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Aims and Scope of the Series

Scientists have long researched to understand the environment and man’s place
in it. The search for this knowledge grows in importance as rapid increases in
population and economic development intensify humans’ stresses on ecosystems.
Fortunately, rapid increases in multiple scientific areas are advancing our un-
derstanding of environmental sciences. Breakthroughs in computing, molecular
biology, ecology, and sustainability science are enhancing our ability to utilize
environmental sciences to address real-world problems.

The four topics of this book series - Pollution; Environmental Resilience and Man-
agement; Ecosystems and Biodiversity; and Water Science - will address important
areas of advancement in the environmental sciences. They will represent an excel-

lent initial grouping of published works on these critical topics.
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Preface

Environmental contamination has emerged as one of the defining scientific and
societal challenges of the twenty-first century. The increasing complexity of pollu-
tants and their interactions within ecosystems calls for interdisciplinary approaches
that bridge biology, chemistry, toxicology, and environmental engineering. This
edited volume brings together recent insights and conceptual advances from leading
researchers, aiming to provide a comprehensive overview of emerging environ-
mental contaminants and their biological implications.

The opening chapter, “Biomarkers of Pesticide Exposure in Aquatic Organisms:
Mechanisms of Toxicity and Early Warning Indicators”, explores the molecular and
physiological responses of aquatic species to pesticide exposure. It highlights the
growing use of biomarkers as tools for early detection of ecological stress and for
understanding the mechanistic pathways of toxicity. By elucidating how pesticides
disrupt metabolic and cellular processes, this chapter sets the scientific foundation
for assessing ecosystem health in contaminated waters.

In “Microplastics in Marine and Coastal Ecosystems: Sources, Distribution,
Ecological Impact, and Mitigation Prospects”, the authors examine one of the most
pervasive pollutants of modern times. The chapter traces the sources and environ-
mental fate of microplastics, describes their interactions with marine organisms, and
evaluates ongoing efforts to mitigate and manage them. The synthesis of ecological,
chemical, and policy perspectives makes this contribution particularly valuable for
researchers and practitioners seeking integrated solutions.

The third chapter, “Pharmaceuticals as Emerging Contaminants in the Environment:
Impacts and Remediation Processes”, focuses on the growing concern over phar-
maceutical residues in soil and water systems. It provides an overview of their
pathways of entry into the environment, potential ecological and human health
effects, and the latest developments in remediation technologies. The discussion
emphasizes the need for sustainable strategies to manage pharmaceutical pollution at
both local and global scales.

Following this, “Pharmaceuticals in Wastewater: Current Issues and Future Trends
for Their Treatment — A Critical Review” deepens the exploration of pharmaceu-
tical contaminants by focusing specifically on wastewater treatment. The authors
critically analyze the efficiency of existing treatment technologies, identify research
gaps, and propose directions for future development. This chapter complements the
preceding one by linking environmental science with technological innovation and
policy implementation.

The volume concludes with “Tea, Teapots, and Toxicity in the Seventeenth and
Eighteenth Century”, by Shirley Maloney Mueller and Michael Greenberger. This
historical perspective offers a fascinating counterpoint to the scientific chapters,



illustrating how concerns about toxicity and material safety have deep roots in
human history. An examination of cultural practices and the scientific understand-
ing of earlier centuries reminds readers that the interplay between human innovation
and environmental risk is not a recent phenomenon.

Collectively, the chapters in this volume highlight the dynamic nature of environ-
mental contamination research, spanning molecular mechanisms, ecological impacts,
technological responses, and historical insights. The editors hope that this collection
will serve as a valuable reference for researchers, students, and professionals engaged
in environmental sciences and will inspire continued collaboration across disciplines in
addressing the pressing environmental challenges of our time.

The editors would like to express their gratitude to all contributing authors for their
expertise and dedication. Special thanks are extended to the editorial and production
teams for their tireless efforts throughout the preparation of this volume.

Davide Di Paola and Caterina Faggio
University of Messina,
Messina, Italy



Chapter 1

Biomarkers of Pesticide Exposure
in Aquatic Organisms: Mechanisms
of Toxicity and Early Warning
Indicators

Davide Di Paola, Cristiana Roberta Multisanti, Mahdi Banaee,
Federica Impellitteri and Caterina Faggio

Abstract

Pesticides are widely considered a major class of xenobiotics that pose threats to
aquatic ecosystems. Their widespread use in agriculture and urban settings results in
frequent detection in surface waters, leading to sublethal and chronic effects in
aquatic organisms. This chapter reviews the types and sources of pesticides in aquatic
environments, their modes of action and biotransformation in aquatic organisms,
and the array of biomarkers that can detect early biological responses. Particular
attention is given to oxidative stress, endocrine disruption, immunotoxicity, and
behavioral alterations. These biomarkers offer valuable and effective tools for eco-
logical risk assessment and environmental health monitoring.

Keywords: pesticides, aquatic toxicology, biomarkers, oxidative stress, endocrine
disruptors

1. Introduction

Pesticides are one of the most extensively used groups of xenobiotics in modern
society, designed primarily to manage and eliminate agricultural, domestic, and
vector-borne pests. While their efficacy in improving agricultural productivity and
disease control is undeniable, the unintended ecological consequences, particularly
within aquatic environments, have become a growing concern in environmental
toxicology and public health research. The continuous application and unregulated
runoff of these chemicals have led to their persistent detection in freshwater systems,
estuaries, and marine ecosystems, where they can adversely affect nontarget
organisms across multiple trophic levels [1-5].

Aquatic ecosystems are particularly vulnerable to pesticide contamination due to
multiple exposure pathways, including surface runoff, spray drift, leaching, and
discharge from wastewater treatment plants. These processes contribute to chronic
low-level exposure and occasional acute contamination events that can alter
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community structure, impair physiological processes, and lead to long-term
population declines [6-8]. In particular, the bioaccumulation potential and sublethal
effects of many pesticides make them critical stressors that must be addressed
through comprehensive monitoring strategies.

In this context, biomarkers have emerged as vital tools in ecotoxicology for
assessing early biological responses to pesticide exposure [9]. Biomarkers are
measurable changes in biological systems, ranging from molecular and cellular
responses to behavioral and physiological alterations, which can provide insight
into the mechanisms of toxicity and potential ecological consequences [10].
Their value lies in their sensitivity, specificity, and ability to detect sublethal
and preclinical effects before population-level impacts manifest.

The selection and validation of appropriate biomarkers require a deep understanding
of pesticide chemistry, toxicokinetics, and toxicodynamics. Modern analytical
approaches now allow researchers to measure a wide range of biomarkers, from classical
enzymatic responses such as acetylcholinesterase (AChE) inhibition to advanced omics-
based indicators that capture gene expression and metabolic shifts [11,12]. These
advances enhance our ability to evaluate the ecological risks posed by complex pesticide
mixtures and understand their cumulative and synergistic effects [13,14].

This chapter aims to provide a comprehensive overview of the biomarker
responses to pesticide exposure in aquatic organisms, emphasizing a
mechanistic understanding and practical applications in environmental
monitoring. This chapter explores the classification and environmental behavior
of pesticides, the mechanisms of biotransformation and detoxification, and the
various biomarkers used at different levels of biological organization. It also
integrates recent developments in omics technologies and microbiome science,
offering a future-oriented perspective on the role of biomarkers in
environmental risk assessment.

2. Pesticides as xenobiotics in aquatic ecosystems
2.1 Classification of pesticides: Chemistry, functionality, and side effects

Pesticides encompass a chemically and functionally diverse array of compounds
designed to target specific pest groups; yet, many exhibit nonselective toxicity that
extends to aquatic organisms. They can be broadly classified based on their chemical
structure and target organism:

e Organophosphates (e.g., chlorpyrifos, diazinon, malathion) are highly toxic
neurotoxins that irreversibly inhibit AChE. Despite their relatively short
environmental half-lives, their acute effects on nontarget species make them a
major ecotoxicological concern [15-18].

e Carbamates (e.g., carbaryl, aldicarb) share a similar mechanism with organo-
phosphates but exhibit reversible AChE inhibition. Their toxicokinetics in
aquatic species are well-documented [19].

e Pyrethroids (e.g., permethrin, deltamethrin, cypermethrin) are synthetic
analogs of natural pyrethrins. These lipophilic compounds disrupt
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voltage-gated sodium channels and are highly toxic to aquatic invertebrates
and fish [20-22].

¢ Neonicotinoids (e.g., imidacloprid, clothianidin, thiamethoxam) are
selective agonists of insect nicotinic acetylcholine receptors. Although their
mammalian toxicity is relatively low, neonicotinoids are persistent and
water-soluble, posing long-term risks to aquatic systems [23-26].

Organochlorines (e.g., DDT, lindane, heptachlor), now largely banned or
restricted in many regions, are notorious for their high persistence, lipophilicity,
and tendency to bioaccumulate in aquatic food webs [27, 28].

Herbicides (e.g., atrazine, glyphosate, paraquat) are designed to disrupt
plant-specific processes such as photosynthesis; however, several also inter-
fere with endocrine pathways and oxidative status in aquatic vertebrates
[28, 29].

Fungicides (e.g., mancozeb, propiconazole) often affect mitochondrial func-
tion and oxidative stress pathways. Their effects on aquatic microbiota and fish
are receiving increasing scrutiny [31].

These groups vary in environmental persistence, bioavailability, and toxicity
profiles, making their ecotoxicological risk assessments complex and often species-
specific [32].

2.2 Environmental pathways and distribution

Once released into the environment, pesticides can enter aquatic systems through
several pathways (Figure 1):

¢ Surface runoff: Agricultural fields are among the primary sources of pesticide
runoff during rainfall events. This is a dominant entry route for pyrethroids and
neonicotinoids [2, 33].

e Spray drift: Wind dispersion during pesticide application may lead to deposi-
tion in nearby water bodies [34].

¢ Leaching and subsurface flow: Certain herbicides and insecticides with high
water solubility infiltrate the soil and reach groundwater or connected surface
waters [6, 35].

o Effluents from wastewater treatment plants: Urban and industrial discharges
often contain pesticide residues that escape conventional treatment processes

[36, 37].

¢ Atmospheric deposition: Volatile or semi-volatile pesticides, such as endosul-
fan and lindane, can be transported over long distances and deposited through
precipitation [38].
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Figure 1.
Sources of pesticide inputs into the environment.

These processes are influenced by climatic, hydrological, and landscape variables,
which affect pesticide transport, transformation, and eventual fate [39].

2.3 Fate and persistence in aquatic environments

Pesticide behavior in aquatic ecosystems depends on key physico-chemical
parameters:

¢ Solubility determines bioavailability and the potential for leaching.

* Kow (octanol-water partition coefficient) indicates lipophilicity and the
potential for bioaccumulation.

* Halflife (DT50) influences persistence; organochlorines exhibit DT50 values
measured in years, whereas organophosphates degrade within days to weeks [40].

Microbial degradation, photolysis, hydrolysis, and adsorption to sediments are
principal degradation pathways. However, these processes vary in efficiency across
different water bodies [41]. Sorption to particulate matter can reduce bioavailability but
also act as a reservoir for slow release, as seen with pyrethroids [42].

2.4 Bioaccumulation and biomagnification potential

Lipophilic pesticides, such as organochlorines and pyrethroids, are
characterized by high hydrophobicity, resulting from their chemical structure,
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which makes them poorly soluble in water. This lipophilicity promotes their
entry into biological membranes and fatty tissues once they enter an organism.
Therefore, lipophilic pesticides exhibit strong bioaccumulation in aquatic
species, especially those with high lipid content. Fish, bivalves, and amphibians
can accumulate residues in liver, muscle, and fat tissues, sometimes

exceeding environmental concentrations by several orders of magnitude

[43, 44].

While bioaccumulation refers to the process by which these compounds
gradually accumulate in the tissues of living organisms over time, typically through
direct absorption from water or through ingestion of contaminated food,
biomagnification, on the other hand, describes the increasing concentration of
these substances as they move up the food chain, from prey to predator, leading to
higher contaminant levels in top predators compared to organisms at lower trophic
levels [45].

In food webs, biomagnification occurs when persistent pesticides are
transferred and amplified through trophic levels. Top predators, such as
piscivorous birds and large fish species, have been shown to accumulate
high levels of DDT, leading to reproductive failure and population
declines [46].

2.5 Complex mixtures and synergistic effects

Aquatic organisms are rarely exposed to single pesticides. Mixtures can exert
additive, antagonistic, or synergistic effects, which complicate toxicological
predictions [47, 48]. For example, the combination of atrazine and chlorpyrifos in
zebrafish caused more severe neurobehavioral and endocrine effects than either
chemical alone [49].

Cumulative exposure to pesticide mixtures is now recognized as a critical
factor in ecological risk assessments (Kortenkamp et al., 2007). Sublethal
concentrations, once considered environmentally safe, may have significant
long-term effects when multiple compounds interact [50].

3. Biotransformation and detoxification mechanisms
3.1 Overview of xenobiotic biotransformation in aquatic organisms

Biotransformation is a critical physiological process by which aquatic organisms
modify and detoxify xenobiotics, including pesticides, facilitating their elimination
and reducing their toxic potential. This process typically involves a two-phase
enzymatic pathway (Figure 2):

e Phase I (functionalization) includes oxidation, reduction, and hydrolysis reac-
tions, primarily mediated by the cytochrome P450 (CYP) enzyme family
(especially the CYP1A, CYP2B, and CYP3A subfamilies).

¢ Phase II (conjugation) involves coupling the Phase I metabolites with hydro-
philic endogenous molecules, such as glutathione, glucuronic acid, or sulfate, to
enhance solubility and excretion.
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Figure 2.
Xenobiotic metabolism overview.

Biotransformation efficiency varies widely among aquatic species due to
interspecies differences in enzymatic systems, developmental stages, nutritional
status, and environmental factors such as temperature and oxygen availability [51,52].

3.2 Phase I reactions and the CYP enzyme system

The CYP monooxygenases are a superfamily of heme-thiolate enzymes that
catalyze the insertion of oxygen atoms into organic substrates. In fish and
invertebrates, CYP1A is often used as a biomarker of exposure to planar aromatic
hydrocarbons, pesticides, and other xenobiotics.

CYP1A induction is commonly measured via the following:

* EROD activity (ethoxyresorufin-O-deethylase): A sensitive and widely used
assay for assessing CYP1A catalytic activity.

 Gene expression profiling: quantitative PCR (qPCR) or RNA sequencing
(RNA-seq) targeting CYP1A, CYP2B, or CYP3A.

For example, exposure of rainbow trout (Oncorhynchus mykiss) to atrazine and
chlorpyrifos induced hepatic CYP1A mRNA expression and EROD activity [53].
Similarly, fenvalerate exposure in common carp (Cyprinus carpio) led to significant
increases in CYP-mediated monooxygenase activity [54].

However, the induction of CYP enzymes is not always protective. In some cases,
the bioactivation of pesticides during Phase I metabolism can generate reactive
intermediates, such as epoxides or quinones, which cause oxidative stress,
mutagenesis, or carcinogenesis [55].
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3.3 Phase II detoxification pathways

Phase II reactions conjugate reactive metabolites formed in Phase I with
hydrophilic molecules, catalyzed by enzymes such as:

e Glutathione S-transferase (GST)

¢ UDP-glucuronosyltransferase (UGT)

o Sulfotransferase (SULT)

GST plays a vital role in detoxifying electrophilic pesticide metabolites.
Elevated GST activity has been observed in goldfish (Carassius auratus)
exposed to deltamethrin and in mollusks exposed to triazine herbicides[56,57].

Glucuronidation and sulfation are essential for solubilizing polar metabolites.
However, the efficiency of these conjugation reactions may be reduced under stress
or in combination with other toxicants, thereby enhancing overall toxicity [58].

3.4 Regulatory mechanisms and xenobiotic sensors

Several transcription factors mediate the cellular response to pesticides and
regulate biotransformation enzyme expression:

e Aryl hydrocarbon receptor: Activated by polycyclic aromatic compounds and
dioxin-like pesticides, it induces CYP1A transcription.

¢ Pregnane X receptor and constitutive androstane receptor: Regulate a broad
spectrum of detoxification enzymes.

 Nuclear factor erythroid 2-related factor 2 (Nrf2): Governs antioxidant
response elements, modulating GST, SOD, and other detoxification enzymes.

Chlorpyrifos exposure in medaka (Oryzias latipes) was shown to activate the Nrf2
pathway and upregulate Phase II enzymes, highlighting a compensatory antioxidant
response [59].

3.5 Species-specific and environmental variability

Biotransformation capacity varies among taxa:

e Fish typically possess well-developed CYP and GST systems.

e Mollusks and crustaceans may rely more on esterases and hydrolases.

e Amphibians exhibit ontogenetic variation in metabolic capacity.

Environmental factors such as hypoxia, salinity, and temperature influence
enzymatic expression and function. For instance, low oxygen availability suppresses

CYP1A activity in zebrafish, altering the detoxification kinetics of pyrethroids [60].
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Furthermore, biotransformation pathways may become saturated under high
pesticide loads or prolonged exposure, leading to the accumulation of toxic
intermediates and oxidative stress [61].

3.6 Role of microbial biotransformation

Microbial communities in fish guts and aquatic sediments also contribute to
pesticide degradation. Certain bacterial genera (e.g., Pseudomonas, Sphingomonas,
Bacillus) possess plasmid-encoded enzymes capable of hydrolyzing or oxidizing
organophosphates and carbamates [62].

Disruption of gut microbiota by pesticides, such as glyphosate and chlorpyrifos,
can alter host metabolism, nutrient absorption, and immune function, indirectly
affecting the host’s detoxification capacity [63].

4. Biomarkers of pesticide toxicity

Biomarkers are measurable indicators of physiological, biochemical, or molecular
changes in organisms exposed to environmental contaminants such as pesticides.
They serve as early warning tools, often responding to sublethal concentrations and
providing insights into mechanisms of toxicity, stress responses, and potential long-
term effects. This section explores the most widely applied and emerging biomarker
categories in aquatic toxicology, emphasizing their specificity, sensitivity, and
ecological relevance (Figure 3).

Molecular level \gSw damage

* Gene expression

* Enzymes (AChE, GST)
Cellular level *ROS
e Lipid peroxidation

o Liver
Tissue/Organ level *Gills
* Kidney

* Behavior (locomotion)

Organism Level * Immunological markers

* Reduced reproduction
* Altered biodiversity

Population/Ecological level

Figure 3.
Scheme of the most widely applied and emerging biomarker categories in aquatic toxicology.
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4.1 Biochemical biomarkers

ACHhE inhibition is the most established biomarker for assessing exposure to
organophosphates and carbamates, which inhibit AChE at cholinergic synapses,
leading to neurotoxicity and impaired locomotion [15]. Studies in zebrafish (Danio
rerio), rainbow trout (Oncorhynchus mykiss), and tilapia (Oreochromis niloticus) have
shown significant AChE inhibition upon exposure to diazinon, chlorpyrifos, and

malathion [53, 64].
Other enzymatic biomarkers include the following:

e Lactate dehydrogenase and alanine aminotransferase (ALT): Indicators of
cellular damage and membrane integrity.

o Alkaline phosphatase (ALP): Linked to hepatobiliary function and tissue
repair processes [65].

Substantial changes in plasma ALT, AST, and ALP activities have been reported
in fish exposed to pyrethroids and glyphosate-based herbicides Abdel-Tawwab et al.,
[66], Mahadevan et al., [67].

4.2 Oxidative stress biomarkers

Pesticide exposure often leads to the overproduction of reactive oxygen species,
causing oxidative stress and subsequent cellular damage. Biomarkers of oxidative
stress include the following:

e Enzymatic antioxidants:

o Superoxide dismutase (SOD)
o Catalase (CAT)
o Glutathione peroxidase (GPx)
o Glutathione reductase (GR)
e Nonenzymatic indicators:
o Glutathione (GSH)/oxidized glutathione (GSSG) ratio
o Malondialdehyde (MDA): A lipid peroxidation marker
o 8-hydroxy-2’-deoxyguanosine (8-OHdG): DNA oxidation product.

Oxidative biomarkers are commonly altered in various species following pesticide
exposure. For instance, deltamethrin and endosulfan elevated MDA levels and
decreased SOD and CAT activity in carp and catfish [68, 69]. Chlorpyrifos exposure
in zebrafish also increased oxidative DNA damage, as evidenced by elevated 8-OHdG

levels [70].

9
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4.3 Immunological biomarkers

Immune function is sensitive to pesticide-induced modulation. Both
immunosuppression and hyperactivation can occur, depending on the dose and
compound:

e Lysozyme activity: Reflects innate immune status.

e Respiratory burst activity: Assesses phagocyte function.

e Cytokine expression: IL-1B, TNF-0, and IL-6 are markers of inflammation.

e Complement activity and total immunoglobulin levels.

Subchronic glyphosate exposure suppressed lysozyme activity and the phagocytic
index in Nile tilapia, making them more susceptible to opportunistic infections [71].
Immunotoxicity is increasingly associated with gut microbiota disruption, linking
systemic inflammation to dysbiosis in fish intestines [72].

4.4 Genetic and genotoxic biomarkers

Genotoxicity biomarkers provide early warnings of DNA damage and are
frequently employed in ecotoxicological assessments:

o Comet assay (single-cell gel electrophoresis): Detects DNA strand breaks.

¢ Micronucleus test: Identifies chromosomal aberrations.

e Sister chromatid exchanges and nuclear abnormalities.

These endpoints have been applied to fish (e.g., Channa punctatus, Oreochromis
mossambicus) exposed to atrazine, pendimethalin, and glyphosate, showing dose-
dependent genotoxic responses [73, 74].

4.5 Transcriptomic and proteomic biomarkers

High-throughput technologies now enable comprehensive profiling of gene and
protein expression in response to pesticide exposure:

e Transcriptomics: Measures mRNA levels using RNA-seq or qPCR arrays. Genes
involved in detoxification (CYPs, GST), oxidative stress (SOD, Nrf2), and
endocrine pathways (ER, AR) are commonly profiled [12].

e Proteomics: Mass spectrometry-based techniques identify differentially
expressed proteins involved in apoptosis, mitochondrial dysfunction, and cel-

lular repair [75].

Zebrafish larvae exposed to bifenthrin exhibited altered transcription of genes
associated with synaptic signaling and oxidative damage [76].

10
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4.6 Histopathological biomarkers

Histopathological examinations offer visual and structural evidence of tissue-
specific toxicity. Common changes include the following:

¢ Hepatic vacuolization, necrosis, fibrosis

» Gill hyperplasia, lamellar fusion, and clubbing

e Renal tubular degeneration

¢ Gonadal atresia and testicular degeneration

Exposure to diazinon, endosulfan, and glyphosate has caused significant
histological damage to the liver, kidneys, and gills in multiple fish species [53,
77, 78].

4.7 Behavioral biomarkers

Behavioral changes are noninvasive, sensitive endpoints often linked to
neurotoxicity:

e Erratic or hypoactivity

e Loss of schooling or predator avoidance

e Impaired feeding or reproduction

e Altered phototaxis or locomotor patterns.

Fenitrothion-exposed zebrafish exhibited impaired escape responses and reduced
social interactions, highlighting disruptions in sensorimotor processing [79].
Behavioral assays, including video-tracking and Al-based quantification, are
increasingly used for rapid screening.

5. Histopathological and physiological biomarkers

Histopathological and physiological biomarkers offer direct, often organ-specific,
insights into the structural and functional impairments caused by pesticide exposure
in aquatic organisms. These biomarkers reflect both immediate cytotoxic effects and
cumulative long-term tissue damage, enabling correlation with broader organismal
and ecological outcomes [80, 81].

5.1 Hepatic alterations
The liver is the primary detoxification organ and a major site for xenobiotic

metabolism. Pesticide-induced hepatic injuries are among the most consistently
reported histopathological alterations in fish and amphibians.
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Common liver pathologies include the following:

e Hepatocellular vacuolization

e Cytoplasmic degeneration

e Necrosis and apoptosis

e Fibrosis and nuclear hypertrophy.

In Oreochromis mossambicus, exposure to chlorpyrifos caused extensive
cytoplasmic vacuolization, necrotic lesions, and vascular congestion [82]. Similar
hepatic damage was documented in zebrafish exposed to glyphosate, including loss
of hepatic cord architecture and fatty infiltration [78].

In addition to histological analysis, serum biomarkers such as ALT, AST, and ALP

are used to detect liver enzyme leakage due to membrane damage, correlating well
with histological findings [67].

5.2 Gill pathology

The gills are critical for gas exchange, osmoregulation, and excretion, making
them a sensitive target for waterborne toxicants.

Observed histopathological effects include the following:

e Lamellar fusion and epithelial lifting

e Hyperplasia and hypertrophy

e Clubbing and aneurysms

e Chloride cell proliferation.

Gill lesions have been widely reported in fish exposed to pyrethroids (e.g.,
deltamethrin), organophosphates (e.g., diazinon), and neonicotinoids (e.g.,
imidacloprid) [53, 83]. In Clarias gariepinus, sublethal exposure to malathion led to
extensive epithelial lifting and lamellar necrosis [84, 85].

Gill Na +/K +-ATPase activity is often impaired, reflecting compromised
osmoregulatory capacity and ionic imbalance under pesticide stress [86].

5.3 Renal damage

The kidney plays a key role in excretion and ion regulation. Histopathological
markers of nephrotoxicity include the following:

e Tubular epithelial degeneration

e Glomerular shrinkage and necrosis
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e Hyaline droplet accumulation
e Interstitial hemorrhage.

Trichlorfon and cypermethrin have been shown to cause glomerular damage and
tubular necrosis in common carp (Cyprinus carpio) and African catfish (Clarias
gaviepinus) [87, 88].

In many cases, kidney pathology is accompanied by hematological disruptions, such
as decreased hemoglobin levels and erythrocyte counts, signifying systemic toxicity.

5.4 Gonadal and reproductive effects

Pesticides can disrupt endocrine signaling, leading to reproductive toxicity.
Histopathological endpoints include the following:

e Follicular atresia and oocyte degeneration
e Spermatogenic arrest and vacuolization of seminiferous tubules
e Interstitial edema and testicular fibrosis.

Atrazine and endosulfan have been linked to altered gonadal structure and
impaired gametogenesis in Danio rerio and Rana pipiens [89, 90]. In male fish,
vitellogenin induction and feminization are frequently observed following exposure
to estrogenic pesticides.

Reproductive biomarkers are often paired with endocrine indicators, such as
hormone levels (testosterone, estradiol) and gene expression of steroidogenic
enzymes (e.g., CYP19, StAR).

5.5 Hematological and osmoregulatory biomarkers

Pesticides can alter hematological parameters, reflecting physiological stress,
immune suppression, and anemia. Key indicators include the following:

¢ Hemoglobin concentration (Hb)

e Hematocrit (Ht)

e Red and white blood cell counts (RBC/WBC)

¢ Mean corpuscular volume and mean corpuscular hemoglobin.

Fenvalerate exposure in Labeo rohita caused a significant drop in RBC and Hb
levels, indicating hemolysis and anemia [91]. Similarly, glyphosate exposure led to
leukopenia and altered leukocyte profiles in tilapia, suggesting
immunosuppression [71].

Na+/K+-ATPase and carbonic anhydrase activity in gills and kidneys serve as
sensitive markers of osmoregulatory function. Imidacloprid and chlorpyrifos have
been shown to impair these enzymes, leading to ion imbalance and reduced
osmoregulatory performance [92].
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5.6 Multiorgan pathology and systemic effects

Environmentally relevant concentrations of pesticides may induce systemic
toxicity, affecting multiple organs. Integrated histopathological indices (e.g., Index
of Histopathological Alteration) are increasingly used to quantify cumulative
damage across organs.

Combined effects, such as liver necrosis, gill degeneration, and renal tubular
necrosis, were observed in fish exposed to pesticide mixtures, highlighting the
importance of assessing tissue-level damage in combination with biochemical and
molecular markers [93].

6. Behavioral and ecological biomarkers

Behavioral and ecological biomarkers provide crucial, often early, insights into
how pesticide exposure disrupts organism-level functions and ecosystem dynamics.
Behavioral responses are typically rapid, sensitive, and reflect integration across
multiple physiological systems, particularly the nervous and endocrine systems.
These endpoints are increasingly applied in ecological risk assessments and
environmental monitoring.

6.1 Neurobehavioral alterations

Behavioral biomarkers related to neurotoxicity are particularly relevant for
pesticides that interfere with synaptic transmission, such as organophosphates,
carbamates, and neonicotinoids.

Common behavioral endpoints include the following:

e Impaired locomotion (e.g., hypoactivity or hyperactivity)

e Erratic swimming and loss of equilibrium

* Startle response attenuation

e Altered predator avoidance.

For example, chlorpyrifos exposure in zebrafish larvae significantly reduced
swimming activity, responses to light/dark transitions, and escape behavior [94].
Similarly, fenitrothion exposure impaired sensory-motor reflexes and phototactic
behavior in early life stages [79].

Neonicotinoids, such as imidacloprid and thiamethoxam, disrupt cholinergic

signaling, leading to tremors, paralysis, and behavioral rigidity in aquatic insects and
fish [95, 96].

6.2 Feeding and foraging behavior

Feeding impairment is a sensitive indicator of sublethal pesticide toxicity and is
associated with metabolic suppression or neurophysiological dysfunction.
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Endpoints include the following:

* Reduced food intake

e Prolonged feeding latency

e Disrupted prey detection or handling time.

Pyrethroid exposure in goldfish (Carassius auratus) reduces feeding motivation
and alters prey capture efficiency, which could compromise growth and survival
[97]. In amphibians, sublethal glyphosate levels reduce tadpole foraging success and
alter dietary preferences [98].

6.3 Social and reproductive behavior

Pesticides can alter social hierarchies, courtship, and mating behavior by
disrupting hormonal and olfactory cues.

Examples include the following:

¢ Diminished mating calls and courtship displays

e Decreased nest guarding or territorial aggression

¢ Delayed spawning or altered mating frequency.

Atrazine and endosulfan exposures in frogs and fish were associated with the
feminization of males, the loss of secondary sexual traits, and impaired reproductive
success [49, 99].

6.4 Cognitive and learning effects

Emerging research has shown that pesticide exposure may impair cognitive
abilities in fish, including associative learning, memory retention, and spatial
navigation.

Zebrafish exposed to sublethal levels of diazinon exhibited diminished
performance in maze-learning tasks and memory recall [100]. These deficits are
likely mediated through the disruption of cholinergic and dopaminergic
neurotransmission.

6.5 Ecological-level responses

Beyond individual-level behaviors, pesticides can induce community and
ecosystem-level changes:

e Decline of sensitive taxa (e.g., Ephemeroptera, Trichoptera)
o Shifts in trophic interactions and predator—prey balance
e Altered species richness and functional diversity.
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Mesocosm studies show that pesticide mixtures reduce biodiversity and impair
ecosystem functions, such as primary production, decomposition, and nutrient
cycling [101, 102].

6.6 Integrative tools and approaches

New technologies enable high-throughput behavioral assessments using
automated tracking software, which can quantify endpoints such as velocity,
distance moved, turning angles, and inter-individual interactions [103, 104].

e EthoVision, ZebraLab, and DanioVision are popular systems used to evaluate
behavior in fish.

e Machine learning algorithms now assist in detecting subtle behavioral changes
that may go unnoticed through visual observation [105].

These tools enhance the sensitivity and reproducibility of behavioral biomarker
applications and support ecological monitoring programs.

7. Microbiome and omics-based biomarkers

Advances in molecular biology and bioinformatics have enabled the development
of highly sensitive and comprehensive biomarker systems. Among these,
microbiome composition and omics-based biomarkers (transcriptomics, proteomics,
metabolomics, and epigenomics) provide holistic insights into the sublethal and
chronic impacts of pesticide exposure on aquatic organisms [106].

7.1 Gut microbiota alterations

The gut microbiome plays essential roles in host digestion, immune modulation,
and xenobiotic metabolism. Pesticides can disrupt microbial homeostasis, leading to
dysbiosis — a state associated with impaired nutrient absorption, inflammation, and
altered immunity [63].

Pesticide-induced microbiota changes have been reported in various aquatic
species:

e Carp (Cyprinus carpio) exposed to trichlorfon exhibited reduced microbial
diversity and significant shifts in the Firmicutes/Bacteroidetes ratio, which
correlated with increased intestinal inflammation and permeability [107].

e Zebrafish larvae exposed to glyphosate exhibited a decreased abundance of
beneficial genera, such as Lactobacillus, and increased levels of opportunistic
pathogens, including Aeromonas and Pseudomonas [108].

e Chlorpyrifos exposure in medaka (Oryzias latipes) altered short-chain fatty acid

(SCFA)-producing bacterial populations, reducing SCFA availability and
impacting gut-brain signaling [109].
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Microbiome profiling using 16S rRNA sequencing, metagenomics, and
metabolomics can, therefore, act as a powerful diagnostic tool for pesticide toxicity.

7.2 Transcriptomics

Transcriptomic biomarkers provide a genome-wide view of gene expression
changes in response to chemical stressors. Techniques such as RNA-seq and qPCR
have identified key transcriptional alterations related to oxidative stress, apoptosis,
endocrine disruption, and immune responses.

e Exposure to atrazine and chlorpyrifos induced differential expression of
detoxification-related genes (e.g., CYP1A, GST, UGT) in Danio rerio and
Oncorhynchus mykiss [110].

e Fenitrothion exposure in zebrafish embryos led to the downregulation
of neurodevelopmental genes and the upregulation of inflammatory markers,
highlighting neuroimmunotoxic interactions [76].

e Thiacloprid exposure significantly disrupted circadian rhythm-associated genes
in medaka, suggesting effects on behavior and hormonal cycles [111].

Pathway enrichment analysis of transcriptomic data enables the mapping of
altered gene networks, thereby improving mechanistic understanding.

7.3 Proteomics

Proteomics assesses protein-level alterations, capturing posttranslational
modifications and degradation products. Mass spectrometry (LC-MS/MS) and 2D
gel electrophoresis are widely used to quantify protein expression and structure.

e Carbamate pesticide exposure in goldfish revealed dysregulation of proteins
involved in oxidative phosphorylation, apoptosis, and cytoskeletal structure

[75].

¢ Organophosphate exposure in tilapia led to altered levels of heat shock proteins
(HSP70), indicating cellular stress [112].

Proteomic biomarkers are advantageous due to their closer linkage to phenotype
than transcript levels, as well as their sensitivity to cumulative stress.

7.4 Metabolomics

Metabolomics involves the comprehensive profiling of endogenous metabolites,
offering a snapshot of physiological status.

e Zebrafish exposed to bifenthrin showed disruptions in amino acid and energy
metabolism, particularly in pathways involving glutamate and citric acid cycle
intermediates [113].
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e Atrazine exposure altered hepatic levels of glucose, lactate, and free fatty acids,
suggesting metabolic reprogramming [114].

High-resolution NMR and LC-MS are typical platforms used in metabolomic
analysis, providing robust biomarker signatures for diagnostic purposes.

7.5 Epigenetic biomarkers

Epigenetic modifications regulate gene expression without altering DNA
sequences. These include DNA methylation, histone acetylation, and noncoding
RNAs. Pesticides can cause heritable epigenetic changes, which may lead to
transgenerational effects.

e Bisphenol A and atrazine exposure in zebrafish resulted in promoter methyla-
tion of estrogen receptor genes, which was associated with abnormal sex dif-
ferentiation [115].

e Malathion exposure triggered miRNA deregulation, affecting immune-related
genes in common carp [116].

Epigenetic biomarkers offer insights into the long-term and latent effects of
early-life pesticide exposure.

7.6 Integrative multi-omics approaches

Multi-omics strategies combine genomic, transcriptomic, proteomic,
metabolomic, and microbiomic data to provide a systems-level understanding of
pesticide toxicity. Such integration enables the following:

e Identification of mechanistic pathways
e Discovery of novel biomarkers
e Improved prediction of toxicological outcomes.

For instance, integrated omics analysis in medaka exposed to chlorpyrifos
revealed crosstalk among gut microbiome alterations, hepatic lipid metabolism, and
neurobehavioral changes [109].

8. Conclusion

Pesticides pose significant risks to aquatic organisms through multiple toxic
pathways. Biomarkers provide essential tools for detecting and quantifying sublethal
effects of these compounds, ranging from molecular alterations to ecological
disturbances. The integration of biochemical, genetic, and behavioral biomarkers
enhances environmental monitoring and facilitates early intervention before
irreversible damage occurs. Future research should emphasize multi-biomarker
approaches and explore novel endpoints, such as transcriptomics and microbiome
shifts, to strengthen ecological risk assessments.
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and Mitigation Prospects
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Abstract

Microplastic pollution is a global environmental problem of anthropogenic origin
that affects marine and coastal ecosystems. Microplastics are considered emerging
pollutants of great concern. Worldwide, annual plastic production amounts to
280 million tons, and a significant fraction ends up in aquatic ecosystems. Plastic
fragments smaller than 5 mm are distributed in the environment through various
routes, including rainwater runoff, maritime activities, and wastewater discharges.
As a result of their persistence and transportability, these pollutants have
toxicological effects on numerous marine species, including birds, mammals, and
turtles. In this context, this chapter analyzes the main sources, distribution,
ecological impact, and mitigation strategies to prevent microplastic pollution in
marine environments.

Keywords: emerging pollutants, marine ecosystems, toxicological effects, human
health, environmental pollution

1. Introduction

The presence of microplastics (MPs) in the marine environment has been
considered an important environmental stressor [1, 2]. These pollutants have become
increasingly relevant in recent years, as their presence has spread to rivers, lakes,
coastal areas, oceans, and even polar regions, demonstrating their capacity for global
dispersion and persistence in the environment [3]. Plastics have become the
foundation of modern industry and everyday life, with annual production estimated
to have grown by 9% since 1950.

The first studies on the presence of plastic waste in the oceans emerged in the
1970s and attracted greater attention from the scientific community [4-7].

The term “microplastics” was coined by Thompson et al. [8], who described them
as plastic particles smaller than 5 mm, originating from plastic products and
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materials used daily in modern society. Between 1950 and 2021 alone, annual plastic
production is estimated to have increased from 1.5 to 367 million tons [9], and in
2022, it exceeded 400 million tons. If consumption trends continue, it is expected to
exceed 600 million tons by 2040 [10, 11].

Its ubiquity spans almost all industries, as it offers characteristics such as
versatility, lightness, and low production costs, with applications ranging from
transportation and information technology to food packaging and energy production
[12-14]. Currently, more than 300 types of plastics are manufactured worldwide, of
which approximately 60 are the most commonly used in commercial
applications [15].

The persistence and mobility of MPs, along with their ability to be transported in
marine environments, have caused toxicological effects in various marine species,
including birds, mammals, and turtles. Globally, at least 267 species are affected by
microplastics, including 43% of all marine mammal species, 44% of seabirds, and
86% of all sea turtle species [16]. This problem highlights their role as an emerging
threat to biodiversity and the ecological integrity of aquatic ecosystems.

As a result of the impact of MP pollution on marine and coastal ecosystems,
international agreements and mechanisms have been established to improve the
control and management of this type of pollutant, including the Basel Convention,
which, since 2019, has regulated the transboundary movement of plastic waste [17].
Similarly, the United Nations Environment Assembly (UNEA) made a historic
proposal to develop a binding international legal instrument, the draft of which is
expected to be completed in 2025.

While these developments reflect global recognition of the importance of
establishing environmental governance in the face of this emerging problem [18], it
must also be acknowledged that economic, social, and environmental challenges
exist in many countries around the world. In this context, this chapter analyzes the
main sources, distribution, ecological impact, and mitigation strategies to prevent
microplastic pollution in marine environments.

2. Microplastics: Definition, properties, and classification

In the 1970s, the first reports on the presence of small plastic particles in
marine ecosystems were published, attracting the attention of several
environmental experts who sought to investigate the issue further [19]. The term
“microplastics” was first introduced in a study published by Thompson et al. [8],
a term that did not yet have a clear definition at that time. Another study in
2007 provided a better explanation of MP, defining them as very small plastic
particles resulting from the fragmentation of larger pieces, although the size of
MP was not specified [20].

The term “microplastic” was more clearly defined in 2008 at a conference
organized by the US National Oceanic and Atmospheric Administration (NOAA) as
tiny plastic particles, although at that time the minimum particle size was not
officially specified. Currently, international standards such as ISO/TR 21960:2020,
which focus on plastics and their environmental aspects, including the state of
knowledge and methodologies, and ISO 4484-2:2023, which addresses materials and
textile products as well as microplastics of textile origin, specifically part 2:
Qualitative and quantitative analysis of microplastics, refer to particles smaller than
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5 mm and larger than 1 pm as microplastics and classify those smaller than 1 pum as
nanoplastics [20].

The term “plastic” refers to a range of materials created from polymers that
can be molded into different shapes and sizes. It is important to note that plastics
include both fossil-based and bio-based variants. Some of the main polymers are
polystyrene (PS), polypropylene (PP), polyethylene (PE), polyamides (PA),
polyvinyl chloride (PVC), and polyethylene terephthalate (PET) [21]. Therefore, the
term “microplastic” encompasses a heterogeneous group of pollutants due to the
polymers and additives used in their production [22].

Plastic products are durable, lightweight, inexpensive, and easy to handle, which
is why they are widely used in our daily lives and especially in industry [23].
Microplastics are present in the environment with different physical characteristics.
Table 1 describes five different forms of microplastics.

Another way to classify plastic is by size: macroplastic (>5 mm) or microplastic
(<5 mm). Microplastic can also be classified as primary if its original manufacture
is <5 mm, or secondary if it is a macroplastic that has degraded due to
environmental exposure [22, 25]. It is also possible to classify it based on its
chemical components, of which there are 20 types. The most common MPs in the
environment are polyvinyl chloride, polystyrene, polyethylene, polypropylene,
and polyethylene terephthalate, among others [22].

Microplastics are also classified into two broad categories according to their
origin: (1) primary and (2) secondary. Primary microplastics are classified as
being less than 5 mm in size, generated by grinding or extrusion for direct use or
product manufacturing. They are commonly found in medicines and household
products such as beauty products, hair gel, deodorant, cosmetics, toothpaste, and
water bottles. Secondary microplastics are larger plastic fragments whose
biodegradation occurs due to the breakdown of bonds through the process of
weathering [22, 24].

Microplastic ~ Description Other terms used

(MP) shape

Films These are thin, flexible, low-density particles Polyethylene sheet, plastic film.
produced from food packaging materials and plastic
bags.

Fragments These are plastic flakes generated from the Particles, crystals, lint, dust, granules,
detachment of pipes or beverage bottles made of shavings, flakes, and irregularly shaped
rigid synthetic polymers. films.

Fibers This is a widespread plastic originating from Filaments, microfibers, strands, and
domestic washing activities, synthetic fabrics, threads.

ropes, and fishing nets.

Foam It has a porous and irregular shape, like a sponge, Polystyrene and expanded polystyrene.
derived from mattresses and sheets made of
synthetic rubber.

Pellets These are industrially produced, spherical or oval, Resin pellets, granules, pre-production
and generally synthesized from polypropylene. granules.

Source: Patidar et al. [24] and Nair and Perumal [21].

Table 1.
Categories for classifying MP by shape.
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Likewise, Yadav and Mishra [2] report that the photodegradation of large
plastics in marine environments is due to environmental factors such as mechanical
abrasion, ultraviolet radiation, wind, and wave action, generating small plastic
particles such as microplastics (<5 mm) and nanoplastics (<1,000 nm). It is
important to note that academic attention has focused particularly on microplastics
and nanoplastics, which are considered highly persistent pollutants with adverse
effects on ecological systems and human health [26].

3. Sources and pathways of microplastics entering marine and coastal
ecosystems

The accumulation of microplastics in the marine environment occurs through
direct and indirect interaction with plastic waste, a critical situation that continues to
expand. A common route of entry into marine ecosystems is via rivers, as they
provide a pathway connecting land to sea, contaminating the ocean and the deep sea,
and reaching even the most remote islands on the planet [24, 27]. Microplastics enter
the marine environment through various means, such as drainage or sewer systems,
and natural factors such as wind and ocean currents, among others [28].

It should be noted that microplastic pollution is concentrated in coastal areas,
which are densely populated [23], despite being considered vulnerable areas due to
the risks of flooding and pollution. Microplastics are shed from everyday products
that are discarded daily, such as paints and facial scrubs [3]. In this scenario, it is
estimated that each year more than 4.8 million tons of plastic ends up in the ocean
and that 80% of the waste comes mainly from countries with high population density
and limited waste management [1].

4. Distribution and environmental fate of microplastics

A 2019 report by the United Nations Industrial Development Organization
(UNIDO) states that the impact of plastic pollution depends on each country’s level
of economic development, which is why countries with higher incomes produce
more plastic waste. The economic cost of marine plastic pollution worldwide ranged
from $6 billion to $19 billion in 2018 and is expected to reach $100 billion by 2040
[29]. Plastics are an integral part of everyday life due to their versatility, durability,
and low cost. However, their indiscriminate use and improper disposal practices
have had large-scale negative environmental impacts [26].

According to Haque and Fan [25], global plastic production was estimated at
1.3 million tons in 1950, increasing exponentially to 359 million tons in 2018, which
alarms the scientific community, as by 2025 total plastic waste could reach
634 million tons, and by 2050 there will be 12 billion tons if global plastic
production continues to increase under inadequate management of its final
disposal [24, 25]. Globally, China is the largest producer of plastics with 59.08 tons
(t) per year, while the United States contributes 37.83 t. Other countries, such as
Germany, contribute 14.48 t, followed by Brazil with 11.85 t, Japan with 7.99 t,
and Russia with 5.84 t [30].

Exposure to the environment can transform plastic waste into MPs. This process
occurs through mechanical impact, photodegradation, environmental erosion, or
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microbial degradation [25], and its distribution in marine ecosystems poses a serious
threat to biota [19]. However, microplastic particles have also been detected in
terrestrial and freshwater environments, as well as in salt and dust [31].

Therefore, understanding the impact of MPs on various organisms is vitally
important, given their widespread distribution in the environment, which makes
them a problem of global concern [25]. Today, there is concern, but also growing
interest in understanding the dynamics and environmental impact of microplastics
in marine environments [23]. During the decade 2010-2020, there was a global
increase in plastic production from 270 million tons to more than 370 million tons
[2], and only 9% is recycled, 68% ends up in landfills or is incinerated, and 22% is
managed improperly and ends up dispersed in the environment [32].

Microplastic pollution has raised significant concerns due to its ecological impact
on marine fauna and the possibility that plastic could affect the food chain and
become a serious risk to human health [9]. This situation has become a global
problem due to the growing use and consumption of plastic products in activities
such as agriculture, healthcare, construction, textiles, among others [22].
Microplastics are spread throughout all ocean matrices, as they constitute 95% of
plastic waste [33]. In the five oceans, the concentration of MPs ranged from 0.002 to
62.50 elements/m?, with an average abundance of 2.76 elements/m°>. The highest
average concentration was found in the Atlantic Ocean (4.98 elements/m?>), while
the lowest was observed in the Antarctic Ocean (0.04 elements/m?) [34].

Since 1972, the London Convention and, later, the United Nations Convention on
the Law of the Sea (UNCLOS) were the first to draw attention to the presence of
plastic waste in marine ecosystems, considering it a global environmental problem
due to its widespread impact on aquatic ecosystems, as they stated that most of this
waste ends up in rivers, lakes, and oceans [35]. Understanding the fate of MP
requires knowledge of its main transport routes, and the most common transfer
routes are through soil, water, and air [25].

Nevertheless, determining the impact of MP is more complex due to the various
routes it takes to reach marine ecosystems, among the most common being rainwater
runoff, industrial discharges, urban wastewater, coastal sediment transport, and
agricultural runoff [36]. On the other hand, air and water currents can also transport
small MP particles, as thousands of tons of particles are suspended in the
atmosphere, allowing them to travel to remote locations such as isolated plateaus,
polar regions, and mountainous areas [37]. However, rivers remain the main route
for MPs to enter the ocean [38].

Although MP pollution is concentrated in coastal areas and subtropical
circulation zones, these particles have traveled to places far from the sources of
pollution, such as the polar regions. This evidence has led researchers to conclude
that plastic waste polluting the environment is not static but circulates from one
ecosystem to another, with the smallest particles, such as MPs and nanoplastics,
covering the largest areas [23, 39].

Another factor that has various effects on the fate of plastic material (PM) in the
environment is climate change. This alteration in the climate can cause extreme
weather events such as hurricanes, storms, and floods, which serve as transport
mechanisms for the distribution of MP in the environment. Due to their natural
force, these currents have the potential to transport PM over long distances,
increasing the likelihood of contamination in areas far from civilization [25]. On the
other hand [3], aquatic organisms can be considered a possible destination for MPs,
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since various studies have shown that they can be ingested by different organisms,
and that in most cases they can be eliminated through excretion. However, it has also
been reported that MPs remain in the tissues of the organism.

Plastic waste decomposes in soil and aquatic environments through weathering,
which is an environmental process of degradation or fragmentation [40].

Due to their chemical composition, most plastics are not biodegradable in a short
period of time, so prolonged time and specific environmental conditions are required
for plastic material to break down into small pieces [41] of up to 5 mm, which are
defined as MPs [42]. Microplastics are subject to mechanical, chemical, and biological
interactions, and there is a possibility that the breakdown of MPs into smaller
particles, considered to be nanoplastics, may pose greater environmental risks due to
their nanometric size [38]. In this regard, high temperatures accelerate the degradation
of plastic, causing small particles to be released into the environment [25].

5. Ecological and ecotoxicological impacts

The widespread presence of plastic products in modern society has led to
environmental problems, as plastic waste enters the environment in various ways
and accumulates mainly in marine ecosystems [23]. In this regard, scientific evidence
has confirmed that marine environments are heavily polluted, and it is estimated
that more than 250,000 tons of plastic waste float on the sea surface due to
inadequate waste disposal methods [2, 23]. However, the estimated amount of PMs
released into marine ecosystems continues to be investigated [38].

Although the most commonly found marine debris includes paper, metal, glass,
and plastic, the latter is one of the most abundant and resistant to degradation
due to its composition and durability [28]. Despite this, plastics break down into MPs
due to the influence of various environmental factors, and these small particles
pose a serious threat when distributed in aquatic ecosystems [43]. Due to their
widespread dispersion and resistance to biodegradation, MP has become a serious
environmental crisis [44] because of their adverse effects on the behavior,
reproduction, growth, and metabolism of aquatic organisms [38].

Therefore, the impact and effect of plastic waste on marine life are highly
significant due to its wide reach [28], as it travels long distances through ocean
currents and wind currents [24]. Atmospheric MPs are the largest contributors to the
oceans after continental rivers [45]. Plastic waste is present in marine environments
from the sea surface to the seabed [27] and has also impacted marine organisms [28],
such as plankton, zooplankton, coral reefs, fish, mammals, and seabirds [23, 32].
Despite the attention given to scientific research, plastic pollution has been on the
rise over the last decade [32], with research focusing on marine species and only
about 4% addressing studies in freshwater systems [44].

Furthermore, numerous aquatic organisms have been reported to ingest PM
directly, including sea urchins, mussels, crabs, barnacles, copepods, sandworms, and
amphipods [2]. Some coastal regions have also shown MP contamination in
commercial fish such as tilapia (Oreochromis niloticus), moontail bullseye
(Priacanthus hamrur), longnose trevally (Carangoides chrysophrys), long-whiskered
catfish (Sciades sona), pama croaker (Otolithoides pama), Bombay duck (Harpadon
nehereus), neglected grenadier anchovy (Coilia neglecta), hairfin anchovy (Setipinna
tenuifilis), short-bodied sardine (Sardinella brachysoma), among others [46].
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It is important to highlight that the ingestion of MP by marine organisms is
accidental, as they mistake them for food. These particles are found in sediments or
water columns and tend to translocate to the intestines of many organisms, where
they can remain for relatively long periods and subsequently reach humans
through the consumption of foods such as fish or shellfish [37]. Therefore, the
existence of MP in marine ecosystems is evident and represents a latent threat. MP
contamination has even been reported in more than 160 marine species and 39
freshwater species [22].

The ingestion of MP can affect the digestive system of aquatic organisms, as
physical obstruction causes a reduction in food intake, negatively affecting growth
and reproduction. This physiological impact can cause a decline in the species’
population, mainly in species threatened by environmental changes [44] or
poachers. However, the ingestion of MP in the species can block or damage the
digestive tract, as well as cause physical and chemical toxicity [37].

Disruption of the digestive system or other vital biological processes due to
MP intake poses a threat to all biota [20]. Microplastics accumulate in the vital
organs of fish (gills, intestines, and liver) and influence their predatory performance,
as they cause confusion when obtaining food. The accumulation of MP causes
obstruction, behavioral changes, histopathological changes in the intestines, and
liver metastasis in fish, as well as growth inhibition, endocrine disruption, and stress.
Likewise, various studies have shown a range of effects, from minor alterations in
physiological functions to serious adverse effects that can cause death in organisms
contaminated by MP (Table 2) [19].

Microplastic pollution is an emerging issue of global concern due to its
widespread presence in the environment, as it represents a source of chemicals that
are hazardous to aquatic organisms due to its composition and sorption properties
[38]. It should be noted that UV radiation, heat, and chemical reactions are
considered weathering mechanisms, which cause the decomposition, fragmentation,
or degradation of plastics, breaking down long-chain polymers into smaller
polymers [25].

Species name

Effects

Blue mussel (Mytilus edulis)

Destabilization of lysosomal membranes and formation of
granulomas in the digestive glands.

Mytilus galloprovincialis

Ingestion of resin pellets can cause intestinal obstruction, reduced
feeding, inflammation, and other serious effects.

Zooplankton

Accumulation of phthalic acid esters through ingestion affects the
reproductive, hepatic, renal, and nervous systems.

Blue mussels (Mytilus galloprovincialis)

The absorption of pyrene ingested by blue mussels causes neurotoxic
effects and lethal effects on the organism’s DNA.

Pelagic fishes and holothurians

Ingestion of plastic pellets by sea cucumbers can reach other
organisms through the food chain.

Copepod (Calanus helgolandicus,
C. cristatus, Euphausia pacifica)

Decreased reproduction rates, reduced feeding, and decreased egg
production.

European flat oysters (Ostrea edulis)

Ingestion and abnormal respiration rates.

Source: Onyena et al. [47].

Table 2.
Effects of MP on marine ovganisms.
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The results show a direct correlation between metals and MPs found in some
species, mainly fish, indicating that the metals were absorbed by this type of plastic
pollutant [20]. In this sense, in addition to their resistance to biodegradation and
wide dispersion, MPs can adsorb and carry heavy metals, thus intensifying their
toxic effects [44], acting as a transfer route for organic pollutants and heavy metals
through aquatic species [19], as well as causing oxidative stress, cell damage, and
other effects [22]. Another factor that accelerates the degradation of plastics is global
warming. At higher temperatures, plastics decompose at an accelerated rate, thus
releasing very small microplastic particles [25].

Studies have shown that smaller MPs and nanoplastics, particularly nanoplastics,
are more toxic than larger MPs [35]. Microplastics usually take several months to
degrade. This variation is due to the structure of the polymer. However, the
degradation process can be further prolonged if the particle is not affected by other
environmental factors of a mechanical, biological, or chemical nature. For example,
while plastic decomposes quickly in marshes, it has been observed to take longer in
sludge and soil [20].

Plastics are characterized by their strength, low cost, lightness, and chemical
inertia, which have led to an increase in their production. However, these properties
hinder the degradation process [2]. Microplastics are not only generated from the
degradation process of larger plastic waste but can also be intentionally
manufactured in small sizes for various industrial applications. Due to their tiny size,
aquatic organisms can easily ingest them, which can lead to bioaccumulation and
possible trophic transfer within networks [26].

Although MPs are potentially consumable by a variety of organisms, mainly
commercial fish, they can accumulate in the body of the organism and affect various
trophic levels, as they could move widely throughout the food web [19]. Most
everyday products are made of plastic. During their manufacture, various solvents and
other chemicals are used as catalysts, in addition to various additives such as
stabilizers, pigments, and retardants. Plastic must have specific characteristics such as
strength, color, and flexibility; however, when it degrades, it can release chemical
additives or leach into the environment with far-reaching repercussions. Therefore,
MPs pose a risk to food safety, mainly in organisms at lower trophic levels [21].

Recent research confirms that MPs pose a serious threat to organisms inhabiting
terrestrial and marine ecosystems, as they compromise their biodiversity and
function [38]. In addition, they can negatively affect the food web in marine
environments [43]. It has been shown that MP pollution can cause physical changes
in habitats, with coral reefs among the most affected [28]. Most research on the
environmental impacts of MPs has been conducted in marine environments, while
studies in freshwater ecosystems have been very limited [44].

Even so, various disciplines have studied the impact of PM pollution, such as
biology, chemistry, environmental toxicology, and microbial ecology, among others
[9]. In this context, several case studies have been documented in recent years.

A study of the Plankenburg River in the Western Cape of South Africa investigated
the presence of MP in water and sediment samples. The study provided an
understanding of the occurrence of microplastics in the river system and established
a baseline for comparing future research with the assessment of water and sediments
in South Africa’s freshwater systems [38].

It is important to note that rivers usually flow into the ocean, which also implies
marine pollution by MPs. Another study examined the pathways of MP and
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nanoplastic pollution, as well as their interactions with other environmental stressors
that affect marine food webs, such as chemical pollution and climate change [25].
This highlights an urgent need to promote research on the behavior and fate of MPs
and nanoplastics [35].

In this same approach, a study was conducted on a segment of the Rupsha River in
Bangladesh, which aimed to assess the extent of microplastic pollution and its
impacts on fish species in relation to human consumption [46]. Other studies
were highlighted by Haque and Fan [25], which linked plastic pollution to climate
change, eutrophication, anthropogenic factors, and, above all, human health.
However, their main contribution focused on discussing the fate of microplastics in
all types of environments (atmosphere, hydrosphere, and pedosphere) and under
the influence of climate change [25].

Gliaudelyté et al. [20] revealed a study conducted in a marine protected area in
the Ross Sea, finding textile- and synthetic-based MPs in marine snails
(Neobuccinum eatoni). The investigation into the origin of the MP pointed to the
research station, where it was verified that the type of MP matched the material of
the scientists’ technical clothing, leading to the conclusion that it was the
wastewater used to wash the technical clothing. This research led to other, more
specific studies in which samples were collected from six different points in coastal
regions to compare them with the microplastics found in filters from domestic
washing machines in the area of influence, concluding that they had a similar
composition.

6. Human exposure and potential health risks of MP

Over the last decades, MPs have become one of the biggest environmental
problems and challenges in current research. Their global impact threatens not only
the environment but also human health, due to their transfer through food and
human exposure to various plastic products [24, 48]. In fact, researchers have found
plastic particles in rainwater, drinking water, and even in the human placenta, lungs,
and blood [20, 32]. Consumption of MP particles puts humans at risk of cytotoxicity,
hypersensitivity, hemolysis, neurological conditions, and other diseases such as
cancer [24].

Microplastics are so small that traces have also been found in a wide variety of
foods and beverages, such as salt, sugar, and beer, which has alarmed the scientific
community, as MPs enter the human body directly through ingestion, in addition to
inhalation or skin contact [20]. It is also important to note that the human body can
eliminate MPs through the biliary and digestive systems. However, MPs are
transported through the bloodstream and accumulate in 15 different biological
components of the human body, such as the lungs, liver, spleen, colon, and feces,
including the placenta and breast milk [1].

In this regard, the inadequate management of certain human activities could
introduce various xenobiotic pollutants into aquatic ecosystems, either directly or
indirectly [19], such as swimming, boating, tourism, fishing, and industrial
operations (oil production, aquaculture, etc.) [24]. Food and beverage containers,
fishing gear, and plastic bags are the most common types of waste found in marine
waters, which travel through sewage systems, reach rivers, and eventually wash up
on beaches [19]. The most polluted areas are coastal regions due to human activity
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aimed at boosting the economy. However, tourism and migration are the most
significant factors in this environmental dynamic [24].

Studies show that MPs are a big threat to our health. They can get into our bodies
through touch, breathing, or the food chain. However, MPs can cause cellular
toxicity and lead to kidney, bladder, prostate, or other chronic diseases, as well as
nerve damage and brain dysfunction [49].

7. Current mitigation strategies and future prospects

Solving the problems posed by MP requires knowledge from various disciplines to
obtain more accurate data on the distribution, behavior, and impacts of MP, as it is
considered a global threat that impacts the pedosphere, hydrosphere, and
atmosphere [25]. Considering this situation, some countries around the world are
attempting to regulate the production, distribution, and consumption of plastics. For
example, the European Commission is implementing initiatives such as the Circular
Economy Action Plan, while others are applying more rigorous strategies, such as
Directives on packaging and packaging waste and the Waste Framework Directive,
which seek to ban single-use plastics [32].

In addition, the species included in the Red List of the International Union for
Conservation of Nature (IUCN) is another strategy that justifies special attention to
marine biodiversity with regard to MP pollution, as the problem has been recognized
in global agreements carried out at the 10th, 11th, and 12th Conferences of the
Parties to the Convention on the Conservation of Migratory Species of Wild Animals
(CMS Resolutions 10.4, 11.4, and 13.4), as well as in the 11th Conference of the
Parties to the Convention on Biological Diversity (CBD COP 11 Decision XI/18), and
the European Union’s Marine Strategy Framework Directive (MSFD) [28].

Plastic pollution can also be reduced by adopting various R strategies. However,
innovative strategies are essential, but they require a comprehensive understanding of
the main causes, as well as the role of global sustainability agendas in addressing
this serious problem. These strategies are based on methods grounded in the principles
of the circular economy, the SDGs, and international standards such as ISO 59000,
which addresses the circular economy framework [32].

Other strategies to reduce the presence of MP in marine ecosystems and protect
the coastal environment include promoting and implementing the 3 R policy
(Reduce, Reuse, and Recycle), as well as public awareness initiatives through
educational campaigns on the effects of plastic pollution, to promote a collective
understanding of the far-reaching consequences and encourage sustainable
practices [30].

Furthermore, solving MP problems requires diverse knowledge and approaches.

For example, the planetary boundaries approach to mitigating plastic pollution
already assesses at least six of the nine fundamental processes addressed by this
scientific framework: climate change, biogeochemical flows, freshwater change, loss
of biosphere integrity, terrestrial system change, and novel entities, all of which are
related to plastic pollution [50]. While the use of this approach is very promising,
obtaining accurate data on the behavior, fate, and impacts of MPs is complex due to
the diverse characteristics and composition of plastic waste [25].

Another safer option for eliminating MPs, due to their unique metabolic
mechanism, is the microbial approach. There are more than 400 microorganisms
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capable of degrading MPs, among which fungi stand out as the best-performing
plastic degraders among microbes, due to the release of unique enzymes as well as
their ability to thrive on hazardous components. However, there are still gaps in our
knowledge about the mechanisms underlying biodegradation [2].

In general, various strategies have had favorable results in waste management
and continue to lead to the mitigation of plastic pollution. One example of this is the
European policy promoted by the “Strategy for Plastics in a Circular Economy,”
which aims to establish a new culture that promotes and encourages the reuse and
recycling of plastic materials. Although various strategies have been implemented to
clean up rivers, lakes, and oceans, efforts to combat the enormous extent of
microplastic pollution have so far proved insufficient [32].

Policies, legislation, and plastic waste management play a key role when applied
strategically against environmental pollution, particularly that caused by MPs [32].
There are also plastic restriction policies that can help mitigate the impacts.
Countries should focus their environmental policies on the production process rather
than the consumption phase, as this can be a key to exercising better control.
However, the Malaysian government has taken a different approach, increasing
public participation in controlling plastic pollution through incentive measures,
while Pakistan has effectively reduced plastic bags by more than three-quarters
through policy interventions, and Rwanda has implemented a plastic ban driven by
the tourism economy [49].

According to Bhuyan et al. [30], with the prohibition of single-use plastics and
the reduction of pollution sources, it will be very difficult for MPs to reach the
environment. It is also possible to achieve a significant reduction in plastic products
in industry by designing eco-friendly products and adopting alternatives. In
addition, regulations can lead to a more circular and efficient approach to resource
use through research, innovation, and the adoption of sustainable practices to reduce
MP [32]. The prohibition of single-use plastics is also a strategy that has gained
relevance in various countries, especially when they commit to integrating it into
their public policies in order to mitigate MP pollution [47].

Biodegradable MPs are emerging as a potential alternative to conventional
plastics. Despite being a promising solution, biodegradable MPs contribute to water
pollution, creating complex problems, as studies have found MPs of this type in
drinking water supplies [1]. Microplastics are considered emerging pollutants of
great concern, and there is little or no awareness in the public and private sectors
about the threat these small particles pose to the environment. Therefore, reducing
the entry of microplastics into the aquatic environment involves taking into account
all possible sources [3], as well as collaboration and partnerships with society,
government, and academia.

8. Conclusions

Microplastic pollution in marine ecosystems is increasing, and interest in
understanding and analyzing the main sources of MP, its distribution, and ecological
impact has led to the search for mitigation strategies to prevent pollution from this
emerging contaminant. It, therefore, remains and will continue to be one of the
major environmental problems to be solved in the coming decades, requiring a global
effort on the same scale as global warming or biodiversity loss.
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Although most research focuses on marine environments and there is very little
evidence in freshwater ecosystems, much remains to be learned about their
ecological and ecotoxicological impacts, considering not only their increasing
accumulation but also the diversity of chemical compounds that constitute them, in
addition to associated toxic compounds (e.g., heavy metals). In addition, PM present
in marine and coastal ecosystems also poses a significant risk to human health.

To date, regulatory strategies implemented by some countries (mainly in the
European Union) have significantly reduced the accumulation of MPs in marine and
coastal ecosystems. On the other hand, the promotion and implementation of the 3
R policy (Reduce, Reuse, and Recycle) do not seem to be sufficient in the context of
current population growth and the demand for plastics for daily activities.

The adoption of innovative R strategies, beyond the 3 R model, based on circular
economy principles, accompanied by public awareness initiatives through
educational campaigns and the promotion of sustainable practices, is an essential
strategy, allowing time for scientific research to design plastics with much greater
biodegradability or to develop organisms that reduce the accumulation of plastics in
aquatic environments.

Therefore, institutional and academic partnerships, and, above all, citizen
participation, are important strategies for mitigating PM pollution. Combined with
current technology, they can achieve progress and respond favorably to the global
commitment of the 2030 Agenda.
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Abstract

Pharmaceutical active compounds (PhACs) are an increasingly prevalent and
growing class of emerging contaminants that are continuously accumulating in waste
water in proportion to global population growth. Most PhACs enter the environment
through domestic, agricultural, healthcare, and industrial sources, primarily via waste
water treatment plants, which act as the main pathways to surface water bodies.
PhACs in waste water can undergo complex transformations through abiotic and biotic
processes, resulting in numerous derivative compounds. These PhACs are potentially
toxic to aquatic organisms, plants, and ecosystems, and contribute to the development
of antimicrobial resistance, which poses a significant threat to human health. This
chapter provides an overview of the bio-toxicity, health risks, detection methods, and
effective removal methods for PhACs in waste water and water systems. It highlights
the challenges of detecting trace levels of PhACs using highly sensitive techniques,
such as chromatography, spectroscopy, mass spectrometry, electrochemical and
optical methods, immunoassays, and microbial biosensors. Furthermore, it discusses
promising remediation techniques — such as membrane filtration, ion exchange,
adsorption, coagulation-flocculation, reduction, electrochemical methods, advanced
oxidation processes, activated sludge, and constructed wetlands — along with their
respective advantages and limitations. Finally, the chapter presents future perspectives
on developing integrated or hybrid remediation approaches aimed at improving
removal and degradation efficiency, cost-effectiveness, and overall economic feasi-
bility. It also emphasizes the need for comprehensive evaluations of the toxicity and
risks associated with by-products formed during the treatment of PhACs.

Keywords: pharmaceutical waste, emerging contaminants, waste water, waste water
treatment, remediation
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1. Introduction

Pharmaceuticals are compounds synthesized and used to alleviate symptoms of
illnesses, prevent and diagnose chronic diseases, and restore the functions of organs.
Pharmaceutical active compounds (PhACs), the biologically active components of
pharmaceutical products, are designed to be stable and to interact efficiently with
specific target molecules in the body. However, a substantial portion of PhACs is not
metabolized in humans or animals, leading to their accumulation in sewage
treatment plants and, ultimately, in water resources. In the environment, PhACs can
undergo complex transformations through abiotic and biotic processes, forming
numerous derivative compounds that may negatively impact aquatic organisms and
ecosystems [1]. For instance, recent studies have reported carcinogenic and
mutagenic effects of prolonged exposure to various PhACs in aquatic organisms,
such as Danio rerio (zebrafish), Daphnia magna (water flea), Aliivibrio fischeri
(bioluminescent bacteria), and Lemna minor (duckweed), highlighting the serious
threat these compounds pose to human health, particularly through trophic transfer
[2, 3]. In humans, several adverse health effects associated with exposure to PhACs
include liver damage, kidney cancer, testicular cancer, thyroid disease, and
developmental issues in fetuses [4].

The increasing consumption and global market growth of pharmaceuticals,
projected at a rate of 5.8% per year, along with global population growth, have been
attributed to rising levels of a wide range of PhACs and their metabolites in the
environment [5]. In this context, assessments of the presence, dispersion
mechanisms, and environmental impacts of PhACs have been conducted in various
countries worldwide. According to recent reports, 25% of water samples from more
than 200 rivers contained at least one PhAC, with the highest concentrations
detected in rivers located in countries with poor waste water treatment facilities. In
another study, more than 700 PhACs were detected in surface waters, with
concentrations typically in the range of a few tens to a few thousand micrograms per
liter [6]. Although these concentrations are much lower than those of other emerging
contaminants, and the toxicological properties of individual PhACs at low
concentrations may not be harmful, their mixtures can have serious impacts, causing
adverse effects on aquatic organisms.

The presence of pharmaceuticals as emerging contaminants in waste water is not
only due to the ingestion and excretion of PhACs and their metabolites, but also to
unmonitored over-the-counter medications and anthropogenic activities such as
improper disposal of expired pharmaceuticals, illegal sewage discharge, and
inefficient waste water treatment processes. The complex composition of waste
water, containing various organic wastes with different salinity and pH levels, makes
the degradation or removal of PhACs using conventional waste water treatment
methods such as chlorination, filtration, flocculation, or sedimentation even more
difficult and labor-intensive, as these conventional methods are primarily designed
to remove organic matter and pathogens, not PhACs [7]. As a result, the persistence
of PhACs in aquatic systems appears inevitable and has become a growing
environmental concern.

Considering the environmental concerns, the degradation or removal of PhACs
from waste water requires multidimensional strategies and remains a significant
challenge for the scientific community, environmental agencies, and regulatory
authorities. The primary goals are to reduce the release of pharmaceuticals into water
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systems, prevent the improper disposal of expired medications, and remove existing
PhACs from the environment [8]. Therefore, all innovative strategies should be
based on a comprehensive understanding of the environmental and human health
impacts of PhACs, the various sources and transport pathways of these emerging
contaminants, the continuous monitoring of aquatic systems, and the development
of effective remediation methods. In this context, this chapter is organized as
follows: Section 2 outlines the sources and environmental pathways of PhACs;
Section 3 discusses their negative impacts on the environment; Section 4 summarizes
the methods used to detect and identify trace amounts of PhACs; Section 5 presents
a detailed overview of waste water remediation techniques; and Section 6 proposes
future perspectives on designing integrated or hybrid remediation approaches. These
insights aim to deepen the understanding of the environmental impacts and
treatment strategies for the removal of PhACs.

2. Sources and environmental pathways

The primary sources of PhACs in the environment are pharmaceuticals used for
human and animal health. These compounds enter the environment through several
routes, including domestic households, healthcare facilities, pharmaceutical
industries, and agricultural and veterinary operations such as livestock farms,
poultry farms, and aquaculture systems. Figure 1 summarizes the sources,
environmental pathways, and entry routes of PhACs and their metabolites into water
resources.
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Figure 1.
Sources and pathways of PhACs in the environment, including metabolites, sludge fertilizers, improper disposal,
waste water treatment plants, and finally the flow of the emerging contaminants into water systems.
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PhACs are present in liquid waste, liquid effluent, and solid waste. Domestic
households contribute to PhAC contamination through the discharge of liquid and
solid waste into sewage systems, as well as the improper disposal of expired or
unused medications. Several studies have shown that, on average, 74% of 60
different PhACs are excreted after consumption. Furthermore, surveys indicate that
89% of the public in the United States and 68% in the United Kingdom improperly
discard pharmaceuticals via drains, sinks, toilets, or general non-hazardous
waste [9].

Healthcare facilities, such as hospitals, generate PhACs through medical waste
resulting from healthcare activities. Pharmaceutical manufacturing plants release
waste and effluents containing undesired residues of PhACs with high biological
activity and chemical reactivity into the environment. Similarly, livestock, poultry,
and aquaculture operations frequently administer pharmaceuticals and veterinary
medicines to animals. Since these animals do not fully metabolize the medications,
a substantial portion of PhACs is excreted in manure. Improper treatment and
discharge of this manure subsequently introduce PhACs into the environment. As
a result, it is common for PhACs to end up in surface water systems [10].

The main environmental entry routes of PhACs into water resources include
waste water treatment plants (WWTPs), runoff from landfill leachate, and the
application of sewage sludge in agriculture. WWTPs serve as the final checkpoint
where waste water from domestic households, healthcare facilities, and
pharmaceutical industries converges. Therefore, various physical, chemical, or
biological treatment methods are employed to separate and remove different types of
contaminants, with varying degrees of effectiveness. Using conventional waste
water treatment methods, PhACs and other organic compounds can be degraded
depending on their polarity and water solubility. However, many of these emerging
contaminants escape from WWTPs into the environment. Additionally, sewage
sludge from the waste water treatment process may be released into the
environment.

Another direct route for PhACs to enter water bodies is through surface runoff. In
this context, livestock manure is commonly used as an organic fertilizer to improve
soil quality by providing essential nutrients and chemicals such as nitrogen and
phosphorus, thereby enhancing crop yields. However, livestock manure contains
PhACs or their corresponding metabolites, which can be easily absorbed into the soil
or enter groundwater and surface water through runoff [10]. Thus, the application of
organic fertilizers to agricultural land introduces PhACs into the soil, which may
eventually leach into nearby surface water. The accumulation of PhACs in surface
water systems poses serious environmental and health concerns, as they may enter
rivers and lakes that are used for drinking water, thereby posing potential risks to
human health [11].

It is also noteworthy that landfilling is one of the simplest and most common waste
disposal practices. In this context, a significant pathway for PhACs to enter the
environment is through groundwater. After long retention periods, PhACs from
biosolids can migrate into groundwater through landfill leachate. Several studies have
indicated that landfill leachate contains trace amounts of PhACs [12]. The variety and
concentration of PhACs found in leachate are directly related to the volume of biosolids
disposed, which is closely proportional to population density. PhACs released into
groundwater can be easily absorbed by nearby plants and may eventually be transferred
through the food chain, posing potential risks to ecosystems and human health.

52



Pharmaceuticals as Emerging Contaminants in the Environment...
DOI: http://dx.doi.org/10.5772/intechopen.1013552

3. Environmental impacts of pharmaceuticals

It has been pointed out that even at low concentrations, once PhACs enter water
systems through any pathway, they begin to exert their effects on aquatic
ecosystems. This can be rationalized by the fact that PhACs are specially designed
and produced to be intrinsically bioactive, targeting pathogenic living cells and
microorganisms in humans and animals. Therefore, their unintended presence in
aquatic environments, water systems, or even in drinking water sources is
a significant cause for concern. Although the ecological impacts, occurrence, fate,
and long-term toxicity of the vast majority of PhACs in the environment remain
unassessed, several PhACs have been shown to cause adverse effects on aquatic
ecosystems. The most vulnerable organisms are aquatic wildlife, which are
constantly exposed to PhACs throughout their entire lifecycle in the contaminated
water. Furthermore, many PhACs are persistent in the aquatic environment, and
their contamination and impacts are worsened by their continuous input into water
systems. For instance, PhACs have been reported to cause direct toxic effects on
reproduction, physiological functions, and behavior in organisms such as fish, water
fleas, and duckweed, threatening their survival [2, 3].

The ecotoxicological effects of PhACs, especially antibiotics and non-steroidal
anti-inflammatory pharmaceutical drugs — which are designed to kill or inhibit living
organisms — on aquatic organisms include cytotoxicity, genotoxic damage, high
oxidative cell stress, biochemical disruption, endocrine disruption, behavioral
changes, and even population collapse. In general, biochemical disruption and
endocrine disruption often lead to hormonal imbalances, causing increased lipid
peroxidation, elevated antioxidant activity, and damage to gills, livers, and muscle
tissue. These disruptions also contribute to reduced reproductive rates and the
feminization of male fish.

The bioaccumulation and biomagnification of PhACs and their metabolites in
aquatic environments are also linked to the increasing emergence of bacteria
resistant to current pharmaceuticals. In this context, bacteria exposed to PhACs may
develop antimicrobial resistance genes, which can be transferred to other animals
and human pathogens. These resistant bacteria can enter the food chain through
various environmental media, such as soil, water, air, sediment, or diets consumed at
higher trophic levels. The effects of unintended exposure to PhACs, particularly
those released from various pharmaceutical residues, on human health are still under
investigation. Although the long-term impacts have not been fully confirmed,
multiple studies suggest potential risks. For instance, it has been pointed out that
certain pharmaceuticals have been associated with breast and testicular cancers,
reduced fertility, reproductive disorders, and antibiotic-resistant infections.
Moreover, the cumulative effects of chronic low-level exposure to PhACs can affect
immune responses and the natural protection of antibodies, increasing human
susceptibility to diseases [13].

4. Detection of PhACs
Accurate detection of PhACs and their metabolites is critical for identifying their

presence in waste water and water systems, particularly as part of early
environmental screening and warning systems. Extensive research has been devoted
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to quantifying and identifying these contaminants, often at the detection limit in the
range of nanograms per liter to micrograms per liter. However, because PhACs and
their metabolites are typically present at extremely low concentrations in the
environment, their detection and identification remain significant analytical
challenges.

The most crucial step in the detection and identification of PhACs involves
collecting large volumes of water and subsequently concentrating the samples, often
through solvent evaporation, which is a time-consuming process. Due to the low
concentrations of these compounds, highly sensitive sensing techniques with
exceptionally low detection limits are required. Another crucial step is data analysis,
which is particularly complex, as real waste water often contains multiple PhACs and
unknown metabolites, making interpretation more challenging.

The challenge is further amplified during the identification process, as the data
obtained from measurements are often overlapping. This is primarily due to
structural and physicochemical similarities, as well as the low separation efficiencies
of PhACs and their metabolites. As a result, analytical systems with high resolution
and high separation efficiencies are essential to differentiate individual PhACs.
Among the most promising and robust analytical techniques for accurate detection
are chromatography, spectroscopy, mass-spectrometry, electrochemical, optical,
immunoassay, and microbial biosensors, as summarized in Figure 2.

Chromatography techniques separate complex mixtures into individual
components based on their different interactions with the stationary and mobile
phases. Each component travels at a different speed, allowing for the
separation, detection, and quantification of PhACs and their metabolites.
Common chromatography techniques include gas chromatography (GC) and
high-performance liquid chromatography (HPLC). GC can detect volatile and
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Figure 2.
Detection and identification of trace amounts of PhACs in water systems, along with promising techniques for
their removal from contaminated water bodies.
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semi-volatile PhACs. In this method, the liquid analytes are vaporized, and the
resulting gas mixture is transported through a column by a mobile phase
consisting of inert helium (He) or nitrogen (N,) gas under high pressure.
Separation of volatile and semi-volatile PhACs and their metabolites is based on
their respective boiling points and affinity for the stationary phase. In HPLC,
a liquid mobile phase carries the sample through columns under high pressure,
separating individual constituents based on their different masses and affinities
for the stationary phase. HPLC is suitable for identifying polar, non-volatile,
and thermally unstable PhACs. Before analysis, analytes are commonly purified
and concentrated through solid-phase extraction. Compared to GC, HPLC
provides more accurate chemical identification and is ideal for the quantitative
detection of most PhACs, as a majority of them are polar, non-volatile, and
prone to decomposition at high temperatures [14].

Several spectroscopic methods, including ultraviolet—visible (UV-vis)
spectroscopy, Fourier-transform infrared spectroscopy, Raman spectroscopy,
Raman hyperspectral imaging, X-ray fluorescence, and diffuse reflectance
spectroscopy, are widely utilized to identify the molecular structures of PhACs,
mainly due to their rapid, non-destructive nature and simple sample preparation.
These methods enable accurate identification and quantification of PhACs and
their unknown metabolites, even in complex mixtures. In this context, the
measured spectra, which may contain overlapping signals from multiple PhACs,
are deconvoluted using spectral databases of unique standard compounds.
Spectroscopic methods are not only promising for the identification and
quantification of PhACs and their metabolites but also for tracing PhACs in
complex waste water [15].

Mass spectrometry is another powerful method for identifying and quantifying
PhACs in water based on their mass-to-charge ratios and fragmentation patterns,
which allow the determination of chemical structures and quantification of their
trace amounts. Although mass spectrometry is a powerful detection method, it
requires clean samples to perform optimally, so it is often coupled with
chromatographic methods to purify the analytes before analysis. For complex waste
water analysis, where compounds with the same mass may be present, tandem mass
spectrometry is commonly applied to further identify and quantify target
compounds that may share identical masses. The high selectivity, sensitivity, and
structural confirmation ability of tandem mass-spectrometry make this technique
the gold standard for trace detection of PhACs, especially when paired with
chromatographic techniques.

PhACs are also detected using immunoassay techniques, with the most common
method being enzyme-linked immunosorbent assay (ELISA). In this assay,
antibodies are specifically designed to capture and bind PhACs as the target analytes.
A second antibody, attached to an enzyme marker, is then introduced to sandwich
the target analytes, after which any unbound PhACs and antibodies are removed.
The enzyme linked to the antibody catalyzes a chemical reaction and produces
a color with an intensity that indicates the concentration of each PhAC. The strength
of this technique lies in its capability for rapid analysis of multiple PhACs
simultaneously at low cost, making it viable for screening and identifying large
numbers of contaminants. However, ELISA can sometimes give false results due to
cross-reactivity with molecules that have very similar structures and binding
affinities to the antibodies as the target molecules [16].
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Electrochemical analysis, using either non-fabricated or fabricated electrodes, is
also effective for detecting PhACs. The performance of this method can be optimized
by adjusting several detection parameters. Most importantly, the sensitivity and
selectivity of electrochemical analysis are enhanced by incorporating metallic
nanoparticles and carbon-based nanomaterials into the electrodes, which can
improve conductivity, stability, selectivity, and the detectable current for biosensing
applications. Electrochemical immunoassays are capable of sensitive PhACs
detection. For instance, an electrochemical immunoassay combined with square-
wave voltammetry can detect B -lactam antibiotics, including ampicillin,
amoxicillin, cefotaxime, and dicloxacillin, with exceptionally low detection limits
[17]. Electrochemical methods have also been utilized to simultaneously detect
various classes of PhACs, such as residues of non-steroidal and steroidal anti-
inflammatory drugs.

Optical and electrochemical biosensors employing metal-immobilized layered
double hydroxides are also of interest for detecting various PhACs due to their high
adsorption capacity, selectivity, and stability. The performance of these systems can
be further optimized through chemical modification of the bioreceptors, such as
enzymes, aptamers, or yeasts, which are essential biomolecules acting as recognition
agents for analytes and are important to be integrated with optical measurement
systems [18]. Additionally, the incorporation of membrane-based nanocomposites in
electrochemical biosensors has been developed for the rapid detection of
antiretroviral residues in waste water. These optical and electrochemical biosensors
offer several advantages in terms of speed, accuracy, and sensitivity, enabling real-
time detection of multiple PhACs in waste water.

Microbial biosensors employing common microorganisms, such as bacteria,
viruses, microalgae, and fungi, have also been used to detect PhACs in waste water.
This method has already been reported for detecting heavy metals and herbicides in
the environment and is gaining interest for applications in controlling water quality.
The basic principle of these sensors involves the use of microorganisms to detect
the presence of specific contaminants, including foodborne pathogens. Microbial
biosensors offer several advantages, such as simplicity, stability, sensitivity, and the
potential for continuous monitoring. The sensitivity of biosensors can be improved
by incorporating noble metallic nanomaterials. However, this method has several
notable drawbacks, including high cost, microbial genetic modification, and reliance
on exogenous substrates.

Recent advances in machine learning and image recognition have opened up new
possibilities for detecting and identifying PhACs based on their physical
characteristics, such as color, particle shape, particle size, and trajectories in waste
water [19]. Although this method is still in its early stages, the development of
comprehensive databases and neural networks holds promise for the efficient and
accurate identification, quantification, and tracking of the trajectories of PhACs in
waste water through image analysis, as well as for preventing medication misuse.

5. Remediation technologies
Considering the potential adverse effects, particularly the continuous increase in

diverse PhACs and their metabolites in aquatic environments, various promising
methods have been developed to address the challenges of removing these
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contaminants from water systems. These recently developed methods differ
significantly from conventional water treatment technologies typically applied in
WWTPs. As summarized in Figure 2, the advanced remediation methods that have
been successfully shown to have potential for removing PhACs from waste water are
broadly classified into physical, chemical, and biological techniques, as well as their
combined and integrated approaches.

Common physical methods include membrane filtration, ion exchange, and
adsorption. Chemical methods encompass oxidation, photo-oxidation, advanced
oxidation processes (AOPs), sodium borohydride (NaBH4) reduction, and
photosensitized oxidation. Biological methods include activated sludge systems and
constructed wetlands. Each of these promising techniques offers distinct advantages,
such as ease of use, simplicity, affordability, and high efficacy, although each also has
disadvantages and certain limitations.

5.1 Physical approaches
5.1.1 Membrane filtration

Membrane filtration involves pumping waste water through semipermeable
membranes with specific pore sizes. The separation of PhACs is simply based on
molecular size exclusion. The process can be categorized based on pore size into
microfiltration, ultrafiltration, nanofiltration, and reverse osmosis, each offering
different levels of selectivity, effectiveness, and removal efficiency. Membrane
filtration offers several advantages, including: (1) it does not rely on phase changes,
making it more energy-efficient than distillation, (2) it results in minimal
accumulation on membrane surfaces, allowing for continuous operation, and (3) its
efficiency can be improved by incorporating chemical additives into the
semipermeable membranes.

Although membrane filtration shows great potential for efficiently separating
specific PhACs, several challenges remain, especially regarding performance,
operational stability, and scalability. For example, laboratory-scale studies have
shown that membrane filtration can achieve PhAC removal rates in the range of
10%-100%, depending on molecular size, pH of the medium, and the initial
concentration of the contaminants. However, recently developed pilot-scale
membrane filtration systems have reported maximum removal rates of
approximately 56%-60% [20]. It is also important to note that membrane filtration
requires the pre-treatment of waste water to improve separation efficiency. Due to
issues such as membrane fouling or degradation, the permeable membranes need to
be replaced regularly, significantly increasing operational costs. Furthermore, this
method does not degrade or destroy PhACs but merely separates the contaminants,
potentially creating secondary waste disposal issues. The high installation and
maintenance costs, along with the generation of considerable amounts of toxic by-
products, remain the key drawbacks of this technique.

5.1.2 Ion exchange
Ion exchange is a unique method for removing dissolved PhACs from waste

water. This technique relies on the ion exchange capabilities of specially designed
resin beads that attract and bind to the oppositely charged functional groups of
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PhACs through electrostatic interactions. The resin beads can be functionalized with
either weak or strong acid cations or weak or strong base anions, allowing the
selective removal of a wide variety of PhACs. The ionizable functional groups
attached to the resin beads are crucial in determining their binding capacity and
selectivity for specific PhACs in waste water treatment systems. For example, strong
acid resin beads functionalized with sulfonic acid (HSO3~) groups can effectively
remove most cationic PhACs from water by exchanging them with hydrogen ions.
Since this exchange reaction is reversible, the resin can be regenerated by treating it
with an excessively strong acid solution, allowing for repeated use.

Ion exchange offers several advantages, including high removal efficiency for
charged PhACs dissolved in water, applicability to a wide range of emerging
contaminants, and the ability to customize resin beads for the selective removal of
specific target PhACs. Therefore, this method plays a significant role in improving
water quality and enabling the regeneration and recovery of PhACs, particularly
those released from pharmaceutical industrial effluents. However, this technique
also presents several limitations. These include the frequent replacement of resin
beads to maintain high removal efficiency, high operational and installation costs,
and the requirement for pretreatment of waste water to remove hardness ions such
as magnesium, potassium, and calcium, which can interfere with the resin’s
performance. Additionally, the complex preparation of resin beads and the potential
environmental issues associated with the disposal of by-products must be
considered. Therefore, careful planning and evaluation are essential for the
sustainable and effective application of ion exchange in waste water treatment.

5.1.3 Adsorption

Adsorption is a process in which PhACs dissolved in water are removed by
adhering to the surfaces of solid materials, known as adsorbents, either in batch or
column modes. The adsorption process occurs at the solid-liquid interface and is
driven by Fick’s first diffusion law, which governs the transfer of contaminants from
the bulk solution to the interfacial layer of the adsorbent surface. Adsorption can
be defined as the immobilization and accumulation of PhACs on the adsorbent
surfaces, allowing them to be effectively separated from water. The reverse process,
in which adsorbed PhACs are released back into the solution, is called desorption.
The adsorption mechanism is associated with the immobilization of PhACs on the
adsorbent surfaces, stabilized by hydrogen bonding and electrostatic interactions
between the contaminants and the functional groups on the interfacial layer of the
adsorbent. This technique is widely known for its versatility, simplicity, and high
efficiency in removing toxic organic compounds from water [21]. Its versatility is
reflected in the wide variety of available adsorbents. The effectiveness of adsorption
in removing emerging contaminants largely depends on the physicochemical
characteristics of the adsorbents, such as surface area, pore structure, surface
morphology, net surface charge, and the presence of functional groups. In other
words, these surface characteristics determine how effectively an adsorbent can
attract and hold contaminants. Based on these fundamental principles, various
adsorbent materials with large surface area, large pore volume, rough surface
morphology, and abundant functional groups have been extensively investigated.

Activated carbon, clay minerals, agricultural waste-derived materials, and
biopolymers have been identified as the most promising adsorbents. Among them,
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activated carbon is the most extensively utilized synthetic adsorbent due to its large
surface area and exceptional adsorption efficiency for a wide range of contaminants,
including volatile organic compounds, pesticides, PhACs, and heavy metals. It is
also highly porous and effective in removing both liquid and gaseous contaminants.
Clay minerals, such as bentonite and kaolinite, are commonly used because they
are readily available, abundant, cost-effective, and have high adsorption capacity,
especially for heavy metals, organic contaminants, and PhACs due to their high
cation exchange capacity [22, 23]. Additionally, zeolites, which are naturally
occurring aluminosilicates, exhibit well-defined molecular sieving properties and are
effective at eliminating toxic molecules from water.

Agricultural waste, such as plant leaves, fruit peels, nut shells, and crop husks, is
a sustainable and low-cost source of natural adsorbents. It is naturally abundant and
rich in functional groups, such as carboxylic acid (COOH), amine (NH,), sulfonic
acid (SO3H), carboxyl (CO), carbonic acid (CO3H), and hydroxyl (OH) groups,
which readily interact with PhACs [24]. Agricultural waste is frequently converted
into biochar through pyrolysis, producing highly porous carbon-rich materials
suitable for adsorbing organic pollutants. Biopolymers, especially cellulose, chitosan,
and low-methoxy pectin, are another class of adsorbents and play a crucial role in
removing numerous contaminants, including dyes, heavy metals, organic
compounds, and PhACs from waste water. Cellulose is derived from plant leaf fibers,
pectin from fruit peels, and chitosan converted from chitin, a substance mainly
obtained from the exoskeletons of crustaceans, such as shrimp, crab, and lobster.
Their natural abundance and versatility make biopolymers an excellent choice as
adsorbents in water treatment applications. The unique structures of biopolymers,
which comprise abundant functional groups, such as COOH, NH,, COOCH3;, and
OH, bound to glucose, glucosamine, and galacturonic units of cellulose, chitosan,
and low-methoxy pectin, respectively, offer numerous active binding sites [25].

Each type of adsorbent has distinct benefits and characteristics, but activated
carbon, clay minerals, agricultural waste, and biopolymers have gained significant
attention due to their physical and chemical stability, biodegradability, and
biocompatibility, which fulfill the requirements for good adsorbents. With these
properties, these adsorbents can degrade naturally into harmless by-products,
making them environmentally friendly adsorbents without generating secondary
contaminants. Their natural abundance aligns with the principles of environmental
sustainability and economic feasibility. Moreover, versatile chemical modifications
of these adsorbents allow various derivative materials to remove PhACs.

It should be noted that synthetic materials, such as polymeric resins and metal-
organic frameworks, have also been developed for specialized applications,
particularly for the removal of PhACs, dyes, pesticide residues, and heavy metals.
Although these materials are designed for high selectivity and efficiency, often
exceeding natural adsorbents in removing certain contaminants, they are less cost-
effective and less sustainable.

In addition to surface characteristics, key factors influencing the adsorption
capacity of PhACs are operational conditions, such as the pH of the medium, which
affect surface charge and adsorbent-PhAC interactions, and the molecular
properties, such as charge distribution, polarity, molecular size, and conformational
flexibility of the PhACs themselves, . These molecular properties determine how
PhACs are arranged on the adsorbent surfaces. For instance, non-planar PhACs
typically form a monolayer without significant intermolecular interactions, whereas
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planar compounds can form multilayer stacking through m—m interactions, thereby
increasing overall adsorption capacity [25]. A deeper understanding of the
adsorption mechanisms can be achieved by analyzing experimental data using
various isotherm, kinetic, and diffusion models. These insights are essential for
optimizing adsorbent design to enable more efficient removal of PhACs from waste
water.

It is interesting to note that, in practical scenarios, typical waste water contains
multiple PhACs. In most cases, simultaneous adsorption of multiple contaminants
should be competitive, as they compete for the same functional groups on the
adsorbent surfaces. This competition for binding sites often reduces the adsorption
capacity for individual compounds. However, synergistic effects have also been
observed, for example, in the simultaneous adsorption of Methylene Blue and Acid
Red-1, where oppositely charged organic compounds exhibit attractive electrostatic
interactions and stack to form multilayers on the adsorbent surfaces, thereby
enhancing the overall adsorption capacity [26]. Similar competitive and synergistic
phenomena are believed to occur during the concurrent adsorption of multiple
PhAGCs.

As mentioned above, one of the main advantages of adsorption is its simple
procedure. The process requires no sophisticated equipment or technical expertise,
involves low operational costs, and allows the use of a wide range of optional
adsorbents. Adsorption is also highly effective at low concentrations of PhACs,
making it ideal for treating trace levels of the emerging contaminants in water.
Moreover, many adsorbents can often be regenerated and reused after treatment,
further enhancing cost-effectiveness and minimizing environmental impact.

5.2 Chemical approaches
5.2.1 Coagulation—flocculation

Coagulation and flocculation are complementary processes widely applied in
waste water treatment, as this combination effectively removes large colloidal or
suspended particles of disperse dyes, coloring agents, and PhACs. Coagulation is
a chemical process in which additional coagulants, such as aluminum sulfate (Al,
(SO4)3), ferric sulfate (Fe,(SO4)3), and calcium hydroxide (Ca(OH),), are added to
destabilize suspended or colloidal particles in contaminated water. These coagulants
dissociate into cations and anions, which react with the counter ions of suspended
contaminants to form neutral salts. These small suspended neutral salt formations
aggregate to form micro-flocs. Flocculation then induces the aggregation of these
micro-flocs into larger and stable flocs, which can settle more easily and be removed
through filtration or sedimentation.

Flocculation is typically classified into micro-flocculation (or perikinetic
flocculation) and macro-flocculation (orthokinetic flocculation) based on floc size.
In micro-flocculation, micrometer-scale flocs aggregate due to Brownian motion.
In macro-flocculation, larger flocs are formed due to external forces such as
stirring. In this case, rapid stirring is necessary at this stage to disperse the
coagulants and to promote collisions between floc particles for effective
aggregation. However, the effectiveness of the coagulation—flocculation process
can be hindered by electrostatic repulsion between similarly charged ions, which
inhibits the aggregation of small flocs to form larger aggregates. As a result, this
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method is generally ineffective for small or highly soluble PhACs, which remain
dissolved and do not readily form flocs.

5.2.2 Reduction by sodium borohydride

Sodium borohydride (NaBH,) is a well-known strong reducing agent. It
reduces the carbonyl groups of organic compounds, leading to their breakdown into
smaller molecules. This method has been successfully applied to reduce effluents
containing coloring agents, particularly azo dyes, in waste water. The presence of
metal oxides, such as ZnO, SiO,, and Fe;0,4 nanoparticles, or noble metals, such as
gold (Au) or silver (Ag) nanoparticles, typically catalyzes the reduction process.

The reduction of organic contaminants relies on the dissociation of NaBH, into
sodium and borohydride ions. The reaction mechanism is then initiated when the
borohydride anion donates electrons to the organic contaminants, triggering a redox
process. This reaction is more efficient on the surface of catalyst nanoparticles. These
catalysts serve a dual function: they provide a large surface area that facilitates
interactions between the organic molecules and borohydride ions, and they offer
a feasible pathway for electron transfer, thereby accelerating the overall redox
reaction [27].

The efficiency of sodium borohydride in reducing organic contaminants can be
optimized by controlling several operational parameters, including the pH of the
medium, temperature, catalyst dosage, and the initial concentration of the emerging
contaminants in the waste water. The progress of the reduction reaction can be
monitored using UV-vis spectrometry, which tracks the decrease in absorbance
associated with the concentration of the organic contaminants. However, the
effectiveness of this method can be affected by the presence and nature of
electrolytes in the waste water, which may reduce the available active sites on the
catalyst surfaces and lower the overall reaction rate. Despite this limitation, sodium
borohydride reduction remains an efficient method for degrading organic
contaminants. Given its success in such applications, this method is considered
promising for the removal of PhACs from waste water.

5.2.3 Electrochemistry

The electrochemical process for degrading PhACs in waste water has garnered
significant interest, as it is considered to be an environmentally friendly approach.
This method is robust and applicable for the degradation of a large variety of organic
contaminants, such as aromatics, polymers, pesticides, and PhACs. The
electrochemical process is typically performed in a batch reactor equipped with
electrodes and a supporting electrolyte solution. By applying electrical energy, redox
reactions are initiated, leading to the degradation of contaminants in the water
solution into building block compounds such as carbon dioxide, carbon monoxide,
hydrogen, nitrogen, and oxygen, which are harmless to the environment. The
degradation mechanism of organic contaminants begins with ring-opening
processes, followed by further molecular breakdown through dehydration,
dehydroxylation, dealkylation, and bond breaking. Therefore, the electrochemical
process is particularly effective for treating waste water containing recalcitrant
organic contaminants on site, making this method a promising candidate for
advanced waste water treatments.
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The main challenges associated with the electrochemical process are its energy
efficiency and overall efficacy in terms of energy consumption. To address these
issues, various anode materials with high electrocatalytic activity, strong
degradation capacity, and corrosion resistance have been intensively studied to
achieve high oxidation rates. Among these promising materials, boron-doped
diamond anodes and stainless-steel cathodes have emerged as the most efficient
configuration for electrochemical reactors [28]. Several supporting electrolytes, such
as H,SO4, Na,SOy,, and NaCl, have been shown to enhance degradation efficiency,
with H,SO, exhibiting the highest performance due to the shortest half-life of the
generated sulfate radicals.

The rate-limiting steps in the electrochemical process include the applied current
density and the mass transfer of organic contaminants from the bulk solution to the
anode surface. Overall operational costs, such as electrode supply and replacement,
energy consumption, and reactor cleaning and maintenance, are also important
considerations. Notably, the installation and operational expenses, particularly
electricity costs, remain the most crucial barriers limiting the potential scalability of
this method for large-scale waste water treatment applications.

5.2.4 Advanced oxidation processes

One of the most interesting innovations for degrading PhACs in aqueous solution
is AOPs. These processes generate reactive oxygen species (ROS), highly reactive
molecules that contain at least a single unpaired electron, such as superoxide ("O;"),
hydroxyl ("OH), hydroperoxyl ("HO,), singlet oxygen (*0,), ozone (03), and
hydroperoxide anion (HO,"). These ROS are primarily responsible for oxidizing and
breaking down PhACs. AOPs are considered efficient and environmentally friendly
methods for treating refractory PhACs and their metabolites [29].

Various AOPs have been developed as promising alternatives for the rapid
degradation and elimination of PhACs in waste water, converting them into
biodegradable and environmentally benign products. These include UV-hydrogen
peroxide (UV/H,0,), Fenton, photo-Fenton, electro-Fenton, ozone-based
processes, organic photoredox catalysis, and photocatalysis. Numerous studies have
particularly focused on the degradation of PhACs using AOPs [30-34]. This section
provides an overview of the fundamental principles, advantages, disadvantages, and
degradation mechanisms of PhACs in aqueous solution using each AOP.

The UV/H,0, treatment utilizes UV light to initiate the photolytic dissociation of
H,0,, producing “OH radicals in aqueous solution. With a standard reduction
potential of +2.80 V, higher than that of most oxidizing agents, the *OH radical is
a strong oxidant, capable of oxidizing and degrading a wide variety of PhACs.
However, due to its short lifetime in water and the diffusion-limited nature of its
reactions, the actual degradation rates can be relatively low, particularly at trace
concentrations of PhACs. Additionally, high concentrations of H,0, are often
required, making this method less cost-effective [30, 31].

The Fenton reaction is based on the Haber—-Weiss mechanism, in which ferrous
(Fe**) ions are oxidized by H,0, to produce "“OH radicals, with ferric (Fe?*) ions
generated as a by-product. The catalytic degradation rate of PhACs is limited by the
rate of "OH radical formation, which is governed by the concentration of Fe’* and
the amount of H,O,. When UV light is introduced, the photolytic dissociation of
| 62'2 is accelerated, leading to the so-called photo-Fenton process, which degrades
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organic contaminants more efficiently than the conventional Fenton reaction. The
Fenton reaction can also be enhanced by applying an electric field. In an electro—
Fenton cell, the generation of "OH radicals is positively related to the applied
electric field. It should be noted that Fenton, photo-Fenton, and electro-Fenton
processes are relatively simple and require less technological complexity and
equipment. However, if Fe** by-products are not converted back to Fe”, they can
inhibit the Fenton reaction and cause secondary iron pollution. Another drawback
is the requirement of acidic (pH 3) conditions, which necessitates the addition of
strong acids and can lead to further environmental concerns.

Ozonation has been successfully established for the treatment of PhACs in waste
water [33, 34]. With a reduction potential of +2.07 V, ozone is a powerful oxidizing
agent capable of oxidizing and degrading PhACs either directly, through
electrophilic attack by transferring one of its oxygen atoms to the emerging
contaminants, or indirectly, by generating "OH radicals in water. Ozone is typically
produced by passing plasma through oxygen gas and then introduced into waste
water as microbubbles, which enhance the generation of *OH radicals on the gas—
liquid interface. The addition of H,O, or UV light can further accelerate the
degradation process of PhACs [35]. Microbubble ozonation is particularly effective
and results in minimal harmful by-products. However, its application is limited by
the low solubility of ozone in water, high energy consumption, and the potential
formation of genotoxic by-products.

Organic photoredox catalysts harness visible light to convert excitation energy
into singlet oxygen ('02), a selective oxidant with a reduction potential of +1.48 V.
This allows selective oxidation and degradation of organic pollutants in waste water
under mild conditions [36]. Several negatively charged organic dyes, such as Eosin
Y and Rose Bengal, have been widely studied as cost-effective photosensitizing
compounds for organic photoredox catalysts. Organic photoredox catalysis is
considered an eco-friendly treatment method, but the detailed mechanisms remain an
active area of research. This method also faces several challenges, such as limited light
penetration in turbid waste water and potential photobleaching of the organic
photoredox catalysts, both of which reduce the overall photocatalytic efficiency.

Photocatalysis utilizes light energy, allowing electrons to be excited from the
valence band to the conduction band of a photocatalyst, leaving holes in the
valence band. The photocatalytic degradation of organic pollutants occurs on the
photocatalyst surface when the photogenerated charge carriers migrate to the
surfaces of photocatalysts and undergo redox reactions, producing ROS such as
‘0,” and "OH radicals. Typical photocatalysts with high intrinsic photoactivity are
metal oxides, perovskite-type metal oxides, and metal sulfide nanoparticles, such
as TiO,, ZnO, CeO,, Mn30y,, SrTiO3, BiVO,, Bi,WOg, CdS, and ZnS. These
photoactive metal oxides are even more fascinating because their morphologies,
nanostructures, and bandgap energies can be engineered to optimize their
performance.

Photocatalysis employing TiO, and SrTiO3 nanoparticles as photocatalysts has
been utilized to degrade various PhACs in artificial waste water [30-32]. Moreover,
TiO2-based photocatalysis has also been implemented in pilot projects for treating
PhACs in real waste water in Poland and the United States. Detailed studies have
pointed out that the photocatalytic degradation kinetics and rates of PhACs depend
on several operational parameters, such as the photocatalyst dosage, pH of the
medium, and the addition of H,0,. More importantly, intrinsic properties of PhACs,
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such as their chemical and conformational structures, attached functional groups,
and charge delocalization, play a key role in determining diffusion, immobilization,
surface coverage on the photocatalyst, and photoreaction coefficient [37].

Photocatalysis offers advantages such as complete mineralization, versatility,
reusability, and cost-effectiveness of photocatalysts. However, the photoexcited
electrons often suffer from recombination, which limits the redox reactions on the
photocatalyst surfaces, reduces the generation of “O,” and "OH radicals, and thereby
decreases photocatalytic activity. Additionally, the photocatalytic degradation
pathways of PhACs are also of concern due to the possible formation of
intermediates and by-products, which may be more harmful to the environment and
aquatic organisms than the parent PhACs.

5.3 Biological approaches
5.3.1 Activated sludge

Activated sludge is a widely used biological process in waste water treatment.
This method involves a bacterial biomass suspension, commonly referred to as
activated sludge, containing bacteria and protozoa. When the activated sludge is
introduced into waste water, these organisms decompose organic compounds
through metabolic processes. The activated sludge process requires controlled
aeration, agitation, and separation. After aeration and agitation, the waste water is
collected in a clarifier tank, allowing the activated sludge to settle. The settled sludge
and the remaining water are then either discharged or reused. To maintain the
efficiency of the activated sludge process, the sludge is returned to the aeration tanks
to conserve the microbial population. In addition, aeration time, agitation, and
dissolved oxygen levels in the aeration tank must be carefully regulated.

The activated sludge process has shown high efficiency in removing several
PhAGCs, especially antibiotics [38]. Several pilot-scale projects have also combined
the activated sludge process with biofilms. Although this combined approach has
revealed near-complete removal of certain PhACs within 24 hours of treatment, it
still has some disadvantages, including high oxygen consumption, large installation
space, high amounts of waste sludge, vulnerability to external disturbances, and
operational costs. Another major concern is the potential for bacterial resistance.
Prolonged exposure to PhACs can lead to the development of resistant bacterial
strains, posing challenges for sludge disposal, increasing the risk of secondary
pollution, and complicating microbial cycling in the treatment system.

5.3.2 Constructed wetlands

Constructed wetlands are designed and engineered systems utilizing natural
processes involving existing soils, wetland vegetation, and related microorganisms,
such as bacteria, yeasts, fungi, protozoa, and filamentous algae, in a controlled
environment. A wetland is a unique ecosystem based on an area flooded with water,
enabling the growth of aquatic vegetation. The design of constructed wetlands
depends on the surrounding natural conditions. Typically, a constructed wetland
includes surface and subsurface water flow, a shallow artificial basin filled with
aquatic emergent, submerged, free-floating, or floating leafy plants, and a defined
water flow path. As waste water passes through the constructed wetland, the plants
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absorb certain contaminants and create a microenvironment where microorganisms
can grow and decompose PhACs. Therefore, constructed wetlands involve

a synergistic combination of filtration, sedimentation, and adsorption processes by
the soils, plants, and microorganisms, all of which contribute to the breakdown and
removal of the emerging contaminants.

Constructed wetlands, as natural purification systems, have been widely applied
for removing PhACs from a variety of waste water types. The advantages of this
method include cost-effectiveness in construction, operation, and maintenance,
feasibility, versatility, and water recycling. Additionally, the wetlands can serve as
habitats for wildlife, supporting economic, ecological, and esthetic values, as the
system can be integrated into landscape designs. It is worth highlighting that
constructed wetlands have been extensively studied to optimize their performance
by testing different low-cost substrates, designs, and operational parameters for the
effective degradation and removal of PhACs [39].

Pilot-scale applications have shown promising results by adjusting several
parameters, such as the need for aeration, concentrations of pollutants, and retention
time in the hydraulic system. Despite these benefits, common challenges with this
method include the requirement for large land areas, susceptibility to climate
variations, decreased contaminant removal capability over time, and the
susceptibility of aquatic life to PhACs that may induce antibiotic-resistant genes.
This risk of promoting antibiotic-resistant genes remains a significant concern in
aquatic environments, including wetland systems.

6. Future perspectives

With the continuous accumulation of PhACs in water systems, increasing
research efforts have been devoted to mitigating their adverse effects on the
environment, ecosystems, and human health. Currently, several promising
remediation techniques, based on different physical, chemical, and biological
approaches, each with distinct characteristic features, have been developed to treat
various PhACs. However, these techniques still face several challenges, particularly
regarding removal and degradation efficiency, optimization of operational
parameters, cost-effectiveness, economic feasibility, toxicity, and risk assessment of
by-products formed during and after contaminant removal or degradation.

Improving removal efficiency remains a key priority for physical approaches,
such as membrane filtration, ion exchange, and adsorption. However, these
approaches typically require further treatment of the separated PhACs to prevent
secondary pollution, as the separated PhACs are often disposed of through
incineration or landfilling. In the future, desorption and reuse of adsorbents and
PhACs will become increasingly important to improve sustainability. In contrast,
chemical approaches, such as coagulation-flocculation, chemical reduction,
electrochemical treatment, and AOPs, focus on enhancing degradation efficiency to
ensure the complete degradation and mineralization of PhACs. Meanwhile,
biological approaches, including activated sludge and constructed wetlands, must
address issues related to the formation of secondary pollutants, the development of
bacterial resistance, and the susceptibility of aquatic life.

To address the abovementioned challenges, considering that some of the
remediation techniques are flexible, combinatory treatments, combining multiple
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remediation techniques, either simultaneously or sequentially, represent a promising
strategy. For example, several AOPs can be combined to improve the degradation
efficiency of PhACs and their metabolites. Similarly, combining or integrating
membrane filtration with biological treatments provides a comprehensive approach
for effective contaminant removal. In this context, the membrane filtration serves as
a physical barrier to separate suspended particulates, while microorganisms
biodegrade dissolved contaminants into non-toxic by-products.

Other promising combined treatments are bio-photoelectrochemical, bio-
Fenton, and photoelectrochemical processes. Bio—photoelectrochemistry integrates
biological, photochemical, and electrochemical processes, utilizing sunlight,
microorganisms, and catalysts to degrade PhACs. The bio-Fenton process combines
Fenton chemistry and biological treatment to overcome their individual
shortcomings. This sequential process begins with the Fenton reaction, which
enhances the biodegradability of contaminants, thus facilitating subsequent
biological degradation.

Photoelectrochemical techniques encompass various methods such as
photoelectrocatalysis, photoelectron-Fenton, electro-peroxone, photoelectro—
peroxone, photoanodic oxidation, and photocatalytic fuel cells. These approaches
combine electrochemical-based AOPs, which are widely regarded as the most
effective techniques for treating multiple PhACs in waste water, with light
irradiation, Fenton chemistry, ozonation, photooxidation, or photocatalytic
oxidation. These integrated remediation strategies offer some of the most effective
solutions for the simultaneous treatment of multiple PhACs in waste water, aligning
with broader environmental protection and conservation goals.

7. Conclusions

PhACs are continuously discharged into waste water, posing ecological and
public health risks due to their ecotoxicity, biological activity, and adverse effects on
both the environment and human health. The sources of PhACs, their transport
pathways into water systems, their toxicity and environmental impacts, and their
threats to human health have been extensively summarized. Even at low
concentrations, PhACs can cause undesirable effects, particularly carcinogenic and
mutagenic potentials, hormone disruption, behavioral disorders, population decline
in aquatic organisms, and the development of antimicrobial resistance genes.
Accurate detection methods capable of identifying and quantifying PhACs at trace
levels in waste water and water systems play a crucial role as early environmental
monitoring tools. Understanding the presence of these emerging contaminants raises
awareness of the urgent need for their removal and degradation using appropriate
remediation techniques.

Several remediation techniques, including membrane filtration, ion exchange,
adsorption, coagulation—flocculation, chemical reduction, electrochemical
treatment, AOPs, activated sludge systems, and constructed wetlands, have been
discussed in detail along with their advantages and limitations. These techniques are
efficient in removing and degrading PhACs and show strong potential for large-scale
application in waste water treatment systems. Despite their effectiveness, gaps
remain, particularly in the integration of treatment processes. Future efforts should
focus on developing integrated, cost-effective remediation technologies, supported
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by global collaboration for monitoring, data sharing, and coordination. Such
collaborative approaches are essential to protect water bodies and ecosystems from
the growing threat posed by PhACs as emerging environmental contaminants.
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Abstract

This chapter carries out a critical analysis of the literature review on the presence of
pharmaceuticals in wastewater, their classification (e.g., Nonsteroidal Anti-
inflammatory Drugs, antibiotics. etc.), their distribution in the environment, their
toxicity, their endocrine-disrupting power, the antimicrobial resistance they may
promote, and the most commonly used methods for detecting them in wastewater.
Additionally, some of the most used physical, physicochemical, biological, and chemical
alternatives (processes) for treating these emerging contaminants (pharmaceuticals) are
evaluated and compared. Finally, in this chapter also the most effective process
(treatment method) is determined and recommended as a treatment future trend based
on criteria such as the process’ capability to remove these compounds, operating costs
process, the ease of scaling up of the treatment, the byproducts treatment generate
(oxidation or degradation products), and treatment ability to adapt to conventional
wastewater treatment processes (e.g., oxidation lagoons and activated sludge processes).

Keywords: wastewater, pharmaceuticals, toxicity, endocrine disruptors,
antimicrobial resistance, antibiotics, physical treatment, physicochemical treatment,
biological treatment, chemical treatment

1. Introduction

It has been demonstrated that the conventional processes currently used
worldwide to treat wastewater are not able of removing many contaminants, among
which emerging contaminants stand out [1, 2].

Emerging contaminants are natural or synthetic substances not subject to current
legislation, and they are typically found in the environment at low concentrations
ranging from nanograms to micrograms per liter [3]. These contaminants can be
classified into groups, including pharmaceuticals, personal care products, hormones,
pesticides, and more [2].
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Pharmaceuticals are the most concerning group of emerging contaminants because
they are biologically active compounds [4]. Furthermore, studies have evidenced that
discharging these compounds into raw wastewater or effluents (treated wastewater)
can cause mutagenic, toxicological and antimicrobial resistance issues for flora, fauna
and human health, resulting in chronic ecological effects when there is a prolonged
exposure [4, 5]. Likewise, the absence of more sensitive methods for detecting and
monitoring these pharmaceuticals in wastewater and other aqueous matrices has
exacerbated these issues.

Therefore, given these perspectives, this chapter provides a critical review of
topics such as:

e The classification of pharmaceuticals.

e The distribution of pharmaceuticals in the environment.
e The toxicity that pharmaceuticals can cause.

e The endocrine-disrupting power of pharmaceuticals.

e The antimicrobial resistance that certain pharmaceutical groups (e.g., antibio-
tics) can cause.

e The most commonly used methods for detecting pharmaceuticals in
wastewater.

e And finally, the presentation and selection of some used physical, physico-
chemical, biological or chemical treatment method to remove these compounds
based on operating costs, ease of scaling, the by-products it generates (oxidation
or degradation products), and its ability to adapt to conventional processes.

2. Classification of pharmaceuticals
The classification of pharmaceuticals is very diverse and depends primarily on
the author. Nevertheless, the classification applied by Khasawneh and Palaniandy
[6] in Figure 1 is the one that best fits this research topic because it considers
the following:
1. The potential environmental risk caused by each group of pharmaceuticals.

2. Their high consumption rate.

3. Their frequent detection in wastewater treatment plants (WWTPs), in both
raw wastewater (influents) and effluents.

Figure 1 shows the main groups of pharmaceuticals considered by Khasawneh
and Palaniandy [6]. These groups include antibiotics, lipid regulators, stimulants,
Nonsteroidal Anti-inflammatory Drugs (NSAIDs), opioids, anti-diabetics,
anticonvulsants, antidepressants, female hormones, and B-blockers.
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Figure 1.
Classification of pharmaceuticals [6].

It should be remarked, that according to published research, the focal group of
pharmaceuticals that should be prioritized for treatment and removal in wastewater
is antibiotics. These pharmaceuticals can generate antimicrobial (bacteria, fungi,
parasites, and viruses) resistance (the topic is explored in greater depth in the
following subsections) [7] in the environment and in wastewater treatment plants
(WWTPs) because the concentrations that reach them are insufficient to eliminate
microorganisms. Additionally, some pathogens excreted by people with diseases
reach WWTPs along with antibiotics, which complicates the problem further since
WWTPs allow for more direct interaction between antibiotic and microbes. This
could cause major problems for human health in the future.

3. Distribution of pharmaceuticals in the environment

Multiple studies have shown that WWTPs are the key source of pharmaceuticals in
the environment because conventional wastewater treatment processes (e.g., activated
sludge and oxidation lagoons), which typically use microorganisms, are ineffective at
removing this type of contaminants [8, 9]. Pharmaceuticals arrive at WWTPs in
wastewater in both their original form (structure molecular) and as metabolites [10].

The distribution of each pharmaceutical in the environment generally depends on
physicochemical properties such as:

e Its chemical and biological persistence.
e Its octanol-water partition coefficient (logKow).
e Its volatility.

¢ The temperature and hydrogen potential (pH) level where the pharmaceutical is
disposed in the environment.

e And the functional groups it contains (e.g., amines, amides, carboxyl, etc.) [11].

75



Latest Research in Contaminants of Emerging Concern

In this context, given the large number of pharmaceuticals and their diverse
physicochemical properties, they can be found and distributed in almost all types of
environmental compartments. This makes pharmaceuticals a problem of global
importance [12].

4. Toxicity of pharmaceuticals

Regarding the toxicity of pharmaceuticals, various studies have demonstrated
their harmful effects on ecosystems and human health, despite their low
concentrations in the environment [13].

One of the groups of pharmaceuticals that is of particular concern to the scientific
community is antibiotics, since, as mentioned above (Section. 2), this group has
the ability to generate antimicrobial resistance in some pathogens [7, 14]. Moreover,
it has also been found that some non-pathogenic microorganisms, which form part
of the microbiota of environmental compartments, tend to be eliminated for this
group of pharmaceuticals, altering the ecosystem, a factor that makes this group
(antibiotics) a potential risk to the environment [14]. Nonetheless, the
environmental damage caused by each antibiotic is directly related to its molecular
structure and physicochemical properties [15].

Likewise, it has been found that groups of pharmaceuticals such as female
hormones, present in WWTP effluents, can have endocrine-disrupting effects on
both animals and humans. A clear example of this is the feminization and infertility
in some fish species that has been caused when they are exposed to this kind of
compounds [14-18].

Similarly, the following groups of pharmaceuticals can cause environmental risks
due to their toxicity:

 Nonsteroidal Anti-Inflammatory Drugs (NSAIDs): according to the World
Health Organization (WHO), NSAIDs can have harmful effects on both
terrestrial and aquatic organisms, as well as on humans [19]. Studies have shown
that NSAIDs have affected living organisms, causing chronic effects such as
molecular, biochemical, or behavioral alterations [20], and although they are
not yet considered a significant group of pharmaceuticals to be treated in
wastewater, as scientists need to study the issue in greater depth, some research
has shown that in the very near future they will be considered a relevant
pharmaceutical group, given that some of these compounds tend to be absorbed
by edible plants (e.g., watercress, barley, cucumber, tomato, lettuce, etc.)
that are ingested by humans, leading to implicit and constant consumption of
these compounds through the food chain [21].

Anticonvulsants: prolonged exposure to these types of pharmaceuticals present
in WWTP effluents has been shown to cause biochemical and behavioral
changes in fish. These compounds accumulate in their tissues and are distrib-
uted and consumed by other living beings through the food chain [22].

e Antidepressants: studies have shown that antidepressants in WWTP effluents

discharged into aquatic environments can alter the life cycles of aquatic organ-
isms [23, 24]. These alterations can range from neurological to reproductive
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problems [24]. One clear example is the accumulation of these compounds in
the livers and brains of fish and aquatic invertebrates [25].

B-blockers: research has shown that B-blockers are consistently present in
WWTPs. WWTP processes have been found to be ineffective at completely
removing these compounds, making WWTP effluents the primary source of
their entry into surface waters [26]. These compounds are toxic to aquatic
organisms, such as fish, algae, and invertebrates, at low concentrations and can
cause abnormal behavior in these species [26, 27]. Besides, concern in the
scientific community has been raised because it is believed that they can reach
drinking water supplies and potentially damage human health [27].

Lipid regulators: scientific reports have found that prolonged exposure to these
compounds causes damage to fish, including changes in swimming, feeding,
and social behavior, although not all lipid regulators bioaccumulate [28]. Like
other pharmaceutical groups, they primarily enter aquatic environments
through raw sewage and WWTP effluents [29].

Stimulants: this group of pharmaceuticals tends to be present in high concen-
trations in wastewater, including raw wastewater and effluents, which can
cause serious environmental problems [30]. Stimulants can be toxic to aquatic
organisms [31]. One of the most widely consumed stimulants is caffeine.
Laboratory tests have revealed that this compound can have adverse effects on
some coastal species by inhibiting their growth, affecting their reproduction and
metabolic activity, and damaging their cells [32].

Opiate drugs: these types of drugs have been found in raw wastewater and in
effluents from WWTPs. Opioids are used by people worldwide, both with

and without a prescription (i.e., illegally acquired). These compounds pose

a latent risk to the environment because they can reach surface water, ground-
water, and drinking water treatment plants [33]. Laboratory studies have shown
that these drugs can be toxic to some organisms. For instance, codeine has been
found to bioaccumulate in fish, reducing their hormone levels. Additionally,
tramadol has been found to alter the behavior and mobility of crayfish [34]. This
information reflects their toxicity. However, according to previous research,
further studies are needed to better estimate their toxicity [33].

Anti-diabetic: among the group of pharmaceuticals known as anti-diabetics,
metformin is the most widely used compound [35]. Metformin has been
consistently found in aquatic environments, has different toxicity levels in
different organisms, and is possibly bio accumulative [36, 37]. It has even been
shown that the presence of this compound in aquatic environments affects the
entire food chain [35], which has caused concern among the scientific
community.

Thus, based on the information compiled in this section, it is clear that more
studies are needed to investigate the toxicity and harmful effects that certain groups
of pharmaceuticals can have on human health and terrestrial biota. Plus, as
previously mentioned, it is important to note that many of these pharmaceuticals are
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General distribution of pharmaceuticals in the environment.

consumed by humans and animals through the food chain, with WWTPs being their
main point of entry into food chain and environment (Section. 3).

Now, considering the factors influencing the distribution of pharmaceuticals in
the environment, as discussed in Section. 3, and the data presented in this section,
Figure 2 offers a general overview of their distribution. It summarizes how
pharmaceuticals can reach human consumption through environmental disposal and
bioaccumulation with crops, terrestrial animals, and aquatic animals. Note that
Figure 2 only illustrates certain distribution routes that pharmaceuticals can take,
and not all pharmaceuticals behave the same way because their physicochemical
properties can vary significantly from compound to compound (Section. 3).

Finally, it should be emphasized that Figure 2 should be modified for developing
countries without the capacity to treat wastewater using WWTPs. In this case, the
Figure 2 should show that raw wastewater discharges are the main source of
pharmaceuticals entering the environment rather than effluents from WWTPs.

5. Endocrine-disrupting power of pharmaceuticals

All compounds classified as endocrine disruptors are so designated because they
can cause adverse effects in animals and humans by directly altering the endocrine
system. These disruptors can block or mimic the natural hormones that are
responsible for the proper functioning of certain bodily systems [38]. The most
potent endocrine disruptors are female hormones such as estrone (E1), 17p-estradiol
(E2), 17a-ethinylestradiol (EE2), and estriol (E3) [39, 40].

Various studies have found that, although endocrine disruptors such as female
hormones are commonly detected at trace levels in bodies of water, these disruptors
have the capacity to affect the endocrine functions of aquatic organisms. This can result
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in the feminization of male fish (Section. 4), reproductive problems, and alterations in
sex ratios [40]. Also, studies have shown that 17p-estradiol can affect the transcription
of the sex-related genes Icam5, Lhb, and Fshb during the neonatal period [41].

To end, it should be noted that the mechanisms by which endocrine disruptors act
in animals and humans are not yet fully understood [38]. This indicates the need for
further studies to improve the comprehension of these mechanisms. Nonetheless,
additional studies should also be conducted to investigate the potential of other
pharmaceutical classes to disrupt the endocrine system, given that research tends to
focus on female hormones.

6. Pharmaceuticals and antimicrobial resistance problems

Among all pharmaceutical groups; antibiotics have been found to generate the
highest level of antimicrobial resistance. This resistance has become a major problem
in the 21st-century that can affect human health, animals, and environmental
ecosystems [42].

Recently, antimicrobial resistance has worsened due to the indiscriminate release
of antibiotics into the environment. This has created selective pressure that has
driven the evolution of antibiotic-resistant microorganisms, such as bacteria, and
facilitated the transfer of antibiotic resistance genes [43].

As mentioned in Section. 2, WWTPs are a focal point of utmost importance for
the spread of antimicrobial resistance. Wastewater is often contaminated with
antibiotics, microorganisms, antibiotic resistance genes, and other nutrients
(organic and inorganic) that promote microbial growth, creating an ideal
environment for the development of this problem. Additionally, the close proximity
of microorganisms in WWTPs favors the dissemination and evolution of antibiotic
resistance genes [42].

Figure 3 exhibits the possible sources of antibiotics, microbes, and resistance
genes, as well as their path to WWTPs and subsequent distribution in the

Human microflora "‘M Animal microflora |

Hospitals Animal husbandry aquaculture

(i

' | °|

Wetlands, surface water, < .
Soil and sediments
and groundwater

/9

{._

I<
[

Figure 3.
Distribution of antibiotics, microovganisms, and resistance genes in the environment [44].

79



Latest Research in Contaminants of Emerging Concern

environment through wastewater. Figure 3 shows that hospitals, homes, and
aquaculture farms are the main sources of these compounds. These sources distribute
antibiotics, microbes, and resistance genes through effluents and sludge generated
by WWTPs. These effluents and sludge reach wetlands, groundwater, surface water,
sediments, and ultimately, they return to human and animal consumption. It is
worth mentioning that, in developing countries, raw wastewater rather than
WWTPs is the main source of antibiotics, microbes, and resistance genes
entering [44].

On the other hand, bacteria can transmit resistance genes through either vertical
or horizontal evolution [44]:

» Vertical evolution: this type of evolution occurs through genetic variation
among microbial populations that are subjected to pressures in their habitats
which promote natural selection and the inheritance of such variation through
progeny. For instance, a mutant gene inherited by certain bacteria due to
antibiotic pressure, which alters the synthesis of proteins usually targeted by
these compounds, is attributed to vertical evolution [44].

Horizontal evolution: this evolution occurs through mechanisms that transfer
resistance genes between identical, similar, or different bacterial species.
Figure 4 shows that resistance gene transfer can occur in three ways: conjuga-
tion, transduction, and transformation. These mechanisms can occur separately
or simultaneously in bacteria to generate antibiotic resistance. In the case of

A) Conjugation

Plasmid

Antibiotic resistence gene

Recipient bacteria Donor bacteria

B) Transduction

Recipient bacteria Donor bacteria
C) Transformation

Release of DNA Dead bacteria

- a ‘ :
Recipient bacteria Donor bacteria

Figure 4.
Mechanisms of resistance gene transmission through horizontal evolution [44].
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conjugation, direct contact is necessary to transmit resistance plasmids (resis-
tance genes) from the donor bacteria to the recipient bacteria (Figure 4). In
transduction, antibiotic resistance genes are transferred by bacteriophages
(Figure 4). In transformation, a dead donor bacteria releases resistance
plasmid, which are received by the recipient bacteria (Figure 4). Typically,
transformation for gene transfer occurs in Gram-negative bacteria. For these
gene transfer mechanisms to work, a bacterium that has developed resistance
must act as the donor of the resistance gene or genes [44].

Consequently, having said the above, of the pharmaceutical groups discussed
in this chapter, antibiotics in wastewater (treated and untreated) in conjunction
with certain microorganisms (e.g., bacteria) and their gene transmission
mechanisms (Figure 4) have caused antimicrobial resistance to evolve rapidly
today, indicating that antimicrobial resistance is a latent problem and that
physical, biological, or chemical processes must be proposed to remove them from
wastewater, since according to various studies, antibiotic resistance in the years
1990 to 2021 has been directly linked to more than 1 million deaths per year
worldwide [43].

7. Methods for detecting pharmaceuticals in wastewater

The most widely used method for detecting pharmaceuticals in wastewater today
is liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS), as it
is a powerful method that enables us to detect pharmaceuticals at concentrations
ranging from nanograms to micrograms per liter (ng/L-ug/L) [45, 46]. LC-MS/MS is
also a popular choice for the determination of pharmaceuticals due to the high
polarity exhibited by most compounds of this type [46].

Nevertheless, due to the complex nature of wastewater, this method (LC-MS/
MS) requires prior concentration and purification techniques, such as solid-phase
extraction (SPE). This is done to minimize possible interference and ensure proper
pharmaceutical detection [46].

It should be noted that, although the LC-MS/MS method has been enhanced with
purification and pretreatment techniques such as SPE, this method still presents
problems such as negative identification of pharmaceuticals. In addition, it has been
shown that during the SPE process, compounds present in wastewater with
physicochemical properties similar to those of the pharmaceuticals to be extracted
may also be retained in the SPE process, which can lead to low extraction recovery
for such compounds (pharmaceuticals) [45].

Therefore, to improve the determination of pharmaceuticals, future research
should focus on enhancing the efficiency and selectivity of extraction, as well as
developing new materials and designs for determining trace concentrations of
pharmaceuticals in complex matrices, such as wastewater [46]. Finally, despite
current problems with SPE and LC-MS/MS, these methods are currently capable of
detecting a wide variety of pharmaceuticals at different detection levels (LOD) in
wastewater, as shown in Table 1 [47].

Note that the detection limits (LOD) for pharmaceuticals in wastewater may vary
from study to study (Table 1), as LC-MS/MS equipment may differ and may have
different operating conditions.
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Pharmaceutical Limit of detection (LOD) Pharmaceutical Limit of detection (LOD)
Ibuprofen 0.59 ug/L Naproxen 0.06 ug/L
Metformin 0.25 pg/L Oxcarbazepine 0.06 ug/L
Sulfamethoxazole 0.02 ug/L Ketoprofen 0.32 ug/L
Ampicillin 0.20 pg/L Acetaminophen 0.05 pg/L
Ciprofloxacin 50 ng/ L Trimethoprim 5.18 ng/L

Table 1.

Examples of LC-MS/MS detection limits (LOD) for different pharmaceuticals in wastewater in various studies
[1, 47].

8. Treatment processes for removing pharmaceuticals in wastewater

The physical, physicochemical, biological, and chemical processes used for
wastewater treatment have been extensively studied. However, as shown in Table 2,
each has its advantages and disadvantages.

Chemical treatments are the most effective method for treating wastewater and
removing dissolved contaminants, such as pharmaceuticals. Though, these processes
are costly in terms of operation and reagents (Table 2).

Biological treatments, on the other hand, are usually easier to operate and have
lower operating costs. Nevertheless, they are unlikely to remove pharmaceuticals
such as antibiotics (Table 2). This is problematic when treating wastewater
containing these types of compounds. Moreover, various studies have shown that
biological processes do not mineralize emerging contaminants, such as
pharmaceuticals, because co-metabolization occurs instead of metabolization. Their
metabolic system develops based on other substrates found in greater quantities,
such as ammonium, carbonate salts, carbohydrates, lipids, and proteins, which
causes incomplete degradation of pharmaceuticals [48].

Physical or Biological treatment Chemical treatment
physicochemical treatment

Methods Filtration, Adsorption, Air Anaerobic Aerobic Thermal oxidation (combus-
flotation, Extraction, Activated sludge tion) Chemical oxidation (e.g.,
Flocculation Sedimentation advanced oxidation processes

(AOPs)), Ion exchange
Chemical precipitation

Advantages Low cost of capital, Easy maintenance High degree of treatment
Relatively safe, Easy to Relatively safe Elimination  Elimination of the dissolved
operate of the dissolved contami- contaminants

nants Easy to operate

Disadvantages  Volatile emissions, High Volatile emissions Require ~ High costs of capital and
energetic cost complex elimination of residual operation Difficult operation
Maintenance sludge Susceptible to toxins

or antibiotics

Table 2.
Advantages and disadvantages of different wastewater treatments [45].
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Now then, with regard to physical and physicochemical wastewater treatments, it
has been determined that contaminants only change phase [49] and, although they
are removed from the wastewater, the problem persists in another medium. Besides,
these processes are known to be highly selective, unlike chemical treatments.

It should be emphasized that among the treatments shown in Table 2, the most
notable are advanced oxidation processes (AOPs), since these types of treatments
generate hydroxyl radicals (HO"), which are highly reactive species with low selectivity
[50]; in other words, they tend to attack compounds such as pharmaceuticals
indiscriminately. For example, a recent study found that the advanced oxidation process
Fenton could simultaneously remove pharmaceuticals such as ibuprofen and
carbamazepine from wastewater at the laboratory level [51]. This demonstrated the
efficiency of AOPs in removing contaminants such as pharmaceuticals from
wastewater, although they cannot yet be scaled up to macro or industrial level [52],
compared to some physical, physicochemical, and biological treatments.

Lastly, of the chemical treatments shown in this section (Table 2), AOPs appear
to be the best option for treating pharmaceuticals in wastewater due to the
drawbacks of other treatments (physical, physicochemical, and biological).
Nonetheless, more research is needed to determine if AOPs can be coupled with
conventional processes for macro or industrial wastewater treatment level and if the
oxidation by-products are more toxic than the pharmaceuticals [2, 3, 52].

9. Conclusions

Based on the information presented in this chapter, the following conclusions can
be drawn:

¢ The main way pharmaceuticals enter the environment is through wastewater,
whether it is treated by WWTPs or not.

The distribution of pharmaceuticals in the environment depends on their phy-
sicochemical properties (Section. 3). Given the wide variety of these compounds
and their different properties, pharmaceuticals can be found in almost all
environmental compartments.

» Some pharmaceuticals bioaccumulate in flora and fauna through various means,
eventually reaching the human food chain (Figure 2).

Antibiotics and female hormones should be given the highest priority for
treatment and removal in wastewater because antibiotics are the main cause of
antimicrobial resistance, and female hormones are highly endocrine-disrupting.

The toxic effects of pharmaceutical groups such as NSAIDs, anticonvulsants,
antidepressants, -blockers, lipid regulators, stimulants, opioids, and anti-
diabetics should be studied in depth.

The most promising method currently used for detecting pharmaceuticals in
wastewater is liquid chromatography coupled to tandem mass spectrometry
(LC-MS/MS). However, this method still has disadvantages relating to the
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previous solid-phase extraction (SPE) technique used for purification and con-
centration. Therefore, future research in this area should focus on improving the
efficiency and selectivity of SPE, as well as developing new materials and
designs, to enable the detection of pharmaceuticals in complex matrices, such as
wastewater.

Chemical treatments, specifically AOPs, show greater capacity to remove phar-
maceuticals from wastewater than physical, physicochemical, and biological
treatments due to their low selectivity. Nevertheless, these processes are not yet
carried out on a large scale, and their adaptability to conventional wastewater
treatments has not been proven. Additionally, it has not yet been determined
whether the oxidation by-products they generate are toxic. This suggests that
future research should address these issues to enable large-scale implementation
of AOPs for the treatment of pharmaceuticals in wastewater, either as standalone
treatments or as treatments adapted to conventional processes.
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Chapter 5

Tea, Teapots, and Toxicity in
the Seventeenth and Eighteenth
Century

Shirley Maloney Mueller and Michael Greenberger

Abstract

Lead levels in the exterior and interior of seventeenth and eighteenth-century
Chinese export ceramics were tested. A steeped water technique was used to examine
the interior. XRF standard testing was used for the exterior. The results indicated that
lead was present in some of the teapots. This suggests that some tea ingested during
this early period was laced with lead, thereby countering the contemporary belief that
drinking tea in that time period was preferable to other alternatives.

Keywords: lead toxicity, early Chinese export teapots, seventeenth century, eighteenth
century, steeped water technique, XRF

1. Introduction

Modern tea ingestion has been called ‘immune system boosting’ and ‘healthy, [1]
among other positive attributes. Recently, however, attention has been drawn to the
possible toxicity of modern tea consumption from exterior contamination. The kettle,
heavy metals, and even the tea itself have been pointed to as culprits, among others.

In seventeenth- and eighteenth-century America, the attitude toward tea was
quite similar to today’s in that tea supposedly promoted health and was even thera-
peutic. However, we know that at least some of the tea imported from China to
Europe was packed in lead-lined containers during its ocean voyage, which took up
to two or more years [2, 3]. (Figure 1) In addition, the tea caddies in which the tea
was stored at its destination were often lead-lined [4-9]. (Figure 2) While these were
already dangerous, early pipes through which water flowed into household taps were
lead-lined in some countries, such as England [10]. Lead contamination from these
sources may have been minor, but there could be an accumulative impact.

2. Background for the study method
This study addresses this question using a unique analysis of lead within the
pots by Dr. Shirley Maloney Mueller. This method will be referred to as the “steeped

water method” for this discussion. The test reveals a way to look retrospectively for
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Figure 1.

Gouache, one of twelve, illustrating tea production. Chinese laborers arve packing tea with their feet, often in a
lead lined container. Chinese export product, 1803. Private collection, H. 175 in.; W, 21.3 in. Thomas M. Mueller
photography, Indianapolis, Indiana, USA.

potential lead contamination within a teapot. While there are examinations in place to
prove lead contaminates, such as X-ray fluorescence (XRF), these only show results of
the exterior of objects. Dr. Mueller’s new approach to testing lead can give us informa-
tion about inside teapots as well.

A series of Chinese export teapots dated 1690 to 1790 were examined (Chart).
Teapots such as these were used in the colonies [11]. In the 1685 inventory, colonist
Dr. Jacob De Lange wrote:

“The variety of form among this useful and decorative collection indicates that
every sort of porcelain enjoyed in Holland would have been available to the rich in
New Netherland..”

3. Methodology

Eight seventeenth and eighteenth-century Chinese export teapots (1690-1790)
were tested for lead residual using the steeped water technique. This method is
performed by boiling water in the pot, steeping it for 5 minutes, and then testing the
water for lead contamination.

City tap water (Indianapolis, Indiana, USA) was boiled and then immediately
poured into each pot. After 5 minutes, a water sample was transferred into spe-
cial containers purchased from MACS Laboratory Inc. (Santa Clara, California).
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Figure 2.
Peay shaped tea caddy similar to the lead lined caddies described in auction house recovds. England, eighteenth
century. Private collection, H. 6.7 in.; W, 13.9 in. Thomas M. Mueller photography, Indianapolis, Indiana, USA.

The samples were then sent back to this laboratory for analysis. This test center is a
commercial analyzer for lead that uses Environmental Protection Agency (United
States) approved methods. It is accredited by the State of California Department of
Health.

4, Results

The chart below summarizes the results. Six of the eight vessels exhibited signifi-
cant levels of lead (>1.5 micrograms/liter). Two of these six showed toxic lead levels
(>15 micrograms/liter). Another two of the eight demonstrated acceptable levels (< 1.5
micrograms/Liter) as did the control, which was examined using a contemporary glass
teapot. More about the dating and characteristics of early teapots, including the eight
in this study, can be found in earlier articles by Dr. Mueller [12-15].

The first steeped residual from the 1724 Davidson impaling Carr armorial porcelain
teapot (Figure 3, left) tested at nearly twice the concentration of lead considered toxic
(> 15 micrograms/liter), 26.9 micrograms/liter. Interestingly, the lead did wash out
with a subsequent five-minute addition of boiling water. It was then reduced to today’s
acceptable environmental level (1.5 to 15 micrograms/liter), 3.8 micrograms/liter.

The 1690 Yixing teapot (Figure 3, right) first steeped residual tested for a lead
level of 20.4, well above the 15 micrograms/liter deemed toxic. The level dropped to
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Figure 3.

Chinese export porcelain dated 1724 on the left and a Yixing 1690 teapot on the right. Private collection. Left: H.
4.87 in; W, 7.0 in. Right: H. 4.2 in.; W. 5.0 in. Photos courtesy of the Indianapolis Museum of art, now Newfields,
Indianapolis, Indiana USA.

Teapot Date of teapot Lead level Ist steeping Interpretation lead
micro grams/liter level
Davidson impaling Carr 1724 26.9 Toxic
Yixing Teapot 1690 204 Toxic
Blanc de Chine overdecorated
in Holland 1690 2.8 High
Meissen inspired “Chinaman
taking tea” 1740 5.2 High
Yixing, slip decorated 1740 7 High
Dated Anniversary for
Norwegian market 1776 9.9 High
Double spouted vessel 1690 <15 Acceptable
American Flag 1790 <15 Acceptable
Contemporary Glass 2012 <15 Acceptable
Table 1.
Lead levels.

16.1 after a second addition of boiling water for 5 minutes, still above the poisonous
level but lower than after the first steeping (Table 1). Yixing teapots were often left
unwashed on the inside and the results of this “steeped water method” are in line with
this concept.

Four teapots dated 1690 to 1776 demonstrated lead levels (1.5 to 15 micrograms/
liter) which were less than toxic. They averaged 6.2 micrograms/liter and are listed
below from the lowest to the highest.

1. Blanc de Chine over-decorated in Holland, circa 1690, 2.8 micrograms/liter.
2. Meissen inspired “Chinaman taking tea,” circa 1740, 5.2 micrograms/liter.
3.Yixing, slip decorated, 1740, 7.0 micrograms/liter:

4.Dated Anniversary for the Norwegian market dated 1776, 9.9 micrograms/liter.
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The final remaining two of the eight teapots measured below the environmental
standard of lead, 1.5 micrograms/liter. They were the double-spouted vessel for tea or
wine, 1690, and the American flag teapot, circa 1790.

To examine for lead on the exterior of the two pots that demonstrated toxic levels,
Jennifer L. Mass, Ph.D., then Senior Conservation Scientist at Winterthur Museum in
Delaware used X-ray fluorescence (XRF).

During XRF analysis, the surface of the object is bombarded with X-rays. The
energy of these incoming X-rays is high enough to ionize atoms on the object’s sur-
face, causing them to give off their fluorescent X-rays. The energies of the fluorescent
X-rays emitted by the object are characteristic of the atoms it contains, and so this
technique can be used to determine the elemental composition of a material, such as
an overglaze enamel (or in the case of the Yixing pot, the outside of the body).

The 1724 Davidson impaling Carr armorial porcelain teapot did demonstrate lead
in its outside glaze, though much less than the overglaze enamels. The exterior of the
1690 Yixing teapot did not test positive for lead.

5. Discussion

Higher than acceptable lead levels by today’s environmental standards were pres-
ent in six of eight pots tested. Toxic levels of lead were present in two of these. The
question is—what was the source of the lead?

Possibilities include residual tea contaminated with lead, evaporated water within
the interior that was laced with lead, or, lastly, from the glaze within the porcelain tea-
pots (the exterior of the Yixing teapot was lead-free). The latter possibility is unlikely
for two reasons. One is that a high-fired glaze would not be expected to disperse into
the solution at the relatively lower temperature of boiling water compared to the fir-
ing temperature used for the high-fired glaze. Secondly, the toxic level of lead in the
1724 Davidson impaling Carr teapot was lowered with a second steeping, indicating
that the culprit responsible for the initial toxic level was washing out. This would not
be expected if the lead level was due to the glaze within the teapot.

Further, in the 1724 armorial teapot, the base of the spout was strongly stained
brown (Figure 4) and the glaze itself was eroded in this area. This wearing away
could be because tea is acidic, and if left on a wet glaze repeatedly, it can be dam-
aged. There was also dried brown matter initially in the bottom of the pot suggestive
of remaining tea. Since the toxic lead level diminished with a second steeping, the
residual tea was likely responsible for the initial excessive lead.

The Yixing teapot, on the other hand, is a different specimen altogether than the
glazed porcelain pots. Though its exterior body did not contain lead, it is porous,
unlike porcelain teapots which are impermeable when intact [15]. This porosity is con-
sistent with the novelty that the Chinese ascribed to Yixing teapots. After a time, tea
did not need to be added to the vessel to make tea because it permeates into the interior
of the pot in earlier brews. This means that boiled water alone added to a Yixing pot
(without tea) would result in tea released from the vessel’s interior. The same could be
true for any residual lead that was remaining from making lead-laced tea.

On the other end of the spectrum from toxic, two pots demonstrated lead levels
within the acceptable environmental standard. They were the 1690 double-spouted
pot and the 1790 American flag teapot. One explanation for the 1690 pot is that it was
never used for tea, but instead for wine or condiments or not at all. There was no tea
stain at the base of either of the two spouts.
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Figure 4.

Arms of Auchmuty teapot. Chinese export porcelain, 1750. The three tea stained straining holes vepresented here
are like those in the 1724 arms of Davis impaling Carr (the arms of Davis impaling Carr is unavailable for
photography). Private collection, H. 5.12 in; W, 7.5 in. Thomas M. Mueller photography, Indianapolis, Indiana,
USA.

The 1790 teapot, on the other hand, was used for tea. There were dark stains
around and about the straining holes at the base of the spout that confirm this. Likely,
this took place in the 1800s in America since the flag on the pot indicates it was
destined for this country. Lead pipes were not installed in United States municipalities
until the late nineteenth and early twentieth century. Thus, the water poured into the
teapot may not have been lead-ridden unless it was used after the late 1800s. Also,
the tea carried to America may not always have been stored in lead-lined chests or tea
caddies this late.

6. Limitation of this study

There is a limitation of this study that could not be avoided. The teapots examined
were executed in China 200 years or more ago. We do not know when they were used
for tea during their timespan, if at all. What we can say is that pots that showed toxic
lead levels did have lead contamination. Any adulteration likely would have been
earlier in the teapot’s history rather than later because as the vessels aged, they were
perceived to be valuable and, therefore, likely not used.

7. Conclusion

Sources for lead poisoning in early America have been reported in multiple
studies. They included pewter, pottery, crystal, paint, and solder [16]. The discovery
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of lead in exhumed bones from this period provides further documentation [17].
Now, tea itself, at least in some cases, can be added to the list, almost certainly due to
contamination with lead from extraneous sources.

In summary, the results of this study suggest that early tea drinking did not
necessarily counter the negative effects of drinking unboiled germ-laden fluids or
alcohol. Instead, sometimes, it simply substituted one poison for another. How this
made people ill during this period and how ill it made them can only be conjectured.
However, Dr. Mueller’s tests reveal that lead contamination was spread through drink-
ing tea using a new methodology. Hopefully, these results will make way for more
scientists and art historians to study the effects of lead in ceramics in the seventeenth
and eighteenth centuries.
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