest concentration of BDE-47, 
the community was occupied by the facultative predators and epigrowth feeders 
represented by Metoncholaimus pristiurus and Paracomesoma dubium, respectively 
[17]. Nasri et al [16] showed also that BDE-47 decreased nematodes and bacterial 
abundance. The taxonomic structures as well as the relative abundances of each 
functional group were modified. Nevertheless, only three of the functional traits, 
adult length, feeding group, and amphid shape, showed a clear difference between 
the control nematodes assemblages and those treated with BDE-47. A positive cor-
relation was registered between bacteria and the functional groups [1A, Cr, and ef ], 
conversely, a negative correlation was recorded only with the “cla”-type tail shape.

3.2.5 Microplastics (MPs) effects

The ecotoxicity of heavy metals and polyvinyl chloride microplastics (cadmium 
(10 and 20 mg kg-1), polyvinyl chloride (PVC) and its modified forms; PVC-DETA 
(PD) and PVC-TETA (PT) (20 and 40 mg kg-1), separately and in mixtures on marine 
nematodes was investigated after exposure during one month. Results displayed that 
single treatments were toxic for free-living nematodes. The binary combinations 
of contaminants have a lesser toxic effect compared to their individual effects. This 
effect could be related to the high-capacity chelating ability of PVC and its polymers 
against cadmium [62].
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The toxic mechanisms exerted by two lipid regulator agents, as well as their 
interactions with the polyvinyl chloride microplastic on marine nematodes, were 
examined in an experimental microcosm. Two concentrations of Atorvastatin and 
Simvastatin, (0.6 mg.kg−1 and 6 mg.kg−1), as well as a single dosage of polyvinyl 
chloride microplastics at 20 mg.kg−1, separately and their mixtures were used. 
Results showed a significant reduction in abundance in treatments compared to 
control. A significant decrease in epigrowth feeders (2A) abundance, which pos-
sesses conical (co) tails, and indistinct (id) amphideal foveas, reflected mainly in the 
decrease in abundance of the species Prochromadorella longicaudata. The exposure 
to microplastic affected only the omnivores-carnivores guild, while, the mixtures 
with drugs lead to synergic interactions that increased their toxic effects on marine 
nematode communities (Table 2) [63].

4. Conclusions

Due to their relatively short life cycles, high turnover rates, high abundance, 
taxonomic diversity [13–17], the lack of larval dispersion and their quick reactions to 

Bizerte lagoon

ECs Sensitive species Resistant 
species

Opportunistic 
species

Functional traits 
response

Penicillin G Kraspedonema 
octogoniata

Nannolaimoides 
decoratus

Oncholaimus 
campylocercoides

NS

Ciprofloxacin Odontophora 
villoti

Paramonohystera 
pilosa

Metoncholaimus 
pristiurus

Amphid shape and 
feeding diet were the 
most affected

Chrysene, 
fluoranthene 
and 
phenanthrene

Theristus pertenuis Oncholaimus 
campylocercoides

NS

BaP Odontophora 
villoti

NS

Nickel Leptonemella 
aphanothecae

Oncholaimus 
campylocercoides

Odontophora 
armata

NS

Chromium Leptonemella 
aphanothecae

Bathylaimus 
species

Daptonema 
normandicum

NS

BDE-47 Terschellingia 
species

Metoncholaimus 
pristiurus

adult length, feeding 
group, and amphid 
shape were the most 
affected

PVC-
Atorvastatin + 
Simvastatin

Prochromadorella 
longicaudata

An epigrowth 
feeders (2A) 
decrease (with 
conical (co) tails, 
and indistinct (id) 
amphideal foveas)

Table 2. 
Bizerte lagoon nematodes response to ECs. NS (not studied).
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Chapter 13

Economic Growth and
Environmental Pollution; Testing
the EKC Hypothesis in Brazil
Benjamin Ampomah Asiedu

Abstract

The study looks at Economic growth and environmental pollution: an assessment of
the Environmental Kuznets Curve in Brazil from 1990 to 2018. The ADF-Fisher, PP-
Fisher, Im Pesaran, and Chin unit root tests checked stationarity. The VAR model was
used to check the influence of individual endogenous variables, and the Wald test was
used to determine the variables’ combined impact. The researchers used the Pairwise
Dumitrescu Hurlin panel causality (PDHPC) and Pairwise Granger causality tests to
assess all of the hypotheses. At order one, the variables are integrated. The lag order
used for further calculations is the Akaike Information Criterion. The Fisher
cointegration test revealed the cointegration according to the individual cross-section
result. According to the Pairwise Dumitrescu Hurlin panel causality (PDHPC) and
Pairwise Granger causality tests, economic growth and carbon dioxide emissions are
bidirectional. Both the PDHPC and the PGCT support the environmental Kuznets curve
theory. Because the EKC hypothesis exists in Brazil, the study concluded that both pure
and filthy productions coincide. When Brazil reaches a particular level of development,
however, its population may seek a healthier environment, and governments in these
countries may pass stricter environmental regulations to encourage cleaner industry.
When followed, the procedures may help to improve environmental quality.

Keywords: economic growth, carbon dioxide emissions, environmental Kuznets
curve, panel data estimations, Dumitrescu Hurlin causality, Johansen-Fisher
cointegration

1. Introduction

Brazil is one of the five significant emerging “BRICS” economies, and its green-
house gas (GHG) emissions are the sixth-highest globally. In the run-up to the Paris
climate change summit, Brazil boosted the ambition of its climate initiatives. CO2

poisons the brain and harms overall well-being. Increases in the gas’s concentration
cause different reactions in different people. The mind may have become clouded or
may have struggled to concentrate on a particular subject. A headache, a lack of focus,
and exhaustion are signs of high carbon dioxide levels. Cognitive and decision-making
abilities can also be affected. People exposed to CO2 levels of 2500 ppm in the
workplace are unable to perform simple tasks such as proofreading or solving simple
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math problems [1, 2]. CO2 emissions can also cause slower productivity and increased
absences at work or school. Acidosis occurs when someone is exposed to high levels of
CO2 for an extended period. The rate of breathing, blood pressure, and heart rate all
increase. Long-term exposure to CO2 emission is fatal [3].

On the other hand, the Environmental Kuznets Curve theorizes the relationship
between environmental indices and per capita income [4, 5]. Pollution and degrada-
tion increase during the early stages of economic expansion. After per capita income
reaches a specific level, which varies depending on the indicator, the trend reverses,
and economic growth leads to environmental recovery [1, 6–9]. This suggests that the
indicator of environmental effect is a per capita income inverted u-shape function. A
quadratic function of income logarithm is commonly used to define the indicators
logarithm. The Environmental Kuznets Curve (EKC) is named after Kuznet [2, 3, 10–
13], who hypothesized that income disparity grows and declines as economies pro-
gress. The EKC concept emerged in the early 1990s as a result of Grossman and
Krueger’s groundbreaking research into the possible implications of the North Amer-
ican Free Trade Agreement (NAFTA) in 1991 and the concept’s popularization
through the 1992 World Bank Development (WBD) report [14–16]. If the EKC
hypothesis is correct, rather than being a hindrance to mobility, as the environmen-
talist movement and related scientism have claimed in the past, i.e. [17–19], the
economic expansion would improve the environment in the long run. This shift in
thinking was represented in the world commission on environment and develop-
ment’s [20] shining notion of sustainable economic development in our common
future. Even though the Environmental Kuznets curve-EKC has been used in a wide
range of situations, including endangered species and nitrogen fertilizers, and is even
featured in beginning textbooks, academic debate continues [21–27]. Although EKC is
primarily an empirical phenomenon, statistically, several EKC model estimations are
not robust. Although some local pollutant concentrations have fallen and some pol-
lutant emissions have reduced in industrialized countries, there is still no consensus on
the causes of these changes. Brazil’s rapid economic growth is unquestionably accom-
panied by poor environmental quality, particularly carbon dioxide emissions from
fossil fuel consumption and other energy-related activities [19, 22, 28–38]. The Eco-
nomic research growth and environmental pollution: an examination of the
Environmental Kuznets Curve in Brazil was necessitated by the background men-
tioned above. The research is divided into five components. The first portion intro-
duces the study, followed by a literature review in the second section, methodology in
the third section, empirical data, interpretation, discussion in the fourth section, and
conclusion and policy recommendations in the last section.

2. Literature review

2.1 Theory of environmental Kuznets curve EKC

Legitimate growth globally in the scale of the economy could end in a
corresponding growth in environmental pollution and divers’ environmental implica-
tions if the technology/economy’s structure remained unchanged. This effect is known
as the scale impact. The scale effect underpins the conventional belief that economic
expansion and environmental damage are mutually exclusive aims [39–42]. According
to [43], at the highest level of growth, structural variation in information-intensive
industries and services, combined with increased environmental awareness,
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regulation enforcement, advanced technology, and increased expenditures, lead to a
leveling up off and continuous reduction of pollution. As a result, the approximate
components of the environmental Kuznets curve are listed below: The first is about
the increase in production volume. The second focuses on different industries that
produce varying pollution levels, and the output mix frequently alters over time as the
economy grows.

On the other hand, the composition effect is a term used to describe this [42, 44].
The six elements are as follows: Input mix variability entails the substitution of less
environmentally damaging inputs with massively negative inputs. Again, technologi-
cal progress comprises improvements in production efficiency (e.g., using fewer
polluting inputs per unit of output) and process dynamism (e.g., reducing the
quantity of CO2 emitted per unit of pollution input).

The methods effect is the result of combining the third and fourth elements.
Variability in variables such as environmental regulation creativity policy/measures,
which could be influenced by core economic variables highlighted, could affect these
proximate elements. The composition effect, for example, could be affected by com-
parative advantage. Developing countries would likely focus on labor-intensive and
natural-resource-intensive goods, whereas developed countries will concentrate on
education and capital-intensive manufacturing activities. As a result of environmental
legislation in developing countries, pollution activities may be redirected to emerging
countries [45, 46]. In recent literature on Environmental Kuznets Curve (EKC), dual
key theoretical arguments have been suggested to explain why, beyond a certain per-
capita income level, the link between economic expansion and environmental pollu-
tion becomes a “virtuous” circle. When per capita income fluctuates, the theories are
concerned with variations in relative demand levels.

According to the first argument, the demand structure for commodities and ser-
vices changes endogenously. According to this theory, as per capita income rises, the
most negligible environmental impact sectors become more critical. Demand for
services increases at the expense of demand for manufacturing underpins this posi-
tion. Nonetheless, much more empirical research is needed to support the premise
that underpins this argument. Some service activities may have as much as or more
environmental impact, either directly or indirectly, than those in the industrial sector.
In any case, this logic would only reveal a reduction in environmental pressures per
unit of GDP as income rises. It could not explain a drop in absolute terms unless the
assumption is made that the industries that pollute the environment the most produce
worse goods. In truth, this is a long shot [47–49]. In the week/relative meaning, a
difference in demand structure can appear to contribute to a “delinking” of economic
progress and to come to extend environmental pressures, but not in the solid or
absolute sense [50]. Furthermore, the second study is based on people’s preferences
and relative demand dynamism that arise as income rises. In this scenario, the differ-
ences in the intake of marketable products and services are essential, not the variation
in the relative demand for various goods and services purchased in the market and, on
the other hand, environmental damage.

2.1.1 Empirical literature review

From 1980 to 2010, [35] examined the relationship between economic growth and
CO2 emissions in the context of the Environmental Kuznets Curve (EKC) for emerg-
ing countries. Using Driscoll-Kraay standard errors, the study discovered that the
cubic functional form has an N-shape and an inverted N-shape relationship. As a
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result, their data do not support the EKC hypothesis, which states that CO2 cannot
automatically solve economic growth. From 1981 through 2011, [51] investigated the
environmental Kuznets curve theory in Vietnam. According to the ARDL technique,
the environmental Kuznets curve does not exist in the sense that the relationship
between GDP and CO2 is positive in the long and short run. Borhan et al. [52]
conducted research in eight ASEAN nations between 1965 and 2010. The Hausen test
validated the EKC theory. CO2 has a significant negative relationship with income.
This is predicated on the assumptions that as pollution levels rise, so does income and
that CO2 emissions can affect output directly by lowering labor and artificial capital
productivity. According to the survey, ASEAN 8 countries have lost working days due
to health difficulties, and industrial equipment has deteriorated due to filthy water
and air. From 1980 to 2017, [43] conducted a study on Gulf Cooperation Council
countries. The validity of the EKC hypothesis in GCC countries was supported by
results from the STIRPAT model and the PML-ARDL approach. From 1970 through
2020, [53] used the ARDL model to examine the EKC hypotheses. The results of the
ARDL model validated the EKC hypothesis. Despite this, Algeria’s high GDP per
capita value has hit a tipping point, indicating that the country’s economic progress is
increasing emissions. [54] conducted a study from 1990 to 2015 on foreign financing,
economic growth, and pollution linkages in 32 OECD nations. The results show an
inverted U-shape relationship between foreign direct investment and pollution. GMM
and FE-IV results revealed an inverted U-shape and N-shape association. The N-shape
can be explained as follows: GDP causes significant CO2 emissions growth in the first
phase, but the effect becomes negative after a certain level of growth is reached. In the
OECD countries, the IV-FE revealed an N-shape connection. From 1979 through
2009, [55] researched the environmental Kuznets curve in Algeria. The results of the
ARDL technique revealed that the EKC hypothesis did not exist in Algeria. From 1980
to 2011, [56] looked at the factors that influenced CO2 emissions in OECD countries.
The EKC hypothesis curve between urbanization and CO2 emission is advocated in the
study. This indicates that increased urbanization harms environmental quality. [57]
used the ARDLmodel to conduct a study in Turkey and discovered that the EKC curve
exists for CO2 measures. According to the study, increasing GDP per capita reduces
CO2 emissions. From 1980 to 2014, [58] used structural breakdowns tests to examine
the influence of clean energy and non-renewable energy use, as well as real income, on
CO2 emissions in the United States. The Environmental Kuznets Curve was not well
supported in the United States. The study by [18] looked into the role of environ-
mental regulation in confirming the pollution hypothesis in two Brazil member
groups, namely the fourth and fifth enlargement countries. The environmental
Kuznets curve hypothesis and the PHH were valid in Brazil’s nations. According to the
study, EKC evidence is confirmed in the fifth enlargement countries, but it is not
supported in the first to fourth expansion countries due to differences in environ-
mental legislation adoption timelines. [42] looks at the history of the EKC as well as
potential replacements. According to the method that combines the EKC and conver-
gence methodologies, convergence is crucial for describing pollution emissions and
concentration. Economic growth has a big impact on CO2, GHG emissions, and sulfur
dioxide, but it has a smaller impact on non-industrial particle concentrations and non-
industrial GHG emissions. The literature does not agree on the income level at which
CO2 emissions begin to drop whenever an EKC is empirically empirical evidence is
noticed. [59] reviewed the literature on the environmental Kuznets curve and con-
cluded that the evidence for the EKC’s actuality is inconclusive. Only a few air quality
indicators, though not conclusive, exhibit clear evidence of the Environmental
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Kuznets Curve. Furthermore, some recent work has cast doubt on the Environmental
Kuznets Curve (EKC’s) presence even for indicators that appear to match the pattern.
In fact, because of the scarcity of long time series of environmental data, several
studies have used a cross-country approach. Even though environmental contamina-
tion increases in developing countries while decreasing in developed countries, the
method may be misleading. As a result, rather than representing the evolution of a
single economy over time, the Environmental Kuznets Curve (EKC) may only illus-
trate the juxtaposition of two (2) opposing patterns. In truth, single-country studies
that looked at the environmental-income link over time found no evidence of an
Environmental Kuznets Curve (EKC). [60] survey study offered empirical evidence
for the Kuznets hypothesis and its possible interpretation in the environmental con-
text. The survey found EKC for flow and local pollutants but a steadily increasing PIR
for stock and global pollutant measures, as well as aggregate pollution measures. The
survey shows, among other things, that time series analysis is better appropriate than
cross-country analysis, based on estimating approaches. In [26] study, the inverted u-
shape curve between per-capita income and pollution for NO2 emissions was discov-
ered. CO2 and income have an n-shape relationship. Furthermore, it was determined
that the intensity of a country’s trade did not affect its internal pollution levels. From
1965 until 2009, [61] conducted an EKC study in Algeria. The EKC hypothesis was
supported by the ARDL results, which showed an inverted u-shape nexus between
carbon dioxide emissions and GDP. In the long and short run, the results favored EKC
in Algeria. [62] tested the EKC theory in 24 Asian countries from 1990 to 2011. In this
investigation, the GMM method was used. The study found that estimations have the
expected indications and are statistically significant in terms of the presence of an
inverted u-shape relationship between emissions and income per capita, proving the
existence of the EKC curve hypothesis. [63] evaluated the environmental Kuznets
Curve theory, a panel of twenty OECD nations. Four estimates supported the EKC. In
the OECD countries, country-specific findings receive varying levels of support for
EKC. Environmental Kuznets Curve (EKC) was detected in nine countries, with five
(5) documenting a classic inverted U-shape link. Three countries shared an N-shape
nexus, whereas one country had an inverted N-shape nexus. The classic EKC hypoth-
esis is useless for understanding the relationship between GDP and CO2 emissions,
according to [64] empirical investigation. According to the study, there was no una-
nimity in the literature to provide an empirical foundation for the GED. The two
competing viewpoints attempt to establish the existence of an EKC with an inverted
U-shape. Empirically, an inverted N-shape global environmental Kuznets (GEKC) is
demonstrated. In addition, according to [41, 56], wealthier households may produce
higher car emissions due to increased vehicle ownership and driving. Because of their
usage of top vintage and inadequate upkeep, poorer individuals may pollute more.
The existence of a U-shape hydrocarbon emissions EKC relationship was demon-
strated in this article using microdata from 1993 California automobiles. [65] investi-
gated economic models for the EKC in a survey study. The environmental Kuznets
Curve hypothesis, which states that the link between environmental pollution and per
capita income is inverted U-shaped, was confirmed by empirical evidence [66]. The
study indicated that, as money rises, environmental quality improves at first but
ultimately deteriorates. [67] investigate the relationship between carbon dioxide
emissions, income, energy use, and foreign trade in Pakistan from 1972 to 2008. Using
the Johansen approach, the study revealed a quadratic long-run link between CO2

emissions and income, confirming the existence of EKC in Pakistan. Using panel data
analysis, [68] examined the environmental Kuznets curve and sustainability from
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1990 to 2012. CO2 and income were shown to have an inverted U-shape relationship.
The redesigned EKC revealed an inverted U-shape link between sustainability and
human development. In a study conducted in Vietnam from 1981 to 2011, [69]
discovered that EKC did not exist. Because the ARDL method suggested that capital
increases CO2 emissions, this was the case. [70] investigated the potentials of renew-
able energy in Indonesia from 1971 to 2010, taking the environmental Kuznets curve
into account. The ARDL method revealed an inverted u-shape EKC nexus between
economic growth and environmental degradation. The approximate turning point was
determined to be 7729 dollars per capita, which is beyond the study sample’s time
period. [71] use new international data to evaluate the EKC theory of IWP-industrial
water pollution. According to the study, while the sector share of output growth
exhibits a Kuznets-type-trajectory-KTT, the other two indicators do not. When con-
sidered together, the findings suggest that the EKC hypothesis for industrial water
contamination is incorrect; it rises rapidly until middle-income status is attained, then
stays relatively stable. [72] looked at the Kuznets curve for the environment in 113
countries from 1971 to 2004. The authors’ assessment of the findings shows that the
energy EKC hypothesis is not viable. The link is monotonously positive for the entire
world. After 1989, there was a decrease in elasticity. The study discovered no evidence
of EKC at the country level. The Environmental Kuznets Curve –EKC is depicted
graphically in Figure 1.

3. Methodology

This section of the research focuses on data selection, variable selection, and the
econometrics process employed throughout the study.

3.1 Data source and variables

Panel data on two endogenous variables form makes it possible to test the validity
of EKC for CO2 in Brazil. Thus CO2 emissions (metric tons per capita) and GDP per
capita growth (annual %). Carbon dioxide by the combustion of fossil fuels and
cement manufacture. Carbon dioxide is created by the consumption of solid, liquid,
and gas fuels, as well as gas flaring—also, the annual percentage growth rate of GDP
per capita based on constant local currency. The totals are calculated using constant
2020 U.S. dollars. Gross domestic product divided by midyear population equals GDP
per capita. The sum of gross value added by all resident producers in the economy,
adding any product taxes, subtracting any subsidies not included in the value of the

Figure 1.
Cubic and quadratic functions for the estimation of environment income nexus. The dashed lines indicates negative
pollution levels.
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items, is the GDP at the purchaser’s price. It is estimated without considering the
depreciation of manufactured assets or natural resource depletion and degradation.
The dataset for this study covered 1990 to 2018 due to data constraints—our study’s
data source World Bank Development Indicators (WDI). The natural logarithms of
the two endogenous variables are calculated.

3.1.1 Model specification

The study’s functional nexus form is depicted as:

CO2 ¼ f GDP,GDP2, Z
� �

(1)

Eq. 1 forms the basic conceptual foundation for examining the link between vari-
ables [73, 74].

According to Stern [42, 52] the standard environmental Kuznets curve hypothesis
model is specified as:

Eit ¼ αi þ γt þ β1Υi t þ β2Υ
2
it þ ɛit (2)

Where E is the natural logarithm of carbon dioxide emissions, Y is the natural
logarithm of GDP per capita, and t is the error term. I and t are nation indices and
time, respectively. The use of logarithm necessitates a positive or negative prognosis
for the experimental variable, which is appropriate.

The first two (2) terms on the right-hand side of the model are country and time
impacts. While CO2 per capita may vary by the county at any particular income level,
the sensitivity of all pollutants to income in almost all of Brazil at that level, according
to country effects. The timing implications are viewed as time-varying omitted vari-
ables and random shocks that Brazil is experiencing.

3.1.2 Lag length selection

The initial step in cointegration is to choose an appropriate lag length criteria. As a
result, we conducted a joint test of lag selection, which implies that we should take the
two lags of each variable (based on AIC).

3.1.3 Vector auto-regression estimates

The word Autoregressive comes from the fact that the dependents variable’s lagged
values show on the right-hand side, and the term vector comes from the fact that the
model includes a vector of two or more variables. By treating every variable in the
model as endogenous and a function of the actual values of all endogenous variables in
the system, the VAR approach avoids the necessity for structural modeling. The VAR
is frequently used to anticipate systems of interconnected time series and to analyze
the dynamic influence of random disturbances on the system of variables. The VAR
model is specified as:

LnCO2t ¼ aþ
Xk
i¼1

βilnCO2t�I þ
Xk
j¼1

φjlnGDPt�j þ
Xk
m¼1

ϕmlnGDP2
t�m þ μ1t (3)
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LnGDPit ¼ bþ
Xk
i¼1

βilnGDPt�I þ
Xk
j¼1

φjlnCO2t�j þ
Xk
m¼1

ϕmlnGDP2
t�m þ μ2t (4)

LnGDP2
it ¼ cþ

Xk
i¼1

βilnGDP2
t�I þ

Xk
j¼1

φjlnGDPt�j þ
Xk
m¼1

ϕmlnCO2t�m þ μ3t (5)

In the model, the dependent variable is a function of its lagged values and other
variables’ lagged values. Where k = the optimal lag length, a,b,c, = intercept,
Lngdpt = βi,φj,ϕm,= short run dynamic coefficients of the model’s adjustment long run
equilibrium,

μ1t μ2t, μ3t represent the impulses, innovation or shocks often called the stochastic
error term.

3.1.4 Panel causality

In the classical sense, regression does not imply causal interaction. As a result,
investigating the causal flow within the variables. This is correct, given the test’s
predictive power. This study applies the widely utilized Granger causality test tech-
nique among the elements under investigation. When one variable, for example, X,
Granger causes another, the implication is that variable X and its previous expression
can forecast the outcome of variable Y, rather than only the historical variable of Y
alone, as is generally thought in the literature. A bivariate relationship between (X, Y)
can be expressed in a Granger-causality test.:

Xt ¼ ր0 þ ր1Xt�1 þ ր2Yt�1 þ εt (6)

Yt ¼ ր0 þ ր1Yt�1 þ ր2Xt�1 þ εt (7)

3.2 Data analysis techniques

The data analysis techniques adopted for the study follow the following simple
steps. First, prior to examining the nature of the link between carbon dioxide emis-
sions and economic growth, the study examined the sequences in which the two
variables were integrated. The ADF unit root test by [75], PP-Fisher by [76] Im
Pesaran, and Chin unit root test were used to check for stationarity. VAR model was
used to check the individual endogenous variables’ impact and the Wald test deter-
mined the collective impact of the variables. The model will prove to be stable through
the VAR stability checks. The study made use of Pairwise Dumitrescu Hurlin panel
causality (PDHPC) and Pairwise Granger causality test to test all the hypotheses. The
Akaike Information Criterion is the lag order utilized for further estimations. Our
study will employ the Pairwise Dumitrescu Hurlin panel causality (PDHPC) and
Pairwise Granger causality test in the fourth and final phase based on the parameters
stability test findings performed in the third phase.

4. Empirical result, interpretation, and discussions

The information on the unit root test is presented in Table 1. The variables are
non-stationary in their level form, according to Table 1, but they become stationary
after the first difference I. (1). Because all variables are integrated at order one I, we
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may proceed with cointegration analysis (1). In Table 2, the lag order selection
criteria are used to decide which criterion best fits the study—the icteric (*) number
with the lowest value is chosen as the criterion for selecting the delays. One SC
reported �24.55327* under lag, according to the table. With icteric (*) in lag two, four
criteria were identified: LR-36.39728, FPE-1.55e-05*, AIC-2.560914*, and HC -
2.507760*. Among the criteria, the AIC with the number � 2.560914 is the lowest
number with icteric (*) under lag two. As a result, the Akaike Information Criterion is
chosen as the lag order for future estimations.

Table 3 provides Vector Auto-regression estimates-VAR estimates. Given that C
(1) is the coefficient of the first lag of CO2 and it is a log-log formation, the interpre-
tation will be on elasticity form. The coefficient signs tell us the direction of the
impact; negative signs indicate a decrease, and positive signs indicate an increase.

Variables At level At First Difference Conclusion

I I&T I I&T

ADF-Fisher Chi-square

LgCO2 0.9912(no) 0.6177(no) 0.0000*** 0.0000** I(I)

LgGDP 0.0050*** 0.0107** 0.0000*** 0.0000*** I(I)

LgGDP2 0.0130*** 0.0262*** 0.2088*** 0.6752*** I(I)

PP-Fisher Chi-square

LgCO2 0.9751(no) 0.2719(no) 0.0000*** 0.0000** I(I)

LgGDP 0.0050*** 0.0104** 0.0001*** 0.0000*** I(I)

LgGDP2 0.0130*** 0.0368*** 0.0000*** 0.0000*** I(I)

Im, Pesaran and Shin W-stat

LgCO2 1.405(no) 0.027(no) �11.806*** �10.728*** I(I)

LgGDP �8.855*** �6.880*** �21.002*** �17.912*** I(I)

LgGDP2 �8.873*** �6.9487*** �22.0883*** �19.135*** I(I)

I- denote intercept, I&T- represent intercept and trend (*) Significant at the 10%(**)Significant at the 5%(***)
Significant at the 1%(No)Not significant. Lag length based on SIC. Probability based on MacKinnon (1996) one sided p-
value.

Table 1.
Unit root test.

LAG LOGL LR FPE AIC SC HC

0 �573.5986 NA 0.001057 1.661668 1.681304 1.669261

1 891.2532 2912.818 1.59e-05 �2.533871 �24.55327* �2.503497

2 909.6373 36.39728* 1.55e-05* �2.560914* �2.423462 �2.507760*

3 3914.1947 8.98339 1.57e-05 �2.548111 �2.351751 �2.472176

* Indicates lag order selected by the criterion, LR: sequential modified LR test statistics (each test at 5% level), FPE: Final
prediction error, AIC: Akaike information criterion, SC: Schwarz information criterion, HQ: Hannan-Quinn
information criterion.

Table 2.
Lag order selection criteria.
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Therefore, looking at CO2, we can see that CO2 strongly influences itself at LGGDPSQ
(�1). The past realization of CO2 is associated with a 100% increase in CO2 emissions
on average certris paribus. LGGDPSQ(�1) recorded t-statistic value of 1.96983* and
its corresponding coefficient of 0.004306. Therefore, a percent increase in GDP per
capita is associated with a 0.431 percent increase in carbon dioxide emissions on
average. The findings from Table 4- the VAR estimates indicated that economic
growth increase environmental pollution cetris paribusThe Wald test is shown in
Table 4. Table 4 shows that the P-value is significant at the 1% level; as a result, we
reject the null hypothesis; (5) = C (6), since the Wald test shows that the coefficient of
log GDP data to the first and second lags of GPD have a statistical impact on the log of
CO2. We may conclude that GDP GDPSQ has a combined significant effect on CO2

based on the results of theWalt test. It can also be observed in Table 5 that no root lies
outside the unit circle. This indicates that VAR meets the stability requirement.

The Pairwise Dumitrescu Hurlin panel causality (PDHPC) and Pairwise Granger
causality tests are estimated in Table 6. Economic growth and carbon dioxide emis-
sions are bidirectional, according to the PDHPC. The Zbar-stat and its probability
values (2.21122, 0.0270; 3.41367, 0.0006) respectively verified this. This finding

LGCO2 LGGDP LGGDPSQ

LGCO2(�1) Coefficients 1.001878 1.526624 3.082094

Standard errors (0.03792) (0.48075) (1.11605)

T-statistics [26.4216***] [3.17553] [2.76162]

LGCO2(�2) Coefficients �0.014756 �1.685399 �3.384602

Standard errors (0.03793) (0.48092) (1.11644)

T-statistics [�0.38902***] [�3.50456*] [3.03161*]

LGGDP(�1) Coefficients �0.003035 �1.685399 �3.384602

Standard errors (0.00517) (0.06549) (0.15203)

T-statistics [�0.58753] [4.80273***] [1.79354***]

LGGDP(�2) Coefficients 0.014185 0.161283 0.468169

Standard errors (0.00495) (0.06275) (0.14567)

T-statistics [2.86608***] [2.57035*] [3.21396*]

LGGDPSQ(�1) Coefficients 0.004306 0.061816 0.285895

Standard errors (0.00219) (0.02771) (0.06434)

T-statistics [1.96983*] [2.23055*] [0.06434***]

LGGDPSQ(�2) Coefficients �0.004597 �0.061609 �0.133240

Standard errors (0.00569) (0.07209) (0.06187)

T-statistics [�2.18715**] [�2.31176] [�2.15363***]

C Coefficients 0.003280 0.301598 0.584892

Standard errors (0.00569) (0.07209) (0.16736)

T-statistics [0.57690***] [4.18350**] [3.9479***]

(*) depicts Significant at 10%, (**) denotes Significant at 5%, (***) represents Significant at 1% level.

Table 3.
Vector auto-regression estimates.
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Test statistics Value Df Probability

Chi-square 7.470434 1 0.0063

Null hypothesis:C(5) = (6)

Null hypothesis summary:

Normalized Restriction(=0) Value Std.Err.

C(5)-C(6) 0.008927 0.003266

Restriction are linear in coefficients.

Table 4.
Wald test.

Root Modulus

0.982854 0.982854

0.502592 0.502592

0.146208 0.146208

�0.035224 - 0.107841i 0.113448

�0.035224 + 0.107841i 0.113448

�0.102302 0.102302

Table 5.
VAR stability conditions checks.

Granger causality: Pairwise Dumitrescu Hurlin Panel Causality Test and Pairwise Granger causality
test

1.Pairwise Dumitrescu Hurlin Panel Causality Test

Null Hypothesis W-Stat Zbar-Stat Prob.

LGGDP!LGCO2

LGCO2!LGGDP
2.81152
3.46328

1.30380
2.69518

0.1923
0.0070

LGGDP2!LGCO2

LGCO2!LGGDP2
3.23502
3.79785

2.21122
3.41367

0.0270
0.0006

LGGDP2!LGGDP
LGGD!LGGDP2

2.67254
4.19400

1.00711
3.41367

0.3139
0.0000

2.Pairwise Granger causality test

Null Hypothesis: Obs F-statistics Prob.

LGGDP!LGCO2

LGCO2!LGGDP
723 6.23136

6.72034
0.0021
0.0013

LGGDP2!LGCO2

LGCO2!LGGDP2
723 6.01514

8.31827
0.0026
0.0003

LGGDP2!LGGDP
LGGD!LGGDP2

723 3.17036
10.1542

0.0426
0.00004

!Depicts X does not Granger cause Y and Y does not Granger cause X.

Table 6.
Pairwise Dumitrescu Hurlin panel causality test.
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agrees with [77–80], who believe that economic expansion leads to increased pollu-
tion. The Pairwise Granger causality test (PGCT) also revealed a bidirectional associ-
ation between economic growth and pollution. The findings are in line with those of
[6, 14, 15, 56, 81–90], who discovered a similar link between economic growth and
pollution. The findings are confirmed by PGCT F-statistics and their probability
values (F-stat 6.01514, p-value 0.0026; F-stat 8.31827,P-value 0.0003). Both the
PDHPC and the PGCT support the environmental Kuznets curve theory.

5. Conclusion and policy direction

The study looks at economic growth and CO2 emissions: an assessment of the
Environmental Kuznets Curve in Brazil. ADF-Fisher, PP-Fisher, Im Pesaran, and Chin
unit root test checked stationarity. VAR model was used to check the individual endog-
enous variable’s impact and the Wald test determined the collective impact of the vari-
ables. The model proved to be stable through the VAR stability checks. The study used
Pairwise Dumitrescu Hurlin panel causality (PDHPC) and Pairwise Granger causality
test to test all the hypotheses. The variables are integrated in order one. The Akaike
Information Criterion is the lag order utilized for other estimations. Pairwise
Dumitrescu Hurlin panel causality (PDHPC) and Pairwise Granger causality test indi-
cated bidirectional causality between economic growth and carbon dioxide emissions.
Both the PDHPC and PGCT validate the environmental Kuznets curve hypothesis.

The following recommendation was made based on the study’s findings; the inves-
tigation supported the EKC concept. Because the EKC hypothesis exists in Brazil, both
pure and filthy productions are taking place simultaneously. However, after Brazil has
reached a certain level of development, its inhabitants may seek a healthier environ-
ment, and the Brazilian Government may impose stricter environmental regulations to
encourage a cleaner industry. The measures listed above can help to reduce pollution in
Brazil. The Brazilian Government could enhance collaboration among industry, institu-
tions, and researchers, as well as the formation of a single alliance. Creating a safe and
ecologically friendly energy usage structure will remain a goal as alternative energy
sources become more widely used, could reduce the reliance on fossil fuels and other
sources for economic development. As a result, it is critical to strengthen ties between
tertiary research institutions and enterprises because joint tertiary and industry-based
research would aid in the translation of scientific and technological advances into actual
output in the Brazilian economy. The findings of this study and other existing research
show that economic growth has a primarily positive impact on emissions, reaffirming
an earlier dilemma that the environmental Kuznets literature would lead policymakers
to overlook ecological policies in favor of developing a solution. The data imply that
environmental quality may suffer significantly and that the economic impact of expan-
sion on certain pollutants is more negligible in Brazil. The most practical application of
these discoveries is to notify businesses about their emission forecasts, which can then
be used as benchmarks for evaluating environmental policies.
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