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Chapter 2
Toxicological Aspects of Emerging 
Contaminants

Miraji Hossein

Abstract  The emerging contaminants field suffers from insufficient global infor-
mation, especially in Africa, and even less from Asia. Emerging contaminants con-
stitute a group of natural, synthesised chemicals and microorganisms that have been 
proved to cause serious effects on the laboratory organisms and therefore a threat to 
human and aquatic species. They are presumed to be endocrine disruptors, carcino-
genic, teratogenic, and interfere with the sexual and reproductive behaviour of some 
small aquatics. This being the case, the discovery of emerging contaminants stands 
to be the finest toxicological investigation owing to improved science and technol-
ogy. Nevertheless, in future, the world will come up with new environmental dis-
coveries because of the continuous production of materials, which by themselves 
may be harmful, or their life cycle may be a threat.

1  �Introduction

Emerging contaminants (ECs) are the potentially global, dynamic type of contami-
nants, representing unregulated chemical and microbial contaminants, which are 
anticipated to occur in the public water system, but lack public monitoring regula-
tions. The circumstantial risks are uneven, vague and the advancement of science 
and technology extends the production of new contaminants that are expected to 
create more ecological risks. The limited traditional ecotoxicology approaches to 
environmental contaminants were not able to depict the occurrence of ECs until the 
discovery of advanced technologies, such as gas chromatography. These contami-
nants are not termed as emerging because they are new in terms of discovery, or the 
use of new advanced detection and treatment methods, but because they had been 
previously unrecognised, and there is a lack of standards and guidelines for their 
environmental monitoring. Recently, they have gained scientific attention because 
of their effects on health (Nosek et al. 2014).
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The public occurrence of ECs has being ongoing since the creation of the uni-
verse because of inorganic ECs such as cobalt, germanium and manganese. 
Nonetheless, reports on the scientifical discovery date back to 1735. Again, organic 
ECs such as industrial solvents, pharmaceuticals, pesticides, water disinfection by-
products and perfluorinated surfactants were discovered after World War II. The 
first comprehensive research and reports of the environmental occurrence of ECs 
led by the US government under the environmental protection agency (US EPA) 
commenced in the 1970s (Snyder 2014). Significant amounts of ECs were reported 
worldwide, as summarised here under (Table 2.1).

The discovery of cobalt in 1735 for glasses and ceramics, germanium in 1886 for 
transistors, ziram in the 1940s as a pesticide, the first use of contraceptive pills in 
1960 as an endocrine-disrupting hormone and the discovery of nanomaterials 
around the 1980s mark the potential history of the rise of ECs. However, in 1998, 
the first contaminant candidate list (CCL 1) was published by the US EPA with 10 
microbes and 50 chemical contaminants. The next 2005 CCL 2 contained the same 
contaminants as CCL 1, but with integrated stakeholders’ recommendations. The 
CCL 3 of 2008 included 104 chemicals and 12 microbial contaminants (EPA 2009), 
whereas the latest CCL 3 of November 2016 contains about 94 chemicals and 12 
microbial contaminants (EPA 2015).

Table 2.1  Emerging contaminants

Paracetamol in 
μg/L

0.211 (USA), 10 (USA), 10.19 (Spain), (Richardson 2007; Kolpin et al. 2002; 
Rivera-Utrilla et al. 2013)

Metronidazole 
in μg/L

0.176 (Spain), 0.9 (Switzerland) (Urtiaga et al. 2013; Qi et al. 2015)

Amoxicillin in 
μg/L

0.12 (Spain), 2.69–31.71 (Tanzania), (Rivera-Utrilla et al. 2013; KASEVA 
et al. 2008)

Artemether/
lumefantrine

No immediate report as this medication is mainly used in Tanzania

Estrone in μg/L 0.0004 (USA), 0.0001–0.00157 (France), 0–0.67 (Ecuador), 0.0001–0.017 
(USA) (Lee et al. 2014; Wu et al. 2010; Voloshenko-Rossin et al. 2015; 
Richardson 2007)

Estriol in μg/L 0.0004 (USA), 0.0049–0.0121 (France), 0.005 (USA), 0.005 (USA), (Lee 
et al. 2014; Wu et al. 2010; Kolpin et al. 2002; Bradley and Journey 2014)

Sunscreen μg/L 19, 125 ng/L of benzophenone-3 in Swiss, 10 ng/L of sunscreen in Greece 
(Richardson and Ternes 2011), between 5 and 5154 ng/L from Spain (Urtiaga 
et al. 2013), 0.03 μg/L of triclosan from Zambia (Sorensen et al. 2014), 
0.43 μg/L of triclosan from Poland (Nosek et al. 2014)

Artificial 
sweeteners

47–1640 ng/L, 610–3200 ng/L in Germany and 2800–6800 ng/L in Swiss 
(Tran et al. 2014). About 12.9 μg/L of sucralose was reported from EU 
countries (Comero et al. 2013)

Perfluorinated 
surfactants

0.08–0.87 ng/g (ww) was reported in French, 0.04–0.08 in Asia and Brazil, 
2.08 ng/g in Korea and 0.11–0.13 in China and Japan (Munschy et al. 2013). 
Fawell and Ong 2012 reported a concentration range of 0.12–0.92 ng/L in 
China (Fawell and Ong 2012), 1290–2440 μg/L from human blood in USA, 
950–1930 μg/L in Belgium, 7–40 ng/L in German and 31 μg/L in Norwegian 
serum (Sturm and Ahrens 2010)

Microcystin/L 50–75 μg microcystin/L in USA intoxicate aquatic organisms
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The EC field suffers from insufficient global information, especially in Africa, 
and even less on Asia, the EU and later the US (Miraji et al. 2016). As for the USA, 
the EPA preferably uses the term “candidate” to express the essence of periodic 
(5 years) review of ECs based on their public health concern and requirements for 
regulatory decisions (US EPA 2016a). Apart from the scarcity of information some 
effects of ECs worth mentioning include hormonal interference in fishes, genotoxic-
ity, carcinogenicity in laboratory animals, endocrine disruption and immune toxic-
ity (Mortensen et al. 2014).

2  �Sources of Emerging Contaminants

Subsequently, all sources of ECs, including military sites, mine tailings, agricultural 
fields, industrial units, waste treatment plants, pharmaceutical, clinical, construction 
and demolition waste, electronic waste and municipal wastewaters prevail in our 
environment; therefore, the public addressing of ECs is inevitable. Unforeseen 
sources of ECs are include landfills, accidental and intended spillage, improper dis-
posal of cosmetics and waste drugs and swimming pools. To increase general eco-
logical health and safety, and preventing future emergencies, the analytical world 
needs to develop analytical and clinical techniques for the identification of ECs in 
all matrices. Furthermore, by identifying the environmental occurrence, establish-
ment, understanding of current and presumed future sources, transportation path-
way and ecological risks upon exposure to ECs are needed. Later, we need to address 
eco-friendly techniques for the remediation of ECs in all environmental matrices.

In the traditional way, the natural and previously mentioned sources of ECs have 
lasted for decades to the point that they are common sources. In the modern way of 
classifying sources of ECs, the previously mentioned sources are termed as primary 
sources. Continuous release of ECs into the aquatic systems saturates absorbing 
sediments in the streams and receivers. Yet, the reversed process leads to the release 
of ECs from saturated sediments, thus becoming a secondary source, also referred 
as a sink (USDHHS 2015).

3  �General Characteristics of Emerging Contaminants

Emerging contaminants (ECs) constitute a classical group of contaminants that have 
divergent chemistries, but share occurrences and lack primary regulations. The 
chemistry of ECs is characterised by slightly higher polarity, acidity, and alkalinity 
than natural environmental chemicals, thus making them unique. They are character-
ised by low levels, persistence, multiple sources, disease outbreaks, lack of standard 
biological tests, and entering the aquatic environment from the point and non-point 
sources. The organic nature of most ECs makes them hydrophobic; hence, they 
accumulate in the lipid-rich tissues (Ross and Ellis 2004). Their transport behavior 
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and fate are not clear and policies to address the challenges are yet to be fixed. The 
previous and later arguments make ECs versatile to transportation through the eco-
logical and food chains. In the presence of unpredicted human and natural changes 
in addition to yet to be discovered technologies such as zero emissions, environmen-
tal discoveries are expected. In such an unpredictable future, the next era of environ-
mental pollutants resulting from the reactions among the existing and yet to be 
identified materials is to come soon or later. Conversely, once released into the envi-
ronment, they undergo bioaccumulation, bioconcentration, persistence and wide 
range transport in the aquatic environment (Clarke and Cummins 2014). Despite the 
fact that there are no fully established national and international monitoring regula-
tions, their suspected availability brings the potential for unclear health and ecologi-
cal risks (Petrisor 2004; Richardson 2007; Lee et al. 2014; Qi et al. 2015).

4  �Mobility of Emerging Contaminants

A typical non-polar compound such as some of the organic-type ECs is less reactive 
in aqueous media because of their equal sharing of electrons between atoms and its 
symmetrical arrangement of the polar bonds, making them hydrophobic (Stasinakis 
et al. 2013). Unless there are changes in the thermodynamic stability of a stable spe-
cies, they will persist in the environment. Persistence is considered when the half-
life of a chemical is more than 2 days in the air, 182 days in the water, 365 days in 
the sediments and 182 days in the soil (Government of Canada 1995). The persis-
tence is associated with long periods of environmental existence, long-range trans-
ported bioaccumulation and thus adverse effects on the ecosystem (Bergman 2005).

The solubility facet of ECs, especially organic ones, is merely negligible; therefore, 
it plays a peculiar role in the persistence of ECs. Once in the aquatic system, most ECs 
remain suspended while moving with flowing water or remain still in the stagnant 
water. Surface adsorption on the rough sands, sediments, gravels, underlying bedrocks 
and settling at the bottom of stagnant water bodies are common scenarios. Surface 
adsorption on the aquatic and irrigated crops and absorption through direct feeding or 
through the skin of aquatic organisms are expected too. Human consumption of con-
taminated water through bathing, washing, and other anthropogenic needs, eating con-
taminated crops, fishes and animals results in accumulation in fatty tissues. Primary 
and secondary periodic releases, evaporations, sewage sludge and leaching re-concen-
trate the same contaminants as they circulate in the aquatic organisms, water, terres-
trial organisms and soils, and then back to water (Clarke and Cummins 2014).

5  �Ecological Risks of Emerging Contaminants

Simple scientific facts on the essence of ECs in the aquatic system may involve anti-
malarial resistance to malaria parasites. Their DNA may have been altered by the 
presence of the type of drugs residual in the reproduction site. Likewise, continuous 
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release of endocrine-disrupting hormones may alter the sexual behavior of aquatic 
organisms as the results interfere with breeding. Algal blooming resulted from 
nutrient pollution in the stagnant water releases algal toxins as an excretory waste, 
and when algae die their cells break down to release the same toxicant. The existing 
studies proved health effects in laboratory animals, meaning that short- or long-term 
exposure is a threat to humans too (Commettee Report 1999; Richardson et  al. 
2006; Guidotti 2009; Hansen 2007; Gothwal and Shashidhar 2014).

Conventional water treatment methods were considered effective to the point of 
releasing its treated water into rivers and public consumption before the discovery 
of ECs. In fact, there was no blame as the monitoring regulations accounted for only 
known contaminants. In such a situation, collected sludge was an effective source of 
farming nutrients. Unfortunately, the agricultural application of biosolids from 
wastewater treatment sludge causes the accumulation of ECs in the soil and then 
subsequently translocation into the food chain (Clarke and Cummins 2014). This 
state of affairs is similar to public treated drinking water, which was chlorinated, 
without knowing the presence of natural organic acids such as humic acids could 
result in the formation of harmful disinfestation by-products.

Once toxicants are in the human body, they undergo biotransformation via enzy-
matic oxidation, reduction and hydrolysis, followed by synthesis. In these pro-
cesses, the body merely intends to detoxify, contrary to some resulting products 
being even more toxic than the original one. Consequently, they attack metabolic 
enzymes, cause cell membrane damage and uncoupling of oxidative phosphoryla-
tion (Bradberry et al. 2000). The extent of toxicity depends on the acute and chronic 
effects. In either case, the effect may be widespread or locally affect specific organs 
such as the central nervous system, circulatory system, liver, kidney, lungs, and 
skin. The biochemical attack varies among the toxicants, for example, the DNA-
attacking agents such as benzopyrene and protein-attacking agents such as diclofe-
nac can lead to mutation and/or activate tumor suppressors, which activate tumor 
followed by cancer. Apart from the above-mentioned effects, the failure of ATP 
synthesis and functioning is caused by cocaine slow-down or interfere with energy 
production in the body (Hussain 2013). Some toxicants may inactivate enzymes, 
attacking the immune system and leading to cellular changes.

6  �Classification of Emerging Contaminants

Naturally occurring and synthetic ECs were all designed for a good ecological bal-
ance. The presence of guiding and monitoring standards is basically for environ-
mental protection. Products such as prescribed drugs, biogenic hormones, 
nanomaterials, personal care products and artificial sweeteners are formulated for 
human, animal and plant consumption (Schultz et  al. 2014). Unfortunately, the 
aquatic systems may contain chemical products such as perfluorinated surfactants, 
benzotriazoles, perchlorate, sunscreen/UV filters, flame reductants, algal toxins and 
emerging microbes that have accidentally arrived there.

2  Toxicological Aspects of Emerging Contaminants
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Once in the environment, the classification of ECs brings challenges, merely 
because of the various classification approaches. For example, Madhumitha et al. 
(2013) classified ECS with regard to suspected health effects. A more comprehen-
sive and supported approach is grouping them based on the sources, effects, uses 
and their chemistry (Richardson and Ternes 2011; Thomaidis 2012; Fawell and Ong 
2012; Yang et al. 2014). Similarly applied to the US EPA, ECs are mainly classified 
into microbial contaminants and chemical contaminants. The latter can be sub-
classified into inorganic- and organic-based contaminants. The organic forms of 
ECs are also classified into pharmaceuticals, industrial solvents, food stuffs such as 
artificial sweeteners etc.

In this context, the following groups of ECs are briefly covered: polybrominated 
diphenyl ethers (PBDEs), nitrosodimethylamine (NDMA), artificial sweeteners, 
personal care products, algal toxins, microbes, inorganic elements, illicit drugs, 
endocrine-disrupting hormones and pharmaceuticals.

6.1  �Polybrominated Diphenyl Ethers

Polybrominated diphenyl ethers (PBDEs) are commercially synthesised by bromi-
nation of diphenyl ethers resulting in mixtures of brominated diphenyl ethers, with 
similar chemical structures to polychlorinated biphenyls (Fig.  2.1) (Siddiqi and 
Clinic 2003). The environmental toxicological effects of PBDEs include strong 
binding to the soil, dust and sediments; yet, they also reside in the aquatic environ-
ment (Bennett et  al. 2015). They enter living organisms through dermal contact, 
inhalation, and ingestion and basically through the food chain gets, and are then 
deposited in the fatty tissues. They are likely carcinogenic to humans, as they have 
shown positive results in rats and mice.

Other potential adverse effects of PBDEs include endocrine/thyroid disruption, 
teratogenicity, weight-gain, decrease in glucose oxidation, interference with gene 
expression in a metabolic pathway, and other prenatally associated effects (Miraji 
et al. 2016; Chevrier et al. 2010; Vuong et al. 2016; US EPA 2014b). The use of 
PBDEs was banned and withdrawn from the market in Europe in 2003, followed by 
the USA in 2004 (USDHHS 2015).
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6.2  �Nitrosodimethylamine

Nitrosodimethylamine (NDMA) was at first synthesised and patented by (Richard 
and George 1957) through the reaction of dimethylamine and aqueous sodium 
nitrate in the presence of hydrochloric or sulfuric acid. NDMA is also produced as 
a by-product in wastewater chlorination and chlorination. NDMA is also industri-
ally produced unintentionally in tanneries, pesticide, and rubber production through 
the reaction of alkylamines with nitrite salts and nitrous and nitrogen oxide (US 
EPA 2014a).

Apparently, NDMA is produced for research purposes; however, its natural pro-
duction during industrial processes, metabolism and during water treatment contrib-
utes to environmental contamination. It is rarely found in the soil as it soon leaches 
into groundwater. Thus, its miscibility in water and nearly equal densities with 
water makes water the perfect residing medium. When exposed in the sunlight and/
or biological processes, NDMA degrades with an estimated half-life of 16  min. 
Although NDMA is not persistent, it has been widely found in water sources 
(Richardson et al. 2006; Pal et al. 2014; Koumaki et al. 2015). It is through the food 
chain, direct food stuffs, drinking water, and whiskey, cosmetics such as shampoos 
and workplace exposure enable NDMA to get into the human body. Through studies 
in mice and rats, in which NDMA led to tumors in the liver, kidney, and lungs, 
NDMA is categorically considered carcinogenic, mutagenic and clastogenic to 
humans. That being the case, 0.7 ng/L concentration has been set as a cancer risk 
level for direct human consumption (Liteplo et al. 2002; US EPA 2014a; Ooka et al. 
2016).

6.3  �Artificial Sweeteners

Sucralose is a non-calorific artificial sweetener with a sweetness about 600 times 
that of sucrose, aspartame and saccharin (Fig. 2.2). It was discovered in 1976, syn-
thesised in the laboratory by the conversion of sucrose, a refined form of sucrose, to 
sucrose-6 acetate, followed by selective chlorination and then deacetylation (Luo 
et  al. 2008; Yu and Cn 2011; Wikipedia 2016a). The presence of three chlorine 
atoms, which replaced hydroxyl ions, make it indigestible in humans, mice, dogs 
and rats and is hence non-calorific.

Artificial sweeteners such as sucralose are widely consumed by diabetics. As 
they affect glucose regulation, they are presumed and associated with the develop-
ment of metabolic imbalances that lead to obesity, cardiovascular disease, lympho-
mas, bladder and brain cancer, leukaemia and fatigue syndrome (Suez et al. 2014; 
Boullata and Mccauley 2008). They are also associated with premature birth and/or 
health risks to the mother or child, though these are yet to be confirmed (French 
Agency for Food 2015). Artificial sweeteners have proved to incur weight gain in 
cows and pigs. Some studies show no chronic or acute effects when some organisms 
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were subjected to various doses of sucralose, just minor behavior changes in some 
aquatics (Bergheim et al. 2015; Perkola 2014). Conversely, these speculations have 
presented challenges in monitoring because of the need for long-term monitoring 
and metabolic and environmental variables (Shearer and Swithers 2016). Some lit-
erature has reported sucralose to be safe for consumption and that it lacks fatal 
effects (Brahmini et al. 2012). On the other hand, the presence of artificial sweeten-
ers in the aquatic environment is a clear justification of fecal contamination, as 
sucralose is not metabolised in the body unless there is a direct disposal, which is 
less common.

6.4  �Personal Care Products

Triclosan is a commercial additive chemical in domestic and cosmetic products 
such as soaps, detergents, toothpaste, hand washes, deodorants and toys purposely 
as an antifungal and antibacterial (Fig.  2.3). Its synthesis is a three-step process 
involving dehydration of 1-(2-hydroxyethyl)pyrrolidin-2-one with either zinc or 
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calcium oxide to 1-vinylpyrrolidin-2-one, followed by reaction with 5-chloro-
2-(2,4-dichlorophenoxy)phenyl acrylate in n-heptane to form triclosan (Wikipedia 
2016b). Triclosan is a lipophilic white solid with a half-life of about 11 h from urine 
and 21 h from plasma, mostly detected in the urine rather than feces (Arbuckle et al. 
2015). Triclosan enters the environment from a wide range of sources, including 
laundry and domestic waste waters, municipal waste, and commercial and out-of-
use products (Chen et  al. 2015). It is contained in sunscreens, where it protects 
human from exposure to harmful UV light up to 20% (Peng et al. 2016).

Toxicological investigation shows that triclosan interferes with oestrogen 
responses, thus it is speculated that it causes breast cancer. Experimental tests in rats 
indicated suppressed thyroid; therefore, being an endocrine disruptor it can induce 
female infertility in both test animals and humans (Yuan et al. 2015). Further inves-
tigations in the aquatic environment revealed that a concentration range of 0.26–
0.54 mg/L is lethal to fishes, 0.13–0.39 mg/L is acute to crustaceans and 1.4–10 μg/L 
inhibits the growth of algae. Including its lipid solubility, triclosan undergoes bioac-
cumulation, and hence bioconcentration (Norwegian Scientific Committee for Food 
and Safety 2002). Following aerobic degradation, triclosan undergoes biotransfor-
mation into several products, including methyl-triclosan (Chen et al. 2015). No bac-
teria can biodegrade methyl-triclosan, making it more persistent than the parent 
form (Lozano et al. 2012). Finally, when triclosan merely resides in the sediments 
and soils in the aquatic systems owing to lipophilic and density factors, the quantity 
prevailing in the water is only in transit.

6.5  �Algal Toxins

Algal toxins are varieties of toxicants either released from live cells or dead and 
ruptured cells, mostly occurring in the stagnant or slowly moving waters (US EPA 
2016b). The blue–green algae (cyanobacteria) are the most infectious group of 
algae residing in the freshwaters (US EPA 2015). Other harmful species include 
Alexandrucitronella, which produces paralytic toxins to shellfish, Pseudo-nit zs 
chia, producing domoic acid, which is poisonous, Dinophysis, producing diarrhetic 
poisoning, Heterosigma, Ciguatera, Lingulodinium polyedrum and Gonyaulax spi-
nifera (CIMT 2006). Harmful algal bloom releases algal toxins such as saxitoxins 
and anatoxins that are quietly found bioaccumulated in shellfish, and are responsi-
ble for acute neurotoxicity and possibly carcinogenicity (Zervou et al. 2016). The 
common exposure routes to humans include skin contact through swimming, inha-
lation, and ingestion of contaminated seafood and water. Fish toxicity, increased 
water viscosity, oxygen depletion, blocking sunlight, irritation of gills, food poison-
ing, bioaccumulation and public health concerns from consuming contaminated 
waters have occurred (UK Marine SACs Project 2001; Zhang and Zhang 2015).

2  Toxicological Aspects of Emerging Contaminants
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6.6  �Microbes

There are about 72 serotypes of enteroviruses isolated from the human body; yet, 
the only enteroviruses affecting humans that are homologous to the rhinovirus 
belongs to polioviruses, coxsackieviruses and enterocytopathic categories (Royston 
and Tapparel 2016). They enter the human body through the alimentary canal, via 
the fecal–oral route and contaminated food stuffs, and then reproduce in the gastro-
intestinal tract, followed by spreading and affecting body organs such as the nervous 
system, the heart and the skin. The incubation period ranges from 2 to 14 days. 
Epidemiological investigations revealed that enteroviruses have been responsible 
for type 1 diabetes as they were found in the pancreas of a diabetic person. These 
viruses are prospective suspects for damaging insulin-producing cells (Kondrashova 
2014). Its world discovery is increasing tremendously; the same virus was detected 
in children with acute respiratory infections in the Philippines (Puppe et al. 1999; 
Imamura and Oshitani 2015). The environmental occurrence of enteroviruses had 
been reported (Kuroda et al. 2015; Han et al. 2015; Richardson and Ternes 2011), 
which can be quantified by using the EPA method 1615 (Fout et al. 2016).

6.7  �Inorganic Elements

Some elements, including cobalt, germanium, strontium, tellurium and vanadium 
have been classified and categorised among ECs (EPA 2009). Ge and Te are diago-
nally related, V and Co are transition elements and Sr is an alkali earth metal. Co, 
Ge and V are under the same period 4, whereas Sr and Te are under period 5. Apart 
from industrial uses such as steel additive, pigment for ceramics and glasses, they 
play a dietary role in humans in very small amounts (Royal Society of Chemistry 
2016; Yadav et al. 2017; Hare et al. 2017).

Inorganic elements can enter the environment through natural processes such as 
rock degradation, mining, wearing of metals, consumer products and domestic and 
municipal waste. Formerly, cobalt was used in drugs and as a germicide. Vanadium 
is widely used as a catalyst; therefore, chemical laboratory waste is among the 
sources. Electronic waste is a major source of germanium waste in the environment. 
Wash-outs from garages, car washes, and welding areas can be sources too. 
Vanadium is a water-soluble element that forms vanadium complexes. Vanadium 
oxide and vanadium chloride irritate the eyes and skin, are harmful on inhalation 
and contact with skin, and cause burns (Chemical Book 2016b). Germanium is 
flammable, irritating, and carries other properties of heavy metals (Chemical Book 
2016a). These elements have dietary values; however, continuous exposure in vari-
ous doses for a very long time may lead to bioaccumulation, which later results in 
unexpected chronic diseases.
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6.8  �Illicit Drugs

Illicit drugs are the classes of drugs that have been internationally banned from 
public use except for medical and research use. They include but are not limited to 
cocaine, heroin, marijuana, non-benzoylecgonine, methamphetamine and 
3–4-methylendioxyamphetamine. The active component of marijuana is the can-
nabinoids, which, when abused, become illegal, but again they have medicinal value 
including decreasing pain, inflammation, controlling epileptic seizures and treating 
addiction and spasticity. The worse side of marijuana includes aggressive behavior, 
drugged drivers, impaired mental health, lung diseases, bladder cancer, delinquent 
behavior and low IQ in a baby when smoked by a pregnant woman. Collectively, 
wastewaters, urine, feces, runoffs from marijuana gardens and sewage networks are 
the primary sources of illicit drugs in the environment (Sarkar et al. 2009).

The pharmacological effects exerted by drugs of abuse represents contagious 
outcomes to humans and ecology as whole; therefore, further intensive research is 
needed. Drugs of abuse have been detected in the surface and wastewaters, which 
reflects its uses. Cultivation of coca and marijuana requires and destroys fertile 
lands, causes deforestation; destruction of protected lands, land cleaning, i.e. soil 
erosion. Utilisation of fertilisers and pesticides also causes a change in biodiversity. 
Nutrient runoffs cause algal bloom, which has devastating effects, as previously 
discussed (US Department of Justice 2014). Zebra mussels exposed to cocaine 
experienced oxidative stress, DNA damage and an inactive diffusive response 
(Pharand et al. 2015).

6.9  �Endocrine-Disrupting Hormones

Estradiol and progesterone are sex hormones, but operate in the opposite sexes 
(Fig. 2.4). Its four-ring structure resembles steroids such as cholesterol, estradiol 
and testosterone (male sex hormone) (Hu et al. 2016). Steroids are responsible for 
membrane fluidity, carbohydrate regulation, inflammatory responses, bone metabo-
lism, stress responses, cardiovascular fitness, behavior, mineral balancing and ste-
roid receptors (Salimetrics Europe 2014). Not only in females, estradiol is also 
found in very small amounts in fishes, vertebrates, crustaceans, men and other 
animals.

Estradiol is a commercial hormonal replacement therapy, used in the treatment 
of infertility in women, stimulating female puberty and the treatment of prostate 
cancer. It comes in the form of oral, transdermal, topical, injectable and vaginal 
insertions. Its direct consumption together with its active metabolites may lead to a 
wide range of effects, including ovarian cancer, breast cancer, mood disturbances, 
increased blood pressure and many others (Linda 2013; Seeger and Mueck 2010). 
The most common routes of hormones in the environment include body excretions, 
dumping and accidental releases. As conventional water treatment methods were 
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not established for removal of hormones, therefore these hormones may occur in the 
drinking water. Through food chain, they inter human body and then bioaccu-
mulate in the liver. In addition to the food chains, they enter human bodies and 
then bioaccumulate in the liver (Narender and Cindy 2009). Early exposure to 
estradiol led to masculinisation in females and exposure to testosterone led to the 
expression of male genitalia in female offspring (Grober et al. 1998). The overall 
outcomes of hormonal releases in the environment are endocrine disruption, geno-
toxicity, metabolism alteration, cancerous cases, diabetes, birth defects, obesity, 
cardiopulmonary diseases, affected brain development and abnormal embryogene-
sis, which interferes with reproduction (Filby et  al. 2007; Bellanger et  al. 2015; 
Sanches et al. 2016; Jobling and Owen 2012).

6.10  �Pharmaceuticals

Pharmaceuticals are materials or substances, which, when taken into the body by 
injection, inhalation, skin absorption or oral intake, change the physiology of the body. 
Their classification is too broad, ranging from their origin, mode of administration, 
type of diseases, therapeutic effects etc. Nearly all of them are organic and containing 
one or more cyclic rings. Not all consumed drugs are absorbed in the body; 30–90% 
of active drugs or metabolites are excreted (Heath et al. 2016; Jones et al. 2003).

Either in dissolved or suspended form, drugs are transported over a long distance 
and can be deposited in the lipid/fatty tissues, thus moving from one trophic level to 
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another. Their environmental occurrence as an antibacterial, antidepressant, antihis-
tamine, antiepileptic, hormone, lipid regulator, anti-malarial and/or analgesia in the 
aquatic environment present a threat to both aquatic and human lives. The receiving 
organism experiences physiological changes despite unnoticeable concentrations, as 
drugs are very active, even at very low concentrations (Donk et al. 2016). Some of 
the realistic effects include increased resistance of bacteria to antibiotics (Jones et al. 
2003). Antibiotics can further affect cyanobacteria in the water, and thus have an 
effect on the food chains of all aquatic species. Research into the response to cancer 
drugs of zebra fish indicated histopathological changes, impaired kidney, liver and 
DNA, and interfered with plant reproduction capacity (Heath et al. 2016). Following 
exposure to complex mixtures of pharmaceuticals in the environment, worse chronic 
diseases can be promoted in human organs (National Toxics Network 2015).

7  �Quantification Approaches

Emerging contaminants exist in the environment in very small quantities, which 
require effective methods for their isolation, identification and quantification. Solid 
phase extraction is a recent popular method widely used for the separation, extrac-
tion and pre-concentration of ECs. The adsorbent materials used bind reversibly 
with organic contaminants, which are then washed with polar solvent followed by 
analysis (Nosek et al. 2014; Matamoros et al. 2016; Hanigan et al. 2016). Ultrasound-
assisted extraction is reported to be an effective technique for the extraction of phar-
maceuticals and illicit drugs (Gago-ferrero and Thomaidis 2016). The analysis 
process is achieved by using high-resolution mass spectrometry (Zendonga et al. 
2015), ultra-performance liquid chromatography-tandem mass spectrometry (Yan-
long et al. 2016), inductively coupled plasma-mass spectrometry for the elemental 
determination of trace elements (EPA 1994) and gas chromatography mass 
spectrometry.

8  �Environmental Remediation of Emerging Contaminants

8.1  �Classical Water Treatments

The first recorded history of water treatment through filtration dates back to the 
seventeenth century when Sir Francis Bacon attempted to desalinate seawater, 
although it was unsuccessful. Since then, water treatment has employed physical, 
chemical, biological, instrumental or natural processes to remove natural and 
induced contaminants to meet specific requirements. The conventional and advanced 
water remediation approaches are intended to purify water for safe human con-
sumption, ecological purposes and special uses such as medical or regulatory 
requirements. Traditional and household methods of water treatment include 

2  Toxicological Aspects of Emerging Contaminants



46

boiling, activated carbon filters, cloth filtration, solar disinfection and chlorination. 
Essential techniques for public water treatment shown in Table 2.2 are filtration, 
sedimentation, flocculation and chlorination, and sometimes activated carbons. 
Traditional methods simply move contaminants elsewhere and obviously create 
significant risks in the excavation, handling and transport of hazardous material. 
The isolated containment areas require monitoring and maintenance, which involves 
unnecessary costs.

Classical water treatment methods include but are not limited to activated sludge 
methods for the treatment of pharmaceuticals (Pei et  al. 2015), carbon xerogels 
reported by (Álvarez et al. 2015) in the removal of ECs such as caffeine and diclof-
enac from aqueous solution, with a very promising output. Membrane bioreactors, 
ozonisation, photocatalysis (UV disinfection), artificial recharging, constructed 
wetlands, phytoremediation by using duckweeds (Allam et al. 2015), modified mes-
oporous silica (Ortiz-Martínez et al. 2015) and treatment with clay minerals (Styszko 
et  al. 2015) have been reported to be effective approaches against ECs. 
Bioremediation, reverse osmosis and ultrafiltration membranes are useful too in 
decreasing the amount of ECs in the water (Table 2.3).

Public water treatment is a large scale project that requires intensive investments, 
commercial scale waste removal techniques, fast running procedures, state-of-art 
experienced workers and moreover retains value for money. Consequently, water 
containment, contaminants screening, pH adjustments, temporary storage and pre-
chlorination to reduce fouling organisms are preliminary activities. Flocculation 
with alum (Al2SO4) or iron III salt (FeCl3) coagulates suspended particles that speed 
sedimentation. Accumulation of sediments at the bottom forms sludge, which is 
eventually removed periodically, either treated or without treatments. At a particular 
point, dissolved air flotation is used to remove fine particles that were not removed 
by flocculants. It is achieved by applying air at the bottom of the tank, creating 
bubbles, which trap fine particles, making them floating masses. Either rapid or 
slow sand filtration or wetlands are used to remove remaining suspended particles. 

Table 2.2  Classical water treatment methods

Technique Advantages Disadvantages

1 Boiling 100% pathogen 
reduction

Does not remove toxic metals, tannins, suspended 
particles and organic waste

2 Distillation Removes all 
contaminants

Energy intensive

3 Solar 
disinfection

Reduces some 
pathogens

Requires effective pre-filtering
Does not affect chemical contaminants

4 Sedimentation Reduces suspended 
solids

Does not remove pathogens, very fine particles, 
and most chemicals

5 Chlorination Pathogen reduction Affected by time, pH, disinfectant concentration, 
temperature and turbidity
Not 100% effective

6 Activated 
carbons

Removes most 
contaminants

Energy intensive for preparation of activated 
carbon
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Table 2.3  Final CCl4 for selected chemical contaminants

Substance name Discovery Selected uses

1,1-Dichloroethane 1794 Industrial solvent
1,1,1,2-Tetrachloroethane 1986 Industrial solvent
1,2,3-Trichloropropane 1980s Industrial solvent
1,4-Dioxane 1980s Used as a solvent
1-Butanol 1950s Solvent
Methanol 1661 Used as an industrial solvent
Nitrobenzene 1847 Used in the production of aniline, solvent
Nitroglycerin 1891 For explosives and rocket propellants
Hydrazine 1875 Ingredient in rocket propellants, plastics
Aniline 1826 Used as an industrial chemical and as a 

solvent
Ethylene glycol 1856 Used as antifreeze, in textiles
Chloromethane 1835 Used as a foaming agent
Perfluorooctanoic acid 1940s Resistant to water, grease, stains, fire-fighting
Nonylphenol 1940 In detergents, cleaners, degreasers, paints
Formaldehyde 1859 Ozonation disinfection by-product
Urethane 1930s Paint and coating ingredient
Estradiol (17-beta estradiol) 1951 Found in some pharmaceuticals
Mestranol 1956 Veterinary and human pharmaceuticals
Quinoline 1834 Production of pharmaceutical (anti-malarial)
2-Methoxyethanol N. A Used in cosmetics, perfumes, fragrances
Acephate 1970s Insecticide
Dicrotophos 1956 Insecticide
Triethylamine 1980 Stabiliser in herbicides and pesticides
Ethylene oxide 1859 Fungicidal and insecticidal fumigant
α-Hexachlorocyclohexane N.A Insecticide
Tebufenozide N.A Insecticide
Thiodicarb <1985 Insecticide
Oxyfluorfen 1979 Herbicide
Permethrin 1973 Insecticide
Profenofos <1975 Insecticide and acaricide
Dimethipin 1982 Herbicide and plant growth regulator
Diuron 1974 Herbicide
Ziram 1956 Fungicide
Tebuconazole 1986 Fungicide
Thiophanate-methyl 2014 Fungicide
Chlorate NA Chlorate compounds are used in agriculture
Cobalt 1735 Part of the vitamin B12 molecule
Germanium 1886 Used in diodes, as a dietary supplement
Manganese 1774 Essential nutrient found in vitamins
Vanadium 1801 Essential nutrient
Molybdenum 1778 Essential dietary nutrient

(continued)
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At this point, conventional water treatment is mostly finalised by water disinfection. 
Yet, ECs that exist in very small concentrations are still there. Therefore, advanced 
remediation techniques are employed to remove ECs.

8.2  �Modern Water Treatments

8.2.1  �Bioremediation

Bioremediation is a cost-effective technique that uses the metabolic action of micro-
organisms to remove contaminants from environmental matrices. The method plays 
an effective role by removing hazardous organic and inorganic contaminants in the 
aquatic, sludge, soil, sediments and wastewater via eco-friendly, publically accepted 
and useful in onsite application. Microorganisms cannot remove inorganic contami-
nants from the environment; nevertheless, their oxidation reduction ability mobil-
ises inorganic contaminants to less harmful waste. Bioremediation is therefore 
attained as the result of microorganisms using contaminants as their sources of food 
and energy. It requires less equipment, a small amount of labour and energy, and is 
thus very useful. Bioremediation has proved to be useful in the cleaning of blood, 
body fluids and communicable diseases at crime scenes (Bharagava et al. 2017).

8.2.1.1  Chemistry of Bioremediation

Biodegradation is a redox reaction occurring in organic matter facilitated by 
microbes. It is either a metabolic approach where bacteria consume released energy 
for its growth, or co-metabolism where the energy released during biodegradation is 
not consumed by bacteria for their growth. At lower carbon and contaminant con-
centrations oligotrophic bacteria dominate whereas eutrophic bacteria dominate at 
higher concentrations.

Bacteria speed up chemical reactions that transfer electrons from electron donors 
such as organic matter to electron acceptors. The energy released in redox reactions 
are consumed by bacteria for their growth. Some bacteria such as hydrogenotrophic 
and methanogens use inorganic contaminants through anaerobic respiration and fer-

Table 2.3  (continued)

Substance name Discovery Selected uses

Tellurium 1782 Used as sodium tellurite in bacteriology
Cyanotoxins 1878 Cyanotoxins
N-nitrosodiethylamine 2008 Disinfection by-product
N-nitrosodimethylamine 1978 Disinfection by-product

NA not available
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mentation to generate energy. Other examples are nitrifiers and sulphur-oxidising 
bacteria.

Simplified bioremediation equation:

	 Organic contaminant O H O CO Cellmaterial Energy+ ® + + +-
2 2 2 	

Suitable conditions are not limited to:

•	 The presence of suitable microbes
•	 The availability of C, H, O2, N and P as nutrients
•	 A temperature range between 15 and 45 °C
•	 A pH range between 5.5 and 8.5
•	 A moisture level between 40 and 80%,
•	 An oxygen concentration greater than 2 mg/L

Under aerobic conditions, bacteria use oxygen to oxidise organic matters by 
removing electrons and converting them to carbon dioxide and water. In the absence 
of oxygen bacteria, nitrate, manganese (IV), iron (III), sulphate and carbonate are 
used as electron acceptors. Once electron acceptors are completely consumed, the 
bacteria switch to fermentation where organic wasters act as electron donor and 
acceptor (EPA 2013).

Bioremediation involves a combination of processes such as biostimulation for 
environmental modification to stimulate the bacteria responsible for bioremedia-
tion. Stimulation is achieved by adding nutrients and electron acceptors such as 
phosphorus, nitrogen, oxygen or carbon, in the form of molasses. When dealing 
with halogenated contaminants in anaerobic conditions, stimulation is achieved 
through the addition of electron donors such as organic substrates straw, sawdust, or 
corn cobs. Injection wells are used to accomplish the process. Bioaugumentation is 
employed to enhance biostimulation, which involves the introduction of specially 
prepared bacterial culture to increase the density of the bacteria, achieving a specific 
goal such as degrading complex organic compounds and increasing the overall 
removal rate. It is then followed by the bioaccumulation of live cells, biosorption of 
dead biomasses, phytoremediation by plants and then rhizoremediation through 
plant–microbe interactions. Other useful examples of bioremediation technologies 
are venting, bioleaching, land farming, bioreactors, composting and rhizofiltration.

Under suitable aerobic conditions such as balanced pH, moisture and tempera-
ture, microbes secrete enzymes that break down contaminants to a consumable 
level. While taking food and energy, they release water, carbon dioxide and non-
harmful by-products such as amino acids. The performance of this technique is 
limited to the presence of microorganisms capable of degrading pollutants, the 
accessibility of contaminants to the microorganisms, the type of soil, temperature, 
pH, and the presence of oxygen or other electron acceptors and nutrients. Not all 
bacteria are capable of biodegradation, however. Some potential reportedly effec-
tive bacteria include Rhodococcus, Pseudomonas, Sphingomonas, Alcaligenes and 
Mycobacterium. Fungi such as the white rot fungus Phanerochaete chrysosporium 
have the ability to degrade persisting environmental pollutants, including polychlo-

2  Toxicological Aspects of Emerging Contaminants



50

rinated biphenyls in river sediments, dechlorination of the solvent trichloroethylene 
and chloroform. Methylotroph is an aerobic bacterium that grows by using methane 
for carbon and energy. Sometimes an injection of air under pressure below the water 
table is performed to increase groundwater oxygen. This process is referred to as 
biosparging. Biopile treatment is a full-scale technology in which excavated soils 
are mixed with soil amendments, placed in a treatment area, and bioremediation 
takes place using forced aeration. Moisture, heat, nutrients, oxygen and pH are con-
trolled to enhance biodegradation. Preliminarily, contaminated soils require excava-
tion before being placed in the bioreactor (Ruiz-Aguilar et al. 2002). Bioreactors are 
special industrially manufactured controlled vessels in which microorganisms carry 
out biochemical reactions.

8.2.1.2  Evidence of Biodegradation

The ratio of biological oxygen demand and chemical oxygen demand are the key 
parameters for the establishment of biodegradation. Biological oxygen demand is a 
measure of oxygen required by microbes to break down a given organic contami-
nant in a sample of water. Chemical oxygen demand is an indirect measure of the 
amount of organic contaminant present in a sample of water. The method has proved 
useful upon remediation of ECs (Gothwal and Shashidhar 2014).

Membrane bioreactors constitute a wastewater remediation technique involving 
a combination of bioreactors and membranes in the remediation of water (Nguyen 
et al. 2013).

8.2.2  �Membrane Filtration

Membrane filtration is a physical process that replaces traditional processes such as 
sedimentation, flocculation and adsorption through sand filters and active carbon 
filters, ion exchangers, extraction and distillation. The membrane is made up of 
semi-permeable materials that selectively allow the passage of water while particu-
lates and microbes are retained with high productivity if suitable conditions prevail. 
It makes use of relatively low energy and no need for the addition of chemicals. 
Implementation of membrane filters can adapt either plate or tubular membrane 
systems.

Its mechanism of action can involve the maintenance of concentration gradients, 
the application of high pressure or the application of the electric potential. Either 
way, membrane filtration is divided into microfiltration (0.03–10 μm) and ultrafil-
tration (0.002–0.1 μm) for the removal of large particles, nanofiltration (0.001 μm) 
and reverse osmosis or hyperfiltration used for the removal of salts from water. the 
former methods principally rely on the pore sizes with less pressure while the latter 
depend on the diffusion and high pressure. Membrane filters present a reasonable 
opportunity for cost-effective and environmentally friendly approaches; yet, revers-
ible or irreversible fouling caused by water quality, process design and control, 
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membrane type and materials interferes. Eventually, membrane flushing, chemical 
cleaning or membrane replacement affects the outcome of the method.

The invention of membrane filtration technology around the 1960s changed the 
course of water treatment. The membranes are prepared from either polymeric 
organic material such as polypropylene, polyvinylchloride, polycarbonate, polyes-
ter, polysulphone, polytetrafluoroethylene, cellulose acetate of polysulphone, or 
from inorganic materials such as metals or commonly ceramics.

8.2.2.1  Operationalisation of Membranes

Various forms of energy are required for the proper functioning of membrane filters. 
These include:

•	 Temperature gradient membranes such as membrane distillation, which 
allows only the passage of the vapour phase while blocking the liquid phase.

•	 Pressure-operated membranes such as microfiltration, ultrafiltration, nanofil-
tration and reverse osmosis.

•	 Electric potential-driven membranes such as membrane electrolysis, electro-
dialysis, electrodeionisation, electrofiltration and fuel cells.

•	 Concentration-based membranes such as gas separation, forward osmosis, 
dialysis, pervaporation and artificial lungs.

Water purification and wastewater treatment plants widely use nanofiltration and 
reverse osmosis, whereas micro- and ultrafiltration membranes are commonly used 
in the food and beverage industries.

The membranes are porous sheets capable of selectively reclaiming portable 
water from microbes, organic materials that could react with disinfectants to form 
water disinfection by-products with rational outputs. Membrane fouling, production 
of polluted water via backwashing and regular replacements of the membrane are 
among hands-on challenges. However, a high-performance, space saving, simple 
operation and automatic disinfection create more opportunities.

Nanofiltration and reverse osmosis proved to remove sufficient amounts of ECs 
in the water (Snyder et al. 2007). In this case, there are possibilities of other reme-
diation techniques to remove ECs from water, but it depends on what the analyst 
requires.

8.2.3  �Ozonation

Ozonation is a chemical process of water treatment in an eco-friendly advanced 
technology. The mechanism of ozone treatment involves ozone decomposition to 
release hydroxyl radicals that react with organic particulate contaminants, which are 
then converted to small biodegradable molecules. In this process, hydrogen perox-
ide is useful in speeding up the process by adding extra hydroxyl radicals.
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The ozonation process is an in-situ chemical oxidation process also known as 
advanced oxidation or UV disinfection. The production of radicals is the result of 
ozone and hydrogen peroxide decomposition, oxygen, an ultraviolet energy source 
or inorganic catalysts such as titanium oxide. Moreover, sulphate radical-based oxi-
dation may appear during the treatment and therefore contribute to the reduction of 
pollutants. The method has been proven to remediate contaminants, including vola-
tile organic compounds, pesticides and aromatics with high efficiency. This tech-
nique has been in existence since 1987; however, its commercial application is yet 
to be fully implemented because of the high running costs, despite its efficacy. 
Ozonation remediation, either in sludge or in water, has been proven to treat methyl 
tert-butyl ether, tetrachloroethene, NDMA, 1,4 dioxins and chlorinated organic 
compounds. Ozonation is less effective for the removal of pathogens because its 
half-life is short (Mckie et al. 2016).

8.2.3.1  Chemistry of Ozonation

Once ozone is generated in situ by using ozone generators, it is then released into 
the water to oxidise double bonds, amino groups and aromatic systems. Performance 
of this method depends on the amount of ozone, contact time and susceptibility of 
the contaminants. Ozone is very unstable, such that after its generation, it soon 
decomposes back to oxygen (Janna 2011). The mode of action includes:

•	 Breakage of carbon–nitrogen bonds leading to depolymerisation
•	 Reactions with radical by-products of ozone decomposition
•	 Direct oxidation/destruction of the cell wall with leakage of cellular constituents 

outside of the cell
•	 Damage to the constituents of the nucleic acids (purines and pyrimidines)

Disadvantages of Ozonation:

•	 Ozonation is more complex than chlorination as it requires a special steel vessel
•	 Ozone is very reactive and corrosive; hence the need for corrosion-resistant 

containers
•	 Effective after secondary treatment,
•	 Higher treatment costs than chlorine
•	 Ozone is highly irritating

Advantages of Ozonation:

•	 No harmful residual such as disinfection by-products formed after chlorination
•	 Ozone is more effective at killing pathogens compared with chlorine
•	 Short-term requirements
•	 Ozonation increases the amount of dissolved oxygen
•	 Ozone acts like a microflocculant
•	 Ozone is generated in situ
•	 There is no re-growth of microorganisms etc.
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Snyder (2014) and Jobling and Owen (2012) reported effective ozonation treat-
ment of water, despite the higher running costs. Ozonation is advantageous owing 
to its oxidative and disinfectant abilities (Snyder et al. 2003).
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