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Preface

Water, soil and air pollution have been receiving remarkable consideration due to
increasing population, industrialization and urbanization. Moreover, extensive usage
of various compounds inmodernized pocesses has also led to an increasing in various
toxic pollutants in water as well as in the atmosphere which are harmful at very
low concentration. These pollutants term as emerging pollutants. Water, soil and air
pollution have showed wide range of adverse effects to both human beings and the
environment.

The International Society for Energy, Environment and Sustainability (ISEES)
was founded at the Indian Institute of Technology Kanpur (IIT Kanpur), India, in
January 2014 to spread knowledge/awareness and catalyze research activities in the
fields of Energy, Environment, Sustainability, and Combustion. Society’s goal is to
contribute to the development of clean, affordable and secure energy resources and
a sustainable environment for society and spread knowledge in the areas mentioned
above and create awareness about the environmental challenges the world is facing
today. The unique way adopted by ISEES was to break the conventional silos of
specializations (engineering, science, environment, agriculture, biotechnology,mate-
rials, fuels, etc.) to tackle the problems related to energy, environment, and sustain-
ability in a holistic manner. This is quite evident by the participation of experts from
all fields to resolve these issues. The ISEES is involved in various activities such
as conducting workshops, seminars and conferences in the domains of its interests.
Society also recognizes the outstanding works of young scientists, professionals and
engineers for their contributions in these fields by conferring them awards under
various categories.

Fifth International Conference on ‘Sustainable Energy and Environmental Chal-
lenges’ (V–SEEC) was organized under the auspices of ISEES from December 19–
21, 2020, in virtualmode due to restrictions on travel because of the ongoingCOVID-
19 pandemic situation. This conference provided a platform for discussions between
eminent scientists and engineers from various countries, including India, Spain,
Austria, Bangladesh, Mexico, USA, Malaysia, China, UK, Netherlands, Germany,
Israel and Saudi Arabia. At this conference, eminent international speakers presented
their views on energy, combustion, emissions and alternative energy resources for
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vi Preface

sustainable development and a cleaner environment. The conference presented two
high voltage plenary talks by Dr. VK Saraswat, Honorable Member, NITI Ayog, on
‘Technologies for Energy Security and Sustainability,’ and Prof. Sandeep Verma,
Secretary, SERB, on ‘New and Equitable R&D Funding Opportunities at SERB.’

The conference included nine technical sessions on topics related to energy and
environmental sustainability. Each session had 6–7 eminent scientists from all over
the world, who shared their opinion and discussed the trends for the future. The
technical sessions in the conference included Emerging Contaminants: Monitoring
and Degradation Challenges; Advanced Engine Technologies and Alternative Trans-
portation Fuels; Future Fuels for Sustainable Transport; Sustainable Bioprocessing
for Biofuel/ Non-biofuel Production by Carbon Emission Reduction; Future of Solar
Energy;Desalination andWastewater Treatment byMembraneTechnology;Biotech-
nology in SustainableDevelopment; EmergingSolutions for EnvironmentalApplica-
tions’ and Challenges and Opportunities for Electric Vehicle Adoption. 500+ partic-
ipants and speakers from all over the world attended this three-day conference.
The conference concluded with a high voltage panel discussion on ‘Challenges
and Opportunities for Electric Vehicle Adoption,’ where the panelists were Prof.
Gautam Kalghatgi (University of Oxford), Prof. Ashok Jhunjhunwala (IIT Madras),
Dr. Kelly Senecal (Convergent Science), Dr. Amir Abdul Manan (Saudi Aramco)
and Dr. Sayan Biswas (University of Minnesota, USA). Prof. Avinash K Agarwal,
ISEES, moderated the panel discussion. This conference laid out the roadmap for
technology development, opportunities and challenges in energy, environment and
sustainability domain. All these topics are very relevant for the country and the world
in the present context. We acknowledge the support received from various agencies
and organizations for the successful conduct of the Fifth ISEES conference V-SEEC,
where these books germinated. We want to acknowledge SERB (Special thanks to
Dr. Sandeep Verma, Secretary) and our publishing partner Springer (Special thanks
to Ms. Swati Meherishi).

The editors would like to express their sincere gratitude to large number of authors
from all over the world for submitting their high-quality work in a timely manner
and revising it appropriately at a short notice. We would like express our special
thanks to Dr. Amritanshu Shriwastav, Dr. Manoj Kumar Tiwari, Dr. Alok Sinha, Dr.
Bhaskar Bahaduri, Dr. Shreeprasad P. S., Dr. Tabish Nawaz, Dr. Vamsi V. B. and
Dr. Seetha N. who reviewed various chapters of this monograph and provided their
valuable suggestions to improve the manuscripts.

This book is based on recent trends for the research in emerging environmental
contaminants in different compartment of the environment. Emerging environ-
mental contaminants such as pharmaceutical and personal care products (PPCPs)
and microplastics have started creating a lot of problems in the ecosystem. The
current understanding and treatment technologies are not equipped to remove these
pollutants leading to bioaccumulation and magnification in the environment. This
book aims to provide a recent understanding for the fate, transport and degradation
of emerging contaminants in different environmental sectors, including water, air
and soil. In this book, several chapters have been incorporated to discuss the fate and
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transport of microplastics, PPCPs, along with the method of detection and degra-
dation. This book includes removal of variety of pollutants including microplastics,
phamaceuticals and personal care products from the water using adsorption tech-
nique, electrooxidation,membrane technology and other advance oxidationmethods.
We are confident that the book would be of great attention to the professionals and
post-graduate students involved in environmental science and engineering research.

Mumbai, India
Tirupati, India
Kanpur, India
Kanpur, India

Swatantra P. Singh
Shihabudheen M. Maliyekkal

Tarun Gupta
Avinash Kumar Agarwal
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Part I
Emerging Contaminants: Sources,

Occurrence, and Their Fate



Chapter 1
Introduction of New Trends in Emerging
Environmental Contaminants

Swatantra P. Singh, Shihabudheen M. Maliyekkal, Tarun Gupta,
and Avinash Kumar Agarwal

Abstract Clean water and unpolluted air and soil are very critical for sustaining
human life and the ecosystem.The importance of these resources has longbeen recog-
nized.Nevertheless, a significant portion of these essential resources is contaminated,
affecting millions of human lives and the productivity of the ecosystems globally.
Among the various contaminants detected in the environment, new and emerging
pollutants pose a great challenge due to their increasing presence and unknown toxi-
city. This book is a compendium of chapters by different authors, reviewing various
aspects of emerging contaminants in different environmental compartments. The
current understanding of fate, transport, and degradation of emerging pollutants in
different environmental sectors is discussed. The method of detection and the chal-
lenges associated with the degradation of these contaminants are also discussed. The
book also reviews both conventional and advanced treatment technologies, including
adsorption, electrooxidation, membrane filtration, advanced oxidation process, and
application of nanomaterials in removing these pollutants from the environment. The
authors believe that the book will be of great use to the professionals and students
involved in environmental science and engineering research.

Keywords Emerging contaminants · Photocatalysts · Desalination ·Membrane
technology ·Microplastics
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1.1 Introduction

Rapid industrialization, modern lifestyle, and indiscriminate use of chemicals in
various industrial, domestic, and agricultural sectors have paved the way for the
ubiquitous presence of emerging contaminants (ECs) in the environment. The ECs
include a wide range of chemical compounds such as pesticides, active pharma-
ceutical compounds, disinfection by-products, personal care products (PCPs), food
additives, artificial sweeteners, flame retardants, endocrine-disrupting compounds,
nanomaterials,microplastics, and surfactants. These new and emerging contaminants
are of grave concern due to their toxicity, persistence, and bioaccumulative nature.
Many emerging contaminants can sustain after primary and secondary wastewater
treatment, and there is only limited information available regarding their toxicity
and long-term impact on human health and the environment. Being an involving
field, understanding the renewed knowledge in the area is of prime importance. The
edited book comprises 22 chapters describing various aspects of emerging contam-
inants, including sources, occurrence, fate and transport, treatment, and detection.
The authors across the globe contribute to the book, giving a global perspective of
emerging contaminants in the environment and associated issues. The section below
presents a summary of various topics discussed in the book.

We have divided the book into two parts; part one has seven chapters and is based
on new emerging contaminants sources, occurrence, fate, and transport; the second
section has 15 chapters based on the treatment and detection of emerging pollutants
with advanced technologies such as plasma, microbial fuel cell, and membrane tech-
nologies. The first chapter of this book has summarized the book’s overall content
with the basic introduction of ECs. The second chapter of the book provides an intro-
duction of EC in the aquatic systems, and theseEC includes the trace compounds such
as pharmaceuticals (PhACs), personal care products (PCPs), endocrine disrupting
compounds (EDCs). This chapter also provided the overall problem with potential
solutions.

Microplastics are an important class of emerging contaminants and are
omnipresent. They are plastic particles of size <5 mm that are either manufactured
or formed from the disintegration of large plastics in the environment. Microplastics
occur in various forms and are extensively used for a multitude of applications. They
are potentially toxic to humans and the environment. Chapter 3 presents an overview
of the microplastics’ source, occurrence, fate, and transport in various environmental
compartments, including air, water, and soil. Microplastics’ detection and extraction
methods from different environmental matrices and microplastics’ capability to act
as a carrier for organic contaminants are also discussed. The chapter also high-
lights various exposure mechanisms and ecotoxicological effects of microplastics.
Chapter 4 also deals with microplastic pollution, emphasizing its origin and occur-
rence in terrestrial soils such as floodplain soils. The chapter provides strategies for
the chemical extraction, quantification, and analysis of microplastics from terrestrial
soil. Furthermore, the chapter emphasizes the microplastic control and remediation
techniques in these natural ecosystems for scientific inquiry.
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Wastewater treatment plants act as sinks for ECs to accumulate and undergo
transformations. They are recognized as the primary source of contamination of
ECs in aquatic and terrestrial environments. Hence, there is a requirement to under-
stand the fate and behavior of ECs in such systems. Chapter 5 discusses microplas-
tics’ occurrence and fate during various treatment processes such as biodegradation,
adsorption, membrane processes, filtration, electrocoagulation, and advanced oxida-
tion processes. In addition, the mechanism of removal and the challenges involved
in removing microplastics from each treatment unit are discussed in detail. Finally, a
comparative analysis of removal efficiency between conventional treatment systems
and recent technologies is also presented.

Volatile organic compounds (VOCs) are an essential class of ECs. Industrial acci-
dents are the preliminary cause of the discharge of significant VOCs into the air
environment, causing many deaths and damaging the ecosystem. Among the VOCs,
chloroform causes serious health effects and is found abundantly in the environment.
These compounds are not regulated due to their short atmospheric lifetime. However,
chlorocarbons pose a significant threat to the ozone layer. Chapter 6 summarizes the
properties of chloroform and gives a broad spectrum of information on its sources,
metabolic pathways, health effects, and occurrence in the air medium.

Phthalate esters (PAE) are widely used as industrial additives, primary plasticizers
for polyvinyl chloride, cellulosic, elastomers, and adhesives. They are extensively
used in the plastic industry owing to their ability to improve the flexibility and dura-
bility of polymers. Their presence in water bodies has received increased attention
due to their endocrine-disrupting effects. Chapter 7 provides an overview of various
types and sources of PAEs, and their fate and transport in the environment. In addition,
concise information regarding their extraction and detection is also discussed. The
chapter also highlights the health risks associated with acute and chronic exposure
of these pollutants to aquatic and terrestrial organisms and microbes. Furthermore,
the chapter also reviews various treatment technologies employed for the removal of
PAEs from the environment.

Pharmaceuticals are widely used across the globe to treat diseases and promote
growth in animals and plants. According to statistics, India is one of the top five
emerging markets for pharmaceuticals. In recent years, pharmaceuticals as ECs have
gained increased attention in the research community because of their high persis-
tence, low biodegradable nature, bioaccumulation, relative stability, and tendency to
develop antibiotic-resistant genes. In this context, Chapter 8 deals with the sources
and occurrence of pharmaceuticals, their toxic effects on biotic organisms, and their
removal by various technologies. A brief outlook on the detection and analysis of
pharmaceuticals is also included.

Several technologies are developed to remove ECs from various matrices and
protect the environment. These include both traditional and advanced technologies.
Although advance technologies exhibit excellent capability in removing ECs, their
energy-intensive nature and large ecological footprint limit their usage. This urges the
need for sustainable treatment technologies. Among various techniques, microbial
degradation can be viewed as a preferential method to eradicate the ECs. Numerous
bacterial, fungal, and algal strains have shown substantial efficacy in degrading ECs,
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using them as the secondary carbon source. However, it is necessary to understand
their degradation potential, pathways, and mechanisms for different classes of ECs.
The traditional technologies such as biodegradation and adsorption are covered in
the Chaps. 9–14. The Chap. 9 provides a detailed outlook on microbial degrada-
tion of various pharmaceuticals and their mechanism of action. The chapter also
analyzes the prevalent hindrances in the degradation of drugs in field-scale wastew-
ater treatment plants. The adsorption process appears promising treatment technolo-
gies due to its low cost, simplicity in operation, and excellent removal efficiency.
However, the selectiveness of adsorbents towards various ECs depends upon the
surface, chemical, and textural properties of adsorbents and types and the chemical
nature of contaminants. Conventionally, biochar, obtained from waste biomass by
thermal reduction, has been extensively used as an adsorbent in removing ECs. The
presence of surface functional groups like hydroxyl, carboxyl, carbonyl, and amines
on the biochar enhances its potential to remove contaminants. Typically, they are
modified to increase their removal efficiency. Chapter 10 discusses the status quo
of functionalization and characterization of the biochar. The recent advancements in
using as derived or modified biochar for ECs. Chapter 11 also discusses the adsorp-
tive removal of ECs using natural waste-derived adsorbents, the factors affecting and
removal mechanisms.

Nanotechnology-based techniques have gained momentum recently due to their
exciting properties such as increased surface area, high reactivity, distinctive quantum
effects, tunable pore size, high catalytic activity, and superior electrical, chemical,
and magnetic properties promising in the treatment of ECs. Chapter 12 reviews the
recent developments in nanotechnology and novel nanomaterial-based systems for
removing ECs from water and wastewater. Magnetic nanoparticles (MNP) serve as
promising adsorbents for the removal of ECs due to their excellent catalytic and
adsorption performance and ease of separation via the application of an external
magnetic field. Among the various MNPs, iron oxide-based magnetic nanoparti-
cles are more popular. Chapter 13 evaluates the recent progress in the develop-
ment of MNPs and their hybrid material-based techniques for the remediation of
ECs from wastewater. The chapter also surveys the potential development, tech-
nical challenges, and engineering concerns and future directions to overcome them
and improve water security. Another important class of iron-based nanomaterial is
zero-valent iron (ZVI). Although ZVI is an excellent choice for treating ECs in
water, they are usually immobilized on a supporting matrix due to their tendency to
agglomerate. Clay minerals have been identified as an excellent supporting material
for nano ZVI due to their ability to tune the immobilization and form functional-
ized nanocomposite with distinct physicochemical properties. Chapter 14 defines
various strategies employed to synthesize nano-ZVI and the effective utilization of
clay as supporting material. Finally, the material’s applicability as an adsorbent and
a catalyst in removing ECs is discussed in detail.

The limitation of conventional treatment technologies in EC remediation led to the
development of advanced treatment technologies. The advanced oxidation processes
(AOPs) provide a promising route to degrade andmineralize ECs by generating reac-
tive chemical species via an in-situ process. It is a potential technique and can degrade
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and mineralize complex organic molecules. The processes rely on the in-situ gener-
ation of reactive chemical species (RCS). Most of the RCS with higher oxidizing
potential is short-lived, and hence the effective production of these compounds is
crucial for this technology’s success. Various AOPs include the Fenton and photo-
Fenton processes, photocatalysis, sonolysis, plasma-based oxidation, catalytic wet
air oxidation, and combinations thereof. Chapter 15 focuses on the recent develop-
ments in plasma-based reactors and their application in the degradation of ECs. The
chapter also highlights plasma-based technology’s current challenges and prospects
in treating ECs and various operating parameters influencing the process.

Photocatalysis is an essential class ofAPOsdue to their enhanced ability to remove
ECs from various environments. Typically, semiconductor oxides are preferred as
photocatalysts. However, due to the quick recombination of electron–hole pairs
and the inability to effectively harness solar energy, their use is limited. Recently,
graphene nanomaterials have been extensively used as efficient photocatalysts due
to their improved reactivity under light irradiation. These are usually coupled or
modified with transition/noble metals to function as heterogeneous photocatalysts.
Chapter 16 reviews the application of various graphene-modified photocatalysts in
the treatment of ECs in water. The chapter also discusses the working principle,
factors influencing the removal, a brief history, challenges, and prospects in the devel-
opment of photocatalysis. Plasma-assisted AOP is an emerging technology capable
of simultaneously generating various reactive chemical species at a controlled rate
in an ambient environment without any additional chemical/catalyst.

Membrane-based technologies are classified as ultrafiltration, microfiltration,
forward osmosis, reverse osmosis (RO) and nanofiltration (NF). Among them, NF,
and RO have broad applicability in the efficient reclamation of wastewater. However,
their practical use is limited owing to their intense energy use. Chapter 17 focuses
mainly on the recent studies in the removal of ECs usingNF andRO. The chapter also
reviews the integration of recent technologies such asmembrane bioreactor andAOPs
with RO/NF process for ECs removal. Finally, an outline of current knowledge gaps
and future research scope related to the application ofROandNF forwastewater treat-
ment is also discussed. Anotherwidely preferred technology ismembrane distillation
due to its added advantages, such as low-pressure requirements, less susceptibility
to fouling, low-temperature requirements, and complete retention of non-volatile
compounds. Chapter 18 elaborates on various membrane distillation technologies,
the possible materials, configurations, operating parameters, and energy require-
ments. The chapter also highlights the future research trends and challenges for the
sustainable and commercial application of the technology.

Most existing centralized water treatment facilities are inadequate to meet the
growing demand for safe drinking water. Establishing large-scale new water treat-
ment systems is not feasible due to high capital investment, lack of skilled labor,
poor governance, water scarcity, poor track record of operation and maintenance.
Point-of-use (POU) water treatment systems contribute significantly to achieving
one of the UNs sustainable development goals, i.e., clean water and sanitation.
Many studies have reported the capability of POU systems in reducing waterborne
diseases by improving the microbial quality of water. Numerous physical, chemical,
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light, and heat-based methods are available for POU water treatment. Chapter 19
reviews various technologies available for POU water treatment focusing mainly on
membrane-based POU water filters. The chapter also discusses in detail the perfor-
mance of household POU water filters in removing emerging contaminants. Electro-
coagulation is a quick and effectivemethod in the removal ofECs.Theprocess utilizes
a combination of electricity and sacrificial metal electrodes for the remediation of
pollutants. Chapter 20 mainly focuses on removing ECs via the electrocoagulation
process, its mechanism, and the operational parameters. Finally, the chapter presents
the future challenges in the treatment of ECs from its various sources.

Due to substantial scientific and technological advancements, there has been a
significant rise in energy consumption derived from fossil fuels. This has, in turn,
contributed negatively to climate change. Hence, there is a need for a fast transition
towards renewable and clean energy sources for addressing climate change problems.
Such transition is possible only through evolving technologies, socioeconomics,
and government policies. Chapter 21 talks about utilizing microbial fuel cells for
ECs removals with power generation. Furthermore, energy production using solar
photovoltaics has been considered the primary choice for a clean and renewable
energy economy due to its ability to harness solar energy. However, the health and
safety concerns arising due to the generation and consumption of solar cells are
often overlooked. Chapter 22 presents the various types of photovoltaic cells and the
methodology involved in their fabrication process. The chapter also aims to provide
a comprehensive overview of the safety and health concerns of various materials,
processes used to manufacture these cells, and their practical use.

The establishment of sustainable water treatment systems must not be limited
to potable water production but must also refrain from contributing to secondary
contamination. Colloidal contaminants such as engineered nanoparticles, mineral
precipitates of iron, aluminum, and manganese, natural organic matter, bacteria,
viruses, and clays have been frequently detected in the subsurface. These may enter
from various sources such as land application of wastewater, reuse of untreated
sewage for irrigation and sanitary landfills, or improper disposal of treatment mate-
rials. Hence, understanding colloidal transport in the subsurface is essential for
assessing the safe distance of drinking water wells from the source of contamina-
tion, bioremediation of contaminated sites, and degree of treatment required for land
application of wastewater. Chapter 23 discusses the mechanisms of colloid reten-
tion in porous media at various scales, the effect of heterogeneity on colloid trans-
port at each scale, and upscaling of transport processes. Overall, this book includes
detection, fate, transport, and removal of various pollutants, including microplas-
tics, pharmaceuticals, and personal care products from the water using adsorption
technique, electrooxidation, membrane technology, and other advanced oxidation
methods. We are confident that the book would be of great attention to the profes-
sionals, post-graduate students involved in environmental science and engineering
research.
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the aquatic environment ranging from ng/l to mg/L is just a consequence of drastic
and speedy anthropogenic activities. As compared to developed countries, devel-
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in water bodies owing to the lack of adequate studies on the current status of water
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non-regulated manner above the safe limits. These are not only harmful to aquatic
flora and fauna but also for terrestrial lives and recently have been observed by
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we would elaborate on the possible solution to tackle this problematic situation of
ECs dumping into wastewater and surface water.
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2.1 Introduction

Nowadays, fresh and clean water has become scanty across the globe as surface
water is no more able to be leveraged directly for various domestic or commercial
purposes. Heavy pollution of surface water has made it absolutely of no use. The
major contribution to water pollution is the accumulation of emerging contaminants
(ECs). ECs are predominantly organic and inorganic compounds for examples chem-
ical ingredients of pharmaceuticals, cosmetic products, taste and odor compounds,
surfactants, X-ray contrast media, and steroid hormones. Their direct consumption
has a fatal impact on human health in form of lethal and incurable diseases like
cancer. Excessive presence in the aquatic environment ranging from ng/l to mg/L
is just a consequence of drastic and speedy anthropogenic activities (Verlicchi and
Zambello 2015). For the last few decades, several kinds of ECs are getting dumped
in the aquatic bodies of our ecosystem through various outputs such as waste sludges
from wastewater treatment plants, domestic outlets, industrial units, sewer leakage,
agriculture, and surface runoffs from rural and urban zones, and manure waste.
Even, groundwater is also severely contaminated across the globe (Bu et al. 2013;
Zhang et al. 2015). Predominantly, wastewater treatment plants are of major concern
because they directly dump the emerging ECs into water bodies just by overlooking
their proper treatment. This serious issue has alarmed the research fraternity engi-
neers and civil authorities to look into the matter to take some quick action as the
level of these hazardous pollutants has trespassed their permissible limit in wastew-
ater and surface waters. Therefore, the supply of clean and safe water to urban as
well as rural populations has become an extremely challenging task. Even, thorough
treatment of wastewater has been proven a tedious task for its further recycling to
reuse.’

Ironically, conventional water treatment plants are only sensitive towards water
nutrients, bacteria, heavy metals, pesticides, petroleum hydrocarbons, and other
primary pollutants (Pal et al. 2014). Overall, the present water treatment plant only
focuses on primary pollutants whose impact on human health and animal is known.

However, as compared to developed countries, developing countries, in general,
lack adequate studies on issues related to ECs (Rehman et al. 2015). India is one
among them. In contrast, the production and consumption rate of compounds in ECs
categories in India is growing day by day.

The occurrence of pollutants (generally, organics) in wastewater is increasing in
a non-regulated manner above the safe limits. These are not only harmful to aquatic
flora and fauna but also to terrestrial lives as recently observed by advanced analytical
detectors. These trace compounds are termed as ECs.
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Generally, the organic and inorganic trace pollutants found in wastewater have
the following broad categories they are derived from.

(i) Pharmaceuticals (PhACs)
(ii) Personal Care Products (PCPs)
(iii) Endocrine Disrupting Compounds (EDCs)
(iv) Per- and polyfluoroalkyl substances (PFASs)
(v) Artificial sweeteners (ASs)
(vi) Flame retardants (FRs)
(vii) Nanomaterials (NMs)

Out of all the above-mentioned categories of ECs, PhACs, PCPs, and EDCs are
found in very high concentrations in the aquatic system throughout the globe. This
emerging pollutant disturbs the bacterial biomass and hence the biological activity
in wastewater and surface water. Especially, nanomaterials consisting of inorganic
metal oxides cause malfunctioning in bacterial activity hindering the removal of
emerging pollutants in wastewater treatment plants (Wang et al. 2012). It is to be
noted that though there are specific groups of ECs as discussed above still there is no
clear discrimination amongst the groups of ECs. The compositions of ECs subgroups
are overlapping each other.

In this book chapter, a thorough discussion is dedicated to the major ECs
i.e. PhACs, PCPs, and EDCs in detail in subsequent sections along with their
carcinogenic impact on animal and human health.

2.2 Emerging Contaminants (ECs) in Wastewater
and Surface Water

As a consequence of population explosion, ECs are easily circulated over surface
water and even reach the groundwater from open resources of water. Disposal of
municipal sludge is also a very challenging task as it is considered as the principal
source of the liberation of emerging pollutants from open aquatic ecosystem where
industries and domestic outlets (as point sources) are directly connected to water
bodies without significant treatment of wastewater to make it free of emerging pollu-
tants. The emerging pollutants are categorized into three above said major groups of
chemicals. Firstly, PhACs are further subdivided into different categories viz. antibi-
otics, analgesics, steroids, and nonsteroids, etc. Secondly, Personal care products
(PCPs) are identified as cosmetic and health care chemicals available in the market,
for example, galaxolide, tonalide, etc. Endocrine-disrupting compounds (EDCs) are
groups of compounds or chemicals that show an adverse impact on human endocrine
systems by causing androgenic or estrogenic activities even at low concentrations,
for example, estradiol, phthalates, etc.

After executing a thorough review of reports on emerging contaminants found
in surface water and wastewater, the following major classes falling in the above



12 S. Sahani et al.

discussed categories are formed as per their abundant quantity in the aquatic system
(Luo et al. 2014; Subedi et al. 2015; Semblante et al. 2017).

(i) Antibiotics
(ii) Antifungal/antimicrobial agents
(iii) Nonsteroidal anti-inflammatory drugs (NSAIDs)
(iv) Anticonvulsants/antidepressants
(v) Artificial sweeteners
(vi) Beta-adrenoceptor blocking agents
(vii) Lipid regulating drugs
(viii) Steroidal hormones
(ix) X-ray contrast media
(x) UV filters
(xi) Stimulants
(xii) Anti-itching drugs
(xiii) Insect repellents
(xiv) Plasticizers
(xv) Pesticides
(xvi) Metal oxides and composites
(xvii) Perfluorochemicals (PFCs)

2.3 Pharmaceuticals (PhACs)

PhACs are a set of developing ecological contaminants that are broadly and
progressively being utilized as a part of human and veterinary medication. They
include compounds of environmental concern like antibiotics, legal and illicit drugs,
analgesics, steroids, β-blockers, anticonvulsants, antihypertensive, etc. (Luo et al.
2014).

The formation of the above subcategories is based on a mass number of observa-
tions by researchers. They have examined their pros and cons over human health and
the environment. This classification was performed while keeping four main points
into consideration i.e. (i) consumption across the globe (ii) observation frequencies
(iii) effect on surroundings (iv) quantity of analytical data.

Keeping all the critical points in view, Table 2.1 has been preparedwhich ensemble
the major classes of pharmaceutical chemicals depicting potential risks on human
health and other organisms (Minh et al. 2009; Kurunthachalam 2012; Bu et al. 2013;
Luo et al. 2014; Stefanakis and Becker 2015; aus der Beek et al. 2016; Singh et al.
2016; Tiwari et al. 2016; Pavithra et al. 2017; Bai et al. 2018; Gogoi et al. 2018; Nag
et al. 2018; Brown and Winterstein 2019).

PhACs include organic compounds like antibiotics, legal and illicit drugs, anal-
gesics, steroids, beta-blockers, anticonvulsants, antihypertensive, etc. (Luo et al.
2014; Pal et al. 2014; Zhang et al. 2015; Taheran et al. 2018). Pharmaceuticals have
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been defined as substances that are primarily being used for therapeutic, preven-
tive, and diagnostic purposes. Recreational drugs, such as cocaine and caffeine, have
been excluded from the present analysis. Other substances, such as homeopathic,
minerals, proteins, and immunologic substances, also were not included. If not other-
wise indicated, the terms “pharmaceuticals” and “pharmaceutical substances” refer
only to the actual active pharmaceutical ingredients. These pharmaceutical pollu-
tants are found to be bio-accumulating in nature as they are very much active in the
biological system. Their persistence in the body occurs due to their specific mode of
action. Therefore, they are traced in wastewater, surface water, and drinking water
which ultimately cause bio-resistant properties in bacteria present anywhere. Even
the metabolites of pharmaceutically active compounds have been causing a lethal
impact on the ecosystem gradually. Due to their very minute concentration, they
have been unnoticed and never been prioritized by Governmental guideline makers
to treat wastewater for their removal. That’s why they have been termed pseudo-
persistent pollutants which accumulate into the environment at trace level (Archana
et al. 2017). This situation has been continuing for few decades and no assessment has
been executed seriously except a few years back, few reports got surfaced and were
noticed for the risk assessment of pharmaceutical ingredients and their derivatives.
Recently, more than 160 different pharmaceutical compounds have been detected
in water bodies supremely, wastewater treatment plant effluent in the concentration
range of ng L−1 to low μg L−1 (Archana et al. 2017). These pharmaceutical drugs
are not only affecting human beings but also wildlife tremendously (Archana et al.
2017). So far, extremely inadequate information is collected about the toxicological
effect of pharmaceutical drugs on terrestrial and aquatic lives, especially in the Indian
subcontinent. The exact fate of bioaccumulation of PhACs and their impact onwater-
bodies and surroundings are therefore quite unpredictable. It is only assured once
the consolidated database of PhACs distribution throughout the country is available.

2.3.1 Sources of PhACs

There are various inlets of PhACs through which PhACs are dumped into surface
water. Amongst all, sewage effluents are realized as a prominent source of PhACs and
their metabolites. Generally, sewage effluents consist of the domestic pharmaceutical
left out, discharge from hospitals, and even sometimes from pharmaceutical manu-
facturing plants. According to a report, Patancheru Enviro Tech Limited (PETL)
WTP near Hyderabad received 1.5 MLD effluents from ~90 bulk drug manufac-
turers in the vicinity in Patancheru. This was found to record the highest levels of
PhACs ever reported inwastewater from anywhere else across the globe (Balakrishna
et al. 2017). Sometimes the overflow from WTPs also contributes to the contamina-
tion of surface water. Even the untreated sewage discharged from cruise and boats
also contributes to PhACs contamination in the riverine system. For example, sewage
effluents received from typhoon shelterswere foundhighly contaminatedwith several



14 S. Sahani et al.

kinds of antibiotics likeβ-lactams, fluoroquinolones,macrolides, sulfonamides, tetra-
cyclines, trimethoprim, and amphenicols (Minh et al. 2009). Large scaled animal
husbandry and horticulture have been also noticed to pollute the surface water due
to excessive use of antibiotics to cure animals (Kaval et al. 2015). Despite the ban on
the use of antibiotics at several places like Europe, there are still some regions where
a low dose of antibiotics in feed as growth promoters is given to animals. Besides,
there are many reports on the use of antibiotics including oxytetracycline and strep-
tomycin on horticultural crops in some countries (Kaval et al. 2015). Leachates from
landfills might be the smoother route for pharmaceuticals disposed of household and
clinical wastes entering the surface water and even groundwater.

2.3.2 Occurrence of PhACs in Indian Environment

Analgesics, anticonvulsants, antidepressants, antiepileptics, antihypertensives, and
β-blockers are commonly observed in water systems owing to higher solubility in
water and slower metabolic rate (Brown and Winterstein 2019). The antiepileptic
gabapentin has been recorded with the highest median concentration in the aquatic
system followed by metformin, lamotrigine, desmethylvenlafaxine, hydrochloroth-
iazide, sulfamethoxazole, and hydroxycarbamazepine with (>100 ng/L) concentra-
tion.

In developing countries, more monitoring results have recently become avail-
able, but a concise picture of measured environmental concentrations (MECs) is
still elusive. Through a comprehensive literature review of 1016 original publi-
cations and 150 review articles (aus der Beek et al. 2016), the authors collected
MECs for human and veterinary pharmaceutical substances reported worldwide in
surface water, groundwater, tap/drinking water, manure, soil, and other environ-
mental matrices in a comprehensive database. Approximately, 631 different phar-
maceutical substances were found at MECs above the detection limit of the respec-
tive analytical methods employed, revealing distinct regional patterns. Sixteen phar-
maceutical substances i.e. diclofenac, carbamazepine, ibuprofen, sulfamethoxazole,
naproxen, estrone, estradiol, ethinylestradiol, trimethoprim, paracetamol, clofibric
acid, ciprofloxacin, ofloxacin, estriol, norfloxacin, and acetylsalicylic acid were
detected in each of the 5 United Nations (UN) regional groups (Africa Group, Asia–
Pacific Group, Eastern Europe Group, group of Latin American and the Caribbean
States, and Western Europe and Others Group, which also includes North America,
Australia, and New Zealand). For example, the anti-inflammatory drug diclofenac
has been detected in environmental matrices in 50 countries, and concentrations
found in several locations exceeded predicted no-effect concentrations. aus der Beek
et al. (2016) studied the distribution of various PhACs in different regions of the
world as shown in Fig. 2.1.

Recently, Philip et al. (2018) analyze the data derived from the monitoring of the
presence of PhACs across the country. Unfortunately, it is found that data are scarce
regarding the presence of ECs primarily from northeast, north, central parts of the
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Fig. 2.1 Regional patterns of pharmaceutical therapeutic groups analyzed in each United Nations
region. MEC = measured environmental concentration; EEG = Eastern Europe Group; GRULAC
= Latin American and Caribbean States; WEOG,Western Europe and Others Group ( aus der Beek
et al. 2016)

country as visible from Fig. 2.2. Only southern parts have been almost monitored for
the presence of ECs in comparison to other parts of the country. However, whatever
data are reflected they show the presence of ECs way more than permissible limit
almost every part of the country. The drastic accumulation of ECs in water bodies
and wastewater systems is attributable to the boom in the application of medicines
due to the increase in population across the globe. India stands in the second posi-
tion in the queue of highest populated countries after China (Kalotra 2014). India
is now the largest exporter of generic drugs nearly (20% of gross global exports)
as generics rule over more than 70% of the total market share in the Indian phar-
maceutical sector which is further scaled to be enhanced in near future. Moreover,
multinational companies have been attracted to this giant market of pharmaceutics
in the greed of cheap-cost production and flexible environment tribunal guidelines.
This is further contributed by efficient and fast techniques, quality research, the
abundance of educated personnel, and skilled laborers making the Indian market a
fascinating choice for the foreign pharmaceutical majors for their drug production
and outsourcing (Kalotra 2014; Bai et al. 2018). Today, the Indian pharmaceutical
industry has become one of the leading industries of the nation which has the very
high caliber tomake right fromanalgesics tomedicine for any fatal disease like cancer
and cardiac treatment. Abnormally high concentrations of PhACs are the result of
heavy usages and also inefficient wastewater treatment plants (WTPs) to decontam-
inate the water from these pollutants. Recently, the occurrence of explicitly used
PhACs and drugs either in their original or metabolite form raises the concern of the
scientific fraternity. Recent reports suggested the significant occurrence of PhACs in
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Fig. 2.2 Distribution of different classes of ECs in various Indian environmental matrices reprinted
with permission from Philip et al. (2018). Copyright 2018, Elsevier

wastewater and surface water bodies in India. Carbamazepine, atenolol, triclocarban,
triclosan, trimethoprim, and sulfamethoxazole, ibuprofen, and acetaminophen are
the most commonly found at extremely high concentrations in WTPs and rivers.
The concentration of most of these PhACs such as ciprofloxacin, sulfamethoxazole,
amoxicillin, norfloxacin, and ofloxacin in WTPs across India might be 40 times
higher than that in other countries in Europe, Australia, Asia, and North America
(Balakrishna et al. 2017). The pattern of PhACs occurrence in the riverine system is
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analogous to that of China. Thismight be due to similar pharmaceutical infrastructure
and population compatibility.

Notably, according to a study on antibiotic consumption, India was found to
be the largest consumer even more than 75% during the decade (2000–2010). The
excessive application of PhACs especially antibiotics has caused the accumulation
of antibiotic-resistant genes (ARGs) at an alarming rate almost everywhere across
the country. Coming to riverine systems, due to ARGs, the most fatal damage has
been caused to holy rivers of the country named Ganga, Gomati, Narmada, Yamuna,
Kshipra, etc. (Singh et al. 2016; Gogoi et al. 2018; Nag et al. 2018; Philip et al. 2018).
This has caused a distressing situation for riverine life and human health as well as
other organisms as flora and fauna belonging to the riverside use the river water for
food consumption and various other purposes. The water from these rivers is widely
supplied to the urban area of countries for domestic and commercial use. This may be
the reason for spreading several kinds of incurable diseases such as cancer, and respi-
ratorymalfunctioning.According to a report (Singh et al. 2016), heavy contamination
of β-lactam resistance determinant gene (blaTEM) has been observed in the Indo-
Gangetic region. It was seen that surface water and sediments of the river Ganga and
Gomti Rivers exhibited high numbers of blaTEM gene copies and varied significantly
(p < 0.05) among the sampling locations. This heavy accumulation of this resistance
gene is the exorbitant consumption of antimicrobial of the β-lactam group by humans
due to its high efficiency and low cost. The water sample taken from drinking water
facility and clinical settings had a considerable number of blaTEM gene copies (13
± 0.44–10,200 ± 316 gene copies/100 mL). Recently, Biswas and Vellanki (2021)
reported the presence of 16 different types of PhACs and PCPs in water samples
collected from the 13 locations spanning 575 km along the river Yamuna. Spatiotem-
poral variations in the occurrence of these ECs were detected during summer and
post-monsoon. The appreciably high concentration of ECs was detected during the
post-monsoon in comparison to the summer season. This is due to the assimilation of
rain runoff from the catchment areas along river Yamuna. The ECs which were found
in high concentrations include trimethoprim (8807.6 ng/L), caffeine (6489.9 ng/L),
and gemfibrozil (2991 ng/L). Thewater sampleswith very high concentrations ofECs
were mainly from Okhla barrage (ponding of water from drains traversing Delhi),
the confluence of Yamuna with Shahadara drain (industrial and poultry cluster, and
Ghazipur dumping yard), and Agra city (industrial clusters). According to a survey
(Hanna et al. 2020), there has been a severe accumulation of antibiotic residues
and antibiotic-resistant Escherichia coli (E. coli) in the water and sediment of the
Kshipra river. This report analyzed the water samples collected from seven different
sites over a long span of 2014–2016 during different seasons. Sulfamethoxazole
was detected with the highest concentration of 4.66 μg/L. Even, ARGs were found
against various antibiotics including sulfamethoxazole, norfloxacin, ciprofloxacin,
cefotaxime, co-trimoxazole, ceftazidime,meropenem, ampicillin, amikacin, metron-
idazole, tetracycline, and tigecycline. It was found that the presence of antibiotics and
anti-resistant genes was directly associated with water quality parameters. In another
study (Archana et al. 2017), acetaminophen and ciprofloxacin, caffeine, irgasan, and
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benzophenone were found present in the influent and the effluent of the sewage treat-
ment plant (STP) and surface water bodies (six major lakes) in and around Nagpur.
These ECs were present in the range of 1–174 μg L−1 in collected surface water,
12– 373 μg L−1 in the influent, and 11–233 μg L−1 in the effluent of the STP. They
also carried out the ecotoxicity test on the targeted organism. Though they found the
hazard quotient (HQ) less than 1 reflecting no hazardous effect of these analytes on
the living organism still there is the uncertainty of the extent of effect over long-term
exposure as ECs get inhabited in the water bodies for a quite long period.

Unfortunately, the relationship of antibiotics with aquatic dwellers has not been
thoroughly explored in the country. Only a few research groups are involved in such
studies. The monitoring efficiency must be improved by leaps and bounds and also
except exploring the impact in sewage effluents from commercials units, domestics,
and surface water systems should also be carefully monitored.

Fortunately, after several reports on the presence of lethal ARGs, the Government
of India (GOI) has taken some necessary action but still, their proper implementa-
tion is underway. This might be due to improper health infrastructure, inaccessible
medical facilities in remote areas, and lack of laboratory facilities for national-level
monitoring of antimicrobial resistance.

2.3.3 Effects of PhACs on the Animal and Human Health

Toxicity caused by pharmaceutical substances in the Indian environment is undoubt-
edly a concerning issue (Kurunthachalam 2012; Philip et al. 2018). Several studies
reported that the presence of PhACs in the aquatic systemmay cause complex biolog-
ical effects on dwelling flora and fauna by significant alterations in biochemical
parameters, hematological indices, enzymological activity, ionoregulatory responses,
gene responses, plasmaphosphate levels, andhormonal levels (Philip et al. 2018). The
extinction of the vulture population from the Indian subcontinent is one of the finest
examples of the environmental impact caused by PhACs residues. The exemplary
mass extinction of mainly three species of vulture (Gyps bengalensis, Gyps indicus,
andGyps tenuirostris) is due to the consumption of livestock remains that weremedi-
cated with diclofenac (NSAID). Generally, high adult mortality and hence lives loss
have been related to renal failure and kidney malfunction. These are attributed to
in vivo assimilation of commonly used PhACs in high concentrations over a period.
According to a study (Stefanakis and Becker 2015), drugs associated with the central
nervous system, cardiovascular and anti-infective classes can turn out to be extremely
lethal to aquatic life as well as the outer environment. Anti-infectants are also found
very hazardous. Moreover, the long-term effect of these ECs is unknown especially
at low concentrations in surface water. However, researchers are addressing only
the specific classes of PhACs found in high concentrations in water bodies rather
than non-specified. However, the effect of these non-prescribed PhACs can be more
concerning. Hence there should be proper monitoring of every class of PhACs which
can inhabit thewastewater and so surfacewater. The contamination of groundwater is
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of primary concern as still, a huge population uses the groundwater as drinking water
directly for oral consumption in India. Furthermore, most of the respective scientific
studies focus on certain groups such as antibiotics, hormones, or antineoplastics, but
other groups such as antiulcerants and non-prescribed drugs also possess a potential
negative impact on the environment.

According to reports on the high concentration of PhACs andARGs inwastewater
and surface water, it is concluded that these residues are extremely toxic and lethal
to aquatic life too. Devarajan et al. (2015) analyzed the water samples collected from
hospital outlet pipes (HOP) and the Cauvery River Basin (CRB) in Tiruchirappalli,
Tamil Nadu, India. They analyzed these samples for organic matter, toxic metals,
and their ecotoxicity. The analysis report manifested the high concentration of toxic
metals in HOP, reaching values (mg kg−1) of 1851 (Cr), 210 (Cu), 986 (Zn), 82 (Pb),
and 17 (Hg) whereas in CRB concentrations were lower than that of in the HOP
(except for Cu, Pb), with maximum values (mg kg−1) of 75 (Cr), 906 (Cu), 649 (Zn),
111 (Pb), and 0.99 (Hg). As a result of the analysis report, the metal concentrations
in both sampling sites were much ahead of the permissible limit recommended by
Sediment Quality Guidelines (SQGs) and the Probable Effect Concentration (PEC)
for the Protection of Aquatic Life. In this study, the ecotoxicity test with ostracods
exposed to the sediment samples presented a mortality rate ranging from 22 to 100%
(in sediments from HOP) and 18–87% (in sediments from CRB). The effluents from
hospitals and pharmaceuticals outlets are extremely metal and PhACs loaded, and
hence it is a major source of pollution of water resources and may place aquatic
organisms and human health at risk.

2.4 Personal Care Products

Personal care products (PCPs) consist of generally organic compounds employed in
cosmetic and healthcare products which include deodorants, perfumes, shampoos,
sun scream, facial cream, sanitizers, cleaning products, and other products with
estrogenic activity (Pal et al. 2014; Gogoi et al. 2018).

The following Table 2.2 consists of all possible types of PCPs composed of
carcinogenic materials (Bu et al. 2013; Noguera-Oviedo and Aga 2016; Gogoi et al.
2018; Philip et al. 2018).

A list of emerging PCPs in surface water and wastewater (Verlicchi and Zambello
2015; Gogoi et al. 2018; Philip et al. 2018; Wang et al. 2021).

PCPs are dumped from domestic sources and cosmetic industries into surface
water and wastewater in their native and derivative forms. The major lethal effect
causing concern is the lipophilic nature of their constituents which hinders the
metabolism and the lifecycle of flora and fauna in the water ecosystem.
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2.4.1 Sources of PCPs

PCPs are most commonly dumped from domestic sources and cosmetic industries
into surfacewater andwastewater in their native and derivative forms. Primarily, three
categories of PCPs i.e. musk fragrances, disinfectants, antimicrobials, and preser-
vatives are monitored in water and surface water across the world (Bu et al. 2013).
Several reports are demonstrating the finding of these three categories of PCPs in
surface water of the Haihe River in China, Michigan Lake in the USA, the North
Sea in Germany, etc. (Bu et al. 2013). Notably, PhACs and PCPs can be accumu-
lated in sediments which further act as a source of ECs in the aquatic atmosphere
(Bu et al. 2013). The expired or unused PCPs, as well as drugs, even are generally
dumped from households into the water which ultimately turns into fatal for animal
or humans which consumes the untreated water in any forms (Stefanakis and Becker
2015). Besides Triclosan (TCS) and trichlorocarbon (TCC), paraben is drastically
used in PCPs. Their adverse health effects have become a public concern. According
to a study Wang et al. (2021), around six types of parabens, TCS and TCC were
found in 129 indoor dust samples. They are also observed in 203 urine samples from
two different cities in China along with four paraben metabolites. These trace level
PCPs like phenols, paraben, and phthalates are almost found in the aquatic system
of every part of the world (Santos et al. 2016; Sangeetha et al. 2021).

2.4.2 Occurrence of PCPs in Indian Environment

Primarily, three categories of PCPs i.e. musk fragrances, disinfectants, and preser-
vatives are monitored in water and surface water across the world. Nag et al. (2018)
monitored the occurrence of (TCS), the antibacterial agent commonly used in PCPs
inwater, sediment, and fish samples collected from a stretch of about 450 km of River
Gomti, a major tributary of River Ganga, in India. TCS was detected in the range of
1.1–9.65 μg/l while in sediments and fish samples, the level was 5.11–50.36 μg/kg
and 13–1040 μg/kg (wet weight basis), respectively. According to this evaluation,
TCS uptake via contaminated fish appeared below the permissible limit (50 μg/kg
body wt/day) and so there is no health hazard over a certain period. The high concen-
tration of irgasan was monitored at various places in the country varying in seasons
throughout the year. An extreme level of PCPs is dumped into the riverine system
especially on the occasion of religious gatherings like Kumbh Mela where millions
of pilgrims take a bath in holy rivers. Nowadays varieties of UV filters are used in
PCPs. Among UV filters, Benzophenone (BPs) and 4-Methylbenzylidene Camphor
(4-MBC) are often used to protect the skin and hair from UV radiations. BPs and
4-MBC are directly discharged to water bodies while cleaning and personal hygiene
process. Since the conventional treatment plants are incapable to remove the BPs and
4-MBC thoroughly. Therefore, BPs and 4-MBC have been consistently observed in
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wastewater and off-course surface water in various parts of the country as well as in
other parts of the world (Zhang et al. 2021a, b).

2.4.3 Effects of PCPs on the Animal and Human Health

Although the risk assessment is still underway for several components due to the
absence of extensive research still several forms of allergy andmutation are observed
in animals and humans as well. Hence an extensive form of research is required to
analyze the long-term impact of these ECs. PCPs like triclosan commonly used as
an antibacterial agent, shows highly toxic to aquatic flora and fauna such as algae,
zooplankton, and fish. It is highly bio-accumulative and has endocrine disruptive
properties. According to a report, UV filters used in PCPs are extremely ecotoxic
C. vulgaris (algae), D. Magna (zooplankton), and Brachydanio rerio (fish) (Zhang
et al. 2021a).

2.5 Endocrine Disruptors (EDCs)

Endocrine-disrupting compounds (EDCs) includes hormones, steroids, perfluori-
nated compounds, surfactants, and surfactantmetabolites, flame retardants, industrial
additives and agents, gasoline additives, antiseptics, plastic precursor, food additives,
herbicides, insecticide, artificial sweeteners, andnanomaterials thatmanifest carcino-
genic effects on the human endocrine system due to their androgenic or estrogenic
activities even at trace level (Table 2.3).

A list of emerging EDCs in surface water and wastewater (Pal et al. 2014; aus der
Beek et al. 2016; Tiwari et al. 2016; Kasonga et al. 2021).

These chemicals may disrupt the functioning of vital organs in human as well as
animal bodies adversely. United States Environmental Protection Agency (EPA) has
declared as external chemicalsmesswith themetabolism and anabolismof the body’s
natural hormones which functions in homeostasis, development, reproduction, and
behavior. There are three main classes of EDCs; estrogenic mocks the functioning
of the body’s natural estrogens; androgenic duplicates natural testosterone and last
thyroidal disrupts the functioning of the thyroid.

2.5.1 Sources of EDCs

A majority of ECs are not produced naturally and their occurrence in the aquatic
environment is entirely due to anthropogenic activities. The emergence of EDCs is
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predominantly accelerated by above mentioned domestic and industrial waste prod-
ucts dumped directly into the water which finally reaches surface water or ground-
water because wastewater is further dumped into water bodies without EDCs specific
treatment in water treatment plants, unfortunately. The presence of EDCs in the
aquatic environment was observed earlier in the 1970s but has received more atten-
tion in the 1990s with the use of advanced analytical methods for their detection at
very low concentrations.Most of PhACs and sometimes theirmetabolites were found
to exhibit EDC properties. Though they are found in immensely low concentrations
(ng L−1 or μg L−1) in wastewater they can be very hazardous in long-term exposure
to human beings and other organisms.

Phthalates like DBP and DEHP are mainly utilized plasticizers to give flexibility
to rigid polymers. These materials are components of industrial solvents, adhesive,
wax, ink, pharmaceutical products, insecticide materials, and cosmetics. The direct
human exposure of EDCs is mainly through the diet while using canned materials
as eateries. The phthalate is not covalently bound to PVC so it can leach, migrate
or evaporate into the body and environment and becomes ubiquitous (Tiwari et al.
2016).

2.5.2 Occurrence of EDCs in Indian Aquatic Environment

There are several reports on the occurrence of EDCs in Indian water reservoirs,
sediments as well soil (Tiwari et al. 2016; Gogoi et al. 2018; Philip et al. 2018;
Kasonga et al. 2021). According to a report (Tiwari et al. 2016), phthalates (PAEs),
bisphenol A (BPA), Di-n-butyl phthalate (DBP), and other EDCs were found signif-
icantly in surface sediments at different stations across Thane Creek, India. BPA and
DBP were detected in the range 0.13 and 0.4 mg kg−1 and 16.3 to 35.79 μg kg−1,
respectively. According to a study of the androgenic potential of WTPs influents
and effluents in the Northern part of the county, the concentration of four EDCs;
nonylphenol, hexachlorobenzene, and two testosterone was very appreciable, and
hence despite severe treatment, final treated effluent from WTP still had enough
androgenic and ecotoxic impact to general public health (Kumar et al. 2008).

Philip et al. (2018) reported the presence ofEDCs in all the environmentalmatrices
including air, water, sediment, wastewater, and sludge collected from the North zone,
south zone, west zone, and north zone. The ubiquitous presence of five phthalates
such as DEHP, DMP, DBP, DOP, and DEP has been reported in bed sediments of
Gomti River (Srivastava et al. 2010). The presence of phthalates was also detected
in indoor air, outdoor air, indoor dust, outdoor dust, and drinking water samples
collected from Jawaharlal Nehru University campus, India.
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2.5.3 Effects of EDCs on the Animal and Human Health

Their emergence in aquatic bodies can cause disruptive physiological processes,
sexual impairment, lesser fertility, and cancer in the human and animal body if
directly consumed even in low concentrations. Therefore, even a minute concentra-
tion of EDCs can increase the aquatic toxicity manifold and make the water system
inhabitable for its dwellers. EDCs are even reported to mock or alter the functioning
of hormones and distort the body fluid in the living organism. DEHPwas observed to
cause a drastic reduction in sperm production, motility, and velocity in goldfish over
a monthly exposure, and also there was a noteworthy decrease in 11-ketotestosterone
and luteinizing hormone levels over 15–30 days of exposure (Golshan et al. 2015).
Zhang et al. (2021b) have demonstrated the impact of DEHP and BPA throughout
exposure on rats and found that it can elevate the risk of breast cancer in females. The
datamanifested that BPAeven individually or in combinationwithDEHPmay induce
hyperplasia of mammary glands, including the proliferation of ductal epithelial cells
and an increase in the number of lobules and acinus after a 30-week exposure. In
another study Zhou et al. (2020), the combined exposure to PFOS and BPA can
provoke the increment in collagen and interventricular septal thickness (IVS) and
damage heart development.

2.6 Monitoring and Regulation of ECs in Wastewater
and Surface Water

2.6.1 Regulations and Guidelines

Since the conventional WTPs can not remove ECs completely as demonstrated by
their presence in drinking water, this is a potential threat to public health. The detec-
tion of ECs across the globe makes them ubiquitous. Moreover, several ECs are
degraded over the period but their constant use and abuse release them into the
environment and hence in water. That’s why they can be called “pseudo-persistent”
(Ebele et al. 2017). Pseudo-persistent PhACs are more fatal to the environment than
other organic ECs as they are getting replenished even after decomposition processes
such as biodegradation and photodegradation.

Attributing to awareness about the adverse impact of ECs on human and animal
health, several countries have imposed strict rules and regulations to monitor and
tackle the panic situation throughout the globe. Indian governments have also been
establishing several policies and rules over this issue of severe contamination of
water bodies and groundwater. Concerning the abrupt usage of antibiotics, GOI has
formulated a national policy on the application of antimicrobial drugs. Unfortu-
nately, the implementation was not practiced up to the mark due to various reasons,
for example, unorganized health infrastructure, poor medical facilities in remote
areas, lack of coordination national level monitoring of antimicrobial resistance.
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Later, to pose more restrictions on counter sales of PhACs and drugs, the Drugs and
Cosmetic Rule, 1945 underwent amendation realizing Schedule H1 in the year 2013
which incorporated 46 more drugs including 3rd and 4th generation antibiotics, anti
TB drugs, and narcotic drugs (Philip et al. 2018). After 1 year this Schedule H1 was
implemented in the country inMarch 2014 by Central Drugs Standard Control Orga-
nization (CDSCO).Afterward, authorities took the initiative of ‘Chennai declaration’
in 2012 to tackle the issue of antimicrobial resistance in the country andmade a 5-year
strategy to control antibiotic resistance. Onwards, National Action Plan on Antimi-
crobial Resistance (NAP-AMR) 2017–2021, was actuated in the country along with
six strategic rules to combat antimicrobial resistance and contribute towards the
global efforts to tackle this public health threat (Oviedo and Aga 2016). Despite all
of this, the country is facing the problem of emerging contaminants in surface water
and groundwater bodies. This is basically because of inefficient treatment of phar-
maceutical industrial effluents, hospital effluents, urban runoff, etc. (as presented in
Fig. 2.3) as well as extremely poor sanitation facilities in both rural and urban areas.
The abrupt use of PhACs and PCPs is going to result in a panic situation for highly
populated countries such as India. The distribution and fate of ECs in the environ-
mental matrices are still unclear due to the lack of comprehensive studies. A few
studies have reported the presence of PhACs and PCPs in the rivers but are limited
to few sampling locations and target compounds. In India, the capacity of WTPs
is considerably less than the sewage produced leading to the discharge of partially
treated or untreated sewage being discharged into the surface water bodies.

In nutshell, to tackle this problem, there should be strict rules on the implemen-
tation of existing national drug policies. Moreover, an awareness program on the
application of PhACs, PCPs, EDCs, and other abusive drugs should be run across the

Fig. 2.3 The main sources and possible pollution pathways of ECs accumulation in surface water
and groundwater
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country. The proper handling of expired and unused drugs is the utmost requirement
today through establishing a new regulation over its disposal and counter-sell.

2.6.2 Analytical Methods for Monitoring of ECs

There has been great improvement in analytical tools to achieve better chemical
identification and quantification of ECs as well as their metabolites. Convention-
ally, ultra-violet visible (UV–Visible) spectrophotometry has been employed for the
determination of PhACs and other drugs in various types of water matrices. But
over the period, there have been advancements in varieties of ECs so new tech-
niques were developed which can even trace the minute concentrations of ECs i.e.
ppm or sub-ppm level in surface water, groundwater, and wastewater. The analytical
techniques like gas chromatography with mass spectrometry (GC–MS) or GC with
tandemMS (GC–MS/MS) and liquid chromatography with mass spectrometry (LC–
MS) or LC with tandem MS (LC–MS/MS) are employed for trace level detection
of ECs. Amongst, LC–MS/MS is the most preferred analytical technique in ECs
detection. LC–MS/MS technique performs the separation and exact detection of co-
eluted ECs having similar molecular mass, but different productions. Additionally,
MS/MS combination allows better analytical selectivity and sensitivity in complex
water samples (Luo et al. 2014; Pal et al. 2014; Rehman et al. 2015; Stefanakis and
Becker 2015; Verlicchi and Zambello 2015; Pavithra et al. 2017; Philip et al. 2018;
Kasonga et al. 2021).

Besides the trace level detection of ECs, it is also very important to monitor
the health impact of these ECs on macroinvertebrates and other organisms in the
water. Hershberger assays are generally used to monitor the androgenicity caused
by EDCs (Kumar et al. 2008). To make the traditional WTPs capable to treat ECs,
they have to be equipped with modern technologies including adsorption, biodegra-
dation, membrane technology, and advanced oxidation processes (AOPs). Further
X-rays radiation can be employed for the removal of parabens and EDCs in water.
Moreover, the heterogeneous photocatalytic process appears to be more favored for
the removal of parabens due to its ability to mineralize parabens in water. However,
more work is needed to improve this ability of heterogeneous photocatalysts.

2.7 Conclusions

The emergence of pollutants in wastewater has affected the physiological and repro-
duction processes of the organism by impairing the functioning biological system
inside the body. This has also increased the probability of cancer in human beings
and other organisms and developed antibiotic resistance in bacteria. As a result of
excessive drugs and their metabolite loading in biota, ARGs have been recorded
widely and this can be fatal for the ecosystem which may not be further cured.
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So far, any serious research to dive deep over emerging pollutants and their
possible effect has not yet been checked thoroughly. Furthermore, the pharmaceutical
industry is all overspread in the country but still, the major clusters are concentrated
inMaharashtra, Gujrat,West Bengal, Andhra Pradesh, Tamil NaduMadhya Pradesh,
and Goa, but unfortunately, there are very few assessments surfaced to reflect the
status of ECs in wastewater and surface water. Hence the authorities and academia
responsible for the monitoring of ECs should be more active in fieldwork rather than
doing paperwork. Further, time-wise risk assessment and status of all possible ECs
in wastewater or surface water present in every province must be updated earnestly
on record.

Additionally, WTPs are still not well equipped to treat the wastewater and make
it free of ECs. Resultantly, water effluents carrying an abundance of ECs have been
carried out to rivers and other open water bodies causing a threat for water bodies as
well as human beings.

Therefore, wastewater effluents after treatment from WTPs must be checked for
the presence of ECs. WTPs must be equipped with effective detection and removal
techniques to ensure the absence of ECs in wastewater effluents. After removal of
ECs and mitigating much below the permissible limit wastewater effluents must be
discharged to the aquatic system. Additionally, the long-term effect of ECs expo-
sure to the ecosystem must be carefully analyzed to avoid any kind of casualties or
incidence of aquatic pollution.

Noteworthy, most of the reported studies reflecting the presence of ECs in diverse
environmental matrices including biological samples in India are executed by scien-
tific groups overseas. Various types of possible samples such as influent, effluent,
sludge,water, sediment, soil, air, and biological sampleswere collected fromdifferent
locations in India and analyzed at laboratories situated abroad. Therefore, a moni-
toring committee should be established to monitor the time-wise accumulation of
ECs into the aquatic system of the country as soon as possible.

Regarding more strict regulation on monitoring of ECs across the country, GOI
must make more stringent rules as well as the national authorities responsible to
give time-wise report on the risk analysis and status of ECs in Indian aquatic life
both surface water and groundwater. Hence there is a suggestion given inspired by
the European Union recommendation that each Member of Parliament can submit a
monitoring and measuring program to the European Commission, to achieve a good
chemical status of the surface water.
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Table 2.1 A list of major classes of PhACs depicting potential risks on human health and other
organisms

Emerging pharmaceuticals contaminant groups Contaminants

Human antibiotics and veterinary Trimethoprim, streptomycin, amoxicillin,
lincomycin, sulfamethoxazole,
chloramphenicol, Triclosan

Analgesics, anti-inflammatory drugs Ibuprofene, diclofenac, codein,
acetaminophen, acetylsalicilyc acid,
fenoprofen, tramadol

Psychiatric drugs (Anticonvulsant) Diazepam, carbamazepine, primidone,
salbutamol

β-blockers Metoprolol, propanolol, timolol, atenolol,
sotalol

Lipid regulators Bezafibrate, clofibric acid, fenofibric acid,
etofibrate, gemfibrozil

X-ray contrasts Iopromide, iopamidol, diatrizoate

Stimulants Caffeine, nicotine

Antihypertensive Triamterene, valsartan, hydrochlorothiazide

Antidepressant Desmethyl-venlafaxine, antihypertensive,
temazepam, venlafaxine hydroxybupropion

Antiepileptic Phenytoin, pregabalin, lamotrigine,
gabapentin

Antihyperlipidemic Gemfibrozil

Antiarrhythmic Lidocaine

Drug precursor Acetophenone

Table 2.2 A list of all possible types of PCPs composed of carcinogenic materials

Emerging PCPs Contaminant groups Contaminants

Fragrances Nitro, polycyclic and macrocyclic musks, phthalates
(galaxolide, celestolide, tonalide, phantolide, traseolide,
musk ketone, musk xylene Cashmeran)

Sun-screen agents Benzophenone, methylbenzylidene camphor

Shampoos and facial creams Dimethicone, sodium laureth sulfate, sodium laureth
sulfate, cocamidopropyl betaine

Cleansing products Perchloroethylene, bleach

Toners Iopamidol, diatrizoic acid

Soaps and detergents Triclocarban, triclosan
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Table 2.3 A list of emerging EDCs in surface water and wastewater

Emerging EDCs contaminant groups Contaminants

Hormones and steroids Estradiol, estrone, estriol, diethylstilbestrol (DES),
17-α-Ethinylestradiol

Perfluorinated compounds Perfluorotoctane sulfonates (PFOS), perfluoroctanoic
acid (PFOA)

Surfactants and surfactant metabolites Alkylphenol ethoxylates, 4-nonylphnol, 4-octylphenol,
alkylphenol carboxylates, tributyl phosphate,
octylphenols, nonylphenols, di(2-ethylhexyl) phthalate
(DEHP)

Flame retardants Polybrominated diphenyl ethers (PBDEs):
polybrominated biphenyls (PBBs), polybrominated
dibenzo-p-dioxins (PBDDs), polybrominated
dibenzofurans (PBDFs), tetrabromo bisphenol A,
C10-C13 chloroalkanes, tris (2-chloroethyl)phosphate,
hexabromocyclododecane (HBCDs)

Industrial additives and agents Chelating agents (EDTA), aromatic sulfonates

Gasoline additives Dialkyl ethers, methyl-t-butyl ether (MTBE)

Antiseptics Triclosan, chloroprene

Plastic precursor Bisphenol A, phenol

Food additives Butylated hydroxyanisole, triethyl citrate

Herbicides 2,4-D, atrazine, bromacil, dDiuron, MCPP,
metolachlor, metolachlor ESA, triclopyr

Insecticide Imidacloprid, carbaryl

Artifical sweeteners Acesulfame, cyclamate, saccharin, sucralose

Nanomaterials Inorganic metal oxides

UV-filters Octocrylene, oxybenzone

Insect repellents N,N-diethyltoluamide
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Abstract Anemerging class of pervasive pollutants,microplastics are being increas-
ingly detected in almost all the environmental matrices. Microplastics are plastic
particles having a size of less than 5 mm, either formed from the disintegration of
large plastics in the environment due to natural and anthropogenic factors, named
as secondary microplastics, or manufactured that way for industrial and commercial
uses, namely primary microplastics. They occur in a variety of shapes such as beads,
fibres, fragments, foams, etc. in nature. As an emerging pollutant, they are gaining
popularity among researchers due to massive abundance and yet to be identified
potential impacts on different tiers of the ecosystem. This chapter reviews the occur-
rence and abundance ofmicroplastics in all the environmental compartments, various
detection methods, different sources of generation, and their fate and transport in air,
water, and soil. A discussion on current trends of their exposure levels on biota and
ecotoxicological effects is also included. Further, the potential of microplastics as
the carriers of other organic pollutants and leaching out of toxic chemicals from
microplastics are also reviewed.
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3.1 Introduction

The invention of plastics has made our everyday lives more comfortable and simpler
such that plastic commodities mark their presence omnipresent. Easy availability,
convenience to handle, clubbed together with cost-effectiveness resulted in misman-
agement of plastics. This carelessness or inefficiency in the system attribute to their
loss from the global value chain. A notable portion of the total manufactured plastics
is getting lost into the environmental compartments during their use and/or disposal
phase (Ryberg et al. 2019). Apart from the plastic debris loss into the natural system
(macroplastics), small plastic particles, named microplastics (MPs), are also getting
released into the environment. Lately, researchers have recognizedMPs as one of the
important classes of emerging pollutants due to their perseverance in the environment
and possible environmental toxicity (Seth and Shriwastav 2018).

MPs are characterized as plastic particles having a size <5 mm (Browne et al.
2007; Qiu et al. 2015; Zhang et al. 2018; Wu et al. 2019a). The lower size limit in
the classification is usually taken as 1μm and therefore plastic particles smaller than
1 μm in length are named nano plastics (WHO 2019). Based on their shapes, MPs
are mainly classified as microbeads, foams, fibers, films, and fragments (Andrady
2011; UNEP 2018). They are broadly classified as primary and secondaryMPs based
on origin. Primary MPs are produced less than 5 mm in size mostly in the form of
beads and fibres for various industrial and commercial applications. Secondary MPs
are generated by the disintegration of larger plastic debris upon the action of various
physicochemical factors. These generally occur mostly as fibers, foams, and frag-
ments (Wu et al. 2019a). These plastic particles occur in nature in a variety of polymer
types viz. polystyrene (PS), polypropylene (PP), polyethylene (PE), polyurethane
(PU), polyvinyl chloride (PVC), etc.

This chapter discusses the basic information about the occurrence and abundance
of this emerging pollutant. Different methods used at present for their identification
are discussed. Further, various sources of generation of MPs and their fate and trans-
port in different environmental matrices are discussed. A special focus on exposure
levels on different biota and reported results of ecotoxicological effects studies are
presented. Apart from being an important class of pollutants on their own, MPs are
also carriers of persistent organic pollutants (POPs) in the environment. Therefore,
a brief discussion on the potentiality of MPs as the carriers of other organic pollu-
tants is discussed. Adding on, the leaching of different chemical additives fromMPs
is also an issue of concern. Thus, a review of the leaching of plastic additives and
adjacent risks are discussed. Altogether, the chapter provides an overview of MPs as
an emerging contaminant in the environment.
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3.2 Occurrence and Abundance in Various Matrices

The data published by the researchers and scientists on the MP occurrence in
the ecosystem in recent times have increased the awareness among people about
microplastic pollution. (Picó and Barceló 2019; Tang et al. 2020b; Shruti et al.
2020a; Patti et al. 2020; Selvam et al. 2021). The analytical data indicates that
there are broadly five shape types are present in the environment viz. foams,
pellets(microbeads), fragments, fibres, and films. These aremade up of commercially
available polymers such as polyethylene, polypropylene, polystyrene, polyvinyl
chloride (PVC), and sometimes a composite of any two polymers (Tiwari et al.
2019; Shruti et al. 2020b; Selvam et al. 2021). Out of these, around 60% of MPs
have a size range of less than 1 mm. Scientist discovered that MPs comprised large
quantity of secondary MPs out of which fragments and fiber has a share of 48% and
24%, respectively (Karthik et al. 2018; Tiwari et al. 2019).

MP contamination differs geographically. The occurrence and abundance of MP
are primarily governed by environmental (Imhof et al. 2013; Kim et al. 2015;
Veerasingam et al. 2016) as well as anthropogenic factors (Sarafraz et al. 2016).
Nevertheless, environmental parameters possibly play amajor role in the dispersal of
MP than anthropogenic ones (Zhang et al. 2019; Herrera et al. 2020). Environmental
factors such as the direction of the wind, wave motion, hurricanes, and river hydro-
dynamics outline the occurrence of microplastic (Liubartseva et al. 2016; Besseling
et al. 2017; Cai et al. 2017). The abundance of MP is directly proportional to the
intensity of these environmental factors (Besseling et al. 2017; Cai et al. 2017). On
the other side, anthropogenic factors include population density and human activities
that lead to the build-up of these minute plastic particles in the milieu (Sarafraz et al.
2016). The level of microplastic pollution could be closely correlated to specific
human activities than the global plastic production and its utilization (Anbumani
and Kakkar 2018). Taking into account the hotspots of MPs, aquatic ecosystems are
acting as a sink for MP. But, the recent studies in the area of MP pollution direct their
existence on every corner of an ecosystem (Anbumani and Kakkar 2018; Guzzetti
et al. 2018; Zhang et al. 2020a; Pham et al. 2021; Wang et al. 2021).

3.2.1 Aquatic Environment

Studies have stated the presence of MPs in aquatic environments around the globe
and are projected to increase two folds by 2030 (Wang and Wang 2018; Isobe et al.
2019; Tang et al. 2020a). MP has not only been detected in beaches, surface waters,
sediments, basically throughout the water column but also within the biota (Duis and
Coors 2016; Anbumani and Kakkar 2018; Klein et al. 2018; Wang and Wang 2018).
However, research in themarine environment dominates freshwater and other aquatic
expanses. For a fact, less than 4% of MP-related research is allied with freshwater
habitat (Wagner and Lambert 2018). Nonetheless, existing studies revealed that the
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abundance of MPs in freshwaters is analogous to that of the saltwater ecosystem but
the distribution is extremely diverse (Anbumani and Kakkar 2018; Li et al. 2018;
Sridharan et al. 2021).A range of 38–234 items/m3 of polyamide (PA), polypropylene
(PP), polystyrene (PS), and polyethylene (PE) types of MPs were observed from the
ice cores in the Arctic (Obbard et al. 2014). On the other hand, in the Atlantic Ocean,
Kanhai et al. (2017) quantified the average microplastic as 1.15 ± 1.45 items/m3. In
2015, about 3000microplastic particleswere gathered fromsix beaches along theGoa
coast (Veerasingamet al. 2016), likewise 932 items/m3 inSouthernOcean (Isobe et al.
2019) and 0.13 items/m3 in Northern South China Sea (Sun et al. 2018). Research
findings revealed the occurrence of MPs in lakes, rivers, and estuaries (Imhof et al.
2013; Klein et al. 2018). Considering Indian scenario, freshwater MP particles in
the quantity of 28 items/m3 and 5900 items/m3 were detected from the Veeranam
lake and Red Hills lake of Tamil Nadu respectively (Gopinath et al.; Bharath et al.
2021). The source of freshwater MPs could be a fragmentation of plastic particles
in the water column or from leaching of MP particles from terrestrial or from direct
effluent discharge from wastewater treatment plants and households (Li et al. 2018,
2020a; Boyle and Örmeci 2020).

3.2.2 Terrestrial Environment

The origin of a greater number of aquatic MPs pollution is from in-land sources,
therefore the presence ofMPs in the terrestrial environment cannot be ignored (Huang
et al. 2020; Boyle andÖrmeci 2020;Wang et al. 2021; Sridharan et al. 2021). Though
the occurrence of MPs in the terrestrial environment is apparent due to littering and
application of sewage sludge to land and also soils have been assumed to be a sink
for MPs, there is very little information on the concentration of MPs in the terrestrial
ecosystem (Rillig and Bonkowski 2018; Yang et al. 2021a; Sridharan et al. 2021).
So far, research on terrestrial MP s has been conducted on a global scale, including
in Asia, Europe, North America, and Australia (Fuller and Gautam 2016; Zhou et al.
2018; Huang et al. 2020; Li et al. 2020c). Since China accounts for 31% of the
world’s plastic production, most of the MP research is pursued in China (URL-1).
The study ofMPs contamination in seashore sand ofBohai sea andYellow sea, China,
accounted for an average of 14,712.5 items/kg (Zhou et al. 2018). One of the major
sources behind the terrestrial contamination is the improper disposal of agricultural
plastic films that indirectly resulted in the accumulation of MPs and film-like MPs
(Huang et al. 2020). A recent study on agricultural soil in Xinjiang province indicates
that the average concentration of 40.35 mg/kg of MP of size range 0.9–2.0 mm has
been covered with plastic film for 30 years (Li et al. 2020c). In Southern America’s
Chile’s Región Metropolitana, the average concentrations of MPs present in the soil
collected from farmlands and meadows are 306 ± 306 and 184 ± 266 items/kg,
respectively (Corradini et al. 2021). Comparing with agricultural soil, the soil of an
industrial area in Sydney has shown a high concentration of MP contamination, it
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varies from 300 to 6900 items/kg (Fuller and Gautam 2016). In Washington, USA,
Helcoski et al. (2020) reported a parallel abundance of MPs (1, 270 ± 150 items/kg)
in a tidal freshwater wetland.

3.2.3 Atmosphere

Besides studies of MPs in aquatic and terrestrial environments, recent research has
detected MPs from atmospheric fallout in cities of China, France, and Germany (Cai
et al. 2017; Dris et al. 2017; Klein and Fischer 2019). The high-density urban popu-
lations of these cities generate a huge amount of plastic waste. (Dris et al. 2015; Cai
et al. 2017; Klein and Fischer 2019). Though the presence of MP in the atmosphere
has become prominent, research regarding atmospheric MPs pollution is in its initial
stages. Studies examining atmospheric microplastic primarily detected natural as
well as synthetic fibers in the air (Can-Güven; Cai et al. 2017; Dris et al. 2017;
Wright et al. 2020; Zhang et al. 2020a). Among the various polymer types, polyethy-
lene terephthalate (PET) and polyethylene (PE) were reported at high concentra-
tions, along with innumerable colours of MPs (Can-Güven; Dris et al. 2017; Allen
et al. 2019; Szewc et al. 2021). Initiating research carried out on atmospheric fallout
samples in Paris, France, reported 29–280 particles of MPs, of which 90% were
fibers (Dris et al. 2015). Another study in the same city reported a higher number
of MP fibers in indoor air (5.4 fibers m−3) than outdoor air (0.9 fibers m−3) of two
private apartments and one office (Dris et al. 2017). Research conducted in Dong-
guan, China, determined 175–313 particles m−2 day−1 of fibers, foams, fragments,
and films shaped MPs among which fibers were prevailing (Cai et al. 2017). Prime
sources for atmospheric MP pollution were specified as fabrics, various anthro-
pogenic activities, and break down of large plastics and the wind was the principal
transport system (Wright et al. 2020; Zhang et al. 2020a, b).

Allen et al. (2019) studied the abundance of atmospheric MPs in an isolated area
of the Pyrenees mountains in southwestern Europe and reported the MP value as 366
particles m−2d−1. Similar research also indicated that tiny plastic particles (300um)
were able to get easily carried away over long spaces by the air (Allen et al. 2019).
In the shoreline of the southern Baltic area, Europe, atmospheric MP were deposited
with an abundance from 0 m−2 day−1 to 30 m−2 day−1 (Szewc et al. 2021). Among
the total MPs, fibers were the prevailing type with 60% concentration, whereas films
and fragments individually were founded at 26% and 14% concentration. Some of
the reported concentrations of MPs in different environmental matrices are shown in
Table 3.1.

Currently, one of themajor limitations of perception on occurrence and abundance
of MP pollution research is the dearth of standardization of data and approaches
that are extensively used by the researchers. The relationship between the detection
techniques and sample period representation is a further important study area that
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Table 3.1 Occurrence and abundance of MPs in the environment

Matrices Study Area MP type Size Abundance References

Freshwater The western
river
downstream,
China
Elbe river,
Germany

PE, PP,
PVC,
PET
PS

≤0.5 mm k
0.125–5 mm

Sediment: 2560–10,240
items/kg and Surface
water: 2.99–9.87 items/L
Sediment: 3,350,000
particles/m3 and surface
water: 5.57 particles/m3

Huang et al.
(2021)
Scherer et al.
(2020)

Marine Monterey
Bay National
Marine
Sanctuary,
California

PE and
PP

≤5 mm Average concentration of
1.32 ± 0.70 particles/m3

Kashiwabara
et al. (2021)

Wastewater
Treatment
Plant

Sydney,
Australia
Cadiz, Spain

PS 12
Different
types of
MPs

≤5 mm 12
0.1–5 mm

3.6 × 10ˆ6 MPs/day after
tertiary treatment
Urban WWTP—16.40 ±
7.85 MPs/L. Industrial
WWTP—131.35 ± 95.36
MPs/L

Ziajahromi
et al. (2021)
Franco et al.
(2021)

Soil Southeast
China
Qinghai-Tibet
plateau,
China

PE, PP,
PES
PE, PP

0.5–5 mm
≤5 mm

1250 ± 640 particles/kg
in pig manure
Shallow soil: 53.2 ± 29.7
particles/kg Deep Soil:
43.9 ± 22.3 particles/kg

Yang et al.
(2021a, b)
Feng et al.
(2021)

Atmospheric
deposition

Hamburg,
Germany
Kusatsu
(Japan), Da
Nang
(Vietnam),
and
Kathmandu
(Nepal)

PE
Different
types of
MPs

0.063–0.3 mm
0.1–5 mm

275 particles/m2/Day1

Road dust from three
cities: 0.10–39.6
pieces/m2

Klein and
Fischer
(2019)
Yukioka
et al. (2020)

requires taking into account to retrieve more accurate data on the abundance in future
microplastic research (Wang and Wang 2018; Allen et al. 2019; Tang et al. 2020a;
Zhang et al. 2021; Sridharan et al. 2021).

3.3 Detection Methods of MPs

Prior to detection and quantification ofMPs in environmental systems, these pollutant
particles must be extracted from the background media. After sampling the respec-
tive media, the extraction process of MPs begins. The first and foremost step is the
volume reduction of the medium. This is usually done by sieving, elutriation, filtra-
tion, etc. After volume reduction, the background is to be eliminated by removing all
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the inorganic and organic contamination present. This step is followed by the identi-
fication and quantification of MPs (Wagner and Lambert 2018). The series of these
steps may vary with the compartment under study and the nature of contamination.
Literature-reported steps in the extraction and detection methods of MPs in various
matrices are drafted below.

3.3.1 Sampling

Representative sampling is the most important step, details of which vary with
the research question it addresses. For water sampling, various types of equipment
like neuston or manta nets, plankton nets, sieves, pumps, and ex-situ filtration are
commonly used for sample collection (Prata et al. 2019). The choice of equipment
depends on the quantity of sample, location, the budget of study, availability, etc. Any
choice of grab sampling or composite sampling is preferred for sampling, however,
to account for the extreme variability in shape, size, and abundance of MPs within
a specified sampling region, composite samples are highly recommended (Möller
et al. 2020). The size of samples varies with different types of samples, accounting
for the nature and extent of pollution The MP concentration in water samples is
usually expressed in the number of particles per litre of sample or mass of MPs per
litre of samples.

Usually, sediments samples which are collected from the shoreline and bottom
region of aquatic bodies are analyzed for the presence of MPs. In Sediments and soil
samples, samples are collected mainly from the top 2–5 cm layer since a majority
of MPs tend to be found in that depth (Wagner and Lambert 2018). Grid sampling
or bulk sampling is preferred in shoreline sampling and for the waterbed sampling,
core cutters or grid samplers are preferred (Prata et al. 2019). MP concentration in
sediments is generally reported as the number of particles per kg of sediments.

For air sampling of MPs, two kinds of samplers are used: passive atmospheric
deposition sampling and active pumped samplers (Chen et al. 2020b). In passive
sampling, the atmospheric fallout is collected in a water column and analysed for the
presence of MPs (Dris et al. 2016; Cai et al. 2017). Other passive methods include
the collection of dust with vacuum cleaners and brushes and further analysis (Dris
et al. 2017). Pumped air samplers like PM 10 and PM 2.5 (Particulate matter with
aerodynamic diameter less than 10 μm and 2.5 μm respectively) are often used
for active air sampling of MPs. The setup consists of pump and filter system for
the collection of air-borne particles (Chen et al. 2020b). The MP pollution in air is
expressed as the number of particles/m2 day.
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3.3.2 Extraction

Reducing the volume of background media is the first step to be followed in the MP
extraction. Mostly, this is done by sieving and/or filtration of the collected samples.
Further volume reduction is achieved by using various separation techniques like
density separation, elutriation, magnetic separation, electrostatic techniques, etc. In
density separation, the difference in densities of MPs and bulk medium is employed
for the separation ofMPs from bulkmedia. Salt solutions of sodium chloride, sodium
iodide, and zinc chloride are commonly used in this process (Wagner and Lambert
2018). Density separation is also achieved with another method called elutriation. In
the elutriation method, water is injected from the bottom of the column to make the
MPs get floated on the top, which is further subjected to density separation using salt
solutions. This method consumes a lesser quantity of salts but is time-consuming
(Kedzierski et al. 2016). Another method utilises hydrophobic properties of plastics
for their separation using oils (Prata et al. 2019). Other efficient techniques include
particle impact electro-chemistry using electrostatic behavior of plastic particles
(Felsing et al. 2018), oil extraction protocol which utilises oleophilic properties of
MPs (Crichton et al. 2017), magnetic separation (Helm et al. 2020), froth floatation
(Marques and Tenório 2000), etc.

Environmental samples contain organic matter associated with MPs and need to
be removed before analysis, particularly with the visual identification method of
MPs. Acid digestion, alkali digestion, oxidative digestion, and enzymatic digestion
are the popular ways to remove organic debris from environmental samples (Prata
et al. 2019). Acid digestion employs the heating of a mixture of acid (mostly HNO3)
and sample at 60 °C or above, however has its demerit to degrade some polymers
(like nylon, PET, etc.) and therefore not highly recommended (Rocha-Santos and
Duarte 2017). Alkali digestion commonly employs the use of NaOH and KOH as the
digestion solution. Though this method is efficient enough to achieve the removal
of organics from the matrix, it owes to the disadvantage of time-consuming and
destruction/decoloration ofMPs (Foekema et al. 2013;Karami et al. 2017).Oxidizing
agent hydrogen peroxide (H2O2 30%) is recommended over acid and alkali digestion
with little effect onMPs for their extraction from the organic media (Prata et al. 2019;
Möller et al. 2020). NOAA (Marine Debris Program 2015) recommends the use of
wet peroxide oxidation method in which a mixture of 0.05 M Fe(II) solution and
30% H2O2 heated up to 75 °C were effectively used for the extraction of MPs from
sediment media. In the enzymatic digestion methods, the different enzymes like
corolase, trypsin, papain, pepsin, etc. are used with different operational conditions.
The enzymatic method is promising on the extraction of MPs as very less effect on
MPs is observed with the enzyme digestion. However, it is rarely employed due to
the high cost of enzymes. Even though a series of steps were discussed above for
the sample extraction, it is to be noted that some studies employ organics removal
prior to inorganics, and therefore the series of processes depend on the properties of
samples.
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3.3.3 Identification Methods of MPs

Visual identification with the help of a microscope is one of the most commonly
adopted methods for identifying extracted MPs. Fluorescence microscopy is recom-
mended if the particles are colourless or transparent in appearance. However, the
visual identification with the help of microscopic methods is inefficient and less
accurate as polymer type identification is not possible. The polymer type identifi-
cation is often achieved with spectroscopic or spectrometric methods. Nevertheless,
visual methods should not be used separately from spectroscopic methods, the latter
can be used to confirm the results. Lately, a novel method of visual identification of
MPs in environmental samples is developed based on specific fluorescent staining
with Nile Red dye (Shim et al. 2016; Maes et al. 2017). This approach is based on the
property of dye adsorbed plastic particles emitting green fluorescence in blue light.
Staining followed by fluorescence microscopy helps in the detection of MPs in the
samples. The microscopic images are further analysed to quantify the MPs particles.

Sophisticated methods of identification are spectroscopic methods like Fourier
transform infrared spectroscopy, Raman spectroscopy, and scanning electron
microscopy. Other methods include a combination of density separation and C:H:N
ratio analysis (Morét-Ferguson et al. 2010) and pyrolysis GC/MS (Fries et al.
2013). In the density separation method, different polymers are identified based
on their difference in estimated density using experimentation and confirmation
based on C:H:N ratio analysis. This method provides a rough estimate and is time-
consuming. In pyrolysis GC/MS, the characteristic pyrograms of combustion prod-
ucts are compared with the pyrograms of polymer types for identification. Identifica-
tion of the chemical composition ofMPs is possible with pyrolysis GC/MS, but owes
its demerit in identifying smaller-sized particles. Table 3.2 describes the advantages
and disadvantages of different identification methods of MPs.With the existing limi-
tations of currently used techniques, there is in need for developing more techniques
that are simple, easy, and sensitive in analysing MPs samples.

3.4 Sources of Generation of MPs

The inventory of plastics has been a significant logical accomplishment that has
influenced practically every part of human life. A world without the presence of
plastics is difficult to envision now, however, their large-scale manufacturing and
use go back just to 1950 (UNEP 2018). Plastics’ biggest use is in the packaging
sector where the reusable items are supplanted with single-use plastics and as a
result of this, the worldwide generation of plastic wastes in MSW expanded from
1% in 1960 to over 10% (bymass) in 2005 (Geyer et al. 2017). However, a significant
share of this produced plastics is lost into the environment during the use phase or
end of life phase due to the inefficient management of wastes. This plastic loss is
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Table 3.2 Identification methods of MPs (Shim et al. 2017; Chen et al. 2020b)

Method Principle Merits Demerits

Visual identification Observation under
microscope

Cost-effective Cannot be used for
smaller particles
Time-consuming
Polymer identification
is not possible

Fourier transform
infrared spectroscopy

Polymer-specific
excited molecular
vibrations are detected
when samples are
exposed to IR radiation

Non-destructive
technique,
Smaller particles can
be detected,
Reveals chemical
composition

Expensive
Experienced operators
are needed
Sample pretreatment
needed

Raman Spectroscopy Excited light is
detected after a laser
irradiated onto target
sample. The frequency
shift between two light
is used to identify the
molecular structure
and chemical
components of samples

Works for smaller
particles,
Polymer type can be
identified

Time consuming
Expensive
Experienced operators
are needed
Sample pretreatment
required

Scanning Electron
Microscopy

The images are
obtained by the
interaction of a
high-intensity electron
beam with the sample

Surface Morphology
can be obtained

Time consuming
Labour intensive

Pyrolysis–Gas
Chromatography-Mass

Thermal degradation
products are analysed
for polymer types

Polymer type
identification

Time consuming
Sample destruction
Polymer identification
is limited

polluting the environment as MPs which is resulted from various anthropogenic and
natural factors.

Household-level generation of plastic waste is an important contributor to plastic
pollution in the environment. Different plastic items used in households end up in
the generation of plastic litter and further generation of secondary MPs. In a study
conducted by Qu et al. (2009), about 10% of total waste generated in the household
is comprised of plastics. Another study by Phuc and Yasuhiro (2011) in Vietnam
reported an average plastic waste generation of 17.24 g/cap/day. This plastic debris
lost from households and industries eventually results in the formation of secondary
MPs. Household sources of primary MPs are personal care products (van Wezel
et al. 2016), laundry (Henry et al. 2019), paints, and furnishings (Gaylarde et al.
2021), abrasion of plastic items (Sobhani et al. 2020), etc. This section describes
the most significantly identified inland sources of MPs in the three environmental
compartments: air, water, and soil.
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3.4.1 Aquatic Bodies

About 80% of plastic contamination in aquatic bodies is accounted to the land-
based sources and the remaining 20% to sea-based activities (Galafassi et al.
2019). The identified inland sources of microplastic pollution are WWTPs, reuse
of sewage sludge, surface runoffs, municipal solid waste, plastic litter, and industrial
wastes/discharges (Galafassi et al. 2019; Ryberg et al. 2019; Wu et al. 2019a).

MPs in the wastewater are mostly primary MPs having an average size of about
250 μm, originating mainly from the cosmetic and personal care products like facial
cleansers, shampoos, toothpaste (Praveena et al. 2018), etc. along with synthetic
textile fibers which are resulted from laundry washing (Sillanpää and Sainio 2017).
Other important ways are abrasion or breaking or opening of plastic containers and
bags in houses, plastic utensils/sieves/appliances (Sobhani et al. 2020), MPs from
tyre abrasion, road markings (Siegfried et al. 2017), and paints (Gaylarde et al.
2021) reaching the urban stormwater runoff, industrial applications like blasting
and molding operations, Landfill leachate, wet sedimentation process/ atmospheric
fallouts (Ngo et al. 2019). Wastewater treatment plants (WWTPs) are identified as
the significant contributor to anthropogenic emission of MPs in aquatic bodies and
terrestrial systems though they also act as barriers to MPs (Prata 2018a). Though
WWTPs are capable of removing a majority of the MPs from effluent, the removed
particles persist in sewage sludge and directly reach the agricultural land by land
application of sludge (Rolsky et al. 2020). Also, the inability of existing WWTPs
to remove very small MPs along with the high volume of wastewater treated makes
WWTP effluent a significant contributor of MPs in aquatic bodies (Magni et al.
2019). Therefore, WWTPs act as both collectors of MPs from anthropogenic use as
well as a source for MP pollution in the natural environment (Carr et al. 2016; Magni
et al. 2019; Hatinoğlu and Sanin 2021).

Pathway of generation ofMPs in surface runoffs is attributed to the road dust, road
markings and paints, tyre abrasion, wet sedimentation/precipitation (Horton et al.
2017; Galafassi et al. 2019; Treilles et al. 2021), etc. Another important contributor
of MPs in aquatic bodies is the mismanaged MSW and consequently unauthorised
plastic litter (Jambeck et al. 2015; UNEP 2018). About 4.1Mt of plastics are reaching
the oceans from mismanaged MSW according to a recent estimate (Ryberg et al.
2019) which accounts for the majority of the share of plastic pollution in the aquatic
environment. Apart from these sources, blast abrasion media and other industrial
applications are also identified as the contributors of MP pollution in aquatic media
(Galafassi et al. 2019).
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3.4.2 Air

MP pollution in the air has resulted from synthetic textiles, abrasion of plastic prod-
ucts, road dust, road markings, and tyre abrasion. Synthetic textile fibres consti-
tute one of the major contributors to atmospheric MP pollution (Dris et al. 2016).
According to Gasperi et al. ( 2018), the two-thirds portion of total textile fibers
produced in the year 2016 were synthetic fibers and these plastic fibers may lead to
MP fibre pollution in the atmosphere (Gasperi et al. 2018). Other significant sources
of MPs in the air are emissions from traffic, road paintings, tyre abrasion, road dust,
incineration of solid waste, industrial emissions, etc. (Chen et al. 2020a).

3.4.3 Soil

With the close evaluation of sources in all the three matrices, it is inferred that all
sources of MP generation are not mutually exclusive for any compartment and one
matrix can also act as a potential MP source to another. The sources such as WWTP,
land application of sludge, landfill leachate, litter, mismanaged MSW, road dust,
paints and markings, artificial turfs etc. which are mentioned for aquatic system
and air, are also applicable to terrestrial systems (Karbalaei et al. 2018; Prata et al.
2020). Apart from these regular sources, various plastic items being used for medical
purposes for our convenience and safety are often discardedwithout proper treatment
and act as a source of secondaryMPs in the environment. A recent study reported that
the current usage manner of disposable face asks during the COVID-19 pandemic
time could be a source of MPs soon (Aragaw 2020). An estimate of the release of
MPs to air, water, and soil reported in some studies is shown in Table 3.3.

The sources of generation ofMPs in the natural environment are plenty and recent
research focussed only on a very few sources. Tyre abrasion, paints, and furnishings,
sea activities, etc. need to be examined closely for knowing the exact generation
rates.

3.5 Fate and Transport of MPs

Air, water, and soil are the common pathways of transport of MPs in the environ-
ment. Figure 3.1 describes the common routes for the fate and transport of MPs in
air, water, and soil compartments. The densities of MP particles are an important
factor that affects their fate in the environment (Wu et al. 2019a). In aquatic systems,
heavier particles are subjected to sinking and rising and lighter particles are likely
to be carried away by water and wind currents. However, biofouling and weathering
forces acting on these particles in the natural environment alter their properties and
subsequently their fate. Air-borneMPs are mostly smaller in size and are transported
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Table 3.3 Sources of generation of MPs

Sl. No Source MPs quantity Matrix
considered

Region Reference

1 WWTP 16 × 10ˆ7
MPs/day

Water Italy Magni et al.
(2019)

2 Surface runoffs 29 MPs/L Water Paris Treilles et al.
(2021)

3 Landfill
leachate

24 MPs/L Water China He et al. (2019)

4 Synthetic textile 2–355
MPs/m2/day

Air Paris Dris et al.
(2016)

5 Incineration of
MSW

1.9–565 MPs/kg
of bottom ash

Air
Water
Soil

China Yang et al.
(2021)

6 Road dust 0.10–39.6
pieces/m2

Air Japan, Vietnam,
Nepal

Yukioka et al.
(2020)

Road dust 50–120 MPs/day Air India Sathish et al.
(2019)

7 Street dust 227.94 ± 91.37 Street dust India Patchaiyappan
et al. (2021)

Fig. 3.1 Fate and transport of MPs in the natural environment
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in the atmosphere by prevailing wind currents (Zhang et al. 2020b). In soil, soil
organisms play a key role in the transport of MPs along the soil strata. Some of the
important processes that are involved in the fate and transport of MPs in air, water,
and soil are wind transport, atmospheric fallout, wet precipitation, transport by earth-
worms, uptake by plants, microbial degradation, foodweb transfer, the disintegration
of plastic debris and settling and resuspension of MPs in aquatic bodies (Rillig et al.
2017;Wagner and Lambert 2018; Zhang et al. 2020b). In natural systems, these parti-
cles are subjected to physical, chemical, and biological degradation factors which
lead to the alteration of their properties and aging.

The important factors affecting the transport and presence of MPs in aquatic
systems are depth of water body, surface currents, prevailing wind, physicochemical
conditions of plastic particles. In aquatic bodies, settling and resuspension of MPs
are controlled by the density of particles, prevailing surface currents, biofouling
conditions, water hydraulics, etc. Though lakes act as sinks of MPs, most of the
plastic debris in freshwater bodies is expected to reach marine waters eventually
with the flow of water (Wu et al. 2019a). Upon reaching the marine environment, it
is estimated that about 70% of plastic debris settles at the marine benthic zones and
the remaining is distributed as floating MPs and at the shorelines (UNEP 2018). In
the aquatic environment, apart from being a pollutant on their own, MP particles can
act as the carriers of various other emerging contaminants (Carr et al. 2016).

The behavior of MPs in the atmosphere is close to particulate matter and key
factors governing their transport are wind speed, direction, vertical concentration
gradient, temperature, precipitation, local meteorology, etc. (Prata 2018b). Wind
plays an important role in carrying theMPs to farther distances.Often it is noticed that
indoor MP pollution is significantly high than outdoor owing to the poor ventilation
and airflow in the indoor environment (Dris et al. 2017). Lighter polymers are easily
carried away by meteorological parameters and get transported to other matrices and
results in subsequent contamination (Horton et al. 2017).

In the terrestrial environment, the relative position of different polymers in the soil
strata depends on the density of polymers and sources of pollution. Lighter polymers
are likely to get drifted by wind and runoffs whereas higher density polymers are
expected to remain in soil (Prata et al. 2020). In a study conducted with polyethylene
beads, it is found that earthworms play an important role in the vertical transport
of MPs in the soil strata (Rillig et al. 2017). Similar to the aquatic environment, in
terrestrial ecosystems, MPs undergo alteration in their properties upon the action of
many factors like physical, chemical, and biological degradation parameters. Like
any other pollutant, MPs pollution is mutually inclusive to different compartments
of the environment.

To address the variability in the occurrence of MPs in the environment, different
mathematical models are used for predicting the probable levels of pollution.
Besseling et al. (2017) modeled the fate of nano and MPs in the river environment
considering factors like advection, dispersion, biofouling, aggregation, degradation,
settling, resuspension, and burial. Siegfried et al. (2017) modeled the approximate
quantity of land-based point source MPs released into the sea. In a study by van
Wezel et al. (2016), a modeling approach was used to estimate the primary MPs
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release into the domestic sewage. The development of fate models is a challenging
process since many processes need to be accounted for to predict the fate of MPs in
the environment.

3.6 Exposure Levels and Ecotoxicological Effects on Biota

The data on the MPs contamination in the various environmental sectors is rising
exponentially, as a consequence, it has become the subject of rising concern. Apart
from the research on marine MP pollution, recent studies also indicate that MP
particles are also present in flora and fauna (Lu et al. 2016; Provencher et al. 2017;
Mao et al. 2018; Cox et al. 2019; Picó and Barceló 2019; Jiang et al. 2020; Yu et al.
2021). Briefly, MP pollution turns out to be a worldwide problem, and the ultimate
fate of MPs intensifying the concern globally.

The vast presence of MPs in seawaters has received the global attention of many
researchers as the presence of MP is causing detrimental effects on marine life
(Jambeck et al. 2015; Provencher et al. 2017; Guzzetti et al. 2018; Tang et al. 2020b;
Yu et al. 2021). Alongwith large plastics,MPs have also been stated to be ingested by
around 700 genera of aquatic wildlife (Provencher et al. 2017). It has been reported
that the growth of microalgae can be significantly reduced by MPs exposure in both
freshwater and seawater (González-Pleiter et al. 2021). A study conducted by Phillips
and Bonner (2015) reported the occurrence of a higher concentration (29%) of MPs
in freshwater fish in urban areas than in non-urbanized areas. The intake of MPs
by fish in urban waterways has been reported in the range of 6.8–29% (Sanchez
et al. 2014). Aquatic creatures become susceptible to captivating floating MPs both
directly and indirectly via the ingestion of infested prey (Phillips and Bonner 2015;
Lopes et al. 2020). The ingestion of MPs by aquatic animals causes false repletion
which leads to their starvation and at last death (Tang et al. 2020b; Cormier et al.
2021). Moreover, a recent study found out that MPs in the aquatic environment can
play a role of a carrier of heavy metals which ultimately end up forming intricate
pollutants (Selvam et al. 2021). It has been determined that atmospheric MPs direct
to inhalation exposure. As soon as airborne MPs come in contact with the human
body, they enter the lungs and thus can cause serious health issues (Wright and Kelly
2017).

The occurrence of MPs on inland systems affects soil properties, which adversely
impacts process rates and net primary production. This can also have an indirect effect
on the atmosphere, comprising greenhouse gases (Cai et al. 2017; Klein and Fischer
2019; Zhang et al. 2020a; Huang et al. 2021b). Scholars found that the association
of MPs and plants would not only responsible for the physical damage to the plants
but also affect their metabolism and gene expression (Wang et al. 2020b; Yu et al.
2021). In the case of new era environment-friendly plastic i.e. bioplastics, a study
shows that polylactic acid (PLA) which is the most common form of bioplastic either
remain fossilized for more than 3 years or go through anaerobic biodegradation and
can emit toxic gas, methane (Selvamurugan Muthusamy and Pramasivam 2019).
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MPs have lately been discovered not only in the metropolitan but also remote
and rural regions which are distant from source areas of MP, implying the possible
long-distance atmospheric transportation of MPs (Gasperi et al. 2018; Zhang et al.
2019). MPs exist in the air as airborne pollutants originating from plastic textile fiber
production (Dris et al. 2017; Gasperi et al. 2018). MPs amass several contaminants
and tenacious organic pollutants and also act as carriers for distant transportation.
Likewise, it can also supplement numerous antibiotics and their transportation which
canbecome the basis ofmany severe effects (Caruso2019;GuoandWang2019; Fred-
Ahmadu et al. 2020). Based on the requirement for various modifications, particular
organics andminerals are further incorporated into the synthetic polymer processing,
for example, biological stabilizers, antioxidants, lubricants, etc. Among those, phtha-
lates and bisphenols act as triggers for endocrine diseases (Jambeck et al. 2015; Hong
et al. 2018). In the future, humans may have to face the terrible consequences of such
pollutants.

Human consumption of microplastic is a hot topic in the research area (Cox
et al. 2019; Shruti et al. 2020a, b). The results revealed that the contamination of
beverages by MPs is not only limited to beers but also span across soft drinks, cold
tea, and energy drinks (Shruti et al. 2020a). Out of the various types, fiber-shaped
and small-sized MPs dominated the samples (Shruti et al. 2020a, b). Study findings
show that free public drinking water facilities are also a budding hotspot of MP and
deliver valuable references for qualification procedures (Shruti et al. 2020b). MPs
have also been found in edible fruits and vegetables (Oliveri Conti et al. 2020). The
new method established by the research scholars of Arizona State University helps
to find out the infection of MPs in the human tissues and also has detected chemical
traces of plastic in tissue (URL-2). The analysis carried out by Senathirajah et al. (
2021) displays that globally, on average, humans could potentially be ingesting 0.1–
5 g of MPs per week. In recent times, researchers investigated the potential exposure
of infants to MPs from consuming formula prepared in infant feeding bottles made
of polypropylene (PP) (Li et al. 2020b). These bottles were found to release up to
16,200,000 particles per liter (Li et al. 2020b). Therefore, it would be naïve to believe
that there is plastic everywhere but just not in us. Human exposure routes of MPs
and associated risks are displayed in Fig. 3.2. Table 3.4 is the summary of various
studies exploring the ecotoxicological effects of MPs.

3.7 MPs as the Carriers of Other Organic Pollutants

The persistence of MPs in the environmental matrices, particularly in the aqueous
medium can result in their interaction with the variety of pollutants present in water.
The longer stability of MPs in the water column may result in accumulating organic
compounds or microbes that come in contact with their surface. This accumulation
of active communities of microbes or organic pollutants can easily transfer into the
food chain and substantially contribute to potential health impacts on the ecosystem
(Ziajahromi et al. 2016). Owing to the lower density of MPs, they tend to accumulate
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Fig. 3.2 Human exposure to MPs and associated risks. Reprinted with permission from Senathi-
rajah et al. (2021). Copyright © 2021 Elsevier Ltd

in the surface microlayer of the aquatic organism and may subsequently cause toxic
effects (Frydkjær et al. 2017; Adeogun et al. 2020).

The sorption behavior of contaminants and microbes depends upon the character-
istic properties of MPs such as size, chemical composition, type of plastics, concen-
trations, hydrophobicity, etc. (Frydkjær et al. 2017; Wang et al. 2018). They are
also dependent on the specific surface and porosity of MPs. The adsorption studies
of metals, Zn, Cu, Co, Ni, Cd, and Cr on five different metals in different water
sources were studied and the results concluded that among the different MPs, PP and
PS had the highest specific surface, but their adsorption properties were moderate
when compared to that of PVC and PE on the metals (Godoy et al. 2019). They
also observed that the water matrix and pH of the solution altered the adsorption of
metals on the MPs’ surface. Similar to the above study, the level of adsorption of
fungicides, hexaconazole, myclobutanil, and triadimenol on PS was primarily due
to the pH, MP particle size, and ionic strength of the aqueous solution (Fang et al.
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Table 3.4 Summary of ecotoxicological studies of MPs

Biota species Study area MP type Effects References

Zebrafish China PS beads Accumulation of PS
beads (20 μm) seen
in the fish gills and
gut and caused
inflammation and
lipid accumulation in
fish liver
Increased oxidative
stress

Lu et al.
(2016)

Earthworm
(Eisenia fetida)

Jurong,
China

PS Induce oxidative
stress,
histopathological
changes, and DNA
damage in
earthworms

Jiang et al.
(2020)

Daphnia Magna Belgium PE D. magna egests
regular-shaped PE at
a higher rate than
irregular ones
Decrease in mobility

Frydkjær
et al.(2017)

Scrobicularia plana
(Clam)

Portugal LDPE PEs act as a vector of
PFOS in S. plana
tissues and PFOS
accumulation was
independent of MPs
size
Oxidative stress was
MPs size and
tissue-dependent

Islam et al.
(2021)

Chlorella pyrenoidosa and
Microcystis flosaquae

Wuhan,
China

PP, PVC Decrease
photosynthesis
efficiency by
reducing the
chlorophyll level in
cells

Wu et al.
(2019a, b)

Vibrio fischeri,
Caenorhabditis elegans
and Lactuca sativa

Madrid,
Spain

PE with two
contaminants,
ibuprofen and
simazine

PE acted as a carrier
for both
contaminants and
affected survival in V.
fischeri and
development in L.
sativa whereas C.
elegans was least
affected

Martín et al.
(2021)

Salvinia cucullate
(Plant)

China PS PS MPs and
glyphosate caused
single and synergistic
effects on leaf growth
Oxidative stress
accumulation

Yu et al.
(2021)

(continued)
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Table 3.4 (continued)

Biota species Study area MP type Effects References

Chlorella pyrenoidosa
(microalgae)

Wuhan,
China

PS Hampered algal cell
growth by reducing
photosynthetic
activity and cell
membrane damage

Mao et al.
(2018)

Sea urchins, jellyfish
ephyrae

Guadeloupe
archipelago,
France

PE,PP Leachates (Cu, Zn,
Cd, Pb) induced
sublethal effects on
the growth of sea
urchins and the
pulsation frequency
of jellyfish ephyrae

Cormier
et al. (2021)

Dicentrarchus labrax
(Fish)

Messina,
Italy

PVC Intestinal functions
were affected due to
the saturation of
PVC pellets

Pedà et al.
(2016)

Tegillarca granosa
(Clams)

China Different MPs
associated
with POPs

MPs and POPs
(benzo-a-pyrene and
17β-estradiol)
exposure led to
immunotoxicity and
inhibition of gene
expressions in blood
clam

Yu Tang
et al. (2020)

Human Italy PP and other
pigmented
MPs

12 MP
fragments(5-10 μm)
were found in all
placental portions of
a woman with
physiological
pregnancy

Ragusa
et al. (2021)

2019). These understandings on the sorption behavior of various MPs for contami-
nants help in explaining the distribution and risk assessment of various contaminants
in the ecosystem.

Due to the hydrophobic nature of MPs and higher surface, they can interact with
organic compounds in the water column and can potentially accumulate these toxic
compounds (Frydkjær et al. 2017; Sheng et al. 2021). Also, the aging of these MPs
could improve the interactions with pollutants. For instance, the aging of MPs in
aqueous solutions may disintegrate resulting in increasing their surface area. The
longer residence time of these disintegrated MPs in aqueous solution may allow
the easy diffusion of hydrophobic pollutants into the particle surface (Wang et al.
2018). However, the sorption of organic compounds onto MPs is not limited to their
hydrophobicity of organic compounds, can also occur with hydrophilic compounds.
MPs undergo deformations and structural changes with longer residence time in
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aquatic environments. In a study conducted by Liu et al. (2019), concluded that
aged PVC and PS MPs were able to adsorb ciprofloxacin owing to the generation of
functional groups on MP surface with aging. The sorption behavior of hydrophilic
compounds is significantly affected by thematrix, pH, and ionic strengthwhichwould
either promote or suppress the transport of pollutants on MPs surface (Atugoda et al.
2021).

The interactions ofMPs with organic pollutants may vary with the nature and type
of polymer material. Further, the stronger sorption of contaminants on MPs surface
even at trace concentration can reduce the availability of these compounds in sedi-
ments also (Hüffer and Hofmann 2016). In a study conducted by Guo et al. (2019),
the sorption behavior of an antibiotic pollutant sulfamethazine (SMT) was studied
on six types of MPs and concluded that the sorption capacity was dependent on the
interaction energies betweenMPs and SMT. Further, the sorption also varied with the
salinity and pH of the solution which will have a significant role in understanding
the possibility of MPs as a vector for pollutants. The irregularity in the shape of
MPs also affects their interaction with organic compounds and microbes. In another
study conducted by Frydkjær et al. (2017) concluded that irregular-shaped polyethy-
lene MPs adsorbed less amount of phenanthrene compared to different plankton
organisms in a water column experiment.

The interactions of MPs with heavy metals in the environment can results in their
adsorption onto their surface and can easily be transported to food resources (Liao
and Yang 2020; Liu et al. 2021). These adsorbed metals may get easily desorbed
depending upon the environmental conditions in aqueous conditions causing ecolog-
ical threats to macroinvertebrates. In a study conducted by Zhou et al. (2020) eval-
uated the adsorption–desorption processes of Cd(II) on five different MPs under
sediment and gut environments. Their findings implied that the higher ecological
risk associated with the desorption of Cd(II) is found in simulated gut environments
and long-term studies are required to understand more about the bioavailability of
ingested MPs. In another study conducted by Brennecke et al. (2016) evaluated the
interaction between polystyrene and polyvinylchloride (PVC) on the heavy metals
Cu and Zn leaching from the antifouling paints. They found that the higher surface
area and polarity of PVC resulted in higher adsorption of Cu when compared to
PS. Another study on the adsorption of Cd on HDPE under laboratory conditions
inferred that based on the particle size and solution constituents, the adsorption
capacity varied. The outcomes of the study provided evidence on the possible threat
to organisms that can be caused by metal particles adsorbed on MPs (Wang et al.
2019).

The adhesion of microbes to the plastic debris can consequently act as a vector for
the spreadofmicrobial contamination.However, in somecases, the attachedmicrobes
can easily degrade the MPs into smaller particles and results in increasing their
surface for more adsorption. The interactions between plastic debris and microbes
are needed to be studied to understand the potential of MPs as carriers for pathogens.
Also, the various microbes may colonize on theMP surface creating a “plastisphere”
which is comprised of autotrophic as well as heterotrophic microorganisms (Caruso
et al. 2018). The significance of biofilms on MPs surfaces to enhance the adsorption
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of trace metals was studied by Guan et al. (2020). They have observed that the
trace metal adsorption capacity of expanded polystyrene was enhanced due to the
development of biofilm on their surface. The studies concluded that the intraparticle
diffusion mechanism enhanced the adsorption of trace metals to virgin PS particles
whereas film diffusion governed them onto biofilm-covered MPs. In another study,
Viršek et al. (2017) examined the bacterial species colonized on the MPs surface
in the North Adriatic Sea. They were able to identify 28 bacterial species from MP
particles and confirmed the presence of Aeromonas salmonicida species that are
responsible for diseases in fish. Recent studies also reported that MPs can act as an
artificial substrate for biofilm formation in aquatic environments and these microbial
communities are different fromnatural free-livingmicrobial communities (Yang et al.
2020). MPs characteristics such as polymer type, surface roughness, hydrophobicity,
and environmental conditions such as temperature, salinity, nutrient conditions have
a significant effect on these biofilm formations.

The research was also conducted to identify the unintended toxicity caused by
MPs in the marine ecosystem by acting as carriers of micropollutants. Apart from
the aqueous phase, MPs are potential carriers of toxic organic compounds in soil.
Hodson et al. (2017) conducted a study analysing the interaction of MPs and Zn
metal in soil and their possible risk on terrestrial organisms. The experiments were
carried out with fragmented HDPE bags in synthetic soil solution with Zn metal and
earthworms. The studies on earthworms confirmed that MPs only acted as a vector
for transporting Zn metals into the guts of earthworms causing exposure and were
thus not retained in their guts. They also concluded that smaller particles with a larger
surface area had more impact on the relative adsorption of Zn metals owing to their
partitioning in soil. In another study, the effect of adsorbed antibiotics azithromycin
and clarithromycin on freshwater microalgae when exposed in contact with 5 five
different MPs was evaluated in batch studies (González-Pleiter et al. 2021). The
studies concluded that antibiotic-loadedMPswere toxic and inhibited the growth and
chlorophyll content of the cyanobacterium. The effect of ingested MPs on the bioac-
cumulation of hydrophobic organic compounds in earthworms was studied (Wang
et al. 2020a). They found that the polluted MPs in clean soil were more bioavail-
able for earthworms when compared to the clean MPs in polluted soil and higher
bioaccumulation was observed in the former case. Further, the smaller-sized MPs
showed greater potential for desorbing organics into worm tissues posing a greater
risk to the overall bioaccumulation. A study conducted by Beiras and Tato (2019)
analysed the toxicity tomarine plankton caused by the ingestion of polyethyleneMPs
carrying hydrophobic compound 4-n-nonylphenol. However, Contrary to the toxic
effects caused by MPs on living organisms, the findings from the study concluded
that the active ingestion of MPs containing 4-n-nonylphenol does not increase the
toxicity to planktonic larvae. Though several studies have identified the toxic effects
of MPs acting as a vector for POPs and microbes, a deeper understanding of the
structural and morphological changes on target organisms is required to understand
their toxicity.
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3.8 Leaching of Compounds from Plastics and MPs

The leaching of plastic additives used in the manufacturing stage of various plastic
consumer products is of great concern these days due to their environmental toxicity
(Ye et al. 2020). Themajor plastic additives include phthalates (Keresztes et al. 2013;
Kastner et al. 2012), bisphenol-A (BPA) (Romera-Castillo et al. 2018; Andaluri et al.
2018), and brominated flame retarders (Sun et al. 2021a; Choi et al. 2009), etc.
which are introduced during the manufacturing stages and are easily released into
the environment. The important factors influencing the leaching of additives from
various plastic products and MPs include temperature, ultraviolet radiation, aging,
weathering, chemical oxidation, mechanical wear, and tear and biological forces, etc.
(Sun et al. 2021b). The major studies on the leaching of different plastic additives
from various sources of MPs and their maximum detected concentrations are shown
in Table 3.5.

There are several studies on the leaching ofBPA fromdifferent daily used products
especially infant feeding bottles (Johnson et al. 2015), drinkingwater bottles (Cooper
et al. 2011), water distribution pipe networks (Cantoni et. al. 2021; Rajasärkkä et al.
2016), etc. Their migration is mainly caused by the diffusion of unbounded BPA
present in polycarbonate and hydrolysis reactions (Johnson et al. 2015). The study
by Johnson et al. (2015) investigated the leaching behavior of BPA from feeding
bottles filled with milk, water, and apple juice under different temperatures in 30 min
exposure time. It was observed that the leaching concentration of BPA depends upon
the temperature of water-filled. A maximum concentration of around 46.05 ppb was
detected in the sterilized water for the feeding bottles whereas no leaching of BPA
was observed with apple juice filled under room temperature. Besides, BPA was
found in the range of 7.06 ppb for bottles filled with boiling water with milk powder
at 95 °C due to the hydrolysis of the polymer at elevated temperatures (Johnson
et al. 2015). Similar higher leaching behavior of BPA was observed by Cooper et al.
(2011) at elevated temperature for water stored in epoxy lined reusable plastic, steel,
and aluminum water bottles. They have determined a maximum of 0.3 mg L−1 and
1.9 mg L−1 of BPA leaching from polycarbonate and aluminium bottles lined with
epoxy respectively. Also, there was no leaching of BPA from uncoated aluminium
and steel bottles.

Another important source for leaching of BPA was found to be the drinking
water pipe networks. For instance, the study by Cantoni et. al. (2021) monitored
the leaching of BPA as a function of water conditions (deionized water, tap water,
and tap water with 1 mgCl2 L−1 of chlorine concentration) and residual chlorine
concentration from three different epoxy resin pipes for 170 days of test time. The
results indicate that as the chlorine concentration increases, the BPA concentration
decreases due to the formation of chlorination by-products with BPA. Also, the BPA
leaching was found to be lower in resin with a higher cross-linking degree where
the free BPA bonded well and trapped inside the lattice. Similarly, another study by
Rajasärkkä et al. (2016) examined the drinking water contamination with BPA with
epoxy resin coated by employing old and recent technology. The maximum leaching
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Table 3.5 Major studies on leaching of various plastic additives from different sources

Source Plastic additives
leached

Analyzed
samples
for
additives

Detected
concentration

Study area Reference

Children soft
toys

Bisphenol A and
Phthalates

Wetted
wipes
from toys

13–280 ng cm−2 USA Andaluri
et al.
(2018)

Packed juice
containers

Diethyl phthalate
(DEP) and
Diethyl hexyl
phthalate (DEHP)

Fruit juice 0.26–0.59 μg L−1 Iran Rastkari
et al.
(2018)

Take-out food
containers

di-n-butyl
phthalate
(DnBP), and
bis(2-ethylhexyl)
phthalate (DEHP)

Food
samples

0.12–86.1 mg g−1 China Han et al.
(2021)

Thermal
receipts

Bisphenol-A Thermal
receipts
papers

13.9 mg g−1 Japan,
Korea and
Vietnam

Liao and
Kannan
(2011)

Landfill
leachates

Polybrominated
diphenyl ethers
(PBDEs)

Landfill
leachate
sample

11–620 ng L−1 Japan Osako
et al.
(2004)

Infant
feeding bottle

Bisphenol-A Milk and
water
samples

46.05 ppb India Johnson
et al.
(2015)

Plastic bags Di(2-ethylhexyl)
phthalate,
di-n-butyl
phthalate, and di-
isobutyl phthalate

Shredded
plastic
bag pieces

181.4–5320.6 ng g−1 China Xu et al.
(2020)

Polyethylene
terephthalate
(PET) water
bottles

benzyl-butyl
phthalate and
di(2-ethyl-hexyl)
phthalate (DEHP)

Mineral
water

0.1–1.7 μg L−1 Hungary Keresztes
et al.
(2013)

of BPA around 0.25 mg L−1 was observed for pipelines with older technology and
lesser concentration of around 10 ng L−1 (cold water) and 23.5 μgL−1 (hot water)
for recent technology pipelines in 8–10 h of exposure time. They have also identified
that the aging of epoxy lining plays an important role in the leaching behavior. The
amount of BPA leached for old pipelines (8–9 yrs) was 4–20 timesmore as compared
with the 2 years old.

Phthalates used as softening agents, are commonly leached from various soft
PVC products such as soft toys for children (Andaluri et al. 2018), plastic bags
(Xu et al. 2020), PET bottles (Keresztes et al. 2013), are not tightly bound to the
plastic, hence they will leach out easily from the plastic matrix (Stringer et al. 2000).
For instance, the study by Keresztes et al. (2013) investigated the phthalates leaching
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fromcarbonated and non-carbonatedmineralwater stored in PETbottles. The highest
concentration of around 0.1 and 1.7 μg L−1 was observed for benzyl-butyl phthalate
and di(2-ethyl-hexyl) phthalate (DEHP) respectively when it is stored for 44 days at
22 °C. Also, it was found that 0.5 L bottles have higher phthalates concentration as
compared with 1.5 and 2 L due to higher surface-to-volume ratio. Similarly, plastic
bags were also found to be the potential source for phthalates leaching. The study
by Xu et al. (2020) monitored the leaching of phthalates from plastic express bags
in China and detected around 181.4–5320.6 ng g−1 of most dominant types such as
di(2-ethyl hexyl) phthalate, di-n-butyl phthalate, and di-isobutyl phthalate after 48 h
of exposure time.

Additionally, brominated flame retarders are another class of compounds used
as plasticizers, defoaming, and stabilizing agents, which tend to leach out mainly
from E-waste such as electronic equipment and printed circuit boards, etc. These
have been reported mainly in landfill leachates, and soil (Osako et al. 2004; Zhou
et al. 2013; Liao et al. 2020). The study by Zhou et al. (2013) investigated the
leaching of polybrominated diphenyl ethers (PBDEs) and tetra bromo-bisphenol
A (TBBPA) from plastic circuit boards and observed the highest concentration in
landfill leachate tests of around 30.4 and 12.27 μg L−1 respectively. The reports
suggest that polybrominated diphenyl ethers (PBDEs) are hydrophobic hence their
leachability could be greatly affected by the other constituents in leachates especially
dissolved organic matter (Osako et al. 2004). Whereas tetra bromo-bisphenol A
(TBBPA) is relatively hydrophilic and thus readily dissolved in rainwater and easily
get distributed in the environment (Liao et al. 2020). Besides, the study by Kim et al.
(2006) examined the leaching behavior of PBDEs in simulated leachate solution with
20% methanol and 1000 mg L−1 dissolved humic solution for a contact period of
5 days at 30 °C. A higher leaching concentration of around 1200–23,000 ng L−1 was
detected in the presence of methanol and dissolve humic solution as compared with
blank distilled water (220 ng L−1), this is mainly attributed to the higher solubility
effect, and formation of a complex with PBDEs and dissolved humic matter.

There are many studies on the leaching of plastic additives from plastic containers
and other daily used products as a whole, but limited studies are available on the
leaching of additives frommicroplastic particles. For instance, the study byWei et al.
(2019) observed the leaching of BPA from PVC microplastics in activated sludge
during wastewater treatment. As these PVC microplastics contain major additives
such as BPA, DEHP, DiNP, etc. which are employed in the manufacturing process,
these may leach out by solubilization, acidification, and hydrolysis reactions during
the treatment process. They have observed a decrease in the production of methane in
the anaerobic sludge digestor due to the presence of the PVCMPs and the leaching of
additives. Another study by Luo et al. (2019) investigated the leaching of additives
from polyurethane microplastics in acidic, alkaline, saline, and natural waters. It
was observed that compounds similar to 3,3′-diaminobenzidine were found in the
leachates after 12–24 h of exposure time. In a recent study by Schrank et al. (2019),
investigated the impact ofDaphniaMagna (planktonic crustacean) lifetime due to the
exposure of microplastics and leaching out of additives from MPs. It was observed
that a maximum concentration of around 2.67mg L−1 of diisononylphthalate (DiNP)
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was found to be leaching out from flexible PVC to the surrounding medium, thereby
affecting the body length and relative tail spine length of D. magna.

3.9 Summary and Conclusion

The chapter discussed the overview ofMP pollution in the natural environment. MPs
are widely distributed all over the environment. They are identified as an emerging
contaminant and their identification, fate, and transport, remediation studies are in
the growing stage. Studies are still focussing on the inventory and quantification of
MPs. Existing sample preparation and identification methods have their own merits
and demerits and therefore newer technologies are likely to be developed. Though
many sources that contribute to MP pollution are being identified, data is lacking
about the actual generation of MPs with varying use patterns of these sources. There
exists a large variation in the spatial and temporal distribution of MPs across the
world. Fate and transport studies of MPs in the natural environment often employ
modelling methods for knowing the extent of the contamination. Current studies are
mostly concentrated on the occurrence and distribution of this ubiquitous pollutant,
however, there is an actual need of developing remediation measures to control MP
pollution. Much recent research is focussing on the ecotoxicological effects of MPs
on biota including humans. However, research is in the progressing stage and health
effects on humans are not yet understood completely. Apart from being a pollutant
of concern on their own, MPs also acts as carriers of other organic pollutants in
the environment. Further, the leaching of chemical additives projects another major
risk associated with MPs. Altogether, MPs represent a class of important emerging
pollutant that demands major concern to all levels of the ecosystem.
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Chapter 4
Microplastics in Terrestrial Soils:
Occurrence, Analysis, and Remediation

Shefali Chauhan and Sadia Basri

Abstract The production of synthetic polymers has increased inmanifolds since the
advancement of petroleum engineering. These cosmopolitan artificial materials are
now persistent in almost every ecosystem on planet earth. This could be attributed to
the higher tendency of polymer disintegration and lower polymer degradation in the
ambient environments. The processes of polymer disintegration lead to the formation
of microscopic plastic particles, referred to as ‘microplastics’. Significant research
in emerging environmental contaminants focuses on microplastics, their occurrence
in terrestrial and aquatic ecosystems, and adverse effects on biota, humans and other
environmental compartments. Therefore, taking account of the background, this
chapter summarizes the different strategies for the chemical extraction of microplas-
tics from soil samples and further qualitative and quantitative analysis via distinct
spectrophotometric techniques. All over the world, rivers, lakes, and associated
floodplains are some of the most polluted ecosystems. The Indian rivers, including
Meghna, Brahmaputra and Ganges are polluted with 72,845 tonnes of plastic loads
per annumwhich eventually is transported into the oceans. The existing literature also
presents a picture that microplastic pollution studies are usually focused on aquatic
ecosystems such as oceans, lakes and rivers. However, microplastic pollution in
floodplain soils is a major neglected research question. Therefore, this chapter aims
to focus on the occurrence of microplastics in terrestrial soils such as floodplains,
their origin and sources, and how to extract and quantify microplastic presence in
the geological samples. Furthermore, microplastics are non-uniform in terms of their
physicochemical characteristics and degradation. Numerous forms of microplastics
pollute aquatic and terrestrial ecosystems. Therefore, an emphasis is also laid down
on the microplastic control and remediation techniques in these natural ecosystems
for scientific inquiry.
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4.1 Introduction

The global annual plastic production has escalated to 368 million metric tonnes in
2019, with almost an increase of 9 million metric tonnes as of 2018 (Tiseo 2021;
Klemeš et al. 2021). These simple to complex synthetic polymers have become
emerging environmental pollutants in various terrestrial and aquatic ecosystems
posing a serious threat to the sustainability and viability of these natural bio-
systems. The large plastic debris is today’s major concern of environmental pollu-
tion throughout the world, however there is an increasing interest of environmental
researchers about the environmental and toxicological impacts of tiny plastic parti-
cles called ‘Microplastics’. Microplastics can be found in different environmental
domains of sediment, water, biota, air/dust and salt (Ranjani et al. 2021). Microplas-
tics occur in the heterogeneous forms of fragment, fiber, pellet, film, granules, bead or
foam,with sizes ranging from100 nm to 5mm (Sarkar et al. 2019). Themajor sources
of microplastics are polymer nanoparticles manufactured for cosmetic products and
printer inks known as primary microplastics. Secondary microplastics are gener-
ated via fragmentation of macro-plastics by mechanical abrasion, photo-dissociation
and microbial degradation, and discharges from wastewater treatment plant (Karthik
et al. 2018; Pico et al. 2019). Plastic fragmentation in terrestrial compartments can
be caused by physical or chemical actions such as UV exposure, higher temperatures
and physical forces, whereas fragmentation in aquatic ecosystems is attributed to the
bacterial degradation (Ricciardi et al. 2021) (Fig. 4.1).

Microplastics have been considered as cosmopolitan particles by few researchers
as they have been detected in some very remote habitats. Microplastics presence
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Fig. 4.1 Global evaluation of sources of primary microplastics in the oceans (European Commis-
sion 2018)
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in different environments is based on human activities, inherent natural conditions,
sampling locations and approaches. Wastewater treatment plants are one of the most
dominant sources of microplastics in terrestrial ecosystems (Li et al. 2018), however,
river and coastal plastic pollution is the main source for microplastics in oceans.
When biological interactions are concerned, microplastics can be bio-accumulated in
organisms through different food chains in terrestrial aswell as in aquatic ecosystems,
leading to toxicological effects in organisms and humans (Yang et al. 2021). Further-
more, these particles are also reported for their adsorbing potential for Persistent
Organic Pollutants (POP’s), Polyaromatic Hydrocarbons (PAH’s), and Polycyclic
Biphenyls (PCB’s) in their polymer structures (Sarkar et al. 2020), further enhances
their bio-toxicity. The adsorption behaviour is attributed to their small size, large
surface area to volume ratio, and their chemical composition and subsequent desorp-
tion of these chemicals frommicroplastics can cause severe harm to biota (Cole et al.
2011). According to Pandey et al. (2021), microplastics can interact chemically with
the toxic contaminants like Arsenic and other heavy metals, leading to an increase in
their concentrations in the sensitive North-Indian floodplains and develop a potential
risk for a large population.Meanwhile, the first successful attempt for the assessment
of microplastics in floodplain soils is worth mentioning in this chapter. Scheurer and
Bigalke (2018) assessed the presence of microplastics in the Swiss floodplain soils,
and their results suggested that 90% of Swiss floodplain soils contained microplas-
tics. Therefore, it can be vividly said that microplastic presence in floodplain soils is
an emerging but prevalent environmental contamination concern.

Microplastics are ubiquitous, persistent and bio-toxic and therefore it is essential
to understand their accumulation, sources and occurrence in different aquatic and
terrestrial ecosystems. A vast literature exists for freshwater and marine ecosystems,
however, terrestrial ecosystems such as agro-ecosystems andfloodplains are still to be
explored for microplastic occurrence and impacts, especially the densely populated
areas of fast-developing countries like the Indo-Gangetic plains of India. Presently,
India considerably lacks the documentation of plastic pollution data for the Ganges
River and its associated floodplains (Sarkar et al. 2019). The Indo-Gangetic plains
are the most densely populated north-Indian region comprising of the plains of river
Ganges, Indus River plains and the short plain of Brahmaputra River. These rivers
hold enormous importance related to cultural, religious and industrial significance in
northern India. Accordingly, it is evident that rapid urbanization, industrialization,
and population explosion in these plains are themajor cause ofmicroplastic pollution
associated with rivers and subsequently, floodplains. The existing literature suggests
that field-based studies on microplastics were done for Ganges, Indus, and Brahma-
putra River up to some extent (Sarkar et al. 2019; Tsering et al. 2021), however,
there are very less significant data or research orientation on the microplastic pollu-
tion associated with the floodplains of these rivers. In this light, this chapter aims
to outline the spatial occurrence of microplastics in the soils of terrestrial flood-
plains, analysis of microplastics from geogenic samples using different chemical
and physical techniques, and the control measures and remediation for microplastic
pollution.
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4.2 Occurrence of Microplastics in the Floodplain Soils:
An IGP Perspective

The Indo-Gangetic Plains are the extensive alluvial plains of the Ganges, Indus and
Brahmaputra rivers and their tributaries, which separate the Himalayan Ranges from
Peninsular India. These extensive fluvial floodplains cover the northern, eastern and
western part of India, eastern Pakistan, Bangladesh and southern Nepal, covering
approximately 43.7 million hectares of land in India and comprising of eight agro-
ecological regions (AER) of India (Pal et al. 2009). The soil deposited by the Indus,
Ganges and Brahmaputra River in the Indo-Gangetic plains is alluvial soil that
consists of silt, sand and clay in different proportions. Furthermore, the soil texture
in the Indo-Gangetic plains vary as per the climatic conditions, such as sandy loam in
thewestern parts, silty loam in the central plains, silty clayey loam in the eastern parts,
and silty clay texture in the southern parts of the plains (Srivastava et al. 2015). The
Indo-Gangetic plains are among the most fertile lands in the world in terms of agri-
cultural production, industrial significance and economic growth. According to Pal
et al. (2009), the Indo-Gangetic plains contribute to approximately 50% of agricul-
tural production of India and feeds about 40% population of the country. Therefore,
the key drivers of environmental pollution in these floodplains are industrial invasion,
deforestation, migration and human population growth. The major environmental
concern in these overpopulated floodplains includes plastic waste management, and
mitigation of air andwater pollution. According to anAnnual Report (2018–2019) on
Plastic Waste Management Rules by Central Pollution Control Board (CPCB, New
Delhi), the estimated annual plastic waste generation was 33,60,043 tons/annum
during the year 2018–2019 and a total of 15,03,556 tons/annum generated solely in
the Indo-Gangetic plains which account for approximately 45% of the total annual
plastic waste generation in India (CPCB 2019). Therefore, it is an essential research
question to address the occurrence of microplastics in the soils of the Indo-Gangetic
plains.

Microplastics are introduced in the floodplain soils or any other soil environment
via multiple routes and are mainly related to the anthropogenic activities (Sarkar
et al. 2019). Several studies have reported varied concentrations of microplastics in
the non-agricultural soils such as floodplains, with higher concentrations near urban
or industrial areas (Dioses-Salinas et al. 2020). There are several sourceswhich can be
attributed for the microplastic accumulation in the floodplain soils, including contin-
uing land application of sludge and organic fertilizers which have been detected with
the presence of microplastic fibres (Zubris and Richards 2005), atmospheric deposi-
tion and atmospheric fallout of synthetic fibres on the soil surfaces (Dris et al. 2016),
agricultural plastic films subjected to physical, chemical and biological degrada-
tion, and other anthropogenic sources, such as plastic littering, wastewater irrigation
and surface runoff (Zhu et al. 2019). The floodplains are considered as a potential
temporal sink for microplastics, therefore, in an attempt to understand the behaviour
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of microplastics in floodplain soils, Weber et al. (2021) presented the spatial hetero-
geneity within the floodplain soils of Lahn River, Germany, elaborating the depo-
sition and in-situ vertical transfer of mesoplastics and coarse microplastics within
these soils (Weber and Opp 2020).

The quantification of microplastic pollution in floodplains of Virginia was
conducted by Christensen et al. (2020) in a view of analysingmicroplastic accumula-
tion and transportation in the floodplain soils. The study concluded that microplastic
abundance in floodplains was much higher as compared to the river channels and
soil sampling at six different sites revealed that the size of microplastics in flood-
plain soils was bigger than in the stream channel. This study conducted by Chris-
tensen et al. (2020) proposes that floodplains are more vulnerable and abundant in
microplastic concentrations, therefore, risk assessment and microplastics concen-
tration quantification in the context of the Indo-Gangetic plains is an indispensable
concern. The Ganges River is one of the most important catchments in the Indo-
Gangetic plains, which has the highest plastic loads among Indian rivers. Despite
this fact, microplastic contamination in the river Ganges is still a very limited issue
in scientific studies. However, some research has contributed to the sediment anal-
ysis of the Ganges River to detect microplastics. The investigation carried out by
Sarkar et al. (2019) highlighted the importance of the estimation of microplastics
in terrestrial and river ecosystems. The study included the analysis of sediments of
Ganges River on the lower stretch for the detection of meso and microplastics, using
Fourier Transform Infrared Spectroscopy. Further, the conclusion relates that all the
sediment samples contained microplastics and a total of six different morphotypes
of microplastics were extracted from the sediment samples. The abundance of meso
andmicroplastics in the sediments was attributed to the direct inflow of plastic debris
through sewage and littering.

The Indo-Gangetic plains harbour a large population in the Indian sub-continent,
whereas it is developing as an extremely sensitive floodplain due to its natural
geogenic contaminants such as Arsenic and Fluoride, and on the other hand, the
increasing presence of microplastics makes it more vulnerable due to anthropogenic
activities. The natural tropical environment further impacts positively on the weath-
ering ability of microplastics because sediments and temperature are both suitable
for microplastic degradation processes (Pandey et al. 2021). The southwest monsoon
is attributed for the nutrient and enrichment dynamics in the Indian sub-continent
therefore, it is also the biggest driver for the transportation and mixing of microplas-
tics in the soil strata of the Indo-Gangetic floodplains (Pandey et al. 2021). Therefore,
it is undeniable that there is a potential threat to biological diversity, environment
and human population due to microplastic pollution in the Indo-Gangetic plains, also
owing to the favourable environmental conditions of the Indian sub-continent.
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4.3 Extraction of Microplastics from Soils

4.3.1 Sample Collection Methods

The collection of soil samples is the most crucial step in quantifying environmental
microplastic pollution. The sampling design should be distinctively strategic for
heterogeneous medium such as floodplain soils containing microplastics to accom-
plish reliable results. Thereby, the objective of the research, the sampling site, as well
as the sampling depths must be precisely defined in advance of the study (Moller
et al. 2020). Based on the research objectives, numerous diverse sampling approaches
might be used. In the case of microplastics in soils along the floodplain, transect
sampling approach can be used to identify the contamination extent along with the
linear features like roads, floodplains, drainage ditches (Moller et al. 2020). There-
fore, the selection of sampling site would have a substantial impact on the amounts
and types of microplastics present in the floodplain soils. Since microplastic parti-
cles are particulate in nature and vary strongly in their size, it is probable that the
distribution of microplastics within the flood plain soil also varies significantly. To
deal with this heterogeneity, composite samples (several discrete point samples of
the same size within a spatial unit are combined and homogenized to a single one)
taken from defined subunits within a sampling site may be helpful to obtain a more
representative image of the degree of microplastic contamination and it minimizes
the issues of transporting, storing and analysing numerous soil samples (Moller et al.
2020). Zhang and Liu 2018 applied this approach in their study of the distribution of
microplastics in soil aggregate fraction in southwestern China by defining five plots
at each sampling site, and taking six-point samples randomly from each plot and
thereby, merging them into a single composite sample (Zhang and Liu 2018; Moller
et al. 2020). Soil is defined as a solidmedium; therefore, sampling depth is of supreme
importance and should always be well-defined. The depth of soil sampling is consid-
ered based on the sample of concern like undisturbed soil, vertically disturbed soil by
ploughing or microplastics at varying depth of soil. For the study of the distribution
of microplastics on the surface of undisturbed soil, bulk sampling of the first few
centimetres might be enough. And if the vertical distribution of microplastics after
ploughing is the focus of the study, then sampling depthmust be adapted accordingly.
However, if the contamination of microplastics at different soil layers is to be esti-
mated, then core sampling is considered for the study. Usually, the soil surface within
the upper 10 cm is the usual range which contains a bulk of microplastic particles
(Moller et al. 2020). Generally, 0–5 cm is preferred for sampling microplastics in
the floodplain areas (Scheurer et al. 2018). The amount of sample (mass/volume) of
each sampling point should also be determined. Due to the heterogeneous nature of
microplastic distribution, the larger quantity of samples is more representative rather
than the small quantity in the field and these samples can be reduced to smaller
samples in the laboratory by homogenization and splitting processes. After consid-
ering all the points sincerely, required samples can be collected in the zip lock bags
using steel tools efficiently. Precautions should be taken to avoid the contamination
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of samples from tools, clothing, or the ambient air of laboratories while carrying out
the experimental process.

4.3.2 Extraction of Microplastics

Extraction of microplastics from the soil samples is a crucial step for the analysis
and quantification of microplastic particles. The soil samples are firstly sun dried and
sieved through a mesh (<5 mm), thereafter the sieved samples are further processed
for the extraction of microplastics using methods such as density separation, manual
extraction, oil extraction etc. The presence of organic materials on the surface of
MPs can interfere in their counting and identification process. After extraction, it is
necessary to remove the organic matter adhered to microplastics using 30% H2O2

solution. Some of the methods for the extraction of microplastics from soil samples
are:

(a) Manual extraction: The simplest method for microplastic isolation is sieving
and manual sorting, further using a stereo microscope to eliminate the mineral
or biogenic matter. The most commonly applied technique for isolating
microplastics from soil samples is on-site sieving and this technique has been
successfully applied for the larger microplastic particles (>1mm) (Moller et al.
2020).

(b) Density separation:Another technique for the extraction ofmicroplastics from
soil samples is the density separation method which utilizes high-density salt
solutions as extractionmedia combinedwith thefiltration process (Hanvey et al.
2017;Moller et al. 2020). The density separation method is based on the differ-
ence in the densities of different polymers. Van Cauwenberghe et al. (2015)
suggested that the optimum density of the solution should be 1.6–1.8 g/cm3,
which could be attained by using ZnCl2 or NaI salts (He et al. 2018). The
frequently used ZnCl2 (1.6–1.7 g/cm3) salt solution is as an aqueous solvent
for high-density polymers like polyethylene terephthalate (PET), polyvinyl
chloride (PVC). Furthermore, stirring the solution containing high-density salt
solution in the sample is an important step to ensure that the polymers are
separated from each other. Stirring of the sample can either be done mechan-
ically with a centrifuge or mechanical shaker or by vigorous manual shaking.
Afterwards, the vigorous stirring is followed by the filtration process. The dry
sorting process involves the sieving of the whole sample, whereas vacuum
filtration is generally used for the wet sorting process. Wet sorting is done after
density separation for the isolation of the floating microplastics by the vacuum
filtration method. The filtrate consists of interfering with organic matter along
with the concerned microplastics. Therefore, the final step after filtration is the
digestion of organic matter using 30% H2O2 solution. Hydrogen peroxide is
preferred for the digestion process as it does not alter the shape and size of the
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microplastic polymers (Qiu et al. 2016). One important aspect to mention is
that all the organic matter is digested before the analysis of the sample.

(c) Oil Extraction: Crichton et al. developed a method for the extraction of
microplastics from solid samples using oil due to the lipophilic surface charac-
teristics of most of the plastics (Moller et al. 2020). Dried samples are mixed
withwater and canola oil, and stirred thoroughly and left to settle down until the
oil, water, and mineral layers are completely separated. Microplastic particles
in contact with the oil will be carried by the oil layer and can be transferred to
the filter paper efficiently. The procedure is very simple, safe, cheap, and less
time consuming but it requires a supplementary step for the removal of organic
substances from the sample (Moller et al. 2020). After the extraction process,
further analysis of microplastics is carried out which consists of physical and
chemical characterization.

4.4 Microplastics Analysis in Soils

4.4.1 Quantitative Analysis of Microplastics

Themicroplastic analysis consists of twoprocesses, namely (a) physical characteriza-
tion of microplastics (microscopy) and (b) chemical characterization (spectroscopy)
for the confirmation of plastics (Tiwari et al. 2019). The quantitative abundance
of microplastics is estimated using microscopes, including binocular microscope,
scanning electron microscope (SEM), dissected microscope, stereomicroscope and
fluorescent microscope (Qiu et al. 2016). The microplastics can be of several types,
such as Styrofoam, fibres, films, granules and pellets. Determination of microplas-
tics visually should meet the mandatory criteria which include, (1) no cellular or
organic structures are visible in the microplastics, (2) fibres should be equally thick
throughout their entire length, (3) microplastics must show clear and homogeneous
colours, and (4) if particles are transparent or white, they shall be examined with a
microscope at high magnification, or using a fluorescence microscope to exclude the
organic origin (Qiu et al. 2016). All these criteria should be fulfilled while analysing
the samples using different microscopes.

FluorescenceMicroscopy: The combination of fluorescence stainingmethod and
density separation provides a simple and sensitive approach for highlighting themost
common polymer fragments. Themagnified fluorescence images can be recorded via
this technique up to particles of size in micrometres. This method also rules out the
non-plastic items. The solvatochromic nature of Nile Red (the ability of Nile Red
to change its colour due to change in solvent polarity) also offers the possibility of
plastic categorization based on the polarity of surfaces of identified particles (Tiwari
et al. 2019). Usually, the staining of microplastic samples is carried out using Nile
Red (NR) dye with the concentration of 10 µg mL−1 (in Acetone) and an exposure
time of 30 min is optimized. Each NR-stained microplastic is then tested with an
excitation wavelength of blue light and emission wavelengths are processed using
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4′,6 diamidino-2-phenylindole (DAPI), fluorescein isothiocyanate (FITC) and Texas
red filter with a fluorescent microscope (for example, Carl Zeiss AXIO, Imager M1).
Microplastics were categorized manually by Tiwari et al. (2019) in granules, fibres,
and films shape by observing their fluorescence images.

4.4.2 Qualitative Analysis of Microplastics

Some of the most commonly used analytical methods for the identification of
microplastics are Fourier transform infrared spectroscopy (FTIR) and Raman spec-
troscopy. Both are based on vibrational spectroscopic techniques known for the
analysis and characterisation of synthetic organic polymers and their products. In
vibrational spectroscopy, molecular vibrations of a sample are excited and detected,
which finally leads to characteristic spectral fingerprints in the FTIR or Raman
spectra. Therefore, characterisation on the basis of the polymeric chemical struc-
ture and then identification by comparing with the known reference spectra becomes
possible. However, there is a basic physical difference between both the vibrational
techniques, FTIR and Raman spectroscopy. In short, IR absorption depends on the
change of the permanent dipole moment of a chemical bond leading to the fact
that polar functional groups (like carbonyl groups) are very well detectable. On the
contrary, Raman spectroscopy depends on a change in the polarizability of a chem-
ical bond, due to which bonds like aromatic bonds, C–H and C=C double bonds can
easily be excited. Consequently, FTIR and Raman spectroscopy are complementary
vibrational techniques, whichmeans that, bandswhich have strongRaman intensities
in most cases have weak IR intensities and vice versa. These physical fundamentals
should be well thought-out when FTIR and Raman spectroscopy are applied for the
microplastics analysis (Kappler et al. 2016).

(a) Fourier Transform Infrared spectroscopy (FTIR): The FTIR spectroscopy
is themost common technique used for the qualitative analysis of microplastics
(Qiu et al. 2016). For the analysis of microplastics with the help of FTIR
spectroscopy, the extracted sample can be irradiated with infra-red light of
wavenumber range 400–4000 cm¯1 for Mid-IR. Some part of the IR radiation
can be absorbed depending on the molecular structure of the sample and finally
can be measured in transmission or reflection mode (Kappler et al. 2016). The
FTIR spectroscopy offers information on the chemical bonds present in the
molecules. Carbon 39 containing polymers are straightforwardly recognized
by FTIR and different bond configurations produce unique IR spectra that
distinguishes plastics from other organic and inorganic interferences (Tiwari
et al. 2019). Most common FTIR methods used are micro-FTIR and ATR-
FTIR (Attenuated Total Reflection- Fourier Transform Infrared Spectroscopy)
(Tiwari et al. 2019). Themicroplastic polymer types could be identified quickly
and directly by comparing the resulting spectra with those of the known plastic
polymers. In the ATR-FTIR, there are two feasible measuring modes, i.e.,
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reflectance and transmittance modes. Spectra in the reflectance mode have
shown the potential for spectral distortion for refractive error that occurs when
irregularly shapedmicroplastics are analyzed, therefore the infrared transparent
filters would be required for the analysis. However, it is essential that samples
must be dried prior to spectral analysis (Qiu et al. 2016).

(b) Scanning electron microscopy (SEM–EDS): Scanning electron microscopy
(SEM) gives extremely perfect and highly magnified images of microplastics.
SEMis used to define the elemental compositionof themicroplastics using real-
time analysiswith energy-dispersiveX-ray spectroscopy (EDS). The elemental
composition of particles is utilized for identifying carbon-dominant plastics
over other interferingmaterial. This information can be used for themonitoring
of the likely microplastic particles, thus ruling out the non-plastic materials.
Samples can be fixed on double-sided adhesive carbon tabs on aluminiumSEM
stubs (Tiwari et al. 2019). Then, samples are sputter coated (physical vapour
deposition method) with a thin film in a MCM-100P gold coating unit with
an average 10 nm coating thickness at the vacuum level of 8–10 Pa. Chemical
and morphological 40 characterization of the particles is performed using a
scanning electron microscope (SEM) equipped with an energy-dispersive X-
ray microanalyzer (Tiwari et al. 2019).

(c) Raman spectroscopy: Raman spectroscopy has been also applied in the detec-
tion of microplastics in several studies. A technique was developed called
as a bioimaging technique based on coherent anti-Stokes Raman Scattering
(CARS) microscopy, which can visualize 2–3 µm microplastics in plankton
(Qiu et al. 2016). Raman spectroscopy can identify extremely small microplas-
tics and perform better in wet samples, and generate spatial chemical images
of microplastics. This is a scattering method in which monochromatic light
(laser) is used as a source. The light radiation interacts with the extracted
sample. A part of the scattered photons experiences an energy shift and gives
information about molecule vibrations in the sample. The resulting Raman
spectrum provides analogous information as an IR spectrum (Kappler et al.
2016). Furthermore, Raman spectroscopy can detect some molecular vibra-
tions which are IR inactive or inactive. Nevertheless, the technique of Raman
spectroscopy would be interrupted by the presence of colour, additives, and
attached contaminant microplastics (Qiu et al. 2016).

4.5 Microplastics Control and Remediation

The origin of microplastic pollution in any ecosystem is anthropogenic such as
industrial, agricultural, and individual activities. Therefore, the first step to control
microplastic pollution is source reduction. The replacement of plastic polymers
with biodegradable polymers in the industrial and manufacturing sector could be
a promising approach to reduce plastic waste generation and thereby, microplastic
pollution. Replacement or reduction of agricultural plastic films and plasticmulching
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films is another source reduction strategy for mitigating soil microplastic pollu-
tion (Qi et al. 2020). Another reduction strategy is removal of plastic microbeads
from personal care products and enhancing usage of biodegradable materials such
as Polylactatide (PLA) and Polyhydroxyalkanoates (PHA) (Wu et al. 2017).

In addition to these source reduction measures, several technologies can also
be harnessed for on-site microplastic remediation. Technological advancement of
wastewater treatment plants could be a promising solution for the reduction of
microplastic inputs in the environment, especially from the point sources (Pico
et al. 2019). Another approach could be the utilization of biotechnology-based solu-
tions such as microorganisms (bacteria and fungi) capable of degrading small-sized
plastic polymers. A potential bioremediation solution for microplastics could be the
marine fungus ‘Zalerion maritimum’, which has been tested for the biodegradation
of polyethylene pellets (Paço et al. 2017). Furthermore, recent research in biodegra-
dation of plastics indicates that bacterial strains of Bacillus and Enterobacter are
capable of degradation of Polyethylene (PE) and Polystyrene (PS), respectively. The
strains of Ideonella sakaiensis have been discovered which degrade Polyethylene
(PET) in PET contaminated soils (Wu et al. 2017). The physicochemical methods
for microplastic removal from drinking waters include coagulation, sedimentation,
sand filtration, and clarification (Bhatt et al. 2021). If scientifically implemented,
these solutions can also prove compelling in the context of microplastics in flood-
plain soils. Therefore, the strategies for microplastic remediation in floodplains such
as Indo-Gangetic floodplains need to be explored, since microplastic pollution is
expected to increase exponentially in the coming years (Fig. 4.2).
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4.6 Conclusion

This chapter is an attempt at exploring the unfolding vulnerable situation in the terres-
trial floodplains with respect to microplastics pollution. Plastic littering, agriculture,
plastic inflow, and fragmentation in river systems are some of the primary activi-
ties which contribute towards microplastics in floodplains. Furthermore, it is likely
to increase in microplastic abundance in the IGP plains for the foreseeable future,
therefore it is necessary to prohibit the microplastic sources by source reduction
or minimizing its utilization through alternatives. There should be some mecha-
nism to check the microplastics emission at the source itself as it is evident that
an increased presence of microplastics in the ecologically sensitive floodplains may
develop into a potential risk for a large population.Another perspective for combating
microplastic pollution could be the awareness formicroplastics existence in the flood-
plain soils, thus sufficient data and research should be accomplished in this area to
ensure sustainable development and restoration of soil health.
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Chapter 5
Microplastics in Wastewater Treatment
Plants: Occurrence, Fate and Mitigation
Strategies

Angel Joseph, Azmat Naseem, and Arya Vijayanandan

Abstract Environmental contamination caused by microplastics (MPs) is an issue
of grave concern which is pervasive in global water, air, and soil. Wastewater
treatment plants (WWTPs) are recognized as the vital source of MPs into the envi-
ronment. Hence understanding the fate and behavior of MPs in WWTPs is of utmost
importance. Studies have also reported the presence of MPs in the treated effluent.
Challenges in MPs removal in different treatment units need to be identified, and
advancements of existing treatment technologies are to be explored for enhancing
the removal of MPs in WWTPs. This chapter presents the occurrence and fate of
MPs in different treatment processes such as biodegradation, adsorption, membrane
processes, filtration, electrocoagulation, and advanced oxidation processes. The
removal efficiency of MPs in different treatment units, the mechanism of removal,
and the challenges involved in removing MPs in each treatment unit are discussed
in detail. The efficiency of the existing treatment technologies in WWTPs are
compared, and the modifications suggested by recent studies to improve the removal
of MPs are presented in this chapter.

Keywords Microplastics · Occurrence · Mitigation · Advanced oxidation
processes · Adsorption · Bioreactor · Electrocoagulation · Filtration · Wastewater
treatment

5.1 Introduction

Plastics are considered the modern marvel due to their benefits across all the fields
ranging from health to food sectors saving countless lives (Golwala et al. 2021;Wang
et al. 2021). The property thatmakes the plastics suitable also renders their ubiquitous
presence in the environment (Guo et al. 2020; Yang et al. 2021). Depending on the
usage pattern of plastic, the shelf life of the plastic items varies from 1 to 50 years
or beyond before they are dumped as trash from where it can be recycled (9%),
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abandoned in the landfill (8%), utilized for energy recovery (12%), or dissipated in
the environment (71%) (Dris et al. 2015a; Gregory 2009; Foerster 2018). Microplas-
tics (MPs) are of significant concern de to their persistence and capability to act as
carriers for other toxic pollutants such as dioxins, aldrin, perfluorooctane sulfonic
acid, triclosan, tonalite chlordane, hexachlorobenzene, etc. (Mammo et al. 2020).
Once MPs enter the food chain, it would result in bioaccumulation and will impart
adverse health effects on living organisms and human beings as well (Miller et al.
2020). It is imperative to highlight that MPs are not a single type of contaminant but
a suite of contaminants and are considered among the emerging contaminants (Jain
et al. 2021). Owing to this serious concern, the European Parliament recently framed
a resolution proposal (TA/2019/0071) emphasizing the urgent need for addressing
MPs contamination related to wastewater treatment (Edo et al. 2020). MPs are small
fragments (≤5 mm), synthetic polymer fragments which have either been deliber-
ately manufactured in smaller sizes known as primary MPs or developed due to
the disintegration of bigger plastic known as secondary MPs (Frias and Nash 2019;
Hartmann et al. 2019).

MPs are reported to be extensively present in the soil (Guo et al. 2020), oceans
(Wang et al. 2020c), atmosphere (Abbasi et al. 2019), freshwater systems (Han et al.
2020), and are also detected in the sediments (González-Pleiter et al. 2019). It is
essential to consider that WWTPs majorly act as the source for the entry of MPs into
the environment as single treatment plant effluent can release up to 1010 MPs per day
(Mintenig et al. 2017). These fragments of plastics,whether in larger or smaller forms,
would cause serious adverse repercussions for biota, ecosystems, and the environ-
ment (Hartline et al. 2016; He et al. 2020; Magnusson and Norén 2014; Michielssen
et al. 2016; Ou and Zeng 2018; Rummel et al. 2017; Wang et al. 2020b; Wright et al.
2020). In the natural hydrological cycle, an appreciable proportion ofMPs is detected
in lakes, oceans, rivers, atmospheric precipitation, and wastewater and treated water
(Alia et al. 2016; Andrady, 2011; Dris et al. 2015b). In the case of the anthropogenic
hydrological cycle, micro-sized litter finds its way in sewers (Tagg et al. 2015), which
are ultimately sent to the influent load of the WWTPs (Carr et al. 2016).

Previous studies focused on the source, composition, and concentration of MPs
have reported that the MPs in the influent of WWTPs are majorly composed of
small-sized fibers discharged from laundries (Baldwin et al. 2011), microbeads used
in personal grooming products (Ezel et al. 2016). Pollutants such as heavy metals
(Yazdani Foshtomi et al. 2019), polycyclic aromatic hydrocarbons (Sørensen et al.
2020), pharmaceutical compounds and cosmetic products (Liu et al. 2019a; Ma
et al. 2019), and polybrominated biphenyl ethers (Singla et al. 2020) gets adsorbed
from surrounding media to MPs due to their large surface area and low volume
(Thompson et al. 2004). High concentrations of micro-sized plastic litter in water
affect the efficiency ofwater purification processes like filtration units that get choked
or malfunctioned due to clogging (Chesters et al. 2013; Guo et al. 2012). There is
also a possibility that MPs experience shear forces generated by pumping or mixing,
which further disintegratesMPs intomuch smaller fragments leading to the formation
of nano plastics released in the water matrix (Lee et al. 2019).

The research focusing on the sources, occurrence, and fate of MPs inWWTPs has
gained a lot of attention in recent years (Bakaraki Turan et al. 2021; Edo et al. 2020;
Habib et al. 2020; Liu et al. 2021; Ngo et al. 2019; Raju et al. 2018; Sun et al. 2019;
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Xu et al. 2021). Various technologies are being adopted for the removal of MPs at
different treatment stages. A detailed review of the occurrence and the fate of MPs
in WWTPs are presented in this chapter. In addition, this article aims to provide a
comprehensive review of the mechanism of removal of MPs in specific treatment
units for a better understanding of research gaps that need to be addressed in the
future. Occurrence of MPs in wastewater treatment plants.

Contamination of MPs in municipal sewage is reported in several parts of the
world (Iyare et al. 2020). WWTPs are considered the prime source of MPs in the
water bodies (Tang et al. 2020a, 2020b) MPs are mainly introduced into wastewater
through stormwater discharge and outlets from residential structures and multiple
production units (Salmi et al. 2021). The release ofMPs can occur throughout the life
cycle of the plastic products from the production and formulation stage to transport,
utilization, and final disposal (Wang et al. 2021). These MPs are being transported
to different environmental matrices through runoff, sewage, landfills, industries, and
weathering (Lambert et al. 2014).

The origin and composition of MPs found in WWTPs are challenging to analyze
due to their smaller particle size and wide range of unknown sources (Kaliszewicz
et al. 2020; Ziajahromi et al. 2016, 2017). Primary MPs detected in WWTPs include
tiny beads that are used in several cosmetic products such as scrubs, face wash, tooth-
paste, etc. (Chang 2015; Fendall and Sewell 2009). The other sources can be plastic
pellets, fishing gear, and building paints which yield small-sized MPs (0.5–6 mm)
released into water systems (Kärrman et al. 2016). However, the most considerable
contribution is from the automobile sector. The tires release 50,000–135,000 tons of
MPs of range > 0.01 mm, and the smallest recorded micro fragments of size > 5 µm
originate from fertilizers and detergents (Viveknand et al. 2021). A common source
of MPs in the WWTPs is microbeads (Kärrman et al. 2016), and it is estimated that
nearly 94,500 microbeads are discharged on single wash from cosmetic products
(Napper et al. 2015).

SecondaryMPs directly discharged into the sewers include tiny fiber litter (of size
12–16 µm) from clothing, and it is estimated that every wash of a single garment
using a household machine would generate > 1900 fibers (Browne et al. 2011).
The formation of secondary MPs is due to regular disintegration of larger plastics
under nominal atmospheric conditions due to exposure to the sunlight or by mechan-
ical disintegration during pumping and mixing in WWTPs (Eriksen et al. 2014).
Larger plastic items are broken down by different mechanisms such as hydrolysis,
photo-oxidation, mechanical breakage caused by turbulent water or sand abrasion,
or microorganisms-assisted bio-assimilation (Gewert et al. 2015; Niaounakis 2017).
Determining particle shape, size, amount, and surface chemistry of MPs is chal-
lenging, especially in the case of secondary MPs (Andrady 2017). In a recent study,
the samples obtained from the WWTPs reported MPs’ presence that can be catego-
rized into six shapes: pellets, granules, fibers, films, fragments, and foams (Yang et al.
2021). Fibers and fragments are most abundantly found in WWTPs, and these fibers
possessing a greater length to width ratio, are difficult to remove in the treatment
units (Sol et al. 2020).



84 A. Joseph et al.

Physical, chemical, and biological treatment techniques could be responsible for
changing the configuration of primaryMPs to secondaryMPs (González-Pleiter et al.
2019), rendering WWTPs the key contributor of secondary MPs in the terrestrial as
well as in aquatic media (Liu et al. 2021). Depending upon the level of treatment,
WWTPs have a high propensity of removingMPs; however, they are critical contrib-
utors to contamination as water remains the prime carrier for the diffusion of MPs
in the environment (Bayo et al. 2020; Bretas Alvim et al. 2020; Edo et al. 2020; Sol
et al. 2020; Ziajahromi et al. 2016). At various treatment levels involved in WWTPs,
such as preliminary followed by primary, secondary, and terminating at the tertiary,
approximately 87–99% of plastic litter is removed from the sewage (Viveknand
et al. 2021). A schematic representation of the sources and pathway of MPs during
in WWTPs is shown in Fig. 5.1.

Despite the high rates of removal ofMPs inWWTP, still, a large proportion of this
debris-loaded wastewater is regularly released to the water streams (Carr et al. 2016).
A Scotland-based treatment plant was reported to release about 6.5× 107MPs daily
into its neighborhood (Murphy et al. 2016), and another WWTP in Italy was found
to discharge around 1.6 × 108 MPs per day (Magni et al. 2019). Murphy et al. 2016
reported that the influent loading of MPs in a WWTP in England was close to 15.70
(± 5.20) particles/L and was lowered to 0.25 (± 0.04) particles/L in the discharged
effluent. A study conducted in a WWTP in China reported that the MPs with mass <
10 kg were released into the water system per day, and the proportion of fragments
is abundant (Lv et al. 2019). Gies et al. (2018) estimated the dominance of different
types of MPs such as fibers (65.6%), fragments (28.1%), pellets (5.4%), granules
(0.45%), foam (0.22%), and sheets (0.20%) in samples collected from a WWTP in
Canada.

Fig. 5.1 Different sources, occurrence and pathways of MPs in WWTPs (figure modified from
Zhang et al.(2020))
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5.2 Treatment Methods and the Mechanism Involved
in Removing MPs from WWTPs

Existing WWTPs are not carefully designed for removing MPs from wastewater.
Literature suggests that a significant quantity ofMPswas released to the environment
in each treatment option adopted in the WWTPs (Joo et al. 2021). Depending upon
the treatment methods and physicochemical characteristics of the polymer, such as
particle density, size, charge, hydrophobicity, etc., variable removal efficiencies can
be expected in different treatment technologies (Bond et al. 2018). The efficacy of
any removal treatment method is highly dependent on the quality of influent and the
characteristics of MPs in it.

Primary treatments involving coarse screening remove most of the MPs, while
grit sedimentation, screening, degreasing, and primary sedimentation contribute to
further removal. The biological processes followed by sedimentation in secondary
treatment accounts for approximately 20% removal efficiency (Xu et al. 2021). About
69–79% of MPs introduced into WWTPs are eliminated at the primary screening
stage with grit removal methods (Ziajahromi et al. 2021). Low-weight floating MPs
could bypass the grease skimming method (Sun et al. 2019). Primary sedimentation
could remove particles with a spherical shape having a diameter > 27–149µm (Iyare
et al. 2020). In combination with the grit and grease removal units, the primary
settling unit potentially improves the efficacy of removing MPs. A recent study
reported that treatment units such as sedimentation and skimming units have the
potential to remove almost 72% of MPs present in sewage influent (Xu et al. 2021).

Another study reported higher removal efficiency for MPs having size (106–
300 µm) than MPs with range (>300 µm) (Lee and Kim, 2018). Smaller MPs can be
trapped easily in the grit and grease removal stage and adhere to the biofilmor flocs. A
study conducted byLiu et al. (2019) suggested thatMPs removal is closely associated
with turbidity removal fromprimary sedimentation aswell as secondary treatment. In
WWTPs, the major fraction of microbeads ends up in the sludge, with the remaining
microbeads released into receiving streams (Mason et al. 2016; Murphy et al. 2016).
Many of the available treatment techniques eliminate MPs by entrapping this litter in
sludge; however, dedicated techniques for removing MPs are lacking. There is still
the persistence of MPs in the final effluent discharged via WWTPs, signifying the
inability of existing treatment methods in completely eliminatingMPs in wastewater
(Ziajahromi et al. 2017). Secondary and tertiary treatments in WWTPs remove 88–
94% of MPs loaded in the sewage influent, and about 72% removal efficacy was
reported during preliminary and primary treatment (Iyare et al. 2020). The following
section discusses the detailed removal mechanisms ofMPs in specific treatment units
in WWTPs.
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5.2.1 Biological Processes

Bioreactors are adopted as a secondary treatment option for the removal of MPs
in WWTPs. The MPs are hardly degraded within a short period. The extracellular
polymer substances secreted by the microorganisms facilitate the initial trapping of
MPs (Zhang et al. 2020). The degradation of MPs by the microbes followed by the
formation of sludge aggregates causes the effective removal of MPs in bioreactors.
The accumulated MPs in the sludge were then removed in a secondary clarifier
(Jeong et al. 2016). Recent studies have reported the biological degradation of MPs
by various organisms (Yuan et al. 2020; Miri et al. 2021). Polymer digestion by the
microbes present in the sludge is the plausible mechanism of MPs removal (Miri
et al. 2022).

Biodegradation of MPs takes place in four successive steps: colonization, bio-
fragmentation, assimilation, and mineralization (Dussud and Ghiglione 2014). The
biodegradation of MPs initiates with the formation of microbial colonies over the
surface of the polymer (Oberbeckmann et al. 2015). This colonization causes macro-
molecular modifications on the MPs by physical (biofilms forcing cracks and pits
on the polymer surface) and chemical (the secretion of acids by the microbial
colonies weakens the polymer structure) pathways (Yoshida et al. 2016). More-
over, the enzymes secreted on the MPs aids in disintegrating the polymer to a low
molecular weight oligomer during bio-fragmentation (Skariyachan et al. 2018). The
bio-fragmentation stage is continued with subsequent assimilation of fragmented
oligomers by the microbial colony. This stage is called assimilation, and in the final
stage of mineralization, bacteria consume all useful energy out of oligomers and
release oxidized waste into the surrounding environment through multiple biochem-
ical pathways (Hou et al. 2021; Miri et al. 2022). However, in most of the biological
treatment processes, degradation of MPs is minimum; rather removal occurs due to
adsorption and entrapment (Zhang et al. 2020).

The activated sludge process (ASP) has been effective in mitigating wastewater
MPs after preliminary treatments (Bretas Alvim et al. 2021). The mineralization of
MPs in ASP involves two processes (a) sorption and (b) degradation (Fig. 5.2). Most

Fig. 5.2 Interactions of MPs
with biomass in ASP (Figure
modified from Zhang et al.
2020)
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of the secondary treatment facilities in WWTPs combine biological processes with a
clarification unit for the effective removal of biomass which also aids in the removal
of MPs (Tang et al. 2020a, 2020b). The biological flocs promote growth on MPs’
surface, which causes accumulation of MPs debris in the system, and subsequently,
MPs may get settled in the clarifier (Hurley et al. 2018). Experimental results from
a lab-scale SBR detected the presence of smaller fragments in the sludge and larger
MPs in the effluent with a removal efficiency of 52% (Kalčíková et al. 2017).

The introduction of biofilters to remove MPs is considered a very simple and
innovative concept. Liu et al. (2020) tested the biofilter consisting of different layers
of stone wool as an advanced refining step for treated wastewater. The secondary
effluent entered the filter through the top portion, and treated effluent was discharged
from the bottom of the filter (Liu et al. 2020). The study reported that the filter could
reduce MPs by 79–89% in effluents of the wastewater treatment plant. However, it
is also observed that the biofilters are more recommended for the removal of larger
plastic fragments, and hence a complete MPs removal could not be achieved by this
method (Kuoppamäki et al. 2021). Maximum removal occurred at the top of the
biofilter with the lower layers allowing limited surplus treatment efficacy (Thupti-
mdang et al. 2021). Large-sized MPs were retained by biofilter with no particles
greater than 100 µm from the filter in the final effluent (Kuoppamäki et al. 2021).

Lee and Kim (2018) compared the removal efficiencies of 3 different configu-
rations of the activated sludge process for MPs removal: sequencing batch reactor
(SBR), anaerobic–anoxic–oxic (A2O), and media process (A2O basin with filled
carrier). It was observed that all processes attained removal efficiencies > 98%, and
SBR reported the highest rate of 99.2%. Jiang et al.2020 reported that the anoxic–
oxic process (A/O) removed approximately 17% of MPs in wastewater. MPs show
higher retention potential in most of the biological processes, and the treatment of
MPs fraction with the sludge is of great concern (Liu et al. 2019c).

A significant portion of the MPs is reported to be accumulated in the waste acti-
vated sludge (WAS). WAS produced in the specific treatment units is further treated
with an anaerobic digester (AD) (Wei et al. 2019). The treatment of WAS enriched
with MPs has been challenging in recent times. The size and composition of the
MPs are the predominant factors that determine the efficacy of anaerobic digestion
(Chen et al. 2021). The composition of WAS enriched with larger-sized fractions
of MPs has shown a reduction in methane production than in smaller fragments
(Wei et al. 2019; Zhang et al. 2020). It has been reported that the presence of MPs
in the WAS reduces the efficiency of the anaerobic digestion as the MPs also act
as a carrier for the other antibiotics and other toxic pollutants (Wei et al. 2019). A
recent study has investigated the co-effect of MPs and antibiotics in the anaerobic
digestion and observed adsorption of antibiotics to MPs due to its hydrophobicity
and larger specific area (Wang et al. 2020a). This causes a reduction in the anaer-
obic efficiency and the prolonged residence of antibiotics in the anaerobic digester,
which causes inhibition in antibiotic degradation (Zhu et al. 2018). Higher content
of MPs in WAS causes inhibition of the hydrolysis stage of anaerobic digestion that
results in the increased formation of dissolved organic matter (Chen et al. 2021). This
further causes the inhibition of the acidogenesis stage that leads to lower methane
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production (Lin et al. 2020). In general, biodegradation ofMPs in anaerobic digestion
processes is difficult, and understanding the fate of MPs in the system is essential.
The leaching of monomers during anaerobic digestion is another matter of concern,
and the mechanisms involved in the anaerobic digestion of MPs are still not clearly
understood.

5.2.2 Filtration

Rapid sand filtration (RSF) is the commonly adopted low-cost treatment method
for the removal of MPs. The removal of MPs has been enhanced by incorporating
RSF units as the last stage option in tertiary treatment (Padervand et al. 2020).
After the systematic investigation of WWTPs in Finland, it was observed that RSF
could remove 97% of MPs present in the effluent from the secondary treatment
stage (Talvitie et al. 2017). Although higher removal efficiencies are being reported,
the main demerit of such systems is that it causes fragmentation of MPs. Hence
the magnitude as well the surface properties of the MPs are of great importance
in this context, as these factors determine the extent of MPs and filter media inter-
action (Bhattacharjee 2016). A recent study in South Korea reported that RSF and
coagulation units could be coupled together to achieve improved removal efficiency
(Hidayaturrahman and Lee 2019). Investigation on the transport behavior of smaller
fragments of MPs (0.02 µm and 2 µm) through sand and biochar medium has been
evaluated in a recent study (Tong et al. 2020). The study also concluded that improve-
ment in the surface roughness of the filter media has contributed to enhanced interac-
tion between the polymer and caused better deposition of MPs in the filter media. In
addition, the development of composite filter media such as biochar/Fe3O4-biochar
having magnetic attraction can act as a permeable barrier and has great potential to
immobilize the MPs fragments (Faisal et al. 2018). A study focused on the elucida-
tion of the mechanism behind the immobilization of MPs (Fig. 5.3) in biochar media
concluded that stuck, trapped, and entangled are the three factors that control MPs
fate in biochar media (Wang et al. 2020d). The development of such cost-effective
filter media can improve the overall performance of tertiary treatment systems.

5.2.3 Adsorption

Several studies have targeted the development of adsorbent media that can be used
suitably to adsorb the MPs present in wastewater (Li et al. 2019; Nolte et al. 2017).
In a recent study, the application of graphene oxide and chitin for the adsorption of
MPs had been explored and identified to be an effective method (Sun et al. 2020).
The adsorption of MPs to graphene-supported adsorbents is primarily due to the
pie bond, H-bond, and electrostatic attraction. Three-dimensional graphene-based
adsorbents can be used for the separation of MPs. The adherence and high sorption
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Fig. 5.3 Mechanisms involved in the removal of MPs using filtration (figure modified from Wang
et al.(2020d))

of MPs to the surface of the marine microalgae and seaweed have been reported
in a recent study (Sundbæk et al. 2018). The alginate released from the seaweed
surfaces enhances the sorption capacity, and about 94% of MPs have been removed
in that manner (Padervand et al. 2020). The effect of surface charges on MPs and
microalgae in the adsorption process has been analyzed in a study conducted by
Nolte et al. (2017). The study also concluded that the rate of adsorption of posi-
tively charged polystyrene is comparatively higher than the negatively charged MPs.
Anionic polysaccharides present in the algal chemical structure enhanced the adsorp-
tion of MPs on the surface of algae (Dey et al. 2021). Hence the surface charge of
the MPs is an important parameter that determines the rate of adsorption. A recent
study shows effective MPs removal using granular activated carbon (GAC) adsorp-
tion with thermal regeneration. This study proposes to retrofit the existing STP with
GAC combined with thermal regeneration as the process ensures more than 92%
removal of MPs ranging from 20 to 50 µm (Kim & Park 2021).

5.2.4 Membrane Technologies

The application of membranes is highly effective for the treatment of MPs present in
wastewater. Such membrane filtration units are reported to remove MPs with higher
efficiency and maintain stable effluent quality and ease of treatment (Poerio et al.
2019). It is reported that the influent load and particle concentration are the critical
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parameters to be considered in the filtration of MPs (Li et al. 2018). The design of
polymer coatings with elongated mesh is also found to be an effective method for
the removal of MPs (Mohana et al. 2021). Size exclusion, electrostatic interaction,
hydrophobic interaction, and biofilm formation are the basic mechanisms by which
MPs are usually removed in a membrane technique (Joo et al. 2021).

Coupling the biological reactors with membrane units is another effective option
for removing polymeric debris and MPs present in industrial wastewater (Talvitie
et al. 2017). A simple schematic representing the removal of MPs while passing
through the membrane modules (ultrafiltration unit) is presented in Fig. 5.4. The
effective interaction between MPs and the ultrafiltration unit results in the complete
removal of MPs (Enfrin et al. 2020). A comparison study was conducted by Lv
et al. 2019 between MBR and oxidation ditch. The results revealed that MBR has
exceptional efficiency over the oxidation ditch in the treatment of MPs. However,
the limiting factors such as membrane congestion and control of biofilm reduce
the efficiency of MBR in treating MPs (Lares et al. 2018; Nicolella et al. 2000).
Studies have reported that smaller plastic fragments are very difficult to be removed
in the tertiary treatment units and the treatment options such as biological filters
and advanced separation systems are not effective as membrane bioreactors which
ensures almost 99.9% removal efficiency (Mason et al. 2016; Talvitie et al. 2017).
However, optimization of different parameters, including membrane surface charge,
fouling phenomena, transmembrane pressure, membrane material, pore size, and
hydraulic retention time are important for the effective removal of MPs.

A case study has showcased the capability of removing MPs in effluent at a
WWTP using membrane process in Mikkeli, Finland (Hermabessiere et al. 2017).
Dynamic membrane (DM) is considered an appealing membrane-based method for
wastewater that works on the principle of cake layer-based formation (Poerio et al.
2019). In wastewater treatment, DM performs the function of a secondary membrane
filter; however, compared to MF/UF, membrane performance is weakened due to
dense fouling and thick layers (Baresel et al. 2019). The reverse osmosis (RO)
process can also be effectively implemented in WWTPs to remove MPs. Tertiary
treatment involving ultrafiltration and RO are reported to be efficient for removing
MPs (Ziajahromi et al. 2017).

Fig. 5.4 Removal of MPs using ultrafiltration unit (figure modified from Enfrin et al. 2020)
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5.2.5 Electrocoagulation

The electrocoagulation processes are considered to be an effective method for the
removal ofMPs as the coagulants produced from themetal electrodes are more likely
to encounter theMPs present in wastewater with several advantages, including lower
sludge production andminimal operating cost (Akarsu&Deniz, 2021; Elkhatib et al.
2021). The performance of electrocoagulation processes has been evaluated using
a bench-scale electrocoagulation unit (Fig. 5.5) and found to be most effective in
removing MPs at neutral pH as the rate of coagulant formation is higher at neutral
pH (Perren et al. 2018).

In a recent study conducted by Ariza-Tarazona et al. (2019), the efficiency of
iron and aluminum salt coagulants in removing polyethylene has been compared
and concluded that aluminum-based coagulants had shown better removal efficiency
than iron salt. This study also noted a reduction in the removal efficiency with the
rise in pH, and the smaller plastic fragments below 0.5 mm are found to be hardly
removed at a higher pH range. The study also inferred that an enhancing coagulation
agent such as polyacrylamide had improved the removal efficiency of smaller MPs.
Electrocoagulation processes have been successfully employed for the removal of
microbeads using aluminum as the electrode material. Perren et al. (2018) inves-
tigated different parameters, including the effect of pH and electrode to electrode
distance that affects the MPs removal rate. Higher removal efficiency (more than
90%) was reported over the lower pH values (pH 3). Kim et al. (2021) reported that
about 90% of MPs were converted to separable flocs in the electrocoagulation unit,
which would later be removed in any tertiary treatment unit.

Fig. 5.5 Electrocoagulation unit adopted for the removal ofMPs (figuremodified from Perren et al.
2018)
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5.2.6 Advanced Oxidation Processes

The applicability of the advanced oxidation process (AOP) has been explored as
a tertiary treatment option for removing MPs. Recently, the combined influence
of Fenton and heat-activated persulfate methods in the long-term degradation of
polyethylene and polystyreneMPs have been studied (Liu et al. 2019c). The influence
of the average size and oxygen to carbon ratio (O/C) ratio of MPs in the surface
properties and the adsorption capacity was analyzed in this study, and concluded that
these parameters have significantly changed the oxidation rate ofMPs.The alterations
in the surface of MPs in an advanced oxidation process are usually evaluated for
the O/C ratio (Liu et al. 2019b). The morphological and structural variations of
polyethylene MPs during the dark and UV light degradation have been evaluated in
a recent study (Da Costa et al. 2018). It is observed that salinity increased the rate
of degradation of MPs compared to UV irradiation (Suhrhoff et al. 2016). Hence the
salinity of the surrounding media plays an important factor in the photodegradation
of MPs as salts enhance the formation of oxidized sites (Vasile and Pascu 2005).

ThedisintegrationofMPsby the photocatalyticmethodhas been recently explored
and reported as a potential treatment option for the mineralization of polymer (Tofa
et al. 2019). The light source is chosen depending upon the type of photocatalyst and
the amount of energy required for the extraction of electrons from the valence band of
the photocatalyst. Many of the recent studies have effectively utilized photocatalysis
for the effective degradation ofMPs. The applicability of TiO2 (Ariza-Tarazona et al.
2020; Luo et al. 2021) and ZnO (Uheida et al. 2021) photocatalysts for the photo-
catalytic degradation of MPs have been majorly explored in this field. Liang et al.
(2013) reported improved photocatalytic degradation of low-density polyethylene
by grafting hydrophilic polyacrylamide on the TiO2 photocatalyst.

The apparent conditions of the degradation for polypropylene (PP), polystyrene
(PS), and polyethylene (PE) are cracks/flakes and granular oxidation. However, the
most vulnerable MPs that can change the configuration to a smaller range or even
nano range are the ones that develop cracks and flakes (Cai et al. 2018). These fissures
are referred to as stress concentrators and fractures, formed at the brittle orweak spots
of MPs (Cooper, 2012). The application of UV irradiation initiates the splitting of
C-H bonds and C–C bonds, which results in the formation of peroxy free radicals
(Cai et al. 2018; Gewert et al. 2015). Furthermore, application of UV irradiation
activates hydroxyl, carbonyl, hydroperoxide, and chromophore groups in the surface
of MPs that causes the formation of free radicals and marks the beginning of chain
reactions that ultimately leads to the complete mineralization of MPs. The removal
efficiency reported with AOP is comparatively lower; however, these methods could
achieve maximum mineralization of MPs (Lam et al. 2020).

The pros and cons of different technologies need to be evaluated for selecting
the suitable treatment scheme for removing MPs. High energy demand, membrane
fouling, sludge accumulation, microbial aggregation on the membrane surface
are some of the inherent demerits encountered with conventional treatments and
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membrane processes that can be avoided by the extended application of photocat-
alytic processes with efficient utilization of solar energy. Filtration systems are a
comparatively low-cost option for MPs mitigation. However, the lower removal rate
of MPs has been reported with filtration units, and this might be due to the longitu-
dinal movement of MPs fragments through the filter media (Sun et al. 2019). Hence
additional final stage treatment units should be supported with filtration systems
in WWTPs to remove smaller fragments of MPs. In most cases, during the back-
washing of the filters, the solids removed may again be sent back to the beginning
stage, adding the loading rate of MPs in the WWTPs.

The retention of a significant fraction of MPs in the sewage sludge limits the visi-
bility of biological processes in the treatment ofMPs. However, research focusing on
the leaching of monomers fromMPs during the biodegradation and studies focusing
on the transformation of MPs in specific units of WWTPs are scanty. The interac-
tions ofMPswith the surface of themembrane are not clearly understood, and further
studies need to be conducted in this area. The effect of other pollutants and the oper-
ating parameters on the fate ofMPs in different treatment units should be investigated,
and the underlying mechanisms of removal need to be substantiated. Future studies
should also focus on the reaction intermediates generated during photocatalysis and
other AOPs during the treatment of MPs.

5.3 Conclusions

Plastic polymers are inevitable in human lives due to their continued demand in
all sectors. Though it seems a considerable removal, still WWTPs are majorly
contributing to MPs contamination to the environment. The MPs-loaded effluent
released from the WWTPs ultimately merges with waterbodies. Being an emerging
contaminant, MPs serve as carriers of metals and organic contaminants. Bioaccumu-
lation ofMPs is inevitable considering the cumulative emission ofMPs into the water
bodies. Therefore, maximizing the removal of MPs in WWTPs would eliminate a
possible pathway of MPs into the environment. However, there are uncertainties in
comparing the removal efficiencies of MPs in WWTPs due to the multiple possible
removal mechanisms and lack of standardized sampling/identification methods.
Proper standardization and the periodic assessment of treatment units are required
for a greater degree of evaluation of the fate of the MPs in WWTPs. Different tech-
nologies are being explored for the removal of MPs, such as adsorption, filtration,
membrane technologies, electrocoagulation, and advanced oxidation processes such
as photocatalysis. The coupling of different secondary and tertiary schemes would
significantly reduce the MPs concentration in the treated effluent. Membrane filtra-
tion is reported to be a promising technology; however, further research is required to
address the challenges related to membrane fouling issues. Ample attention should
be given to the development of treatment methods that focus on the complete miner-
alization of the MPs to curb the emission, and further studies are needed in this
direction.



94 A. Joseph et al.

References

Abbasi S, Keshavarzi B, Moore F, Turner A, Kelly FJ, Dominguez AO, Jaafarzadeh N (2019)
Distribution and potential health impacts of microplastics and micro rubbers in air and street
dusts from Asaluyeh County, Iran. Environ Pollut 244:153–164. https://doi.org/10.1016/j.env
pol.2018.10.039

Akarsu C, Deniz F (2021) Electrocoagulation/electroflotation process for removal of organics and
microplastics in laundry wastewater. Clean: Soil, Air, Water. https://doi.org/10.1002/clen.202
000146

Alia JM, Herrmann KMK, Rakestrawb MJ, Alan S, Coady K (2016) Learned discourses: timely
scientific opinions learned discourse: timely scientific opinions 12(2), 397–406. https://doi.org/
10.1002/ieam.1732

Andrady AL (2011) Microplastics in the marine environment. Mar Pollut Bull 62(8):1596–1605.
https://doi.org/10.1016/j.marpolbul.2011.05.030

Andrady AL (2017) The plastic in microplastics: a review. Mar Pollut Bull 119(1):12–22
Ariza-Tarazona MC, Villarreal-Chiu JF, Barbieri V, Siligardi C, Cedillo-González EI (2019) New
strategy for microplastic degradation: green photocatalysis using a protein-based porous N-TiO2
semiconductor. Ceram Int 45(7):9618–9624

Ariza-Tarazona MC, Villarreal-Chiu JF, Hernández-López JM, De la Rosa JR, Barbieri V, Siligardi
C, Cedillo-González EI (2020) Microplastic pollution reduction by a carbon and nitrogen-doped
TiO2: effect of pH and temperature in the photocatalytic degradation process. J Hazard Mater
395:122632

Bakaraki Turan N, Sari Erkan H, Onkal Engin G (2021) Microplastics in wastewater treatment
plants: occurrence, fate and identification. Process Saf Environ Prot. https://doi.org/10.1016/j.
psep.2020.08.039

Baldwin V, Bhatia M, Luckey M (2011) Folding studies of purified LamB protein, the maltoporin
from the Escherichia coli outer membrane: trimer dissociation can be separated from unfolding.
Biochim Biophys Acta (BBA)—Biomembranes 1808(9):2206–2213. https://doi.org/10.1016/j.
bbamem.2011.05.013

Baresel C, Harding M, Fang J (2019) Ultrafiltration/granulated active carbon-biofilter: efficient
removal of a broad range of micropollutants. Appl Sci (Switzerland). https://doi.org/10.3390/app
9040710

Bayo J, Olmos S, López-Castellanos J (2020) Microplastics in an urban wastewater treatment
plant: the influence of physicochemical parameters and environmental factors. Chemosphere
238:124593

Bhattacharjee S (2016) DLS and zeta potential—what they are and what they are not? J Control
Release. https://doi.org/10.1016/j.jconrel.2016.06.017

Bond T, Ferrandiz-Mas V, Felipe-Sotelo M, Van Sebille E (2018) The occurrence and degradation
of aquatic plastic litter based on polymer physicochemical properties: a review. Crit Rev Environ
Sci Technol 48(7–9):685–722

Bretas Alvim C, Castelluccio S, Ferrer-Polonio E, Bes-Piá MA, Mendoza-Roca JA, Fernández-
Navarro J, Alonso JL, Amorós I (2021) Effect of polyethylene microplastics on activated sludge
process—accumulation in the sludge and influence on the process and on biomass characteristics.
Process Saf Environ Prot. https://doi.org/10.1016/j.psep.2020.10.014

Bretas Alvim C, Mendoza-Roca JA, Bes-Piá A (2020) Wastewater treatment plant as microplastics
release source—quantification and identification techniques. J Environ Manage 255, 109739.
https://doi.org/10.1016/j.jenvman.2019.109739

Browne MA, Crump P, Niven SJ, Teuten E, Tonkin A, Galloway T, Thompson R (2011) Accu-
mulation of microplastic on shorelines woldwide: sources and sinks. Environ Sci Technol
45(21):9175–9179. https://doi.org/10.1021/es201811s

Cai L, Wang J, Peng J, Wu Z, Tan X (2018) Observation of the degradation of three types of plastic
pellets exposed to UV irradiation in three different environments. Sci Total Environ 628:740–747

Carr SA, Liu J, Tesoro AG (2016) Transport and fate of microplastic particles in wastewater
treatment plants. Water Res. https://doi.org/10.1016/j.watres.2016.01.002

https://doi.org/10.1016/j.envpol.2018.10.039
https://doi.org/10.1002/clen.202000146
https://doi.org/10.1002/ieam.1732
https://doi.org/10.1016/j.marpolbul.2011.05.030
https://doi.org/10.1016/j.psep.2020.08.039
https://doi.org/10.1016/j.bbamem.2011.05.013
https://doi.org/10.3390/app9040710
https://doi.org/10.1016/j.jconrel.2016.06.017
https://doi.org/10.1016/j.psep.2020.10.014
https://doi.org/10.1016/j.jenvman.2019.109739
https://doi.org/10.1021/es201811s
https://doi.org/10.1016/j.watres.2016.01.002


5 Microplastics in Wastewater Treatment Plants: Occurrence, Fate … 95

Chang M (2015) Reducing microplastics from facial exfoliating cleansers in wastewater through
treatment versus consumer product decisions. Mar Pollut Bull 101(1):330–333. https://doi.org/
10.1016/j.marpolbul.2015.10.074

Chen H, Tang M, Yang X, Tsang YF, Wu Y, Wang D, Zhou Y (2021) Polyamide 6 microplastics
facilitate methane production during anaerobic digestion of waste activated sludge. Chem Eng J.
https://doi.org/10.1016/j.cej.2020.127251

Chesters SP, Pena N, Gallego S, Fazel M, Armstrong MW, del Vigo F (2013) Results from 99
seawater RO membrane autopsies. IDA J Desalin Water Reuse 5(1):40–47

Cooper DA (2012) Effects of chemical and mechanical weathering processes on the degradation of
plastic debris on marine beaches

Dey TK, Uddin ME, Jamal M (2021) Detection and removal of microplastics in wastewater:
evolution and impact. Environ Sci Pollut Res 1–23

Dris R, Gasperi J, Rocher V, Saad M, Renault N, Tassin B (2015a) Microplastic contamination in
an urban area: a case study in Greater Paris. Environ Chem 12(5):592–599

Dris R, ImhofH, SanchezW,Gasperi CJ (2015) Special front issue beyond the ocean: contamination
of freshwater ecosystems with (micro-) plastic particles, 539–550

Dussud C, Ghiglione JF (2014) Bacterial degradation of synthetic plastics. In: CIESM workshop
monogr 46:49–54

Edo C, González-Pleiter M, Leganés F, Fernández-Piñas F, Rosal R (2020) Fate of microplastics in
wastewater treatment plants and their environmental dispersion with effluent and sludge. Environ
Pollut 259. https://doi.org/10.1016/j.envpol.2019.113837

Elkhatib D, Oyanedel-Craver V, Carissimi E (2021) Electrocoagulation applied for the removal of
microplastics from wastewater treatment facilities. Sep Purif Technol. https://doi.org/10.1016/j.
seppur.2021.118877

Enfrin M, Lee J, Le-Clech P, Dumée LF (2020) Kinetic and mechanistic aspects of ultrafiltration
membrane fouling by nano- and microplastics. J Membr Sci. https://doi.org/10.1016/j.memsci.
2020.117890

EriksenM,LebretonLCM,CarsonHS, ThielM,MooreCJ, Borerro JC,Galgani F, RyanPG,Reisser
J (2014) Plastic pollution in the world’s oceans: more than 5 trillion plastic pieces weighing over
250,000 tons afloat at sea. PLoS ONE. https://doi.org/10.1371/journal.pone.0111913

Ezel ANVANW,Aris INEZC, Ools STAEK (2016) Plastic debris in the aquatic environment release
of primary microplastics from consumer products to wastewater in The Netherlands. Environ
Toxicol 35(7):1627–1631. https://doi.org/10.1002/etc.3316

Faisal AAH, Sulaymon AH, Khaliefa QM (2018) A review of permeable reactive barrier as passive
sustainable technology for groundwater remediation. Int J Environ Sci Technol. https://doi.org/
10.1007/s13762-017-1466-0

Fendall LS, SewellMA (2009)Contributing tomarine pollution bywashing your face:microplastics
in facial cleansers. Mar Pollut Bull 58(8):1225–1228

Foerster KH (2018) Plastics-the facts 2017. Association of Plastic Manufacturers, Brussels
Frias JPGL, Nash R (2019) Microplastics: finding a consensus on the definition. Mar Pollut Bull
138:145–147. https://doi.org/10.1016/j.marpolbul.2018.11.022

Gewert B, PlassmannMM,MacleodM (2015) Pathways for degradation of plastic polymers floating
in the marine environment. Environ Sci Process Impacts 17(9):1513–1521. https://doi.org/10.
1039/c5em00207a

Gies EA, LeNoble JL, Noël M, Etemadifar A, Bishay F, Hall ER, Ross PS (2018) Retention of
microplastics in a major secondary wastewater treatment plant in Vancouver, Canada. Mar Pollut
Bull 133:553–561

Golwala H, Zhang X, Iskander SM, Smith AL (2021) Solid waste: An overlooked source of
microplastics to the environment. Sci Total Environ. https://doi.org/10.1016/j.scitotenv.2020.
144581

González-PleiterM, Tamayo-BeldaM, Pulido-ReyesG,Amariei G, Leganés F, Rosal R, Fernández-
Piñas F (2019) Secondary nanoplastics released from a biodegradable microplastic severely

https://doi.org/10.1016/j.marpolbul.2015.10.074
https://doi.org/10.1016/j.cej.2020.127251
https://doi.org/10.1016/j.envpol.2019.113837
https://doi.org/10.1016/j.seppur.2021.118877
https://doi.org/10.1016/j.memsci.2020.117890
https://doi.org/10.1371/journal.pone.0111913
https://doi.org/10.1002/etc.3316
https://doi.org/10.1007/s13762-017-1466-0
https://doi.org/10.1016/j.marpolbul.2018.11.022
https://doi.org/10.1039/c5em00207a
https://doi.org/10.1016/j.scitotenv.2020.144581


96 A. Joseph et al.

impact freshwater environments. Environ Sci Nano 6(5):1382–1392. https://doi.org/10.1039/c8e
n01427b

GregoryMR (2009) Environmental implications of plastic debris inmarine settings—entanglement,
ingestion, smothering, hangers-on, hitch-hiking and alien invasions. Philos Trans R Soc B Biol
Sci 364(1526):2013–2025

Guo J-J, Huang X-P, Xiang L, Wang Y-Z, Li Y-W, Li H, Cai Q-Y, Mo C-H, Wong M-H (2020)
Source, migration and toxicology of microplastics in soil. Environ Int 137:105263. https://doi.
org/10.1016/j.envint.2019.105263

GuoW, Ngo H-H, Li J (2012) A mini-review on membrane fouling. Bioresour Technol 122:27–34.
https://doi.org/10.1016/j.biortech.2012.04.089

Habib RZ, Thiemann T, Al Kendi R (2020) Microplastics and wastewater treatment plants—a
review. J Water Resour Prot. https://doi.org/10.4236/jwarp.2020.121001

HanM,NiuX,TangM,ZhangB-T,WangG,YueW,KongX,Zhu J (2020)Distribution ofmicroplas-
tics in surface water of the lower YellowRiver near estuary. Sci Total Environ 707:135601. https://
doi.org/10.1016/j.scitotenv.2019.135601

Hartline NL, Bruce NJ, Karba SN, Ruff EO, Sonar SU, Holden PA (2016) Microfiber masses
recovered from conventional machine washing of new or aged garments. Environ Sci Technol
50(21):11532–11538

Hartmann NB, Hüffer T, Thompson RC, HassellövM, Verschoor A, Daugaard AE, Rist S, Karlsson
T, Brennholt N, ColeM, HerrlingMP, HessMC, Ivleva NP, Lusher AL,WagnerM (2019) Are we
speaking the same language? Recommendations for a definition and categorization framework for
plastic debris. Environ Sci Technol 53(3):1039–1047. https://doi.org/10.1021/acs.est.8b05297
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Chapter 6
Chloroform—An Emerging Pollutant
in the Air

Abinaya Sekar , George K. Varghese , and M. K. Ravi Varma

Abstract Around theworld, about sevenmillion people die each year from air pollu-
tion. World Health Organization (WHO) has reported that 9 out of 10 people breathe
air that exceeds the WHO guideline values for the concentration of pollutants. The
highest exposure is observed in low and middle-income countries. Urbanization and
industrialization have led to the formation of many new chemical pollutants. The list
of such emerging pollutants (EP) in the atmosphere is ever increasing. The sources
and health impacts caused by EPs are still not well understood due to various reasons
such as the paucity of monitoring data and lack of efficient detection methodology.
Consequently, regulatory standards are missing for many of the EPs. The detec-
tion of such pollutants is difficult due to their complex behavior and sources in
the atmosphere. Chloroform (CHCl3) is one such EP in air, which is categorized
as 2B carcinogen (probable human carcinogen) by the United States Environmental
ProtectionAgency (US-EPA).CHCl3 gets readily absorbed in the humanbody,where
60–80% of the inhaled quantity is absorbed and gets distributed throughout the body.
The concentration of CHCl3 found in indoor air is 10 folds higher than the outdoor
air. Despite serious health effects caused byCHCl3, it is not frequentlymonitored and
included in National Ambient Air Quality Standards (NAAQs) of different countries.
To address the knowledge gap, an in-depth analysis of literature was conducted. The
toxicity profile of the compound, its spatial and temporal distribution, fate in the
atmosphere, monitoring methods and health effects caused by it are discussed. The
information presented will help policymakers to add/modify the regulatory standards
on Chloroform in future amendments.
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6.1 Introduction

6.1.1 General

Air pollution is an issue of global concern posing a significant threat to the environ-
ment and driving climate change (Li 2019). Air pollution is considered one of the
major risk factors for mortality and remains one of the major causes of the global
burden of disease. The global burden of disease includes both years lost due to prema-
ture death and years living in poor health (Ritchie and Roser 2017). Air pollution is a
serious issue impacting the economy and normal life in many developing countries.
For example, the Indian cities are continuously getting featured in the list of most
polluted cities of the world. Besides the National Capital-Delhi, there are twenty-one
other cities of India among the top thirty polluted cities in the world (IQAir 2020).
In a recent study, it was found that air pollution solely is responsible for the loss of
7 lakh crore rupees annually in India due to reduction in productivity, absence from
work and premature deaths. The amount lost is equal to 3% of 2019 GDP, twice the
amount used for annual public health expenditure and 40% of the cost involved in
tackling the COVID-19 pandemic in India (Dalberg and CAF 2021).

Monitoring air quality is one of the important steps in combating air pollution
(Dalberg andCAF2021).Due to this, theCentral PollutionControlBoardof India had
launched a National air quality monitoring Programme (NAMP). Under this scheme,
four air pollutants (PM10, PM2.5, NO2 and SO2) are monitored on a regular basis
(CPCB 2020). Similarly, in the recently launched National Clean Air Programme
(NCAP) Continuous Ambient Air Quality Monitoring Stations (CAAQMS) were
installed in 71 cities in 12 states to monitor eight pollutants (PM10, PM2.5, NOx,
SO2, NH3, CO, O3 and benzene) (MoEF 2019). But, certain other pollutants that are
more harmful to human health are left out from the monitoring scheme (Sekar et al.
2019). These unregulated contaminants are the Emerging pollutants (EP) which can
be future candidates for regulations as andwhenmore information becomes available
on their occurrence in the environment and health effects (BarcelóE et al. 2005).
Classification of EPs in the air with examples is provided in Fig. 6.1.

VOCs are an important class of emerging pollutants. There have been multiple
instances where industrial accidants have discharged significant quantities of VOCs
into the air environment causing deaths of many and damaging the ecosystem. One
of the latest in the line was the styrene gas leak that occurred in the Indian state of
Andhra Pradesh in 2020 that resulted in 12 human casualities (Bhattacharjee 2020).
IARC has classified styrene in category 2B (Probably carcinogenic to humans) and
it is also an emerging pollutant of concern (IARC 2002). The Bhopal gas tragedy,
considered one of the largest industrial disasters causing the direct death of 3787
human beings (Government of Madhya Pradesh 2012) in addition to livestock, dogs
and birds (Broughton 2005), involved the leakage of Methyl Isocyanide (MIC)
(Varma and Varma 2005). In addition to MIC, the gas cloud emitted in the inter-
vening night of December 2nd and 3rd of 1984, from the pesticide plant owned
by Union Carbide India Limited (UCIL) contained gases like Chloroform, HCl,
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Fig. 6.1 Examples of emerging pollutants in the air (Ebere et al. 2020). Reproduced with
permission. Copyright © 2021 Elsevier Ltd

dichloromethane, methylamine compounds and CO2 (D’Silva 2006). In 2002, a fact-
finding mission’s investigation at Bhopal found that toxins like mercury, lead, 1,3,5
trichlorobenzene, dichloromethane and chloroform are present in the breast milk of
nursing women (Sarangi 2002).

Chloroform is an emerging pollutant that causes serious health effects and is found
abundantly in the environment, but not monitored frequently (Khalil and Rasmussen
1999). In atmospheric monitoring, chloroform comes under the broad category of
Volatile Organic Compounds (VOCs). Classification of VOCs according to chemical
composition and boiling point with examples are given in Table 6.1.

Montreal Protocol and its amendments regulate anthropogenic chlorine-
containing compounds like chlorofluorocarbons, carbon tetrachloride and methyl
chloroform. Due to this, there was a significant reduction in the emission of these
compounds over the past twenty years. As a result, a sign of recovery was also
observed in the Antarctic ozone hole (Solomon et al. 2016; Kuttippurath et al. 2018).
However, the level of unregulated chlorocarbons like dichloromethane, perchloro
ethane, methyl chloride and chloroform are increasing the stratospheric chlorine
load. These compounds are not regulated because of their short atmospheric lifetime
and substantial natural sources (Say et al. 2020). But in recent years, chlorocarbons
have started to pose a threat to the healing of the ozone layer (Fang et al. 2019). The
formation mechanism, properties and effects of chloroform are well characterized;
however, a significant amount of uncertainty remains in understanding the source and
impact on health and global climatic change. This may be due to the less availability
of the monitoring data.
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Table 6.1 Classification of VOCs based on chemical composition and boiling point

VOC class Definition Examples

Based on the chemical composition

Aliphatic Compounds containing carbon and
hydrogen are linked together by
single bonds

Formaldehyde, Acetone

Cyclic The carbon chain joins itself in the
form of a ring

Cyclohexane,
Cyclohexanone

Aromatic Compounds containing one or more
rings with π electrons delocalized
around them

Benzene, Toluene

Polycyclic aromatic Compounds containing multiple
aromatic rings

Pyrene, Anthracene

Nitrogen-containing Hydrocarbons containing nitrogen
group

Acetonitrile,
Peroxy-acetyl-nitrate

Halogen containing Hydrocarbons containing halogen
group

Trichloroethylene,
Chloroform

Based on boiling point °C

Very volatile organic
compounds

< 0 to 50–100 Methyl chloride,
Chloroform

Volatile organic compounds 50–100 to 240–260 Ethanol, Toluene

Semi-volatile organic
compounds

240–260 to 380–400 Phenol, Pesticides (DDT)

Non-volatile organic
compounds

> 380 Organic particulate matter

This chapter summarizes the properties of chloroform and gives a wide spectrum
of information on its sources, metabolic pathways, health effects and occurrence in
the air medium.

6.1.2 Physio-Chemical and Toxicity Profile

Synonyms ofChloroformareTrichloroform,Trichloromethane,Methane trichloride,
Methenyl trichloride and Methyl trichloride with the molecular formula CHCl3. It
is a volatile, heavy and colorless liquid at room temperature. It is nonflammable
and possesses a sweet odor with an odor threshold of 85 ppm. The physio-chemical
characteristics of CHCl3 are provided in Table 6.2. It was first introduced clinically
in the year 1847 as a general anesthetic (Estévez and Vilanova 2014). CHCl3 gets
evaporated rapidly when exposed to the atmosphere, having a vapor pressure of
21.3 kPa at 20 °C. When a concentrated emission occurs, the plume will tend to
settle on the ground before dispersing because the density of CHCl3 is four times
that of air (Estévez and Vilanova 2014).
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Table 6.2 Physio-chemical
characteristics of CHCl3

Property Unit Value

Boiling point @ 101.3 kPa °C 61.3

Vapour pressure @ 20 °C kPa 21.3

Water solubility @ 25 °C g/L 7.2–9.3

Density @ 25 °C g/cm3 1.48

Henry’s law constant @ 20 °C Pa.m3/mol 304

Log Kow 1.97

Log Koc 1.44–2.79

In general, the population is expected to get exposed to a low level of CHCl3 via
air, water and food. The expected total daily uptake is determined to be 2 μg/kg
body weight. But high daily intake may be expected among the population that is
occupationally exposed or those who live near to the potential sources of CHCl3
(World Health Organization Geneva). According to USEPA guidelines, CHCl3 was
designated to the weight of evidence Group B2 i.e. probable human carcinogen.
This categorization was made based on the increasing evidence of different types
of tumors in rats and three strains of mice (US Environmental Protection Agency
1992). The reference concentration and carcinogenicity slope factor of CHCl3 are
listed in Table 6.3. Based on the development of hepatocellular carcinomas in mice
in an oral gavage study, the estimated inhalation unit risk (IUR) is found to be 2.5
E-5 (μg/m3)(US Environmental Protection Agency 1992).

Based on the number of halogen atoms, CHCl3 is also classified under a chemical
group called Trihalomethane (THM). These are organic chemical compounds in
which three halogen atom replaces three among the four hydrogen atoms in methane
(CH4). There are four chemical compounds under this classification, it includes
Chloroform (CHCl3), bromoform (CHBr3), bromodichloromethane (CHBrCl2) and
dibromochloromethane (CHBr2Cl) (Estévez and Vilanova 2014). The International
Agency for Research on Cancer (IARC) has formulated a system to determine the
category of carcinogenicity based on scientific findings derived from human and

Table 6.3 Toxicity profile of CHCl3 (RAIS 2021)

Toxicity parameter Values Unit Reference

Inhalation unit risk 0.000023 (μg/m3)−1 IRIS

Inhalation RfC 0.488262 (Acute)
0.097652 (Chronic)
0.244131 (Sub-Chronic)

(mg/m3) ATSDR final

Oral RfC 0.3 (Acute)
0.01 (Chronic)
0.1 (Sub-Chronic)

(mg/kg-day) ATSDR final and IRIS

Slope factor 6.10 × 10–3(oral)
3.05 × 10–2 (dermal)
8.05 × 10–2 (inhalation)

(mg/kg-day)−1 IRIS and RAIS
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Table 6.4 Types of THMs

Chemical name Common name Chemical Formula IARC Classification

Trichloro-methane Chloroform CHCl3 2B

Dibromochloromethane CHClBr2 3

Bromodichloro-methane CHCl2Br 2B

Tribromo-methane Bromoform CHBr3 3

2B—“Possibly carcinogenic to human”; 3—“Not classifiable as to its carcinogenicity to humans”

Table 6.5 Hazard classification of CHCl3

Hazard classification Meaning

Toxicity category rating Category-4 Harmful when swallowed

Carcinogenic classification Category-2B Probably carcinogen

Specific target organ toxicant
classification

STOT RE 2 Likely to cause damage to organs by
continuous or repeated exposure

Skin corrosion and irritation
classification

Category 2 Causes skin irritation on contact

Eye irritation Category 2 Causes serious eye irritation

Acute toxicity (inhalation) Category 3 Toxic when inhaled

Reproductive toxicity Category 2 Suspected to cause damage to the
unborn child

animal experimental studies. The IARC classification of THMs is given in Table 6.4
(World Health Organization 2021).

Based on the criteria set by the “Classification, Labelling and Packaging” regu-
lation from 2008 by the European Union (EU). CHCl3 is designated under different
categories as provided in Table 6.5 (Public Health England Chloroform Incident
Management 2017).

6.2 Source

Earlier studies have reported that 90% of the chloroform flux in the atmosphere is
due to natural sources (Mcculloch 2003) but recent studies reconstructed the earlier
estimates and determined that 50% of the global total emission may be due to man-
made sources (Trudinger et al. 2004; Wortan et al. 2006).
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6.2.1 Natural Sources

Oneof themajor sources is emission from the openocean andother littoral and coastal
sources due to seaweeds, micro and macroalgae (Khalil and Rasmussen 1999). Soil
processes also contribute to the emission of CHCl3 into the atmosphere due to the
chlorination of soil acids, especially humic materials by hypochlorous acid (HOCl).
The reaction happens due to the presence of hydrogen peroxide and chloride ions in
the presence of chloroperoxidase enzyme as in Eqs. 6.1 and 6.2 (Mcculloch 2003).
The highest emission is observed in woodchip-covered forest soil (Hoekstra et al.
2001). Human interventions in soil processes substantially increase the emission
of CHCl3. Studies have also shown the emission of chloroform from the peatland
ecosystems (Dimmer et al. 2001). Accidental fire of vegetation also emits CHCl3 to
the atmosphere (Lobert et al. 1999). The level ofCHCl3 in termitemounds is observed
to be a thousand times more than ambient concentrations. Hence, termites are one
of the major sources contributing to CHCl3 emission (Khalil et al. 1990). Volcanic
activity is one of the significant contributors, as CHCl3 is detected in volcanic gases
(Isidorov et al. 1990). Emission of CHCl3 was also observed in rice fields and biogas
pits (Khalil andRasmussen 1990). Laboratory simulations of tropospheric irradiation
of trichloroethylene have shown the formation of CHCl3 as one of the principal
products and hence the photochemical transformation of trichloroethylene may also
be one of the significant sources of chloroform in the atmosphere (US Environmental
Protection Agency 1976).

H2O2 + H+ + Cl−
Chloroperoxidase−→ HOCl + H2O (6.1)

Humicmaterial + HOCl → Chlorinated humicmaterial + CHCl3 + CH3COOH
(6.2)

6.2.2 Anthropogenic Sources

CHCl3 is one of the by-products obtained during the delignification of wood and
cellulose pulps and also during bleaching of paper using chlorinated agents like
chlorine, oxidants containing chlorine (Cl2), chlorine dioxide, etc. during paper
manufacturing (Juuti et al. 1996).

Disinfecting water, wastewater and swimming pools is highly essential to prevent
waterborne diseases like typhoid and cholera (Powick 1989). The most commonly
employed disinfectants include chlorine, bleaching powder, chlorine dioxide and
others. Out of these, Cl2 is the most common disinfecting agent because of its effi-
cacy, cost and retentive power (Judd and Black 2000). The chlorinated disinfectants
react with natural organic matter and lead to the formation of harmful byproducts,
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which are widely known as disinfection by-products (DBPs) (Pándics et al. 2018).
There are more than 600 DBPs which have been detected in chlorinated waters and
most of them are mutagens or probable carcinogens. Chloroform is one of the most
commonly found DBPs (Anchal et al. 2020). Due to the volatile nature of THMs,
these compounds are likely to get evaporated and remain in the air.

Hazardous waste sites and other sanitary landfills also emit chloroform to the
atmosphere (US Department of Health and Human Services 1997). Natural and
induced anaerobic fermentation in biogas generation also emits CHCl3 to the atmo-
spheric air (Khalil and Rasmussen 1990). In steam power generators, cooling water
is used to absorb the heat generated. In this process, Cl2 is often added to the cooling
water to prevent fouling by killing the slime-forming organisms. During this process,
CHCl3 is formed in the aqueous reaction of Cl2 with the organic matter present in
the cooling water (Jolley et al. 1983). In chemical industries, it is used as an inter-
mediate in the manufacturing of dyes, pesticides, insecticides and as a fumigant (US
Environmental Protection Agency 2004). It is also widely used in pharmaceutical
industries (eg. In the extraction process of antibiotics like penicillin and others),
fertilizer industries, rubber industries, solvent manufacturing industries and others.
Mainly it is used in the production of hydrochlorofluorocarbon-22 (Estévez and
Vilanova 2014). CHCl3 is a byproduct in the manufacturing polyvinyl chloride and
other bulk chlorinated chemicals. Chloroform is also found as a cleansing agent
in a wide range of products (For example- all-purpose cleaners, detergents, dryer
sheets, etc. (Scranton 2011)). It is also an important building block in manufacturing
fluorinated polymers and associated copolymers (European Union 1907). Though
it is not possible to find chloroform in the ingredients list of certain household and
personal care products it may also be present in the form of impurities. The presence
of CHCl3 was also detected in bleach, cleaning and fragrance products (Odabasi
2008; Kwon et al. 2008). CHCl3 is very commonly used as a refrigerant (European
Union 2007). Before banning chloroform in the usage of consumer products and
drugs it was used in the products like toothpaste, linaments and cough syrup (US
Environmental Protection Agency 1984).

6.3 Environmental Persistency

Chloroform readily dissolves in the water but does not adhere very well to the soil.
Due to this reason, it travels down to the soil and reaches the groundwater system.
It lasts for a longer duration in groundwater and air (US Department of Health and
Human Services 1997). Because of its high volatility and low solubility, CHCl3
will not remain in the water for a longer duration, but it may risk embryo-larval
stages of several aquatic organisms when it is discharged into water bodies due to
industrial discharges or spills (World Health Organization Geneva). In the air, the
half-life of CHCl3 ranges from 55–620 days (World Health Orgnization Geneva
2004). It decomposes slowly when exposed to sunlight with or without air and in the
dark with air. When CHCl3 is released into the atmosphere it comes in contact with
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photochemically generated hydroxyl radical (OH−) in the troposphere, which leads
to the formation of compounds like phosgene, dichloromethane, formyl chloride, CO,
CO2 andHCl (Park et al. 1997). It does not reactwithO2 at a temperature up to 290 °C.
But at 270 °CNO2 oxidizesCHCl3 to phosgene,HCl,H2O andCO2.At a temperature
above 450 °C pyrolysis of CHCl3 takes place to produce tetrachloroethylene,HCl and
other chlorocarbons (International Programme onChemical Safety 1994). On further
chlorination of CHCl3, carbon tetrachloride is formed by irradiation of elemental
chlorine. In the temperature range of 225–275 °C CHCl3 undergo bromination and
yields bromochloromethane (International Programme on Chemical Safety 1994).

6.4 Metabolism of Chloroform

Chloroform enters the human body by three pathways- oral (food, beverages and
water), inhalation (contaminated air) and dermal (swimming, cleaning and show-
ering) as shown in Fig. 6.2. In the body, it is absorbed by the lungs, gastrointestinal
tract and skin (US Department of Health and Human Services 1997; World Health
Orgnization Geneva 1994). The metabolism of CHCl3 happens in two different path-
ways i.e., via an oxidative or a reductive pathway as in Fig. 6.3 (Gemma et al. 2003).
It is mainly excreted via lungs either unchanged or in the form of main metabo-
lite CO2 (US Environmental Protection Agency 2001). Other than lung exchange,
a small amount of CHCl3 is excreted via urine and feces. Around 60–80% of the
inhaled CHCl3 is absorbed in the human body. Studies have shown that high CHCl3
concentrations are found in adipose tissue, brain, liver, kidney, adrenals and the blood
of humans and animals after exposure via oral and inhalation routes.

Fig. 6.2 Possible human exposure pathways of chloroform
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*GSH – reduced glutathione, GSSG – oxidative glutathione, 

Fig. 6.3 Metabolic pathway of chloroform

In the oxidative pathway, CHCl3 may be metabolized to trichloromethanol
(CCl3OH) which spontaneously decomposes to electrophilic phosgene (COCl2).
COCl2 is highly reactive. Phosgene can react with cellular macromolecules such
as enzymes, proteins or polar ends of phospholipids leading to the formation of
covalent bonds. These supplements can interfere with molecular function and lead
to loss of cell function and lead to cell death. Alternatively, COCl2 may be hydrolyzed
on reaction with water yielding CO2 andHCl. In the reduction pathway, under anoxic
or hypoxic conditions CHCl3 is reduced to dichloromethyl free radical. It is highly
reactive and forms covalent adducts with microsomal enzymes and fatty acid tails
of phospholipids. This may lead to a loss in microsomal enzyme activity and may
also lead to lipid peroxidation. Almost all the tissues are capable of metabolizing
CHCl3 and the highest metabolism occurs in the liver, kidney and nasal mucosa (US
Environmental Protection Agency 1992; World Health Orgnization Geneva 1994;
Health Protection Agency 2007). The relative ratio between oxidation and reduction
pathway depends on O2 partial pressure, CHCl3 concentration, the rodent species,
its gender and the organ exposed (Gemma et al. 1996).

6.5 Health Effects

Local effects observed after inhalation include shortness of breath and irritation of the
nose and throat. Acute inhalation of CHCl3 may lead to systemic effects like excite-
ment, nausea, vomiting, ataxia, dizziness and drowsiness. Higher concentration may
cause ailments like convulsion, coma and death. Those who survive acute exposure,
after several days may develop hepatic dysfunction and renal damage. Health effects
associated with different levels of exposure are provided in Table 6.6. Detailed health
effects caused due to inhalation exposure of CHCl3 are listed in Table 6.7.
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Table 6.6 Health effects due to exposure by inhalation and ingestion (International Programme on
Chemical Safety 1994, 2004)

Inhalation Ingestion

Level in ppm Level in mg/m3 Symptoms Level in g Symptoms

< 50 < 249 Discomfort 7.5 Serious illness

500 2490 Illness 45 Mean lethal oral dose
(adult)

2000 9960 Several toxic effects on
60 min exposure

4896–14,892 24,000–73,000 Induction of anesthesia

6.6 Workplace Exposure Limits (WEL)

The workplace exposure limits set by different regulatory bodies are listed below.

• Occupational Safety and Health Administration (OSHA) Permissible Exposure
Limits (PEL)—50 ppm (Should not exceed any time)

• National Institute for Occupational Safety and Health (NISOH) Recommended
AirborneExposure Limits (REL)—2ppm (Should not exceed any time in a 60min
working hour)

• AmericanConference ofGovernmental IndustrialHygienists (ACGIH)Threshold
limit value (TLV)—10 ppm (8 h TWA)

• Immediately dangerous to life or health (IDLH) Levels—500 ppm

Table 6.8 lists the Emergency response guideline value set by the American Indus-
trial Hygiene Association (AIHA), Acute exposure guideline level (AEGL) set by
USEPA and protective action criteria values.

6.7 Sampling and Analytical Techniques

6.7.1 Sampling Techniques

Sampling of any VOC includes either capturing of whole air or preconcentration of
air sample on the adsorbent (Ras et al. 2009). All standard methods differ depending
on the samplingmethod, the type and nature of the absorbent, the pollutant extraction
method, and the determination technique. There are threemajor techniques employed
in VOC sampling viz. whole air sampling, sorbent sampling and chemisorption
(Kumar and Víden 2007). The general method of analysis includes direct column
injection, sorption onto adsorbents followed by liquid or thermal desorption and
subsequent analysis in Gas Chromatography (GC). In the case of CHCl3, the air
detection limit of 0.01 μg/m3 can be achieved (World Health Organization Geneva).
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Table 6.7 Health effects caused due to inhalation exposure

Type of effect Explanation

Death Death was reported among women exposed to
CHCl3 via anaesthesia. Hepatotoxicity was one of
the major reasons for death. Hepatotoxicity is due
to prolonged labour, starvation, dehydration and
exhaustion (US Department of Health and Human
Services 1997)

Respiratory
effects

Alternation in the respiratory rate was found
among the patients exposed to CHCl3 via
anaesthesia (Whitaker and Jones 1965)

Cardiovascular effects CHCl3 causes the cardiac effect. Other issues
associated with CHCl3 include bradycardia,
cardiac arrhythmia, hypotension, first-degree
Artio-ventricular block or complete block (Smith
et al. 1973)

Gastrointestinal effects On exposure to CHCl3 between the range of
8000–22,500 ppm via anaesthesia causes side
effects like nausea and vomiting. Other
gastrointestinal symptoms observed include
nausea, dry mouth and fullness of the stomach
(Callen et al. 1980)

Hematological effects Increased prothrombin was observed in the liver
among individuals exposed to anaesthesia of
8000 ppm (Smith et al. 1973)

Musculoskeletal effects Few musculoskeletal effects were observed in
human and animal studies. CHCl3 causes toxicity
and regenerative cell proliferation among various
tissues in mice (Larson et al. 1996)

Hepatic effects Hepatotoxicity is one of the most important
effects caused due to chloroform in humans and
animals. When a patient was exposed to CHCl3
of 8000–10,000 ppm via anaesthesia,
Sulfobromophthalein retention was observed,
indicating impairment in liver function. Hepatic
necrosis was observed among women exposed to
CHCl3 in the form of anaesthesia during
childbirth. Other effects found in women include
jaundice, enlargement in the liver, tenderness,
delirium, coma and even death. Hepatotoxicity
was observed among swimmers in chlorinated
swimming pools (Whitaker and Jones 1965;
Smith et al. 1973)

(continued)
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Table 6.7 (continued)

Type of effect Explanation

Renal effects Kidney toxicity was found in humans due to
CHCl3 inhalation. Renal toxicity was also
observed among swimmers getting trained in
chlorinated swimming pools. Elevation in β-2
microglobulin was observed among swimmers
(Aiking et al. 1994; Royston 1924)

Body Weight effects No studies were reported regarding the
bodyweight effects caused due to CHCl3. But in
animal experimental studies, weight loss was
found in the case of mice and rats (Larson et al.
1994)

Immunological and Lymphoreticular effects In an occupationally exposed study conducted
among workers in the pharmaceutical industry.
Splenomegaly is the only immunological effect
observed among the workers (Bornski et al. 1967)

Neurological effects When exposed to CHCl3 concentration of
920 ppm for 3 min, illnesses like dizziness and
vertigo were found. With the increase in
concentration, headache and slight intoxication
were also found. Exhaustion was observed among
women workers when exposed to a concentration
greater than 22 ppm. Chronic CHCl3 exposure of
greater than 77 ppm causes exhaustion,
concentration lack, depression or irritability
among 9 out of 10 women. The other
neurological symptoms include fatigue, insomnia,
somnolence, increase in dreaming, hypomnesia,
anorexia and palpitations (Whitaker and Jones
1965; Smith et al. 1973)

Reproductive effects Exposures may also cause birth defect and
miscarriage of pregnancy in humans (Williams
et al. 2018). In the case of animals, rats exposed
to 300 ppm of CHCl3 during their gestation
period have shown decreased conception rates
(Schwetz et al. 1974). Exposures to even 30 ppm
of CHCl3 led to fetal resorptions (Land et al.
1979). Reduced ability to remain pregnant was
observed when the exposure was 100 ppm
(Murray et al. 1979)

Developmental effects No studies were reported regarding the
development’s effects caused due to CHCl3 in
humans. But, CHCl3 induced fetotoxicity and
teratogenicity was found in the case of studies
with animals (Schwetz et al. 1974)

Genotoxic effects No studies were reported regarding the genotoxic
effects caused due to CHCl3 in humans but in the
case of animals exposure to 400 ppm of CHCl3
for a duration of 5 days showed an increase in
abnormal sperm in mice (Land et al. 1979)

(continued)
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Table 6.7 (continued)

Type of effect Explanation

Cancer IARC has reported that there are inadequate
scientific evidences supporting carcinogenicity in
humans. But sufficient evidence is available in
studies with animals for carcinogenic property
and hence it is classified as a possible carcinogen
to humans (IARC 1993)

Table 6.8 Emergency response planning guideline value (ERPG) (American Industrial Hygiene
Association (AIHA) 2016), Acute exposure guideline levels (AEGL) (National Academy and of
Sciences 2012) in ppm and Protective action criteria

ERPG AEGL PAC

10 min 30 min 60 min 4 h 8 h

ERPG-1 NA AEGL-1 NA NA NA NA NA PAC-1 2

ERPG-2 50 AEGL-2 120 80 64 40 29 PAC-2 64

ERPG-3 5000 AEGL-3 4000 4000 3200 2000 1600 PAC-3 3200

ERPG 1-mild effects; ERPG 2-serious effects; ERPG 3-life-threatening effects; AEGL 1-non-
disabling; AEGL 2--disabling; AEGL 3-lethal; PAC 1-mild effects; PAC 2-Irreversible health
effects; PAC 3-life-threatening effects

6.7.1.1 Whole Air Sampling

Whole air sampling is a method of collecting whole air in a pre-cleaned container of
definite volume as shown in Fig. 6.4 (Berkowitz et al. 2005). This method is success-
fully used in the measurement of trace organic compounds. The most commonly
used containers include stainless steel canisters, plastic bags and glass bulbs (Kumar
and Víden 2007). Before sampling, the canister will be passed through a passivation
process to minimize the internal surface reactivity. In addition to that, canisters must
be cleaned and evacuated to minimize contamination (US Environmental Protec-
tion Agency 1999). The plastic bags (Tedlar, Teflon or Aluminized Tedlar) are very
simple to use, economic and available in different sizes. Cleaning of plastic bags is
done by filling pure nitrogen or ultrahigh purity zero air followed by evacuating it
under pressure. Before sampling, bags will be filled with zero air overnight to check
the leakage (Rudolph 1990). Bags are mostly used in measuring strong polluted air
or gas which are relatively high in concentration with the levels ranging from parts
per million (ppm) to parts per billion (ppb) (Zielinska and Faujita 1994).

6.7.1.2 Sorbent Sampling

A larger volume of gas can be collected in the sorbent tubes (Fig. 6.5) when compared
with the canisters. In addition to that, sorbent tubes are easier to handle when
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Fig. 6.4 Sketch of sampling
canister

Fig. 6.5 Sketch of sorbent tube
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compared with canisters (Batterman et al. 1998). The choice of adsorbent is very
important because it depends on the nature of the matrix and the type of compound
to be adsorbed. But in the case of non-volatile and strongly adsorbed compounds, the
main limitation observed is the sample recovery. On the other hand, highly volatile
component in themixture of gasesmay cause breakthrough problems.A combination
of different adsorbents will help in adsorbing a wide range of compounds to prevent
the breakthrough problem (Camel and Caude 1995; Gawrys et al. 2001; Hansen
and Palmgren 1996). Breakthrough happens when a contaminant passes through
the adsorbent without getting trapped. Breakthrough capacity may be significantly
affected by the sampling flow rate and humidity of the air. The collection efficiency
changes with respect to the face velocity (Mccammon et al. 2016). Sorbent sampling
is classified into two major categories (1) Active tube sampling and (2) Passive tube
or diffusive sampling.

Active Tube Sampling

Active sampling on the packed adsorbent medium with the appropriate tube is done
using a sampling pump. The pump has to be calibrated before use. This method is
more convenient for determining workplace exposure because the sampler can be
worn by the worker. Active sampling has a control over sampling rate and time. The
most commonly used adsorbents include carbonaceous material, porous polymers,
molecular sieves and silica gel (Kumar and Víden 2007).

Passive/Diffusive Tube Sampling

This sampling method depends on the free flow of the analyte from the sampling
medium to the collection medium due to the difference in concentration between the
two media. A continuous flow of analyte between the media occurs until equilibrium
is reached in the system or when the sampling session is stopped. The advantage of
passive sampling is that there is no need for expensive pumps (Gorecki and Namies
2002).

6.7.1.3 Chemisorption

Chemisorption is mostly used with large volumes of air. But this method needs
solvent with a high boiling point to prevent any loss of the sample (Camel and Caude
1995). The identified compound is irreversibly absorbed in the liquid phase, and
then it is further transformed by chemical reactions. In this process, an impactor
and liquid-filled bubble are used. This method is mainly used to sample compounds
with high boiling point, reactive or polar substances (Batterman et al. 1998). The
major limitation of is technique is the contamination of absorbents during the sample
preparation and storage (Dalene et al. 1992).
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Table 6.9 Commonly used methods for determination of CHCl3 in air

Sampling Process Analysis techniques USEPA Method Reference

Adsorption onto Tenax
sorbent tubes

GC/MS USEPA TO 1 US Environmental
Protection Agency
(1984)

Adsorption onto
carbon molecular
sieve; thermal
desorption

GC/MS USEPA TO2 US Environmental
Protection Agency
(1984)

Cryogenic
preconcentration;
thermal transfer to GC

GC/ECD/FID USEPA TO3 US Environmental
Protection Agency
(1984)

Cryogenic
preconcentration

Direct FID USEPA TO-12 US Environmental
Protection Agency
(1984)

Whole air sampling in
polished SUMMA
canisters

GC/FID/ECD or
GC/MS

USEPA TO 14A US Environmental
Protection Agency
(1999)

Collection in passive
sampler; Thermal
desorption

TD/GC USEPA method 325 A
& B

US Environmental
Protection Agency
(2017, 2019)

Collection in Tedlar or
aluminized Mylar bags

GC/MS USEPA Method 004
and 8260

US Environmental
Protection Agency
(1996, 2017)

Adsorption onto
sorbent tubes

GC/MS USEPA TO 17 US Environmental
Protection Agecy
(1999)

Adsorption onto
bags/sorbent tubes;
solvent
extraction/thermal
desorption

GC/MS USEPA TO 18 US Environmental
Protection Agency
(2019)

6.7.2 Analytical Techniques

Themost commonly used techniques for the determination of CHCl3 in the air is Gas
Chromatography with an electron capture detector (ECD), flame ionization detector
(FID), photoionization detector (PID) ormass spectrometry (MS). Table 6.9 provides
the list of standard methods by USEPA.

6.7.3 Sensor-Based Techniques

Development of low-cost sensors formonitoring of VOCs is emerging as a promising
technology to monitor larger area with higher resolution at a lower cost when
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compared with the standard reference methods. The major disadvantage associated
with sensor based technologies includes, too high limit of detection and poor sensi-
tivity (Sekar et al. 2019; Spinelle et al. 2017).. The most commonly used sensors for
the detection of VOC includes,

• Metal Oxide Semiconductor (Abdul Hamid et al. 2019)
• Photoionization Detector (Driscoll 2008)
• Nondispersive infrared sensors (Zhang et al. 2021)
• Electrochemical sensors (Abdul Hamid et al. 2019)
• Thermal sensors

Other than the above-mentioned sensors, Chemoresistors (rapheme, carbon
nanotubes composites) (Tasaltin andBasarir 2014),Hybrid nanostructures (Athawale
et al. 2002) and Optical sensors (Fong et al. 2015) are also used for detecting
chloroform in air.

6.8 Levels of Chloroform in Different Environments

This section discusses the occurrence of CHCl3 in different environments based on
the data obtained from selected studies. A tabulation of the levels of chloroform
observed in these studies are provided in Table 6.10.

6.8.1 Ambient Air

In a study conducted at Delhi to estimate exposure of non-methane hydrocarbons
among the roadside shop vendors, it was found that between the years 2014–2015, the
highest concentrationwas found at the ITO regionwith the value of 163μg/m3. It was
also observed that 1,3-butadiene and CHCl3 contributed higher cancer risk (Kumar
et al. 2020). In several studies conducted in China, the atmospheric concentrations
of CHCl3 was at levels likely to cause cancer risk (Mozaffar and Zhang 2020; Li
et al. 2020; Lyu et al. 2020). The mean concentration of CHCl3 observed in deer park
Texas during the year 2003was 0.22μg/m3 and the level of CHCl3 was not correlated
with the concentration of BTEX compounds in the air (Smith et al. 2007). CHCl3
was monitored in three different seasons (spring, summer and fall) at Minneapolis/
St. Paul metropolitan and the average concentrations found in outdoor, indoor and
personal locations were 0.1, 1.5 and 1.5 μg/m3, respectively (Sexton et al. 2004). A
study was attempted in Mexico, to find the interrelationship between outdoor, indoor
and personal exposures to CHCl3. The geometric mean of indoor concentrations
of chloroform was comparable to personal exposures but the geometric mean of
personal exposure was much higher than the ambient air concentrations. The means
values were found to be 0.1, 0.6 and 0.7 μg/m3 in indoor, outdoor and personal
exposure, respectively (Serrano-Trespalacios et al. 2004). The cancer risk associated
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Table 6.10 Level of CHCl3 observed in different air environments

Location type Country/Location Concentration
(μg/m3)

Reference

Ambient India, Delhi 163 Kumar et al. (2020)

US, Texas 0.22 Smith et al. (2007)

Minneapolis/ St. Paul
metropolitan

0.1 Sexton et al. (2004)

Mexico 0.6 Serrano-Trespalacios et al.
(2004)

Indoor Residential 0.01–10.84 Wickliffe et al. (2020)

Cars at Nanjing 72 Xing et al. (2018)

Laundry rooms 4 Lin et al. (2021)

Barbeque restaurant 3.5 Arı et al. (2019)

School 2.1 Adgate et al. (2004)

Swimming pool Jharkhand 0.033 Anchal et al. (2020)

Beijing, China 269.60–516.22 Wang and Dong (2020)

Portugal 13.0–369.3 Felgueiras et al. (2019)

Northern Italy 46.1 Fantuzzi et al. (2001)

Industrial Daegu dying industrial
complex, South Korea

11.72 Shuai et al. (2018)

Anthracite and
bituminous coal unit

0.21 & 0.10 ppm Pudasainee et al. (2010)

Highly industrialized
region in turkey

0.4 Dumanoglu et al. (2014)

with background concentrations was calculated in North American regions and the
risk exceeded the benchmark value (one in million) in rural and remote areas (Lasa
and Śliwka 2003).

6.8.2 Indoor Air

In a study conducted at residential indoor air in southeast Louisiana, an attempt
was made to determine increased long-term health risks caused due to CHCl3. The
concentration was found to be in the range of 0.01–10.84 μg/m3 and the cancer
risk exceeded the guideline values. The possible sources of CHCl3 in the indoor air
were identified as chlorinated residential water, chlorine bleach and the use of prod-
ucts containing chlorinated VOCs (Wickliffe et al. 2020). In the random sampling
conducted in five different cars of different brands at Nanjing, the mean value of
CHCl3 inside vehicles was found to be 72 μg/m3 with the maximum level reaching
up to 325 μg/m3 (Xing et al. 2018). In a study reporting occupational personal expo-
sure to chloroform among hotel housekeepers, the highest concentration was found
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in the laundry rooms with the value of 4μg/m3, a level sufficient to cause cancer risk
among the workers (Lin et al. 2021). Themean concentration of CHCl3 in a barbeque
restaurant at Istanbul-Ankara Highway was 3.5 μg/m3 and CHCl3 had the highest
cancer risk among the 60 selected VOCs (Arı et al. 2019). In a study conducted at
microenvironments like residences, offices, restaurants and nightclubs, the highest
concentration was observed in a sports complex with a swimming pool, where the
level of CHCl3 was found to be uncorrelated with the level of benzene (Hinwood
et al. 2006). A similar studywas conducted inMinneapolis, USA to determine indoor,
outdoor and personal exposure to school children. The mean levels were observed
to be 2.1, 0.8 and 2.5 μg/m3 in indoor, outdoor and personal exposure, respectively
(Adgate et al. 2004).

6.8.2.1 Swimming Pool

In the study conducted at five indoor swimming pools at Jharkhand, India it was
observed that the amount ofCHCl3 in poolwater and the airwas 197.18± 16.31μg/L
and 0.033 μg/m3, respectively. It was also observed that the risk caused due to
inhalation exposure is higher and contributes 99% of total cancer risk (Anchal et al.
2020). In the study conducted at indoor swimming pools in Beijing, China, four
species of THM were monitored (Chloroform, bromoform, dibromochloromethane
andbromodichloromethane).Among the four compounds,CHCl3 was found to be the
most abundant. It contributed 97%ofTrihalomethanes in swimming pool air and 93%
in the air present in locker room, with concentration ranges of 269.60–516.22 μg/m3

and 27.31–49.34μg/m3, respectively. It was also found that children between the age
group of 6–17 were more at risk. Further, like other studies, inhalation exposure was
found to contributes 98.7% of the total cancer risk caused due to THMs, of which
CHCl3 was responsible for 97.7% of total inhalation cancer risk (Wang and Dong
2020). In an Olympic-sized indoor pool in Portugal where disinfection is done by
an automated chlorination system and provided with a new heating, ventilation and
air conditioning (HVAC) system, the level of CHCl3 was found to be in the range of
13.0–369.3μg/m3(Felgueiras et al. 2019). In five indoor swimming pools in the City
ofModena, Northern Italy, the level of CHCl3 was observed to be 46.1± 18.6μg/m3

in poolside air, 21.8 ± 19.3 μg/m3 in the reception area, 21.7 ± 22.7 μg/m3 in the
indoor air and 18.7 ± 14.7 μg/m3 in the alveolar air of the swimmers (Fantuzzi
et al. 2001). In a study involving 17 swimmers at a pool where the concentration of
CHCl3 in pool water was 7.1–21.8 μg/L and pool air was 85–235 μg/m3, the CHCl3
concentration in the blood stream was 0.32 ± 0.26 μg/L for swimmers with scuba
tanks, 0.99 ± 0.47 μg/L for swimmers without scuba tanks and 0.31 ± 0.25 μg/L
for the persons walking around the pool. Correlations found using linear regression
models showed a strong association between the level of chloroform in the air and
blood stream, however, the correlation of blood concentration with water was less.
The study concluded that the major exposure pathway is respiration (Erdinger et al.
2004).
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Chloroform uptake during showers was estimated and it was observed that 70%
of the inhaled CHCl3 is absorbed and 2–9% of the absorbed chloroform is expired
through lung excretion after 30 min. It was also observed that inhalation exposure
during a 10–15min shower is equivalent to ingesting 0.1–0.3 L of drinking water (Xu
and Weisel 2005). In another study, exposure to CHCl3 was estimated by measuring
its alveolar concentrations in both swimmers and workers in the pool environment.
The level of CHCl3 found in the alveolar air of workers and swimmers was 2.4–
5.6 μg/m3. Among workers, after 2 h of exposure the mean concentration of CHCl3
was 33 μg/m3 and after 4 h exposure, the mean concentration was found to be
53 μg/m3. In the case of swimmers, after 1 h of swimming the level was found to
82 μg/m3 which was 3 times greater than in workers after 2 h. This indicates that
dermal contact and accidental ingestion also contribute to total exposure (Caro and
Gallego 2008). The increase in skin temperature and the higher respiration/breathing
rate during swimming have been reported as contributing to the higher concentration
of CHCl3 in both the blood and breath of swimmers (Berkoff 1995). The multi-
pathway exposure model was used to estimate incremental lifetime Cancer Risk
caused due to chloroform and found that the values for male and female swimmers
were 80 × 10−4 and 2.47 × 10−4, respectively (Chen et al. 2011). The presence of
chloroform was most predominant in the swimming pools which use chlorine as a
disinfectant (Bessonneau et al. 2011).

6.8.3 Industrial Air

In a study conducted near the Daegu dying industrial complex, South Korea, there
was no significant difference in the level of CHCl3 during different seasons, with a
mean value of 10.75± 4.13 and 11.72± 5.75μg/m3 in summer and autumn, respec-
tively (Shuai et al. 2018). In the observations made in the ambient air near a paper
and pulp industry in rural Idaho, USA, it was found that CHCl3 is a strong signature
compound to predict the emission from the paper and pulp industry. Temporal vari-
ation of CHCl3 was prominent, the values were found to be higher in the morning
hours, which may be due to the operation of paper mills and diurnal inversions. But
similar trends in the level of CHCl3 was observed during different seasons between
the year 2017–2018 (Scott et al. 2020). Emission of CHCl3 from coal and oil-fired
power plants was determined and the level was observed to be 0.21 and 0.10 ppm
in anthracite and bituminous coal unit and it was not detected in fuel oil-fired power
plants (Pudasainee et al. 2010). In a study conducted in the highly industrialized
region in turkey, the mean level was found to be 0.4 μg/m3. The source profiling
revealed that the emissions were from petrochemical industries and the vinyl- the
process was responsible for it (Dumanoglu et al. 2014).Where CHCl3 will be formed
as a by-product during the production of ethylene dichloride (EDC) by direct dichlo-
rination of ethylene & chlorine and by oxy-chlorination of ethylene & HCl. Finally,
EDC will be subjected to thermal cracking to form vinyl chloride monomers (US
Environmental Protection Agency 1984).
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From Table 6.10, it is evident that there is huge variation in the concentra-
tions observed across various environments and also across countries for similar
environments.

6.9 Control/clean up of Chloroform in the Air

The control and clean-up methods adopted for VOCs in general can be adopted for
Chloroform also. The control strategies for VOCs are classified into two broad cate-
gories (1) process and equipment modification, and (2) Add on control techniques.
Control techniques can be further classified into destruction and recovery tech-
niques (Khan and Ghoshal 2000). Further classification of destruction and recovery
techniques is given in Fig. 6.6.

Regarding the clean-up of spills, the method suggested by NIOSH/OSHA
includes, (1) ventilating the area of spill or leak, and (2) collecting the leaked pollutant
for reclamation or absorption either in vermiculate (hydrous phyllosilicate mineral),
dry sand, earth, or any other material of similar type (NIOSH 1981). Intermedia
priority pollutant guidancedocuments suggest usingwater sprays to reduce thevapors
(USEPA 1982). High-Efficiency Particulate Arrestor (HEPA) or charcoal filters can
be used to minimize exposure. The collected filter should be stored in a plastic bag
and should be sealed immediately and labeled properly (IARC 1975). The accidental
release measure includes wearing respiratory protection aids and ensuring adequate
ventilation (Sigma-Aldrich 2017).

Destruction

•Oxidation
•Thermal oxidation 
•Catalytic oxidation 

•Reverse flow reactor
•Biofiltration

Recovery

•Absorption
•Adsorption

•Zeolite based adsorption 
•Activated carbon based adsorption 
•Condensation
•Membrane seperation 

Fig. 6.6 Different types of destruction and recovery methods for removal of VOCs
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6.10 Conclusion

Chloroform is categorized as a possible human carcinogen and studies have shown
that it significantly affects the healing of the ozone hole. The percentages of natural
and anthropogenic sources of CHCl3 emissions are more or less the same. Photo-
chemical reaction of CHCl3 in the atmosphere and metabolism of CHCl3 in the
human body produces phosgene, which is also toxic to the environment and health
of living organisms. Hepatotoxicity is one of the major health effects caused due to
chronic exposure to CHCl3. Several studies have shown that Incremental Lifetime
Cancer Risk from exposures exceeded the permissible limits. In most of the studies,
inhalation exposure was found to contribute 99% of the total cancer risk. Personal
exposure to CHCl3 is found to be higher when compared with levels in indoor and
outdoor air. Competitive swimmers are highly exposed to CHCl3 due to prolonged
exposure and increased respiratory rate while swimming in pool water disinfected
with chlorine. Due to its ubiquitous nature and harmful effects, CHCl3 is one of the
emerging pollutants in the air which needs higher attention and frequent monitoring.
Consequently, there is an urgent requirement to include chloroforms in the ambient
air monitoring programmes of countries across the globe.
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Chapter 7
Phthalate Esters in the Environment:
An Overview on the Occurrence, Toxicity,
Detection, and Treatment Options

Ansaf V. Karim, Sukanya Krishnan, S. Sethulekshmi,
and Amritanshu Shriwastav

Abstract Phthalate esters (PAEs) are industrial chemicalswidely used in large quan-
tities as additives, mainly in the plastic industry. They are colorless sticky liquids
that are highly toxic and one of the most frequently detected persistent organic
pollutants in the environment. They can leach out from plastic materials and cause
severe health issues in living organisms. Their high occurrence in different environ-
mental matrices results in widespread human exposure causing notorious endocrine-
disrupting effects, subsequently producing adverse effects on reproduction, growth,
and development in human beings as well as the marine ecosystem. Therefore, a
better understanding of their occurrence and measurement is required for developing
suitable treatment technologies. Recent research studies suggest that advanced treat-
ment methods are sustainable approaches for removing these persistent compounds
from the environmental system. This chapter provides an overview of the properties
and different types of PAEs, their toxicity, exposure, detection, and measurement
techniques in various environmental matrices. Further, the chapter also reviews the
various treatment technologies for the removal of PAEs from the environment.

Keywords Phthalate esters · Occurrence · Toxicity · Quantification · Treatment

7.1 Introduction

Phthalate esters (PAE) are widely used industrial additives, primarily used as plas-
ticizers for polyvinyl chloride, cellulosics, elastomers, adhesives etc. (Yuan et al.
2002). The demand for PAEs for industrial applications has grown rapidly in the last
few decades owing to their ability to improve the flexibility and durability of poly-
mers (Cheng et al. 2013). PAEs are colourless compounds with low volatility that
are prepared by the reaction of phthalic acid with specific alcohol to form the desired
ester (Zhang et al. 2015). The higher stability and fluidity of PAEs, which impart
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flexibility in polymers, makes them a highly suitable plasticizer. They are extensively
used in plastics, building materials, personal care products etc. and culminate in the
environment during their use or disposal. Since they are not chemically bound to the
polymer matrix, they can easily leach out into the various environmental matrices
(Wang et al. 2015; Kotowska et al. 2020). Currently, the pollution by PAEs is ubiq-
uitous as they tend to get accumulated in the environmental matrices and can cause
potential risk to organisms in numerous ways (Lu et al. 2009; Wei et al. 2020).

PAEs are one of the most frequently detected endocrine-disrupting compounds
with teratogenicity, mutagenicity and carcinogenicity even at trace concentrations
(Gao and Wen 2016; Wu et al. 2019). They are found in environmental matrices at
measurable levels owing to their slow-release, refractory nature and tend to interfere
with living organisms. Further, they get transmitted to different levels of organisms
through the food chain and biomagnifies. Consumption of food containing PAEs can
be a major source in the human body. They also reach the human body via inhala-
tion, dermal absorption, and ingestion and causes health effects on children and older
people (Wang et al. 2018a). Studies have also reported that exposure to PAEs can
cause adverse effects on the reproductive system, neuroendocrine system, immune
system, etc. (Boonnorat et al. 2014). Further, the toxicity of PAEs on organisms
generally increases with the number of alkyl chains on the ester (Zhang et al. 2015).
In this regard, understanding the fate and transport of phthalates esters is essential to
developing remediation measures. Many treatment technologies, including physico-
chemical, biological, chemical oxidation processes, effectively remove PAEs from
water and other environmentalmatrices. The current chapter provides different classi-
fications of PAEs, their fate and transport in the various environmental matrixes, toxi-
city and different quantification methods. Further, the chapter discusses the various
approaches for the degradation of PAEs in aqueous solutions and soil medium,
followed by the conclusion.

7.2 Classification of PAEs

PAEs are industrial chemicals that are dialkyl or alkyl aryl esters of 1,2-benzene
dicarboxylic acid, also known as phthalic acid (Qureshi et al. 2016). They are esters of
phthalic acid produced by the process of esterification of phthalic acid with different
alcohols. The difference in physical–chemical properties among them is based on
the type of alcohol employed (Ventrice et al. 2013). About 23 different types of PAEs
are commercially available as plasticizers, solvents, and emulsifiers (Poopal et al.
2017). These are classified into two groups based on the molecular weight or carbon
number of their alcohol as high molecular weight phthalates and low molecular
weight phthalates. The molecular weight variation is attributed to the length of alkyl
chains and the degree of branching (Nidens et al. 2021). High molecular weight
phthalates are used as additives that impart flexibility to vinyl resins, whereas low
molecular weight phthalates are used as plasticizers in non-vinyl resins. Some basic
information about the structure, molecular weight, and application of commercially
most important types of phthalate esters are given in Table 7.1.
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Table 7.1 Details of commonly used Phthalate esters

PAEs Abbreviation IUPAC name Molecular weight
(g/mol)

Uses

Dimethyl
phthalate

DMP C10H10O4 194 Insect repellent

Diethyl phthalate DEP C12H14O4 222 Plasticizers, aerosol
sprays, cosmetics

Di-iso-butyl
phthalate

DiBP C16H22O4 278 Explosive materials,
nail paints, lacquer

Di-n-butyl
phthalate

DnBP C16H22O4 278 Cosmetics, home
furnishings,
pharmaceutical
coatings, sealants,
wrapping materials,
etc.

Dutylbenzyl
phthalate

BBP C19H20O4 312 Wrapping materials,
conveyor belts,
adhesives, perfumes,
artificial leather

Di (2-ethylhexyl)
phthalate

DEHP C24H38O4 390 Diapers, blood bags,
tiles, shoes,
children’s dolls, air
tubes, etc

Di-iso-nonyl
phthalate

DiNP C26H42O4 419 Toys, spoons, shoes,
teethers, drinking
straws, etc.

Di-n-nonyl
phthalate

DnOP C24H38O4 390 Conveyor belts,
bottle cap liners,
floorings, garden
hoses, tarps etc

Di-iso-decyl
phthalate

DiDP C28H46O4 447 Electrical cords,
PVC floorings,
leather for car
interiors, etc

Source Heudorf et al. (2007), Cao (2010), Das et al. (2021)

High molecular weight PAEs can increase the flexibility and strength of products,
whereas low molecular weight PAEs are used to maintain the color and fragrance of
products or to give a glossy finish to the plastic products (Huang et al. 2021b). Di (2-
ethylhexyl) phthalate (DEHP), di-iso-nonyl phthalate (DINP), di-isodecyl phthalate
(DIDP), and butyl benzyl phthalate (BBP) are the most used phthalates in the world.
Di-isononyl phthalate (DINP) and di-isodecyl phthalate (DIDP) are high molec-
ular weight phthalates that constitute 80% of phthalates used in Europe and are not
considered to be toxic to humans. According to REACH (Registration, Evaluation,
Authorization, and Restriction of Chemical substances), a European Union regula-
tion on chemicals, low molecular weight phthalates such as dibutyl phthalate (DBP),
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benzyl-butyl phthalate (BBP), di-2-ethyl-hexyl phthalate (DEHP) are classified as
very dangerous compounds that are toxic to human health (Ventrice et al. 2013). The
guidelines on the application of each type of phthalate compound are based on their
nature of toxicity to organisms (Das et al. 2021). Based on the evaluation of possible
toxic effects of these pollutants in the environment, United States Environmental
Protection Agency (USEPA) declared six phthalate congeners as priority pollutants.
They are di-methyl phthalate (DMP), di- ethyl phthalate (DEP), di-n-butyl phtha-
late (DnBP), di (2-ethylhexyl) phthalate (DEHP), di-n-octyl phthalate (DnOP) and
butyl-benzyl phthalate (BBP) (Qureshi et al. 2016; Kashyap and Agarwal 2018).

7.3 Source of PAEs Pollution

Phthalates are commonly used in plasticizer industries to improve the plasticity
of various food packaging, clothing and medical devices, building materials, etc.
(Kotowska et al. 2020). Their presence has been found in different environmental
matrices, including air, water, soil, and even in food, medicine, and personal care
products (Huang et al. 2021a). DEHP possesses higher molecular weights, whereas
DEP, DBP, and BBP of lower molecular weights among the various types of phtha-
lates, commonlyused as a plasticizer in polyvinyl products andpersonal care products
(Cao 2010). The sources for the occurrence of phthalates in various environmental
matrices, air, water, and soil, are listed in Fig. 7.1. The release of phthalates occurs

Occurence of Phthalates

Soil 

1. Urbanization and 
industrial activities
2. Mulching of plastic 
film
3. Application of 
fertilizer/pesticides
4. Land application of 
sewage sludge

Water

1. Landfill leachates
2. Sewage treatment 
plants 
3. Personal care 
products 
4. Food packaging 
materials

Air

1. Indoor air    
(Building materials)
2. Outdoor air 
(Construction 
activities)

Fig. 7.1 Different sources of phthalates in environmental matrices (soil, water, and air)



7 Phthalate Esters in the Environment: An Overview … 135

in the entire life cycle from its production to disposal via leaching, discharge during
industrial production and weathering, etc. (Das et al. 2021).

Moreover, different forms of phthalates have been used in the various daily used
products, which will act as a source for the leaching into the environmental matrices.
For example, building products (wallpaper, wire, and cable insulation), food pack-
aging, children’s products (toys, diapers), clothing, medical (blood bags and gloves),
etc., are the potential source for DEHP (Heudorf et al. 2007). Similarly, DEP and
DBP are used widely in personal care products and cosmetics. In addition, BBP is
commonly used to prepare vinyl tiles, conveyor belts and artificial leather, etc. (Das
et al. 2021).

7.4 Fate and Transport of PAEs

The major driving factors responsible for the fate and transport of phthalates in the
various environmental matrices aremeteorological and hydrological effects (He et al.
2013). Several studies particularly focus on the occurrence and fate and transport of
phthalates in the river and lake water (Liu et al. 2014; Zheng et al. 2014), cultivation
and urban soil (Sayyad et al. 2017; Wang et al. 2018), river sediments (Liu et al.
2014), indoor dust and air (Huang et al. 2021a; Liang et al. 2019; Bi et al. 2015) and
municipal wastewater sludge (Salaudeen et al. 2018), etc. However, their sampling,
sample pre-treatment, and detection and analysis in different environmental matrices
(air, water, sludge, sediment, and soil) are different and tedious, thus become a
challenging task (Net et al. 2015a).

7.4.1 Fate and Transport in the Aquatic Environment

The phthalates find their way to aquatic environments via several routes such as
wastewater discharge from the sewage treatment plant, landfill leachates, and agri-
cultural mulch, etc., as represented in Fig. 7.2. These plasticizers are disintegrated
by the change in temperature, pH, irradiation, pressure, etc., into naked polymer and
leachates. Once they enter the aquatic environment, they get transported through
the food chain from high trophic levels to low trophic levels (Zhang et al. 2021).
For instance, He et al. (2013) investigated the spatio-temporal distribution of phtha-
late esters in lake Chaohu, China. They found that the average concentration of 6
different PAEs to be in the range of 4.0± 3.9μg L−1 and the highest limit of 17.9μg
L−1. In addition, DnBP was found to be the dominant form among the other types
of phthalate esters with the highest concentration in September and lowest in June,
which may be attributed to the variation in the rainfall-runoff during these times.
Similarly, Liu et al. (2014) studied the distribution of phthalates in the Pearl river-
sediments, China. They have identified 16 different phthalates esters with an average
of 5.34 μg g−1 DW (dry weight) with DiBP, DnBP and DEHP were found to be the
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Fig. 7.2 Fate and transport of phthalates in the aquatic environment. Reprinted with permission
from Zhang et al. (2021). Copyright © 2021 Elsevier Ltd.

most dominant type of PAEs. The higher concentration level is mainly due to the
urbanized and industrialized zones in nearby areas (Liu et al. 2014).

The fate and transport model for phthalates in wastewater treatment plants by
Fauser et al. (2003) provided a simple and robust tool for the removal of phthalates
and the factors affecting the process, such as inlet concentration and flow conditions.
They developed the model by considering the phthalates removal by biodegradation
and sorption to sludge. It was observed that 70% of biodegradation and 28% of
sorption to sludge and the remaining 2% are present in the treated water. Also, the
predominant form in the wastewater was DEHP with a concentration of 35.4 μg
L−1. Similarly, Kotowska et al. (2020) observed the highest concentration of DEHP,
around 143 mg L−1 from the effluent of municipal sewage wastewater and found the
highest around 90% removal efficiency for DMP and DEP esters.

7.4.2 Fate and Transport in Air

The first kind of study by Bi et al. (2015) investigated the influence of temperature
on the fate and transport of phthalates, particularly benzyl butyl phthalate (BBzP)
and DEHP in the indoor environment. They found that there exists a significant
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effect in the indoor temperature on the airborne concentration of phthalates. As the
temperature increases from 21 to 30 ◦C, the concentration becomes three times the
initial concentration. Besides, there was enhanced sorption of phthalates on various
indoor surfaces, including windows, fabric cloth, wood, dust and kitchen utensils,
etc. Similarly, another study by Liang et al. (2019) comprehensively developed the
mechanistic model for the fate and transport of phthalates esters in the indoor. Liang
et al. (2019) developed amechanistic model which predicted the average steady-state
2-ethyl hexyl phthalate (DEHP) concentrations of about 0.14 μg m−3 in indoor air
and ranged from 80 to 46,000μg g−1 in the settled dust on various indoor areas. Also,
the major mechanism involved in the fate and transport model includes interaction
between air, suspended, and settled particles with various interior surfaces.

Additionally, the studies reveal that indoor temperature, humidity, air exchange
rate, building material, and indoor maintenance were found to be the major param-
eters influencing the indoor levels of phthalates in the air and dust (Kashyap and
Agarwal 2018). Also, the study by Wu et al. (2018) revealed that particle/gas parti-
tion coefficient (Kp) is a significant parameter influencing the fate and transport of
indoor semi-volatile organic compounds (SVOCs). They determined the Kp value of
DEHP for ammonium sulphate (inorganic), oleic acid and squalene (organic) parti-
cles with the help of laminar flow tube chamber. The higher Kp value was observed
for oleic acid (0.23 m3 μg−1) and squalene (0.11 m3 μg−1) as compared with ammo-
nium sulphate (0.011 m3 μg−1), clearly suggesting the mechanism by which parti-
cles accumulate in organic compounds will be different as compared with inorganic
compounds.

7.4.3 Fate and Transport in Soil

Phthalates in urban, agricultural, coastal, and river soil sediments are causing greater
risk to plants and other microorganisms. The study by Sayyad et al. (2017) devel-
oped the fate and transport model for the seven commonly detected phthalates in
biosolid amended soil for corn cultivation. They simulated the discharge rate of
water and phthalates mobility by HYDRUS-1Dmodel and a two-site sorption model
and found that with an increase in the carbon chain number of phthalates, the adsorp-
tion with soils also increases. Similarly, another study on the presence of phthalates
in urban soil by Wang et al. (2018) found that soil texture and magnetic suscep-
tibility were the major parameters influencing the phthalates concentrations in the
urban soils. Besides, a higher level of phthalates in urban soil is mainly attributed
to the application of plasticizers/additives, emission from construction activities and
furnishing, industrial processes, etc. It was observed that DnBP and DEHP were the
most predominant types in the urban soil analysis.

Moreover, these different classes of phthalates undergo degradation by biotic and
abiotic pathways in the air, water, and soil/sediment environmental matrixes. Their
global half-lives in air vary from few hours to days and few days to days months
in soils. However, in water, it will undergo hydrolysis, photolysis, photooxidation,
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and biodegradation (Net et al. 2015b). Apart from urban soils/agricultural soils, the
accumulation of phthalates in coastal sediments is of important concern. For instance,
the study by Arfaeinia et al. (2019) estimated the distribution of different phthalates
in the Persian Gulf region. They estimated the different phthalates concentrations
present in the coastal sediments and found that highest of 28.15 μg g−1 of DEHP
content followed by 4.04 μg g−1 of DnBP, 11.58 μg g−1 BBP, and 1.78 μg g−1 of
DnOP, which is mainly attributed to the higher industrial and agricultural activities
in that area (Arfaeinia et al. 2019). Recently, Li et al. (2021) modelled the fate of
phthalates in the soil-air interface of the plastic film greenhouses using the Fugacity
model. It was found that maximum deposition of DEHP from air to soil in autumn
with mean deposition flux of 175.1 kg (h km2)−1 and 11.9 kg (h km2)−1 in spring.
At the same time, diethyl phthalate was found to be escaped from the soil with a
mean volatilization flux of 0.005 kg (h km2)−1 in autumn and 0.025 kg (h km2)−1

in spring. They concluded that the temperature differences majorly causes the fate
and transport of phthalates in the soil-air interface during different seasons and their
chemical properties.

7.5 Toxicity and Exposure of Phthalates

Human exposure to phthalates has recently become a significant health concern
and the exposure route can be broadly classified as dermal absorption, oral/dietary
ingestion, and inhalation (Wang et al. 2018; Huang et al. 2020). The analysis via
these different routes can be integrated to get the total exposure value of phthalates
to humans. However, determining the actual exposure dose of dermal, oral, and
inhalation is very difficult. Hence, most researchers focused on developing analytical
methods for identifying the internal exposure of phthalates metabolites in human
samples such as urine, serum, breast milk, hair, and nails (Huang et al. 2021b).
But these samples, especially urine, has the drawback of small sample size and
limited representativeness. Therefore, the population exposure of phthalates ismainly
determined by the study on wastewater-based epidemiology. For instance, the study
by Du et al. (2018) investigated the population exposure of phthalates in major cities
of China via wastewater-based epidemiology method for the first time. They have
collected the wastewater samples containing urine from 54 wastewater treatment
plants in 27 major cities of China for the study. An average exposure per person of
5 different phthalates was observed at around 2184 ± 1173 μg day−1. Also, they
identified that phthalates exposure imparts greater risk to children than to adults.

As the phthalates find their route to the human body via dermal, inhalation, and
oral routes, they undergo different phases ofmetabolisms in the human body as repre-
sented in Fig. 7.3, such as de-esterification, glucuronide conjugation, and followed
by excretion (via urine, sweat, and faeces) (Benjamin et al. 2017). Besides, the
metabolites of phthalates formed after de-esterification can trigger various molec-
ular signalling, which causes epigenetic modulation, insulin resistance, and type II
diabetes, obesity, allergy and asthma, endocrine disruptions, etc. (Benjamin et al.
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Fig. 7.3 Different phases of phthalates metabolism in humans. Reprinted with permission from
Benjamin et al. (2017). Copyright © 2017 Elsevier Ltd.

2017). Therefore, once the phthalates enter the human body via various routes, it is
distributed throughout the body tissues and then biotransformation occurs followed
by excretion (Lyche et al. 2009). Park et al. (2017) studied the association of phtha-
lates levels on thyroid hormone levels in theKorean adult population and found signif-
icant associations between urinary DEHP metabolite levels and thyroid hormones
in adults. This further confirms the health risk associated with phthalates and their
metabolites in humans. In addition, the studies revealed that the two priority phtha-
lates BBP andDEHP possess potential cancer risk, coronary heart disease, and repro-
ductive system toxicity in females comparedwith the other forms of phthalates (Wang
et al. 2018; Lyche et al. 2009;Mariana et al. 2016). There are two important estimates
such as estimated daily intake (EDI) and total estimated dose (TEDI), which have
been preferred for evaluating the human health risk associated with the phthalates or
any other contaminant. In addition, hazard quotient (HQ) for an individual compound
and hazard index (HI) for cumulative health risks associated with the exposure of
multiple compounds are other parameters intended for health risk assessment (Huang
et al. 2021b).

Phthalates cause toxicity to aquatic organisms such as algae, microorganisms,
fishes and other invertebrates (Staples et al. 1997). The recent studies reported that
the total concentration of phthalates even exceeds 200 μg L−1 in the aquatic envi-
ronment (sea, river, and lake waters). The presence of phthalates has been detected
in the tissues and organs of aquatic species and it causes adverse effects on their
immune system, endocrine system, metabolism and developmental and behaviour
changes, etc. (Zhang et al. 2021). For example, the study by Cheng and Cheng
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(2012) investigated the exposure of duckweed to diethyl phthalates and its effects on
oxidative and metabolic changes. It was observed that enhanced oxidative stress is
induced in duckweeds by phthalates exposure and the antioxidative enzymes which
are produced during the interaction play a significant role in the oxidative response.
Another study by Adeogun et al. (2015) comprehensively studied the concentra-
tion of phthalates in two different fish species in the lagoon, Nigeria. The common
types of phthalates, namely DEHP, DBP, and DEP, are detected mainly in the fishes’
muscle, gill, liver, and kidney systems. The presence of phthalates in lagoons has been
considered as an emerging concern as these lagoons are the major source of drinking
water for the neighbouring Epe region, Nigeria. These can transport the PAEs or
their metabolites to humans via ingestion of fish and water. Similarly, another study
by Chen et al. (2020) investigated the reproductive system toxicity of male zebrafish
due to the combined exposure of DBP and DiBP. Their major conclusion includes
the combined effect of these two types of phthalates causes disruption in spermato-
genesis rather than individual effects by inhibiting the steroid hormones signalling
pathways that badly affect zebrafish’s male reproductive system. Besides, Kotowska
et al. (2020) identified that DMP, DPP, and DBP were more toxic to the algae and
cyanobacteria, whereas DIBP showed an equal environmental risk to fish as well as
to algae and cyanobacteria.

The presence of phthalates in soil was found to adversely impact the terrestrial
invertebrates (Du et al. 2015). The effect of DBP on earthworms was studied by
Du et al. (2015) and observed the development of genotoxicity of DBP on earth-
worms by the production of antioxidant enzymes which trigger DNA damage and
oxidative stress etc. The max concentration of around 100 mg kg−1 of DBP causes
the highest DNA damage to earthworm coelomocytes. Apart from microorganisms
in the soil, the presence of phthalates significantly affects the plant species also.
For instance, the study by Ma et al. (2015) investigated the phytotoxic effect of
two major priority pollutants, namely DnBP and DEHP in the concentration of 0 to
500mg kg−1 soil on seven plant species. Theymonitored the phytotoxicity via germi-
nation, root elongation, seedling growth, chlorophyll contents, and malondialdehyde
(MDA) content variation in the plant species during exposure. It was observed that
chlorophyll contentswere greatly affected by both phthalates, which is an implication
of potential damage to the photosynthetic system of plants. Whereas, the monitoring
of increase in MDA content which is an indicator of free radical-mediated stress
formed by the lipid peroxidation, it was found that DnBP is more toxic than DEHP,
since it decreases root elongation, seedling growth, and biomass with an increase in
DEHP exposure.

7.6 Method of Extraction and Detection of PAEs

The measurement of phthalates and their different metabolites in various environ-
mental samples, including air, water, sludge, sediment, and soil, is challenging due
to their trace concentrations and interference caused by the other components in the
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sample matrix. Therefore, the sample extraction or pre-treatment is an important step
before the detection and quantification procedures (Net et al. 2015a). The extraction
procedures for various environmental samples are different and must be simple and
easy with a maximum yield of phthalates to minimize the interference caused by
the sample matrix in the method of quantification (Otero et al. 2015; Russo et al.
2015). In general, phthalates in water and food samples can be extracted by liquid–
liquid extraction (LLE), solid-phase extraction (SPE), solid-phase microextraction
(SPME), and ultrasonication, whereas the Soxhlet extraction procedure was mostly
adopted for particulates and soil samples (Kubwabo et al. 2013; Xu et al. 2014;
Makkliang et al. 2015; He et al. 2019). However, a procedural blank for each sample
is essential since phthalates present in the laboratory consumables can leach out into
the real samples and affect the accurate measurement (Guo and Kannan 2012). Table
7.2 represents the method of extraction, quantification, and limit of quantification
(LOQ) for phthalates samples from different environmental matrices.

Quantification of PAEs in the environmental matrices are carried out using
sophisticated instrumentation facilities such as gas chromatography-mass spec-
trometry (GC–MS), high-performance liquid chromatography (HPLC), liquid
chromatography-mass spectrometry (LC–MS) depending upon the level of concen-
trations of PAE. When the concentrations of PAEs are very low, high-resolution
chromatographic analyses are usually conducted to quantify the compound. After
the extraction step, the commonly adopted measurement techniques for phtha-
lates include LC/MS and GC/MS. Since phthalates are semi-volatile and stable
compounds, GC/MS is the most common and frequently used technique for sepa-
ration with capillary columns coated with (5%-phenyl)-methyl polysiloxane (Cao
2010). Also, GC/MS provides high reproducibility and specificity for measuring
semi-volatile compounds like phthalates compared with LC/MS methods (Otero
et al. 2015). Indeed, the metabolites and degradation products of phthalates can be
determined more accurately by LC/MS and ultra-high pressure liquid chromatog-
raphy (UHPLC) (Net et al. 2015a). The most commonly used solvents in extrac-
tion methods are hexane, acetone, acetonitrile, dichloromethane, and methanol, etc.
The solid-phase extraction (SPE) method requires preconditioned solid phase either
cartridges or discs with sorbent phase and solvents (Zheng et al. 2019; Salaudeen
et al. 2018; Calafat et al. 2004; Manzo et al. 2019).

The study by Salaudeen et al. (2018) utilized C18-U cartridges for extrac-
tion of phthalates from wastewater samples and elution was carried out with
dichloromethane, hexane, and acetone solvents in gradient mode at a flow rate of
10 mL min−1 followed by concentrating the eluents in the rotary evaporator for
GC/MS analysis. Similarly, the study byManzo et al. (2019) extracted the phthalates
present in the bottled water with rotating disc conditioned with Oasis® sorbent phase
at 2000 rpm for 90 min. In this solid-phase extraction method, the adsorbed phtha-
lates in the disc were extracted with methanol solvent followed by concentration in
rotary evaporator and redissolution with dichloromethane solution before GC/MS
analysis. Also, anhydrous sodium sulfate was commonly employed to concentrate
the eluents by removing any traces of water in a rotary evaporation step-up (Zheng
et al. 2019). In addition, fully automated solid-phase microextraction (SPME) with
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sorbents coated in the fused silica fibers was simpler and efficient technique for trace
levels of phthalates extraction from the sample matrices (Yang et al. 2015). However,
they are expensive and clogging of sorbent results in high backpressure. Recently,
the sorbent of solid-phase extraction has been developed as magnetic solid-phase
extraction (MSPE) by immobilising magnetic nanoparticles to enhance the yield
of phthalates extraction with a minimum requirement of solvents (Makkliang et al.
2015).

The liquid–liquid extraction (LLE)method is a simple but time-consuming proce-
dure and it requires a large amount of sample and organic solvents for the extraction
protocols. For instance, LLE for wastewater treatment plant effluents samples were
carried out by adding hexane (80%) dichloromethane (25%) into the 250 ml of unfil-
tered wastewater sample and kept for 15 min shaking followed by the collection of
formed organic layer for further analysis (Gani and Kazmi 2016). The same proce-
dure is usually repeated thrice in LLE to ensure the complete extraction of phtha-
lates. Similarly, the phthalates detection in the bottled water samples was studied
by Otero et al. (2015) and was first subjected to liquid–liquid extraction (LLE) with
dichloromethane in the water-bath sonication for evaporation at 60 ◦C for 10 min.
An improved LLE method by redissolving the residue collected with cyclohexane
was employed before the GC/MS analysis with high reproducibility and specificity
of measurements (Otero et al. 2015; Nantaba et al. 2021).

The sample extraction procedures followed for liquid and solid type food samples
were different. For instance, the study by Xu et al. (2014) found that LLE for liquid
food samples with acetonitrile with vortex mixing followed by centrifugation gave
better results whereas solid-phase extraction (SPE) procedures were efficient for
solid food samples (Xu et al. 2014). They determined about 23 phthalic esters in
food samples (both liquid and solid) by liquid chromatography-tandem mass spec-
trometry (LC/MS/MS) which enables the direct measurement of isomeric mixtures
of monoesters in food, including DINP, and DIDP. The selected mobile phase for
LC analysis was methanol and 0.1% formic acid in deionized water at 0.7 mL min−1

in the gradient mode with Poroshell 120 EC-C18 column (Xu et al. 2014). Apart
from food and water samples, human saliva and urine samples are found to be the
most promising alternative matrices for identifying the human exposure and toxicity
imposed by different phthalates but are challenging to quantify accurately (Earls
et al. 2003; Park et al. 2017). For instance, the study by Silva et al. (2005) detected
the different metabolites of phthalates in the saliva of adults using the LC/MS/MS
method and extraction by LLE. The maximum concentration of 65.8 ng mL−1 was
observed for the mono-n-butyl phthalates metabolite. For soil and sediment samples,
the phthalates extraction is mainly by SPE and the Soxhlet extraction method. The
study byWang et al. (2018) utilized the Soxhlet extractionmethodwhich uses hexane
and acetone (1:1) solution purified with a glass chromatography column of silica gel/
neutral alumina followed by separation and detection with Hypersil ODS2 column
in a high-performance liquid chromatograph equipped with a diode array detector
(HPLC–DAD) for urban soil samples. Besides, Soxhlet extraction method is one of
the traditional method for solid samples but are time-consuming (Net et al. 2015a).
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Moreover, integration of biological sampling and environmental sampling, their effi-
cient extraction procedures, and detection methods can provide an accurate estima-
tion of human exposure and fate and transport scenario of phthalates in the envi-
ronmental matrices. In another study conducted by Zeng et al. (2008), soil samples
containing a mixture of 16 PAE compounds were extracted using DCM for 48 h at
a rate of 4–6 cycles h−1 using Soxhlet extractor. Under a nitrogen atmosphere, the
extracted sampleswere concentrated through anhydrous sodium sulphate and solvent
exchanged to n-hexane and reduced to 1 mL concentrated extracts. These concen-
trated extracts were further cleaned using an alumina/silica gel glass column packed
of 10 mm internal diameter and eluted with a mixed solvent of acetone/n-hexane.

7.7 Remediation Option for PAEs

7.7.1 Adsorption

Adsorption is a physicochemical treatment process that can be effectively used for
the removal of phthalates from aqueous solutions. They are considered to be one of
the efficient and low-cost treatment options for the removal of organic compounds.
The hydrophobic distribution of PAEs, electron-accepting nature of ester groups,π-π
interaction and electrostatic interaction are the underlying mechanisms for adsorp-
tive removal of PAEs (Ye et al. 2021). A study conducted by Tümay Özer et al.
(2016) confirmed that the pH of the solution could change the surface properties of
the adsorbents by altering the functional groups and resulted in reducing the removal
efficiency of PAEs. Activated carbon is themost commonly used adsorbent for PAEs.
Adsorptive removal of DEP by activated carbon was studied by Mohan et al. (2007)
and observed that sorption was highly dependent on the pH of the solution and initial
DEP concentration. In another study, activated carbon derived from phoenix leaves
was effectively used for the removal ofDBP (Wang 2015). The higher specific surface
area and the heterogeneous porous structure allowed a maximum DBP adsorption
of 97.36% at pH 3. Though activated carbons are effective adsorbents, owing to
their lower regeneration ability, several other adsorbents such as chitosan beads,
clay minerals, zeolites etc., were used for PAE removal (Chen and Chung 2006;
Wu et al. 2015; Mesdaghinia et al. 2017). Apart from the conventional adsorbents,
several novel materials have received considerable attention for the removal of PAEs.
In a study conducted by Yin et al. (2014), magnetic nanoparticles functionalized
on graphene oxide (GO-MNPs) were used as an adsorbent to remove PAEs from
different water sources. The studies concluded that π-π interactions between the
adsorbents and the pollutants resulted in efficient adsorption, obtaining a maximum
adsorption capacity of 8.71 mg g−1 within 30 min of contact time. Another adsor-
bent, phenyl-functionalized mesoporous silica material with meso-structure, higher
surface charges and surface area effectively removed DBP from aqueous solution
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(Fan et al. 2017). The catalyst showed excellent adsorption of DBP with a maximum
adsorption capacity of 40 mg g−1 within 2 min of reaction.

Further, the catalyst with higher regeneration potential, stability, more surface
functional groups, magnetic separability, etc., can effectively improve the adsorptive
removal of PAEs from aqueous solutions (Mesdaghinia et al. 2017; Shaida et al.
2018). The presence of more amine and methyl functional groups on the surface of
novel functional hyper-cross-linked polymer enhanced adsorption of PAEs through
physical adsorption and ion exchange mechanism (Shi et al. 2017). In another study
conducted by Wu et al. (2015), the adsorption capacity of kaolinite and montmoril-
lonite clay minerals for the removal of DEP was investigated. The results from the
studies concluded that montmorillonite clay saturated with K+ ions resulted in higher
adsorption of DEP owing to structure, hydrophobic surface and clay exchangeable
cation. Another adsorbent, chitosan beads, was used to remove amixture of PAEs and
their degradation products (Salim et al. 2010). The results from the studies concluded
that the hydrophobic interactions due to the presence of active polar groups enhanced
the sorption between the adsorbent and PAEs. Among the different PAEs and their
derivatives, the higher adsorption capacity was observed for MNP because of their
higher hydrophobicity when compared to monoesters and phthalic acid. Further, an
amphiphilic magnetic nanocomposite prepared by a modified sol–gel process using
the hydrophilic amino groups and hydrophobic alkyl chains on Fe3O4 exhibited
higher adsorption capacity for six PAEs (Gao et al. 2019). The adsorbent was stable
enough for six reuse cycles with commendable regeneration properties and exhib-
ited higher adsorption capacity and a faster desorption rate due to active surface
functional groups.

7.7.2 Biological Degradation

The microorganisms present in wastewater treatment plants can enzymatically break
down and subsequently degrade the recalcitrant PAEs by biodegradation, sorption
or volatilization, etc. (Huang et al. 2008). Microbes under aerobic or anaerobic
conditions have significant potential for PAE degradation in the aquatic and terres-
trial systems owing to their lower cost and environmental friendliness (Gao and
Wen 2016; Tang et al. 2016). The operational factors including, pH, nutrient condi-
tions, substrate concentrations, temperature, etc., are significant factors during the
biodegradation of PAEs. The most common microbial degradation mode of PAEs is
by using bacterial strains isolated from different sources. The degradation pathway
involves the action of esterase’s converting the di-alkyl PAEs to mono-alkyl PAEs
by the hydrolysis of ester bonds in PAEs (Huang et al. 2019; Xu et al. 2020). The
ester bonds are hydrolysed stepwise and the common degradation product obtained
is the phthalic acid which is finally converted to CO2 and H2O in the subsequent
degradation process. Moreover, the hydrolytic enzymes synthesized by the microbes
are specific for each ester molecule and doesn’t interact with other complex bonding
involved (Boll et al. 2020). Also, in most biodegradation studies, the bacterial strain
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used is substrate-specific and does not deal with a mixture of PAEs as in natural
environments.

The biological processes can be aerobic or anaerobic, such as activated sludge
process, anaerobic degradation etc., and several factors affecting the microbial prop-
erties such as hydraulic retention time, aeration rate, phthalate loading, etc., have
significant effects on degradation potential. PAEs are degraded through the proto-
catechuate pathway followed by the ring cleavage to achieve complete mineral-
ization in the aerobic degradation process (Pirsaheb et al. 2009). Activated sludge
processes with an acclimatized mixed bacterial culture can effectively biodegrade
phthalate compounds. The degradation of DEHP in an ASP was assessed and the
effect of different operational parameters was studied by Gani et al. (2019). The
overall performance of the ASP was depended on the mixed liquor suspended solids
(MLSS) concentration and the sludge retention time (SRT). They have observed a
maximum DEHP removal of 92% in the MLSS concentration of 3461–4972 mg L−1

at an SRT of 25 days. Further, the increase in the DEHP removal at reduced Food
to Microorganism ratio suggested that starving conditions were more favourable for
the degradation process. Another ASP study was effectively used for the removal
of a mixture of four PAEs achieving more than 80% removal along with nitrogen
and phosphorous removal (Roslev et al. 2007). Though significant PAEs removal
was observed during the study, they concluded that the water solubility of PAEs
significantly decreased the degradation ability of activated sludge.

Apart from the aerobic processes, anaerobic or anoxic systems are also capable of
removing PAEs. An anaerobic fixed film fixed bed reactor (AnFFFBR) was success-
fully used by Ahmadi et al. (2017) for the removal of four short-chain PAEs, DAP,
DMP, DEP and PA. Due to biofilm mass’s higher bio-availability, all the four PAEs
were degraded through de-esterification pathway, achieving significant biodegrad-
ability. Further, maximum mineralization and methane production was observed for
DMP obtaining a maximum TOC removal of 80.39%. Another treatment system
consisting of an anaerobic/anoxic/oxic (AAO) process was effectively used in labo-
ratory scale for the degradation of DMP (Zhang et al. 2016). The microorganisms
were able to degrade 73.8% DMP under an optimized condition of 18 h HRT and 15
d SRT and around 5.8%was released with the effluent and 19.3% accumulated in the
system. Moving forward, a comparative study on AnFFFBR and up-flow AnFFFBR
concluded that though both the treatment processes are capable of treating low to high
strength wastewater containing DEP (Yousefzadeh et al. 2017). The former one was
more efficient due to its more sludge yield and potential for bioenergy production.
In a study conducted by Ahmadi et al. (2015), the effect of operational parame-
ters affecting the degradation of DEP and DAP in a Moving Bed Biofilm Reactor
(MBBR) was evaluated. Higher contact time of biofilms up to 12 h with the substrate
and lower aeration rates of 60L h−1 improved the performance ofMBBRand resulted
in more than 92% COD removal for 300 mg L−1 influent loading. In another study
conducted by Cheng et al. (2010), the treatment efficiency of an attached growth
system [Rotating Biological Contractor (RBC)] and a suspended biological system
[Activated Sludge Process (ASP)] were studied for the degradation of DEHP. The
studies concluded that the attachedgrowth systemwasmore tolerant toDEHP loading
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when compared to the suspended growth system and resulted in higher degradation
owing to their partitioning behaviour and solubility of DEHP.

DBP was used as the carbon and energy source for a facultative bacterial strain,
Enterobacter sp. isolated from a landfill bioreactor. The degradation studies were
conducted for several environmental parameters and the optimum conditions for
maximum biodegradation were pH 7 and 35 ◦C temperature, obtaining a half-life of
20.9 h when the concentrations of DBPwere less than 1000mg L−1. In a similar kind
of study, the bacterial strain Agrobacterium sp. derived from river sludge degraded
DBP with a half-life of degradation of 10.4 h at an optimum condition of pH 8,
temperature 30 ◦C and DMP concentration less than 200 mg L−1. Apart from these
studies, a similar trend in the biodegradation of diethyl phthalate was observed with a
bacterial strain Bacillus subtilis strain 3C3 isolated from an organic-solvent-tolerant
bacterium from soil (Navacharoen and Vangnai 2011). The coexistence of PAEs in
different environmental matrices may lead to the variation in biodegradation rate and
extent of a single pollutant. However, a partial substrate inhibition trendwas observed
in all these studies. PAEs interact with each other under the concurrent presence of
substrates and the microorganism played a key role in the metabolic breakdown of
PAEs.

A better sense of the degradation characteristics and bacterial properties while
dealingwith amixture of PAEs could help understand the potential of bioremediation
for PAEs contaminated environmentalmatrices.Mycobacteriumsp.YC-RL4 isolated
from petroleum-contaminated soil was effectively used for the biodegradation of a
mixture of PAEs comprising of DMP, DBP, DEP, DCHP and DEHP and achieved a
degradation rate of 85% within five days (Ren et al. 2016). Owing to the higher cell
surface hydrophobicity of the bacterial strain, they could easily adhere to the pollutant
surface and accelerate the degradation process in different environmental conditions.
Further degradation studies conducted on DEHP in three different environmental
samples and achievingmore than 65% degradation after ten days incubation revealed
the potential of YC-RL4 strain in different PAE contaminated sites. In a similar
study, another bacterial species Bacillus mojavensis B1811 was effectively used for
the degradation of seven PAEs in a mineral salt medium (Zhang et al. 2018). Among
the seven phthalates, only 5.9% and 42.9% degradation of DMP and DEP were
respectively observed after four days, whereas significant degradation of DBP, BBP,
DNOP, DEHP, and DPP was observed under the same condition. The decreasing
trend in the degradation was attributed to the less affinity of bacterial strains on PAEs
with shorter alkyl chains. However, the degradation pathway analysis confirmed that
all the PAEs followed a similar degradation pathway.

Apart from the bacterial degradation of PAEs, other microorganisms can also
degrade PAE under eco-friendly conditions. In a study conducted by (Pradeep et al.
2013), a mycelial fungal consortium consisting of Penicillium lilacinum strain BP13,
Aspergillus japonicus. japonicus strain BP9 and Purpureocillium brocae strain BP6
were effectively used to degrade DEHP bound to PVC blood storage bags from
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heavily contaminated soil. Among the three fungal species, P. lilacinum indepen-
dently showed significant degradation performance compared to that fungal consor-
tium comprising all the species and completely utilized the DEHP bound to the blood
storage bags.

Contamination of soil by the release of PAEs in the environment has led to consid-
erable attention on their environmental fate and toxicity to different level of organ-
isms. Microbial degradation of a mixture of four PAEs in soil was investigated and
assessed the potential impacts on soil enzymatic activities (Xie et al. 2010). The
degradation process followed the first-order kinetics with more persistence to micro-
bial activity was observed for longer alkyl chains of PAE when compared to shorter
chain PAEs. Further, they found that a higher concentration of PAEs lowered the β-
glucosidase activity and inhibited the carbon substrate utilization. In another study,
soil contaminated with a mixture of PAEs were degraded by microbes present in
sewage sludge (Yuan et al. 2011). They concluded that smaller-sized sludge particles
improved the biodegradation process, and the microbial strains F4 (Rhodococcus
sp.) and F8 (Microbacterium sp.) dominated the degradation process. A novel 2D
bacterial strains isolated from compost, Providencia sp. 2D utilized PA and DBP are
carbon sources for the remediation of contaminated soil. Complete removal of DBP
was observed and the degradation process continued irrespective of the aerobic or
anaerobic conditions that prevailed during the treatment.

7.7.3 Advanced Oxidation Processes

Owing to the persistence of PAEs inwastewater, reliable and robust treatment options
are required for their removal. Advanced Oxidation Processes (AOPs) are highly
effective chemical treatment processes capable of mineralizing PAEs by producing
highly reactive radicals. Among the different AOPs, photocatalysis, Fenton’s, elec-
trochemical, sulphate radical based etc., are extensively studied for the degrada-
tion of PAEs. Table 7.3 summarizes the different AOPs available for the removal
of PAEs. The photocatalytic degradation of DEHP with an initial concentration
of 75 μg L−1 was carried out inside a UV reactor and complete removal of the
compound was observed after 150 min irradiation (Chung and Chen 2009). The
degradation followed the first-order kinetics and the dominant degradation mecha-
nism was suggested as the cracking of the aliphatic part of DEHP while the aromatic
part remained intact. In another UV/TiO2 photocatalysis process, 78.6% degradation
of DEP was observed within 3 h of irradiation under optimized conditions for initial
DEP concentration of 150 mg L−1, pH 7 and 1 g L−1 catalyst dosage (Mansouri
and Bousselmi 2012). Improved photocatalytic performances were observed with
surface modification of catalyst, including the visible light-mediated degradation of
PAEs. In a study conducted by Ki et al. (2019), tungsten doped TiO2 improved the
degradation of DEP under blue light. Doped improved the overall photocatalytic
performance and the degradation efficiency of the process was improved by 1.7–6.2
times under blue light irradiation.
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Table 7.3 AOPs for PAEs removal

Pollutants Treatment process Highlights of the study References

DBP Photocatalysis The attack of •OH
radicals on the aliphatic
chain and aromatic ring
of DBP resulted in faster
mineralization under
30 min UV irradiation

Kaneco et al. (2006)

DMP Photocatalysis Under optimized
conditions 8 g L−1 of
TiO2 supported on
hollow glass microsphere
and reaction time of
20 min, maximum •OH
are produced for the
degradation of DMP
under UV irradiation

Jiang et al. (2013)

MMP, DBP, DEP,
DMP

Sonophotolysis The more hydrophobic
compound such as DBP
got easily mineralized
during the simultaneous
sonophotolysis process

Xu et al. (2015)

DEP Electro-peroxone Highest mineralization of
DEP was observed with
carbon-PTFE cathode
owing to its highest
activity to produce H2O2

Hou et al. (2016)

DEP Fenton’s oxidation Among the different clay
minerals used for the
degradation of DEP,
nontronite clay with
19.2% Fe content
accelerated the
degradation process

Chen et al. (2016)

DEP Photocatalysis Ni-doped TiO2 improved
the photocatalytic
activity compared to
undoped TiO2 particles
due to the production of
more electron–hole pairs

Singla et al. (2016)

Mixture of 6 PAEs Fe-Ce oxide
bimetallic/PS system

Fe3+/Fe2+ and Ce4+/Ce3+

redox couple enhanced
the production of SO4

−•

with a maximum
degradation of 86%
observed at pH 2

Dong et al. (2019)

(continued)



150 A. V. Karim et al.

Table 7.3 (continued)

Pollutants Treatment process Highlights of the study References

DEP Photo-Fenton Among the different iron
hydroxides used,
maximum degradation of
AEP was observed with
2-line ferrihydrite
catalyst under UV
irradiation owing to its
higher O2 yield and
lower H2O2 consumption

Shuai et al. (2019)

DiBP Electro-Fenton 93.07% degradation of
DiBP was under
optimum condition pH 5,
current intensity 1A,
Na2SO4 dosage of 2 g
L−1 and H2O2 addition
of 40 μL

Yang et al. (2020)

DMP, DEP, DBP Electrochemical Ce-doped Ti/PbO2
electrode exhibited
higher catalytic activity
and stability and resulted
in more than 80%
degradation of PAEs at a
current density of
25 mA cm−2

Deng et al. (2020)

Fenton’s reactions involving Fe2+ and H2O2 producing powerful radicals can
easily decompose PAEs from polluted wastewater. Numerous degradation products
were identified during Fenton’s degradation of wastewater containing a mixture of
DMP, DBP and DPP (Tay et al. 2011). The degradation process primarily occurs
through the reaction of •OH radicals and the hydroxylation reactions in the aromatic
rings of PAEs resulted in the formation of transformation products. In another
Fenton’s oxidation study, an aqueous solution containing 100 mg L−1 of DAP was
completely removed at an optimized condition of pH 3.2, H2O2 dosage 1000 mg L−1

and Fe2+ 50 mg L−1 with 120 min of reaction time. The TOC mineralization studies
concluded that 95% mineralization was achieved with a major degradation pathway
was through the opening of benzene ring followed by fragmentation of aliphatic
compounds (Dbira et al. 2018). Besides the above studies, ultrasound irradiation that
produces cavitation bubbles and reactive radicals such as •OH and HO2

•− can also
oxidize and mineralize PAEs. A high-frequency ultrasound (US) treatment was able
to degrade the hydrophobic compound, DMP through hydroxylation mechanism of
the aromatic ring followed by the oxidation of the aliphatic chain (Xu et al. 2013a).
The studies concluded that degradation efficiency decreased with an increase in the
US frequency from 400 to 1200 kHz owing to the less energy release of the collapsed
cavitational bubbles.
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Electrochemical oxidation of DMP was carried out using a fluoride doped lead
dioxide anodematerial in afilter-press reactor and the effect of operational parameters
was studied (Souza et al. 2014). A higher degradation of DMP was observed in the
presence of Na2SO4 electrolyte when compared to NaCl due to the poor reaction
betweenCl− and •OH species and the competition of Cl− species for active electrodes
of the anode. Further, owing to the higher stability of degradation intermediates, lower
TOC was observed from the study. Using external energy sources such as US or
light can improve the process efficiency of electrochemical processes by generating
more reactive radical species. The photo-assisted electrochemical degradation of
DMP using dimensionally stable anode (DSA) electrodes promoted the generation
of a series of radical species including h+, Cl•, O2

•− and completed degraded the
compound in 60 min of treatment (Souza et al. 2014).

Besides •OH radical based AOPs, sulphate radicals are also powerful oxidizing
agents for PAE. The sulphate radicals are usually generated with the help of some
external energy sources or some catalyst activation of persulfate (PS) or peroxymono-
sulfate (PMS). In a study conducted by Wang et al. (2018b), 1 μM concentration
of DBP was degraded by UV/PS system in an aqueous solution. They found that
higher PS concentration and acidic pH conditions favoured the degradation process
and both the SO4

•− and •OH radicals mediated the degradation process. In another
study, A Zero valent iron (ZVI) /PS was effectively used for the degradation of DBP
in aqueous solution and the role of solution pH and Fe corrosion products on the
degradation efficiency was studied by (Li et al. 2014). The findings from the studies
inferred that the corrosion products formed on the ZVI surface with a change in pH
of solution significantly reduced the degradation efficiency by hindering the electron
transfer from ZVI core to the surface-liquid interface. Moving forward, a similar
observation was observed with Li et al. (2016) where free radicals generated in the
ZVI/PS system varied with the initial pH of the solution and the maximum miner-
alization of DBP was observed at pH 3 where both SO4

•− and •OH were present.
Apart from biodegradation processes, PAEs in sediment or soils were degraded using
adsorption, oxidation process etc. (Di Gennaro et al. 2005; Bope et al. 2019; Yao
et al. 2020). PS activation by Fe–Ce/biochar composites was used for the degradation
of PAEs in marine sediments. The formation of SO4

•− by Fe3+/Fe2+ and Ce4+/Ce3+

redox couple facilitated the degradation process. The underlying mechanism for the
degradation process was the electrostatic and π–electron donor–acceptor interaction
with the composite surface (Dong et al. 2020).

The presence of oxidants can improve the process efficiency of individual AOPs.
The combined UV/H2O2 process effectively degraded DMP and the degradation
was attributed to the enhanced production of OH radicals in the system (Xu et al.
2009). In another study, O3/H2O2 improved the degradation efficiency of wastewater
containing amixture of four PAEs (Wen et al. 2011). The enhanced production of OH
radicals in the system effectively mineralized the mixture of pollutants and reduced
the overall toxicity of the wastewater. The combination of AOPs is also capable
of removing PAEs from wastewater. In a catalysis free sonophotolytic process, the
sequential and simultaneous application of US and UV irradiation for the removal
of DMP had been evaluated (Xu et al. 2013b). The studies concluded higher UV
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irradiations improved the process efficiency and the simultaneous UV and US irradi-
ation resulted in enhanced degradation with a synergy index of 2.6. In another study,
an electro-Fenton process using an activated iron-doped carbon aerogel electrode
resulted in 98% removal of 50 mg L−1 of DMP in 150 min reaction time (Zhao et al.
2017). The enhanced adsorption capacity and the self-cleaning ability of the elec-
trode significantly improved the generation of OH radicals in the system and further
oxidized the compound.

7.7.4 Other Treatment Options

Apart from the above treatment options, PAEs removal in aqueous solutions was
also achieved through the membrane filtrations process. In a study conducted by
Bhattacharya et al. (2021), a CuO/TiO2 coated ceramic ultrafiltration membrane was
used to remove a mixture of pollutants containing PAEs and parabens. Owing to the
presence of functional groups that are capable of surface adsorption of pollutants,
maximum removal of 99.7% was achieved after 120 min filtration. Further, the cyto-
toxicity evaluation onPA-1 cell lines after the treatment concluded that a lesser impact
of toxicity was observed after the treatment. In another study, the thin-film composite
nanofiltration membrane process removed trace concentrations of a mixture of five
PAEs (Wei et al. 2016). The study concluded that hydrophobic adsorption of PAEs
was significant and compounds with higher molecular weight had a higher rejection
rate. Apart from these, combining electrocoagulation (EC) and electrofiltration (EF)
with a graphene composite tubular membrane improved the removal of a mixture of
micropollutants containing PAEs and pharmaceuticals. It was found that the higher
removal of PAEs was observed with the conventional EC/EF crossflow filtration
mode. Also, the removal efficiencies were primarily dependent on the basic proper-
ties of the pollutants including solubility and acid dissociation constant values (Wei
et al. 2016).

7.8 Conclusion

PAEs are widely used industrial additives that are primarily used in the plastic
industry. The extensive use of plastic materials containing PAEs has led to their
release into different environmental matrices. Owing to their recalcitrant nature,
they remain in the environment causing toxic effects to different levels of organ-
isms. Continuous exposure to PAEs (potential carcinogens) can cause severe health
effects on humans, viz. reproductive system toxicity in females and coronary heart
diseases. Several studies were conducted to understand the fate and transport of
PAEs in the environmental matrices. However, they were insufficient in explaining
all the mechanisms and implications for the widespread occurrence of PAEs in the
environment. Therefore, a better understanding of their occurrence andmeasurement
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is required for developing suitable treatment technologies. Quantification of PAEs
and their metabolites from environmental samples require extraction before the chro-
matographic analysis. Highly sensitive and sophisticated analytical instruments such
as HPLC, LC–MS, LC–MS/MS andGC–MS are used to quantify and identify degra-
dation intermediates of PAEs. The removal of PAEs from different environmental
matrices were achieved through biological processes, adsorption, advanced oxida-
tion process etc. Further, the treatment options vary with the concentration of PAEs
and its presence in different environmental matrices. Although individual treatment
technologies are efficient in removing PAEs, the combination of treatment processes
has shown significant improvement in degradation efficiency.
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Chapter 8
Removal of Pharmaceutical Compounds:
Overview of Treatment Methods

Chinthalapudi Naga Lakshmi and Narendra Singh

Abstract As human lifestyle is improved over the years due to technological,
medical and manymore developments but in the same time, it has also increased new
environment and health challenges. The Emerging contaminants (ECs) are uncon-
trolled disposal of pollutants, they include group of synthetic chemicals in worldwide
use such as water disinfection by-products, pharmaceuticals, chemical fertilizers,
pesticides, gasoline additives, and man-made nanomaterials, etc. Pharmaceutical
compounds (PCs) are the emerging pollutants, which need to be regulated. They
have large potential of causing environment damage, ecosystems as well as human
and animal health. Due to huge consumption of pharmaceuticals, effluents contains
anti-diabetics, stimulant drugs, and antimicrobials compounds and many more. The
decomposition of ECs is dependent on the chemical and biological persistence of
ECs, their physicochemical characteristics, the technique applied, etc. The methods
to trace and degrade/remove the PCs are very critical to address the issue. Several
techniques have been adopted to minimize their hazards like adsorption, coagula-
tion, constructed wetland, advanced oxidation process, membrane reactors (reverse
osmosis, nanofiltration, microfiltration, etc.) and photocatalysis, etc. In this chapter,
the different types of PCs and their affects will be summarized. The techniques
involved to remove/degrade the compounds will also be discussed.

Keywords Emerging pollutants · Pharmaceutical compounds · Adsorption ·
Photocatalysis ·Membrane bioreactor

8.1 Introduction

Emerging contaminants (ECs) are known as non-regulated trace micro-organic
contaminants with a category of natural and synthetic chemicals (Grandclément
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2017). The resources and technologies have produced more compounds that accord-
ingly grow the number of compounds recognized as causing potential environmental
threats to the living organisms (Bolong et al. 2009). The conversion of these products
occurring in water bodies throughout the earth. ECs include a wide range of various
compounds and their transformation products such as pharmaceuticals, illicit drugs,
personal care products, food additives, pesticides, veterinary products, and engi-
neered nanomaterials (Lapworth et al. 2012;Wanda et al. 2017). These contaminants
can quickly move from one place to another in air and water, as the life cycle of ECs
is shown in Fig. 8.1 (Rehman et al. 2015).

In recent years, the main ECs reported in the literature include pharmaceuticals
and personal care products (PPCPs), nanomaterials, flame retardants, UVfilters, food
additives, and siloxanes etc. (Richardson 2007). ECs represent a group of natural or
synthetic compounds that are not generally observed within the environment but can
enter the environment and cause effects for both environments and human health.
Egbuna et al. identified the various ECs and mainly ECs are categorized into phar-
maceutical compounds (PCs), personal care products, pesticides, gamma radiation,
volatile organic compounds etc. (Egbuna 2021).

In the past two decades, pharmaceuticals as ECs have become greater attention to
the researchers because of their high persistence, low biodegradable nature, bioaccu-
mulation, potential toxicity, and relative stability. In the early 1970s, the PCs are in

Fig. 8.1 Various sources and paths of PCs in different compartments of environment (Reproduced
from Rehman et al. 2015)
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wastewater, and surface water were not a big concern due to their lower concentra-
tion in the environment (Wilkinson et al. 2017). Nowadays, the concentration levels
have been increased from ng/L to μg/L. Due to the huge consumption of pharma-
ceuticals or drugs, the contaminants of antibiotics, stimulant drugs, β-blockers, anti-
inflammatory agents, and antimicrobial compounds and many more are occurring
only a small portion in the environment, but causes severe problems to the ecosystem
and human health. PCs are frequently entered into the environment at small concen-
trations range, but high impact on the ecosystem as well as human health (Yuan et al.
2009). There will be a significant health issue near the future due to various PCs
in drinking water, groundwater, and surface water if proper treatment techniques
are not developed (Dharupaneedi et al. 2019). The world is facing a drinking water
crisis owing to several hazardous effluents in the environment. Waste Water Treat-
ment plants (WWTPs) have been recognized as a major path for releasing PCs in an
aqueous region. The available water resources are contaminated by industrialization
and as well as human activities. The pharmaceuticals have accepted humankind with
attributes consisting of curing diseases, extended life span, elaborating the quality
of life are influenced a frequential threat to all the living organisms in the biosphere
(Taoufik 2020). The global nature of antibiotics causes harmful effects on the rise
of individuals. Although at low concentrations, the physicochemical nature of these
antibiotics changes into microinvertebrates (Flaherty and Dodson 2005). The PCs
of analgesics and antibiotics are mostly used drugs and are continuously growing in
the environment. Among them, the occurrence of ibuprofen, acetaminophens are the
primary non-steroidal anti-inflammatory drugs (NSAIDs) in the wastewater in India
(Chandrashekar Kollarahithlu and Balakrishnan 2021).

Mezzelani and Regoli studied the main adverse effects of aquatic species revealed
in field and laboratory conditions at various pharmaceuticals, including candiovas-
cular, NSAIDs, hypocholesterolaemic drugs, and steroid hormones psychiatric, and
antibiotics (Mezzelani et al. 2018). The PCs in the surface water and groundwater
are recognized by many countries. Most pharmaceutical industries use active phar-
maceutical ingredients to get pharmaceutical products that are pharmaceutically
active, resistant to removal, potentially adverse events in microorganisms in the
environment, and affect the environment and human health (Rivera-Utrilla et al.
2013). Most of the PCs have been shown to be lively past their expiry dates, and
still, a few antibiotics occur in the environment, with as a minimum 90% of their
compounds 28–40 years afterward their manufacturing dates. So, these PCs need
to remove from water sources because of harmful effects on the ecosystem and
human life (Velempini et al. 2021a). The techniques used to remove pharmaceutical
ECs by primary/secondary treatment (flocculation, membrane separation process,
constructed wetlands, etc.) Along with these, there are some advanced techniques
such as adsorption, advanced oxidative process (AOP), photocatalysis was also
included.
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8.2 Sources and Occurrence of PCs

Among all ECs, PCs play a vital role in the environment due to their high stability,
universal usage, and physicochemical properties. The biological effects of PCs can
cause severe diseases to living organisms. Various sources like household activities,
pharmaceuticals, food packaging, and hair products are released directly into aquatic
media without pre-treatment. Moreover, the bioaccumulation and biomagnification
affect the food chain and ecosystem. Along with these, climate change can also cause
severe issues by concentrating them into rivers at the time of floods (Richardson
2007).

PPCPs, illegal drugs, anti-inflammatory drugs, antibiotics, etc. are the significant
PCs due to their high existence in the aquatic media in the environment, and it causes
various toxic effects on animals and humans. Figure 8.2 shows the basic contaminants
routes of PCs. Pharmaceuticals are used by veterinary medicine, for the growth of
promotors and other purposes. After that, these are excreted by the animals and reach
the soil. These products may get into groundwater, and due to heavy rains, these may
be transported to surface water from runoff. The flushed PCs and their metabolites
enter into WWTP. The sewage treatment plants fail to complete remove PCs, and
it enters into the fertile lands by the irrigation, and extent of dissolved components,
and bio-adsorption. The chemical properties of these PCs are highly affecting the
removal efficiency of the treatment plants. Acidic drugs and caffeine are significant
effluents, which increase their solubility inWWTPs through sewage treatment plants
(Comeau et al. 2008).

Fig. 8.2 Basic contaminants routes of PCs
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Table 8.1 Concentration of
commonly occurring PCs in
wastewater in various regions
over the world

Compound Concentration (ng/
L)

References

Carbamazepine
Sulfamethoxazole
Ibuprofen
Naproxen
Diclofenac
Ketoprofen
Atenolol
Florfenicol
Propanolol
Erythromycen
Gemfibrozil

69
7400
450
3000
105
220
255
396
638
320
15.5

Chaves et al. (2020)
Blair et al. (2015)
Sun et al. (2019)
Blair et al. (2015)
Chaves et al. (2020)
Sun et al. (2019)
Roberts et al. (2016)
Zhang (2020)
Fernández-López
et al. (2016)
Papageorgiou et al.
(2016)
Fram and Belitz
(2011)

Focazio et al. instigated the visions about the environmental occurrence of a
few PCs in the untreated source of drinking water in United States. This study was
analyzed 63 of the 100 targeted analytes which included the sites 49 surface and
25 ground water sources of drinking water (Focazio et al. 2008). Another study
revealed the occurrence of 32 drugs and 5 metabolites in German STP discharges
into rivers. The acidic drugs like carbamazepine, antiphlogistics, and salicylic acid
were mainly found in the rivers in the concentration range of ng/L (Ternes 1998).
The presence of PCs in the influent and effluent of WWTPs in Spain, in the range
of 0.34–26.5 μg/L (Fernández-López et al. 2016). The major pharmaceuticals such
as atenolol, ibuprofen, carbamazepine, ciprofloxacin, gemfibrozil, and diclofenac
drugs were reported in sewage treatment plant influents (Ebele et al. 2017). Table
8.1 showed the effluent concentrations of the most recently identified PCs in surface
waters from the world.

The PCs can enter into the soil, air andwater, which should bemonitored regularly.
There is a need to explore to research areas, which can reduce the risk of PCs in the
water, air, and soil etc.

8.3 Effects of PCs

The PCs contaminate the water, air, and soil through various pathways, as discussed
earlier, affecting the ecosystem and human health. There have been a lot of studies
by the researchers, shown that >70% of PCs in the environment cause hazards and
toxicity to human health (Dharupaneedi et al. 2019). The PCs are soluble in the water
to consume by humans, and these compounds may not necessarily bioconcentrate
in fish and that compounds that metabolized and excreted by the fish (Cunningham
et al. 2009). Due to the beneficial health effects of human pharmaceuticals, the highly
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Table 8.2 Effects of PCs on living organisms

Substance Effect on living organisms References

Ciprofloxacin Vomiting, pale skin, headache,
tiredness, abnormal liver

Villegas- Guzman et al. (2017)

Ibuprofen Kidney issues in human Khalil (2020)

Norfloxacin Gastrointestinal upset, nausea,
headache, rectal pain, muscle and joint
pains, dizziness

Alkatheri et al. (2014)

Diclofenac Tumors with chronic human exposure Khalil (2020)

Doxycycline Sensitivity of human intestinal
microflora, skin allurgy

Korhonen et al. (2007)

Sulfathiazole Changes in thyroid tissue,
steroidogenesis in the human
adrenocarcinoma (H295R) cell line

Ji et al. (2010a)

Amoxicillin Diarrhoea, vomiting, and Nausea Elizalde-Velázquez et al. (2016)

Sulphadiazine Nausea, vomiting, diarrhoea, loss of
appetite

López-Serna et al. (2013)

available evidence is used to evaluate any additional actions that might be required
to decrease environmental impacts as a result of assessing the human health risks.
The existence of the various antibiotics in the environment can cause toxic effects
to the microbial bodies. Table 8.2 showed the effects of PCs on living organisms.
Diclofenac is utilized for pain and joint stiffness relief. It was found that it may cause
in some cases to tumorswith chronic human exposure. Similarly, ibuprofen can cause
various side effects like bleeding, kidney problems, vomiting, a cardiovascular risk
(Khalil 2020).

The health effects caused by PCs are investigated by the light of its dose dependent
resolution, bioaccumulation, and toxicity nature. The ratio of daily minimum ther-
apeutic dose to daily input was considerable, so the PCs impacts of ingesting those
components through drinking water could be negligible (Simazaki et al. 2015). It can
be concluded that unregulated PCs consumption from various sources is dangerous
for all living species and environments.

8.4 Detection and Analysis of PCs in the Environment

The detection and analysis of PCs are important in understanding the bulk materials,
drugs, and their metabolites (Femina Carolin et al. 2021). The PCs detections can
be explored through the different techniques such as the titrimetric, electrochem-
ical, chromatography, spectroscopy, etc. (Femina Carolin et al. 2021). Sampling
process, extraction procedure, concentration, cleaning, and chromatographic tech-
niques are mainly used for the analysis of PCs. Few studies examine that the process
of sample treatment gains up 80% of the analysis by using various approaches like
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liquid phase extraction, solid phase extraction, biosensor systems etc. (Narvaez and
Jimenez 2012). Semi permeable membrane devices and organic chemical integra-
tive sampling are themembranes used for sampler xenobiotics, metabolites, PCs, and
antibiotics (Petrovic et al. 2008). The development of new techniqueswith a combina-
tion of gas chromatography and liquid chromatography alongwithmass spectroscopy
has made to PPCPs at lower concentrations in the surface water and ground water
(Roberts et al. 2016; Hernandez-Ruiz et al. 2012). Vieno et al. developed the analyt-
ical method to determine the PCs (e.g. acebutolol, carbamazepine, ciprofloxacin,
ofloxacin, and norfloxacin). Themethod included the solid-phase extraction followed
by huge-performance liquid chromatography, and detection were carried out through
triple quadrupole mass spectrometry (Vieno et al. 2006). Similarly, the solid phase
extraction-liquid chromatography-mass spectroscopy was utilized as a detection
method by researchers (Park et al. 2021; Cimetiere et al. 2013). The detection of
ciprofloxacin was carried out through the highly sensitive reversed-phase huge-
performance liquid chromatography (Zotou and Miltiadou 2002). Researchers are
still exploring the low concentration detection, multiple PCs detection, etc.

8.5 Treatment Methods of PCs

In the past few decades, the concentration of PCs has been increased and detected in
most of the rivers,WWTPs, and STPs. Various review papers have been reported PCs
in the environment, e.g. surface water and groundwater, and the treatment methods
for their removal (Bolong et al. 2009; Lapworth et al. 2012; Kalaji and Rastogi 2017;
Velempini et al. 2021b). Several removal methods are available for the removal
of PCs as shown in Fig. 8.3. Due to their low biodegradable, and high stability,
most of the PCs are unlikely to be efficiently removed by conventional treatment
methods (primary and secondary). Later, various technologies were developed to
obtain more PCs removal efficiency, such as adsorption, advanced oxidation process
and photocatalysis.

8.5.1 Conventional Treatment Methods (Primary/Secondary
Methods)

The primary/physical treatment for the PCs divided into flotation, flocculation, coag-
ulation, and sedimentation. Flotation is a simple process, which is applicable to treat
highly suspended solids in waste water with low energy consumption, inexpensive,
and easy maintenance (Li and Li 2015). In addition, PPCPs can be removed from
wastewater by adsorbing onto small aggregates or dissolving in the lipid fraction
by flotation (Carballa et al. 2005). Bhagawan et al. investigated the coagulation
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Fig. 8.3 Various treatment techniques for PCs removal

techniques for removing PCs in the environment using various coagulants like inor-
ganic metal salts, alum, sulphate, and moringa oleifera. The application of inorganic
compounds as a flocculant has been minimized due to its less efficiency in waste
water with small dosage (Bhagawan et al. 2017). Among all these, coagulation with
moringa oleifera is highly efficient for the treatment of PCs in wastewater. Polymeric
flocculants are designed to improve the better flocculation process inwastewater (Lee
et al. 2014). The efficiency of primary methods of PCs is very low, due to its large
solid particles.

The secondary/biological treatment of PCs is categorized into activated sludge,
membrane bioreactors, anaerobic filters, etc. In the activated sludge process, the
PCs are treated by using bacteria and air. Oxygen is introduced into a mixture of
primary treated wastewater and organisms to develop activated sludge. Biological
processes reduce the concentration of biodegradable components in the aeration
tank. The biological treatment of PPCPs has been attributed to the action of surface
binding, volatilization, and microbial decomposition. The adsorption of PCs to the
activated sludge is important for NSAIDs, indapamide and hydroxyzine (Salgado
et al. 2012). Adsorption and volatilization of PPCPs is low in comparison to other
treatment processes for other contaminates (Li et al. 2014). The advanced approach
must be applied to increase the degradation efficiency of PPCPs. Plósz et al. designed
a model activated sludge process for the removal of carbamazepine and diclofenac
(Plósz et al. 2012).

Membrane technology is a type of phase-changing process with various appli-
cations in pharmaceutical ECs monitoring and removal. MBR has been increasing
tremendously and employed for municipal and wastewater treatment. MBRs are also
known as separation processes providing various applications in wastewater treat-
ment (Dharupaneedi et al. 2019). Among all MBPs, only a few hybrid technologies
have developed as possiblewater treatment technologies, which are highly successful
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for large-scale applications. MBR biological processes with some specifications
include medium to high sludge retention times and aggregation of soluble microbial
products. MBR allows for a higher biomass concentration to be maintained with the
low small size of bioreactors. Schröder et al. investigated the treatment of NSAIDs
and antibiotics in wastewater, performed by using two MBR reactors with sludge
retention times over 28 days. It was shown that, compare to antibiotics, NSAIDswere
removed with high efficiency in both of the MBRs (Schröder et al. 2012). Membrane
filtration was used to remove the fine particles as well as dissolved substances from
the PCs.Membrane filtration is mainly classified into reverse osmosis, ultrafiltration,
nanofiltration, and microfiltration. The main advantages of the Membrane filtration
are eco-friendly, less expensive, and low energy consumption over the other treatment
techniques (Wenten 2003). Recently, Cuhorka et al. studied the removal of diclofenac
and ibuprofen from waste water by using nanofiltration. The results showed that all
membranes can be utilized for the removal of both drugs due to their higher fluxes and
rejections (Cuhorka et al. 2020). Chon et al. evaluated a large-scale water reclamation
unit as a combination of coagulation with ultrafiltration/reverse osmosis membranes
to remove various PCs like atenolol, sulfamethoxazole, and carbamazepine with
moderate efficiency. In this study, compared to the combined membranes process,
reverse osmosis alone could give greater removal efficiency (Chon et al. 2012). A
submerged MBR was used for the investigation of the removal of the PCs from
the domestic wastewater. The model PCs were used acetaminophen, 17 β-estradiol,
naproxen, diclofenac sodium, and carbamazepine and their removal efficiency was
found to be 92.2%, 90.0%, 55.4%, 38.5% and 3.2%, respectively. In addition, steril-
ized sludge through the batch experiments showed the sludge adsorption efficiency
of 7.9, 68.2, 60.1, 40.1, and 71.5%, for the five PCs, respectively (Fan et al. 2014).
Park et al. carried out batch experiments to remove the 45 PPCPs using biomass
from a MBR and studied the effect of ammonia oxidizing bacteria. The degradation
of PPCPs was followed in the two stages i.e. cometabolic degradation and endoge-
nous respiration (Park et al. 2017). Nanofiltration membrane was investigated to
remove the cyclophosphamide and ciprofloxacine PCs and demonstrated the effec-
tive removal of chemical oxygen demand, total suspended solids and colour (Zaviska
et al. 2013). The advanced integrated oxidation (UV/H2O2) and membrane filtration
process was employed to remove the diclofenac and amoxicillin PCs (Żyłła et al.
2019).MBR andMBR associated with reverse osmosis/microfiltration/ultrafiltration
can be classified as for removing PCs as shown in Fig. 8.4 (Goswami et al. 2018).

MBR removal efficacy influences by operating conditions such as biomass
concentration, hydraulic retention time, chemical and structure properties of PCs,
sludge retention time, temperature, and pH of the solution. So researchers have
studied a different type of MBR concerning the effective removal of the ECs from
the wastewater.

The treatment of pharmaceuticals by using constructed wetlands is highly poten-
tial, lowcost, and less energy consumption in the developing countries (Li et al. 2014).
Liu et al. reviewed the removal of 39 antibiotics through 106 several constructed
wetland systems PCs (Liu 2019). The main components for the PCs removed in the
wetlands are substrate, plant, and microbes. This method is environmentally friendly
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Fig. 8.4 An overview of MBR and integrated MBR systems (Reproduced from Goswami et al.
2018)

and cost-effective technology as mostly used biological process (Wang and Wang
2016). The conventional treatment methods are limited capacity to remove a large
amount of PCs inwastewater. Among all conventional treatmentmethods,MBRwith
reverse osmosis and nanofiltration have showed appropriate for the removal of PCs.

8.5.2 Adsorption

In recent years, there have been many studies on the adsorption of PCs in the envi-
ronment by various adsorbents. Figure 8.5 represents the sources of PCs and their
treatment by various adsorbents like activated carbon, graphite, carbon nanotubes,

Fig. 8.5 Sources of PCs and their removal by adsorption technology (Reproduced fromDeAndrade
et al. 2018)
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biochar, and activated alumina etc. (De Andrade et al. 2018). Among all these adsor-
bents, activated carbon plays a vital role in PCs removal in the environment due
to its high surface area, large porosity, and favorable pore size distribution. Carba-
mazepine and sildenafil citrate adsorption onto powdered activated carbon as a func-
tion of concentrations and physicochemical characteristics of water with the removal
efficiencies greater than 85% was reported (Delgado et al. 2019).

In this study, coconut and bituminous activated carbon were employed for
ibuprofen adsorption, which showed more than 50% reduction (Méndez-Arriaga
et al. 2008). Activated carbon plays a vital role in the removal of PCs due to its high
adsorptive ability. Many researchers studied various adsorption of nitroimidazoles
on numerous types of activated carbon (Yoon et al. 2003). The low-cost activated
carbon was obtained from the olive-waste cakes, and further their adsorption study
was carried out to remove ibuprofen, ketoprofen, naproxen and diclofenac PCs. The
adsorption kinetics of the activated carbon displayed a pseudo second-order kinetic
model for the four PCs (Baccar et al. 2012). Ji et al. synthesized the KOH etched
activated single-walled and multiwalled carbon nanotubes. The activated carbon
nanotubes showed significant surface area enhancement from 410.7 m2/g to 652.8
m2/g and 157.3m2/g to 422.6m2/g in comparison to bare carbon nanotubes of single-
walled and multiwalled, respectively. The activated single-walled and multiwalled
carbon nanotubes showed the 2–3 and 3–8 times higher adsorption than the pristine
carbon nanotubes towards phenol and nitrobenzene, tetracycline, sulfamethoxazole,
and tylosin in aqueous solutions (Ji et al. 2010b). Pauletto et al. investigated the
simultaneous adsorption of the paracetamol and nimesulide as a model PCs using
the activate carbon. The simultaneous removal of the paracetamol and nimesulide
was found to be 25.80 mg/g and 199.49 mg/g by activated carbon, while individual
removal of paracetamol and nimesulide was 58.21 mg/g and 196.32 mg/g, respec-
tively. The significant decrease in paracetamol removal in binary mixture was due
to displacement of paracetamol active sites by nimesulide due to greater affinity
between activated carbon and nimesulide (Pauletto et al. 2021). In another study, The
graphene nanoplateletswere utilized for the adsorption of the aspirin, acetaminophen,
and caffeine PCs (Al-Khateeb et al. 2014). Nowadays, graphene plays an ideal nano-
adsorbent due to its high specific surface area along with two basal planes of single
layer nature for the treatment of wastewater. Porous graphene with high surface area
(679 m2/g) was used as an adsorbent for the removal of atenolol, ibuprofen, carba-
mazepine, ciprofloxacin, gemfibrozil and diclofenac drugs from aqueous media with
high efficiency (Khalil 2020).

The adsorption of Tramadol and Doxepin drugs in the wastewater by using Na-Mt
smectite claymineral as an adsorbent.Becauseof their highhydrophobic nature,more
doxepin molecules probably adsorbed with weak molecular interaction to enhance
the adsorption efficiency at low temperatures (Thiebault et al. 2015). By using bioad-
sorption process, the solublemolecules or ions of PPCPs are separated by the polymer
substance of microalgae. The bioabsorption of PPCPs highly depends on structure
and functional groups, hydrophobicity, and microalgae species (Hena et al. 2021).
Choi and coworkers prepared the trimethylsilylated mesoporous SBA-15 to remove
the mixture of 12 PCs and observed that it was influenced by the pH of the solution
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and PCs properties such as hydrophobicity and molecular charge (Bui et al. 2013).
Zhang et al. prepared Zr-based MOFs of UiO-66-NH2 and further investigated for
the effective adsorptive removal of the salicylic acid and acetylsalicylic acid. The
adsorption kinetics showed pseudo second order kinetics The main factors for the
adsorption were hydrogen bonding, electrostatic interaction, and affinity between
carboxyl groups and Zr-O clusters (Zhang et al. 2019).

The differentmaterials such as activated carbon,mesoporous silica, bio adsorbent,
MOFs are most studied materials to remove PCs. The combination of adsorption and
other technique may address the PCs removal issues.

8.5.3 Advanced Treatment Techniques

8.5.3.1 Advanced Oxidative Processes (AOPs)

AOPs technologies are playing an significant role in the degradation of PCs by using
the oxidation phenomena. AOPs are generally generate the free radicals such as HO.,
O2

., HO2
.. Hydroxyl radical is a highly active species that can react with organic

molecules. AOPs are convert PCs organic compounds into carbon dioxide and water
by the presence of ambient temperature and pressure with or without catalysts (Astas
2008). There are two stages mainly involved in the ozonation process the removal of
PPCPs in water by using AOPs. Those are (1) accelerated ozone generates the OH
radicals (2) the formed OH radicals contact and degrade the PPCPs (Li 2020). In the
Fenton reaction, OH radicals are formed with the interaction of H2O2 and ferric ion.
Figure 8.6. shows the different AOPs for the degradation of PCs.

The removal of Sulfamethazine by using Fenton like catalyst was designed (Oller
and Malato 2021). Xiang et al. studied the UV/chlorine oxidation process to degrade
the ibuprofen as a model water pollutant. The ibuprofen degradation followed the
first-order kinetics using the UV/chlorine oxidation process and showed 3.3 higher
activity than the UV/H2O2 oxidation process at pH 6 with a given chemical molar
dosage. The degradation was found to be fast owing to hydroxyl radical and reactive
chlorine species (Xiang et al. 2016). Ganzenko et al. studied the sequencing batch
reactor followed by the electro-Fenton process towards removing the caffeine and
5-fluorouracil (Ganzenko et al. 2018). Electrochemical oxidation is an electrochem-
ical technique that is useful for wastewater remediation. For treating non-chlorine
solution, it is called anodic oxidation. The process-radiation has mainly formed the
radicals, ions, and neutral molecules, highly reactive electrons via water exposure to
high energy electromagnetic radiation (Burns and Sims 1981).

8.5.3.2 Photocatalysis

In the past few decades, photocatalytic technique utilizes solar energy to degrade
and mineralize the various PCs (Li 2020). An ideal candidate for the photocatalyst
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Fig. 8.6 Classification of AOPs for the removal of PCs

should be resistant to chemical, photoactive, photostable, and non-toxic (Kanakaraju
et al. 2014). The photocatalytic degradation of PCs can be carried out by using
various photocatalysts. Generally TiO2, ZnO, CdS, WO3, and Fe2O3 semiconductor
nanomaterials are used as photocatalysts to remove PCs in the environment (Varma
et al. 2020). TiO2 is the most studied photocatalysis for removing various effluents
in the environment among all photocatalysts. Figure 8.7 shows the photocatalytic
mechanism for degradation of organic pollutants intoCO2 andH2O (Paul et al. 2007).
Metal and non-metal doping into TiO2 is a highly effective method to enhance the
photocatalytic activity via increasing the charge carriers generation under UV/visible
light irradiation (Teoh et al. 2005).

Electrochromic TiO2 nanotubes were synthesized through the electrochemical
route followed by thermal treatment in N2 atmosphere. The prepared TiO2 nanotubes
showed the high solar light absorbance, larger charge carrier generation, which is
useful for the photocatalytic degradation of carbamazepine, ibuprofen, and caffeine
organic compounds (Zheng et al. 2014). Badawy et al. studied the Ag doping in the
TiO2 and found that 0.1% Ag doped TiO2 showed the higher photocatalytic activity
towards the degradation of hospital wastewater (Badawy et al. 2014). In the other
paper, B doped TiO2 photocatalyst were synthesized through the solvothermal route.
The bandgap of the materials was decreased, which result in the increased visible
light absorption. The raw and B-doped TiO2 were further utilized for the photocat-
alytic degradations of 2,4-dichlorophenol, bisphenol-A, ibuprofen, and flurbiprofen
under exposure of visible light irradiation (Bilgin Simsek 2017). Ramasundaram
et al. prepared the stainless steel filter integrated with TiO2 nanofibers using the
hot press technique, while polyvinylidene fluoride (PVDF) was used as a binder, as
shown in Fig. 8.8. The photocatalytic oxidation of cimetidine was studied with the
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Fig. 8.7 Proposed mechanism for visible-light-mediated photocatalytic degradation of
ciprofloxacin (Reproduced from Paul et al. 2007)

Fig. 8.8 Overall preparation process followed to integrate TiO2 NFs on SSF using PVDF binder
layer (Reproduced from Ramasundaram et al. 2013)

increase of the TiO2 nanofibers thickness and found 29 μm as the optimum thick-
ness. The photocatalytic activity was also decreased with an increase in water flux
(Ramasundaram et al. 2013).

The TiO2 nanoparticles were deposited over the commercial polymeric ultrafil-
tration membrane using the spray, vacuum, and sol–gel methods. They found the
stable TiO2 coated membrane in the sol–gel process, while other methods were not
forming stable TiO2 coating. TiO2 coated polymeric hollow fiber membrane was
further tested for the degradation of methylene blue and chlorhexidine digluconate
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The degradation of compounds was found more than 30% and 40% respectively
under the solar light irradiation along with filtrate conditions (Chakraborty et al.
2017). Méndez-Arriaga et al. studied the photolytic and photocatalytic degradation
of Naproxen by using TiO2 as photocatalyst. Photolysis process was highly efficient
than photocatalysis for the Naproxen degradation (Méndez-Arriaga et al. 2008). The
use of TiO2-WO3 photocatalysts for the degradation of ibuprofen in a municipal
wastewater treatment plant with the degradation of organic compounds up to 64%
under two hour solar light irradiation (Rey et al. 2014).

Hajiani & Co-workers investigated the effective photocatalytic degradation of
diclofenac by novel magnetic TiO2@ZnFe2O4/Pd nanocomposite, which is ther-
mally stable, good stability, high photocatalytic activity, and low cost (Ahmadpour
et al. 2020). Synthesis of multicomponent metal oxides to improve the photocatalytic
efficiency was studied using Li-doped Bi0.5Na0.45K0.5TiO3-BaTiO3. The multicom-
ponent catalyst was used to obtain the high efficient photocatalytic degradation of
ciprofloxacin (Velempini et al. 2021b). LaFeO3 perovskite photocatalytic degrada-
tion of PPCP in wastewater under Visible light irradiation (Dhinesh Kumar and
Jayavel 2014). LaFeO3 (typical perovskite oxide) has attracted attention among
researchers due to its high potential activity, such as catalytic oxidation, gas sensitive
characters, unique optoelectronic properties, narrow band gap and surface electronic
states (Tang et al. 2013;Yang et al. 2009). ThePolyoxometalates/polymer composites
were utilized for the 100% degradation of the ibuprofen under visible light irradia-
tion, while only 20% degradation was observed in the case of visible light irradiation
only (Brahmi 2021). The photocatalyst can be one of the best solutions to remove PCs
as it utilizes the solar light for degradation of contaminants into non-toxic/less toxic
compounds. Further, it can be integrated with the existing technologies to enhance
the PCs removal efficiency.

8.6 Conclusions

Among all ECs, PCs plays a vital role in the environmental contamination. The occur-
rence of PCs as ECs in receiving environment should not be ignored and must be
consistently observed and regulated. PPCPs, illegal drugs, anti-inflammatory drugs,
antibiotics, etc. are the major PCs. Human pharmaceuticals (industries, households,
hospitals, etc.) and veterinary medicine are the major sources for the PCs, which
eventually into the soil, ground and surface water through the various pathways.
The occurrence of PCs in the soil, and water were detected and analyzed by various
techniques such as chromatography, spectroscopy, etc. The impact of PCs on the
human health and ecosystem has urged the removal of these contaminants. The
various methods such as conventional methods (primary and secondary treatments)
and advanced treatment methods (AOP, photocatalysis, adsorption, etc.) utilized
to remove these contaminants. Each removal technique has its own benefits and
limitations as well.
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Chapter 9
Microbial Degradation
of Pharmaceuticals

Aishwarya Rastogi and Manoj Kumar Tiwari

Abstract In recent years, pharmaceuticals have surfaced as a novel class of
pollutants due to their incomplete degradation in sewage treatment plants and their
characteristic ability to promote physiological predicaments in humans even at
low doses. Of the several physical, chemical and biological techniques studied
for the degradation of drugs, microbial degradation is regarded preferential due
to its energy intensive nature, lower ecological footprint as well as considerably
lower production of toxic by-products. This chapter reviews the information on the
microbial degradation of various classes of drugs including antibiotics, non-steroidal
anti-inflammatory drugs, antihypertensives, antidepressants and anticancer drugs.
Numerous bacterial, fungal and algal strains have shown substantial efficiency in
degradation of various pharmaceuticals, mostly through co-metabolism using the
drug as the secondary carbon source. A wide array of enzymes like dehydrogenase,
hydrolase, oxidoreductase, oxidase, dioxygenase, monooxygenase, decarboxylase
and many more are typically involved in the microbial degradation of pharmaceuti-
cals. The ability of microbes to degrade pharmaceuticals is commonly attributed to
their possession of functions analogous tomammalian CYP2C9 andCYP3A4. These
isoforms of cytochrome P450 are majorly responsible for metabolism of drugs in
humans. Hydroxylation by CYP450 is the most commonly reported initial step in the
microbial degradation of drugs, and processes like decarboxylation, dehydrogena-
tion, dechlorination, subsequent oxidation, demethylation, hydroxylation, cleavage
of the ester group often constitute the degradation pathways. Although the efficiency
and kinetics of degradation are known for most of the microbial strain, the degrada-
tion pathway is explained for very few because of the technical difficulties arising
during the elucidation process. Though microbial degradation of pharmaceuticals
is proving an attractive alternative in lab studies due to irrefutable advantages, the
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scaling up process is tedious and challenging due to several limitations with respect
to microbial growth conditions and subsequent handling of microbial contamination.

Keywords Biodegradation pathways · Metabolites · Antibiotics · NSAIDs ·
Cytochrome P450 · Degradation enzymes

9.1 Introduction

Pharmaceuticals are viewed as an important tool to facilitate the physical and mental
well-being of the society and can be classified on the basis of usage and mechanisms
of action. Drugs are metabolized in the liver and excreted from humans and animals
body in the form of urine which is passed on to the environment directly or through
sewage treatment plants in an intact or metabolized form. These pharmaceuticals
reach the environment mainly via sewage or hospital wastewater treatment plants,
leachate from solid waste landfills, solid waste management plants, or unintentional
direct dumping by pharmaceutical industries.

Pharmaceuticals are found in the range of ng/L to μg/L in almost all aquatic
environments including rivers, lakes,wells, groundwater aswell as drinkingwaters all
around the world (Kasprzyk-Hordern et al. 2008; Shanmugam et al. 2014; Brozinski
et al. 2013; Vulliet and Cren-Olive 2011; Rabiet et al. 2006; Kondor et al. 2020).
This is because of the absence of any strict monitoring and discharge levels for most
pharmaceuticals. Groundwater contamination with drugs is a serious problem as it
leads to increased persistence and difficulty in elimination because of somewhat
reduced redox environments and a complete lack of photodegradation compared to
other aquatic ecosystems (Peng et al. 2014). Typically, pharmaceuticals are present
below 1 μg/L in aquatic environments, but some unusually high concentrations have
also been reported. For example, a maximum concentration of 32 μg/L naproxen
has been reported in the Malir and Lyari rivers of Pakistan (Scheurell et al. 2009).
Similarly, an exceedingly high oxytetracycline concentration of 361.11 μg/L was
found in the surface waters of China (Jiang et al. 2014). Although, the concentration
of pharmaceuticals in groundwater is typically well below 500 ng/L, exceptions such
as ciprofloxacin concentration of 14 μg/L in groundwater of India (Fick et al. 2009)
are present. Meanwhile, the complexity of hospital and pharmaceutical industry
effluents also make them a foremost source of drugs contamination and the drug
concentration in these waters far exceeds that of Municipal Wastewater Treatment
Plants (WWTPs) (Sim et al. 2011).

Due to a widespread occurrence of pharmaceuticals, the water quality and aquatic
life in these ecosystems are highly affected, which ultimately leads to a reduction in
the number of aquatic organisms and aquatic diversity. A grim possibility of bioac-
cumulation of drugs along the food chain is rapidly gaining ground because of the
detection of several pharmaceuticals like diclofenac in liver or bile of rainbow trout
(Schwaiger et al. 2004). Subtle impacts of pharmaceuticals have been suggested in
terrestrial animals also. Several toxic effects of pharmaceuticals have been reported in
model organisms which include physiological implications like genetic and cellular
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damage, modulation of proteins, enzymatic imbalance or difficulties in reproduction
(Garcia-Medina et al. 2015; Gonzales-Rey and Bebianno 2012; Haap et al. 2008;
Han et al. 2010).

The toxic effects and concentrations vary depending on the pharmaceutical as
well as on the model organism used. For example, mortality was reported in Ceri-
odaphnia dubia for diclofenac with an EC50 of 22.7 mg/L (Ferrari et al. 2004).
Also, 5-fluorouracil resulted in growth inhibition in Pseudokirchneriella subcapi-
tata and Synechococcus leopoliensis at a concentration of 0.13 mg/L and 1.20 mg/L
respectively (Brezovšek et al. 2014). The environmental risk due to these drugs is
assessed by calculating the ratio of Predicted Environmental Concentration (PEC)
to Predicted No-Effect Concentration (PNEC). This ratio is known as risk quotient
and if its value is smaller than 1, there is no substantial risk associated with the
environmental occurrence of the pharmaceutical. Though almost all studies invari-
ably categorize the effects of pharmaceuticals on human health as very low risk (de
Jesus Gaffney et al. 2015; Koopaei and Abdollahi 2017), this can lead to severe
consequences in the future and therefore, is a topic of concern.

Due to the omnipresence of pharmaceuticals in the aquatic environment and long-
term ecotoxic effects on individual components of the ecosystem, they are consid-
ered an immediate threat and an emerging contaminant of concern. There is a high
focus on developing efficient drug removal techniques stressing on economic and
environmental sustainability.

Highly selective and rapid removal methods, like advanced oxidation processes
(AOPs), or adsorbents like activated carbon, are seen as preferred ways to remove
pharmaceutical micropollutants. Other removal methods like Fenton oxidation, elec-
trochemical oxidation, ion exchange, membrane filtration and soil aquifer treatment
are also utilised in recent times. Membrane technologies are also used in a combina-
tion of physical, chemical, andbiological processes to increase the removal efficiency.
Many studies assessing and comparing the degradation efficiency for various phar-
maceutical through these methods are also present (Tufail et al. 2020; Cherik et al.
2015).

Almost all of these removal methods are time efficient; however, they are costly
and often lead to the generation of many potentially toxic by-products, and are essen-
tially characterized by a large ecological footprint due to an elevated energy utiliza-
tion (Schwarzenbach et al. 2006). Because of these reasons, microbial degradation
can be viewed as a potential and efficient method to eradicate these micropollutants.
Several pharmaceuticals have been successfully biodegraded and biotransformed
using different microbes or microbial consortia in a laboratory setup. They demon-
strate varying degrees of removal efficiencies with respect to time based on the
pharmaceutical and the microbes used.

Microbial degradation of pharmaceuticals has attracted tremendous interests from
the scientific community because it is regarded as amore sustainable approach for the
remediation of several xenobiotics. Therefore, it is necessary to gain understanding
about the microbial degradation potential, pathways and mechanisms of different
classes of pharmaceuticals. This chapter aims to provide a comprehensive review of
microbial degradation of pharmaceuticals, regarding their potential and the pathways
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employed. This chapter further delves into the application of microbial degradation
of pharmaceuticals in WWTPs along with the possible limitations faced during its
execution.

9.2 Degradation of Pharmaceuticals

9.2.1 Metabolism of Pharmaceuticals in Human Body

The liver is the chief site of drug metabolism in human body and contains concen-
trated enzymes involved in metabolism. Processes like hydrolysis, conjugation,
oxidation, reduction, isomerization etc. are employed for drug metabolism to facili-
tate easier excretion of the metabolized drug. Metabolism occurs in two phases for
all major drugs. Phase I reactions include oxidation, reduction, hydrolysis etc. and
involve the production of a new or altered functional group along with cleavage.
Phase II reactions involve conjugation with an endogenous substance like sulfate,
acetate, glucuronic acid, glycine etc. which leads to the production of highly polar,
readily excreted conjugates. These drug metabolism reactions yield lower lipophilic
metabolites as compared to the original compound (Tillement and Tremblay 2007).

Cytochrome P450 (CYP450) is recognized as the principle enzyme system of
phase I metabolism. The metabolism of xenobiotic compounds is carried out mainly
byCYP1,CYP2,CYP3, andCYP4 families. Phase IImetabolism is governedmajorly
by enzymes like Uridine 5′-diphospho(UDP)-glucuronosyltransferases, sulfotrans-
ferases, glutathione S-transferases, N-acetyltransferases, and epoxide hydrolases
leading to the generation of easily excretable metabolites (Stanley 2017).

These metabolized drugs are finally excreted in the form of urine or faeces. In
spite of drug metabolism in the liver, some portion of the drug is excreted in non-
metabolized form (intact form) due to which a combination of parent drug and its
metabolites are found simultaneously in the WWTPs. When the different classes
of pharmaceuticals along with their metabolites present in WWTPs are taken into
consideration, the resulting effect and toxicity on the microbes because of exposure
to families of specific drugs becomes evident. The knowledge regarding this toxicity
is important for implementation of microbial degradation of drugs in WWTPs.

9.2.2 Microbial Degradation of Pharmaceuticals

The microbial degradation of pharmaceuticals has acquired a tremendous interest
from the research community because of their irrefutable advantages over other
removal methods. Several microbial strains have shown the potential to degrade
pharmaceuticals both as a primary and secondary substrate. Addition of a carbon
substrate might enhance the removal efficiency due to co-metabolism. However, the



9 Microbial Degradation of Pharmaceuticals 187

addition of a carbon source might also result in a reduced removal efficiency because
of competitive inhibition from secondary substrates.

Biodegradation of pharmaceuticals mainly depend on the specific microorgan-
isms employed for degradation. Therefore, factors like optimum temperature, pH
and substrate concentration needed for microbial growth impact the degradation
efficiency. For example, microbial degradation of NSAIDs occur mainly at low pH
(Vieno and Sillanpää 2014). Moreover, presence of biorefractory compounds such
as heavy metals or selected aromatic compounds may reduce or completely inhibit
the biodegradation. Inhibition of Bacillus thuringiensis B1 (2015b) was observed
during ibuprofen biodegradation in the presence of Hg2+ (NOEC = 0.3 μM). Cd(II)
and Cu(II) were also reported to be inhibitory to B. thuringiensis B1 (2015b) due
to very low NOEC values (Marchlewicz et al. 2017). Slow degradation of ibuprofen
and complete inhibition of ibuprofen degradation has been reported in presence of
2-chlorophenol and 4-chlorophenol respectively (Marchlewicz et al. 2017).

The major processes involved in the biotransformation of most pharmaceuticals
was hydroxylation and oxidation catalyzed by cytochrome P450 (CYP). Hydroxy-
lation can be defined as the introduction of hydroxyl group into an ion or radical
usually by the replacement of hydrogen. This was supported by the decreases in
drug concentrations on incubation of microbial cultures with 1-aminobenzotriazole
(inhibitor of CYP) (Hata et al. 2010). This ability of microbes to degrade xenobiotic
compounds is accredited to their possession of functions analogous to mammalian
CYP2C9, CYP3A4 andmanymore. These isoforms of cytochrome P450 aremajorly
responsible for metabolism of drugs in humans. Purified laccase was also capable of
catalyzing the biotransformation of some drugs; however, laccase is the enzymatic
system responsible for only a few pharmaceuticals like naproxen and ciprofloxacin.

Apart from hydroxylation, othermechanisms like decarboxylation (elimination of
a carboxyl group), dehydrogenation (removal of hydrogen), demethylation (removal
of methyl group), dealkylation (removal of alkyl group), acetylation (introduction
of an acetyl group), dechlorination (elimination of chlorine), detachment of acetate
group, loss of hydroxyl and glucuronide group, and cleavage of the ester group are
also employed in microbial pharmaceutical degradation. A wide arrays of enzymes
are reported to be upregulated during the degradation process which indicate the
possibility of their involvement in the microbial degradation of pharmaceuticals.
Mass spectrometric and 1H nuclear magnetic resonance analyses are an indispens-
able tool for the revelation and evaluation of the metabolites generated during
biodegradation process.

Most of the microorganisms follow first-order or pseudo-first order kinetics
for degradation of pharmaceuticals. Diclofenac and ciprofloxacin degradation by
Brevibacterium sp. D4 and Thermus sp. respectively followed first order kinetics
(Bessa et al. 2017; Pan et al. 2018). Pseudoxanthomonas DIN-3 also employed
first-order degradation kinetics for removal of diclofenac, ibuprofen and naproxen
(Lu et al. 2019). However, an enriched nitrifying culture was reported to degrade
atenolol using pseudo-first order kinetics (Xu et al. 2017). Similarly, fluoxetine was
also reported to be degraded by differentmicrobial consortium following pseudo-first
order kinetics (Velázquez and Nacheva 2017).
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Even though the degradation pathways are assessed for a few pharmaceuticals,
majority of microbial degradation pathways and mechanisms are still obscure. There
is thought to be a relation between the degradation mechanism and the resistance
mechanism of the microbe with respect to the drug which in turn depends on the
mechanism of action for individual drugs. Therefore, the knowledge of mechanism
of action is a prerequisite for understanding the microbial degradation mechanism
of any drug. The primary mechanisms of antimicrobial resistance include enzymatic
degradation of drugs, alteration inmembrane permeability to drugs by inhibiting drug
uptake or activating drug efflux pumps and modification of microbial drug targets.
Drug resistance in bacteria can either be maintained on the bacterial chromosome or
through plasmids.

Numerous studies evaluating the biodegradation potential of several algal, bacte-
rial and fungal pure cultures were found. These microbes vary significantly with
respect to the biodegradation potential, efficiency as well as time taken; however,
a common result of decreased toxicity in the end-products was observed in all the
studies. Studies examining the pharmaceutical degradation using activated sludge or
a defined microbial culture are also present.

9.3 Biodegradation of Pharmaceuticals from Major Drug
Classes

According to the Anatomical Therapeutic Chemical (ATC) Classification System,
a drug can be classified based on the organ system the drug targets, therapeutic
effect, mechanism of action, chemical properties and the chemical components of
the drug. For convenience, the classification based on therapeutic effect is used for
further discussion along with the description of their mechanism of action. Based on
therapeutic effect, pharmaceuticals can be classified as:

1. Antibiotics
2. Non-Steroidal Anti-Inflammatory Drugs
3. Antidepressants
4. Antineoplastics
5. Beta blockers (antihypertensives).

Some other classes are also present, but our discussion will be focused on the
aforementioned classes. The concentration of all the mentioned classes have been
increasing consistently in our aquatic environments because of the increasing popu-
lation as well as increasing cases of infections, mental disorders, cancer, cardiac
problems and hypertension.

As can be concluded from Fig. 9.1, antibiotics had the highest number of articles
regarding wastewater treatment, in spite of its highest representative (amoxicillin)
dominating only 13% of the annual prescriptions. This was probably because of the
threat of antibiotic resistance related to microbial degradation of antibiotics. Simi-
larly, antidepressant drugs garnered only 6% of research even after its representative
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Fig. 9.1 a Annual prescriptions of representatives of major drug classes (NSAIDs-
acetaminophen, Antidepressants-sertraline, Anticancer-prednisone, Antibiotic-amoxicillin, Beta-
blockers-metoprolol) (Based on data from ClinCalc DrugStats Database-https://clincalc.com/Dru
gStats/Top300Drugs.aspx). b Number of research papers concerning wastewater treatment of each
pharmaceutical group between 1998 and 2020 in Scopus (based on data from Peña et al. 2021)

(sertraline) having a 20% share in the annual prescriptions. Therefore, it is apparent
that our research is not centred around the quantitative prescription of pharmaceuti-
cals. However, the role of non-prescribed medications cannot be overlooked in this
scenario. Further sections explore the microbial degradation of different classes of
pharmaceuticals.

https://clincalc.com/DrugStats/Top300Drugs.aspx
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9.3.1 Antibiotics

9.3.1.1 Mechanism of Action

The antibiotics can be categorized on the basis of mechanisms of action namely,
cell wall inhibitors, protein synthesis inhibitors, DNA synthesis inhibitors, RNA
synthesis inhibitors and folic acid synthesis inhibitors (Kapoor et al. 2017). The
different classes of antibiotics are:

• Penicillins—blocks cross linking leading to cell wall synthesis inhibition.
• Cephalosporins—hinders bacterial cell wall synthesis via competitive inhibition

of the transpeptidase enzyme.
• Fluoroquinolones—inhibits DNA gyrase enzyme, thus preventing DNA

synthesis.
• Rifampin—RNA synthesis inhibitor which inhibits RNA transcription by

inhibiting RNA polymerase.
• Sulfonamides—mimic para-aminobenzoic acid (PABA) which further binds to

pteredine synthetase, thus blocking folic acid and DNA synthesis.
• Trimethoprims—similar target pathway as sulfonamides and bind to dihydrofolate

reductase, inhibiting the synthesis of tetrahydrofolic acid.

9.3.1.2 Microbial Degradation of Antibiotics Using Pure Cultures

Ciprofloxacin, norfloxacin and ofloxacin are some of the commonly used fluoro-
quinolones administered as broad-spectrum antibiotics. The presence of benzene
ring and piperazinyl ring in ciprofloxacin was indicated to be the cause for failure of
complete removal of the antibiotic. L. gesseri, Enterobacter sp. and Bacillus sp. was
capable of changing the structure of pyrazine ring and quinolone ring whereas M.
luteus and B. subtilis only reduced the quantity of ciprofloxacin with less structural
changes (Liyanage andManage 2018). Ciprofloxacin, norfloxacin and ofloxacinwere
preferably attacked by four fungal cultures at the piperazinyl moiety via substitution
or/and decomposition.High residual activitywas also reported following degradation
which suggested that many metabolites had antibacterial activity (Čvančarová et al.
2015). Some importantmetabolites produced during ciprofloxacin biodegradation by
fungal species are desethylene-N-ciprofloxacin, N-acetylciprofloxacin, desethylene
N-acetylciprofloxacin, N-formylciprofloxacin, desethylene-N-formylciprofloxacin
and hydroxymethyl-N-ciprofloxacin. The involvement of laccase in ciprofloxacin
degradation has been indicated in this study (Čvančarová et al. 2015).

Labrys portucalensis F11 was capable of degrading 85% ciprofloxacin in 28 days
along with a low dehalogenation with a 22% fluoride release. This slow removal
of fluorine atom suggested that defluorination might not be the initial step in the
biotransformation of ciprofloxacin. In a mixture, norfloxacin and ciprofloxacin were
favourably utilized by strain F11 with a removal of 82 and 81%, respectively. The
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bacteria showed a higher degradation for ofloxacin, reaching 91% within 28 days
(Amorim et al. 2014).

A study delving into the analysis of metabolites produced by degradation
of norfloxacin by Microbacterium sp. reported four metabolites, which were
identified as 8-hydroxynorfloxacin, 6-defluoro-6-hydroxynorfloxacin, desethylene
norfloxacin, and N-acetylnorfloxacin. Defluorination and hydroxylation were
reported to be the main mechanisms of biodegradation (Kim et al. 2011).
Desethylene-N-acetylnorfloxacin and N-formylnorfloxacin are some of the newly
reported metabolites generated during norfloxacin degradation by fungal strains
(Čvančarová et al. 2015). Significant metabolites of ofloxacin include desmethyl-
N-ofloxacin and desethylene-N-ofloxacin and the degradation process was similar to
that of ciprofloxacin and norfloxacin examined in the same study (Čvančarová et al.
2015).

Amoxicillin is a penicillin derived broad-spectrum beta-lactam antibiotic which
is favoured to treat streptococcal infections. Amoxicillin degradation products like
benzothiazole, 2-amino-3-methoxyl benzoic acid, 4-hydroxy-2-methyl benzoic acid,
5-amino-2-methylphenol and 3,5-bis(tert-butyl)-2-hydroxybenzaldehyde have been
reported after 14 days of incubation with Alcaligenes sp. MMA. A hydrogen bond
was also reported between amoxicillin and porins when amoxicillin was present
as a primary substrate (Sodhi et al. 2020). 4-aminobenzenesulfonic acid and 4-
aminothiophenol are reported as the degradation metabolites for two sulfonamides
namely, sulfapyridine and sulfamethoxazole (Mao et al. 2018) (Table 9.1).

9.3.1.3 Microbial Degradation of Antibiotics Using Mixed Cultures

A defined microbial consortium containing four microbial species including Acine-
tobacter sp. US1, Bacillus halodurans, Pseudomonas putida, Acinetobacter spp was
reported to degrade >97% carbamazepine in 12 days. It was suggested that roughly
60%of this removal is accredited tomicrobialmetabolism.On adding carbamazepine
and diatrizoate simultaneously, the biotransformation rate of carbamazepine and
diatrizoate was not found to be influenced by the presence of the other (Ha et al.
2016).

Another microbial consortium composed of two bacterial isolates: Klebsiella
pneumoniae and Achromobacter sp. and two fungi Candida manassasensis and
Trichosporonasahiiwas capable of degradingnorfloxacinmuch faster thanofloxacin.
Norfloxacin was degraded by 80% in 20 days whereas ofloxacin was 60% degraded
after 28 days and had a relatively slower biodegradation rate (Jałowiecki et al. 2019).
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Table 9.1 Microbial degradation of antibiotics using pure cultures

S. No. Microorganism
used

Removal % Time taken References

Ciprofloxacin

1 Irpex lacteus 100 10 days Čvančarová et al. (2015)

2 Panus tigrinus 60 14 days

3 Trametes versicolor 100 14 days

4 Mucor
ramannianus

89 14 days Parshikov et al. (1999)

5 Labrys
portucalensis F11

85 28 days Amorim et al. (2014)

6 Lactobacillus
gasseri

100 14 days Liyanage and Manage (2018)

7 Micrococcus luteus 56

8 Enterobacter sp. 96

9 Bacillus sp., 74

10 Bacillus subtilis 70

11 Gloeophyllum
striatum

>50 90 h Wetzstein et al. (1999)

Norfloxacin

1 Irpex lacteus 100 10 days Čvančarová et al. (2015)

2 Trametes versicolor 85 14 days

3 Dichomitus
squalens

44 14 days

4 Labrys
portucalensis F11

85 28 days Amorim et al. (2014)

Ofloxacin

1 Labrys
portucalensis F11

91 28 days Amorim et al. (2014)

2 Irpex lacteus 100 10 days Čvančarová et al. (2015)

3 Trametes versicolor 100 14 days

Carbamazepine

1 Rhodococcus
rhodochrous

15 28 days Gauthier et al. (2010)

2 Pseudomonas
sp.CBZ-4

46.6 144 h Li et al. (2013)

3 Phanerochaete
chrysosporium

60–80 14 days Li et al. (2015)

Amoxicillin

1 Bacillus cereus 100 14 days Liyanage and Manage (2016)

(continued)
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Table 9.1 (continued)

S. No. Microorganism
used

Removal % Time taken References

2 Enterobacter
ludwigii

75

3 Enterobacter sp. 80

4 Alcaligenes sp.
MMA

84 14 days Sodhi et al. (2020)

5 Corynebacterium
sp.

43 30 days Wasify and Hamed (2014)

6 Flavobacterium sp. 41

7 Pseudomonas
aeruginosa

77.8

8 Bacillus subtilis 76.7

9 Acinetobacter
lwoffi

74.3

Sulfonamide

1 Bacillus cereus 80 14 days Liyanage and Manage (2016)

2 Enterobacter
ludwigii

60

3 Enterobacter sp. 70

4 Rhodococcus
rhodochrous

14–20 12–36 days Gauthier et al. (2010)

5 Shewanella
oneidensis MR-1

~23–60 5 days Mao et al. (2018)

6 Shewanella sp.
strain MR-4

~23–64

9.3.2 Non-Steroidal Anti-inflammatory Drugs

9.3.2.1 Mechanism of Action

NSAIDs have anti-inflammatory, antipyretic as well as analgesic properties. The
antipyretic effect is exhibited due to the inhibition of generation of prostaglandins
induced by interleukin-1 (IL-1) and interleukin-6 (IL-6) in the hypothalamus along
with reorganizing of the thermoregulatory system resulting in the vasodilation and
amplified heat loss (Osafo et al. 2017). The analgesic effect is associated with
the peripheral inhibition of prostaglandin generation (Cashman 1996) whereas
anti-inflammatory action of NSAIDs is because of the inhibition of cyclooxy-
genase (COX) enzyme, which is responsible for converting arachidonic acid to
prostaglandins (Vane 1971).
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9.3.2.2 Microbial Degradation of NSAIDs Using Pure Cultures

Diclofenac is a phenylacetic acid derivative NSAID used to treat inflammatory
conditions such as rheumatoid arthritis and osteoarthritis along with injury-related
inflammation due to surgery or physical trauma. Several enzymes were found to
be possibly involved in degradation including dehydrogenase, hydrolase, oxidore-
ductase, oxidase, dioxygenase, monooxygenase, and decarboxylase with the prob-
able involvement of hydroxylase and dehalogenase (Lu et al. 2019). Mono and
di-hydroxylated metabolites along with fumarylacetoacetic acid, phenylacetic acid,
acetoacetic acid and fumaric acid were reported to be the metabolites for microbial
degradation of diclofenac by Rhodococcus ruber strain IEGM 346 (Ivshina et al.
2019). Benzoquinone iminewas a significantmetabolite generated by biodegradation
by Labrys portucalensis F11 (Moreira et al. 2018).

Ibuprofen is a propionic acid derivative commonly sold over the counter medica-
tion for themanagement of mild tomoderate pain in headache, spondylitis, migraine,
osteoarthritis, postoperative dental pain, and rheumatoid arthritis. Murdoch and Hay
(2005, 2015) explored the biodegradation pathways of ibuprofen in two bacterial
species namely Variovorax Ibu-1 and Sphingomonas sp. Ibu-2. Catechols were the
key metabolites in ibuprofen biotransformation (Murdoch and Hay 2005, 2015). The
formation of 2-hydroxy ibuprofen through monooxygenase activity was found to be
the rate-limiting step in Bacillus thuringiensis B1(2015b) (Bessa et al. 2017). Three
hydroxylated metabolites namely 1-hydroxy ibuprofen; 2-hydroxy ibuprofen and
1,2-dihydroxy ibuprofen were reported by Marco-Urrea et al. (2009) on studying
the degradation of ibuprofen by four fungal species (Marco-Urrea et al. 2009).
High activity of phenol and hydroquinone monooxygenases and aliphatic monooxy-
genases was observed in Bacillus thuringiensis B1(2015b) (Marchlewicz et al.
2017).

Naproxen is used as a first-line therapy NSAID for dysmenorrhea, acute gouty
arthritis, osteoarthritis, and musculoskeletal inflammation and pain. The activity
of salicylate 1,2-dioxygease; phenol monooxygenase; tetrahydrofolate-dependent
O-demethylase; catechol 1,2-dioxygenase; gentisate 1,2-dioxygenase; naphthalene
dioxygenase, and hydroxyquinol 1,2-dioxygenase was related to the degradation
of naproxen in different microbes. The intradiol cleavage of the ring catalyzed
by hydroxyquinol 1,2-dioxygenase and fracture of naphthalene ring are reported
to be the naproxen degradation processes in some microbial strains (Domaradzka
et al. 2015; Wojcieszynska et al. 2014; Ding et al. 2017) along with the processes
mentioned earlier. 6-O-desmethylnaproxen was a key metabolite reported in several
microbial species such as Bacillus thuringiensis B1(2015b), Aspergillus niger and
algal cultures of Cymbella sp. And Scenedesmus Quadricauda (Aracagök et al.
2017; Górny et al. 2019; Ding et al. 2017). A series of tyrosine conjugated
metabolites were also observed in the algal cultures as a result of conjugation of
6-O-desmethylnaproxen with amino acid (Ding et al. 2017).
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Ketoprofen is a propionic acid derivative NSAID used for the treatment of muscle
pain along with rheumatoid arthritis, postoperative pain, osteoarthritis, dysmenor-
rhea and postpartum pain. Fungal degradation of ketoprofen has been studied in
three white rot fungi namely, Trametes versicolor,Pleurotus ostreatus, andPleurotus
djamor. A major metabolite found in both T. versicolor and P. ostreatus was (2-[(3-
hydroxy(phenyl)methyl)phenyl]propanoic acid). 2-[3-(4-hydroxybenzoyl)phenyl]
propanoic acid was produced as a minor metabolite in P. ostreatus (Palli et al.
2017); whereas (2-(3-benzoyl-4-hydroxyphenyl)-propanoic acid) and 1(2-[3-(4-
hydroxybenzoyl) phenyl]-propanoic acid) were generated as minor metabolites in
T. versicolor (Marco-Urrea et al. 2010a; b, c). The biodegradation of ketoprofen was
observed even in the presence of diclofenac and naproxen by Pleurotus djamor. 68%
and 83% removal was obtained for ketoprofen after 6 and 48 h respectively, when
it was added along with diclofenac and naproxen (Cruz-Ornelas et al. 2019) (Table
9.2).

9.3.2.3 Microbial Degradation of NSAIDs Using Mixed Cultures

Several studies investigated the use of mixed consortia for individual as well as a
mixture of NSAIDs (Almeida et al. 2013b; Ismail et al. 2016; Aissaoui et al. 2017;
Dawas-Massalha et al. 2014; Bragança et al. 2016). Several genera like Nitratire-
ductor,Pseudacidovorax, Asticcacaulis andBacillus pseudomycoides, Rhodococcus
ruber, Vibrio mediterranei had a higher toxicity resistance towards diclofenac,
ibuprofen, and ketoprofen or were observed to gain competitive advantages, which
suggested that theymight contribute to their respective biodegradation (Nguyen et al.
2019).

A mixed microbial consortia containing Arthrobacter nicotianae. Pseudomonas
sp., Enterobacter hormaechei and Citrobacter youngae was capable of degrading
23.08% ibuprofen and 9.12% diclofenac in 48 h when both NSAIDs were utilized as
primary substrates. In the presence of glucose, this degradation efficiency increased
significantly resulting in complete degradation of ibuprofen and 56%diclofenac after
48 h (Aissaoui et al. 2017). Activated sludge, defined mixed microbial culture such
as K2 bacterial consortium or algal–bacterial consortium have also been used for the
degradation of several NSAIDs (López-Serna et al. 2019; Ismail et al. 2016;Quintana
et al. 2005). The metabolites generated and the degradation pathways were scarcely
reported for mixed culture studies.

9.3.3 Antidepressants

9.3.3.1 Mechanism of Action

Antidepressants are the drugswhich are used for reducing the symptomsof depressive
disorders bymodifying or rectifying the chemical discrepancies of neurotransmitters
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Table 9.2 Microbial degradation of NSAIDs using pure cultures

S. No. Microorganism used Removal % Time taken References

Diclofenac

1 Trametes versicolor 94 1 h Marco-Urrea et al.
(2010a)

2 Phanerochaete
sordida YK-624

100 6 days Hata et al. (2010)

3 Rhodococcus ruber
strain IEGM 346

100 6 days Ivshina et al. (2019)

4 Labrys portucalensis
F11

70 30 days Moreira et al. (2018)

5 Brevibacterium sp.
D4

90 30 days Bessa et al. (2017)

6 Pseudoxanthomonas
sp. DIN-3

23 14 days Lu et al. (2019)

7 Klebsiella sp. KSC 100 72 h Stylianou et al.
(2018)

8 Ganoderma
applanatum

80 72 h Bankole et al. (2020)

9 Laetiporus
sulphurous

87

10 Enterobacter cloacae
D16

67.57 48 h Aissaoui et al. (2017)

11 Pseudomonas moorei
KB4

100 12 days Żur et al. (2020)

Ibuprofen

1 Variovorax Ibu-1 50 7 days Murdoch and Hay
(2015)

2 Phanerochaete
chrysosporium

70–88 7 days Marco-Urrea et al.
(2009)

Trametes versicolor ~100

Irpex lacteus

Ganoderma lucidum

3 Pseudoxanthomonas
sp. DIN-3

41 14 days Lu et al. (2019)

4 Patulibacter sp. strain
I11

62–92 90 h Almeida et al.
(2013a; b)

5 Sphingobium
yanoikuyae

68 130 days Balciunas et al.
(2020)

6 Bacillus thuringiensis
B1(2015b)

46.56 20 days Marchlewicz et al.
(2016)

7 Ganoderma
applanatum

66 72 h Bankole et al. (2020)

8 Laetiporus
sulphurous

79

(continued)
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Table 9.2 (continued)

S. No. Microorganism used Removal % Time taken References

Naproxen

1 Stenotrophomonas
maltophilia KB2

78 35 days Wojcieszynska et al.
(2014)

2 Pseudoxanthomonas
sp. DIN-3

39 14 days Lu et al. (2019)

3 Aspergillus niger 98 48 h Aracagök et al.
(2017)

4 Cymbella sp. 97.1 30 days Ding et al. (2017)

5 Scenedesmus
quadricauda

58.8

6 Bacillus thuringiensis
B1(2015)

100 35 days Marchlewicz et al.
(2016)

7 Phanerochaete
chrysosporium

86–90 7 days Li et al. (2015)

8 Planococcus sp. S5 75–86 35 days Domaradzka et al.
(2015)

9 Trametes versicolor 100 6 h Marco-Urrea et al.
(2010c)

Ketoprofen

1 Pleurotus ostreatus 90% in batch, while
70–85% in continuous
stage

7–15 days Palli et al. (2017)

2 Trametes versicolor 100% 5 h Marco-Urrea et al.
(2010b)

3 Pleurotus djamor 83% 72 h Cruz-Ornelas et al.
(2019)

in the brain. The antidepressants have been divided into four groups based on their
mode of action (Sharma, 2017):

• Tricyclic antidepressants (TCAs)—inhibit the reuptake of both norepinephrine
and serotonin.

• Selective serotonin-reuptake inhibitors (SSRIs)—inhibit the reuptake of serotonin
and elevate the synaptic serotonin transmission but is not responsible for the
reuptake of other neurotransmitters.

• Monoamine oxidase inhibitors (MAOIs)—inhibits the enzymatic transformation
of serotonin and norepinephrine into their respective metabolites.

• Serotonin-norepinephrine reuptake inhibitor (SNRI)—hasTCAs like activitywith
no side effects like sedation or hypotension.
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9.3.3.2 Microbial Degradation of Antidepressants Using Pure Cultures

Citalopram, paroxetine, fluoxetine and sertraline are some examples of commonly
used SSRIs whereas venlafaxine is an SNRI used for the treatment of major depres-
sion. Meanwhile, mianserin is an example of atypical tetracyclic antidepressant.
Kózka et al. assessed the removal of several antidepressants usingPleurotus ostreatus
(Kózka et al. 2020). High removal efficiencies were reported for sertraline (91.2%,
92.8%), paroxetine (86.1%, 93.7%), clomipramine (89.6%, 98.4%) and mianserin
(63%, 94.01%) at 4 h and 96 h respectively. Fluoxetine had an almost stable concen-
tration and showed very little change after the first hour to the end of 96 h (86.2%,
85.1%). Citalopram and venlafaxine had a comparatively lower removal efficiency
of 50% and 22% respectively after 96 h. Enzymatic degradation and adsorption were
suggested to be responsible for this removal. In the presence of drugs, the activity of
laccase, lignin peroxidase and ligninolytic enzymes was three times higher, which
indicated that the enzymes are responsible for the removal of the selected antidepres-
sants. The degradation mechanisms for these antidepressants were also evaluated in
this study (Kózka et al. 2020).

Themicrobial degradation of citalopram and fluoxetine was observed byBjerkan-
dera sp. R1, Bjerkandera adusta and Phanerochaete chrysosporium. Bjerkandera
sp. R1 was able to degrade 58% citalopram in 4 days, whereas for B. adusta and P.
chrysosporium, the removal efficiency was only 10% in 4 days. However, no trace
of citalopram was present in any of the fungal strains at the end of 14 days. The
degradation of fluoxetine was not substantial as only partial degradations of 23–46%
were obtained. (Rodarte-Morales et al. 2011). This was mainly because of the highly
recalcitrant nature of fluoxetine to photolysis, hydrolysis and microbial degradation
(Kwon and Armbrust 2006).

Biodegradation of racemic fluoxetine and its enantiomers by Labrys portucalensis
strain F11 was evaluated by Moreira et al. (2014). Complete removal of both enan-
tiomers was achieved in 30 days on supplementing 2μMof racemic fluoxetine as the
primary substrate. This was coupled with the stoichiometric release of fluoride. On
increasing the racemic fluoxetine concentration to 4 and 9 μM, partial biodegrada-
tion of the enantiomers was observed. On adding acetate as a supplementary carbon
source, complete degradation was reported for lower concentrations.

9.3.3.3 Microbial Degradation of Antidepressants Using Mixed
Cultures

Fluoxetine was degraded using different consortia by Velázquez and Nacheva
(Velázquez and Nacheva, 2017). The ammonium-nitrite-oxidizing consortium was
able to degrade 78.6% fluoxetine with a higher sorption in the biomass. This consor-
tium displayed comparatively fast removal during the first 12 days which decreased
with the decrease in the removal rate ofNH4-N.Theheterotrophic consortiumdemon-
strated the highest biodegradation of fluoxetine reaching 84.7%, with the sorption
percentage of 8.8%.Very little fluoxetine biodegradation of only 22.6%was observed
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with the nitrite-oxidizing consortium, while the sorption percentage was 11.8%. It
was suggested that the ammonium-nitrite-oxidizing and the heterotrophic consortia
permitted a partial degradation of fluoxetine, whereas no significant degradation was
anticipated using nitrite-oxidizing consortium.

The capability of sulphate-reducing bacteria to biodegrade fluoxetine as primary
substrate in a microbial consortium has also been investigated (Palma and Costa,
2021). On using 20 mg/L of fluoxetine as a primary substrate, complete degradation
under sulphate reducing conditions was observed, whereas on increasing the concen-
tration to 50 mg/L, only 66% was degraded after 31 days. The bacterial commu-
nity mainly comprised of Desulfomicrobium and Desulfovibrio whereas, while
using fluoxetine as unique carbon source, an increase in vadinBC27 wastewater-
sludge group, Macellibacteroidetes, Dethiosulfovibrio, Bacteroides, Tolumonas,
Sulfuricurvum, f_Enterobacteriaceae_OTU_18 was observed.

9.3.4 Antineoplastics

9.3.4.1 Mechanism of Action

Antineoplastic agents disrupt cellular replication by deterring the synthesis of DNA
or by triggering irreversible damage to DNA. Although this affects both normal as
well as cancerous cells, normal cells are generally able to repair minor damage and
therefore continue living. Antineoplastic agents are divided by their mechanism of
action (DeAngelis and Posner, 2009) and include:

• Classic alkylating agents—hinder DNA replication by DNA strand breaking,
crosslinking DNA strands, and abnormal pairing of base pairs.

• Antimetabolites—inhibits DNAandRNA synthesis by acting as falsemetabolites,
which are incorporated into the DNA strand or impede essential enzymes, which
results in the prevention of DNA synthesis.

• Antitumour antibiotics—obstruct RNA and DNA synthesis.
• Plant alkaloids—bind to microtubule proteins during metaphase resulting in

mitotic arrest which leads to death.
• Hormonal agents—alter the internal as well as extracellular environment.

9.3.4.2 Microbial Degradation of Antineoplastics Using Pure Cultures

Ferrando-Climent et al. studied the removal of anticancer drugs in hospital wastew-
ater using a fluidized bed bioreactor inoculated with Trametes versicolor. High
removals were observed for Azathioprine (100%), Ciprofloxacin (97%), Ifosfamide
(61%), Etoposide (100%), and Tamoxifen (48%) after 8 days. Tamoxifen showed a
higher degradation of 92% and 99% at the end of 1 h and 9 days respectively when
synthetic wastewater was treated with T. versicolor. Two tamoxifen hydroxylated
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positional isomers were acknowledged as metabolites derived from biodegradation
of tamoxifen (Ferrando-Climent et al. 2015).

High removal for antitumor antibiotics like sulfapyridine and sulfathiazole was
also observed using T. versicolor in another study. Sulfathiazole removal was slightly
slower than sulfapyridine. On one hand, complete removal of sulfapyridine was
achieved after 48 h whereas on the other hand, more than 20% sulfathiazole was
detected even after 72 h. Degradation intermediates of sulfapyridine were also
observed where glycosylated products, desulfonated products, formyl metabolites
and hydroxylated moiety of sulfapyridine were the commonly detected intermedi-
ates. For sulfathiazole, glycosylated and desulfonated products along with hydroxy-
lated moiety of sulfathiazole and formyl sulfathiazole were the commonly observed
metabolites (Rodríguez-Rodrígueza et al. 2012).

9.3.4.3 Microbial Degradation of Antineoplastics Using Mixed Cultures

The effect of different carbon utilizing cultures on the degradation of 5-fluorouracil,
an antimetabolite antineoplastic drug, was reported by Rossmassler et al. (2019).The
phenol utilizing culture degraded >90% 5-fluorouracil in 0.25 days, whereas same
removal was obtained by the organic acids utilizing culture and the molasses
utilizing culture within 0.75 days. However, the casamino acids utilizing culture
and the high humic acid content-peptone mixture utilizing culture took 6 days
to achieve similar biotransformation. Unclassified Beijerinckiaceae, Beijerinckia,
Sphingomonas, unclassified Sphingomonadaceae, Flavobacterium, unclassified
Rhizobiales, and Nevskia were also statistically linked with biotransformation of
5-fluorouracil in this study.

9.3.5 Beta Blockers

9.3.5.1 Mechanism of Action

Beta-blockers are used for the treatment of cardiovascular diseases, hypertension
and other conditions. Three forms of beta receptors are prevalent in human body:
β-1, β-2 and β-3. β-1 receptors are located in the heart and are responsible for medi-
ation of cardiac activity. β-2 receptors control several features of metabolic activity
and coordinate smooth muscle relaxation. β-3 receptors mainly prompt the break-
down of fat cells. Binding to β-1 receptors increases the cardiac automaticity and
induces renin release leading to an elevated blood pressure. Binding to β-2 recep-
tors causes relaxation of the smooth muscles with increased metabolic effects like
glycogenolysis. These effects are inhibited by binding of beta blockers to β-1 and
β-2 receptors. Therefore, the chronotropic and inotropic effects on the heart undergo
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inhibition leading to decrease in the heart rate. Beta-blockers reduce the blood pres-
sure through several mechanisms which includes lowered renin and cardiac output
(Farzam and Jan 2021).

9.3.5.2 Microbial Degradation of Beta-Blockers Using Pure Cultures

Carvedilol is an example of non-selective agent which binds to both β-1 and β-
2 receptors. An 83% removal of carvedilol was reported after a period of 120 h
using fungusCunninghamella echinulata,where hydroxylated carvedilolmetabolites
were detected as themajor biotransformation products. Two hydroxylated intermedi-
ates were identified as hydroxyphenyl-carvedilol and hydroxycarbazolyl-carvedilol
whereas another metabolite was reported to be N-glucose-carbazolyl-carvedilol
(Zawadzka et al. 2017).

9.3.5.3 Microbial Degradation of Beta-Blockers Using Mixed Cultures

Atenolol and metoprolol are β-1 receptor-selective blockers and are cardio-selective.
Atenolol was approximately 50% biotransformed cometabolically using an enriched
nitrifying culture in 240 h. The products formed during this biotransformation with
ammonia oxidation included atenolol acid; 1-isopropylamino-2-propanol; 1-amino-
3-phenoxy-2-propanol and an unknown product (Xu et al. 2017). The removal
efficiencies of atenolol using conventional activated sludge (CAS) sludge and
membrane bioreactor (MBR) sludge was also compared where MBR sludge showed
better biodegradation with complete removal in 2 days. The biodegradation product
atenololic acid was formed as a result of bacterial hydrolysis of amide bond which
was also completely degraded under 20 days in case of MBR sludge (Radjenovic
et al. 2008). On investigating the enantiomeric degradation of atenolol using acti-
vated sludge in presence and absence of acetate, 80% and 50% non-enantioselective
biodegradation was reported respectively in 15 days (Ribeiro et al. 2013). Biodegra-
dation of atenolol was also related to the activity of ammonia-oxidizing bacteria
and heterotrophs. This was because of approximately 80% atenolol biodegradation
in 25 h using nitrification enrichment culture under ammonia oxidation conditions
(Sathyamoorthy et al. 2013).

Metoprololwas also degraded using different consortia byVelázquez andNacheva
(2017) as was seen for fluoxetine. The ammonium-nitrite-oxidizing consortium
showed the highest biotransformation of metoprolol (64.5%) along with the lowest
sorption in the biomass of metoprolol. The heterotrophic bacteria degraded 58.4%
of metoprolol while the nitrite-oxidizing consortium biodegraded 42.7% metoprolol
at a retention time of 24 days (Velázquez and Nacheva 2017). Both enantiomers of
metoprolol were also degraded using activated sludge in presence and absence of
acetate. The (S)-form of metoprolol was degraded at higher extents as compared to
the (R)-form. The presence of acetate led to a slight elevation in the biodegradation
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Fig. 9.2 Biodegradation pathways for representatives of major drug classes (NSAIDs-diclofenac,
Beta-blockers-atenolol, antibiotics-ciprofloxacin, Antineoplastics-sulfapyridine)

rate of both the (S)-form and the (R)-form. 50–60% removal was observed for both
forms in presence of acetate in 15 days (Ribeiro et al. 2013).

Figure 9.2 summarizes the degradation pathways of representatives of major drug
classes.

9.3.6 Illicit Drugs

Phenylacetone is a precursor used in the manufacture of methamphetamine
and amphetamine, where it is generally known as P2P (phenyl-2-propanone).
Amphetamine is administered for the treatment of attention-deficit/hyperactivity
disorders (ADHD) and central nervous system disorders like narcolepsy, but can
also be used as an illicit drug. Amphetamine increases the extracellular dopamine
and lengthens the dopamine receptor signalling in the striatum. P2P was known
to be degraded to half of its initial concentration in about 4–8 days in four soil
samples containing soil microbes, whereas in the same study, at least two-thirds
of the methylamphetamine sulphate still persisted after 6 weeks. Six metabolites
were generated during the degradation process, namely 1-phenyl-2-propanol; 1-
phenyl-1,2-propanedione; 1-hydroxy-1-phenyl-2-propanone; 2-hydroxy-1-phenyl-
1-propanone; syn- and anti-1- phenyl-1,2-propanediol. However, the degradation
process was not explained in detail (Janusz et al. 2003).

Morphine is administered for managing chronic, moderate to severe pain by acti-
vating descending inhibitory pathways of the central nervous system (CNS) and
inhibiting the nociceptive afferent neurons of the peripheral nervous system (PNS).
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Pseudomonas putidaM10was capable of usingmorphine as a sole carbon and energy
source. Morphinone was reported to be the key metabolite formed due to the oxida-
tion of morphine catalysed by morphine dehydrogenase during the degradation of
morphine by P. putida M10 (Bruce et al. 1990).

Chloroform earlier used as an anaesthetic, was almost completely degraded (96%)
in 24 h using Methylosinus trichosporium OB3b which was grown under copper
limitation (Oldenhuis et al. 1989). Greater than 93% of a 3 mg/L concentration
of chloroform was also degraded using Rhodococcus rhodochrous ATCC21197. In
the same study, 72% of an 8 mg/L concentration of chloroform was also degraded
when present in a mixture of aromatic and chlorinated aliphatic compounds (Mala-
chowsky et al. 1994).Methylosinus trichosporiumOB3b, Pseudomonas butanovora,
CF8 (a butane-grown enrichment culture), andMycobacterium vaccae JOB5 readily
degraded chloroform. P. butanovora, M. vaccae JOB5 and CF8 were capable of
degrading chloroform in the range of 61–97% after 60 min which was similar to the
degradation achieved byM. trichosporium OB3b (Oldenhuis et al. 1989; Hamamura
et al. 1997).

9.4 Limitations in Execution to WWTPs

The applications of pharmaceutical microbial degradation at pilot scale or large
wastewater treatment plants are limited. The execution and scaling up of this process
in WWTPs might face several limitations. Several factors such as type of treated
wastewater, type of microbes employed for degradation (pure or mixed culture),
environmental conditions provided to the microbes during treatment, etc. might act
as constraints for efficient removal of pharmaceuticals. Unfavourable conditions for
the maintenance of pure culture conditions or even a defined consortium because
of transient conditions in WWTPs is also an irredeemable factor during scaling up.
For example, any significant variation in the temperature or pH of the incoming
wastewater might prove detrimental to the desired microbial community during
treatment.

In presence of antibiotics, the survival of pure or mixed cultures become even
more challenging because of the bacteriostatic or bacteriocidal nature of antibiotics.
Moreover, antimicrobial resistance developed from the antibiotic cocktail present in
the wastewater is a huge concern. The spread of these developed resistant bacteria
may lead to infections which are not curable by the available medical regime.

The location of the treatment reactor alongwith the hydraulic retention time (HRT)
are important aspects for the treatment process. Significant sterility is necessary
for the maintenance of microbial culture in the reactor which will be dependent
on the location of the reactor. Moreover, the biodegradation pathways inside the
reactor cannot be predicted easily since it might be a culmination of different factors
which can be different at different times. The lab studies cannot be extrapolated
to WWTPs successfully because the microbes responsible for degradation in lab
studies when introduced in an operational WWTPs are less effective or completely
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useless because of the highly heterogeneous mixtures of micropollutants and varied
microbial consortia. Another repercussion of this can be complete failure of the
enzyme systems responsible for microbial degradation.

The need of a supplementary carbon source during cometabolism of drugs should
also be considered, as its absence may render the process unfeasible. The limita-
tion of studies regarding degradation of drugs in presence of metabolites is also a
concerning issue because degradation metabolites and parent drug exists simultane-
ously in WWTPs. Therefore, the role of feedback inhibition cannot be ignored in
these conditions. Therefore, further research regarding the in vivo conditions during
treatment needs to be carried out for successful implementation of this drug removal
process.

9.5 Conclusion

Pharmaceuticals are viewed as an emerging contaminant of concern because of
their possible implications on the environment as well as human health. Microbial
degradation of pharmaceuticals has become a centre of attraction for the scientific
community because of its obvious advantages over traditional removal methods.
This chapter explored the microbial degradation of different classes of pharmaceu-
ticals using both pure and mixed microbial cultures. Hydroxylation by cytochrome
P450 was observed to be the key step in degradation, though in case of naproxen
and ciprofloxacin, purified laccase was also assumed to be the major mechanism
based on the results obtained with the addition of 1-hydroxybenzotriazol to purified
laccase. Other processes like decarboxylation, dechlorination, oxidation, demethy-
lation, dehydrogenation and many more are also employed by these microbes for
biodegradation of drugs. Different enzymes were upregulated during these degrada-
tion pathways. After a critical analysis of microbial degradation of drugs, several
hindrances were thought to be prevalent during the execution of the process to
field-scale WWTPs. Future areas of research for full-scale operation of the process
commissioning microbial degradation were also recommended.
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Kózka B, Nałęcz-Jawecki G, Turło J, Giebułtowicz J (2020) Application of Pleurotus ostreatus
to efficient removal of selected antidepressants and immunosuppressant. J Environ Manag
273:111131

Kwon JW,ArmbrustK (2006) Laboratory persistence and fate of fluoxetine in aquatic environments.
Environ Toxicol Chem 25(10):2561–2568

Li A, Cai R, Cui D, Qiu T, Pang C, Yang J, Ma F, Ren N (2013) Characterization and biodegradation
kinetics of a new cold-adapted carbamazepine-degrading bacterium, Pseudomonas sp. CBZ-4. J
Environ Sci 25:2281–2290

Li X, de Toledo RA, Wang S, Shim H (2015) Removal of carbamazepine and naproxen by immo-
bilized Phanerochaete chrysosporium under non-sterile condition. New Biotechnol 32:282–289.
https://doi.org/10.1016/j.nbt.2015.01.003

Liyanage GY, Manage P (2016) Evaluation of amoxicillin and sulfonamide removal by Bacillus
cereus, Enterobacter ludwigii and Enterobacter sp. Environ Nat Resour J 14:39–43. https://ph02.
tci-thaijo.org/index.php/ennrj/article/view/68430

LiyanageGY,Manage PM (2018)Removal ofCiprofloxacin (CIP) by bacteria isolated fromhospital
effluent water and identification of degradation pathways. Int J Med, Pharm Drug Res 2:37–47.
https://doi.org/10.22161/ijmpd.2.3.1

López-Serna R, Posadas E, García Encina PA, Muñoz R (2019) Removal of contaminants of
emerging concern from urban wastewater in novel algal-bacterial photobioreactors. Sci Total
Environ 662:32–40

Lu Z, SunW, Li C, Ao X, Yang C, Li S (2019) Bioremoval of non-steroidal anti-inflammatory drugs
by Pseudoxanthomonas sp. DIN-3 isolated from biological activated carbon process. Water Res
161:459–472

Malachowsky KJ, Phelps TJ, Teboli AB, Minnikin DE, White DC (1994) Aerobic mineralization
of trichloroethylene, vinyl chloride, and aromatic compounds by Rhodococcus species. Appl
Environ Microbiol 60:542–548

Mao F, Liu X, Wu K (2018) Biodegradation of sulfonamides by Shewanella oneidensis MR-1 and
Shewanella sp. strain MR-4. Biodegradation 29:129–140. https://doi.org/10.1007/s10532-017-
9818-5

Marchlewicz A, Domaradzka D, Guzik U, Wojcieszyńska D (2016) Bacillus thuringiensis
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Chapter 10
Application of Biochar for Removal
of Emerging Contaminants

Bikram Mishra, Mohit Aggarwal, and Neelancherry Remya

Abstract Biochar is a carbon-rich product obtained under reducing thermal condi-
tions by the decomposition of biomass. The feedstock characteristics and production
methods are the key factors in biochar production. In addition, the modification by
different methods improved the morphological and physicochemical properties of
biochar and offered diversified use in wastewater treatment. Biochar is extensively
used in the removal of emerging contaminants (ECs) like personal care products
(PCPs) and pharmaceutically active compounds (PhACs), which are not removed
well during conventional wastewater treatment. The status quo of functionalization
and characterization of the biochar and recent advancements in the use of as-derived
ormodified biochar in ECs removal fromwastewaterwill be discussed in this chapter.

Keywords Biomass · Thermal decoposition · Biochar ·Modification · Emerging
contaminants · Adsorption · Removal

10.1 Introduction

In the last few decades, the consumption of essential commodities have increased
due to increase in industrialization, population, and urbanization. Various human
activities such as farming and manufacturing, generate many chemicals and their by-
products. Advancements in new analytical methods have enabled us to detect these
chemicals and their by-products in water bodies and the environment, even in trace
levels (Dsikowitzky and Schwarzbauer 2014). Emerging contaminants (ECs) are a
combination of synthetic, natural compounds and their by-products such as personal
care products (PCPs), pharmaceutically active compounds (PhACs), and endocrine-
disrupting chemicals (EDCs). They are found increasingly in water bodies in the
last few decades (Saidulu et al. 2021). They can cause damage to the environment,
ecosystems, by biological magnification and bioaccumulation (Zenker et al. 2014).
It is challenging to control their spread, as they are an essential part of different
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daily products. There is no toxicological data and suitable guidelines present for the
management of ECs. The ECs in wastewater were further augmented in the covid
pandemic due to increased usage of medicines, disinfectants, and cleaning agents.

The amount of ECs in the water bodies depends on various factors such as per
capita water consumption, water usage pattern, sewer conditions, and environmental
persistence. (Tran and Gin 2017; Patel et al. 2019). ECs concentrations in the water
bodies are in the range of from ng/L to μg/L. Despite being quite low, if exposed
for a long time, they can cause huge damage to the health and safety of the marine
ecosystem and the living beings (Lutterbeck et al. 2020; Xiang et al. 2021).

Biochar is a carbon-rich material produced by pyrolysis wherein biomass is
decomposed at a higher temperature (~700 °C) in the absence of oxygen. Biochar
properties are determined by the feedstock characteristics, residence time, carrier
gases, pyrolysis temperature, catalysts, and other pyrolysis conditions. The raw
biochar is modified to improve its physicochemical properties and adsorption of
pollutants on it. Themechanismof adsorption of pollutants on biochar depends on the
type of pollutant and biochar (Cheng et al. 2021). ECs removal using biochar, an envi-
ronmentally friendly adsorbent, has gained importance in recent years. A summary
of sources, classification, effects of ECs, along with the treatment methods for ECs,
biochar production, modification, and application for ECs removal is discussed in
this chapter.

10.2 Sources, Classification, and Fate of Emerging
Contaminants

ECs enter into the environment through different sources. The general classification
of ECs and their sources are shown in Table 10.1. The sources are classified into
five categories: effluent from industries, domestic wastewater, agricultural activities,
animal husbandries, and hospitals. Effluent from chemical industries, pharmaceutical
manufacturing units, pesticides, and fertilizers industries are significant contributors
to ECs. Domestic wastewater is one of the major sources of ECs such as PCPs,
PhACs, pesticides, and fertilizers. PCPs includes shampoos, body lotion, sunscreen
lotion, cleansing solvents, and toothpaste (Yang et al. 2017). The medicines are
excreted out of the human body in unchanged or metabolized forms into wastewater
streams. Hospital effluents contain drugs, antibiotic-resistant genes, and pharmaceu-
tical metabolites (Tiwari et al. 2017). Animal husbandries use medication to keep the
animals healthy, which appears in the excreta and enters the environment (Barbosa
et al. 2016). Agricultural runoff is themajor carrier of pesticides and fertilizers. Some
other minor sources of ECs include landfill leachate, reclaimed water for irrigation,
and aquaculture discharge.

ECs discharged into the environment migrate to the aquatic environment through
different pathways. The ECs concentration in the aquatic bodies varies primarily due
to treatment efficiency, dilution, environmental persistency, etc. The ECs concentra-
tion in wastewater treatment plants depends on human usage patterns and seasonal
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Table 10.1 Classification and sources of ECs (Rout et al. 2021; Shahid et al. 2021)

Class Important sub-class Representative ECs Major sources

PhACs Antidepressant,
Beta-blockers,
Hormones,
Antibiotics,
Nonsteroidal
anti-inflammatory
drugs (NSAID),
Anticonvulsants

Diazepam,
Metoprolol,
Ciprofloxacin,
Diclofenac,
Carbamazepine,
Clorfibric acid,
Testosterone

Hospital effluent,
Pharmaceutical
industry effluent,
Domestic wastewater,
Effluent from
aquaculture effluent

PCPs Insect repellents,
Sunscreen,
Fragrances, UV
filters

Diethyltoluamide, 4
benzophenone,
Galaxolide, Tonalide

WWTP effluent,
Surface water, Landfill
leachate

Industrial chemicals Plasticizers, Fire
retardants

Dimethyl adipate
(DMAD), Tris
(1-chloro-2-propyl)
phosphate (TCPP)

Domestic wastewater,
Industrial effluent

EDCs Bisphenol,
Xenohormone,
Phthalates

Dioctyl phthalate
(DOP),
Xenoestrogen,
Bisphenol A (BPA)

Drinking water, Surface
water, Sediments
Secondary sludge, Soil

Biocides Herbicide,
Fungicide,
Molluscicide

Metaldehyde,
Epoxiconazole,
Butachlor

Surface water,
Aquaculture effluent,
Agricultural runoff

Regulated compounds
(RCs)

Pesticides,
Polyaromatic
hydrocarbons
(PAHs)

Chlorpyrifos,
Phenanthrene

Surface water, Sewage
treatment plants, Soils,
Agricultural runoffs,
Sediments

Surfactants Nonionic
surfactants, Ionic
surfactants

Polysorbates, Sodium
lauryl sulfate (SLS)

Industrial effluents,
Domestic wastewater

variability (Petrie, Barden, and Kasprzyk-Hordern 2015). For example, sunscreen
agent’s concentration is high during the summer, whereas during the winter, cough
syrup liquids are in high concentration.

ECs in surface water bodies are mainly due to the discharge of wastewater treat-
ment plant effluent into surfacewater. ECs concentrations in the surfacewater are low
due to dilution. Rainfall helps dilute the surface water but may result in higher ECs
due to the leaching of chemicals from building paints, pavement materials, increase
runoff, and sewer overflow (K’oreje et al. 2020). The common ECs detected in
surface water include carbamazepine, sulfamethoxazole, and triclosan. ECs pollu-
tion of groundwater is mainly due to landfill leachate percolation, groundwater
recharge using reclaimedwater, infiltration from agricultural lands, and seepage from
sewers (Luo et al. 2014). The transportation of ECs through the soil into groundwater
depends on the hydrophobic partitioning coefficient (octanol–water partitioning coef-
ficient, logKow) of the ECs. LogKow <2.5 indicates high hydrophilic mobility, 2.5—4
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specifies medium mobility; and log Kow >4 specifies low mobility or high retention
of ECs in the soil matrix (Rout et al. 2021).

From the aquatic environment, ECs enter into the food chain by different
pathways, thereby causing the problem of biomagnification and bioaccumulation.
Although the concentration of ECs is less, long-term exposure can have adverse
effects on living beings and ecosystems. Significant damage happens to the aquatic
ecosystem due to ECs (Mohapatra and Kirpalani 2019). Antibiotic resistance in
microbial strains, alteration in microbial community structure, and low population
of algae and bacteria are caused due to antibiotics exposure (Grenni et al. 2018).
Fragrances (musk ketone, musk xylene) are toxic to aquatic organisms, carcinogenic
to rodents, and may damage the human nervous system. Preservatives like methyl-
paraben are responsible forweak estrogenic activity. Brominated fire retardants affect
the brain, nervous system, hormone activity, and reproduction systems. Phthalates
and bisphenol generally interfere with endocrine systems, causing birth defects (de
Oliveira et al. 2020). Pesticide toxicity affects the endocrine systems too (Kim et al.
2017). Anti-inflammatory drugs like diclofenac and ibuprofen are responsible for
increased risk of gastrointestinal ulcers, kidney diseases, and gill alterations in fishes.
Bioluminescence inhibition and growth inhibition of microalgae are caused due to
lipid regulators (gemfibrozil) exposure. Beta-blockers (atenolol, metoprolol) affect
the reproduction and growth of fishes. Carbamazepine causes oxidative stress in
rainbow trout and affects the central nervous system in humans. Hormones (estrone,
testosterone) reduce fertility in fish, cause masculinization of females, and feminize
males. Polyaromatic hydrocarbons are carcinogenic and responsible for cardiovas-
cular disease. Perfluorinated alkylated substances can damage the liver, kidney and
are responsible for thyroid. Nanoparticles and nanocomposites affect the respiratory
system and are responsible for environmental toxicity.

10.3 Treatment Methods of ECs

ECs in surface/subsurface water undergo several natural transformation processes
like biodegradation, transformation, photolysis, adsorption onto particles, etc., which
reduces the concentration of ECs in surface water (Remya and Lin 2011; Pal et al.
2010). However, the efficacy of these processes is low, which necessitates the adop-
tion of suitable treatment methods for their removal from water/wastewater. In
conventional wastewater treatment plants, different physical, chemical, and biolog-
ical techniques are used. These treatment techniques are seldom effective for the
removal of ECs. The removal technique to be adapted for ECs removal depends
upon the properties of ECs like charge, functional group, hydrophobicity, disso-
ciation constant, morphology, and size. The physico-chemical methods generally
adopted for ECs removal are membrane technology, advanced oxidation process,
adsorption. Membrane technology uses certain membranes for the removal of ECs
by sieving, adsorption, and electrostatic repulsion.Nanofiltration and reverse osmosis
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membranes are sustainable, feasible, and effective techniques compared to conven-
tional methods in ECs removal. Membrane fouling and high energy consumption
are the drawbacks of this technology (Shahid et al. 2021). The advanced oxidation
process relies on the oxidation of pollutants through direct contact with oxidants or
through the production of free radicals such as hydroxyl radicals (Prashanth et al.
2021). This technology includes processes like electrocatalytic oxidation, photocatal-
ysis, and Fenton’s reaction. Different ECs that have successfully been removed using
advanced oxidation processes are methylparaben, caffeine, ketorolac, antipyrine,
sulfamethoxazole, carbamazepine, diclofenac, etc. (Neelancherry Remya and Swain
2019; Rathi et al. 2021; Prashanth et al. 2021). The high cost of catalysts and reactor
design for large-scale applications are some of the disadvantages of this technology
(Rout et al. 2021).

Adsorption transfers the contaminants (adsorbate) from one phase to another,
using either gas–solid, liquid–solid, or gas–liquid interface. Adsorbents are used to
remove the contaminants via intermolecular forces such as electrostatic attraction,
Vander Waals forces, hydrogen bonding, and π-π interactions. Adsorption is classi-
fied into physisorption and chemisorption. In physisorption, adsorbate and adsorbent
are held byweak interactions and are reversible, whereas, in chemisorption, chemical
interaction exists between adsorbate and adsorbent, irreversible in nature. Adsorp-
tion is highly effective for the removal of organic and inorganic pollutants from the
water streams. Simple operational scheme, low cost, eco-friendly, and wide range
of adsorbents are advantages of adsorption. Different adsorbents generally used for
ECs removal are activated carbon, zeolite, biochar, clay, metal–organic framework,
chitosan, and nano adsorbents (graphene, graphene oxide, carbon nanotubes, and
nano-composites). Adsorbent and adsorbate characteristics, operational conditions,
such as pH, ionic strength, concentration of pollutant, contact time, etc., affect the
adsorption efficiency (Shahid et al. 2021). Activated carbon and biochar have been
used to successfully remove ECs like caffeine, diclofenac, gallic acid, ibuprofen, sali-
cylic acid, and ofloxacin (Rathi et al. 2021). Natural clay has been used to remove
amoxicillin and trimethoprim (Rathi et al. 2021). Metal–organic frameworks have
been applied to remove ECs such as bisphenol-A, naproxen, triclosan, benzoic, and
ketoprofen (Shahid et al. 2021).

10.4 Biochar as Adsorbent for ECs Removal

10.4.1 Biochar Production

Biochar is a highly porous, lightweight, carbon-rich material obtained by thermally
processing the waste biomass in the absence of oxygen (Dai et al. 2019; Wang et al.
2018). These waste biomass used for biochar production includes crops (willows,
switchgrass, miscanthus), forestry residues (grain crops, sawdust, nutshells), organic
waste (animal manure, yard waste), and sludge (Chao et al. 2018; Huang et al.
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2017; Vause, Heaney, and Lin 2018). Biomass majorly contains lignin, cellulose, and
hemicelluloses which can add up to more than 65% carbon on a dry weight basis.
Biomass is converted to biochar using pyrolysis, in which biomass is burnt at high
temperatures in the absence of oxygen (Sahoo and Remya 2020; Shukla et al. 2019).
The first stage of pyrolysis is known as the drying stage, in which the moisture of the
biomass evaporates. This stage only affects the physical properties of the biomass.
When the temperature of the system is further increased, the unstable compounds of
the biomass start transforming into carbon dioxide (CO2), carbon monoxide (CO),
acetic acid (CH3COOH), and other stable compounds (Shaaban and Abid 2021). The
next stage is the solid decomposition stage. The biomass is decomposed or degraded
under anoxic conditions, generating products like methanol, wood tar, acetic acid
and releasing certain gases like CO, CO2, CH4, H2, etc. The third and final stage
of pyrolysis is known as the carbonization stage, in which the non-volatile residues
start to carbonize and become rich in carbon content and is called charcoal (Dai et al.
2019). Based on the biomass used in thermal processing, biochar can be divided
into straw biochar, shell biochar, wood biochar, sludge biochar, animal fecal biochar,
bamboo biochar, among others (Huang et al. 2018; Idrees et al. 2018; Chao et al.
2018; Vause et al. 2018).

10.4.2 Properties of Biochar

The nature of the biomass and the thermal degradation conditions (the heating rate,
duration, temperature, and pressure) determines the physical and chemical properties
of biochar (Bushra and Remya 2020; Kim et al. 2013; Shaaban et al. 2018). These
properties include particle size, bulk and true density, proximate analysis (mois-
ture and ash content), calorific value; percentage of lignin, cellulose, hemicellulose,
fixed carbon, functional groups, inorganic substance, and volatile compounds (Angin
2013; Shivaram et al. 2013; Nartey and Zhao 2014). The carbon and oxygen content
of the feedstock affects the functional groups present in the biochar. These groups
act as additional active sites, hence, increasing the removal efficiency of biochar.
The reaction temperature influences the biochar’s physical and structural properties,
such as ash content, porosity, nutrient content, electrical conductivity, pH, etc. Higher
reaction temperatures and residence time generate biochar with higher ash content
and nutrients such as P, K, Ca (Suliman et al. 2016).

Biochar is a heterogeneous organic product with stable carbon structures, ash, and
labile components (Shaaban and Abid 2021). Biochar also contains aromatic groups
with heteroatoms such as N, O, P, and S, making the biochar reactive (Tripathi et al.
2016). Compared to their feedstock, biochar has a lower H/C ratio, which indicates
the occurrence of polymerization during the thermal degradation and recalcitrance
capability of biochar (Cayuela et al. 2015).
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Fig. 10.1 Effect of physical and chemical modifications on biochar (Krasucka et al. 2021)

10.4.3 Emerging Contaminant Removal Using Biochar

The use of biochar for emerging contaminant removal has increased in recent years.
As compared to activated carbon, biochar ismuch cheaper, which further enhances its
potential for use. For example, biochar costs around $350 to $1,200 per ton, whereas
activated carbon costs around $1100–$1700 per ton (Thompson et al. 2016). Proper-
ties of biochar like large surface area, porosity, structural integrity, and surface-active
functional groups enable the adsorption of contaminants on the biochar surface (Tran
et al. 2020). Surface functional groups like hydroxyl, carboxyl, carbonyl, amines,
etc., influence the surface chemistry of biochar which includes surface charge and
contaminant interaction (Nartey and Zhao 2014). The physicochemical properties of
biochar can be improved to increase the adsorption by physical and chemical modi-
fications (Bushra and Remya 2020; Lutterbeck et al. 2020; Xiang et al. 2021). Thus,
biochar can be used to remove various types of contaminants like emerging contam-
inants, heavy metals, organic and inorganic pollutants, etc. (Zenker et al. 2014; Yang
et al. 2017; Tiwari et al. 2017; Petrie, Barden, and Kasprzyk-Hordern 2015).

The biochar is usually modified to increase its removal capacity (Fig. 10.1). Phys-
ical modifications imcreases the porosity, aromaticity and hydrophobicity of the
biochar.

The chemical modifications increases the polarity by changing the surface func-
tional groups which also increases the biochar porosity. The addition of carbon nano-
materials and metals in the biochar leads to the formation of biochar-metal compos-
ites. Biochar-metal composites result in a change in surface charge and provides a
functional group. Some metal compounds exhibit photocatalytic/catalytic activity,
leading to catalytic degradation of ECs in the presence of electromagnetic radia-
tion. In carbon nanomaterial and biochar combination, porosity increases, and func-
tional groups are introduced. Adsorption on this compound is done by pore filling,
interaction with the functional group, and π-π interaction.

Adsorption of contaminants on biochar occurs in four steps: (1) adsorbate
molecule transport from bulk media (solution) to biochar; (2) adsorbate molecule
diffusion through liquid film around biochar; (3) pore diffusion, i.e., transport of
adsorbate from biochar surface to active sites along pore surface, and (4) adsorption.
Various adsorbent-adsorbate interactions include dipole interactions, hydrophobic
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interactions, electrostatic interactions, and π interactions. Pore-filling or surface
complexation ormay also happenbasedon the chemical structure of adsorbent, adsor-
bate, and sorption/desorption conditions. Some recent research works are discussed
below (Table 10.2) for a better understanding of ECs removal using biochar and
modified biochar.

Magnetic biochar (MBC) prepared by the chemical precipitation of Fe3O4 on
biochar was found to be effective in removing acetylsalicylic acid, ibuprofen, and
caffeine (Liyanage et al. 2020). Their adsorption potential was 149.9, 39.9, and
75.1 mg/g, respectively, at 35 °C and pH 8. Adsorption occurred due to π-π electron
interactions, dipole–dipole interactions, H-bonding, and electrostatic attraction. Fast
adsorption kinetics and high adsorption capacity were due to large surface area, pore
sizes, pore volumes provided by biochar, and additional adsorption sites due to iron
oxides onMBC.Magnetic properties enabled the post-treatmentmagnetic separation
of MBC.

Biochar as photocatalyst support enabled adsorption and photocatalytic degra-
dation of ECs. TiO2 supported on reed straw biochar (TiO2-biochar composite)
enhanced the degradation of sulfamethoxazole (SMX) by 3.5 times compared to reed
strawbiochar (Zhang et al. 2017).Despite reduced adsorption capacity, the removal of
SMX by photocatalytic degradation was higher for TiO2-biochar composite (91%)
than pure TiO2 (59%) due to a high degree of dispersion of TiO2 in the biochar
composite. The biochar intercepted the accumulation of TiO2 particles and increased
the photodegradation efficiency of SMX. After five cycles of regeneration, the
SMX degradation was found to be 86%. Magnetic biochar prepared from chemi-
cally modified sludge biochar (SBC) modified by graphene oxide showed improved
removal of insecticide imidacloprid (IMI) (Ma et al. 2021). Magnetic sludge biochar
was prepared by adding SBC into cobalt nitrate and ferric chloride solution. The
magnetic sludge biochar was then added to graphene oxide suspension to prepare
GO/CoFe2O4-SBC novel composite. The hydroxyl group (-OH) of GO/CoFe2O4-
SBC surface and the graphitic structure donated the π-electron, facilitating the π-π
interaction between adsorbate and adsorbent. The larger surface area (184 m2/g) and
pore volume (0.346 cm3/g) produced more binding sites on GO/CoFe2O4-SBC for
IMI adsorption as compared to SBC with low surface area (53.1 m2/g) and low
pore volume (0.0816 cm3/g). CoFe2O4 loading improved the magnetic sensitivity of
GO/CoFe2O4-SBC, making the separation easier from the water sample.

Although both the physical and chemical modifications improvs ECs adsorp-
tion property of biochar. However, the chemical modification causes a higher
increase in the specific surface are compared to the physical modification. After
the chemical activation of malt bagasse biochar with ZnCl2, the specific surface area
increased to 545 m2/g. However, the physical modification increased the specific
surface area of CO2-activated biochar to only 161 m2/g (MacHado et al. 2020).
Both the activated biochars showed an amorphous structure and hydroxyl func-
tional groups. ZnCl2-activated biochar removed 2-chlorophenolmore efficiently than
CO2-activated biochar with a maximum adsorption capacity of 150 mg/g, with a
removal efficiency of 98.21% from industrial effluents containing salts and phenolic
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compounds using a dosage of 10 g/L. Moreover, the ZnCl2-activated biochar showed
effective regeneration after multiple adsorption cycles.

Biochar also showed promising results for adsorptive removal of nano plastics
(NPs). Sugar cane bagasse biochar, obtained by pyrolysis at 750 °C, with a surface
area of 540.36 m2/g showed 99% removal of NPs with a maximum adsorption
capacity of 44.9 mg/g (Ganie et al. 2021). The high pyrolytic temperature decreased
the negatively charged functional groups, thus decreasing the negative zeta potential.

Biochar derived from soap nut seeds was used for the removal of ciprofloxacin
which is an antibiotic. Pyrolysis of soap nut seeds was carried out at 450 °C for
2 h in a tubular furnace under slow pyrolysis conditions. The biochar obtained was
treated with orthophosphoric acid. The surface area of the biochar was found to
be 2.21 m2/g and showed a maximum adsorption capacity of 33.44 mg/g based
on the Langmuir isotherm. The pseudo-second-order kinetics equation fitted well
for removing ciprofloxacin by the soap nut seeds biochar. For the removal process,
adsorptionmechanisms such asπ-π interactions, pore-filling effect, cation-exchange
interactions were involved. The adsorption capacity of the biochar was enhanced by
increasing the pH to 6 and later decreased with a further increase in pH. At pH 6,
the maximum removal efficiency of ciprofloxacin of 95% was obtained (Velusamy
et al. 2021).

Biochar derived from pecan nutshell was used as support material for Zinc oxide
for degradation of reactive red 97 dye. Photocatalytic degradation of the dye occurred
and 100%degradationwas achieved at pH 7.As the pH further increased the degrada-
tion efficiency reduced. The removal rate of the pollutant was not affected even after
9 cycles of the run which shows the stability of zinc oxide on biochar (Leichtweis
et al. 2020).

Biochar prepared from wheat straw and modified using sodium hydroxide was
applied as an adsorbent to remove bisphenol-A, tetracycline and ofloxacin. The
results suggested that the modified biochar exhibited 95% removal of the contam-
inants within 9 h due to a larger specific surface area and stronger hydrophobicity.
Electrostatic attractions, π-π interactions as well as hydrophobic interactions, and
pore-filling were the main adsorption mechanisms. The initial pH of water strongly
affected the adsorption of ofloxacin and tetracycline. The maximum adsorption
capacity at equilibrium was obtained when the pH was around 8. Whereas for
bisphenol-A, there was no significant increase in removal efficiency up to pH 9. But
on further increasing the pH, the removal efficiency decreased (Tang et al. 2021).

Alkali-activated (NaOH) biochar produced from Anthriscus sylvestris proved to
be an effective adsorbent for removing diclofenac and cephalexine pharmaceuticals
from synthetic wastewater. This might be due to a substantial increase in the porosity
and functional groups of biochar as a result of activation. Based on the Langmuir
model, the adsorption capacity of activated biochar for diclofenac and cephalexine
was 392.94 and 724.54 mg/g, respectively. Electrostatic adsorption, hydrophobic
interaction, and π-π bonding were the main mechanisms of adsorption of both
diclofenac and cephalexine (Shirani et al. 2020).
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10.5 Conclusion

With the extensive use of commodities such as pharmaceutical compounds, personal
care products, pesticides, surfactants, etc., huge amounts ECs are released into the
environment. Long-term exposure to ECs causes adverse effects on both humans and
the environment. Thus, removal of ECs is necessary fromwastewater before they are
discharged into the water bodies. Conventional wastewater treatment techniques are
not efficient in removing ECs from wastewater.

Adsorption is a popular process for the removal of ECs. Among the different
adsorbents that can be used, biochar is one such potential adsorbent. Biochar is cheap
and eco-friendly as it is produced from waste like municipal solid waste, agricultural
waste, livestock waste, etc. Biochar production also reduces the volume of waste to
be handled. The adsorption capacity of the biochar can be improved by modifying it.
By combining photocatalysts with biochar, both adsorption and degradation of ECs
can be achieved.

References

Angin D (2013) Effect of pyrolysis temperature and heating rate on biochar obtained from pyrolysis
of safflower seed press Cake. Biores Technol 128(January):593–597. https://doi.org/10.1016/j.
biortech.2012.10.150

Barbosa MO, Moreira NFF, Ribeiro AR, Pereira MFR, Silva AMT (2016) Occurrence and removal
of organic micropollutants: an overview of the watch list of eu decision 2015/495. Water Res
94(May):257–279. https://doi.org/10.1016/J.WATRES.2016.02.047

Bushra B, Remya N (2020) Biochar from pyrolysis of rice husk biomass—characteristics, modifi-
cation and environmental application. Biomass Convers Biorefinery. https://doi.org/10.1007/s13
399-020-01092-3

Cayuela ML, Jeffery S, van Zwieten L (2015) the molar h: corg ratio of biochar is a key factor in
mitigating N2O emissions from soil. Agr Ecosyst Environ 202(April):135–138. https://doi.org/
10.1016/J.AGEE.2014.12.015

Chao X, Qian X, Han-hua Z, Shuai W, Qi-hong Z, Dao-you H, Yang-zhu Z (2018) Effect of biochar
frompeanut shell on speciation and availability of lead and zinc in an acidic paddy soil. Ecotoxicol
Environ Saf 164(November):554–561. https://doi.org/10.1016/j.ecoenv.2018.08.057

Cheng N, Wang B, Pan W, Lee X, Xing Y, Chen M, Gao B (2021) Adsorption of emerging
contaminants from water and wastewater by modified biochar: a review. Environ Pollut
273(March):116448. https://doi.org/10.1016/J.ENVPOL.2021.116448

Dai Y, Zhang N, Xing C, Cui Q, Sun Q (2019) “The adsorption, regeneration and engineering
applications of biochar for removal organic pollutants: a review.” Chemosphere. https://doi.org/
10.1016/j.chemosphere.2019.01.161

Dsikowitzky L, Schwarzbauer J (2014) Industrial organic contaminants: identification, toxicity and
fate in the environment. Environ ChemLett 12(3):371–386. https://doi.org/10.1007/S10311-014-
0467-1

Ganie ZA, Khandelwal N, Tiwari E, Singh N, Darbha GK (2021) Biochar-facilitated remediation of
nanoplastic contaminated water: effect of pyrolysis temperature induced surface modifications.
J Hazard Mater 417(September):126096. https://doi.org/10.1016/J.JHAZMAT.2021.126096

Grenni P, Ancona V, Caracciolo AB (2018) Ecological Effects of antibiotics on natural ecosystems:
a review. Microchem J 136(January):25–39. https://doi.org/10.1016/J.MICROC.2017.02.006

https://doi.org/10.1016/j.biortech.2012.10.150
https://doi.org/10.1016/J.WATRES.2016.02.047
https://doi.org/10.1007/s13399-020-01092-3
https://doi.org/10.1016/J.AGEE.2014.12.015
https://doi.org/10.1016/j.ecoenv.2018.08.057
https://doi.org/10.1016/J.ENVPOL.2021.116448
https://doi.org/10.1016/j.chemosphere.2019.01.161
https://doi.org/10.1007/S10311-014-0467-1
https://doi.org/10.1016/J.JHAZMAT.2021.126096
https://doi.org/10.1016/J.MICROC.2017.02.006


222 B. Mishra et al.

HuangR, TianD, Liu J, Lv S, HeX,GaoM (2018) Responses of soil carbon pool and soil aggregates
associated organic carbon to straw and straw-derived biochar addition in a dryland cropping
mesocosm system. Agr Ecosyst Environ 265(October):576–586. https://doi.org/10.1016/j.agee.
2018.07.013

Huang YF, Cheng PH, Chiueh PT, Lo SL (2017) “Leucaena biochar produced by microwave
torrefaction: fuel properties and energy efficiency.”ApplEnergy 204(Complete):1018–25. https://
doi.org/10.1016/j.apenergy.2017.03.007

IdreesM, Batool S, Kalsoom T, Yasmeen S, KalsoomA, Raina S, Zhuang Q, Kong J (2018) Animal
manure-derived biochars produced via fast pyrolysis for the removal of divalent copper from
aqueous media. J Environ Manage 213(May):109–118. https://doi.org/10.1016/J.JENVMAN.
2018.02.003

K’oreje KO, Okoth M, Van Langenhove H, Demeestere K (2020) Occurrence and treatment of
contaminants of emerging concern in the African aquatic environment: literature review and a
look ahead. J EnvironManage 254(January):109752. https://doi.org/10.1016/J.JENVMAN.2019.
109752

KimKH, Kabir E, Jahan SA (2017) Exposure to pesticides and the associated human health effects.
Sci Total Environ 575(January):525–535. https://doi.org/10.1016/J.SCITOTENV.2016.09.009

KimKH, Kim TS, Lee SM, Choi D, Yeo H, Choi IG, Choi JW (2013) Comparison of physicochem-
ical features of biooils and biochars produced from various woody biomasses by fast pyrolysis.
Renew Energy 50(February):188–195. https://doi.org/10.1016/J.RENENE.2012.06.030

Krasucka P, Pan B, OkYS,MohanD, Sarkar B, Oleszczuk P (2021) Engineered biochar—a sustain-
able solution for the removal of antibiotics fromwater.ChemEng J 405(February):126926. https://
doi.org/10.1016/J.CEJ.2020.126926

Leichtweis J, Silvestri S, Carissimi E (2020) New composite of pecan nutshells biochar-ZnO
for sequential removal of acid red 97 by adsorption and photocatalysis. Biomass Bioenerg
140(September):105648. https://doi.org/10.1016/J.BIOMBIOE.2020.105648

Liyanage AS, Canaday S, Pittman CU, Mlsna T (2020) Rapid remediation of pharmaceuti-
cals from wastewater using magnetic Fe3O4/douglas fir biochar adsorbents. Chemosphere
258(November):127336. https://doi.org/10.1016/J.CHEMOSPHERE.2020.127336

Luo Y, Guo W, Ngo HH, Nghiem LD, Hai FI, Zhang J, Liang S, Wang XC (2014) A review on
the occurrence of micropollutants in the aquatic environment and their fate and removal during
wastewater treatment. Sci Total Environ 473–474(March):619–641. https://doi.org/10.1016/J.
SCITOTENV.2013.12.065

Lutterbeck CA, Colares GS, Dell’Osbel N, da Silva FP, Kist LT, Machado ÊL (2020) “Hospital
laundry wastewaters: a review on treatment alternatives, life cycle assessment and prognosis
scenarios.” J Cleaner Prod 273(November). https://doi.org/10.1016/J.JCLEPRO.2020.122851

MaY, LiW, Li P, Yang L, He L, Chen S, Yang Y, Gao F, Qi X, Zhang Z (2021) A novel, efficient and
sustainablemagnetic sludge biocharmodified by graphene oxide for environmental concentration
imidacloprid removal. J Hazard Mater 407(April):124777. https://doi.org/10.1016/J.JHAZMAT.
2020.124777

MacHado LMM, Lütke SF, Perondi D, Godinho M, Oliveira MLS, Collazzo GC, Dotto GL (2020)
Treatment of effluents containing 2-chlorophenol by adsorption onto chemically and physi-
cally activated biochars. J Environ Chem Eng 8(6):104473. https://doi.org/10.1016/J.JECE.2020.
104473

Mohapatra DP, Kirpalani DM (2019) “Advancement in treatment of wastewater: fate of emerging
contaminants.” https://doi.org/10.1002/cjce.23533

Nartey OD, Zhao B (2014) “Biochar preparation, characterization, and adsorptive capacity and its
effect on bioavailability of contaminants: an overview.” AdvMater Sci Eng 2014. https://doi.org/
10.1155/2014/715398

de Oliveira M, Farias BE Frihling, Velasques J, Corrêa Magalhães Filho FJ, Cavalheri PS,
Migliolo L (2020) “Pharmaceuticals residues and xenobiotics contaminants: occurrence, analyt-
ical techniques and sustainable alternatives for wastewater treatment.” Sci Total Environ
705(February)

https://doi.org/10.1016/j.agee.2018.07.013
https://doi.org/10.1016/j.apenergy.2017.03.007
https://doi.org/10.1016/J.JENVMAN.2018.02.003
https://doi.org/10.1016/J.JENVMAN.2019.109752
https://doi.org/10.1016/J.SCITOTENV.2016.09.009
https://doi.org/10.1016/J.RENENE.2012.06.030
https://doi.org/10.1016/J.CEJ.2020.126926
https://doi.org/10.1016/J.BIOMBIOE.2020.105648
https://doi.org/10.1016/J.CHEMOSPHERE.2020.127336
https://doi.org/10.1016/J.SCITOTENV.2013.12.065
https://doi.org/10.1016/J.JCLEPRO.2020.122851
https://doi.org/10.1016/J.JHAZMAT.2020.124777
https://doi.org/10.1016/J.JECE.2020.104473
https://doi.org/10.1002/cjce.23533
https://doi.org/10.1155/2014/715398


10 Application of Biochar for Removal of Emerging Contaminants 223

PalA,HoongGinKY,ChenLinAY,ReinhardM (2010) Impacts of EmergingOrganicContaminants
on Freshwater Resources: Review of Recent Occurrences, Sources, Fate and Effects. Sci Total
Environ 408(24):6062–6069. https://doi.org/10.1016/J.SCITOTENV.2010.09.026

Patel M, Kumar R, Kishor K, Mlsna T, Pittman CU, Mohan D (2019) Pharmaceuticals of emerging
concern in aquatic systems: chemistry, occurrence, effects, and removal methods. Chem Rev
119(6):3510–3673. https://doi.org/10.1021/ACS.CHEMREV.8B00299

Petrie B, BardenR,Kasprzyk-Hordern B (2015)A review on emerging contaminants inwastewaters
and the environment: current knowledge, understudied areas and recommendations for future
monitoring. Water Res 72(April):3–27. https://doi.org/10.1016/J.WATRES.2014.08.053

Prashanth V, Priyanka K, Remya N (2021) Solar photocatalytic degradation of metformin by
tio2synthesized using calotropis gigantea leaf extract. Water Sci Technol 83(5):1072–1084.
https://doi.org/10.2166/wst.2021.040

Rathi BS, Kumar PS, Show PL (2021) A review on effective removal of emerging contami-
nants from aquatic systems: current trends and scope for further research. J Hazardous Mater
409(May):124413. https://doi.org/10.1016/J.JHAZMAT.2020.124413

RemyaN,Lin JG (2011) “Carbofuran degradation by the application ofmw-assistedH2O2process.”
J Environ Sci Health—Part B Pesticides Food Contaminants Agricult Wastes 46(4). https://doi.
org/10.1080/03601234.2011.559894

Remya N, Swain A. 2019. “Soft drink industry wastewater treatment in microwave photocatalytic
system—exploration of removal efficiency and degradation mechanism.” Separation Purif Tech.
https://doi.org/10.1016/j.seppur.2018.08.051

Rout PR, Zhang TC, Bhunia P, Surampalli RY (2021) Treatment technologies for emerging contam-
inants in wastewater treatment plants: a review. Sci Total Environ 753(January):141990. https://
doi.org/10.1016/J.SCITOTENV.2020.141990

Sahoo D, Remya N (2020) “Influence of operating parameters on the microwave pyrolysis of rice
husk: biochar yield, energy yield, and property of biochar.” Biomass Convers Biorefinery. https://
doi.org/10.1007/s13399-020-00914-8

Saidulu D, Gupta B, Gupta AK, Ghosal PS (2021) “A review on occurrences, eco-toxic effects, and
remediation of emerging contaminants fromwastewater: special emphasis on biological treatment
based hybrid systems.” J Environ Chem Eng 9(4). https://doi.org/10.1016/J.JECE.2021.105282

Shaaban M, Abid M (2021) “Biochar as a sorbent for organic and inorganic pollutants.” Sorbents
Mater Control Environ Pollution, January:189–208. https://doi.org/10.1016/B978-0-12-820042-
1.00001-8

Shaaban M, Van Zwieten L, Bashir S, Younas A, Núñez-Delgado A, Chhajro MA, Kubar KA et al
(2018) A concise review of biochar application to agricultural soils to improve soil conditions
and fight pollution. J Environ Manage 228(December):429–440. https://doi.org/10.1016/J.JEN
VMAN.2018.09.006

Shahid MK, Kashif A, Fuwad A, Choi Y (2021) Current advances in treatment technolo-
gies for removal of emerging contaminants from water—a critical review. Coord Chem Rev
442(September):213993. https://doi.org/10.1016/J.CCR.2021.213993

Shirani Z, SongH,BhatnagarA (2020) Efficient removal of diclofenac and cephalexin from aqueous
solution using anthriscus sylvestris-derived activated biochar. Sci Total Environ 745:140789.
https://doi.org/10.1016/j.scitotenv.2020.140789

Shivaram P, Leong YK, Yang H, Zhang DK (2013) Flow and yield stress behaviour of ultra-
fine mallee biochar slurry fuels: the effect of particle size distribution and additives. Fuel
104(February):326–332. https://doi.org/10.1016/j.fuel.2012.09.015

Shukla N, Sahoo D, Remya N (2019) Biochar from microwave pyrolysis of rice husk for tertiary
wastewater treatment and soil nourishment. J Clean Prod 235:1073–1079. https://doi.org/10.
1016/j.jclepro.2019.07.042

Suliman W, Harsh JB, Abu-Lail NI, Fortuna AM, Dallmeyer I, Garcia-Perez M (2016) Influence
of feedstock source and pyrolysis temperature on biochar bulk and surface properties. Biomass
Bioenerg 84(January):37–48. https://doi.org/10.1016/J.BIOMBIOE.2015.11.010

https://doi.org/10.1016/J.SCITOTENV.2010.09.026
https://doi.org/10.1021/ACS.CHEMREV.8B00299
https://doi.org/10.1016/J.WATRES.2014.08.053
https://doi.org/10.2166/wst.2021.040
https://doi.org/10.1016/J.JHAZMAT.2020.124413
https://doi.org/10.1080/03601234.2011.559894
https://doi.org/10.1016/j.seppur.2018.08.051
https://doi.org/10.1016/J.SCITOTENV.2020.141990
https://doi.org/10.1007/s13399-020-00914-8
https://doi.org/10.1016/J.JECE.2021.105282
https://doi.org/10.1016/B978-0-12-820042-1.00001-8
https://doi.org/10.1016/J.JENVMAN.2018.09.006
https://doi.org/10.1016/J.CCR.2021.213993
https://doi.org/10.1016/j.scitotenv.2020.140789
https://doi.org/10.1016/j.fuel.2012.09.015
https://doi.org/10.1016/j.jclepro.2019.07.042
https://doi.org/10.1016/J.BIOMBIOE.2015.11.010


224 B. Mishra et al.

Tang Y, Ye Li L, Zhan DW, Zhang S, Pang R, Xie B (2021) Removal of emerging contami-
nants (bisphenol a and antibiotics) from kitchen wastewater by alkali-modified biochar. Sci Total
Environ 805:150158. https://doi.org/10.1016/j.scitotenv.2021.150158

Thompson KA, Shimabuku KK, Kearns JP, Knappe DRU, Scott Summers R, Cook SM (2016)
Environmental comparison of biochar and activated carbon for tertiary wastewater treatment.
Environ Sci Technol 50(20):11253–11262. https://doi.org/10.1021/ACS.EST.6B03239

Tiwari B, Sellamuthu B, Ouarda Y, Drogui P, Tyagi RD, Buelna G (2017) Review on fate and
mechanism of removal of pharmaceutical pollutants from wastewater using biological approach.
Biores Technol 224(January):1–12. https://doi.org/10.1016/J.BIORTECH.2016.11.042

Tran HN, Tomul F, Hoang Ha NT, Nguyen DT, Lima EC, Le GT, Chang CT, Masindi V, Woo
SH (2020) “Innovative spherical biochar for pharmaceutical removal from water: insight into
adsorption mechanism.” J Hazardous Mater 394(July). https://doi.org/10.1016/J.JHAZMAT.
2020.122255

Tran NH, Hoong Gin KY (2017) “Occurrence and removal of pharmaceuticals, hormones, personal
care products, and endocrine disrupters in a full-scale water reclamation plant.” Sci Total Environ
599–600 (December):1503–16. https://doi.org/10.1016/J.SCITOTENV.2017.05.097

Tripathi M, Sahu JN, Ganesan P (2016) Effect of process parameters on production of biochar from
biomass waste through pyrolysis: a review. Renew Sustain Energy Rev 55(March):467–481.
https://doi.org/10.1016/J.RSER.2015.10.122

Vause D, Heaney N, Lin C (2018) Differential release of sewage sludge biochar-borne elements by
common low-molecular-weight organic acids. Ecotoxicol Environ Saf 165(December):219–223.
https://doi.org/10.1016/j.ecoenv.2018.09.005

Velusamy K, Periyasamy S, Kumar PS, Jayaraj T, Krishnasamy R, Sindhu J, Sneka D, Subhashini
B, Vo DVN (2021) Analysis on the removal of emerging contaminant from aqueous solution
using biochar derived from soap nut seeds. Environ Pollut 287(October):117632. https://doi.org/
10.1016/J.ENVPOL.2021.117632

Wang H, Wang X, Cui Y, Xue Z, Ba Y (2018) Slow Pyrolysis polygeneration of bamboo (phyl-
lostachys pubescens): product yield prediction and biochar formationmechanism. Biores Technol
263(September):444–449. https://doi.org/10.1016/J.BIORTECH.2018.05.040

Xiang Y, Wu H, Li L, Ren M, Qie H, Lin A (2021) “A review of distribution and risk of pharma-
ceuticals and personal care products in the aquatic environment in China.” Ecotoxicol Environ
Safety 213(April). https://doi.org/10.1016/J.ECOENV.2021.112044

YangY, OkYS, KimKH, Kwon EE, Tsang YF (2017) Occurrences and removal of pharmaceuticals
and personal care products (PPCPs) in drinking water and water/sewage treatment plants: a
review. Sci Total Environ 596–597(October):303–320. https://doi.org/10.1016/J.SCITOTENV.
2017.04.102

Zenker A, Cicero MR, Prestinaci F, Bottoni P, Carere M (2014) Bioaccumulation and biomagnifi-
cation potential of pharmaceuticals with a focus to the aquatic environment. J Environ Manage
133(January):378–387. https://doi.org/10.1016/J.JENVMAN.2013.12.017

Zhang H, Wang Z, Li R, Guo J, Li Y, Zhu J, Xie X (2017) TiO2 supported on reed straw biochar
as an adsorptive and photocatalytic composite for the efficient degradation of sulfamethoxazole
in aqueous matrices. Chemosphere 185(October):351–360. https://doi.org/10.1016/J.CHEMOS
PHERE.2017.07.025

https://doi.org/10.1016/j.scitotenv.2021.150158
https://doi.org/10.1021/ACS.EST.6B03239
https://doi.org/10.1016/J.BIORTECH.2016.11.042
https://doi.org/10.1016/J.JHAZMAT.2020.122255
https://doi.org/10.1016/J.SCITOTENV.2017.05.097
https://doi.org/10.1016/J.RSER.2015.10.122
https://doi.org/10.1016/j.ecoenv.2018.09.005
https://doi.org/10.1016/J.ENVPOL.2021.117632
https://doi.org/10.1016/J.BIORTECH.2018.05.040
https://doi.org/10.1016/J.ECOENV.2021.112044
https://doi.org/10.1016/J.SCITOTENV.2017.04.102
https://doi.org/10.1016/J.JENVMAN.2013.12.017
https://doi.org/10.1016/J.CHEMOSPHERE.2017.07.025


Chapter 11
Remediation of Emerging Contaminants
by Naturally Derived Adsorbents

Darakhshan Nayyar, Mohd Ahmed Naim Shaikh, and Tabish Nawaz

Abstract The topic of emerging contaminants has gathered attention all over
the world. Emerging contaminants (EC) are anthropogenic compounds detected
in the environmental matrices in minimal concentrations. The major classifica-
tion of emerging contaminants are pharmaceuticals, endocrine disruptors, personal
care products, per and polyfluoroalkyl substances, pesticides, nanomaterials and
microplastics which are associated with diverse range of commercial and personal
care products and throughout their life cycle are released into different environmental
zones such as air, water, soil, biota and reach different receptors. The knowledge on
remediation of these emerging contaminants from different environmental media is
limited and still evolving. Among all the available treatment technologies, adsorp-
tion shows promising results for remediation due to low cost, ease of operation, and
higher efficiencies. Moreover, adsorption is suited for trace contaminants as adsor-
bents can be functionalized with specific functional groups that show high affinity
for the target contaminants. The choice of natural materials further enhances the
sustainable aspect of the treatment process, as it would recycle and reuse them in
the form of adsorbents. The natural material reviewed in the chapter includes, fruit
waste, agricultural waste, Moringa oleifera, chitosan and rice husk for their potential
for adsorption applications. The current review overviews adsorption of emerging
contaminants, emphasizing its mechanisms and the factors affecting adsorption. The
predominant adsorption mechanisms of emerging contaminants are diffusion, elec-
trostatic interaction, hydrophobic interaction, ion exchange, hydrogen bonding and
π-π bonding. It mainly describes remediation of significant classes of emerging
contaminants through various natural adsorbents like activated carbon, biochar, food,
and other agricultural waste.
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11.1 Introduction

With an increase in economy, sophistication in living standard of human-kind
and growing industries, aquatic media throughout the world have been adversely
impacted, mainly because of the broad application of anthropogenic chemicals
created by humans thatwere not considered as a threat in the past. These contaminants
of emerging concern and their transformation products occurring in water bodies
throughout the globe, are beginning to be tracked and investigated in the environment
but have a high risk of causing environmental damage and have suspected detrimental
effects on ecosystems and human health (Rosenfeld and Feng 2011). According to
USEPA, “emerging contaminants (EC)” are substances that have the capability of
causing harm or toxicity to human or other life forms or lack established health
regulations (USEPA 2014). One of the primary criteria to consider a substance an
EC, is that it lacks sufficient toxicological data on health threats to humans, together
with the absence of regulation (Cordner and Brown 2013). Additionally, a substance
can be considered EC because of newer modes of generation, utility, and disposal
(Richter et al. 2018). These pollutants and their typical concentration range vary
from ng/L to μg/L (Pal et al. 2014). Major classes of ECs as depicted in Fig. 11.1,
are pharmaceuticals and personal care products (PPCPs), endocrine disruptors, pesti-
cides, nanomaterials, microplastics and per- and polyfluoronated substances (PFAS)
(Pereira et al. 2015). Day by day, newer chemicals are being added to the classes of
ECs. ECs are found in all kinds of water systems such as surface, ground or wastew-
ater. The concentration of EC in surface water bodies is of lesser value than sewage
and wastewater sources due to natural processes like dilution, sorption, etc. (Pal et al.

Fig. 11.1 Different classes of emerging contaminants
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2010). Analgesics, anti-inflammatories, antimicrobials, β-blockers, and lipid regu-
lators are the most commonly found pharmaceuticals. Other antiseptic/ antibacterial
products like triclosan and synthetic fragrances like Nitromusk and Polycyclic musk
are also toxic PPCPs. These chemicals generally enter the environment and drinking
water supplies after being discharged from sewage treatment plants or leached from
pesticides applied to farmland. Microplastics are used in toothpaste, cosmetics and
are also produced by weathering of macroplastics, discarded plastics, fishing nets
etc. and end up in municipal water treatment plant. PFAS are used in non-stick pans,
paper, coatings on pan, stain proof carpets and textiles, waterproof packaging of food
items and are used in cleaning agents, cosmetics, shampoos, paints, fabric softeners,
adhesives, because of its surfactant property (Buck et al. 2011; Clara et al. 2008;
Kissa 2001; Rahman et al. 2014). PFAS are introduced in the environment both by
point and non-point sources. Some of the point sources of PFAS are manufacturing
plants, application of aqueous film forming foams (AFFF) on areas, industrial and
municipal sewage treatment plant, and some of the non-point sources are dry, wet
atmospheric deposition and landfills (Hrens and Undschuh 2014).

EC possess different chemical properties, and their removal from environ-
mental media largely depends on harnessing those properties. Thus, occurrence of
the “unregulated” emerging contaminant requires advanced treatment technologies
(Nawaz andSengupta 2019).ECare found indifferent forms, and their removalmech-
anisms also differ from one to another, making their remediation from water-based
media further difficult. Adsorption is a rapid, easy, and broadly practiced process as
it can remove a wide range of pollutants with ease and high efficiency. It is one of the
sustainable approaches for water purification due to its incredible effectiveness for
contaminant removal without the generation of harmful by-products. This chapter
summarises differentmodes of adsorptionmechanisms forECsduring adsorption and
the factors affecting them. It describes in detail various kinds of natural adsorbents
used to remove the major EC classes, i.e. pharmaceuticals, personal care products,
endocrine disruptors, pesticides, PFAS, nanomaterials and micro plastics, and the
challenges faced for the same.

11.2 Adsorption

Adsorption is the partition of a compounds or particles from liquid or gases to a
solid surface. Removal of EC by adsorption is an environmentally friendly approach
that is popular due to its higher efficiency with lower sludge generation that can be
achieved with ease of operation. Thematerial being adsorbed is called adsorbate, and
the adsorbing surface is termed as adsorbent. Based on the mechanism of interaction,
there are two types of adsorption processes. One is called physisorption, in which
physical interactions such as Van der Waal’s forces (weak) are responsible for the
interaction among the adsorbate and the adsorbent (Mariangela et al. 2012). Another
one is known as chemisorption, in which chemical bonding takes place between the
adsorbate and adsorbent. The complete process of adsorption involves three steps:
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(i) transportation of contaminant from bulk phase to the surface/interface of the
adsorbent, (ii) diffusion or transfer of adsorbate particles from the outer surface to
its inner pores, and (iii) interaction of particles with the active sites of the adsorbent
(Rashed 2012).

11.2.1 Mechanisms of Adsorption

This section discusses different mechanisms that are involved in emerging contami-
nant adsorption. As shown in Fig. 11.2, other adsorption mechanisms are diffusion,
electrostatic interaction, hydrophobic interaction, ion exchange, hydrogen bonding,
and π-π interactions. Diffusion occurs either by pore-filling or partition and was
observed in the removal of emerging contaminants such as PFAS (Inyang and Dick-
enson 2017), PPCP (Zhu et al. 2014), and pesticides (Suo et al. 2019). One of
the removal mechanisms of herbicide, Triazine on biochar made from corn waste,
was through diffusion (Suo et al. 2019). Triclosan also interacted with magnetic
hydrochars through pore filling in an investigation demonstrated by Zhu et al. (2014)

Fig. 11.2 Major adsorption mechanisms of emerging contaminants
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due to small size of hydrochar. Electrostatic interaction plays a very important role in
adsorption of most of EC such as microplastics, pesticides, PPCP, endocrine disrup-
tors. It relies on the difference of charge between adsorbent and adsorbate. Li et al.
(2018) found removal of ciprofloxacin removal using tea leaf biochar was due to
electrostatic interaction,π-π interactions and hydrogen bonding. Electrostaticmech-
anism is responsible for Diclofenac removal by moringa pod adsorbent (Bagheri
et al. 2020). Endocrine disruptors such as bisphenol A and 17-α-ethynyl estradiol
are removed by natural adsorbents derived from tea leaves and montmorillonite
clay through electrostatic interaction. Hydrophobic interaction is the phenomenon
that causes the hydrophobic part to form a group or aggregation called micelles
(Meyer et al. 2006). Hydrogen bonding is another plausible adsorption mechanism,
for most of ECs. Various types of pharmaceuticals such as Acetaminophen (Lessa
et al. 2018), ciprofloxacin (Li et al. 2018), Diclofenac (Bagheri et al. 2020), Carba-
mazepine (Torrellas et al. 2015), Triclosan bisphenol A (Weidemann et al. 2018)
were removed by rice husk hydrochar through hydrogen bonding. In a study, it was
found that oxygen contained in PFAS functional group reacts with hydrogen of water
or other adsorbents (Cao et al. 2017; Xu et al. 2015). Chelation and ion exchange
are one of the mechanisms in removal of tetracycline through waste sludge biochar
modified by chitosan (Liu et al. 2019). Apart from that, several physical adsorption
mechanisms like steric interaction, π–π interaction, Van der Waals forces, hydrogen
bonds, hydrophobicity, and dipole induced dipole interactions also occur in ECs.
It was found that π-π interaction was majorly responsible for interaction between
aromatic part of paracetamol and the syringyl group of lignin (Sophia et al. 2018).
Paracetamol was also removed by guaiacyl moieties of grape stalk through π-π
interaction.

11.2.2 Factors Affecting Adsorption

Mechanism of adsorption predominantly relies on the characteristics of the solution
(pH, presence of inorganic ions), properties of adsorbent and properties of adsorbate,
properties of adsorbent such as pore shape and size, attached functional groups,
etc. are important for adsorption. These parameters are discussed separately for
different EC in later sections of the chapter. Solution pH, which plays a pivotal role
in adsorption, also determines the surface charge of the adsorbent, and controls the
strength of the adsorbent, ionization, and species formation in aqueous media (Gao
et al. 2017; Higgins and Luthy 2006). Along with pH, presence of inorganic ions in
solution also has pivotal role in adsorption of EC. Some of the studies showed that
adsorption of PFAS increases in presence of inorganic ions in solution (Cao et al.
2017; Deng et al. 2010) whereas some investigation also found the opposite result
(Du et al. 2015; Gong et al. 2016; Lu et al. 2016). Overall, the effect is the sum
result of many smaller phenomena like surface-charge neutralization, compression
of electric double layers, competitive adsorption, salting out effect, and bridging
between PFASs (Gong et al. 2016; Lu et al. 2016;Wang et al. 2012). Divalent cations
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(Ca2+, Mg2+) compress the electrical double layer better than monovalent cations
and aid in adsorption (Fang et al. 2018; Zhang et al. 2019). Physical properties
of an adsorbent such as specific surface area, pore distribution, particle size play
a significant role in EC adsorption. Varying lengths of activated carbons showed
different adsorption capacities. Apart from physical properties, chemical structure
of the adsorbent also plays an important role in sorption. The high adsorption capacity
of PFAS on aminemodifiedmaterials such as cross-linked chitosan bead, quaternised
cotton are related to basic functionality on adsorbent (Du et al. 2014). The presence of
other co-contaminants, such as dissolved organic carbon, natural organic materials,
humus, fulvic acid etc. can also affect the adsorption affinity of sorbents for EC. In
the presence of these compounds with comparable molecular sizes with ECs, intense
competition between co-contaminants and EC for sorbent surface will occur, and
thus overall adsorption capacity decreases.

An ideal adsorbent should be low cost, sufficient material capability to endure
water flow for a significant duration of time, high adsorption capacities and larger
specific surface area, easily recyclable or reusable for water treatment’s sustainable
and economic development (Mahfoudhi and Boufi 2017). Adsorption has several
advantages over other treatment methods in terms of simplicity, initial cost, ease of
practice, etc., making it a feasible alternative for the treatment of emerging contami-
nants. It is considered to be insensitive against toxic substances (Kumar et al. 2019).
One of the foremost benefits of adsorption is the use of cheap & environmentally-
friendly resourceswith good adsorptionproperties (Ning et al. 2021). In current years,
various studies investigated the elimination of emerging contaminants by adsorption
method via commercially available adsorbents like activated carbons, metal oxides,
synthetic resins, and polymers.AC is extensively employed to removewater repelling
organic and microscopic pollutants due to its great efficiency. But, its application is
inadequate due to higher costs. Therefore, the need of the hour is utilization of
environment friendly, efficient and low-cost material, that offer sorption with better
control on selectivity (Grégorio et al. 2019). To achieve these requirements, scien-
tists are using environment-friendly adsorbents due to their ease in availability, and
innocuous nature. Various types of economical adsorbents have been investigated to
eliminate water andwastewater pollutants (Kaveeshwar et al. 2018). Low-cost adsor-
bents are generally of five types: (a) agricultural and domestic waste; (b) industrial
by-products; (c) sea or aquatic species; (d) earth material or mineral and (e) novel
low-cost adsorbents (De Gisi et al. 2016). Nowadays, to remove ECs from water,
biochar, a cheap and more efficient adsorbent, is being used (Delgado-Moreno et al.
2021). An effective green technology was represented by a novel adsorbent of low
cost (Saravanan et al. 2021). For an increment of their adsorption capacity, numerous
chemical and/or physical modifications were employed to the fresh biomass adsor-
bents (Carolin et al. 2021). Although, in terms of sorption capacity, these green
adsorbents were not much effective compared to commercially available adsorbents
such as activated carbons, modified chitosan, inorganic substances, etc., but their
accessibility and lower cost makes them superior (Carmalin et al. 2018).
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11.3 Removal of EC by Naturally Derived Adsorbents

Generally, commercial adsorbents are preferred for pollutant removal, but exten-
sive industrial application is limited due to their expensive nature. As an alterna-
tive, numerous natural waste material-based adsorbents are proposed. For example,
farming wastes and various forest industry products including rice and coconut
husk, tea waste, cellulosic waste, almond and olive shell, orange, banana, cucumber,
pumpkin and moringa peels, coffee, peanut hull, lignocellulosic wastes, polysaccha-
rides such as alginates and chitosan, and other various materials.

11.3.1 Pharmaceuticals

Generally, pharmaceuticals compounds are the materials that have medical purposes
or healthcare for animals or humans. Those materials can be further divided into
various groups based on their use and nature, like anti-inflammatory drugs, β-
blockers, pain tablets, blood lipid regulatory agencies, antibiotics, fungicides, repel-
lents and preservatives (Kinney et al. 2006). Table 11.1 shows summary of pharma-
ceuticals removal by natural adsorbents. For the remediation of ciprofloxacin, (Afzal
et al. 2018) demonstrated that the adsorption process on composite of chitosan by
using pomelo peels biochar. The results of experiments indicated that its sorption
kinetics followed second-order model. Based on the Langmuir isotherm model, the
highest removal efficiencywasmore than 76mgg−1, at 160mg/L of initial concentra-
tion. The adsorbent showed a combinedmechanismof ciprofloxacin removal through
π-π electron donor–acceptor interaction, hydrogen bonding, and hydrophobic inter-
action. In another study, (Lessa et al. 2018) used a composite of Chitosan with waste
coffee ground and poly-vinyl alcohol to remove four pharmaceuticals compounds
through adsorption. Results of adsorption exhibit appreciable improvement (from 10
to 44%) for the pharmaceuticals compared to the original sample. Among them, the
removal of acetylsalicylic acid was maximum. The adsorption data showed a better
correlation by the Freundlich isotherm, and the kinetic data of the adsorption process
follow the pseudo-second-order kinetics. The composite shows notable reusability
up to five cycles by subsequent adsorbent regeneration with desorption solution.
(Phasuphan et al. 2019) used chitosan to alter left-over tyre scrap rubber as a compe-
tent adsorbent for the treatment of naproxen, ibuprofen and diclofenac and achieved
the highest uptake capacity of 2.3, 70 and 17.7 mg/g, respectively. The results of
the study show that adsorption capacity increase on increasing chitosan content upto
23%. The main mechanism was electrostatic interaction among the amino groups
of chitosan and carboxylic groups of pharmaceuticals molecules. A heterogeneous
surface was suggested since the isotherm data fitted with the Freundlich model.
(Teixeira et al. 2012) improved the adsorption capacity of the walnut shell by chem-
ical treatment with HCl and NaOH and studied adsorption at varying pH values.
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The modified walnut shell exhibited higher adsorption capacity for sulfamethoxa-
zole. The results of the adsorption process were extremely influenced by pH (2–8)
and removal efficiency decreased for pH >2. The maximum removal capacities on
raw HCl & NaOH modified walnut shells were found to be 91 and 78 and 97%,
respectively. Similarly, (Lakkovikiotis et al. 2014) used modified AC from potato
peels by activation with KOH to remediation of dorzolamide and pramipexole. The
data of adsorption equilibrium was best fitted by Freundlich isotherm, and kinetic
experiments follow pseudo-second-order equations. The main adsorption interaction
among drug molecules and adsorbents was π-π assembling. The hydrothermally
treated carbon exhibits excellent reusability up to 20 cycles by losing only 11%
of its adsorption capacity. For sulphamethoxazole, (Li et al. 2015) demonstrated
the sorption capacity of biochar prepared from rice straw and alligator flag. Author
reported that data of adsorption equilibrium was best fitted by Langmuir equation
(R2 >0.94), and the highest sorption parameter (Q) was found to be 3650mg kg−1 for
rice straw. The removal efficiency of rice straw was more than that of alligator flag
at pH <7, however, removal efficiency AF exceeded RS when pH ≥ 7. It was also
found that due to the availability of Cu2+ and/or Cd2+ ions in fewer levels, sorption
improved significantly on both adsorbents. In an almost identical investigation, (Li
et al. 2018) evaluated the efficacy of used tea-leaf biochar for removing ciprofloxacin
molecules from water-based media. After optimization, the authors obtained quite
high ciprofloxacin sorption capacity, i.e., 238.10 mg/g. The main mechanisms of
adsorption were π–π interactions, hydrogen bonding, and electrostatic attraction.
Diclofenac adsorption was also studied on moringa seed biochar after chemical acti-
vation with phosphate (Bagheri et al. 2020). Isotherm data was best fitted using Sips
model and the maximum sorption was found to be 100.876 mg/g by Sips model
showing 82.8% removal efficiency at pH ~5. One more research was conducted, in
which (Reck et al. 2018) used activated hydrochars of orange peels after several ther-
mochemical processing for elimination of diclofenac, salicylic acid and flurbiprofen
from water. The adsorbent exhibited the best adsorption properties with advanced
development of porosity, showing surface areas ranging from 300 to 620 m2/g. In
another work, (Naghipour et al. 2019) investigated the elimination of metoprolol
by AC prepared from pine cones using thermal activation process. The optimal
abatement efficiency was found to be 89.2% at pH 8.5 in 60 min. with an initial
concentration of 50 mg/l. Isotherm data were best fitted by Langmuir isotherms and
kinetic data were better demonstrated by pseudo-second-order kinetic model. The
effect of adsorbent dose and initial concentration was tested, adsorbent dose exhibits
a positive effect on removal efficiency, and however, an increase of initial concen-
tration reduces removal efficiency. (Torrellas et al. 2015) prepared AC from peach
stones by chemical activation with H3PO4 for the removal of Carbamazepine from
liquid media. The maximum adsorption capacity of this adsorbent towards carba-
mazepine was determined to be 335mg/g. The adsorbent exhibits higher surface area
values (1216 m2/g) and pore volume (0.81 cm3/g), favoring the adsorption process.
The study reported that hydrophobicity and water-solubility were responsible for the
high adsorption. (Yoong et al. 2020) developed composite of chitosan with activated
carbon of magnetite rice husk. It was reported that the impregnation of chitosan
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on the AC improved the diclofenac adsorption capacity by 91%, but, when ratio
of AC/chitosan increased from 1:2, the adsorption was reduced because of clog-
ging of pores of AC. In acidic medium, amine group of chitosan attached on the
surface of activated carbon enhance adsorption capacity to 270 mg/g which led to
the attainment of 94% adsorption of diclofenac. In another study, (Yi et al. 2016),
adsorption of levofloxacin was evaluated for rice husk andwood chip biochars. It was
reported that elemental compositions of biochar change with pyrolysis temperature.
On increasing temperature from 300 to 600 °C, carbon contents increase, however,
oxygen and hydrogen contents decrease, resulting in biochar became less polar and
more aromatic. Surface areas of biochar obtained at 600 °C were about 100 times
more as compared to biochar at 300 °C. Their interaction between levofloxacin and
biochar was more aromatic with less polar and hydrophobic interactions. Powder of
moringa pods and husk was used by (Viotti et al. 2019) for the sorption of diclofenac.
After chemical activation with HCl, thermal treatment was given in order to produce
highly porous activated carbon. FTIR analysis of sorbent shows abundance of various
functional groups that were responsible for diclofenac removal by hydrogen bonding,
electrostatic interaction and π-π interactions. (Fernandez et al. 2015) used orange
peels for synthesis of hydrochar by heating at 200 °C for 20 h and compared the
results of adsorption of pharmaceuticals (flurbiprofen, diclofenac sodium and sali-
cylic acid) after chemical activation with CO2 & 50% phosphoric acid solution. Due
to removal of volatile matter at 200 °C, carbon content and porosity of hydrochar
significantly increased. Activation of hydrochar by CO2 exhibited a highly basic
character however activation by phosphoric acid developed an acidic character that
increases oxygenated functional groups on the surface. At pH 2, the adsorption effi-
ciency of the adsorbents significantly increased for the removal of flurbiprofen and
salicylic acid.

11.3.2 Endocrine Disruptors

Several sorbents have been used for the elimination of these compounds from diverse
water conditions. Table 11.2 gives removal summary of endocrine disruptors by
naturally derived sorbents. Most of the works emphasize bisphenols, parabens, and
triclosan. (Dehghani et al. 2016) investigated the adsorption of Bisphenol-A from
liquid solutions using chitosan. The kinetic data revealed that synthesized chitosan
as well as commercial chitosan, both follow the pseudo-second-order model. The
experimental data of isotherm confirmed that both adsorbents follow the Langmuir
model. This study found that the abatement efficacy of both chitosan decreases by
increasing initial concentration and decreasing the dose of adsorbent. The maximum
removal capacity of Bisphenol on synthesized chitosan and commercial chitosan
were 27.02 and 34.48 mg/g respectively, at pH 5. In another study, (Weidemann et al.
2018) prepared hydrochars from agricultural waste for the adsorption mixture of ten
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ECs (sulfamethoxazole, triclosan, fluconazole, octhilinone, paracetamol, trimetho-
prim, diphenhydramine, ciprofloxacin, bisphenol A, and diclofenac). The highest
BET-determined specific surface areas (16.92 m2/g) and maximum overall removal
efficiency (66%) were exhibited by rice husk char. It demonstrated significant effi-
ciency (≥83%) of triclosan, octhilinone, and ciprofloxacin removal from themixture.
All constituents were removed rapidly and the removed amount saturated after 1–
3 min. Similarly, (Ahsan et al. 2018) prepared sulfonic acid functionalized carbona-
ceous adsorbent from tea leaves for the sorption of bisphenol-A. The maximum
sorption capacity of bisphenol was found to be 236.80 mg/g at 25 °C. The ther-
modynamic study indicated that the adsorption was exothermic and spontaneous.
The π − π interactions among the adsorbate and adsorbent molecules were respon-
sible for the removal of a contaminant. The study also claimed a very nominal
loss of adsorption capacity up to three cycles of adsorption/desorption. To remove
bisphenol and diuron, (Zbair et al. 2020) synthesized hydrochar from argan nut shell.
The hydrochar obtained at 200 °C showed more specific surface area (42 m2/g) than
hydrochar prepared at 180 °C (17 m2/g). The hydrochars showed 92 and 95 adsorp-
tion efficiency for the abatement of bisphenol and diuron respectively. Themaximum
Langmuir adsorption capacity was 1162.79 mg/for Bisphenol A and 833.33 mg/g for
diuron at room temperature (more thanmost investigated adsorbents). The thermody-
namic study of adsorption process suggested that the process was spontaneous (�G°
<0) and exothermic (�H° <0). Significant recyclability of adsorbent was claimed
up to five cycles. (Tian et al. 2018) used hydrothermal carbonization process to
synthesized montmorillonite/hydrochar (MMT/HC) composite for the sorption of
17b-estradiol (E2) and 17a-ethynylestradiol (EE2). After activation with 1% KOH,
composite exhibited almost double removal capacity as compared to hydrochar, also
the composites showed good adsorption capacity of E2 & EE2, for a pH range from
2 to 8. The results of study shown excellent removal capacity, approximately 80–
82% of its initial capacity up to four cycles. For elimination of triclosan (TCS) from
water, (Delgado-Moreno et al. 2021) used the pyrolysis and hydrothermal carboniza-
tion processes to obtained chars from olive oil production wastes. With the increase
of pH of char suspensions, their adsorption capacities decreased. The highest adsorp-
tion rate for TCS was shown by a hydrochars was synthesised at the lowest temper-
atures (≤240 °C), which was rich in oxygenated functional groups. For the adsorp-
tion of endocrine disrupting compounds (bisphenol A (BPA), atrazine (ATR), 17
α-ethinylestradiol (EE2)), Jung et al. (2013) characterized and used biochars of pine
wood chips produced by chemical activation in the presence of oxygen (O-biochar)
and in the absence of oxygen (N-biochar) and used After analysis, N-biochar showed
higher polarity and more alkyl, O-alkyl, methoxyl, and carboxyl carbon content,
while O-biochar exhibited more aromaticity as compared to N-biochar. The adsorp-
tion capacity of N-biochar was high toward contaminants because of greater pore
volume and surface area. TheH/C ratio indicated by biocharswas 0.034 and 0.127 for
O-biochar & N-biochar respectively, it showed that N-biochar was less carbonized
(lesser hydrophobic) than O-biochar. (Hamadneh et al. 2020) reported that adsorp-
tion capacity of AC synthesised from olive husk for p-methoxyphenol (PMP) was
increased from 45.455 to 98.039mg/g after chemical activation by usingMgCl2. The
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adsorption mechanism study showed that PMP adsorption was primarily improved
by introducing electron withdrawing and donating functional groups on the benzene
ring. The result of equilibrium experiments exhibited that the maximum removal
capacity (Qmax) reached at 45 °C was 488.2 mg g−1.

11.3.3 Personal Care Products

In technical terms, Personal Care Products (PCPs) are complex combinations of
chemicals in various forms like biocides, stabilizers, gels, creams, emulsifiers,
lotions, semisolids, pH regulators, dyes, and many others. These compounds are
generally used in lotions, toothpastes, fragrances, soaps, skincare products, condi-
tioners, shampoos and insect repellents. Due to economical and suitability, biochar
and activated carbon of various natural/waste materials have continuously been
employed for the removal of these compounds (Ahmed et al. 2015). However, to
improve the efficiency of removal process, various types of pre-treatments have
been applied onto natural adsorbents. (Phasuphan et al. 2019) established adsorp-
tive process of a new adsorbent synthesized by the waste tyre scrap rubber particles
and having surfaces improved with adsorbed polymeric chitosan. The adsorption
of naproxen was verified in this process with a Freundlich isotherm design of the
maximum sorption capacity of 2.3 mg/g. The optimal adsorption was observed to be
attained when the solution’s pH was 6. Another contaminant that was removed from
the system was the drug ibuprofen, which showed a maximum sorption capacity of
70 mg/g. To remove triclosan, (Zhu et al. 2014) proposed a new method for simul-
taneous magnetization and activation of hydrochar via pre-treatment with mixtures
of ferric chloride (FeCl3) and zinc chloride (ZnCl2) followed by thermal pyrolysis.
Activated hydrochar exhibited high values of specific surface area (1351 m2/g) and
pore volumes (0.549 cm3/g), favoring triclosan adsorption. In an acidic medium
(pH of 3.0 and 4.0), the novel adsorbent showed excellent removal of triclosan from
aqueous solutions. Similarly, (Moreno-Marenco et al. 2019) presented the adsorption
of parabens on activated carbons obtained from African palm shell after chemical
modification with different metallic salts. The calorimetric results showed positive
interaction enthalpy values (endothermic) for the adsorption of parabens. The inves-
tigation related adsorption process of the methylparaben with the occurrence of
acid groups, especially lactonic groups by a complex “donor–acceptor” mechanism
between the aromatic ring of methylparaben and carbonyl oxygen of lactone. It
was also reported that both adsorbate–adsorbent interactions and adsorbent–solvent
interactions were taking place. Another work (Torrellas et al. 2015) synthesized
AC of peach stones by chemical modification with H3PO4(s), resulting in higher
specific surface area and well-developed mesoporous materials. And adsorption of
caffeine (stimulant) from the water was investigated. It was reported that there was
a competition among the caffeine molecule and water molecules for the active sites,
and acidic water pH, 4.8, favoured this competitive effect. Recently, (Czech et al.
2020) used a novel cotton-based adsorbent for sorption of naproxen (NAP). It was
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found that both adsorption capacity and mechanism of sorption were significantly
affected by carbonization temperature and the presence of co-solute. The presence of
co-solute caffeine increased NAP sorption and segmentation. The sorption of NAP
onto adsorbent obtained at 1100°C was the highest without the co-solutes. (Li et al.
2017), studied a novel economical clay-biochar composite with potato stem and
natural attapulgite for Norfloxacin removal from water. The result of batch experi-
ment showed that maximum sorption capacity of 5.24 mg/g, which was almost 1.68
times more than the original biochar. The isotherm data shows better correlation by
the Langmuir isotherm and kinetic data of the adsorption process followed closely the
pseudo-second order model. The thermodynamic analysis indicated that the adsorp-
tion of the contaminant was spontaneous and exothermic. For the elimination of
PCP from water, (Chauhan et al. 2020) prepared microporous aluminium-pillared
clay (Al-PILC) by using Smectite clay (montmorillonite, MMT) from impregnation
of Al-oxide pillars into the interlayer structure, which increased the surface area of
natural clay to 258 m2/g and its porosity to 0.16 cm3/g. The abatement efficiency
of novel sorbent was 681% more than natural clay, and shows a maximum adsorp-
tion capacity of 7.7 mg/g by following pseudo-second-order model. The Al-PILC
showed effective regeneration up to three consecutive adsorption/desorption cycles.
Table 11.3 shows removal of personal care products by natural adsorbents.

11.3.4 Per and Polyfluoroalkyl Substances

PFASwhich stands of per and polyfluoroalkyl substances are predominantly removed
by adsorption, some of the natural adsorbents for its removal are discussed in this
section. Table 11.4 shows summary of different PFAS removal by natural adsor-
bents. Biochar which is formed from the combination of biomass and charcoal, is
a porous high carbon rich solid derived from wood or manure through pyrolysis.
It is a possible alternative to activated carbon AC and its effectiveness increases
with the increase in surface area. Several mineral materials like activated alumina,
silica, zeolite, and clay minerals like montmorillonite are being used for adsorp-
tion. Mineral has tuneable mesopores making them suitable for adsorption (Du et al.
2014). It is found that hydrotalcite is a better adsorbent for PFAS removal than other
simple mineral adsorbents (Rattanaoudom et al. 2012). Rattanaoudom et al. (2012)
also found that hydrotalcite had greater elimination efficiency for PFAS compared to
normal mineral adsorbents because double layered hydroxide exhibits better affinity
towards PFAS inked chitosan beads had greater uptake capacity for PFOS at pH 3
(Zhang et al. 2019). To increase adsorption performance and reduce cost of adsorbent,
scientists have developed effective novel absorbents such as low-cost biomaterials.
For example, a study conducted by Zhang et al. (2011) to remove PFOS by crossed
linked chitosan beads, showed that sorption of PFOS was both dependent on pH
and concentration of solution and the kinetic results showed that intraparticle diffu-
sion was the rate limiting step of the reaction mechanism. The main mechanisms
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of sorption for this experiment were electrostatic, hydrophobic interactions, hemi-
micelles and micelles formation (Zhang et al. 2011). In another study, (Deng et al.
2013), successfully synthesized aminated rice husk adsorbent through radical poly-
merization, followed by amination reaction.After polymerization surface irregularity
increases, some polymers with amine groups were attached on the biochar surface,
which provides protonated amine sites for anionic perfluorinated compounds. The
aminated rice husk showed fast and high sorption of perfluorinated compounds. The
highest adsorption capacities of PFOS, PFOA, and PFBA were 2.65, 2.49, and 1.70
and mmol/g, respectively. Grape leaf litter powder was used to produce activated
carbon that was further modified in both acidic (H3PO4) and basic media (KOH),
removed PFOS and PFOAwith greater than 88% efficiency (Fagbayigbo et al. 2017).
Maximumadsorption capacities forAC-H3PO4 were 78.90 and 75.13mg/g for PFOA
and PFOS, respectively, achievedwithin 60min (Fagbayigbo et al. 2017). Apart from
that, its desorption was found to be 99% for the removal of PFOS and PFOA with
100% methanol, 96% using 100% acetonitrile and 85% with 0.1 M HCl. SDN600
(Thermally modified hydrophobic biochars) and RMSDN600 (metallic oxide modi-
fied biochars) removed PFOS in an aqueous medium with adsorption capacities of
178.1 mg/g and 194.6 mg/g at pH 3.1, respectively (Hassan et al. 2020). In another
study, quaternised cotton which was prepared by atom transfer radicle polymerisa-
tion showed faster and higher removal capacities of PFOA and PFOS i.e. 3.1 and
3.3 mM/g respectively and the sorption equilibrium of PFOA and PFOS on quat-
ernized cotton was achieved at 4 h and 12 h, respectively, much faster than that
on the porous adsorbents reported (Deng et al. 2012). It was also observed that the
solution pH has a negligible effect on adsorption (Deng et al. 2012). Crossed linked
chitosan beads were able to remove PFOS concentration of 0.33 mmol/L with an
uptake capacity of 5.5 mmol/g at room temperature and pH 3 through electrostatic,
hydrophobic, micelles, and hemimicelles formation (Zhang et al. 2011). In a study
demonstrated by Turner et al. (2019), hemp (Cannabis Sativa L.) protein was found
to remove PFOS and PFHxS with a removal efficiency greater than 98% in contact
time of just 1 h. Hierarchically microporous biochar (HMB), which were prepared
via molten alkali (KOH) treatment on discarded coconut shells, provided uniform
microporous structure and large surface areawhich in turn imparted a high adsorption
capacity of 1269 mg/g for PFOA (Zhou et al. 2021).

11.3.5 Pesticides

Pesticide means any substance used to eliminate pest in any form pests or are
intended for use as plant regulators (USEPA 2007). Table 11.5 shows a summary
of different pesticides removal by naturally-derived adsorbent, found in literature.
Different models such as Freundlich, Langmuir, BET, Temkin, Huttig and Jovanovic
were investigated to study remediation of HCH pesticide from liquid media solu-
tions (Ignatowicz et al. 2011). (Salman et al. 2011) prepared activated carbon of
banana stem by chemical modification in the presence of CO2 and nitrogen using
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KOH. The adsorption process was studied for the removal of bentazon and 2,
4-dichlorophenoxyacetic acid (pesticides) with a variation of temperature. It was
reported that adsorption capacity of both pesticides decreased with the increase in
temperature. This could be attributed to the enhancement of the desorption step of the
adsorption mechanism due to the dislodgement of the adsorptive forces. The thermo-
dynamic study presented that the adsorption of pesticides was exothermic, sponta-
neous and feasible. In a similar study, burned banana peel was used after phosphoric
acid treatment for the adsorption of atrazine (Chaparadza and Hossenlopp 2012).
The adsorption was observed to be pH and temperature dependent. More than 80%
of atrazine removal was reported between 2 to 8 pH of solution. It was also reported
that intraparticle diffusion and external mass transfer have significant effects on the
adsorption process. With the increase of initial concentration of atrazine, adsorp-
tion capacity increased. The result showed that maximum adsorption capacity was
14mg/g throughmonolayer adsorption. In another investigation by Suo et al. (2019),
P doped biochar which was obtained from corn straw, efficiently removed triazine
pesticides with removal greater than 96% and sorption capacity of 79.6 mg/g in just
20 min. Another advantage of this biochar is that it can be reused multiple times.
The mechanisms responsible for its removal are Van der Waals’ forces, hydrogen
bonding, electrostatic interactions and pore filling (Suo et al. 2019). In a study demon-
strated by Bayet et al. (2018), wherein walnut shell activated carbon were modified
using H3PO4, resulting in increased surface area and resulted in removing diazinon
pesticide from water media with significant efficiency under wide pH ranges. The
highest removal abatement was observed to be 34.98 mg/g with an initial concentra-
tion of 40 mg/l (Bayet et al. 2018). Mandal et al. 2017 characterized rice husk and
rice straw properties and studied for sorption of imidacloprid and atrazine. Rice husk
and straw were pyrolyzed at 600 °C temperatures for 1 h and then and biochar of
rice straw was chemically modified using H3PO4. Among these, the biochar of rice
straw was most porous but after chemical activation surface area and void volume of
biochar decreases, however, functional group was abundant. The biochar synthesised
from the rice straw showed adsorption of atrazine and imidacloprid 37.5–70.7% and
39.9–77.7% respectively, which further enhanced after H3PO4 treatment. In the study
conducted by Liu et al. (2015) properties of different biochars produced from bio-
agricultural wastes such as soyabeans, corn stalks, rice stalks, poultry manure, cattle
manure and pig manure were characterised for the removal of atrazine, out of which
soyabean biochar showed maximum removal of 0.48, 0.96, 1.42, 2.32 and 3.05 mg/g
when the initial concentration of atrazinewere 5, 10, 15, 25, 35 g/L respectively.Also,
it was observed that atrazine adsorption increased with increasing initial concentra-
tion and temperature, also pore volume and biochar pH play a significant role in its
adsorption (Liu et al. 2015). A similar study was performed for the removal of pesti-
cides, such as atrazine and imidacloprid removal using biochars made from different
feed materials such as eucalyptus bark, corn cob, bamboo chips, rice husk and rice
straw and acid treated rice husk (Mandal et al. 2017). He found that different feed had
different physicochemical properties and acid modified rice straw showed maximum
removal efficiency of atrazine and imidacloprid of 37.5–70.7% and (39.9–77.8%)
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respectively, and it was also concluded that the factors that affect pesticide adsorp-
tion on biochar are aromaticity, polarity, pore-volume, pore diameter, pH and surface
acidity. Activated carbon was prepared from palm oil fronds, using the physiochem-
ical activation method, which consisted of potassium hydroxide (KOH) treatment
and carbon dioxide (CO2) gasification and removed pesticides such as bentazon,
carbofuran and 2,4-Dichlorophenoxyacetic acid with efficacy of 8.2, 1.3 and 9.2%,
respectively and for the yield of the palm oil frond activated carbon was 5.6 (Salman
2014).

11.3.6 Nanomaterials and Microplastics

Nanomaterials are particles whose size is one dimension lesser than 100 nm and
are of various types (Ahmed et al. 2016). Silver nanoparticles (Ag NP) which are
toxic to living organisms, were removed by sodium montmorillonite nanoclay in
a study demonstrated by Zarei et al. (2015). They found maximum removal effi-
ciency of AgNP at 7 pH, 10 min shaking time, initial concentration of 10 μg/m
L Ag NP to be 71.4 mg/g (Zarei et al. 2015). Setyono and Valiyaveettil (2016)
developed polyethyleneimine (PEI)-functionalized paper which showed significant
removal efficiencies of Ag-PVP, Ag-citrate, Au-PVP, Ag-citrate nanoparticles to
be 46, 79, 17 and 30 respectively. Table 11.6 shows summary of nanomaterials
removal by natural adsorbents. Microplastics are particles of 5 mm or lesser diameter
(Thompson et al. 2009), and get accumulated in the environment as they are resistant
to degradation (Hossain et al. 2020). Various types of natural adsorbents used in liter-
ature that showed its significant removal of microplastics, are summarised in Table
11.7. Oat Protein Sponges (OPS), which was synthesised by chemical crosslinking
method with 2% NaCl content, was able to remove microplastics with a removal
efficiency of 81.20% at initial concentration of 100 mg/l, room temperature and 7
pH (Wang et al. 2021). In another study, iron modified biochar was pyrolysed at
two different temperatures of 550 °C (FB 550) and 850 °C (FB 850). It was used
to remove nanoplastics of various size and surface functionality i.e. NP1 (1000 nm,
carboxylate-modified) and NP2 (1000 nm, amine modified) with adsorption capac-
ities of 225.11 mg/g and 290.2 mg/g with FB 850 and NP 3 (30 nm, carboxylate-
modified) with uptake capacity of 206.46 mg/g with FB 550 (Singh et al. 2021).
In a study conducted by Siipola et al. (2020), low cost steam activated biochars
could remove 2 g of microplastics altogether. Surface functionalised cellulose fibers
removed polymer nanoparticles of 0.02 ml/L concentration with an efficiency of
98% with charge induced adsorption (Batool and Valiyaveettil et al. 2021). In the
study demonstrated by Sun et al. (2020), which showed effective remediation of
microplastics of varying functional groups i.e., polystyrene, carboxylate-modified
polystyrene, and amine modified polystyrene, by using sponges made from chitin
and graphene oxide, showed with a removal efficiency of 89.8%, 72.4%, and 88.9%
respectively. Apart from high efficiency, these sponges showed good regenerability,
better biodegradability, and eco-friendliness.
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Table 11.7 Removal of microplastics by naturally derived adsorbents

S.
No

Target
Contaminant

Natural Adsorbent
(Identity and form)

Uptake
Capacity
mg/g

Conc. of
EC

Experimental
Conditions

References

1 Ag
nanoparticles

sodium
montmorillonite
nanoclay

71.4 10 μg /
mL

pH 7 at 25C
in 10 min

Zarei and
Barghak
(2015)

2 Ag-PVP
nanoparticles

polyethyleneimine
(PEI)-functionalized
paper

46 10 mL
solutions
of 2.5 ×
10−4 M

24 h, neutral
pH and under
room
temperature

Setyono and
Valiyaveettil
(2016)3 Au-Citrate

nanoparticles
30

4 Ag-Citrate
nanoparticles

79

5 Au-PVP
nanoparticles

17

11.4 Conclusions and Scope

This chapter focuses on different natural waste-materials-based adsorbents, which
can be applied to remove ECs. The cheap and efficient adsorbent will undoubtedly
make an adsorption process a successful opportunity to remove ECs from water
samples. Most of the EC, like PPCP, endocrine disruptors, PFAS, pesticides and
microplastics, are suitable to be removed by natural adsorbentswith higher efficiency.
Various adsorbents such as chitosan, activated carbons, fruit and other agricultural
wastes are most popularly used naturally derived adsorbents for remediation of ECs.
Selection of suitable adsorbents for sorption of desired contaminant is a key step in the
adsorption process. The adsorption capacity of adsorbents can further be improved
by impregnating multi-functional material into them. Since, it is vital to prepare
different modified adsorbents according to actual application needs; properties of
adsorbents are altered by various thermal and chemical treatments. Regeneration and
recyclability are some of the major issues that arise with the use of naturally derived
sorbent. Electrostatic interaction, hydrophobic interaction, hydrogen bonding, and
π-π interactions are the main mechanisms involved in the removal of EC through
natural adsorbents. Many existing studies have explained this as a result of several
interactingmechanisms. However, it is still unclear whichmechanism plays a leading
role and how much it contributes. The study of adsorption mechanism of modified
adsorbent even requires more detailed information Clarification on these issues is of
great significance for improving adsorption capacity and environmental applications
of modified biochar. At the same time, the solution to these problems is also the key
to upscale for industry applications. Very few studies have investigated the removal
of microplastics and nanomaterials through natural adsorbents, which needs further
investigation.
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Chapter 12
Emerging Contaminants Removal
from Wastewater by Nanotechnological
Methods

Swathi Desireddy and P. C. Sabumon

Abstract The incidence of emerging contaminants in receiving water bodies is a
threat to ecology and human health. Anthropogenic activities through industrializa-
tion andmodernization contribute to the release of toxic pollutants such as pesticides,
disinfectants, pharmaceuticals, personal care products, detergents, surfactants, wood
preservatives, flame retardants, persistent organic pollutants, and their degradation
products. These emerging contaminants do not have a defined set of regulations and
are hazardous even if present in trace concentrations. Existing conventional physic-
ochemical and biological wastewater treatment methods are not intended to remove
emerging contaminants, owing to their trace occurrence (ng/L to μg/L), extremely
recalcitrant nature, and associated bioaccumulation. Recently, nanotechnology has
evolved as a fundamental significance to provide alternative and efficient wastewater
treatment options. This chapter highlights the latest advances in Nanotechnological
methods available to remove emerging contaminants from wastewaters. The poten-
tial use of nanoscale materials such as nanosorbents, nanofilters, and nanocatalysts
in the degradation of emerging contaminants is discussed. In addition, the possible
hazards related to the use of engineered nanomaterials, potential obstacles in the
application, and the future perspectives are discussed.

Keywords Emerging contaminants ·Wastewater treatment · Nanoscale materials ·
Nanofiltration · Nanoadsorption · Nanocatalysis

12.1 Introduction

Emerging Contaminants (ECs) have become a menace and present a universal water
quality challenge. The shortage of clean water is detrimental to human welfare,
industrialization, and viable development. It is very important to recycle and reuse
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wastewaters to meet the ever-increasing demand for clean water (Tzanakakis et al.
2020). Conventional treatment methods are effectively being employed to treat the
wastewaters pollutedwith nutrients and organic contents to the acknowledged norms.
Lately, the occurrence of ECs in wastewaters is posing several difficulties in reuse.
ECs are defined as any synthetic or natural chemicals, and microbes that are not by
and large examined in water but the reported prevalence has intensified recently and
their impending dangerous effects on ecology and human health are uncertain. ECs
are also termed as emerging pollutants, micropollutants, contaminants of emerging
concern, and trace-organic compounds by diverse research groups (Rout et al. 2021).
Different categories of ECs from several sectors as presented in Fig. 12.1 and are
being detected in water supplies lately, varying from parts per trillion (ng/L) to parts
per billion (μg/L), which is a major concern (Rizzo et al. 2019; Patel et al. 2020). To
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control the hazards of ECs, ample scientific and technical knowledge on the poten-
tial risks, metabolic pathways, transport pathways and fate, accumulating nature,
ecotoxicology, quantification, evaluation, and treatment is required. Majority of ECs
are not regulated in wastewater discharge standards and hence the suitable treatment
methods have not been developed (Diaz-Sosa et al. 2020). ECs are persistent and
accumulates in surface and drinking water as micro-pollutants. They have diverse
physicochemical properties and it is hard to assess the fate of ECs in environment.
The transport pathways and fate of ECs is depicted in Fig. 12.2. Though the concen-
tration of ECs is very less in water sources, long-term exposure pose a severe risk to
human, aquatic and animal life by causing chronic toxic effects such as kidney failure,
reproductive impairment, different types of cancers, metabolic, and neural disorders
(Wang et al. 2020a). Especially, ECs are reported to disrupt the endocrine system
which is responsible for hormone production and regulation of vital body functions.
ECs also increase microbial resistance to antibiotics, andWorld Health Organization
(WHO) stated that resistance to antibiotics poses a severe threat to global health,
food security, and development (Hu et al. 2020). Owing to these adverse effects of
ECs, the utilization of advanced technologies to aid in their removal from water and
wastewater is a prerequisite.

The main sources of ECs are wastewater treatment plants. Traditional wastewater
treatment processes are intended to remove pathogens, biological oxygen demand
(BOD), chemical oxygen demand (COD), nitrogen, and phosphorous compounds
and are not competent to remove ECs from wastewater, and in fact, owing to its
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hydrophilic existence, the effluents with residual ECs are released into environment
(Meng et al. 2021). Over the years, several techniques like adsorption, precipita-
tion, oxidation, ion exchange, advanced oxidation processes (AOPs), electro/photo-
chemical processes, and membrane processes have been employed to treat ECs (Xu
et al. 2017). However, these techniques are energy-intensive and expensive. Also,
the removal efficiencies are not satisfactory and ECs are being detected in surface
water and drinking waters (Akhbarizadeh et al. 2020). Recently, increased research
interest in nanotechnology-based techniques to efficiently remove ECs from water
and wastewater is witnessed. Nanomaterials have outstanding characteristics like
increased surface area, high reactivity, distinctive quantum effects owing to small
size, surface modifiability, tunable pore size, high catalytic activity, and superior
electrical, chemical, and magnetic properties, which displays a promising potential
in the treatment of ECs (Cai et al. 2018; Werkneh and Rene 2019). Owing to these
promising features, nanomaterials have been successfully used for the treatment of
several ECs and have proven to be reliable. This review summarizes the recent devel-
opments in the use of nanotechnology and novel nanomaterial-based systems for the
removal of ECs from water and wastewater.

12.2 Nanotechnological Methods for the Removal of ECs

Current wastewater treatment techniques are not efficient in removing ECs present
in trace concentrations in waters and wastewaters. Details on the currently avail-
able conventional techniques that are used in the removal of ECs, their benefits,
and shortcomings are given in Table 12.1. For efficient removal of ECs, several
nanotechnology-based techniques have been developed in recent years. Nanopar-
ticles have increased surface area because of the shrink in the diameter while bulk
maintains the similar density. Small sizes provide highmobility enabling the spreadof
nanoparticles in the solutionwith relatively lessmaterial concentration.The enhanced
aspect ratio also exposes multiple active sites at the surfaces thereby increasing
the reactivity. These outstanding characteristics augment the ability of these nano-
materials to remove contaminants from wastewater. Major nanotechnology-based
techniques employed in the treatment of ECs are detailed below.

12.2.1 Nano Adsorption

Adsorption is a surface process where contaminants in liquid or gas phases get
adsorbed into a solid phase. Adsorption occurs due to diverse physical or weak
chemical interactions such as hydrogen bonds, covalent bonds, electrostatic inter-
actions, hydrophobic effects, and π,π-interactions among adsorbate and adsorbent
(Zhao et al. 2018; Ersan et al. 2017). Adsorption is the widely accepted physico-
chemical method to eliminate pollutants from waters and wastewaters. Owing to
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their advantages like simple and flexible operation, low cost, diverse applicability,
the possibility of recycling, and reuse of adsorbents, it is considered themost efficient
and reliable process (Kumara et al. 2019; Rathi et al. 2021). However, the applica-
tion of conventional synthetic adsorbents and other low-cost natural adsorbents on
a large scale is limited due to various aspects like less surface area and active sites,

Table 12.1 Conventional treatment methods available for the removal of ECs

Process Materials/Methods Advantages Disadvantages References

Adsorption • Zeolites
• Organic soils
• Organic-carbon
framework

• Metal–organic
framework
(MOF)

• Activated carbon
• Biochar
• Activated
hydrochars

• Easy
operation

• Can handle
contaminants
in micro levels

•
Environmental
friendly

• Recyclability

• Secondary
sludge
generation

• High investment
• Fast saturation
of adsorbents

Sophia and Lima
(2018)

Membrane
filtration

• Microfiltration
(MF)

• Ultrafiltration
(UF)

• Nanofiltration
(NF)

• Small
footprint

• Effective
removal

• Membrane
fouling

• High energy
requirement

• High
operational costs

• Restricted flow
rate

Gómez-Espinosa
and
Arizmendi-Cotero
(2017)

Reverse osmosis • RO membranes • Can treat
saline waters

•
Energy-intensive

• Membrane
fouling

• Corrosive nature
of effluent

Egea-Corbacho
Lopera et al.
(2019)

Advanced
oxidation
processes

• O3
• H2O2-O3
• O3-UV
• H2O2-UV
• Photo-catalysis
• Fenton reaction
• Sonolysis
• Ozonation
• UV irradiation
• Microwave
radiation

• Electrolysis

• Effective
degradation

• Cost and
energy-intensive

• Require
pretreatment

• Requires pH
adjustment

• Interference of
radicals
scavengers

• Cannot handle
large volumes of
water

• Separation and
reuse

Fast et al. (2017)

Constructed
wetlands

• Vertical flow
• Lateral
sub-surface flow

• Low cost • Large foot-print
• Higher retention
times

Gorito et al.
(2017)

(continued)
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Table 12.1 (continued)

Process Materials/Methods Advantages Disadvantages References

Electrochemical
methods

• Continuous
Electrolytic
Deionization

• Capacitive
Deionization

• Efficient • Costly
• Electrode
inhibition due to
sludge
deposition

• Pretreatment to
remove certain
components

Magro et al.
(2020)

Biological
methods

•
Aerobic/Anaerobic
bioreactors

• Microbial
treatment

• Enzymatic
treatment

• Cost-effective • Slow start-up
• Inefficient in
ECs removal

• Critical process
control

Shah and Rather
(2021)

poor selectivity, economic concerns as a large amount of adsorbents are required,
low stability, and disposal problems (Chowdhury and Balasubramanian 2014).

On the contrary nanosorbents have proven to be superior in adsorbing target
pollutants owed to their unique physicochemical properties including high specific
surface area, small size, high reactivity, high catalytic activity, target specificity,
tunable pore size, ease of separation, surface engineering to provide many functional
groups, and active sites (Kunduru et al. 2017;Cincinelli et al. 2015). In the last decade,
various nanostructured materials based on carbon, graphene, metals, MOFs, metal-
oxides, magnetic and polymeric composites have gained significant acceptance as
adsorbents to remove ECs from water and wastewater (Zhao et al. 2018; Chowdhury
and Balasubramanian 2014; Kunduru et al. 2017; Yaashikaa et al. 2019; Song and
Jhung 2017).

Carbon Based Nanosorbents: Carbon is a very flexible element, and materials
with novel architecture can easily be fabricated. Narrow band gap and transfer of
electrons among 2 s and 2p orbits of C allow it to be in diverse hybridizations. The
malleable alignments of carbon result in stable carbonaceous assemblies even at the
nano range (Karimi-Maleh et al. 2020). Research related to carbon nanostructures
as adsorbents have gained increased attention in the last decade for their potential
applications in the removal of ECs (Zhao et al. 2018). Ideal nanosorbent should have
a high surface area and porosity. Low dimension carbon-based nanoparticles such as
carbon nanotubes (CNTs), graphene, fullerenes, and their related structures display
high stability, adsorption efficiency, and chemical inertness (Kumari et al. 2019).

CNTs are allotropes of carbon with cylindrical shapes and generally are concep-
tualized as rolled-graphite/graphene sheets. The diameter of CNTs is in nm range
and lengths are in the μm range and hence CNTs are one-dimensional nanostruc-
tures (Cukierman et al. 2019). CNTs are synthesized via top-down or bottom-up
approaches mostly with laser-ablation, arc-discharge, and chemical vapor deposition
(Vaka et al. 2021). CNTs exist in several structures, differing in length, thickness,
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helicity, and number of layers. Based upon the direction of graphene sheets rolling,
CNTs are classified into armchair, zigzag, and chiral varieties (He et al. 2013). The
angle of rolling affects the physico-chemical properties of CNTs (Menezes et al.
2019). Based on the structure, CNTs are categorized as (a) single-walled CNTs
(SWCNTs) which consists of single graphene sheets rolled into tubular structures;
and (b) multi-walled CNTs (MWCNTs) which are formed by rolling up numerous
graphene sheets to give tubular structures (Machado and Lima 2018). Literature
shows that the CNTs are highly effective towards adsorption of ECs. CNTs are
hydrophobic in nature and can readily adsorb non-polar components. Interestingly,
the functionalization of CNTs improves the adsorption of polar molecules (Pan and
Xing 2008). Engineering of CNTs gives diverse structured versatile nanosorbent
materials with controlled alignments and shapes. The adsorption efficiency of CNTs
is based on pore size, pore volume, and specific surface area. MWCNTs are meso-
porouswhile SWCNTs aremicroporouswith high surface area. CNTs get aggregated
in aqueous conditions and present diverse pore sizes, with increased hydrophobic
interior surface areas which lead to higher adsorption of polar molecules (Machado
et al. 2016). SWCNTs are generally present as bundles and provide superior adsorp-
tion sites compared to individual SWCNTs as adsorption on SWCNT bundles occurs
at four diverse locations; (i) exterior surface of bundles, (ii) channels at the contact
sites of individual SWCNTs, (iii) nanotube pores, and (iv) the interstice passages
amongst the bundle tubes (Ren et al. 2011). Conversely, MWCNTs are not present as
bundles and the adsorption sites comprise pores aggregated in the interior surfaces
of MWCNTs, at open ends, and on the exterior walls (Upadhyayula et al. 2009).
Also, the occurrence of defects acts as reactive sites for adsorption (Machado and
Lima 2018). Furthermore, CNTs are tunable which enhances the adsorption efficacy
against particular contaminants via different physico-chemical, biological, and/or
mechanical approaches (Kokkinos et al. 2020; Ahmad et al. 2019). Several such engi-
neered CNTs are being employed as nanosorbents in the removal of ECs (Cukierman
et al. 2019; Peng et al. 2012).

Graphene-based Nanosorbents: Graphene is a monolayer carbon nanomate-
rial made of sp2 hybridized C atoms organized in a hexagonal crystalline struc-
ture. Graphene is the elementary structural unit of other carbon allotropes like zero-
dimensional fullerenes, one-dimensional CNTs, and 3D graphite (Chowdhury and
Balasubramanian 2014). They make an ideal adsorbent due to high specific surface
area (2600m2/g) (Jilani et al. 2018), ample functional groups, higher negative charge
density, and a very hydrophilic nature (Khalil et al. 2020a; Qiu et al. 2018; Li et al.
2017).

Graphene-based nanosorbents are mainly classified as graphene, graphene oxide
(GO), reduced graphene oxide (rGO), and graphene nanocomposites. GO is a strong
oxidative form of graphene synthesized through the chemical exfoliation of graphite
in the presence of a strong oxidant and a mineral acid. The oxygen functionalities
(hydroxyl (OH), carboxylic (COOH), carbonyl (C = O), alkoxy groups (C–O–C),
and epoxy (eCeOeCe) groups) increase the hydrophilic nature and adsorption ability
to polar contaminants and helps in eliminating widespread classes of pollutants in
wastewater (Molla et al. 2019; Perreault et al. 2015). GO is used as a substitute for
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CNTs due to their low cost. Also, single layer ofGOhas two basal planes available for
adsorption,while the interiorwalls ofCNTs are not accessible for adsorption (Kumari
et al. 2019; Zhao et al. 2014). These structural characteristics make GO an excellent
adsorbent to remove ECs. Graphene and rGO are easily produced by the reduction of
GO via a simple chemical exfoliation method. rGO can be produced by eliminating
a portion of O2 comprising functional groups from GO. rGO has improved physico-
chemical properties and conjugate structure which leads to enhancement of specific
surface area (530 m2/g) and henceforth maximum adsorption capacity (Xiang et al.
2019; Wang et al. 2017). However, graphene in its bulk form gets agglomerated and
restacked to give graphite in liquid processing. In contrast, GO has a meager binding
affinity to anions because of strong electrostatic repulsions among them. In addition,
the collection and separation of both graphene and GO from the treated waters are
not easy which leads to secondary contamination (Chowdhury and Balasubramanian
2014).

Hence researchers have developed graphene-based nanocomposites with
enhanced properties by combining with various other materials (Anirudhan and
Deepa 2017). The functional groups that are generally attached include nanosized
metal oxides, organic polymers, magnetic nanoparticles that help in easy separation,
chitosan, SiO2 etc. (Xiang et al. 2019; Wang et al. 2018; Huang et al. 2021). The
combinedmaterials also provide high selectivity and strong binding to target contam-
inants dependent on their structure, size, and crystallinity. GO-based nanocomposite
materials are promising due to their versatile characteristics and several variables
open for fine-tuning. The GO-based nanocomposite materials were broadly explored
for the adsorptive removal of ECs from water and wastewater (Kar et al. 2016).
These chemical functionalizations also help in the prevention of agglomeration by
dispersing and stabilizing graphene, enhances the process ability and interactionwith
diverse organic and inorganic contaminants. Recently, to further enhance the adsorp-
tion capacity of ECs, multi-pore structures called graphene aerogels and GO hydro-
gels were developed by using cross-linking agents which showed high adsorption
and extraction recovery (Rofouei et al. 2017; Yang et al. 2017).

Metal-basedNanosorbents: Recently, growing research attention is witnessed in
engaging metal/metal-oxide/metal-oxyhydroxide nanoparticles (such as ZnO, TiO2,
CeO2, MgO, and, so on) as nanosorbents in water and wastewater treatment (Biftu
et al. 2020). All these find broad efficacy in various industries owing to their small
size, high surface area, magnetic nature, high surface potential, surface porosity,
superior physico-chemical properties like chemically inert, ease of synthesis, and
ecofriendly (Lu et al. 2016). Among these metal-oxide nanosorbents such as oxides
of Zn, Zr, Pb, Mn, Fe, Ti, Mg, Ce, and Al are the most prominent and promising
ones. The surface of metals-oxides poses strong adsorption forces of varied natures
such as electrostatic interactions, ion exchange, ion association affinities, complex
formations, etc., and they play a vital part in increasing affinity among the contami-
nants and surface of the adsorbents. The physico-chemical adsorption is also caused
by residual valences or defective sites in the metal-oxide matrices. However, the
main downside of nano metal-oxides is that decrease in sizes from micro to nano
range leads to increased surface energies thereby affecting the stability. Thus, at nano
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size, metal-oxides tend to form agglomerates and lead to decreased adsorption effi-
ciency. Hence, to improve the mechanical strength and applicability, metal-oxides
are impregnated into bigger sized porous supports such as zeolites, CNTs, Ag, CeO2,
γ-Mn2O3, etc. (Saravanan et al. 2014) to produce nano-composites with relatively
superior properties and applications to form a composite adsorbent that helps in the
efficient removal of ECs (Kumari et al. 2019).

Metal–Organic Frameworks (MOFs): OFs are an evolving group of porous
coordination polymers made from inorganic metal nodes (atoms, clusters, chains,
etc.) and organic linkers (carboxylates, phosphonates, azolates, etc.) which gets
assembled into multi-dimensional periodic matrices (Yang and Gates 2019; Joseph
et al. 2019). MOFs comprise active sites, where pollutants are chemisorbed and
degraded. Apart from the properties of bulk MOFmaterials, nanoMOFs have excep-
tional benefits, like enhanced adsorption or desorption kinetics and accessible interior
active sites (Rasheed et al. 2020). They are highly porous, well-ordered, crystalline,
and characterized by enormous internal surface areas. Due to the small size and
biocompatible nature, nanoMOFs are being broadly explored as adsorbents in the
removal of ECs (Cai et al. 2020; Sarker et al. 2018; Seo et al. 2017; Moradi et al.
2016). Further, nanoMOFs can be tailor-made to perform shape-selective adsorption
and can easily be manufactured in large-scale into numerous forms (monolith, pellet,
or membranes) (Rojas and Horcajada 2020). The adsorption efficiency is consider-
ably affected by the physico-chemical characteristics of MOF based nanosorbents,
target contaminants (size, shape, hydrophobic nature, functional groups, and charge),
and influent water (pH, temperature, concentration of solutes, organic compounds,
and other anions or cations) (Joseph et al. 2019).

Another approach to increase the adsorption capacity of MOFs is to synthe-
size MOF-based nanocomposites which comprise MOF and a complex (with metal
oxides, sulfides, noblemetal nanoparticles, GO, etc.). They have superior characteris-
tics compared to their discrete components such as target-specific, increased number
of accessible active sites, extremely porous nature, and easy tunability of pores to
attain required characteristics (Chen and Li 2016; Xiang et al. 2103). Several studies
reported the use of nanoMOFs and MOF-based nanocomposites in the remediation
(adsorption+ degradation) of ECs (Rojas and Horcajada 2020). Comprehensive and
critical information on recently employed nanoadsorption based techniques in the
removal of ECs is given in Table 12.2.

12.2.2 Nanofiltration

Since majority of conventional physico-chemical techniques can remove only a
narrow spectrum of ECs, membrane-based technologies including microfiltration
(MF), ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO) have gained
wide attention owing to the production of high-quality water due to effective removal
of dissolved solids and low molecular weight pollutants (Tang et al. 2018). Nanofil-
trationmembranes have pore sizes from1 to 10 nm,which falls between the pore sizes
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Table 12.2 Comprehensive and critical information on recent nanoadsorption based techniques in
the removal of ECs

Nanosorbent Target ECs Specific
surface
area
(m2/g)

Adsorbent
capacity
(mg/g)

Refs.

CNTs

MWCNT Tetracyclin – 270 Yu et al. (2014)

MWCNT Ciprofloxacin
Hydrochloride

– 2 Avcı et al. (2020)

Magnetic MWCNT Naproxen 120 21 İlbay et al. (2015)

N-doped CNTs
encapsulated with Ni
(Ni@NCNTs)

Sulfachloropyridazine 155 0.11 mol/g Kang et al. (2018)

Nanodendrimer adsorbent
on SiO2/Al2O3
(SAPAMAA)

Salicylic acid 79 253 Arshadi et al.
(2017)

CNTCOOH/MnO2/Fe3O4
nanocomposite

Ibuprofen
Paracetamol

114 103
81

Lung et al. (2021)

CNT/TiO2/photocatalysts Dibutylhydroxytoluene 156 100% Flor et al. (2021)

Sludge biochar and
MWCNT composite
(CNT-SBC)

Sulfamethoxazole 119 2 ×
104 μg/g

Ma et al. (2020)

CNTs-Fe-Cu catalyst
combined with Al0-CNTs

Sulfamerazine 111 85% Chen et al. (2020)

Photo-regenerable CNT
based membrane
(Ag-CNT-FeOOH
membrane)

Bisphenol A
Amoxicillin
p-Nitrophenol

– 13
8
7

Yang et al. (2021)

Al°-CNTs-Cu2O
composite

Sulfamerazine 19 74% Liu et al. (2020)

Functionalized MWCNT Tetracycline – 253 Babaei et al.
(2016)

MOF nanosorbents

Isostructural functionalized
MOF (UiO-66-R)

2,4-Dichlorophenoxy
acetic acid
Clofibric acid
Diclofenac

1148 182
183
188

Zhao et al. (2019)

Hydrophobic
perfluoroalkyl MOF
sorbent (UiO-66-F)

Carbamazepine – 34 Yuan et al. (2021)

(continued)



12 Emerging Contaminants Removal from Wastewater by Nanotechnological … 271

Table 12.2 (continued)

Nanosorbent Target ECs Specific
surface
area
(m2/g)

Adsorbent
capacity
(mg/g)

Refs.

C derived from Zn-based
MOF

Phthalic acid
Diethyl phthalate
N,N-diethyl-3
methylbenzamide
Chloroxylenol
Oxybenzone

1395 450
540
340
560
620

Bhadra et al.
(2020)

MOF loaded
nano-zero-valent Fe
(NZVI/MIL-101(Cr))

Tetracycline 786 625 Hou et al. (2020)

Graphene-based nanosorbents

Novel porous-type
graphene material

Atenolol
Carbamazepine
Ciprofloxacin
Diclofenac
Gemfibrozil
Ibuprofen

679 36
35
40
30
29
29

Khalil et al.
(2020b)

GO nanoparticles Metformin 187 122 Balasubramani
et al. (2020)

MnO2/graphene Tetracycline 106 198 Song et al. (2019)

Amino-functionalized
alginate/graphene hydrogel
beads (NH2-DN)

Ciprofloxacin 0.6 301 Sun et al. (2020)

Magnetite/GO
nanocomposite-
rGO/Fe3O4 nanosorbent

Phenazopyridine 213 14 Karimi-Maleh
et al. (2020)

Magnetic
graphene/chitosan
nanocomposite

2-naphthol – 169 Rebekah et al.
(2020)

Metal/metal-oxide based nanosorbents

Zn–Al–O binary metal
oxide

Benzotriazole 108 10 Xu et al. (2010)

Activated Carbon–MOF
composite
(Darco-KB-G-MIL-100Fe)

Caffeine
Carbamazepine
Clofibric acid
10,11epoxycarbam-
-azepine
Naproxen
O-desmethylnaproxen
Paraxanthine
Salicylic acid

815 1426
1419
56
851
946
742
812
59

Muñoz-Senmache
et al. (2020)

(continued)
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Table 12.2 (continued)

Nanosorbent Target ECs Specific
surface
area
(m2/g)

Adsorbent
capacity
(mg/g)

Refs.

Superparamagnetic
Fe3O4 nanoparticles with
aminated β-cyclodextrin

Naproxen
Carbamazepine
Bisphenol A

– 0.4
0.5
0.3

Ghosh et al.
(2013)

Magnetic Fe/silica-based
nanoadsorbent

Ibuprofen
Diclofenac
Carbamazepine

90 33 Peralta et al.
(2021)

TiO2 nanoparticles Penicillin 200 – Peterson et al.
(2012)

Zn–Fe bimetallic
organic-framework
(Zn-Fe-ZIF-NPC)

Bisphenol AF
Bisphenol S
Tetrabromobisphenol
A
Bisphenol A

578 439
423
330
252

Ma et al. (2019)

of membranes used in UF and RO. The NF membranes are classified as inorganic,
organic polymer, and organic–inorganic membranes, each having typical factors in
the removal of ECs (Aguilar-Pérez et al. 2020). NF membranes possess thin-film
composite structures which include a support layer (offers mechanical strength with
a low resistance to the flow of permeate), and a thin-film active layer (separates with
higher selectivity). NF membranes employ high pressure and work on the princi-
ples of size exclusion, electrostatic repulsion, and adsorption (Huang et al. 2019).
As a majority of ECs have moderately higher molecular weights than the limit of
characteristic NF membranes, the elimination by size exclusion principle is effec-
tive. Filtration efficiency can further be increased through electrostatic repulsion by
altering the NF membrane surfaces and pore charges (Wang et al. 2020b). Literature
reports several studies with successful removal of various classes of ECs using NF.
However, conventional NF membranes face certain hurdles like membrane fouling,
low flux, concentrate disposal, and the requirement of costly materials (Imbrogno
et al. 2019). Rejection of ECs by NF membranes is mainly reliant on the nanomem-
brane properties, while others being solutes physico-chemical properties, operational
parameters, and influent wastewater characteristics (Cristóvão et al. 2019).

To overcome the barriers associated with conventional NF membranes, innova-
tive nanomembranes that provide selective retention of ECs while permitting the
passage of scale-forming components are imperative. Advancement in state-of-the-
art synthesis techniques (layer-by-layer self-assembly, interfacial polymerization,
coating, phase inversion technique, cross-linking, blending) of hybrid nanomaterials
enabled the fabrication of several innovative and tailor-made NF membranes. This
was done through molecular-level design developed by introducing selective ioniz-
able functional groups to alter the surface charge, using novel nanoparticles in the
synthesis of active layers, incorporation of carbon structures, such as graphene, GO,
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rGO, thin-film graphene membranes, or nano-composites in membranes (Tang et al.
2018; Liu et al. 2019; Kamrani et al. 2018; Bai et al. 2021). These innovative NF
membranes are widely recognized in the removal of ECs owing to their benefits
like (i) high mechanical strength, (ii) chemical stability, (iii) higher surface areas,
low operational costs, (iv) recyclability, (v) superhydrophobic, (vi) ease of access,
(vii) efficient uptake of contaminants, (viii) less energy requirement, (ix) biocom-
patible, (x) biologically persistent, (xi) resistance to fouling, (xii) ecofriendly fabri-
cation methods, and (xiii) easy integration with other processes (Ouyang et al. 2019;
Janssens et al. 2019).

Recently, magnetic ion-exchange resins (MIEX) are described as efficient anti-
fouling strategies in NF membranes, as it removes foulants from the membrane
surface (Imbrogno et al. 2018; López-Ortiz et al. 2018). Further, hi-tech NF
membranes with dual charge were synthesized. Compared to commercial nanomem-
branes with a neutral and negative charge, membranes with dual charge have excel-
lent properties like high sensitivity, controlled separation, environmental respon-
siveness, and self-regulation to parameters like pH, temperature, and electric-field.
Such tunable and responsive hybrid membranes allow broad use in the remediation
of wastewaters polluted with a broad range of ECs with diverse physico-chemical
properties (Ouyang et al. 2019). A comprehensive review of recently employed
nanofiltration based techniques in the removal of ECs is given in Table 12.3.

12.2.3 Nanocatalysis

The application of nanotechnology in AOPs is beneficial and an emerging trend for
the removal of ECs. AOPs are emergent and proficient water remediation processes
carried out at atmospheric temperature and pressure to generate various reactive
oxygen species (HO•, O2

−•, HO2
−•, SO4

−•, and ROO•) for degradation of pollutants
(Amor et al. 2019). AOPs are widely employed as a post-treatment alternative for
the oxidative degradation of ECs. AOPs can efficiently mineralize the contaminants,
unlike the conventional strategies where toxic secondary metabolites are produced
(Guo et al. 2021). AOPs are classified into various groups based on the oxidants
used (O3 and H2O2) and the usage of radiation, catalysts (Fe2+, Fe3+, or TiO2),
ultrasonic inserts, thermal inputs, and their combinations. AOPs are economical
and can effectively handle higher or much lower concentrations of ECs. Among
AOPs catalytic ozonation and photocatalysis have gained abundant attention in the
treatment of ECs (Amor et al. 2019).

Catalytic ozonation is an AOP in which highly reactive radicals are produced by
the oxidation of O3 in the presence of a catalyst. The generated reactive oxygen
species can effectively degrade and mineralize a diverse range of contaminants
(Wang and Chen 2020). Heterogeneous photocatalytic oxidation is another AOP
that is applied as a polishing step to treat a diverse range of ECs and recalcitrant
organic compounds. In photocatalysis, solid semiconductors and radiation are used to
generate stable colloidal suspensions which stimulate reactions. The type of catalysts
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Table 12.3 Comprehensive review on recent nanofiltration based techniques in the removal of ECs

Nanofiltration
membranes

Membrane
synthesis
technique

Target ECs Surface
area
(cm2)

Removal
(%)

Refs

Dual charged
polyelectrolyte
membrane
(HTCC/PDA)3-NF

Layer-by-layer
technique

Atenolol
Carbamazepine
Ibuprofen

– 81.67
92.5
89.85

Ouyang et al.
(2019)

NF270-2540 membrane Synthetic
membrane

Caffeine
Theobromine
Theophylline
Amoxicillin
Penicillin

2.6 m2 20
18
7
89
70

Egea-Corbacho
et al. (2019)

Polyelectrolyte
multilayer

Layer-by-layer
assembly

Perfluoroalkyl
substances

– >85 Wang et al.
(2020b)

Desal 5DK and
NF270 membrane

GE Osmonics,
and DOW
FILMTEC,
USA

Paclitaxel
Etoposide
Cyclophosphamide
Ifosfamide

54 >89 Cristóvão et al.
(2019)

Chitosan-modified
acrylic membrane

Interfacial
polymerization

Mebeverine 32 98 Kamrani et al.
(2018)

Integrated
adsorption-nanofiltration
system

AC - F400
NF - 270

Caffeine
Diclofenac
Octylphenol

140 >95 Huang et al.
(2019)

Fe2+-activated
peroxymonosulfate
NF membrane

Cross-flow
membrane
module
(CF042D,
STERLITCH,
USA)

Sulfamethoxazole 42 92 Bai et al.
(2021)

Filtration-UV, UV-TiO2
and UV-H2O2

Desal5 Dk
membrane
(MWCO 150
to 300 Da, GE
Osmonics,
USA)

Paclitaxel
Etoposide
Cyclophosphamide
Ifosfamide

– >85 Janssens et al.
(2019)

MOF-UF
(MIL-100(Fe)
-MIL-101(Cr))

Material of
Institute
Lavoisier
(MIL)

Ibuprofen
17α-ethinyl
Estradiol

15 >40 Kim et al.
(2020)

used plays a vital role in improving the efficacy of AOPs. Generally, semiconductor-
catalysts (TiO2, ZnO, Fe2O3, CdS, GaP, ZnS) are broadly used in the degradation
of diverse pollutants into CO2 and H2O (Shah and Rather 2021). Although catalytic
AOPs are advantageous compared to conventional counterparts, it has its limitations
such as (i) meager control over the catalyst properties such as size, shape, composi-
tion, and surface exposition, (ii) limitations on stability, activity, and selectivity, (iii)
leachate production, (iv) high costs associated with the use of certain chemicals, and
(v) toxic intermediates.
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To overcome the above problems nanocatalysts have emerged as promising alter-
natives. Exceptional qualities of nanocatalysts such as being highly stable, active,
selective, and also effective in contaminant removal make them ideal candidates.
The small size and high surface area of nanocatalysts provide an excellent inter-
face for reactants even at mild concentrations due to maximized exposure of active
sites. Nanocatalysts can also be easily separated, purified, and reused (Zhao et al.
2018; Corma 2016; Prinsen and Luque 2019; Wang et al. 2014). Nanocatalysts
offer the benefits of both homogeneous (due to maximum exposure of active sites)
and heterogeneous catalysis (recyclability) (Rodrigues et al. 2019). Further, tailor-
made nanocatalysts can be synthesized by exploiting the physico-chemical proper-
ties like size, shape, composition, and structure, which gives rise to novel nanocat-
alysts with excellent electronic, physicochemical, and optical properties such as
multiple active sites, high visible light absorption, the formation of efficient nano-
junctions, suppression of the interfacial charge recombinations, etc. (Asgari et al.
2020). Recently, various such advanced nanomaterials including noble metals, zero-
valentmetals (Fe, Ag, Zn), metal-oxides (TiO2, ZnO,MgO,MnO,WO3), CNTs, GO,
nanocomposites, and nano-oxide metals immobilized on membranes or combined
with catalytic components (ZnFe2O4, WO3, C3N4, Nb2O5, Co3O4, and Cu2O) are
being extensively used as catalysts inAOPs (Dang 2020).Also, combinations of these
novel nanomaterials give rise to economic nano synergetic materials with enhanced
removal efficiencies which have a great potential in the removal of ECs (Cheng
et al. 2018). A comprehensive review of recently employed nanocatalysis-based
techniques in the removal of ECs is given in Table 12.4.

12.3 Future Prospects

Nanoparticles are a boon to today’swater remediation technologies and are employed
in the treatment of various ECs. However, certain studies reported several nanopar-
ticles themselves as ECs. Current knowledge on the fate of nanoscale particles in
ecology and their toxicity is limited. Extensive usage of nanoparticles in day-to-day
life is like a double-edged sword. The properties such as high chemical reactivity,
small size, etc. which are generally considered to be beneficial in water remedia-
tion may be dangerous to human and animal life when entered into the food chain,
absorbed through the skin, or inhaled. A thorough environmental risk assessment has
to be carried out before scaling-up and safe disposal methods have to be followed.
Also, the majority of the nanotechnology-based treatment methods discussed here
gave efficient results at lab-scale studieswith syntheticwastewaters, and hence exten-
sive research is still needed before scaling up with real effluents, and long-term effi-
cacy should bemonitored to commercialize the developed techniques (Kunduru et al.
2017). On the other hand, lack of scientific knowledge on the exact pathways of ECs
and unavailability of robust analytical techniques to quantify the ECs hinders the
research and development of novel techniques. To date, most of the ECs remediation
by nanoparticles was carried out as tertiary treatment techniques, and extending them
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Table 12.4 Comprehensive review on recent nanocatalysis based techniques in the removal of ECs

Nanocatalysts Synthesis
methods

Target ECs Removal
(%)

Refs

TiO2/UV/C doped
with trivalent Fe
(Fe3+–TiO2/UV/C)

Sol–gel Amoxicillin 89 Olama et al.
(2018)

Ce/TiO2/O3 Sol–gel Caffeine >88 Ndabankulu et al.
(2019)

Mn activated with
peroxymonosulfate

Thermal
treatment

Sulfamethoxazole
Sulfachloropyridazine
Sulfamethazine
Ciprofloxacin
Azithromycin

99
100
88
100
25

Khan et al. (2021)

Fe-Carbon dots Hydrothermal
method

Tetracycline 95 Pirsaheb et al.
(2020)

Fe-BiVO4 photocatalyst +
photo-fenton

Sonochemistry Ciprofloxacin 55 Hernández-Uresti
et al. (2019)

p-ZnIn2S4/rGO/
n-g-C3N4 Z

Hydrothermal
method

Triclosan 83 Yu et al. (2020)

GO-based magnetic
nanocatalyst
(MFe2O4/xRGO)

Acile
hydrothermal
method

Ofloxacin 100 Kapoor et al.
(2020)

Nano-MgO@CNT@Gr/O3 Sol–gel Diazinon 82 Asgari et al.
(2020)

MOF-Engineered-FeS2/C
for heterogeneous
electro-Fenton process

Carbonization
and
Sulfidation

Fluoxetine 100 Ye et al. (2020)

Ceramic membranes
functionalized with
CoFe2O4 nanocatalyst/
AOP (α-Al2O3/CoFe2O4)

Impregnation
and low
temperature
calcination

Ibuprofen 99.5 Wang et al.
(2020a)

F-doped ZnO (ZnO:F)
nano and mesocrystals

Hydrothermal
approach

Diclofenac 86 Vitiello et al.
(2021)

Fe modified photocatalyst
and ozonation
(UV/Fe-TiO2 + O3)

Coating Formaldehyde 92 Cheng et al.
(2018)

as main stream treatment methods is a prerequisite (Rout et al. 2021). The future of
nanotechnology in the removal of ECs seems fairly progressive if safe and standard
protocols are followed which could be possible by collective efforts of academic,
industrial, and government regulating bodies.
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12.4 Conclusion

To combat the ever-increasing concentrations of ECs in water sources, a range of
nanotechnology-based processes were developed and are successfully employed
in their removal. Based on the literature, it is apparent that various nano-
materials such as CNTs, graphene, GO, rGO, fullerenes, nanofibers, nanoden-
drites, metal/metal-oxide/metal-oxyhydroxide nanoparticles, hybrid nanocompos-
ites, synergetic nanosystems, and their combinations have tremendous potential
to act as nanoadsorbents, nanocatalysts, and nanofiltration membranes. These
novel nanomaterials offer several advantages such as high efficiency, high surface
area, easy synthesis, separation and recyclability, large number of active sites,
target specific designs, environmental responsive characteristics, biocompatibility,
improved physicochemical, electrical, and optical properties, etc. Thus, nanotech-
nology has an immense role to play in the monitoring and removal of various classes
of ECs. Choosing the most appropriate technique or combinations based on case-
by-case situations (type of ECs, concentration, the volume of influent wastewaters,
economic feasibility, etc.) is of primary importance to achieve maximum removal of
ECs.
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Chapter 13
Magnetic Nanoparticles: Application
in the Removal of Next-Generation
Pollutants from Wastewater

Bhaskar Bhaduri, Ashutosh Kumar Dixit, and Kumud Malika Tripathi

Abstract Critical shortage of potable water is a grand challenge of current time
due to our deliberate exploitation of one of our precious and limited resources.
Water safety is threatened by a diverse range of pollutants including potentially
toxic inorganic and organic substances, microalgae, bacteria and radioactive wastes
because of the acute toxicities, mutagenic and carcinogenic nature of the pollutants.
Moreover, pharmaceuticals and personal care products, antibiotics, microplastics
and engineered nanomaterials are contaminants of emerging concern due to their
endocrine disrupting nature and other acute effects. Magnetic nanoparticles (MNPs)
are promising for wastewater treatment by virtue of their excellent catalytic and
adsorption performance and ability to fast and facile separation by the application
of external magnetic fields. Iron oxide NPs such as magnetite (Fe3O4), V-Fe2O3,
α-Fe2O3, and goethite (α-FeOOH) are the most commonly available MNPs till date.
Application of MNPs and their hybrid composite offer unprecedented opportunities
to improve water remediation technologies for the removal of multiple pollutants
from traditional to emerging contaminants. In this chapter, recent progress in the
development ofMNPs and their hybridmaterials-based techniques for the removal of
emerging pollutants fromwastewater have been surveyed. The potential development
and execution barriers regarding both technical challenges and engineering concerns
are surveyed along with future directions to overcome them and improve water
security.
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13.1 Introduction

The accelerating economy, industrialization and worldwide burgeoning population
have resulted in a host of numerous contaminants in aquatic environmentswith higher
complexity and larger quantities than ever before (Qian et al. 2020). Water pollu-
tion by chemical threats, organic/inorganic contaminants altered the water cycle and
challenged the efficiency of congenitally available water treatment technologies. The
problem related to availability of drinking water is continuously rising, since number
of contaminants including personal consumer products such as sunscreens, deter-
gents, sanitizers or pharmaceuticals; microplastic, disinfection by-products, insecti-
cides, engineered nanomaterials; and pesticides are continuously increasing in the
water bodies due to unplanned human activities and industrial advancements (Zhang
et al. 2020; Patel et al. 2019; Zhao et al. 2021). More than 800 pollutants of emerging
contents are being researched globally (Gaston et al. 2019). Table 13.1 summarizes
some commonly used pharmaceuticals with some physiochemical properties. The
continuous increasing use of ionic-liquids as green solvent in numerous applica-
tions especially in energy storage devices and biofuel production are critical for
the environment including groundwater because of their persistent nature and low
sorption to soil particles (Oskarsson and Wright 2019). Another significant class of
emerging pollutants are artificial sweeteners (Kokotou et al. 2012). This trace next-
generation pollutants are considered as contamination of emerging concern due to
their high structural diversity and complexity and their long-term exposure are having
widespread and long-lasting threats on both human and the environment despite
their low concentrations. The abatement of emerging pollutants from drinking and
wastewater is of highest priority as they might produce genotoxicity development of
pathogen resistance and endocrine disruption (Álvarez et al. 2010). Moreover, the
occurrence, fate and ecotoxicological effects of many emerging pollutants are not
fully known yet and a matter of further research (Magi et al. 2013). These pollutants
may be introduced in wastewater by a number of routes as shown in Fig. 13.1 (Gaston
et al. 2019). Many significant efforts have been made to alleviate the release of the
contaminants into the environment. Thewastewater treatment technologies generally
use filtration, advanced oxidation, membrane filtration, adsorption and coagulation
processes. However, many emerging pollutants are hard to remove by the aforemen-
tioned treatment technologies and may easily escape to water stream. The pollutants
may further be released into ground water and finally accumulate in the soil.

Benefiting from the uniqueness and surface properties, nanomaterials have already
shown extreme potential to deal with the wastewater hazards but concerns regarding
their disposal, separation and environment exposure still exist. There may be proba-
bilities that due to small sizes and low separation efficiency nanoparticles (NPs) can
be involved in waste streams, have the risk of leaving cytotoxic residuals and pose
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Table 13.1 Commonly used pharmaceuticals, their classes, therapeutic applications, physicochem-
ical properties, and structures (Patel et al. 2019)

(continued)
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Table 13.1 (continued)

(continued)
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Table 13.1 (continued)
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Fig. 13.1 Sources of emerging contaminants and pathways toward receptors (Gaston et al. 2019)

risk to human health and aquatic environment (Shi et al. 2013). Extensive regener-
ation steps and environment unfavourable disposal procedures are required to treat
the spent NPs. However, magnetic nanoparticles (MNPs) can be fully recovered
via magnetic separation than centrifugation and ultrafiltration and hence are quite
safe and efficient (Shi et al. 2013). In this regard, MNPs have drawn considerable
research interest for water remediation. Akin to separation ease, the most significant
advantage of MNPs is uniform structure, versatility and low-cost. MNPs are partic-
ularly significant in wastewater remediation as they offer practical solutions to the
enduring challenges associated with the recovery and recyclability of NPs. The feasi-
bility of MNPs have been tested with diverse wastewater contaminants ranging from
heavy metal ions, organic dyes, microbes to next generation pollutants. MNPs have
been involved in diverse ways for the development of modern technologies, espe-
cially in catalysis, information storage, magnetic resonance imaging, drug delivery,
sensors, energy storage, biomedicine, adsorption and environmental remediation (Lu
et al. 2007). However, low stability over a longer period of time due to aggregations
and consequently lessen active surface area are the major drawbacks. Moreover,
MNPs tend to oxidize in air due to high chemical activity, which resulted in loss
of dispersibility and magnetism. This issue can be overcome by surface modifica-
tion, grafting and composite fabrication depending upon the targeted application (Lu
et al. 2007). Composite or surface modifiedMNPs are very promising for application
in adsorption and advanced oxidation processes. Toxicity of MNPs in the body is
influenced by the surface chemistry and course of delivery of the MNPs (Shubayev
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et al. 2009). MNPs with sizes greater than 200 nm are known to be captured by the
spleen via mechanical filtration. However, MNPs with sizes less than 10 nm can be
removed through renal clearance. Thus, MNPs with diameter ranging between 10
and 100 nm is considered to be the optimal range of administration for specific appli-
cations (Gupta and Gupta 2005). The biodistribution patterns show that 80–90% of
MNPs can be accumulated in liver. In comparison, 5–8% in the spleen and 1–2% in
bone marrow (Duguet et al. 2006). The interaction and biodistribution of MNPs and
the mechanism of internalization inside cells and organs, metabolism and possible
toxicity all depend on any surface modifications (Nel et al. 2006).

Herein, in this chapter some of the most promising MNPs for the treatment of
wastewater contaminants of emerging concern are discussedwith the followinggoals:
(1) the introduction of MNPs including metal based MNPs, magnetic carbon NPs
and composite based MNPs; (2) fundamental aspects of pollutant removal process
with MNPs; (3) prospects of their utilization to next generation pollutant removal by
highlighting key points for further exploration.

13.2 Types of Magnetic Nanoparticles

13.2.1 Metal Based Magnetic Nanoparticles

Magnetic iron oxide (Fe2O3) offers significant potential over a wide range of appli-
cations owing to their amazing super-paramagnetism including magnetic storage,
optoelectronics,medicine and biotechnologies due to its high stability towards oxida-
tion (Lu et al. 2007). However, aggregation and aerial oxidation are still barriers for
advanced applications (Baikousi et al. 2012). Titania (TiO2) NPs were embedded
in ordinary shock absorption foam to fabricate superhydrophobic foam with three-
dimensional (3D) architecture for the selective adsorption of organic solvents and
oil (Yu et al. 2016). Single domain MNPs have been widely investigated in diverse
areas of material science and technology. Magnetic properties are related to chem-
ical composition, morphology, shape and size of NPs. Core–shell morphology is
particularly attractive due to synergistic effect ease of both components along with
control in magnetic interaction between core and shell, which offer precise engi-
neering of magnetic response (Oberdick et al. 2018). One such example of spin
canting in Fe3O4/Mn-ferrite core/shell MNPs (Fe3O4/MnxFe3-xO4 MNP) is explored
by Oberdick et al. via Dzyaloshinskii-Moriya interaction (DMI). The diameter of
the Mn-ferrite shell was 0.5 nm having 3.2 nm of core as shown in Fig. 13.2a. The
multiparticle correlations of these core–shell MNPs to the applied magnetic field in
both parallel and perpendicular directions is depicted in Fig. 13.2b, which shows
the aligned canting direction of particles (Oberdick et al. 2018). In an innovative
approach Moon et al. reported that ultrathin shells can induce spin canting as an
interface phenomenon and largely enhance magnetic coercivity due to the char-
acteristic hard-soft exchange coupling and surface anisotropy (Moon et al. 2017).



294 B. Bhaduri et al.

Fig. 13.2 a Schematic showing chemical and physical composition of core/shell nanoparticles.
b Representative figure showing coherent spin canting across nanoparticles under application of
applied magnetic field. Due to interparticle correlation of canted spins, the domain has a net canted
magnetization that can be measured in terms of parallel and perpendicular components (Oberdick
et al. 2018)

This approach offers the potential to synthesize of NPs with controlled magnetism
and tuning of magnetic properties by modulating the core–shell parameters. The
exchange coupling (EC) regime of core–shell NPs represent the regime of hard-
soft exchange coupling, while enhanced spin canting (ESC) regime represent the
population of canted spins as shown in Fig. 13.3 (Moon et al. 2017). Fluores-
cent core–shell Fe3O4@PDA@HL (polydopamine (PDA) and 3-aminopyridine-2-
carboxaldehyde N(4)-methylthiosemicarbazone, HL) MNPs having multifunctional
applications were synthesized via the chemical coprecipitation and conjugation
method assisted by ultrasonication (Fang et al. 2019).

Zhang et al. used a co-assembly approach for the synthesis of magnetic silica
microspheres (LPMMS) having core–shellmorphology andmesoporous architecture
using poly(ethylene oxide)-blockpoly(methyl methacrylate) (PEO-b-PMMA) soft
template and cetyltrimethylammonium bromide (CTAB) as a cationic co-surfactant
(Zhang et al. 2019). The multi-step synthetic route is shown in Fig. 13.4a. At
first, nonporous dense silica (nSiO2) were coted over solvothermally synthesized
magnetic citrate-capped hydrophilic Fe3O4 NPs core followed by deposition of
PEO-b-PMMA-SiO2 layer via solvent evaporation process, which direct interphase
co-assembly with CTABmicelles by hydrogen bonding and electrostatic interaction.
After crosslinking with silica oligomer, organic surfactants were removed by pyrol-
ysis in air to obtain large mesoporous LPMMS. These core–shell MNPs exhibit
sphere like morphology as shown in Fig. 13.4b via transmission electron micro-
scopic (TEM)analysiswith rough surface (Fig. 13.4c).Besides confirming core–shell
morphology TEM analysis also revealed porous architecture as shown in Fig. 13.4d
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Fig. 13.3 a Magnetic spin state of a hard magnetic core nanoparticle. The core nanoparticle has
aligned spins (black arrows) in its inner core and canted spins (orange arrows) on its surface. (b)
Magnetic spin interactions in hard-soft bimagnetic core–shell nanoparticles. (i) In the EC regime,
soft magnetic spins at the interface are pinned by hard magnetic spins. These spins are called
exchange-coupled spins (blue arrows) and result in decreased magnetic coercivity and increased
magnetism. (ii) In the ESC regime, where the shell thickness is similar to the size of a crystalline
unit cell (∼1 nm), the population of canted spins (orange arrows) increases (Moon et al. 2017)

(Zhang et al. 2019). Surface activation of MNPs is known to enhance the stability
of NPs in solution and enhanced activity for a range of applications (Verma et al.
2019). For instance surface activation of hydrothermally synthesized Fe3O4 with
imidazolium Gemini and tetraalkylammonium surfactant was found to significantly
enhance the extraction of Ag and Au NPs via high hydrophobic and hydrophilic
NPs-NPs interaction (Verma et al. 2019). Miao et al. reported the modification of
Fe3O4@AuMNPswithDNA in a simpler approach of blending and aging to enhance
selectivity and sensitivity for the detection of heavy metal ions in electrochemical
sensing (Miao et al. 2017).

Hong et al. fabricated porous magnetic nanofibrous membranes (NiFe@SNM)
composed of NiFe2O4@SiO2 synthesized using zein dip-coating method to over-
come the flexibility issue. The overall synthesis procedure is demonstrated in
Fig. 13.5. Such fabricated membranes exhibit low density, high flexibility, larger
surface area and excellent magnetic properties (Hong et al. 2015).
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Fig. 13.4 a Synthetic route for magnetic mesoporous silica core–shell microspheres with rasberry-
like morphology and ultra large mesopore size (LPMMS). b–d TEM images of LP-MMS micro-
spheres with different magnifications. The inset in panel (F) is the enlarged TEM image of the
LP-MMS microspheres (Zhang et al. 2019)

Fig. 13.5 a Schematic illustration of the fabriation steps of NiFe@SNM. b Optical images of the
SNM, zein/SNM, and NiFe@SNM (Hong et al. 2015)

13.2.2 Nano-Carbons Based Magnetic Nanoparticles

Nano-carbon based magnetic NPs have received much interest due to their sustain-
able nature and the combined advantage of magnetic with inherent mechanical,
optical, electrical and thermal properties (Siddiqui et al. 2019). Magnetic properties
of nano-carbons offer an additional dimension of valuable merits that further widen
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the applications with enhanced performance (Siddiqui et al. 2019). A key feature of
magnetic nano-carbons is their ease in separation from other media or matrices. In
particular, the surface functionalities and magnetic characteristics are highly suitable
for the removal of contamination from wastewater via adsorption. Unconventional
ferromagnetism in nano-carbons is mainly due to the surface curvature, heteroatom
(N, S, P, B) doping, mixed sp2-/sp3 hybridization and spin frustration. Shrivastava
et al. synthesized ferromagnetic carbon nano-dots with blue PL emissions by the
thermal decomposition of citric acid and l-lysine (Srivastava and Gajbhiye 2011).
To align with environmental sustainability and reduce carbon foot print, utilization
of pollutant soot or waste materials for their second life applications as value-added
nano-carbons has remained active and appealing for the better utilization of waste.
Pollutant soot derived nano-carbons have emerged as an appealing multifunctional
material for energy storage and water remediation applications (Bhati et al. 2016;
Jung et al. 2020). Petrol soot derived graphene nanosheets, after nitric acid treatment
were found to have excellent photocatalytic activity not only for the single dye but
also a mixture of dyes (Gunture et al. 2522). Even though soot derived nano-carbons
have proven its good performance in water remediation towards dye degradation and
metal ions sensing but their utilization for next-generation pollutant removal is still
awaiting.

Water soluble version of CNTs (wsCNTs) with network structure (Fig. 13.6a)
produced from discarded fullerene soot possess room temperature magnetic prop-
erties that are appealing for many applications including catalysis, adsorption and
next-generation pollutant removal fromwastewater (Dubey et al. 2013). Importantly,
presence of various defects on graphitic tubular structure in the form of junctions,
missing graphitic planes, bends and curvatures resulted in spin value of carbon free

Fig. 13.6 a Low magnification TEMmicrographs of wsCNTs (white arrow shows the presence of
various types of junctions; b Solid-state ESR spectrum, and c temperature dependent ESR spectra
of the wsCNTs network. d Temperature dependence of the mass magnetization (Mg), field cooled
(FC) of the wsCNTs network measured at 5 kOe in the temperature range 5 ≤ T ≤ 300 K. (Dubey
et al. 2013) e TEM image of OCNPs showing spherical morphology and continuous network. f ESR
spectrum of the OCNPs due to the strong carbon-cantered radical; g magnetization (M-H) curve of
the OCNPs at 300 K; h hysteresis loop of the OCNPs (Chowdhury et al. 2021)
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radical in electron spin resonance (ESR) analysis as shown in Fig. 13.6b with asym-
metric resonance (A/B = 1.57) line. Asymmetry was attributed to the contraction
motion of the paramagnetic centre because of surface functionalization with the
carboxylic acid group. Line shape i.e., asymmetric resonancewas temperature depen-
dent as shown in Fig. 13.6c, while spin value remains constant. Mass magnetization
with field cooling (FC) shows positive magnetization and follows a non-Curie–Weiss
system as shown in Fig. 13.6d (Dubey et al. 2013). In an interesting study by the same
research group, anthropogenic multiwalled carbon nanotubes (MWCNTs) isolated
from spider webs were observed to show ferromagnetic behaviour due to the pres-
ence of stable carbon centre radicals (Sonkar et al. 2014). Authors show that floating
MWCNT were trapped on indoor spider webs due to the various routine burning
activities and are able to generate reactive oxygen species (ROS) (Sonkar et al. 2014,
2009). In an attempt to reduce the environment pollution and fruitful utilization of
black carbon (BC), onion-like carbon nanoparticles (OCNPs) with interconnected
chain like conductive network Fig. 13.6e were isolated from diesel engine exhaust
soot via solvent extractionwith toluene and acetone (Chowdhury et al. 2021). Further
annealing at 500 °C increases the graphitic carbon content. These OCNPs show
room temperature magnetic properties with an average g value of carbon based
radical (2.005) as shown in Fig. 13.6f. The magnetization-hysteresis (M–H) loop in
Fig. 13.6g, h show saturation magnetization (Ms) of ~ 0.17 emu g−1, attributed to
spin frustrations due to high density of structural defects (Chowdhury et al. 2021).

13.2.3 Composite Based Magnetic Nanoparticles

To mitigate water scarcity, there is an emerging need to engineer advanced mate-
rials with multifunctional characteristics and applications (Wang et al. 2019). For
instance, the inherent optoelectronic properties of single component materials like
ZnO NPs, TiO2 NPs, CNTs, graphene failed to provide sufficient use of solar
light to degrade next-generation pollutants. Hence, composite fabrication through
accumulation of guest material(s) to parent matrices to enhance inherent proper-
ties is attracting wide interest among researchers (Wang et al. 2019). Integration
of delocalised conjugated polymers with semiconductor photocatalyst can create
high extinction coefficient, and efficiently tailor band gap and light harvesting effi-
ciency due to the extended π-conjugation for charge carriers movements (Pant et al.
2018). In addition, introduction of polymers can efficiently retard the recombina-
tion of charge-carriers after light harvesting via the hole scavenging. For instance,
hybridization of Ni0.5Zn0.5Fe2O4 with polyaniline (PANI) forms an interface, which
induces a synergistic role to enhance photocatalytic efficiency towards organic dye
degradation. The inverse spinel structure weakened the interaction between Fe
and Ni sublattices and consequently resulted in enhanced magnetic movement of
Fe and catalytic separation (Pant et al. 2018). Typically, Li al. reported a facile
method to encapsulate magnetic Fe3O4 core with amorphous carbon to synthe-
size bean-like Fe3O4@C@Cu2O composites having core–shell morphology and
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Fig. 13.7 Schematic illustration of synthesis of a Fe-MMT-βCG and b Fe-MMT-DFB-βCD
composites (Kundu et al. 2020)

ferromagnetic nature by using a self-assembly approach. Such assembly protects
the magnetic core from erosion and well screens the dipolar interaction (Li et al.
2011). Kundu et al. synthesized iron-clay-cyclodextrin (Fe-MMT-βCD) and iron-
clay-cyclodextrin-polymers (Fe-MMT-βCD-DFB) composites via a simple process
of sonication and electrostatic adsorption, respectively as shown in Fig. 13.7 (Kundu
et al. 2020). Iron-oxide coated clay was first modified with CD monomers and poly-
mers and purified via dialysis. Cd was chosen due to its structural advantage of both
hydrophilic surface and hydrophobic cavity, which allows interaction with a range
of organic molecules, while, polymers provide selective adsorption of pollutants
(Kundu et al. 2020).

Hybridizing nano-carbons, polymer with magnetic metal NPs is a powerful
strategy towards the fabrication of high-performance compositematerials (Saini et al.
2020a). Composite NPs combine the fascinating merits of both of the constitutes
with diverse properties by generating a strong synergism related to the intimately
contacted interfaces (Saini et al. 2019). Numerous nano-carbon based nanocom-
posites with metal NPs, metal oxides/sulphide have been reported, which exhibit
enhanced properties of the hostmaterials (Park et al. 2019;Das et al. 2019a). An inter-
esting review by Zhu et al. describes the different prospectus of nano-carbon based
magnetic composite materials from synthesis to applications (Zhu and Diao 2011).
Shao et al. reported the organic pollutant removal capacity of MWCNTs-polyaniline
(PANI) composite. The magnetic nature of composite allows easy separation after
adsorption, which can also be used in acidic medium (Shao et al. 2010). Su et al.
designed graphene-Fe3O4 nanocomposites starting with GO, FeCl3, ascorbic acid,
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Fig. 13.8 a A schematic showing synthesis of graphene-Fe3O4 nanocomposites. b High magni-
fication TEM image of graphene-Fe3O4 nanocomposites; c HRTEM image of graphene-Fe3O4
nanocomposites (Su et al. 2011)

and hydrazine hydrate via a one-pot hydrothermal technique (Fig. 13.8a).(Su et al.
2011) The reduction of GO to graphene, formation of Fe3O4 NPs and decoration
of Fe3O4 NPs over graphene occurs at the same time. This composite shows high
stability over a prolonged period of sonication and is highly electrically conduc-
tive. TEM image in Fig. 13.8b demonstrated composite fabrication and Fig. 13.8c
shows clear lattice fringes of both Fe3O4 NPs and graphene (Su et al. 2011). Saini
et al. used the waste printer ink as precursor for the synthesis of self-doped iron
oxide nanocarbons in a cost effective approach (Saini et al. 2020a). These NPs were
utilized for the degradation of Congo red and styrene oxidation under the influence
of natural sunlight; and can be separated from the reaction medium by the use of
external magnet (Saini et al. 2019, 2020a).
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13.3 Magnetic Nanoparticles as Adsorbent
for Next-Generation Pollutant Removal

Among many treatment methods, adsorption has been proved utmost cost-effective
and attractive due to its high removal efficiency, diverse nature of adsorbents, which
can be easily tailored for selectivity (Bajpai et al. 2019; Shukla et al. 2019). The
effectiveness of adsorbent for the selective adsorption of next-generation pollutants
depends upon the surface, chemical and textural properties of adsorbent and types,
and the chemical nature of contaminants, so selection and development of an appro-
priate adsorbent is crucial. In an interesting approach, porous core–shell MNPs with
Fe3O4 core andCovalent organic frameworks (COFs) shellwere synthesized by using
monomer-mediated in situ growth strategy for the selective adsorption of bisphenolA
(BPA) and bisphenol AF (BPAF) (Li et al. 2017). 1,3,5-triformylphloroglucinol (Tp)
functionalized spherical magnetic core act as epidemic centre for the controllable
and uniform growth of COFs in all directions. Shell thickness were controlled by
the variation in monomer concentration, while COF offered enhanced functionality
to interact with endocrine-disrupting chemicals. These MNPs achieve adsorption
equilibrium within 5 min for both BPA and BPAF (Li et al. 2017). Magnetic metal
organic framework was explored for the selective removal of PPCPs. Selectivity was
achieved by the use of seven deep eutectic solvents to regulate chelation (Wei et al.
2020).

Magnetic nano-carbon based nanocomposite combines the high adsorption
capacity of nano-carbons due to high surface area and porosity and magnetic prop-
erties of MNPs. For example, magnetic mesoporous carbon composite (Fe3O4/C)
was fabricated using a solvothermal method for the effective removal of CIP, one of
the examples of third generation fluoroquinolones. Fe3O4/C with sphere like shape
exhibit both n-π and π-π electron donor–acceptor interaction for the adsorption of
CIP (Shi et al. 2013).

Ibuprofen (IB), a non-steroidal anti-inflammatories drug has become the pollutant
of significant concern because of its wider use in society and consequent emergence
in wastewater via urination (Vicente-Martínez et al. 2020). The complex chemical
structure of IB is hard to degrade by nature and hence affecting the ability of aquatic
species tomove, feed and reproduce. IBhas been adsorbedonFe3O4@AgNPs surface
from aqueous medium with high removal efficiency (93%) in 45 min only at neutral
pH. The Fe3O4@AgNPs was recycled from the aqueous medium with magnet and
reuse for two successive cycles after the desorption of IB with nitric acid. Ionic
strength deteriorated the interaction between adsorbent and adsorbate and resulted in
desorption of IB. This study proposed the potential of core–shell NPs for the removal
of next-generation pollutants, which cross the barrier of current water treatment
technologies because of their low concentrations (Vicente-Martínez et al. 2020).
Another study by Guo et al. shows the removal of antibiotics oxytetracycline (OTC)
from aqueous solution with Fe(0)-loaded magnetic mesoporous silica (Fe-MCM-41-
A) NPs. Fast adsorption was attributed due to the presence of hexagonal channels
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and hence facilitated mass transfer, and enhance interaction between adsorbent and
OTC (Guo et al. 2021).

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous in nature and have been
released into environment as a result of incomplete combustion of fossil fuels, resi-
dential waste combustion, coal tar pitch and agricultural production (Zhu et al. 2004).
PAHs are highly persistent due to their hydrophobic nature and complex organic core
and are potentially toxic due to their carcinogenic and mutagenic nature (Zhu et al.
2004). Nisticó et al. reported the removal of PAHs by a simple adsorption process
with hybrid composite of chitosan and magnetic Fe2O3/Fe3O4 NPs (Nisticò et al.
2017). The adsorbents were synthesized using a co-precipitation process followed
by pyrolysis. To optimize process variables chitosan quantity was varied from 1%
(MC1), 2% (MC2) and 3% (MC3) and pyrolysis temperature from 550 to 800 °C and
referred as coded as MC1py550, MC1py800, MC2py550, MC2py800, MC3py550,
or MC3py800. High-resolution transmission electron microscopy (HRTEM) as
shown in Fig. 13.9a–c shows the amorphous parts together with crystal lattice fringes
of crystalline part. These samples exhibited superparamagnetic behaviours revealed

Fig. 13.9 HRTEM micrographs of MC3 (a), MC3py550 (b), and MC3py800 (c). Inset in panel
A refers to MC3 collected at low magnification, whereas insets in panel C refer to the presence
of different iron-containing phases. d Magnetization curves of MC3 (black circles, black solid
curve), MC3py550 (red circles, red solid curve), and MC3py800 (white circles, blue dotted curve)
as compared to neat magnetite/ maghemite M0 (white triangles, black dotted curve). e Adsorption
experiments of a mixture of PAHs on MC3py550 (Nisticò et al. 2017)
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from a very narrow hysteresis loop and low coercivity (Hc ≤ 10 G) as shown in
Fig. 13.9d. These hybrid composites were explored for the magnetic guided removal
of 8 PAHs via adsorption. The adsorption efficiency was strongly dependent on
hydrophobicity and extent of aromaticity in a linear fashion as shown in Fig. 13.9d
due to enhanced π–π interaction (Nisticò et al. 2017).

13.4 Magnetic Nanoparticles as Oxidant
for Next-Generation Pollutant Removal

Heterogeneous catalysis has been considered as a most promising and convenient
approach for degrading refractory pollutants from wastewater due to the negligible
generation of toxic by-products, high efficiency and mild reaction condition (Zhu
et al. 2018; Das et al. 2019b). However, drawbacks such as requirement of particular
pH, necessity of H2O2 or other radical generators and low reaction rate still exist
(Kundu et al. 2020). While in photocatalysis, most of the semiconductor catalysts
generally utilize only ~ 5% of the total available solar light and exhibit low quantum
efficiency, which have to be overcome for practical applications (Zhu et al. 2018).
Photocatalytic degradation has long been known as an environmentally friendly tech-
nology for wastewater remediation due to utilization of freely available Sunlight.
Intrinsic characteristics of photocatalysts such as band gap, crystal phase, shape
and charge transfer properties have considerable impact on photocatalytic efficiency
(Abazari and Mahjoub 2017). In the photocatalytic process, described herein, core–
shell architecture of TiO2 was fabricated having magnetic Fe3O4 core for its easy
separation from treated water. These TiO2/Fe3O4 NPs showed a saturation magne-
tization ~ 40 emu g−1 but are less stable in solution under UV light due to photo-
dissolution of iron.Whichwas overcome by the fabrication of TiO2/ SiO2/Fe3O4 with
intermediate layer barrier of SiO2 acting as charge carrier recombination centre. Both
theMNPswere used for the photocatalytic degradation of PCPs including antipyrine,
Acetaminophen, caffeine, bisphenol A and metoprolol (Álvarez et al. 2010).

Fluoroquinolones, a common antibiotic, when released inwastewater by human or
industrial activities lead to the development of antimicrobial resistance and significant
genotoxicity (Kaushik et al. 2019). Removal of fluoroquinolones from wastewater
using conventional techniques is quite tough due to its high adsorption on soil and
potential to migrate in the environment. Coupling adsorption and advanced oxidation
can overcome the drawbacks of water purification technologies due to the simulta-
neous removal and degradation of pollutants, which allow the self-regeneration of
adsorbent and boost the process efficiency (Kundu et al. 2020). In an interesting study
byKaushik et al. fluoroquinoloneswere removed by using both adsorption and degra-
dation together under the irradiation of visible light in the presence of aluminium-
doped TiO2 (Kaushik et al. 2019). Besides ZnO and TiO2, β-AgVO3 is a promising
photocatalyst due to narrow band gap, visible light harvesting efficiency and highly
dispersed valence band. Abazar et al. combine β-AgVO3 and ZnFe2O4 by using
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reverse micelle method in absence of any cosurfactants. The synergistic effect shows
both catalytic and photocatalytic properties towards ammonium perchlorate and
methylene blue degradation, respectively (Abazari and Mahjoub 2017). Iron-clay-
cyclodextrin composites (Fe-MMT-DFB and Fe-MMT-βCD-DFB) were used to first
adsorb and then degrade a range of pollutants including bisphenol A (BPA), perfluo-
rooctanoic acid (PFOA) and carbamazepine (CBZ) assistedwith H2O2. Cyclodextrin
and polymers provide diverse adsorption sites, while H2O2 generates reactive oxygen
species (ROS) for the degradation of pollutants. The catalytic efficiency was further
validated by batch kinetic experiments as shown in Fig. 13.10. The composites were
used for five successive cycles of pollutant removal (Kundu et al. 2020). Sulfamethox-
azole (SMX), a model antibiotic was removed by the advanced oxidation process
from aqueous solution using Fe-metal organic frameworks, which was synthesized
by microwave assisted technique. An electron circulation theory-based mechanism
was proposed for the degradation of SMX (Wan et al. 2020).

ROS include highly reactive oxygen free radicals, which can easilywithdraw elec-
trons from the aromatic or organic contaminants including various next-generation
pollutants and result in their degradation into water and carbon dioxide (Bhati et al.
2016; Saini et al. 2020a; Tripathi et al. 2017). Hence, ROS are highly used for the
removal of traditional, next-generation contaminants from wastewater as well as
death of microorganisms (Bhati et al. 2016; Saini et al. 2020b; Tripathi et al. 2020;
Das et al. 2020). ROS can be easily generated via appropriate photocatalysis and
Fenton’s reaction process. However, both the approaches have their own limitations.
Photocatalysis efficiency is restricted by the light intensity and the nature of the

Fig. 13.10 a–c Kinetics of BPA, CBZ, and PFOA degradation by Fe-MMT-DFB and Fe-MMT-
βCD-DFB in the presence of H2O2 (initial concentration: catalyst = 1 g L−1; H2O2 = 20 mM).
d–f Linear fitting of BPA, CBZ, and PFOA kinetic degradation data to rate equations (Kundu et al.
2020)
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Fig. 13.11 Free radical generation mechanism of DMAmicrogel and FeMNPs (Zhang et al. 2020)

photocatalyst, while Fenton’s reaction is limited by the need of acidic conditions for
the generation of ROS (Zhang et al. 2020). In an innovative approach, Zhang et al.
had synthesized magnetic composite of catechol-bearing dopamine methacrylamide
(DMA) containing microgel and magnetic iron NPs (FeMNPs) with enhanced ROS
generation activity over a wide pH range (Zhang et al. 2020). ROS were generated
via the oxidation of catechol moiety in DMA into o-semiquinone radicals catalysed
by Fe MNPs as shown in Fig. 13.11. These radicals were stabilized by the inter-
facial metal-catechol coordination bond and 1O2 is generated by the oxidation of
O2

•− assisted by FeMNPs. This composite was utilized for the removal of a range of
contaminants fromwastewater including organic dyes (Malachite Green, Rhodamine
B, Alizarin Red S, and Crystal Violet), antibiotic drug (ciprofloxacin (CIP)), metal
ions and microbes (Escherichia coli and Staphylococcus aureus) (Fig. 13.12). CIP
was removed via a cumulative approach of adsorption and photocatalysis;π–π inter-
action and H-bonding between microgel and CIP support adsorption, while ROS
support photocatalysis (Zhang et al. 2020).

13.5 Conclusion

In summary, substantial progress in theMNPs have beenmade using variousmethods
such as surface functionalization, doping, composite fabrication with nano-carbons,
organicmolecules andpolymers.Acomprehensive analysis of physio-chemical prop-
erties and underlying principles for their development as advanced functional mate-
rials is given. The fabrication procedure, functionalization and heteroatom doping
have a pronounced effect on the properties of MNPs. Researchers are continuously
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Fig. 13.12 Schematic of the Multifunctional DMA-Containing Microgel with the Ability to
Generate ROS. a This microgel contains unoxidized catechol moiety. b In the presence of FeMNP,
FeMNP-induced catechol oxidation converts molecular oxygen (O2) into singlet oxygen (1O2),
which can c degrade organic dyes and, d kill bacteria such as E. coli and S. aureus. e Catechol
can chelate metal ions and remove heavy metal from the solution and (F) repurpose the metal ion
for ROS generation. g The microgel can absorb or degrade antibiotic drugs such as ciprofloxacin
(Zhang et al. 2020)

devoting themselves to simultaneous, fast, and effective removal of various inor-
ganic/organic pollutants using MNPs. However, the factors that fully exploit the
light absorption of these MNPs are not yet clear. A major challenge still is lack
of selectivity and low process efficiency for the degradation of complex organic
pollutants of next-generation such as microplastics and engineered NPs. Devel-
opment of portable devices utilizing these MNPs; cost-effective and onsite water
quality monitoring and remediation are required. Through the implementation of
freely available solar energy, eco-friendly, cost effective materials and technology,
MNPs offer considerable potential for the removal of awide range of emerging pollu-
tants. Looking forward, one can expect that research on theseMNPs will persistently
endorse the profound understanding of MNPs, along with their applied applications
in widespread areas.
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Chapter 14
Clay Supported Zero Valent Iron
Nanocomposites: Advancement
in the Field of Green Catalyst
for Abatement of Persistent Pollutant

Charulata Sivodia and Alok Sinha

Abstract The application of nanotechnology has revolutionised many industries
to explore sustainable methods for the removal of persistent pollutants. Nano-zero
valent iron (nZVI) is a significant nanomaterial having high surface area, reactivity,
and adsorption capacity which is widely used for varying remediation techniques
viz., nano-catalyst, nanofiltration, and adsorption. Moreover, nZVI particles tend
to accumulate because of its magnetic interactions and oxidized when subjected to
air. Hence, a capping agent or supporting material is required to stabilize the nZVI
particles in aqueous solution. Materials like multiwalled carbon nanotubes, activated
carbon, and polymers already been used for the stabilization of nZVI, however the
cost incurred during synthesis and restoration restrict the use of such materials for
environmental clean-up. Among different supporting materials clay minerals stand
out as a substantial natural resource that could act as a potential candidate for nZVI
stabilization. The chemical structure of clay is composed of different layers of silicon,
calcium and aluminium ions that enhanced the ion exchange property and adsorption
capacity of clay. Thus, allows clay to be an efficient supporting material for iron
nanoparticles. This chapter depicts various aspects of surface modified clay and its
utilization as a supporting material for iron nanoparticles. Later reaction mechanism
of clay-nZVI on the removal of persistent pollutants also discussed.

Keywords Zero-valent iron · Nanocomposite · Surface modified clay · Water
treatment

14.1 Introduction

The surge in industrial activities along with increased world population has radi-
cally augmented the water consumption. According to theWorld health organization
(WHO), over 40% of the world’s population are devoid of adequate supply of clean
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water due to the lack of sufficient water resources (Fu et al. 2014; Adapa et al. 2016;
Gude 2016; Ezzatahmadi et al. 2017). It is estimated that availability of fresh water
will descend by 2050 and would create a major water stress around the world (CPCB
2014). Beside this, the problem of water pollution is pacing very fast owing to the
release of different organic and inorganic contaminants from natural and anthro-
pogenic sources. Of different water contaminants, the presence of persistent pollu-
tants (PPs) such as biphenyls, dyes, pesticides, and pharmaceutical compounds are
considered as more devastating to the environment. Once released in the environ-
ment, these compounds impose severe toxicity to the aquatic organisms since they
are lipophilic in nature and tend to bioaccumulate in the food chain (Lallas 2001;
Gaur et al. 2018; Balmer et al. 2019; Zhu et al. 2020). Dinç et al. (2021), reported
the occurrence of different PPs including polycyclic aromatic hydrocarbons (PAHs),
polychlorinated biphenyls and organochlorine pesticides in the surface sediments of
YeşilırmakRiver andBlak sea. Their study advocates that presence of organochlorine
pesticides, and its derivative (4.4′-DDT) in the river samples were contributed by the
industrial and port activities with the highest concentration of 0.05 μg Kg−1. Simi-
larly, Miraji et al. (2021), reviewed the distribution of PPs in western Indian ocean
and stated that PPs have long range of mobility and accumulated in the oceanic
ecosystem.

To address this issue efforts have been made towards the treatment of wastew-
ater contaminated with PPs (Xie et al. 2016; Yadav et al. 2019). Technologies like
advanced oxidation process, photodegradation, biological treatment, and membrane
filtration were extensively used for the removal of persistent pollutant. Neverthe-
less, the set up and the cost applied for the establishment of such facilities is very
high and required a lot of maintenance (Zekić et al. 2018; Tlili and Alkanhal 2019).
Hence, development of a sustainable technology is the need of the hour to meet the
demand of clean water supply. Recently, advancement has been made in the field
of nanomaterials-based water remediation techniques to overcome the limitations of
the existing technologies (Kamarudin et al. 2021).

Nanotechnology can be described as a field where matter is transformed to obtain
unique function and specific characteristics by physical, chemical, and biological
methods (Goswami et al. 2012;Taghizadeh et al. 2013). Thematerialswhichhave size
between 1–100 nm are defined as nanomaterials (Khan et al. 2019; Sheikholeslami
et al. 2020a, b). The exceptional properties of nanomaterials such as high surface area
to volume ratio has gained attraction of many researchers. Nanomaterials possess
high adsorption capacity due to their specific surface area and number of avail-
able active sites for adsorption. Furthermore, they hold distinct catalytic, reactive,
thermal, optical, and electrochemical properties which not only distinguished them
as a priority adsorbent but also employed in the varying fields of materials science
(Bulasara et al. 2011; Mokhtari et al. 2016; Asfaram et al. 2017; Mondal et al. 2020).

Among different nanomaterials zero-valent iron is of great interest for the treat-
ment of wastewater and contaminated water bodies. Nano zero-valent iron (nZVI)
particles can efficiently remove, transform, and degrade persistent pollutants such as
dyes, heavy metals, pharmaceuticals, and other such hazardous pollutants. It can not
only used for the surfacewater remediation but also applied in groundwater treatment
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in the form of reactive material in Permeable reactive barriers (PRBs) (Xi et al. 2011;
Ruhl et al. 2012; Shimizu et al. 2012). Although, even after having a high surface
area and catalytic activity nZVI particles get agglomerated in a chain like manner
because of van der Waals interactions between the particles thereby reducing their
reactivity (Sun et al. 2014; Guan et al. 2015). This limitation can be overcome by
stabilizing the nZVI with a supporting material.

The use of activated carbon (Mortazavian et al. 2018), polymers (Ravikumar et al.
2018), and carbon nanotubes (Li et al. 2020) asmatrixmaterial for nZVI stabilization
was well documented in the literature. Although, these materials cover the surface of
iron nanoparticles in such a way that their magnetic property reduces, and separation
becomes difficult. Recently, clay minerals were identified as an excellent supporting
material for nZVI. Clay is found profusely in nature and being an effective adsorbent
could work as an excellent supporting material (Ismadji et al. 2015; Rautureau et al.
2017). The presence of phyllosilicate minerals and 2D structure of clay provide some
peculiar channels, edges, and interlayer spaces to tune the immobilization of nZVI
and offered the formation of functionalised nanocomposite with distinct physico-
chemical properties. Besides, the processing of clay minerals is easy as compared
to other supporting materials like in case of activated carbon and biochar long hour
of pyrolysis and activation is required to obtain the final product (Shichi and Takagi
2000; Li et al. 2016a). This chapter defines the role of clay as a supporting mate-
rial for zero valent iron nanoparticles and discussed the interactions and reactions
involved during the removal of contaminant.

14.2 Zero Valent Iron

Iron being the fourth abundant element in the earth is considered as a significant tran-
sition metal exclusively used in different environmental remediation process (Dale
and Huber 2005). Zero-valent iron (ZVI) is reasonably a strong reducing material
(E0 = − 0.44 V) that can adsorb a wide array of contaminants viz., metalloids,
heavy metals, and other persistent pollutants. Earlier studies reported use of ZVI in
the form of nano iron fillings or powder on the reductive degradation of the halo-
genated aliphatic compounds (Gillham and O’Hannesin 1994). Later, Wang and
Zhang (1997), proposed in situ remediation of aquifers and soil by incorporating
two different sizes of ZVI. It was attributed that surface area to mass ratio of ZVI
changes with particle size, where particles with < 10 μm have less mass (<1 m2g−1)
as compared to < 100 nm (33.5 m2g−1). This is because at microscale the number
of atoms on the surface of the particle is less unlike at nanoscale where a great
proportion of unsatisfied valence atoms are present (Nel et al. 2006). The nZVI is
best defined as the core–shell structure where core comprised of ZVI (Fe0) and shell
consists of mixed valent oxide due to oxidation of the inner metallic iron in the core
(Fig. 14.1) (Nurmi et al. 2005; Li et al. 2006). This structure is achieved by the virtue
of air or water that reacts with nZVI during synthesis. The composition of the shell
affects the size distribution, ageing, reactivity, and crystallinity of the nZVI particles
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Fig. 14.1 Core–shell structure of nano-zero valent iron (Guan et al. 2015)

(Ramos et al. 2009). The adsorption phenomena are facilitated by the core–shell
morphology attributable to the surface complexation and electrostatic interactions
of different adsorbate. Contrary to this, the oxide layers of nZVI allows reduction
phenomena due to increase in the electron transfer rate (Yen et al. 2011; O’Carroll
et al. 2013).

14.2.1 Methods for Synthesis of nZVI Particles

The synthesis process for nZVI is differentiated into three types: physical, chemical,
and biological by top-down or bottom-up approach. In this section the most common
methods of nZVI synthesis by physical (milling), chemical (vapour reduction and
chemical reduction), thermal, and biological (green and microorganism) process
would be discussed.

14.2.2 Physical Methods

In physical method, the bulk iron material disintegrated into nanoscale through
mechanical forces accompanied by high energy and pressure. Earlier techniques
of nZVI synthesis includes severe plastic deformation (SPD). Valiev et al. (2000),
processed nanostructured material by means of SPD method either by torsion
straining or angular pressing under quasi-static pressure. However, it was hard to
control such high pressure thereby limiting its application. Precision milling or ball
milling is widely accepted physical method in which the samples were stirred by
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beads at a defined rotating speed to form nanoscale powder. In this system the iron
particles were grinded in a high-speed rotating chamber known as planetary ball mill.
The chamber consists of two compartments; first, a milling system and second is a
cooling system. The milling system comprised of grinding chamber, an engine, an
agitator, and steel balls. Whereas in cooling system, temperature of the suspended
iron inside the mill and retention tank is controlled. The particles were continu-
ously crushed by the steel spheres in the rotating chamber until the desired diameter
is achieved. The cylinder set at the rotating chamber helps to separate the particle
while retaining the steel balls (Li et al. 2009; Ioannou et al. 2012; Jung et al. 2015).

14.2.3 Chemical Methods

The prior chemical synthesis of nZVI includes decomposition and reduction method
where iron pentacarbonyl (Fe (CO)5) was decomposed into inert gas or in organic
medium. Later involves reduction of iron with hydrogen. The chemical vapor depo-
sition or evaporative condensation involves a heat source particularly an electron
beam that sputtered and irradiate the raw material to gasify and condense them
into nanotubes (Rong et al. 2006). This method is usually applied as films to coat
products. Another way of nZVI synthesis is chemical reduction method either by
a gas (hydrogen) or by a chemical (sodium borohydride). O’Carroll et al. 2013,
used hydrogen gas to reduce hematite and geothite at high temperature to prepare
nZVI (Eq. 14.1). Firstly, goethite and hematite particles were obtained by reac-
tion of iron hydroxides or carbonates with compounds like alkaline carbonates and
hydroxides in presence of oxygen gas. The magnetite ores thus obtained were trans-
ferred in a crucible and then placed in a thermogravimetric device. The temperature
is increased gradually in an argon medium and when the reaction temperature is
achieved hydrogen gas is injected in the system. When reduction is completed, the
flow of argon gas again resumes, and later the resultant powder is removed from the
system (Uegami et al. 2006). Nevertheless, sodium borohydride (NaBH4) reduction
method for iron salts (ferric (Fe+3) or ferrous ions (Fe+2) is usually applied for the
synthesis of nZVI. In this method, a certain concentration of NaBH4 is added drop-
wise to the iron solution in a controlled manner to reduce it to zero valence (Eq. 14.2)
(Sun et al. 2006). The solution is continuously stirred for about an hour till the reac-
tion is completed. The occurrence of black coloured solution indicates the formation
of iron particles. Subsequently, the particleswere separated through vacuumfiltration
followed by washing (ethanol) and drying in an inert media to check the oxidation
of nZVI (Kanel et al. 2005; Barreto-Rodrigues et al. 2017; Martins et al. 2017).

Fe3O4(s) + 4H2(g) → 3Fe0(s) + 4H2O(g) (14.1)

4Fe3+(aq) + 3BH−4 + 9H2O(aq) → 12Fe0(s) + 3H3BO3(aq) + 12H+
(aq) + 9H2(g) (14.2)
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14.2.4 Carbothermal Reduction Method

Apart from gas and chemicals, carbothermal energy is also employed as reductant to
obtain iron nanoparticles. In this process, the Fe+2 oxide particles (gaseous or salts)
are subject to reduce at high temperature in the presence of carbon by using thermal
energy (Eqs. 14.3–14.4) (Hoch et al. 2008; Crane and Scott 2012; Tan et al. 2021).
Furthermore, the carbon not only reduce the iron salt but also act as a supporting
material to stabilize and disperse the nZVI particles. Kong et al. 2016, carbonized
the iron-rich sludge (at 600–800 °C) into iron nano-flakes and used as a catalyst
to degrade Acid orange (II) dye in Fenton-like reaction. Their study revealed that
the formation of nZVI mainly depends on the carbonization temperature, where the
iron ions present in the sludge converted into Fe3O4 and Fe0 at 500 °C and 700 °C
respectively. The iron nano-flakes removed 98% of the dye at neutral pH. Apart from
temperature, the carbon concentration can affect the yield of iron nanoparticles.
Nisticò and Carlos (2019), reported synthesis of nZVI by carbothermal reduction
method employing lignin-based biomass as carbon source. Their results attributed
that by varying biomass concentration from 0.5 to 3 W% and obtained maximum
yield of α-Fe particles.

Fe(C2H3O2)2(aq) + C(s) → Fe0(s) + 2CH2CO(g) + CO(g) + H2O(g) (14.3)

Fe3O4(aq) + 2C(g) → 3Fe0(s) + 2CO2(g) (14.4)

14.2.5 Biological Methods

In biological method an eco-friendly approach is applied to produce nanoparticles by
using plants and microorganisms, therefore also called as green synthesis process. It
incorporates plants ormicrobial enzymes having high antioxidant and reducing prop-
erties viz., green tea, lemon, grape, sorgo, and coffee to reduce metallic compounds.
The phytochemicals present in the plant are separated by heating the plant extract
near to the boiling point. The residue collected is then mixed with the iron solution to
reduce them to zero valent state (Machado et al. 2013; Stefaniuk et al. 2016; Yadav
et al. 2017).

14.2.6 Electrochemical Mediated Synthesis of nZVI

In this method, electrolysis of iron ions (Fe+2/Fe+3) conducted at cathode and anode
to obtain the nZVI particles. Unlike chemical reduction, this method is simple and
inexpensive. However, iron atoms deposited at the cathode form clusters during
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the electrolysis process. Later, cationic surfactants along with ultrasonic waves was
added to counteract the problem of agglomeration (Chen et al. 2004; Crane and Scott
2012). The surfactant stabilized the nZVI particles and the ultrasonic waves removes
the iron nanoparticles from the cathode (Eq. 14.5) (Li et al. 2009).

Fe3+ + 3e+ + stablizer → nFe0 (14.5)

14.2.7 Ultrasound Mediated Synthesis of nZVI

In this process, the ultrasonic waves with frequency up to 20 kHz are employed along
with the chemical reduction method to reduce the particle size. The acoustic energy
generated by the ultrasonic waves create cavitation which enhanced the mixing and
particle collision that leads to the disruption of iron particles into smaller fragments.
The ultrasonic frequency was found to be a critical factor which governs the particle
size (29–80 nm), shape (spherical, chain or needle) and surface area (42–145m2 g−1)
of the iron nanoparticles (Jamei et al. 2014; Bagheri et al. 2021; Bounab et al. 2021).

14.3 Surface Modification of nZVI

Several studies reported the application of nZVI for the removal of persistent pollu-
tant. Moreover, the magnetic property of nZVI leads to the clustering of particles
thereby reduces its mobility and transportation. Additionally, the nZVI suffers from
rapid oxidation due to its high reduction ability that in turn form layers of iron
oxide. All these factors significantly affect the reactivity of the nZVI particles, there-
fore surface modification of bare nZVI is necessary to surmount these limitations.
Process like coating, metal doping, and supporting matrix usually applied to inhibit
the agglomeration and oxidation of nZVI surface (Stefaniuk et al. 2016).

14.3.1 Metal Doping

Metal doping is a distinguished technique which can alter the intrinsic properties
(electrical and optical) of bare nZVI. This process constitutes the mixing of noble
metals primarily palladium (Pd), platinum (Pt), silver (Ag), copper (Cu), and nickel
(Ni) with the iron at pre or post synthesis steps to inhibit the passivation. Earlier
studies on metal-doped nZVI includes removal of 4-cholorophenol, tetrachloro-
bisphenyl, and p-nitrophenol (Xu et al. 2012; Huang et al. 2013; Lai et al. 2014).
Krasae and Wantala 2016, synthesized Cu-doped nZVI with TiO2 as a photocatalyst
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to reduce nitrate and obtained 86% of removal. The crystallinity and oxidation rate
of the nZVI particles mainly depends on the concentration of the doped metal.

14.3.2 Surface Coating

To enhance the longevity of nZVI, the addition of biopolymers, surfactants, and stabi-
lizers like carboxymethyl cellulose (CMC), starch, rhamnolipid, polyacrylic acid, and
guar gum are added to the surface of iron particles (Xiong et al. 2007; Tiraferri, et al.
2008; Qiu et al. 2012) The surface coating by such additive altered the surface of
nZVI and brings down the electrostatic attraction between the particles. Also, the
steric repulsion generated by the modifiers overpowered the van der Waals force and
magnetic interaction of nZVI and stabilize them (Tesh and Scott 2014; Tosco et al.
2014). Basnet et al. 2015, studied the mobility of CMC-coated-Pd-nZVI particles
in different sands (loamy, quartz, and clay) to model the groundwater environment.
Eljamal et al. 2020, used four polymers viz., polyacrylamide (PAA), polyethylene
sorbitan monolaurate, polyvinylpyrrolidone (PVP) and carboxymethyl cellulose to
stabilize nZVI and studied its efficiency on the removal of nitrogen and phosphorous.
The functional groups of the polymers viz., carbonyl and hydroxyl groups facilitated
the binding and adsorption of the polymers on the nZVI surface. Among different
polymers, CMC coated nZVI exhibit smallest particle size of 10 nm followed by
PAA (106 nm) and PVP (108 nm). Zhou et al. 2020, extracted extracellular poly-
meric substance (EBS) from microbes to enhance the electron transfer rate of nZVI
and utilized them to adsorb and reduce the antimony (Sb (V)). The EBS comprised of
polysaccharides, proteins, and humic acid which improved the adsorption capacity
(202 mg g−1) and effectively reduce Sb (V) to Sb (III).

14.3.3 Supporting Matrix/material

Trapping of nZVI within the pores of a supporting material has made its separation
easy from the matrix. Materials like zeolite, carbon, and membranes were mostly
employed as a supporting matrix. Li et al. 2021, used zeolite supported nZVI to
study the adsorption-reduction of uranium (U). The removal efficiency was found
to be 96% with sorption capacity of 216 mg g−1. In another study by Silva et al.
(2021), polyvinylidene fluoride (PVDF) membranes coated with PAA were used
to insert nZVI particles and later used for bisphenol- -A degradation. Moreover,
microwaves were applied during the grafting of polymer to the membrane surface
which enhanced the mechanical stability of the membrane. The nZVI-PAA-grafted
membrane remove 52% of bisphenol-A with 50 L m−2 h−1 of permeate flux.
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14.4 Clay-NZVI Hybrid Nanocomposite/Clay
as Supporting Material for nZVI

Several adsorbents viz., biochar, resin, zeolite and activated carbon, have been used in
water treatment process (Hanif et al. 2007; Özacar et al. 2008; Hernández-Montoya
et al. 2013; Pirzadeh and Ghoreyshi 2014). Recently mineral like clay has emerged
as an effective adsorbent by virtue of their remarkable chemical properties and ion
exchange capacity (Frost et al. 2010). Clay is defined as phyllosilicate minerals
comprised mainly of two layers of tetrahedral silicate (Si2O6(OH)4) and one layer
of octahedral aluminium (Al2(OH)6) (Fig. 14.2) (Guggenheim and Martin 1995).
Based on their layer structure, clay is classified into two groups; 2:1, and 1:1 (Table
14.1). In 2:1 group, the clay has tetrahedral sheets of two silicon-oxygen sandwiched
between octahedral sheets of aluminium-oxygenhydroxyl. While the 1:1 group have

Fig. 14.2 Structure of clay (Williams and Haydel 2010)

Table 14.1 Classification of clay

Silicate layer
alignment

Morphology Example Chemical composition

1:1 (1 octahedral
and 1 tetrahedral
sheets)

Layer Kaolinite (Al2)(Si2)O5(OH4)

Tube Halloysite (Al2)(Si2)O5(OH4)0.2H2O

2:1 (2
tetrahedral and1
octahedral
sheets)

Layer Bentonite
montmorillonite

(Si12−xMx
3+)O30(OH)4(OH2)4·8H2O

Chain Palygorskite
sepiolite

(Si 8−xMx3+)O20(OH)2(OH2)4·4H2O
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different layers of tetrahedral and octahedral sheets of silica and aluminium, respec-
tively. These layers are further joined together by hydrogen bonds. The isomorphic
substitution among the ions of tetrahedral (Al3+ and Si4+) and octahedral sheets (Al3+

and Mg2+) make the clay surface negatively charged which allows them to adsorb
more cationic species (Shichi andTakagi 2000;Abu-Danso et al. 2020). The high ion-
exchange capacity of clay minerals was endowed by the presence of natural cations
(Ca2+, Na2+ and Mg2+) on the surface and interlayers of the clay that substantially
increased its pollutant removal efficiency (Bergaya and Lagaly 2006). However, on
hydration the interlayer space of clay decreases, that reduced the adsorption of large
compounds. Additionally, clay has less affinity towards organic contaminants and
have low surface area which limits its application during the remediation process
(Borisover et al. 2008; Unuabonah and Taubert 2014).

On the other side, the iron nanoparticles owing to their strong van der Waals
interaction and magnetic nature are prone to phenomena like oxidation and aggre-
gation that eventually reduces its reactivity. Researchers stated that incorporation of
an immobilizing agent or a supporting material to nZVI surface often increased the
reactivity and bring down the effect of agglomeration (Bhosale et al. 2019; Zhao et al.
2019a). Hence, the limitations of both clay and iron nanoparticles can be overcome
by synthesizing composite of clay-nZVI. The doping of metal nanoparticles with
clay becomes more conducive by the presence of functional fragments of the clay.
The metal particle intercalated with the clay will act as a “bridging agent” and thus
increasing the adsorption capacity and overall physical and chemical strength of the
hybrid composite (Zhang et al. 2020). The clay-nZVI nanocomposite is prepared
by the liquid-phase reduction method, where iron ions (FeSO4) were reduced by
sodium borohydride (NaBH4) in presence of clay mineral. In this method the clay-
nZVI nanocomposite was prepared by mixing salt of FeCl3 or FeSO4 to the clay
solution in a certain mass ratio (1:1, 4:1, and 2:1) and later dissolved in a 50 ml
solution. Afterwards, NaBH4 was added dropwise to the iron solution and stirred
continuously. The resultant black particles were washed continuously with absolute
ethyl alcohol to check further oxidation of nZVI (Weng et al. 2017).

14.5 Application of Clay-NZVI Nanocomposite

14.5.1 Adsorbent

Hybrid nanocomposite of clay-iron employed as an adsorbent for different organic
and inorganic compounds (Table 14.2). Chen et al. (2011), synthesized bentonite-iron
composite to degrade methyl orange dye from aqueous solution. They also compared
the removal efficiency of the synthesized composite to the bare nZVI and with raw
bentonite clay. It was found that clay-Fe0 composite has significantly removed 79%
of the dye, whereas bentonite and nZVI removes only 40% and 2% of the dye,
respectively. The methyl orange degradation follows adsorption, iron (Fe+2)-dye
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complexation, and later azo bond cleavage. Further, the potential of bentonite-Fe0

composite was determined by using it on the azo dye wastewater. Their findings
suggest that the presence of inorganic salts (Na2SO3) in the wastewater influenced
the dye removal efficiency, since the sulphate ions compete with the dye molecules
for the active sites at bentonite-Fe0 composite. Li et al. (2017), employed Hangjin-
2 clay to support nZVI particles for the degradation of methyl orange dye. It was
attributed that the negative charge on clay surface attract the positively charged dye
which concentrate the dye molecules from the aqueous solution to the composite
surface. Further the absorbed dye molecules were immediately reduced by the nZVI
particles. Apart from dyes, clay-iron nanocomposite was also applied for the removal
of pharmaceuticals. Weng et al. (2017) described the adsorptive removal of amoxi-
cillin by bentonite supported zero valent iron. Here also, the degradation mechanism
followed adsorption and reduction of amoxicillin molecules, with more than 90% of
removal efficiency. In their study, the reusability of the clay-iron adsorbent was also
determined, and the synthesized adsorbent found to be efficient for up to five cycles
of treatment. Kadhum et al. (2021), used silty clay to support Fe0 nanoparticles for
the adsorption of phenol. The highest removal efficiency was obtained as 90% in
acidic medium with dosing of 1 g L−1 of clay-iron composite. The supported clay
minerals not only reduce the agglomeration of iron nanoparticles but also increased
the dispersibility of the nZVI on the clay surface.

The effect of loading mass ratio of clay to the iron was also counted as a key
parameter that can affect the adsorption capacity. Zhang et al. (2019), studied the
effect of mass loading of attapulgite supported nZVI on the removal of chromium
from aqueous solution. Their study advocates that the lower attapulgite mass ratio
(2:1) results in higher adsorption capacity (266mg g−1) as compared to themass ratio
of 4:1 (150 mg g−1) and 8:1 (25 mg g−1). The higher mass of attapulgite clay could
block the surface-active sites for nZVI, thereby reducing the adsorption. Besides, the
change in mass ratio of clay also affect the solution pH which indicate the occur-
rence of redox reaction. Moreover, the reaction mechanism for chromium follows
an adsorption-reduction process, where the chromium ions (Cr+6) first adsorbed on
the clay surface and later reduced by Fe0. Further, the reaction mechanism was also
explainedby themwhich suggests thatAGT-nZVI synergistically removed chromium
through adsorption-reduction process.

In order to enhance the adsorption capacity and reactivity, the clay surface
has been modified via different physical and chemical methods. These methods
include thermal modification, acid activation, organic modifiers, and pillaring (Table
14.3) (Sarkar et al. 2019). Wu et al. (2019), availed the properties of organo-
montmorillonite-iron nanocomposite for persulfate activation to degrade sulfamet-
hazine in the advanced oxidation process. Persulfate activation via nZVI results in
the formation of SO−

4 ions which promote the degradation of sulfamethazine (antibi-
otic). The montmorillonite (MMT) clay was modified through a cationic surfactant
(cetyltrimethylammonium bromide) to increase the lamellar space of the clay which
eventually increased the adsorption capacity. The organo-modified clay-nZVI has
shown higher kinetic rate (0.33 min−1) than unmodified MMT-nZVI (0.22 min−1).
Zhao et al. (2019b), synthesized an amino functionalised vermiculite clay to support
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Table 14.3 Modification method for clay

Method Mechanism

Thermal Clay is calcined at 400–500 °C that redistribute the interlayer cations
modification and dehydroxylate the aluminium and silicon groups of the
clay

Acid Treatment Clay mineral is treated with acid (H2SO4 or HCl) to eliminate the
interlayer cation which opened the octahedral and tetrahedral layers of the
clay. This will increase the porosity and surface area of the clay

Organic modifiers Clay is modified by grafting organic molecules viz., surfactants, or
polymers to enhance the cation exchange capacity

Pillared clay Pillaring of clay minerals is a two-step process where at first the clay is
intercalated by a pillaring agent (Al, Fe, Co, Zr, Si and Mg) and then
calcined to form oxide pillared clay. The pillaring agents provide high
thermal stability, crystallinity, and adsorption ability to the clay

nZVI particles for chromium (Cr+6) removal. It was found in their study that amino
functionalised clay gets easily protonated (−NH+

3 ) in acidic condition and results in
higher removal efficiency (100%) for Cr+6 ions. The adsorbed Cr+6 reduced by Fe0

to Cr+3 and subsequently the Fe0 oxidized into Fe+2. A part of Fe+2 released into the
bulk solution also participate in the chromium reduction (Eq. 14.6–14.7) (Li et al.
2016b).

3Fe0 + 2HCrO−
4 + NH+

3 14H
+ → 2Cr3+ + 3Fe2+ + 8H2O (14.6)

3Fe2+ + 2HCrO−
4 + H+ → Cr3+ + 3Fe3+ + 4H2O (14.7)

14.5.2 Catalyst

The clay-nZVI nanocomposite utilized as a catalyst in various oxidation reaction to
eliminate toxic compounds (Table 14.4). Lin et al. (2017), used kaolinite supported
nZVI in Fenton-like reaction to degrade an azo dye Direct Black G and obtained
97% of removal efficiency in aqueous solution. The possible removal mechanism
followed the surface adsorption of Direct black-G dye on the composite surface,
then the nZVI breaks the azo bond (–N =N–) of the dye and formed the reduced by-
products of the DB-G. Furthermore, the Fe+2 ions formed by the reduction of nZVI
generated ●OH radicals which removed remaining by-products of the dye. Bao et al.
(2020a), described the degradation mechanism of bisphenol by using bentonite-Fe0

as catalyst in Fenton-like oxidation. The highest removal efficiency was achieved as
99–100% in acidic pH (<2) with H2O2 concentration of 0.7 ml. In acidic condition,
the surface of nZVI corroded and converted into Fe+2 ions. The generated Fe+2 now
react with the H2O2 and forms ●OH radicals. It was also found that the leaching of Fe
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was lower in case of B-Fe0 (4.38 mg L−1) as compared to bare nZVI (8.34 mg L−1).
Sarvanthi et al. (2019), employed green synthesized bentonite clay-iron composite
for the reduction of 4-nitrophenol by NaBH4 from aqueous solution. The catalytic
reduction of 4-nitrophenol follows diffusion and adsorption at the composite surface
and further reduction through electron transfer by borohydride ions (BH4) to 4-
nitrophenol. Clay-nZVI was also found to be effective in soil matrix. Sun et al.
(2021), used montmorillonite supported iron as a heterogenous catalyst in Fenton
reaction to degrade PCB67 (2,3′,4,5-tetrachlorobiphenyl) from soil. The operating
factors like pH, H2O2 dose, temperature and composite dosing affect the removal of
PCB67. The reaction was diffusion controlled having activation energy calculated as
21 kJ mol−1. The optimum removal was achieved as 78% at pH 3.5 within 80 min
of reaction time. The acidic medium favours the dissolution of zero valent iron to
soluble iron ions that substantially generate more ●OH radicals and increased the
degradation rate. Additionally, their findings suggests that the buffering capacity of
soil avert the formation of iron hydroxides which might reduce the scavenging of
●OH radicals. This allows the degradation of PCB67 in a wide pH range (at pH 7;
removal efficiency = 66%) in the soil system.

14.6 Conclusions and Future Prospectus

The expeditious growth in the industrial sector has created many environmental
issues including the problem of water pollution. The lack of proper drainage system,
wastewater treatment and informal discharge of waste into water bodies has made
the situation worse. Therefore, an efficient treatment method is essential to reme-
diate contaminated water. This book chapter elaborates the various aspects of clay
supported iron nanoparticles on the removal of persistent pollutants like dye, chlo-
rinated compounds, phenol, and pharmaceuticals. The clay-iron composite widely
applied as an adsorbent and catalyst in the treatment process. The excellent physico-
chemical properties of clay (ion exchange and swelling capacity), ease of synthesis,
economic feasibility and natural abundance makes them a reliable support material
for iron nanoparticles by controlling the rate of dispersion and agglomeration of the
nZVI. The adsorption-reduction mechanism prominently prevails in both adsorption
and catalytic oxidation process. Besides, factors like pH, and clay-iron mixing ratio,
significantly affect the rate of reaction for pollutant removal. Moreover, the surface
modified clay has shown high porosity and increased surface area as compared to
unmodified clay. However only few studies reported the working of clay-nZVI in
real environment (groundwater and wastewater) and therefore, application of this
hybrid nanocomposite should be explored at pilot scale level. Additionally, it is well
known that bare nZVI imparts toxic effects on organisms when reached into different
environmental matrix, so study on the clay-nZVI toxicity and iron leaching might
give more insight on the feasibility of such nanocomposite in environment.
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Chapter 15
Application of Plasma-Assisted Advanced
Oxidation Processes for Removal
of Emerging Contaminants in Water

Shaik Mahamad Allabakshi, P. S. N. S. R. Srikar, Reetesh Kumar Gangwar,
and Shihabudheen M. Maliyekkal

Abstract The increasing occurrence of contaminants such as pharmaceutically
active compounds, endocrine-disrupting compounds, nanomaterials, surfactants,
personal care products is an emerging concern in the water sector. Some of these
emerging contaminants are toxic to all life forms, are bio-resistant, and can sustain
after primary and secondary wastewater treatment. Conventional water treatment
processes are also ineffective in removing these compounds. Advanced oxidation is
a potential technique and can degrade and mineralize complex organic molecules.
Advanced oxidation processes (AOPs) rely on the in-situ generation of reactive chem-
ical species (RCS) such as hydroxyl radicals for degradation. Most of the RCS with
higher oxidizing potential is short-lived, and hence the effective production of these
compounds is crucial for this technology’s success. The plasma-mediated AOP is
an emerging technology superior to other conventional AOPs due to its ability to
generate RCS at a controlled rate without using chemical agents. Moreover, the
nonthermal plasma can also produce the RCS at controlled temperature and ambient
pressure and, therefore, very suitable for commercial-scale processing. The plasma
produces a cocktail of reactive species whose collective effect enhances the efficacy
of the process. However, before translating this technology to the commercial scale,
it is essential to make it affordable and energy-efficient. In this regard, significant
studies are being carried focusing on reactor design and its optimization. The chapter
reviews the recent developments in plasma-based reactors and their application in the
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degradation of emerging contaminants. The chapter also highlights the current chal-
lenges and prospects of plasma-based technology in treating emerging contaminants
and various operating parameters influencing the process.

Keywords Emerging contaminant · Plasma · Advanced oxidation · Reactors ·
Water treatment

15.1 Introduction

The decline in quality and quantity of fresh water is one of the most challenging
problems faced by humanity in the twenty-first century. If adequate measures are
not taken, these problems would aggravate in the coming decades and threaten the
sustenance of human life and the ecosystem. According to a recent WHO report, at
least 2 billion people lack access to clean water globally (WHO 2019). The United
Nations World Water Development Report (UN WWDR) projected that by 2050,
6 billion people would face freshwater scarcity globally (Boretti and Rosa 2019).
Further, the increasing use of chemicals in industrial processing, agriculture, and
other daily needs has polluted many freshwater resources and are unavailable for
direct use. The growing occurrence of new contaminants in the water is an emerging
concern in the water sector. Some of these contaminants of emerging concern (ECs)
are toxic to all life forms, are bio-resistant, flame retardants, and can sustain after
primary and secondarywastewater treatment. Inmany cases, traces of these pollutants
can pose serious health concerns (Rout et al. 2021). The widespread occurrence of
ECs in water and their chemical toxicity demands the development of effective,
efficient, and eco-friendly management and treatment strategies.

The NORMAN project, which enables the exchange of information and valida-
tion of ECs under the European Commission, has listed 1036 ECs by 2016 and is
further labelled into 30 classes based on their origin and type (Dey et al. 2019). The
ECs include pesticides, pharmaceutical active compounds (PhACs), disinfection by
products, personal care products (PCPs), food additives, artificial sweeteners, flame
retardants, endocrine-disrupting compounds (EDCs), nanomaterials, and surfactants
(Lin et al. 2020). These contaminants exhibit very different physical and chemical
properties, thus challenging to detect and remove from water. Many conventional
treatment methods such as coagulation and flocculation, filtration, membrane treat-
ment, and chlorination are ineffective in addressing ECs in water (Mondal et al.
2018). The high chemical usage and sludge production, biofouling, high energy
requirements, and/or difficulty in operation and maintenance further limit their use.
The frequent reports on the presence of ECs in treated water also support that the
conventional treatment techniques are ineffective and cannot guarantee complete
removal of ECs in water (Khetan and Collins 2007; Magureanu et al. 2015).

Advanced oxidation process (AOP) is a promising technique and can provide a
potential route to degrade and mineralize complex organic molecules. The process
relies on the in-situ generation of reactive chemical species (RCS) such as hydroxyl
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Fig. 15.1 The percentage number of articles published related to the application AOPs for the
degradation of ECs in water and wastewater. This chart is made based on the number of articles
published between 2000 and 2021 as per the scopus database

radicals, atomic oxygen, ozone, perhydroxyl radical, and hydrogen peroxide. These
RCS can degrade or mineralize the ECs into less toxic, simple, and treatable
compounds. Some existing AOPs include the Fenton and photo-Fenton processes,
photocatalysis, sonolysis, catalytic wet air oxidation processes, and combinations
thereof (Ribeiro et al. 2015). However, limitations like the addition of excess chem-
icals, catalyst regeneration, sludge generation, and low penetration efficiency of
UV photons, formation of toxic byproducts, the negative influence of water quality
parameters persist (Klamerth et al. 2010). Figure 15.1 summarizes the studies from
2000 to 2021 utilizing various AOPs to treat ECs in water.

Plasma-assisted AOP is an emerging technology that can simultaneously generate
a wide variety of short and long-lived RCS at a controlled rate in an ambient envi-
ronment. The technology also demonstrates good potential for commercial-scale
processing (Pankaj et al. 2018). The significant attraction lies in the ability of plasma
to produce a cocktail of reactive species without any additional chemical/catalyst
(Gorbanev et al. 2018). The collective effect of plasma-generated RCS enhances the
efficacy of the process.However, before translating this technology to the commercial
scale, it is essential to make it affordable and energy-efficient. Significant efforts are
being paid in this direction by developing novel reactors and hybridizing plasma tech-
nology with other approaches (Snoeckx and Bogaerts 2017). The following sections
will outline the recent development in plasma-based reactors and their application
in the degradation of ECs in water. The chapter will conclude by providing the
current challenges and prospects of plasma-based technology in treating emerging
contaminants.
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15.2 Emerging Contaminants in the Aquatic Environment:
Origin, Health Effects, Occurrence, Fate,
and Transport

The significant levels of ECs in the aquatic system have become a serious global
concern. They can enter the aquatic environment from the point or non-point
sources, including wastewater treatment plants (WWTP), agricultural activities,
surface runoff, air transportation and precipitation, adsorption onto soil, and sewage
biosolids. Inadequate information on interaction mechanisms and toxic effects of
ECs at sub-lethal concentrations pose a severe threat to environmental and public
health (Brausch and Rand 2011). A few examples of ECs detected in surface and
groundwater of different countries during 2010–2021 are shown in Table 15.1.

ECs like propranolol, ketoprofen, naproxen, E2, gemfibrozil, EE2, and ibuprofen
are susceptible to photolysis (Khetan and Collins 2007). Recent studies report
the occurrence of metabolites such as 3-hydroxycarbofuran, acephate, clethodim,
acetochlor ethane sulfonic acid, and acetochlor oxanilic acid in water bodies. These
metabolites are listed in contaminant candidate list 3 (Epa 2009). The human
body cannot absorb drugs completely, and a good portion of the drug is often
excreted with its metabolites. For instance, ibuprofen was found to be present
as a parent chemical (1%) in surface water along with some of its metabolites
like (+)-2–40-(2-carboxypropyl)-phenyl propionic acid (37%), (+)-2–4′-(2-hydroxy-
2-methylpropyl)-phenyl propionic acid (25%) and conjugated ibuprofen (14%)
(Kasprzyk-Hordern et al. 2008).Numerousmetabolites are generated throughvarious
biodegradation pathways, and their toxicity is not often studied. Sorption of ECs onto
dissolved organic matter is also responsible for the presence of ECs in an aqueous
medium (Petrie et al. 2015).

Globally, only limited studies are available on the toxicity of ECs on humans and
the environment. ECs like bisphenolA, organophosphate and brominated flame retar-
dants, perchlorate, phthalate, polycyclic siloxanes, and triclosan can adversely affect
human health (Covaci et al. 2012). Bisphenol A, a universal plasticizer, is responsible
for severe endocrine disorders in salivary glands, thyroid, andmen’s genetic systems.
Hormonal imbalance due to bisphenol A can lead to cancer (Bolong et al. 2009).
Musk compound like xylol can indirectly affect the human tissues and leads to brain
damage (Bolong et al. 2009; Lei et al. 2015). Prolonged exposure to herbicides like
atrazine destroys adrenal glands and impairs steroid hormone metabolism (Debnath
et al. 2019). About 70% increase in streptomycin, penicillin and tetracycline-resistant
bacteria was identified in a dairy farm’s soil manure (Qiao et al. 2011). Intake of
phthalates leads to increased insulin resistance, abdominal obesity, and neurobehav-
ioral disorder (Dewalque et al. 2014). EDCs like nonylphenol can cause feminization
of aquatic organisms and hinder the hormonal system (Saidulu et al. 2021). Analysis
of metabolites, in-depth survey of ECs existence, toxicology studies, risk assess-
ment, mitigation measures, and awareness in public is required to plan appropriate
mitigative measures and reduce the health impacts from ECs (Fig. 15.2).
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Fig. 15.2 Summary of effects of emerging contaminants on human health. The image is adapted
with modifications from Rathi et al. (2021) with the permission from Elsevier

15.3 Advanced Oxidation Process for Removal of ECs
in Water

Owing to the widespread occurrence and possible toxic effects on humans and other
living organisms, removing ECs from water is imperative. However, most conven-
tional treatment technologies are ineffective in removing ECs due to their complex
nature and various physicochemical properties. Even popular technologies such as
adsorption and membrane filtration are not attractive due to ECs complex nature
and generation of contaminated sludge. In this context, developing more reliable
and effective technologies is the need of the hour. The recent advancement in AOP
promises a potential treatment option for removing ECs in water. The AOP can
degrade and mineralize the ECs to simple carbon dioxide, water, and inorganic acids
or ions. The technique utilizes ROS like hydroxyl radicals (•OH), hydrogen peroxide
(H2O2), ozone (O3), nascent oxygen (•O), and hydroperoxyl (•HO2) for degradation.
Among these, the •OH is the most reactive radical with an oxidation potential of
2.8 V. The highlights of its properties are shown in Fig. 15.3 (Brillas et al. 2009).

Most of the higher oxidizing potential radicals are short-lived; therefore, in-situ
production of RCS is a prime requirement for efficient processing. Many AOPs
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Fig. 15.3 Crucial properties
of hydroxyl radicals
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such as the Fenton process, heterogeneous photocatalysis, sonolysis, and ozona-
tion along with hybridized techniques such as O3/photo-Fenton process, O3/UV,
O3/H2O2, UV/H2O2, catalytic ozonation, plasma treatment, and O3/UV/H2O2 are
developed. A description of pathways of radical production in these processes is
shown in Table 15.2.

Though AOPs are promising, the radical generation pathway, water matrices,
and experimental conditions significantly influence the degradation/mineralization
of ECs. Despite higher oxidation potential, low mineralization values are reported
depending on the persistence of the pollutant. For example, Zhao et al. achieved
complete degradation of 2.5 μM indomethacin with ozone dosage of 2–35 mg/L in
7 min (Zhao et al. 2017). However, only 50%mineralization was achieved even after
extending the treatment to 30 min. Similarly, 0.38 mM of propranolol was degraded
entirely in 8 min using the ozone dosage of 0.47 mM. Still, the total organic carbon
(TOC) value remained close to 5% even after 60 min exposure with ozone dosages
of 3.54 mM (Dantas et al. 2011). Even though ozonation is a proven technique, the
limitations like inefficientmass transfer and the formation of secondary intermediates
restrict operational capability (Shin et al. 1999). The presence of organic matter in
WWTP effluent or surface waters can significantly demand higher ozone dosage and
reduce the process efficacy (Almomani et al. 2016).

Fenton and photo-Fenton are extensively studied AOPs. Though the process is
promising, large chemical requirements, the generation of chemical sludge, and the
high sensitivity of the process are major concerns (Diya’uddeen and Daud 2012).
Photocatalysis is also a promising AOPs suitable for removing complex organic
molecules in water. However, catalyst fouling, slow rate of degradation, and low
penetration of UV photons are some of the disadvantages of photocatalysis despite
the less operational cost. The plasma-assisted AOP is an emerging approach that can
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Table 15.2 Chemical pathways showing the radical production in various AOPs. This is adapted
with modification from Salimi et al. (2017)

Process Reaction References

H2O2/O3 H2O2 � H+ + HO2
− Gligorovski et al. (2018)

HO2
− + O3 → •OH + O2 +

O2
•−

H2O2/UV H2O2 + h ν→2•OH Cruz et al. (2013)

UV/H2O2/O3 O3 + OH− → •OH Joseph et al. (2009)

3O3 + h ν → 2•OH

H2O2 + h ν → 2•OH

H2O2 + O3 → 2•OH

H2O2 + O3 + h ν → •OH

Fenton Fe2+ + H2O2 → Fe3+ + HO− +
•HO

Asghar et al. (2015)

Ultra sound (US) H2O + US → •OH + OH− Sathishkumar et al. (2016)

H2O + US → (1/2)H2 +
(1/2)H2O2

Ultra sound/Fenton Fe2+ + H2O2 → Fe3+ + HO− +
•HO

Bagal and Gogate (2014)

H2O2 + Fe3+ → Fe−OOH2+ +
H+

Fe−OOH2+ + US → Fe2+ +
•HOO

Fe2+ + •HOO → Fe2+ + H+ +
O2

Fe2+ + H2O2 → Fe3+ + HO− +
•HO

US/advanced Fenton Fe0 + 2H+ → Fe2+ + H2 Bagal and Gogate (2014)

Fe2+ + H2O2 → Fe3+ + HO− +
•HO

H2O2 + US → 2•HO

H2O2 + •HO → H2O + •HO2

Fe3+ + H2O2 → Fe(OOH)2+ +
H+

Fe(OOH)2+ + US → Fe2+ +
•HO2

Fe0 + 2Fe3+ → 3Fe2+

Fe3+ + HO2
• → Fe2+ + H+ + O2

Sono-Fenton Fe3+ + H2O2 → Fe2+ + •OOH
+ H+

Dindarsafa et al. (2017)

Fe2+ + H2O2 → Fe3+ + •OH +
H−

(continued)
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Table 15.2 (continued)

Process Reaction References

H2O + US → •OH + •H

•OH + •OH → H2O2

Photocatalysis TiO2 → hνe− + H+ Mahamuni and Adewuyi (2010)

TiO2(H+) + H2Oad → TiO2 +
•HOad + H+

TiO2(H+) + H Oad → TiO2 +
•OHad

TiO2(H+) + RXad → TiO2 +
RX•+

ad

Plasma H2O + e− → •OH + H• + e− Itikawa and Mason (2005)

H2O + e− → 2e− + H2O+

H2O+ + H2O → •OH + H3O+

•OH + •OH → H2O2

•OH + H2O2 → H2O + •HO2

offer an efficient and eco-friendly way to degrade and mineralize ECs in a relatively
lower treatment time. The plasma-assisted AOP can produce short and long-lived
RCS simultaneously, and its combined effect can significantly enhance the efficacy
of the process (Nippatla and Philip 2019). The plasma can also be nonthermal and
can produce RCS at ambient pressure, which is very suitable for commercial-scale
processing. It can also eliminate the use of any additional precursor for the generation
of RCS. The following section discusses the plasma-assisted AOP technique in detail
and the recent studies on the degradation of emerging contaminants. The current chal-
lenges and prospects of plasma-based technology in treating emerging contaminants
and various operating parameters influencing the process are also discussed.

15.4 Introduction to Plasma

As shown in Fig. 15.4, the phase transition from the solid-state to the gaseous state of
matter can occur by increasing the system’s internal energy. The addition of energy
in the gaseous system enhances inelastic collisions that can prompt ionization and
dissociation processes. Under appropriate conditions, this shall lead to the transition
from the gaseous phase to the plasma, often referred to as the fourth state of matter.
For the first time (1928), the “Plasma” (“mouldable substance” or “jelly” in Greek)
(Fridman 2008) termwas coined bywell-known chemist Irving Langmuir to describe
the ionized gas system, which is macroscopically neutral and exhibits collective
behaviour. All ionized systems cannot be classified as plasma, and the plasma state
must fulfil a set of criteria to ensure bulk quasi properties. One of the most exciting
properties of plasma is bulk quasi neutrality. In simple terms, quasi neutrality means
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Fig. 15.4 Phase transition diagram highlighting the various states of the matter and underlying
processes

that the density of negatively charged species is equal to the density of positively
charged species. To achieve quasi neutrality, the smallest dimension (L) defining the
volume occupied by the plasma should be much larger than the Debye length (λd),
i.e. (L� λd). The plasma is a collection of charged particles. Therefore, the effective
potential due to charge inside plasma at a point is screened Coulomb potential. This
screening can be parameterized through the Debye length. The self-screening effect
of plasma limits the influence of any given charge particle within the Debye sphere (a
sphere with a radius λd) and allows quasi neutrality in bulk plasma. The λd depends
on species temperature and density and can be expressed in Eq. 15.1 (Mozetiˇc et al.
2019).

λd =
√

ε0kBTe
e2ne

(15.1)

For further details of basic properties, the readers are requested to refer the
standard textbooks on introduction to plasma (Fridman 2008; Chen 2003). The
plasma state can be characterized through some basic plasma parameters associ-
ated with the temperature and density of plasma constituents. Since the electron-
induced kinetics is dominant in low-temperature plasma (LTP), the electron temper-
ature (Te) and electron density (ne) are crucial plasma parameters. Another key
parameter is the gas temperature to ensure the non-thermal nature of the plasma
during processing. However, the most exciting feature of the plasma state is that it
provides an environment where electrons, positive ions, photons, reactive species
(excited molecules and atoms), and radicals can coexist simultaneously. This makes
plasma a very suitable candidate for a wide range of applications, including material
deposition, etching, surface modification, waste management, material processing,
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plasma cutting, plasma spraying, biomedical, energy, etc. (Samukawa et al. 2012).
A more detailed discussion on various plasma applications is available elsewhere,
and this chapter provides the application of plasma for the degradation of emerging
contaminants in water.

15.4.1 Classification and Definition of Plasma

Plasma can be classified based on the fundamental plasma parameter related to the
temperature (or average energy) of species such as ions, neutrals, and electrons. If the
average thermal energy of ions (Ti), neutrals (Tg), and electrons (Te) are of a similar
order, then they can be classified as hot plasmas (HP). The stars and plasma generated
in fusion reactors come under HP. Most laboratory plasmas fall in the LTP category,
where electron temperature is higher than other heavy mass species’ temperatures.
The LTPs significantly deviate from equilibrium nature and can also be sustained at
ambient pressure and temperature. In few cases where the electron density is very
high such as welding or laser-induced plasmas, Local Thermal Equilibrium (LTE)
may exist (Mal 2019; Rezaei et al. 2020). Further, in some plasmas, such as surface
wave discharges or rotating gliding arcs, the partial local thermal equilibrium may
also exist for higher-lying levels due to lower energy spacing (Ananthanarasimhan
et al. 2021). Table 15.3 presents the classification of the plasmas commonly described
in the literature (Fridman 2008; Yuri et al. 1997).

In recent years, the application domain of non-thermal plasma (NTP) assisted
processing is significantly increasing. The major attraction lies in its ability to
generate reactive species (ions, metastable, radicals, neutrals) at a relatively lower
temperature and often close to room temperature (Shashurin et al. 2008). The gener-
ation of such plasmas is challenging as the operating condition are relatively very
limited. However, over the years, various schemes to sustain the NTP are proposed.

Table 15.3 The classification of plasma-based on the temperature of its constituents. The
information is adapted with modification from Lee et al. (2017)

Low-temperature High-temperature

Non-thermal plasmas Thermal plasmas

Species temperature
(Tx)

Ti, Tg � Te,
Tg �500 K

Ti≈ Tg ≈ Te

Tg < 105 K
Ti≈ Tg ≈ Te

Tg � 105 K

Species densities (ne) ≈1020/m3 >1020/m3 >1020/m3

Classification Non- thermal plasma
(NTP)

Local thermal
equilibrium (LTE)

Thermal equilibrium

Examples DBD’s, Corona plasma,
glow discharge

Arc torch,
laser-induced
plasma

Stars, fusion reactors
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The following section will overview this NTP generation scheme for water treatment
application.

15.4.2 Brief Note of Nonthermal Plasma/Discharges

The critical factor in sustaining the NTP is to limit the collisions between low mass
(electron) and heavy mass (ion, neutral) species (Foster 2017). The mass difference
leads to different mobilities, and plasma can simultaneously attain different equi-
librium temperatures for other mass species. It is worth mentioning that this non-
equilibrium regime is susceptible to plasma environment and operating conditions.
Therefore, for water treatment application one needs to design the plasma genera-
tion scheme carefully so that plasma water interaction (direct or indirect) does not
disturb the nonthermal characteristics of the plasma. Typically, a high voltage signal
is applied between the two electrodes. When the voltage reaches above the inter-
medium breakdown potential, an avalanche of electrons is being produced in the
form of streamers. Once the streamers are generated, there are high chances of the
thermal runaway due to the electric field application for long durations; this leads
to the transition of non-thermal to the thermal regime. Here, the collision frequency
of electron-neutral/ion increases and causes gas heating phenomena (Foster 2017;
Wang et al. 2013). Thus, through such collisions, a gradual merge can be observed
in the electron and gas/ion temperatures. To avoid the transition from non-thermal
to thermal plasma or from streamer to arc discharge transition, one can employ a
variety of techniques: (1) use of dielectric barriers, (2) shot pulse voltage signal,
(3) gas composition, (4) flow rate, (5) variation in frequency, etc. (Bruggeman et al.
2016; Vanraes and Bogaerts 2018).

Over the years, numerous plasma reactors for water treatment applications were
reported. Therefore, the classification of these reactors is challenging (Vanraes and
Bogaerts 2018). Various criteria can be used to classify these plasmas. For example,
based on typical current–voltage characteristics, these plasmas can be classified into
three discharge regimes viz. Townsend, glow, and arc discharges (Yuri et al. 1997).
Similarly, one can also classify these plasmas based on the applied signal such as DC,
low frequency (kHz range), radiofrequency (MHz range), microwave (GHz range),
or pulsed wave discharges. In context to plasma water treatment application, the
most popular way is to classify the plasma based on the plasma interaction with
the water surfaces. In this approach, the plasma can be divide into three categories:
(1) Direct (discharge inside the water), (2) Indirect (discharge at the surface of the
water without contact), and (3) Hybrid (multi-phase) discharges (Bruggeman et al.
2016). Most of the plasmas employed for the AOP process in water treatment are
non-equilibrium discharges that are sustained at high-pressure conditions. Therefore,
the present discussion will be limited to such discharge.

In the direct discharge or liquid-phase discharge, the discharge is sustained inside
the water. To maintain such discharge, a very high electric field of the order of
~1000 kV/cm is applied between the electrodes. The liquid-phase discharges are
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Fig. 15.5 Illustration of different reactors based on plasma water interactions: a, b direct discharge
(liquid phase discharge); c, d indirect discharge (gas phase discharge); e, f hybrid discharge (multi-
phase discharge). The image is adapted with modifications from Vanraes et al. (2016) (open source
subjected to creative common attribution 3.0 license)

energy-intensive, and to limit the heating and electrode erosion, the short pulses of
micro-second order are applied. As shown schematically through Fig. 15.5 (a), (b),
the pin-to-pin and pin-to-plate are themost common schemes to generate liquid phase
discharges. The discharge is highly transient and often comes under the steamer or
corona discharge category. Compare to other classes, the electron density in liquid-
phase discharge is at least 5 to 6 orders (1024–1026/m3) higher and also produces 3 to
4 times higher radical density (~1024 m−3 s for OH radical) (Bruggeman et al. 2016;
Locke and Thagard 2012).

In the indirect or gas-phase discharge, the discharge is sustained in contact with
water. As shown schematically in Fig. 15.5 (c), (d), the discharge is often created
between the electrode plate and water surface or remotely generated above the
water surface without direct contact. Normally for water treatment applications, the
employed gas-phase discharges are based on dielectric barrier discharge concepts.
However, spark or corona discharges can also be operated using pin-water electrode
configuration. In recent years, remote discharges such as the atmospheric pressure
plasma jets (APPJs) and surface dielectric barrier discharge are becoming popular
choices because the discharge characteristics are independent of the properties of the
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treated water sample. The gas-phase discharge can be sustained by a wide range of
high voltage signals ranging from DC, kHz, MHz to GHz frequencies (Foest et al.
2005). Compare to liquid-phase discharges, the gas phase discharges consume low
power. Consequently, the electron density is of the order of 1018–1021 m−3 and the
radical density of the order of 1019–1023 m−3 s (Bobkova et al. 2014; Wang et al.
2021a).

In the hybrid or multi-phase discharge category, the widely used approach is to
sustain the discharge in the dispersed gas (Bubbles) inside the liquid. The water
treatment can also be achieved by dispersing the water droplets (aerosols) in the
gas phase plasmas. The schematic representation of both the approaches is shown
in Fig. 15.5 (e), (f). The discharge is formed inside the bubbles by creating a suffi-
ciently high electric field gradient around the bubbles. The studies reported that the
discharge could sustain for ~100 ps before the bubble breaks off. The discharge is
of steamer type and initiated at the bubble water interface. The electron density in
hybrid discharges is reported as high as 1022 cm−3 (Bruggeman et al. 2010). The
reactive species are mainly being produced in gas-phase in both hybrid as well as
indirect discharges. One of the major advantages of the hybrid discharge approach is
that reactive species are immediately dispersed in the water. The highest oxidizing
potential species such as OH radicals are short-lived, and therefore the immediate
dispersion can significantly enhance the efficacy of water treatment process.

It is worth mentioning that only brief details of the reactors and underlying
discharge mechanism are given here and for further information, the readers are
direct to published articles (Bruggeman et al. 2016; Vanraes and Bogaerts 2018). In
fact, over the years, hundreds of geometries under the categories mentioned above
are reported to address the engineering aspect as well as to improve performance
(Samukawa et al. 2012; Vanraes et al. 2016).

15.4.3 Plasma Induced Reactive Species

The advanced oxidation process is achieved by the plasma water interaction, which
is the source of the generation of various reactive chemical species (RCS). One of
the significant advantages is that the RCS generation does not require any addi-
tional consumables. Figure 15.6 schematically shows the generation of RCS through
plasma-water interactions (Samukawa et al. 2012). The RCS generated immediately
after collision with electrons from the plasma is called primary species. Electrons
(e−), excited neutrals (M*), ion (M+), neutrals (M), radicals (•OH, N, O), UV photon,
etc. are primary species produced in plasma-gas phase interaction. These species
usually have less lifetime. For example, the lifetimes of OH radicals, NO, and O2*
are 2.7 μs ~1.2 μs, 1.4 μs, and ~1.3 μs respectively (Attri et al. 2015). However,
due to higher reactivity rates, these species get quickly consumed, and secondary
species are formed such as H2O2, NO2, NO3, and O3. The secondary species have
relatively long lifetimes and are dissolved in water media. The secondary species
radicals further oxides to form tertiary species such as O3, H2O2, NO3 that can last
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Fig. 15.6 Schematic representation of the formation of reactive chemical species through plasma-
water interactions. The image is adapted with modifications from Barjasteh et al. (2021)

up to several days (Kondeti et al. 2018). The RCS generated through plasma water
interaction either in gas-phase or inside liquid can broadly be classified into reactive
oxygen species (ROS) and reactive nitrogen species (RNS). Sometimes both classes
can simultaneously be referred to as reactive nitrogen and oxygen species (RONS).

15.4.3.1 Reactive Oxygen Species

Diatomic oxygen (O2) contains two unpaired electrons in the valance shell, limiting
its scope to react and degrade ECs inwater. An electron or energy transfer process can
convert O2 into ROS, atoms or molecules with at least one unpaired electron. These
include both radicals and non-radical such as hydroxyl radical (•OH), hydrogen
peroxide (H2O2), singlet oxygen (1O2), superoxide anion (•O2

−) and ozone (O3).
(Nosaka and Nosaka 2017). Figure 15.7 represents an overview of various possible
reaction routes for ROS production during the plasma-assisted advanced oxidation
process. A few of the significant ROS species are discussed below.

Hydroxyl radical (•OH): Hydroxyl radicals are the most potent ROS with the
oxidation potential value of 2.8 V, which is only next to the oxidation potential of
fluorine (3.03 V). The high oxidising potential and short lifetime (~1 ns) allow OH
radicals to react with most organic molecules, including ECs in water and degrade
them. In the plasma-mediated treatment of water, the OH radicals are produced by
the interaction of high energetic plasma electrons with water molecules by dissoci-
ating them into •OH and H• and relatively less energetic secondary electrons. Ozone
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Fig. 15.7 Overview of the mechanisms of RCS production during plasma assisted advanced
oxidation process. Reprinted from Mitra et al. (2019)

generated during the plasma process can react with water molecules and produces
diatomic oxygen and OH radicals. Plasma also produces UV light along with a
variety of RCS. This UV light lies in VUV to UV region and break H2O2 into two
OH radicals (Mitra et al. 2019).

H2O + e− → •OH + •H + e− (15.2)

3O3 + H2O → 2 • OH + 4O2− (15.3)

H2O2 + hν → 2 • OH (15.4)

Superoxide anion (•O2
−): The monovalent reduction of diatomic oxygen (O2)

by electron impact ionisation produces a superoxide anion (•O2
−). It is one of the

few molecules among the ROS that are considered radical and anion with low reac-
tivity. Due to its unstable nature and low reactivity, it quickly disintegrates into two
weak potential reactive species, namely oxygen and hydroperoxide anion (HO2

−),
as shown below (Hayyan et al. 2016).

O2 + e− → •O2− (15.5)

2 •O2 + H2O2 → O2 + HO−
2 + OH− (15.6)
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Singlet oxygen (1O2): Singlet oxygen is not radical but highly reactive. It is usually
formed when the two unpaired valance electrons attain anti-parallel spin and occupy
the sameorbital. It is thefirst excited state of diatomic oxygen (O2), and the removal of
spin restriction makes it a powerful enough oxidant. Singlet oxygen is thus capable
of reacting with electrons of all spin orientations, unlike molecular oxygen. The
primary source of 1O2 is the photoexcitation process (Wu et al. 2011).

Hydrogen peroxide (H2O2): Hydrogen peroxide (1.75 V) is a potent oxidizing
agent in removing ECs in water. The relatively high solubility and stability help it
participate in reactionswithmolecules distant from the point of their origin. Its ability
to reproduce OH radicals upon reacting with photons make it suitable to degrade a
wide range of contaminants (Kehrer et al. 2010). The hydrogen peroxide is typically
formed in aqueous media subjected to plasma treatment is by the recombination
of OH radicals as per the reaction. They can also form when plasma is produced
from gases containing O and H2, but the route is perilous as both the reactants
are highly combustible. When plasma is in direct contact with water, it can entail
hydrogen peroxide by the relatively less probable reaction mechanism, as shown
below (Nosaka and Nosaka 2017).

•OH + •OH → H2O2 (15.7)

H2 + O2 → H2O2 (15.8)

•OH + H2O
∗ → H2O2 + H (15.9)

H2O2 + hν → •OH + •OH (15.10)

Ozone (O3): Ozone (2.07 V) is a powerful oxidising agent extensively employed
in water and wastewater treatment. Ozone is produced through a three-body recom-
bination mechanism where the atomic oxygen is reacted with the diatomic oxygen
in the presence of a third colliding body produces ozone, where the electron-O2

collisions produce the atomic oxygen (Zangouei and Haynes 2019).

O + O2 + M → O3 (15.11)

15.4.3.2 Types of Reactive Nitrogen Species

Nitrogen molecules have numerous excited states and metastable states, which often
leads to many interactions with the liquid media. As a result, it is not easy to under-
stand the mechanism of nitrogen plasmas or plasmas produced with ambient air.
Nitrogen subjected to excitation has high vibrational energies ranging from a few
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100–1000Kand less rotational energies lying around room temperature. This distinc-
tive characteristic results from the low probability for collisions between neutral-
vibrationally excited N2 molecules. As the dissociation energies lie well below the
excitation energy of N2, the collision between these exited atoms leads to ioniza-
tion, resulting in the formation of positive ions and electrons inside the plasma. Due
to the richness in exited states and metastable stable states, nitrogen species are
formed with oxygen available in ambient air or liquid media. One explanation for
this phenomenon is that the dissociation energy of water molecules and oxygen lies
par below some nitrogen species’ excitation energy (Bradu et al. 2020).

Nitric oxide (•NO):During the gas phase discharge of N2 in the presence of O2 or
ambient air, theRNS reactswithROSand leads to the formation of nitric oxide,which
is one of the prominent secondary species of nitrogen (Tian and Kushner 2014).The
key mechanisms through which •NO produced are given in Eqs. (15.12)–(15.16).

N2 + •O → •NO + •N (15.12)

•N + •O + M → •NO + M (15.13)

•N + O2 → •NO + •O (15.14)

•N + •OH → •NO + H (15.15)

•N + O3 → •NO + O2 (15.16)

Nitrogen dioxide (•NO2): In oxygen-rich plasmas, nitric oxide produced can
interact with species that can donate oxygen or O-donors such as •OH, •O and
O3 to produce nitrogen radicals. In dry gases, the ozone plays a significant role in
nitrogen dioxide formation, whereas in humid gases, it is substantially less (Chen
andDavidson 2002; Chen andWang 2005). The possible chemical pathways of •NO2

formation are:

•NO + •O + M → •NO−
2 + M (15.17)

•NO + O3 → •NO2 + O2 (15.18)

•NO + •HO2 → •NO2 + •OH (15.19)

•NO + O2 → •NO2 + O (15.20)

Nitrous and nitric acids (HNO2, HNO3): Discharges happening during the humid
air or N2/O2 mixtures form nitric and nitrous acids through the following reactions
(Tas et al. 1997; Chase and Hunt 2002)
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•NO + •OH + M → HNO2 + M (15.21)

•NO + •HO2 + M → HNO3 + M (15.22)

•NO2 + •OH + M → HNO3 + M (15.23)

N2O5 + H2O → 2HNO (15.24)

Nitrogen species in aqueous media: Alongside the humid air, the interaction
of plasmas formed in nitrogen-rich environments can also produce RNS in the
liquid–gas phase and inside the liquid phase. The most dominating ones are the
nitrogen oxy, and per-oxy molecules, nitric acids, nitrites and nitrates are formed
from the interaction of water molecules and oxygen radicals such as •OH, •O with
the dissolved nitrogen oxides produced in gas phase interactions (Bruggeman et al.
2008; Parvulescu et al. 2012).The interaction of nitrogen dioxide (•NO2) species
with oxygen radicals such as •OH forms the nitric acid in aqueous media similar to
the reaction in the gas phase. Peroxy-nitrous acid can be formed by the interaction of
•NO2 with H2O. Hydrogen peroxide and several other ROS can also produce peroxy-
nitrous acid by reacting with nitrites, nitrogen dioxide and nitric oxide, which are
listed below (Tian and Kushner 2014).

•NO2 (aq) + H2O → NO2−(aq) + NO3−(aq) + 2H+ (15.25)

•NO2(aq) + •NO(aq) + H2O → 2NO2−(aq) + 2H+
(aq) (15.26)

•NO3(aq) + •HO2(aq) → NO3−(aq) + O2(aq) + H+
(aq) (15.27)

•NO2(aq) + •OH(aq) → HNO3(aq) (15.28)

•NO2(aq) + •OH(aq) → ONOOH(aq) (15.29)

•NO(aq) + •HO2 (aq) → ONOOH(aq) (15.30)

•NO(aq) + •O2−(aq) → ONOO−
(aq) (15.31)
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15.4.4 Quantification of Reactive Chemical Species

The quantification of whole range of RCS is a challenging task due to uncertainty
in formation pathways of these chemical species. So, the quantification of the radi-
cals like •OH, 1O2, H2O2, and O3 through well-known characterisation methods is
discussed briefly in the following section.

15.4.4.1 Quantification of OH Radicals

Direct measurement of OH radicals in an aqueous solution is difficult due to its low
concentrations and short lifetime. One must rely on relatively more straightforward
methods, like the chemical probe method, to quantify the OH radicals. Among all the
available techniques, sodium terephthalate asOH radical probe hasmany advantages.
Its symmetric structure forms only a single ring compound, 2- hydroxy terephthalic
acid, upon interaction with OH radical, as given in Fig. 15.8. In addition to this, it
has low limits of detection, typically 2 nM and strongly fluorescent (Gonzalez et al.
2018; Tampieri et al. 2021).

Another popular technique used to detect the presence of OH radicals is Electron
Spin Resonance (ESR). It is a conventional spin trapping method for which DMPO
(5,5-dimethyl-1-pyrroline N-oxide) is used as a spin trapping compound. During
the plasma treatment of water, the OH radicals react with DMPO to form stable
DMPO-OH radicals and can be detected by ESR spectroscopy (Dvoranová et al.
2014).

•OH

Terephthalic Acid 2- Hydroxy Terephthalic Acid

Fig. 15.8 Formation of 2-Hydroxy terephthalic acid from terephthalic acid
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15.4.4.2 Quantification of H2O2

Hydrogen peroxide is typically quantified by a colorimetricmethod using an aqueous
titanium reagent solution as an indicator. Metal complexes are formed in acidic
solution, resulting in the formation of pale-yellow solution whose absorbance can be
measured using a UV–Visible spectrophotometer at 410 nm (Eisenberg 1943).

Ti4+ + H2O2 + 2H2O → H2TiO4(perititanic acid) + 4H+ (15.32)

With titanium-oxy-sulphate solution as a colorimetric probe, other probes such as
N, N-diethyl-p-phenylenediamine (DPD) method are based on the oxidation of DPD
on reacting with H2O2 catalysed using horseradish peroxidase. The reactant DPD
generated during the reaction can form long-lasting colour and exhibit an absorption
peak at 551 nm (Wu et al. 1999).

15.4.4.3 Quantification of (1O2)

Sterically hindered cyclic amines such as 4-hydroxy-2,2,6,6- tetramethylpiperidine
(HTMP) generate 1-oxyl radical by reacting with singlet oxygen. The reaction
produces stable compounds such as 4-hydroxy-2,2,6,6-tetramethylpiperidine 1-oxyl,
also called nitroxide radical. The chemical reaction is shown below. This can be
detected using ESR spectroscopy (Dimitrijevic et al. 2009; Brezová et al. 2005)
(Fig. 15.9).

Fig. 15.9 Formation of
TEMPOL from HTMP

1O
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15.4.4.4 Quantification of O3

In recent years a rapid detection method for the ozone based on N-diethy1-
1,4-phenylen-ediammonium sulphate coupled with spectrophotometry is proposed.
When ozone reacts with potassium iodide in a buffered solution (pH 3.35) iodine
is formed. This iodine would undergo a reaction with DPD reagent and produces
a characteristic pink colour which gives an absorption peak at 510 nm (Song et al.
2000).

O3 + 2I− + 2H+ → O2 + I2 + H2O (15.33)

15.5 Plasma Assisted Degradation Process for ECs

The past decade has witnessed several works from the scientific community to
enhance plasmas efficiency, especially NTP, for removing ECs in water. Phenols,
azo dyes, pharmaceutical compounds, and pesticides have dominated this spectrum
primarily due to their extensive usage in household and commercial purposes.Knowl-
edge of plasma operating parameters like input voltage, electrode distance, flow rate,
gas composition, reactor geometry, and type of discharge is essential. The water
quality parameters such as pH, conductivity, concentration of organic contaminants,
and background ions can also affect the process. The effect of these parameters on
the plasma process is discussed in the following subsections.

15.5.1 Effect of Initial Pollutant Concentration

The influence of initial pollutant concentration on degradation kinetics is system-
atically studied. It is found that the rate of reaction increases with an increase in
initial pollutant concentration but fails to keep up when the concentration further
increased. The observed decrease in the rate constant at higher pollutant concentra-
tions is attributed to the limited generation of RCS. Wang et al. studied the effect
of triclocarban (TCC) concentration on the degradation efficiency in a DBD reactor.
They observed a significant improvement in reaction rate when the pollutant concen-
tration is varied from2 to 7mg/L.However, the increase in TCC above 7mg/L did not
keep up the trend (Wang et al. 2016). A similar study was performed on Rhodamine
B (RhB) solution by Panomsuwan et al. by changing the initial concentration from
1 to 15 mg/L. The first-order kinetic model fits well for the lower concentrations
than the higher concentrations (Panomsuwan et al. 2016). The data reveals that there
is much competition between dye molecules and their byproducts at higher pollu-
tant concentrations to react with available RCS, which leads to the deviation of the
first-order kinetics model.
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15.5.2 Effect of pH

pH is one of the critical factors that decide the efficiency of the plasma degrada-
tion process. Previous studies report a proportional relationship between the pH of
the sample and the decomposition rate (Reddy et al. 2013). We can explain this
phenomenon based on the change in OH radicals’ production when medium pH
changes from alkaline to acidic. In an alkaline medium, ozone decomposes to form
more powerful OH radicals because of the favorable presence of OH− ions, as shown
in the equations below (Peleg 1976).

O3 + H2O → HO+
3 + OH− (15.34)

HO+
3 + OH− → 2H2O (15.35)

3O3 + H2O → 2 •OH + 4O2 (15.36)

In alkaline conditions, the ozone can be further reacted with water to form a
superoxide ion and the recombination of OH radicals to form hydrogen peroxide.
In acidic media ozone participates in degradation process more actively compared
to basic medium because of relatively higher oxidation potential ranging from 1.4
to 2.8 V. Chen et al. have studied the influence of pH on methylene blue (MB)
degradation (Chen et al. 2019). They reported that the shorted lived species have
limited penetration inside the water; the long-lived species performed better under
acidic conditions. OH radicals dominate the higher pH, but the degradation efficiency
is suffered from the recombination of OH radicals to form peroxides. Although
the initial pH is high while the experiment is initiated, due to the presence of N2,
O2 in feeder gas produces secondary and tertiary species like HNO2, HNO3 along
with peroxy-nitrous acid, which results in the reduction of pH values as low as 2.
Peroxy-nitrous acid is a powerful oxidant and very unstable in acidic conditions, thus
enhances the degradation of MB.

Ghodbane et al. reported that in acidic conditions, increased efficiency of AB25
dye is due to the protonation of SO3

− results in increased hydrophobic character of the
dye molecules, which leads to the greater reactivity with reactive species generating
higher degradation rates (Ghodbane et al. 2015; Ghodbane and Hamdaoui 2009).
Zhao et al. performed the degradation of p-nitrophenol (PNP) using the microwave
ambient air discharge observed that in the first minute of treatment the pH of the
solution dropped significantly from 5.5 to 4 (Zhao et al. 2021). It slowed down
during the next 11 min of treatment time. Further analysis with IC confirmed that
the drop in the pH is due to the formation of tertiary compounds like acetic acid
and formic acid when PNP is reacted with secondary species formed from the N2

discharge interacting with the liquid phase.
Wu et al. have also studied the effect of pH on the degradation of MB using a

dielectric barrier discharge and observed that pH of all the samples reached a specific
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value, which is in the range of pH 2–4 (Wu et al. 2019). It is inferred that the fall in
pH is due to the solubility of nitrogen species in water and forming nitrous and nitric
acid, as shown in Fig. 15.6.

15.5.3 Effect of Water Conductivity

The effect of the initial conductivity of the water sample significantly affects the
discharge propagation, initiation in underwater discharges, and the number density
of species. Hamdan et al. studied the effect of water conductivity using microwave
underwater bubble discharge using argon as a trace gas (Hamdan et al. 2020). They
have reported that the plasma electron density has increased with an increase in the
conductivity of water from 10 to 100 μS/cm. No significant change in degradation
was observed with a further increase in conductivity of sample from 100 to 1000
μS/cm.However, the further increase in the conductivity did not show any significant
impact on the degradation due to the interaction of electrons with ions available in
liquid media, leading to the formation of lower oxidative species.

The conductivity of the solution can also be increased by plasma exposure. Rancev
et al. investigated the degradation of reactive orange 16 in a nonthermal multipin
electrode atmospheric plasma reactor as a function of plasma exposure time and
initial dye concentrations (Rancev et al. 2018). The conductivity of the sample was
increased from 11.1 to 77.4μS/cmwithin aminute of plasma exposure time. In some
cases, the sample having high initial concentrations of the pollutant upon subjected
to plasma treatment accumulates reactive nitrogen species like nitrite, nitrate ions
and peroxy-nitric acid as discussed in the above Sect. 4.3 will increases the system
conductivity and shifts the pH towards acidic.

15.5.4 Effect of Feed Gas Composition and Flow Rate

The choice of the feed gas is crucial in the plasma process as it influences the choice
of input voltage, reactor configuration, electrode gap, input waveform etc. It can
also affect the density of RCS formed during the plasma operation. It is observed
that the use of oxygen as feeder gas results better degradation efficiencies followed
by noble gas mixtures and ambient air. The flow rate of the feed gas is another
important parameter that decides the total number of reactive chemical species being
generated at a particular instant of time. The higher the flow rate, themore specieswill
be generated as long as the applied electric field has enough strength to ionize more
atoms. This increased species density results in a higher removal rate. Yamatake et al.
studied the influence of gas flow at different velocities with inlet diameter changing
from 200 to 300 μm (Yamatake et al. 2006). The degradation rate increases with
an increase in a gas velocity proportional to the flow rate. The system’s efficiency
is higher at inlet diameters 200 μm compared to 300 μm because of a substantial
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increase in gas velocity due to smaller diameters. A possible conclusion from this
study is that the generation and lifetime of ROS like •OH and •O are in the range of
milliseconds, so they need to be transported fast to achieve faster degradation rates.

15.5.5 Effect of Reactor Configuration and Plasma
Discharge

The last decade haswitnessed several reactor configurations deployed to study degra-
dation of ECs in terms of power consumption, formation of byproducts, toxicity of
plasma-treated water and complete mineralization. It can be observed that DBD
reactors have been most successful and leading the battle against the removal of ECs
from the water with low power consumption and breaking of ECs into less nontoxic
byproducts and time required to mineralize the target contaminant completely.

In summary, numerous reactors under various plasma conditions were employed
for water treatment; commonly used configurations are summarized in Fig. 15.5.
Further, the reactors mentioned in Table 15.4 are being often utilized for the removal
of ECs. The DBD discharges, also called silent discharges, are quite energy-efficient.
DBDs can be produced by covering either or both the electrodes using a dielectric
material. The role of dielectric is to prevent the transition from glow/Townsendmode
to arcmode. A schematic configuration is illustrated in Fig. 15.5 (c) (Magureanu et al.
2011). In DBDs the electron density is of the order of 1018–1021 m−3 (Bruggeman
et al. 2016). Micro-arc discharges both in-liquid and above the liquid surface are
energy-intensive. However, they produce a high amount of RCS of the order of ~1024

m−3 s (Chen et al. 2019). Nevertheless, electrode erosion during this type of direct
plasma treatment is a significant concern. A schematic discharge of this category
can be seen in Fig. 15.5 (a). Bubble discharges are hybrid discharges and similar
to those mentioned in Fig. 15.5 (e). The hybrid discharges are not pure in-liquid or
in-gas phase discharges but discharges induced in liquid media inside the gas bubble
(Shimizu et al. 2010). In hybrid discharge, the energy consumption is relatively lower
than the direct discharges inside the liquid. The electron density in hybrid discharge
is in the range of 1021–1023 m−3 (Bruggeman et al. 2010). Gliding arc discharges
are formed between two electrodes exposed to open air, one of which is ground and
another connected to a high voltage source. At atmospheric pressure, this discharge
can produce high electron densities (1019–1021 m−3) (Bruggeman et al. 2016; Du
et al. 2007).

Further, some innovative reactor designs were also reported to enhance the degra-
dation efficiency, including plasma-catalyst hybrid processes. Shang et al. has studied
the DBD reactor with the addition of persulfate (PS) (Shang et al. 2017). The PS
greatly enhanced the degradation efficiency of acid orange 7 (AO7) by almost 60%.
The interaction of plasma with PS enhanced the production of •OH and •SO4

− radi-
cals. It also improved the TOC removal efficiency. Ajo et al. (2017) have proposed
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a pulsed corona discharge (PCD) reactor consisting of a vertical wire plate config-
uration where the water is sprayed using five atomizers from the top and plasma
directly contact the water. It is reported that the gas–liquid interface is a barrier for
the effective decomposition of ECs in aqueous media by OH radical. The generation
ofOH radicals is possible through the enhanced interaction of plasma-liquid interface
through which high energetic plasma electrons directly collide with water molecules
to generate •OH. Raji et al. added ZnO nanoparticles in a non-thermal atmospheric
pressure plasma jet and compared the efficiency under various feed gases like oxygen,
argon, and ambient air. The degradation of their pharmaceutical compound valsartan
has decomposed more effectively by the addition of ZnO nanoparticles (Raji et al.
2020).

15.5.6 Effect of the Electrode Gap

An optimal electrode gap is crucial to achieving the maximum degradation capacity
of the given configuration. The higher or lower gap can have adverse effects on
degradation efficiency. Sugiarto and Sato have investigated the impact of electrode
gap in removing phenols from water in the needle to plate configuration (Sugiarto
and Sato 2001). Three configurations with 45, 15 and, 6 mm electrode gaps were
investigated, and the 6 mm electrode gap yielded the highest removal rate. The
formation of multiple small steamers to single spark transition creates shock waves,
intenseUVradiation, andhigh-energy electrons produce copious amounts of radicals.
At 45 mm electrode gap, it is observed that there are multiple streamers, yielding less
amount of RCS and lower degradation efficiency. Shang et al. studied the effect of
different air discharge gaps in the degradation of acid orange 7 (Shang et al. 2017).
The study reported that the degradation efficiency increases as the electrode gap
increases from 2 to 4 mm. The further increase in the gap from 4 to 6 mm showed
no significant improvement in the degradation efficiency. It is worth mentioning that
at a low electrode gap, the discharge can significantly disturb by the water surface
turbulence. Chen et al. has pointed out cathode fall as an important factor in producing
reactive species (Chen et al. 2019).

15.5.7 Effect of Input Power

Several studies have been conducted to explore the input power or voltage influ-
ence on the degradation efficiency of ECs in water. As the input voltage increases, it
is reported that the overall degradation efficiency increases. Energy yield increases
proportion to the applied voltage up to a certain point and decreases, because produc-
tion of reactive species reaches to saturation stage which cannot be further enhanced
unless external parameters like feeder gas composition and flow rate are varied. The
increase in removal rate can be attributed to high electric field strength and associated
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increase in electron temperature. High collision rates with the gas molecules lead to
the rise in the concentration of reactive species, high-intensity UV-light and induced
ionization of oxygen and water molecules.

Wu et al. studied the removal of tetracycline antibiotics (TCs) from water using a
DBD reactor (Wu et al. 2021). The reactor was operated at different voltages (12, 15
and 18 kV) to investigate the influence of voltage on degradation kinetics of TC. The
degradation efficiency increases proportionally to the rise in voltage. Reddy et al.
also studied methylene blue (MB) removal using a non-thermal DBD discharge at
different operating voltages (14, 16 and 18 kV). It is observed that 90%decolorization
is achievedwith an initial concentration ofMB 100mg/L in the first 25min of plasma
exposure at an applied voltage of 14 kV. The efficiency slightly increased to 94% as
the voltage increased to 18 kV. The TOC removal % also slightly improved from 18
to 20% (Reddy et al. 2013). Pankaj et al. also reported the degradation kinetics of
various dyes like methyl red, crystal violet and fast green FCF by deploying a high
voltage atmospheric air and modified air cold plasma (Pankaj et al. 2017). It was
reported that all the dyes showed higher removal rates at a maximum applied voltage
of 80 kV.

15.6 Conclusion and Future Prospects

The widespread occurrence of emerging contaminants in water bodies is a serious
concern in the water sector worldwide. Unlike conventional water pollutants, these
contaminants are complex, diverse in their physicochemical properties. As a result,
traditional water and wastewater treatment processes are ineffective in removing
emerging contaminants from water. However, many of these compounds are poten-
tially toxic to all life forms, and their removal from water is imperative to protect
public health and the ecosystem. Considering the various physicochemical proper-
ties and complex fate and transport, a thorough understanding of various aspects of
emerging contaminants, including their source, occurrence, classification, fate and
transport, detection method, and treatment techniques, are essential in developing an
effective management strategy.

The advanced oxidation process is a promising treatment technology for the
removal of ECs in water. Among advanced oxidation processes, NTP looks attrac-
tive due to its ability to generate RCS at a controlled rate and ambient conditions.
The process is also attractive due to its ability to produce reactive species like ROS
and RONS, non-selective behaviour towards target pollutants, and sludge-free oper-
ation. However, the application of NTP in removing organic contaminants is mainly
limited to small-scale laboratory experiments. The biggest challenge in scale-up
is high energy consumption and lack of information on the process that dictates
liquid plasma interaction. To overcome these issues, new models that include all
the effects ranging from transport phenomenon, fluid dynamics effects, complex
plasma chemistry, and fundamental collision process need to be set up, explaining
the plasma liquid interaction phenomenon alongside the experimental observations.
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However, the plasma modelling studies with experimental validation are limited.
The plasma diagnostics in the liquid phase are also challenging due to the interfer-
ence of many species; most of the available methods are not selective. Moreover,
physical techniques like optical emission spectroscopy (OES) and optical absorption
spectroscopy (OAS) are limited to estimating the species densities in the gas phase.
The liquid surrounding the plasma or species poses a severe challenge in quantifi-
cation using spectroscopic techniques. Besides, radical transport in liquid and liquid
surfaces is still unknown. The effect of UV radiation and shockwaves produced by
plasma on intermediate compounds and the plasma decomposition of water is clue-
less. For plasma technology to become dominant, these complex problems have to
be addressed.
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Chapter 16
Graphene Modified Photocatalysts
for the Abatement of Emerging
Contaminants in Water
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and Shihabudheen M. Maliyekkal

Abstract The increasing occurrence of emerging contaminants in the water bodies
is a significant concern worldwide due to their potential health effects and recalci-
trant nature. The conventional treatment methods are not efficient in removing these
complex organic molecules to a safe level. In this context, access to state-of-the-art
techniques holds the key to removing these contaminants and protect public health
and other forms of life. The advanced oxidation processes, which rely on highly reac-
tive chemical species, are suitable for treating these pollutants. The semiconductor-
based photocatalytic process is economical, relatively greener, and well documented
among the advanced oxidation processes reported. The materials, including titanium
dioxide, zinc oxide, cadmium sulfide, molybdenum oxide, and other oxide forms of
transition metals, and their derivatives are investigated as photocatalysts. However,
the technology’s success depends mainly on the sunlight utilization capability of the
photocatalyst, low recombination rate, and photocatalyst stability. These limitations
can be overcome by doping/co-doping/supporting these catalysts with carbon and its
allotropes, metal and metal oxide, non-metal, or rare-earth metals. However, doping
with graphene is gaining interest due to its excellent surface-to-volume ratio, charge
carrier capability, thermal and mechanical stability, electron conductive and storage
properties, and can form visible light-activated semiconductor nanocomposite. This
chapter reviews the recent development of graphene-modified semiconductor photo-
catalyst employed for the photocatalytic degradation of emerging contaminants. The
synthesis protocol, mechanism of degradation, and factors influencing the efficiency
of the degradation are discussed.
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16.1 Introduction

Emerging contaminants (ECs) or contaminants of emerging concern are discrete
chemicals or a mixture of chemical compounds, natural or synthetic, existing in
water bodies; perceived as a threat to the ecosystem due to its limited toxicolog-
ical information, detection limit or unidentified source and route of human exposure
(Dey et al. 2019; Geissen et al. 2015). Since these chemicals exist at nanogram and
picogram levels in the environment, they are also called micropollutants or trace
organic compounds. Examples of ECs include pharmaceuticals, personal care prod-
ucts (PCPs), pesticides, disinfection by-products, algal toxins, biocides and metabo-
lites, and bioterrorism devices (Abdulrazaq et al. 2020; Kümmerer 2011). Due to its
obsolete nature, around 38 ECs have been categorized as persistent organic pollu-
tants (POPs) by the Stockholm convention (United Nations Environment Program
Stockholm Convention 2021).

The first report mentioning the presence of ECs in water dates back to 1962 by
RachelCarson (Carson 2002). Currently,more than 110,000ECs have been identified
in the water bodies by the European Commission (NORMAN Substance Database
2021). The removal of ECs and their transformed products by the conventional water
treatment plant is challenging owing to its variation in physicochemical properties,
negligible concentration, and unique characteristics (Ahmed 2021). This has led to
the ubiquitous presence of ECs in various environmental matrices. The translocation
of ECs into environmental compartments is dependent on their physical and chemical
properties (Feiyan et al. 2021). Figure 16.1 shows the possible sources and pathways
of EC contamination in water, sediment and soil matrices. Based on hydrogeological
parameters, economic growth, and access to treatment technologies, the magnitude
of the ECs varies between regions (Barron et al. 2010). Figure 16.2 represents the
number ofECsdetected in surfacewater (SW), groundwater (GW)anddrinkingwater
(DW) worldwide. Considering the geographical area, the number of ECs identified
in Russia is comparatively less. This can be probably due to a lower number of
publications, resulting in a lack of sufficient data (Howard et al. 2020). Another
possible reason can be linked to the initiatives taken by the Russian government
to control POPs released into the environment (Kovner 2009). Over the last two
decades, the US, UK, Canada, Brazil, China and India have been considered as the
most prolific countries in terms of publications related to ECs (Howard et al. 2020).
Figure 16.2 also presents the distribution of some of the commonly recognized ECs
in these areas. Concentrations of triclosan, a key ingredient in PCPs, was reported
high in UK and USwaters compared to other countries. This increase can be credited
to the large-scale utilization of PCPs in the US and UK (~350,000–450,000 kg) to
satisfy the modern lifestyle of the population (Lalonde et al. 2019; Perez et al. 2013).
Meanwhile, high levels of bisphenol A (BPA) were reported in Asian countries,
which can result from the mass production of plastic commodities in these regions.
Besides, the mismanagement of plastic wastes, especially in India and China, might
also be a possible reason for these statistics. Among the ECs, pharmaceuticals are
of significant concern due to their increased consumption and detection in water
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DW: Distilled water
; SW: Surface water; GW: Ground water;

Fig. 16.1 Sources and pathways of EC contamination in environmental matrices (Data obtained
from Ahmed (2021); Mateo-Sagasta et al. 2017))

bodies. Global trends in antibiotic consumption have revealed a 36% increase in
Brazil, Russia, China, India and South Africa between 2000 and 2010 (Danner et al.
2019). In 2019, the US and China emerged as the largest pharmaceutical market
accounting for 45% of revenue worldwide. Consequently, this has led to the elevated
presence of pharmaceuticals in theUS andChina, as seen in Fig. 16.2. Several studies
in India have also revealed the presence of pharmaceuticals and other emerging
contaminants in the river streams (Wei et al. 2012; Hughes et al. 2013). However,
the average concentration of acetaminophen in India reported is relatively low due to
their decreased consumption.Other commonly recordedECs also include diclofenac,
sulfamethoxazole (SMX), chlorpyrifos and 17-β estradiol.

Most of these ECs possess high molecular weight and are resistant to biodegra-
dation, thereby resulting in bioaccumulation. Also, the majority of these organics
produce toxic products on solar exposure due to the presence of π electron donors
(Pharma Manual 2021). Studies revealed that prolonged exposures to various ECs
could causemutagenicity, teratogenicity, and carcinogenicity in humans, animals and
microorganisms (Feiyan et al. 2021). Globally, around 214,000 neonatal sepsis death
annually is reportedly linked to the presence of antibiotic-resistant genes (ARGs) in
water bodies (Pant et al. 2021). Due to their recalcitrant and synergistic effects, devel-
oping appropriate technologies is substantial to eradicate these ECs from the water
bodies (Richardson and Kimura 2017).



374 A. Harafan et al.

DISCLAIMER: THE DATA IN THE MAP IS DERIVED FROM THE MENTIONED SOURCES. THE AUTHOR IS NOT LIABLE FOR 
INACCURACIES OR ERROR IN DATA.

Fig. 16.2 Distribution of ECs in SW, GW and DW worldwide (Data obtained from Lalonde et al.
2019; Wei et al. 2012; Hughes et al. 2013; Pulicharla et al. 2021; Canada and CC 2020; Cuprys
et al. 2019; Balakrishna et al. 2017; Balakrishna et al. 2017; Manamsa et al. 2016; Jiang et al. 2011;
Zhao et al. 2010)

The advancements in chromatographic and spectroscopic techniques have
increased our ability to detect and analyze pollutants in trace quantities existing in
various phases. This, in turn, has assisted in choosing suitable treatment alternatives
based on the available concentrations. Various treatment methods such as advanced
oxidation process (AOPs), adsorption, membrane filtration, membrane bioreactors
have been developed to supplyEC freewater (Kanakaraju et al. 2018a). The advanced
oxidation processes such as Fenton oxidation, hydrogen peroxide oxidation, ozona-
tion, photocatalysis, and cold plasma processes and their combinations have gained
much interest as it complieswith the EC removal goals (Kanakaraju et al. 2018a). The
ability of these methods to either degrade or mineralize the organic compounds by
a redox reaction with the generation of reactive oxygen species (ROS) have made it
emerge as the most preferred treatment technique in the removal of ECs from water
matrices. Among the AOPs, photocatalysis has gained widespread interest in the
degradation of ECs present in the gaseous or aqueous phase. This effectiveness can
be credited to process stability, easy operation, high photoactivity,minimal secondary
pollution and recoverability of photocatalyst. However, its high cost in scaling up and
energy consumption restrict its usage on an industrial scale (Adesina 2004). Despite
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its drawback, the technique of photocatalysis has been extended to various fields like
energy, medicine, agriculture, transportation, and water and wastewater treatment.

Over the years, numerous semiconductor oxides such as Bi2O3, MnO2, TiO2,
α-Fe2O3, ZnO, WO3, CdSe, MoS2, SnO2 and graphitic-C3N4 have been explored
as photocatalysts (Khan et al. 2015). Nevertheless, TiO2 was widely used due to its
high stability, photoactivity and low cost (Fujishima et al. 2000). However, owing to
its quick recombination of electron–hole pairs, resulting in poor quantum efficiency,
the photoactivity exhibited by the semiconductors was not efficient for practical
applications (Belver et al. 2020). Recently, graphene nanomaterials (GNM) have
paved the way as efficient photocatalysts due to their improved reactivity under light
irradiation. Various graphene derivatives have been developed to alter their charac-
teristics, such as hydrophilicity, dispersibility and active sites (Pastrana et al. 2018).
These are usually coupled or modified with transition/noble metals to function as
heterogeneous photocatalysts (Tang et al. 2018). This chapter reviews the application
of various graphene-modified photocatalysts in the treatment of emerging contami-
nants in water. Theworking principle, factors influencing the removal, a brief history,
challenges and prospects in the development of photocatalysis are discussed. A brief
outlook concerning the source and occurrence of ECs are also summarized.

16.2 Milestones in ECs Detection and Removal in Water

With the advancements in analytical chemistry, the ability to detect and analyze
pollutants in trace quantities have increased significantly. The evolution of sensitive
analytical techniques has helped us to detect the presence of ECs, measure their trace
level concentration, and identify their source and transport mechanisms. Figure 16.3
shows the timeline of the development of various detection techniques. UV–vis
absorbance spectroscopy, colourimetry and electrospray ionization technique (ESI)
are some of the earliest methods used to detect ECs. Currently, chromatographic
methods are extensively used to identify and detect various emerging compounds
in environmental samples. Prior to detection, sampling of contaminants has to be
carried out either from solid, liquid or gaseous phase. This depends on the polariz-
ability, volatility, and thermal properties of the target organics (Ismail and Mokhtar
2020). Hence, based on the nature of contaminants, a well-established sampling
protocol is necessary to ensure that the extracts are compatible with the instrument’s
limit of detection (LOD) and to minimize the interferences (Petrović et al. 2003).
Usually, nonpolar, thermostable, and volatile ECs, and some pesticides, are deter-
mined by gas chromatography (GC), while non-volatile, polar, and thermolabile ECs
are analyzed by liquid chromatography (LC). The coupling of chromatography with
mass spectroscopic (MS) techniques such as quadrupole (Q), ion traps, time of flight
(TOF), and the magnetic sensor has proven revolutionary in the detection of ECs
(Ryu et al. 2021). The ability of chromatography to separate the components from
chemical mixture and MS to identify the extracted components is desirable due to
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Fig. 16.3 Timeline of the development of various detection methods (Adapted from Long et al.
2020 with the permission of Elsevier)

its sensitive and highly specific nature (James et al. 2018). Although GC/MS is the
convention technique, most ECs are responsive to LC/MS. In recent years, significant
advancements in LC/MS have made the technique vital in tracking down thousands
of organic contaminants present in various matrices.

Generally, the monitoring of ECs is associated with the implementation of regula-
tory measures as there is limited information regarding their harmful effects (Ismail
and Mokhtar 2020). Hence, this has enabled the progression of various treatment
technologies to either eliminate ECs or achieve maximum contamination levels.
Although many chemicals categorized under a particular class of EC have similar
physical, chemical, and biological parameters, there is considerable disparity in their
removal efficiency (Stefanakis and Becker 2020). Figure 16.4 shows the timeline of
various treatment techniques used in EC removal. The adsorption method is capable
of removing ECs by attracting them onto the surface of the adsorbent from aqueous
media. Over the years, various materials have been probed and tailored as adsor-
bents for the effective removal of pharmaceuticals, endocrine disrupting compounds
(EDCs), and PCPs (Rossner et al. 2009; Ghosh et al. 2013). A recent study by (Dongli
et al. 2020) investigated the adsorptive removal of an EDC, BPA using magnetic
covalent organic frameworks. The adsorbent was able to remove BPA with 98.8%
removal efficiency through hydrogen bonding interaction. However, the practical
application of the technology is limited due to its decreased efficiency in recycling,
increased cost of adsorbent regeneration, and non-selectivity. Moreover, as the tech-
nique follows the phase transfer mechanism, it poses a constraint for the sustainable
disposal of spent adsorbents (Aris et al. 2020). Membrane-based technologies have
proven their effectiveness in removing organics through a semipermeablemembrane.



16 Graphene Modified Photocatalysts for the Abatement of Emerging … 377

Fig. 16.4 Major highlights in the EC removal technologies (Data obtained from Chua and Chen
1995; Gander et al. 2000; Luprano et al. 2016; Zwiener et al. 1995; Mangat and Elefsiniotis 1999;
Andreozzi et al. 2002; Wintgens et al. 2002; El-Gohary et al. 1995; Ternes 1998; Zwiener and
Frimmel 2000; Nakada et al. 2006; Aranami and James 2007; Najm et al. 1993; Zaggia et al. 2016)

Various membranes such as reverse osmosis (RO), nanofiltration, microfiltration,
and ultrafiltration are used to separate perfluoroalkyl compounds (PFA) and other
contaminants in water. In a study, (Dong et al. 2022) investigated the performance
of functionalized polyamide (PA) forward osmosis membranes via the chelation of
Fe3+ and carboxylate to remove trace organics. Unlike conventional PA, the func-
tionalized membranes were able to achieve 92% rejection of organics and exhibited
favourable resistance to fouling (Dong et al. 2022). The membrane characteristics
such as porosity, surface charge and hydrophobicity play a significant role in deter-
mining the efficacy of the process. However, its high operation cost and susceptibility
to fouling limit its usage.

Numerous biological treatment systems have also been used to treat ECs. This
includes activated sludge, constructed wetland, aerobic and anaerobic bioreactor,
trickling filter, rotating biological reactor and biosorption (Ahmed et al. 2017).
Nonetheless, the low concentration and biodegradability of ECs and the risk of
formation of ARGs pose a drawback in utilizing this method. AOPs based treatment
processes are now gaining interest as an alternative to conventional treatment tech-
nologies (Kurt et al. 2017). Among the AOPs, ozonation was reported most effective
in removing concentrations of hormones and pharmaceuticals from water. A study
investigated the removal of 38 pharmaceuticals and PCPs detected in the secondary
effluent by ozonation. Amidst them, 31 pharmaceuticals and PCPs degraded to or
below their LOD at the ozone dosage of 6mg/L in 10min (Paucar et al. 2019). Never-
theless, their utilization on an industrial scale is constrained by the low concentration
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of ECs, resulting in low reaction rates and high operation costs (Hennig and Billing
1993). Presently, UV and solar-based photocatalysis have demonstrated excellent
potential for large-scale application with the advent of UV lamps, visible light cata-
lysts, and improved reactor design. However, further research is still needed in devel-
oping new immobilized photocatalytic reactors to improve the performance of EC
degradation.

16.3 Introduction to Photocatalysis

The continuous quest for renewable energy sources has led to the development of
materials capable of capturing, storing and utilizing solar energy. Since nature stores
a significant amount of energy by chemical reaction via photosynthesis, efficient
technologies have been developed based on that analogy to meet the growing energy
demand. Photocatalysis, also known as artificial photosynthesis, is a thermodynamic
uphill reaction powered by irradiation. Briefly, it can be described as the process
where photons are absorbed directly or indirectly to activate the semiconductor
known as a photocatalyst andmodify the rate of a chemical reaction (Linsebigler et al.
2002; Radhika et al. 2019). The earliest use of the name photocatalysis dates back
to 1911, when Prussian blue was decolourized by illuminating ZnO (Ohtani 2013).
This laid the basis of using ZnO for other reactions such as photoinduced reduction
of Ag+ to Ag. Similarly, the potential of TiO2 to perform light-induced catalytic
reduction was also investigated. Nevertheless, it was not until 1969 that the practical
applicability of photocatalysis was demonstrated. The theory of photo-electrolysis
by Honda and Fujishima marked an important event in the history of photocatal-
ysis (Honda Fujishima Effect 2021). This increased the popularity of TiO2 as a ‘UV
excited catalyst’ for a wide range of applications (Landmann et al. 2012; Tang et al.
1994). Amidst them, the ability of TiO2 to degrade organic contaminants made it
emerge as a valuable material for water purification. Consequently, studies were
performed to understand the mechanism of degradation in photocatalysis. During
1960–93, hydroxyl and superoxide radicals were proposed to be the active species
during the degradation reaction (Long et al. 2020).However, holes were later proved
to be the primary oxidizing species and could react directly with the contaminants
or water molecules. Table 16.1 highlights the significant milestones in the field.

Generally, photocatalysts are differentiated from conventional catalysts based
on the thermodynamic state of a reaction. Conventional catalyst performance is
limited to thermodynamically feasible reactions, thereby decreasing the activation
energy within the system (Ohtani 2013). Conversely, a photocatalyst proceeds a
non-spontaneous reaction with the production of electrons by a light source. Also,
photocatalysts do not undergo change during the reaction as the redox process occurs
at the interfacial region between the excited solid and the solution (Ohtani 2013).
Figure 16.5 shows an illustration between a photocatalyst and a conventional cata-
lyst. A semiconductor is usually chosen as a photocatalyst because they possess a
void energy region, unlike metals with a continuum electronic state (Swift 2019).
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Table 16.1 Milestones in the field of photocatalysis

Year Milestones

1911 Coined the term photocatalysis: bleaching of Prussian blue by ZnO illumination

1924 Luminescent reduction of Ag+ to Ag

1932 TiO2 and Nb2O5 as photocatalyst for reduction of AgNO3 and AuCl3 to Ag and
Au, respectively

1938 TiO2 as a photosensitizer to bleach dyes

Around 1960 Usage of ZnO, NiO and TiO2 as photocatalyst

1972 H2 production using TiO2 electrode and UV irradiation

Degradation of isopropanol

1977 Photocatalytic splitting of water in the presence of UV

1979 Photocatalytic CO2 reduction using inorganic semiconductors as catalysts

1980 Studies on TiO2 as an effective photocatalyst

Around 1993 Usage of WO3, CdS, ZnS and Fe2O3 as photocatalyst

1997 Photon induced super hydrophilicity effect of TiO2

2001–10 Visible light-absorbing photocatalyst; commercialization

2011-present Design of high-efficiency photocatalytic systems; coupling with other systems;
usage of solar energy

The energy of this void region is known as the bandgap or forbidden gap energy.
For semiconductors, this bandgap energy extends from the top of the filled valence
band to the bottom of the vacant conduction band. Usually, materials with a suit-
able bandgap, morphology, high surface area, stability and reusability are desired as
photocatalysts.A series of oxides of metal such as Zn, Ni, CdS,W has been explored
to address a wide range of pollutants. Since most of these materials utilize a small
percentage of solar energy for activation, numerous studies have been carried out to
improve photo-responsiveness to visible light by modifying photocatalysts for better
energy conversion and reduction in the recombination rate of electrons and holes.

Fig. 16.5 Illustration of the difference between a photocatalyst and a conventional catalyst
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During 2001–10, nanotechnology marked a new era in the development of photo-
catalysts. It gained widespread attention due to its exceptional properties resulting
in improved mineralization. Their exceptional ability to fine-tune semiconductor
properties and inhibit charge carriers’ recombination has gained attention in the
photocatalytic degradation of ECs. Also, these materials provide more active sites
for chemical reactions to occur (You et al. 2019). Furthermore, they are classified
as surface plasmon resonance-mediated, metal–organic charge transfer-based, and
semiconductor-based nano photocatalysts. In the recent years, photocatalytic recy-
cling, regeneration and reactor configuration has been extensively studied to facilitate
the scaling-up of photocatalysis technique in industries. Currently, photocatalysts are
used for a multitude of applications such as hydrogen production, CO2 remediation,
and air purification.

16.3.1 Principle of Photocatalysis

The photocatalysis reaction is initiated by illuminating photons of a suitable wave-
length on the surface of semiconductors to promote excitation, thus generating elec-
trons and holes (Mecha and Chollom 2020). Figure 16.6a shows an overview of the
mechanism of photocatalysis. The feasibility of reaction depends on the ability of the
semiconductors to transfer an electron from the highest occupied molecular orbital
to the lowest molecular orbital (Karaush-Karmazin et al. 2020). This stimulation of
semiconductors depends on the bandgap of the material used. Table 16.2 contains the
bandgap energy of some of the conventionally used photocatalysts (Hennig 2015).
Typically, the energy of incident light should be of higher energy than the bandgap
for excitation (Minella et al. 2016). When excited from the valence band to the
conduction band, the electron leaves a hole of positive charge in the valence band.
This hole is generally assumed as a pseudo particle because of electron deficiency.
Generally, for every 250 femtoseconds, a few electrons try to recombine within the
body or on the surface, and the remaining electrons get trapped on the surface of the
photocatalyst (Salasoo et al. 2002; Jones 2016). Thus, trapped electron–hole pairs act
as reducing and oxidizing agents on the surface of the catalyst. These redox reactions
help in the degradation of pollutants in aquatic media.

Generally, photocatalytic reactions progress as four stages: light absorption,
charge separation, electron–hole transfer to the catalyst surface and charge utiliza-
tion for redox reaction. The charge separation between electrons and holes forms the
(ROS). These are also referred to as atoms or molecules with at least one unpaired
electron or an ion with an extra electron (Gaya and Abdullah 2008). The ROS
generation also depends on the availability of surface area, chemical structure, and
morphology of photocatalyst (Hong et al. 2006; Pastrana-Martínez et al. 2013; Choi
et al. 2007; Su et al. 2011; Awfa et al. 2018; Zhong et al. 2010; Ren et al. 2017). The
ROS initiates the photocatalytic process by simultaneous reduction and oxidation
on the photocatalyst surface at the conduction band and valency band, respectively.
Hydroxyl radical (HO.), superoxide anion radical (O2

.−), and hydroperoxyl radical
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Fig. 16.6 aMechanism of photocatalysis, b Redox potential of various oxidizing agents (Adapted
from Phaniendra et al. 2015)

(HO2
.) are some of the examples of ROS. The electronic configuration of the radicals,

empty or half-filled σ and π-orbitals, makes them highly reactive towards organics
compounds (Phaniendra et al. 2015). Based on the nature of ROS generation, photo-
catalysts are further classified as homogeneous and heterogeneous catalysts. In the
case of homogeneous photocatalysts (UV/TiO2, VL/ZnO), the substrate itself gener-
ates ROS, whereas in heterogeneous, a semiconductor photocatalyst is required to
generate ROS (H2O2/UV, Fe3+/UV) (Rivera-Utrilla et al. 2013).
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Table 16.2 Bandgap energies of commonly used photocatalysts

Photocatalyst Band energy (eV) Wavelength (nm) Relevant study

TiO2

3.2 387 Swift (2019)

ZnO

3.2 387 You et al. (2019)

ZnS

3.6 335 Mecha and Chollom (2020)

SnO2

3.5 318 Karaush-Karmazin et al. (2020)

CdS

2.4 496 Hennig (2015)

WO3

2.4–2.8 443 Minella et al. (2016)

Primarily, radicals are unselective, reactive, and have powerful oxidizing capaci-
ties. Figure 16.6b represent the redox potential of various oxidizing agents. Despite
these, radicals are very short-lived species (Guo et al. 2020). The superoxide radical
has a residence time in the range of microseconds followed by peroxide radi-
cals. However, the superoxide radical is the precursor of most radical species. The
hydrogen peroxide is formed from the reaction between two superoxide radicals, as
in Eq. 16.2. Hydrogen peroxide reduces to hydroxyl radical, and complete reduc-
tion forms water and oxygen as Eqs. 16.3 and 16.4. The most reactive, the hydroxyl
radical, lives only in the nanoseconds range (Jaishankar et al. 2014). Despite its
life span, hydroxyl radical has more oxidation capacity compared to the remaining
ROS. As the target analytes are aromatic in structure, the hydroxyl radical aids in
dissociating the benzene ring resulting in a linear compound, which makes further
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degradation easier, as in Eq. 16.5 (Rasheed et al. 2019).

O2 + e− → O•
2 + e− (16.1)

O•−
2 + O•−

2 + 2H+ → H2O2 + O2 (16.2)

H2O2 → 2OH• (16.3)

2H2O2 → 2H2O + O2 (16.4)

RH + OH•                            R• + H2O  
O2 

ROO•

(16.5)

16.3.2 Factors Affecting Photocatalysis

As photocatalysts get illuminated, photogenerated charges transfer across the solid
or the electrolyte to aid chemical reactions. There is also a considerable chance for
the electron–hole pairs to recombine within the catalyst during this process. Hence,
there is a need to improve the photoactivity of catalysts to enhance their remedi-
ation capacity. Several factors such as redox levels of substrate, conduction band,
and valency band influence the rate of a reaction and the degradation efficiency of
pollutants (Dhangar and Kumar 2020). Essentially, the excitation of semiconductors
with defined photonic energy depends on the bandgap or forbidden band of the semi-
conductor. As per the Plancks energy equation, the energy of incident light should
be higher than the bandgap energy of the semiconductor for the electron to jump to
the conduction band (Kumar and Pandey 2017). Since the solar energy is within the
280–4000 nm wavelength range, both UV and visible spectrum absorbing catalysts
are desired for sustainable purposes. However, a reduction in redox capacity was
observed at increased wavelength due to limited energy (Ohtani 2013). Additionally,
to avoid the recombination of electron–hole pairs, the conduction and valence bands
are expected to be more cathodic and anodic than the standard potential of reduc-
tant and oxidant, respectively. Figure 16.7 shows the orientation of conduction and
valence band and their redox potential. Nowadays, the substrate has been modified
to decrease the recombination rate for the feasibility of both reduction and oxidation
reactions.

The size of the photocatalyst also plays a role in determining the number of
photons absorbed by the material (Zhu and Wang 2017). This controls the rate of
photocatalytic reaction, which implies that reaction occurs only at the absorbed
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Fig. 16.7 Orientation of conduction and valence band and their redox potential. Modified from
Sohrabi et al. 2019

phase of the catalyst. With the increase in size, the number of photons striking the
photocatalyst per unit time increases. Consequently, the time interval between photon
strikes is reduced, limiting surface chemical reactions. In addition, a small catalyst
implies fewer grain boundaries within the bulk of the particle, thereby reducing
the chance for recombination (Qian et al. 2019; Saravanan et al. 2017). Increased
surface areas of small-sized particles also improve the adsorption capacity of the
analyte. However, small-sized materials tend to aggregate over time due to their high
reactivity.

Another factor influencing the rate of photolysis is the formation of ROS.
The potential of ROS to degrade EC depend on both surface area and excitation
wavelength. Increased charge transfer was observed when the pollutants were pre-
adsorbed onto the surface of the photocatalyst. Hence, the adsorption capacity of
the material plays a significant role in the removal process. Another parameter, light
intensity, also assists in determining the rate of photolysis initiation (Sohrabi et al.
2019). It is necessary to obtain a lamp of quantified critical wavelength to emit
photons for augmenting photocatalytic activity. Additionally, the radicals generated
at the conduction band are more accessible than at the valency band for many of
the primary photocatalysts because of their higher oxidation potential (Kanakaraju
et al. 2018b). The continuous supply of reactants to the photocatalysts, the nature of
diffusion of the products away from the reaction sites, and the regeneration capacity
of the photocatalysts are some of the factors that control the system’s functionality.

Besides the above factors, the photocatalytic system is also governed by a number
of operational parameters such as analyte concentration, solution pH, the temperature
of the reaction, amount of catalyst, nature of the analyte, nature of photocatalyst and
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oxygen concentration. A brief overview of factors affecting photocatalysis along
with their significance is given in Table 16.3. Further analyses on these factors are
discussed in the upcoming section.

16.3.3 Application of Graphene Modified Photocatalysts
in Removing ECs in Water

The photocatalytic units can bemolecules dissolved (homogeneous photocatalyst) or
solids dispersed/ suspended (heterogeneous photocatalyst) in an aqueous medium.
In recent years, heterogeneous photocatalysis has emerged as the most appealing
technique for sustainably harnessing solar energy. Generally, semiconductors such as
metal oxides are preferred as heterogeneous catalysts due to their ability to generate
charge carriers resulting in photocatalytic activity. Among all metal oxides, TiO2

is widely used due to its excellent photoactive properties. In a study, Cai and Hu
demonstrated the removal of antibiotics SMX and trimethoprim using TiO2, photo-
assisted by a UVA light source. The study reported a removal efficiency of >90%
for an analyte concentration of 400 mg/L and a TiO2 dosage of 0.05 g/L (Cai and
Hu 2018). ZnO is also another commonly used photocatalyst because of its low
cost and reduced toxic effects. However, it displays less photocatalytic activity when
compared to TiO2.Most metal oxides’ drawback lies in their large bandgap, stability,
cost, and efficiency (Khan et al. 2015). Thenceforth, several strategies have been
devised to synthesize newmaterials ormodify existingmaterials responsive to visible
light in the past few years. This includes optimization of crystal structure, surface
area, morphology or incorporation of defects (Djurišić et al. 2020).

Due to the limitations posed by the conventional photocatalysts, there has been
increased attention towards the integrated photocatalytic system (IPS) or multi-
component heterogeneous photocatalyst. IPS include combining a heterogeneous
photocatalyst with narrow bandwidth semiconductors or a co-catalyst such as metal,
noble metal or carbon. Recently, IPS with graphene modifications have received
increased attention due to its intrinsic properties, such as increased surface area
and enhanced charge mobility. Moreover, GNMs aids the photocatalytic process by
acting as a substrate for fabricating various photo materials with controllable size,
composition or morphology. Sordello and his coworkers demonstrated the ability
of functionalized GNM to serve as a support to provide nucleation sites for the
growth of TiO2 nanoparticles (NP). These in-situ synthesized TiO2 NPs exhibited
higher photocatalytic efficiency in degrading organic contaminants (Minella et al.
2017). So far, several kinds of research have been carried out to modify GNM to
improve degradation efficiency. Graphene susceptibility to recombination owing to
its bandgap (0 eV) has been improved by oxidizing it to graphene oxide (GO) and
reduced graphene oxide (rGO). This increase in bandgap is because of the broken
sp2 conjugated network in GO and the restriction of π electrons in the sp2 domain
(Li et al. 2016). Moreover, the oxygen-containing functional groups also improve
their dispersibility in solvents and serve as nucleation sites for the semiconduc-
tors to bind evenly. Another possible way to improve the catalytical efficiency is to
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Table 16.3 Factors effecting photocatalysis along with their significance

Factors influencing
photocatalysis

Significance References

Photocatalyst

Catalyst amount The photodegradation increases
proportionally with the catalyst
amount due to increases the number
of active sites on the photocatalyst
surface. However, beyond a certain
limit of catalyst, irradiation gets
blocked and decreases degradation

Kanakaraju et al. (2018b)

Morphology Surface area Increased surface area can increase
the adsorption of ECs, thereby
facilitating degradation; Finer
particles are dispersed more
homogeneously and can absorb more
photons

Cai and Hu (2018)

Crystallinity Increase in crystallinity increases
density of defects, thereby decreasing
the recombination rates of
photogenerated holes and electrons

Light source Depending on the bandgap energy,
UV or visible light source can be
preferred for photodegradation

Djurišić et al. (2020)

Reaction medium

Initial concentration The degradation efficacy decreases
with increasing amount of target
analyte, while keeping a fixed amount
of catalyst due to reduced number of
available photons to the catalyst
surface

Sakar et al. (2019)

pH Variation in solution pH changes the
surface charge of the catalyst and
shifts the potentials of photocatalytic
reactions

Minella et al. (2017)

Temperature Photocatalytic activity increases with
reaction temperature. However,
beyond a critical temperature the
reaction promotes the recombination
of charge carriers and disfavour the
adsorption of ECs

Presence of electrolytes Based on the concentration, the
presence of cations or anions
exhibited minimal to significant
effects on degradation efficacy.
Increased presence of electrolytes
diminishes the colloidal stability,
increases mass transfer and reduces
the surface contact between the
analyte and the photocatalyst.
Moreover, it can also scavenge both
the hole and the hydroxyl radicals

Li et al. (2016)

(continued)



16 Graphene Modified Photocatalysts for the Abatement of Emerging … 387

Table 16.3 (continued)

Factors influencing
photocatalysis

Significance References

Dissolved oxygen Dissolved oxygen involves in the
stabilization of radical intermediates,
mineralization and direct
photocatalytic reactions. Its presence
is also known to induce the cleavage
mechanism for aromatic rings in
organic pollutants that are present in
the water matrices

Fig. 16.8 Schematic representation of heterojunction in an IPS (Adapted from Sakar et al. 2019)
(Open source subjected to creative common attribution 4.0 license)

improve interfacial contact/heterojunction between graphene derivatives and semi-
conductors via ex-situ or in-situ processes. This includes mechanical mixing, sol–gel
process, solvothermal treatment, microwave or sonication assisted chemical depo-
sition. Based on the methodology, various graphene-based heterojunction such as
Schottky, Type-II, Z-scheme, in-plane junctions has been devised. Figure 16.8 shows
a schematic representation of some commonly reported heterojunctions. Depending
upon the nature of synthesis, various precursors react at graphene interfaces, trans-
forming them to expected semiconductors with specific nanostructures to form a
graphene-semiconductor composite (Hu et al. 2013).

The ability of graphene to interact with the organic compounds by π-π bonding
renders it a suitable material for removing ECs. Table 16.4 presents an overview of
graphene-modified photocatalyst used in the treatment of various ECs in water. Liu
et al. (2019) investigated the degradation efficiency of sulfamethazine (SMT) using
graphene grafted anatase titania nanosheets (G/A/TNS) via the in-situ hydrothermal
method. During the process, graphene interacted with titania through C–O–Ti link-
ages, which were critical for the electron transfer chain during the reaction process.
The photocatalytic experiments were carried out in a sealed quartz reactor using a
450Wxenon lamp for illumination at an intensity of 90mW/cm2. The initial concen-
tration of the pollutant, photocatalyst dosage, pH and temperature was maintained as
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Table 16.4 Overview of graphene-modified photocatalyst used in the treatment of various ECs in
water

Photocatalyst Pollutant Experiment
condition

Degradation
(%)

References

Pesticides

Ag/GO Lindane Solar light,
pH: 7–9,
catalyst:
0.01 mM

99.9% Gupta et al.
(2015a)

CoFe2O4 @TiO2/GO Chlorpyrifos 400 W UV
lamp, Co:
5 mg/L,
catalyst:
0.4 g/L, pH
5.8

89.9% in
60 min

Gupta et al.
(2015b)

TiO2/rGO Pyrimethanil Co:
200 μg/L

100% in
25 min

Luna-Sanguino
et al. (2020)

CdS/C3N4/rGO Atrazine 350 W Xe
lamp (UV
and IR
filters), Co:
10 mg/l

NIL Jo and Selvam
(2017)

Pharmaceuticals

Magnetic
GO-Ce-TiO2

Tetracycline Visible
light,
catalyst:
0.5 g/L

83% in 60 min Cao et al.
(2016)

TiO2-rGO coated
SOFs1

Sulfamethoxazole High
pressure
UV light

92% in
180 min

Lin et al. (2017)

TiO2-NS2/Pt/GO Chlortetracycline Visible
light,
catalyst:
0.2 g/L

45% in 90 min Liang et al.
(2017)

Fe3O4@TiO2-GO Enrofloxacin Visible
light,
catalyst:
0.4 g/L

96% in
240 min

Yu et al. (2017)

ZnO/rGO Metronidazole Visible
light,
catalyst:
1 g/L

49.3% in
160 min

Dong et al.
(2014a)

ZnSnO3/rGO Metronidazole Visible
light,
catalyst:
1 g/L

72.5% in
180 min

Dong et al.
(2014b)

(continued)
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Table 16.4 (continued)

Photocatalyst Pollutant Experiment
condition

Degradation
(%)

References

nano-ZnO/CdS/GO Ciprofloxacin Visible
light,
catalyst:
0.5 g/L

86% in 60 min Huo et al.
(2016)

rGO-BiVO4 Ciprofloxacin Visible
light,
catalyst:
0.2 g/L

68.2% in
60 min

Yan et al. (2013)

Cu/Bi2Ti2O7/rGO Tetracycline Visible
light,
catalyst:
5 g/L

92% in 90 min Scopus preview
- Scopus -
Welcome to
Scopus. (2021)

CQDs-CdSe-rGO Tetracycline Visible
light,
catalyst:
0.8 g/L

90% in 60 min Huo et al.
(2017)

Au/C3N4/graphene Ciprofloxacin Visible
light,
catalyst:
1 g/L

96.7% in
240 min

Xue et al.
(2015)

GO/Ag2CrO4/g-C3N4 Oxytetracycline Visible
light,
catalyst:
0.2 g/L

81.34% in
90 min

Chen et al.
(2017)

rGO-WO3 Sulfamethoxazole Visible
light,
catalyst:
1 g/L

98% in
180 min

Zhu et al.
(2017)

MIL-68(In)-NH2/GO Amoxicillin Visible
light,
catalyst:
0.6 g/L

93% in
120 min

Yang et al.
(2017)

Graphene/TNT1 Amoxicillin UVA light 96.94% in
175 min

Song et al.
(2016)

nano-GO/magnetite Ciprofloxacin Catalyst:
0.5 g/L

93% in 30 min DESWATER
(2021).

ARGs

TiO2-rGO-Ag sul1, ampC, ermB,
mecA1

Solar
treatment

Survival
rate-12.2%
after 10 min

O’Dowd et al.
(2021)

rGO pUC 181 and pBR
3221

Visible light NIL Saha et al.
(2019)

(continued)
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Table 16.4 (continued)

Photocatalyst Pollutant Experiment
condition

Degradation
(%)

References

PCPs

nZnO/graphene Triclosan Visible
light,
catalyst:
1 g/L, Co:
8 mg/L

45% in 1 h Rincón et al.
(2018)

Ag/BiVO4/rGO Triclosan Visible
light,
catalyst:
1 g/L, Co:
1 μg/L

100% in
100 min

Li et al. (2019)

rGO/CdS Methyl paraben Visible
light,
catalyst:
0.75 g/L,
Co:
30 mg/L,
pH 3

100% in
90 min

Mohan et al.
(2021)

EDCs

rGO/TiO2 Decabromodephenyl
ether

UV,
catalyst:
0.5 g/L

Degradation of
72% and
debromination
of 59.4% in
12 h

Lei et al. (2014)

Graphene/TiO2
nanotube

Dibutyl phthalate UV lamp
(150 W),
Co:
10 mg/L

87.9% in
90 min

Wang et al.
(2019)

1. SOF Side glowing optical fibre; NS Nanosheets; TNT Titanium nanotubes, mec methicillin-
resistant gene, pBR 322 Plasmids with ARGs of ampicillin and tetracycline, pUC 18 Plasmids with
ARG of ampicillin and its growth promoter

5 mg/L, 0.8 g/L, 6 and 25 °C, respectively. The studies revealed that the graphene-
modified catalyst achieved a degradation efficiency of 96.1% within a period of 4 h
at a graphene loading of 0.5 wt%. This can be attributed to the increased surface
area of graphene, which enabled SMT preconcentration onto the composite surface
via π-π and hydrophobic interactions. Besides, the potential of graphene to function
as an electron mediator and acceptor also inhibited the recombination of electron–
hole pairs, thereby improving the degradation rate. Furthermore, the discrete perfor-
mance of G/A/TNS in the visible light region was also probed by the authors. It
was reported that visible light contributed to higher degradation efficiency (70.9%)
of SMT than UV, validating the synergistic potential of graphene in the efficient
removal of SMT. In addition, the influence of pH on catalytical efficiency was also
evaluated. It was reported that at pH < 6, titania particles tend to leach out of the
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composite. Contrastingly, the preconcentration of SMT decreased due to ‘negative
charge’ buildup within the adsorbent at pH > 6. Hence, pH 6 was optimized for the
studies. At the optimized pH, the reusability of the photocatalyst showed no loss
in removal efficiency and Ti leaching for five consecutive cycles (Liu et al. 2019).
Similarly, studies on 4-chlorophenol (5 mg/L) using G/A/TNS reported removal effi-
ciency of 99.2% in 120 min for an optimized graphene content of 2 wt%, pH 7, and
dosage of 0.2 g/L. The reaction was driven by •OH, causing the cleavage of bonds
that are more prone to electrophile attack (Li et al. 2018). In another study, Ag3PO4-
graphene synthesized via chemical precipitation exhibited enhanced photocatalytic
activity in removingSMX.The decomposition of SMX(1mg/L)was observedwithin
30 min. Additionally, the behaviour of the catalyst with increasing silver NPs was
also investigated. It was observed that increased loading hindered the light penetra-
tion efficiency resulting in a deteriorated performance of the catalyst (Xiang et al.
2015).

Anirudhan and Deepa synthesized a novel photocatalyst, zinc oxide /graphene
oxide/ nanocellulose (ZnO-GO/NC), for the photodegradationof ciprofloxacin (CIP).
The composite enabled the tuning of the GO bandgap from 1.7 to 2.8 eV, thereby
promoting excitation within the visible light spectrum. The adsorption kinetics
followed pseudo-first-order with Sips isotherm serving the best fit. Compared to the
composite, GO exhibited slower kinetics due to surface recombination of GO with
CIP molecules. The presence of COOH and OH groups in GO enhanced the adsorp-
tion of CIP molecules, favouring rapid photodegradation within a time interval of
60min. Consequently, the photocatalytic degradation efficiency of 98%was achieved
due to electrostatic interaction between the functional groups on the catalyst and CIP
molecules. The study also reported the photosensitizer ability of CIP molecules,
thereby resulting in excited CIP to eject electrons onto the conduction band of
ZnO-GO/NC. During the process, the oxidized form of CIP molecules underwent
decomposition to yield degraded products. The reusability of the composite after
five consecutive cycles portrays it as a potential material for removing CIP from
the aquatic environment (Anirudhan and Deepa 2017). Another study by the same
authors reported a similar trend in the photodegradation of aureomycin hydrochlo-
ride (AMH) by chemically modified GO/ nanohydroxyapatite (CMGO/nHA) out
using a solar source of intensity 100 mW/cm2. Based on the experimental study,
the initial concentration of the analyte played a significant role in the removal effi-
ciency of the analyte. Since concentration gradient is the driving force, the adsorption
capacity correlated positively with initial concentration, enhancing photoactivity at
high concentrations. The composite exhibited a degradation ability of 97.0% towards
AMH within 42 min at an optimum pH of 5.5 due to COOH, NH2 and OH groups,
which easily interacted with AMHmolecules through hydrogen bonding (Anirudhan
et al. 2016).

Photostable GO/Fe based Material of Institute Lavoisier (MIL) was chosen as
effective candidates for the remediation of atrazine (ATZ) and diazinon (DIZ). The
tests were conducted under visible light using a 400 W mercury lamp for an initial
concentration of 30 mg/L and dosage of 0.4 g/L. The concentrations of the analytes
after oxidation were detected using high-performance liquid chromatography. Based
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on adsorption experiments, the removal efficiency of ATZwas higher thanDIZ due to
π-π interaction between triazine ring and unlocalized electrons onGO, van derWaals
interactions and hydrogen bonding. The photoactivity of GO/MIL-Fe achieved 100%
and 81% degradation efficiencies for DIZ and ATZ, respectively, with pH playing an
insignificant role in the degradation reaction. The performance may be attributed to
the elevated production of •OH by GO by reducing Fe3+ to Fe2+ Fakhri et al. (2020).

EDCs and PFAs such as perfluorooctanoic acid (PFOA) and perfluoro-octane
sulfonate are refractory pollutants known to cause cancer, obesity, respiratory issues,
congenital disabilities and developmental disorders in humans. Hence, the eluci-
dation of the photocatalysis mechanism is necessary to identify their roles in the
degradation activity. A study evaluated the degradation of 4-nitrophenol, an EDC
by graphene/TiO2 over a high-pressure Hg lamp source. Batch studies were carried
out in a 100 mL flask with 10 mg/L of 4-nitrophenol and graphene/TiO2 dosage
of 1 g/L for 30 min to reach adsorption equilibrium. The effect of GO concen-
tration on the degradation of EDC was evaluated. It was observed that when the
concentration was increased from 0.125–0.5 g/L, there was an enhancement in elec-
tron transfer. However, beyond 0.5 g/L, the catalytic efficiency decreased due to the
shielding effect. The degradation reaction proceeds via electrophilic •OH attacking
dense carbon atoms forming 4-nitrocatechol. Due to the presence of OH groups, the
electron density is high at ortho and para positions of 4-nitrophenol. Subsequently,
the electrophilic substitution of •OH occur at the –NO2 group position yielding
1,2,4-benzenetriol as metabolites (Liu et al. 2017).

In another study, PFOA degradation was examined using GNS/In2O3 for a PFOA
concentration of 30 mg/L and photocatalyst dosage of 0.5 g/L, using a 15 W UV
light source at neutral pH. On incorporating GNS to In2O3, it enwrapped on top
of In2O3 NPs in Li et al. (2013). Li and his coworkers concluded that when GNS
covered the NPs completely, it reduced the efficiency due to a reduction in exposed
surface area. However, on partial coverage, the GNS functioned as an electron carrier
from the semiconductor to the electron acceptor, contributing to the efficient sepa-
ration of the photogenerated hole–electron pairs. The composite In2O3-graphene
achieved 87% and 60.9% of degradation and defluorination, respectively (Li et al.
2013). In another study, Huang et al. (2016) investigated PFOA decomposition by
Si/graphene in a cylindrical reactor with a UV lamp source (5W). Preliminary exper-
iments were conducted in the dark for 60 min until no further adsorption occurred.
Decomposition experiments were carried out by suspending 40 mg of the composite
to 0.12 mmol/L of PFOA solution for 8 h. The author was the first to report the
photoinduced hydro-defluorination mechanism by the catalyst. It was proposed that
F atoms in perfluoroalkyl groups could be replaced by H atoms owing to the nucle-
ophilic substitution reaction, as shown in Fig. 16.9c. The mechanism followed the
development of Si–H bonds generated under UV light excitation and the replace-
ment of F atoms by H atoms of the Si–H bonds to form CnF2nHCOOH. Moreover,
the photogenerated electrons from Si/graphene catalyst also reacted with PFOA to
generate C7F15• radicals (Huang et al. 2016).

Subsequently, the presence of excessive oxygen-containing groups in GO can
result in a decrease in intrinsic features such as conductivity. With properties similar
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Fig. 16.9 a SEM image of pristine In2O3, b SEM image of GNS coated In2O3, c Nucleophilic
substitution reaction between perfluoroalkyl groups and Si/graphene. Reprinted with the permission
of Elsevier and ACS publications (Li et al. 2013; Huang et al. 2016)

to graphene, rGO improves the light efficiency for photocatalysts by accelerating
charge transfer from excited semiconductors to electron acceptors. Tang et al. (2015)
investigated the photoactivity of rGO-CdS/ZnS in degrading tetracycline (TC) under
visible light. It was reported that excited electron from the conduction band of CdS is
driven to ZnS by the band potential. The photogenerated free electrons from ZnS are
then captured by rGO, which aids in the formation of singlet oxygen and H2O2 radi-
cals. Simultaneously, the holes in ZnS migrate to the valence band in CdS, thereby
oxidizing ~85%of TC in 60min into less hazardous products. However, OH radicals’
formation was not significant, thus indicating holes as the main reactive species in
the system. The photostable rGO-CdS/ZnS exhibited a light scattering effect at high
rGO loading, thereby decreasing the catalyst performance (Pastrana-Martínez et al.
2013). In another study, norfloxacin (NOR) was mineralized using rGO/Bi2WO6

under visible light irradiation by the oxidation of piperazine ring and hydroxy group
attack on quinolone ring. Based on the results analyzed by reactive-species-trapping
experiments,OHand electrons played a significant role during the process. The incor-
poration of rGO facilitated the transfer of electrons, thereby reducing NOR to CO2,
H2O and small molecules (Zhao et al. 2021). Chen et al.(2017) reported the photoac-
tivity of Z-scheme catalyst, Ag3PO4/Ag/BiVO4/rGO showed the optimal degradation
performance, 96.2% in 10 min, with catalysis dosage of 0.5 g/L, pH 6.75 and 0.5 M
of Na2SO4 as the supporting electrolyte. The addition of Ag improved the electron
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transfer capability fromAg3PO4 to graphene and thus hindered the recombination of
electron–hole pairs. He further explored the influence of coexisting ions and water
sources on the degradation activity of TC. In the presence of electrolytes (0.05M),
TC removal was observed to decrease in the order Na2SO4 > NaCl > Na2CO3. This
can be attributed to the competition between Cl−, CO3

2−, SO4
2− and TC on the

catalyst surface. To identify the composite’s field compatibility, experiments were
carried out on various water sources. The deionized, medical, municipal, river and
tap wastewater followed a removal efficiency of 94.96%, 84.21%, 83.43%, 80.21%
and 87.23%, respectively, indicating the long term potential of the composite inwater
purification (Chen et al. 2017).

Yu and his coworkers investigated the photoactivity of rGO embedded in g-C3N4

(rGO/gC3N4) against BPA. This incorporation significantly accelerated the photol-
ysis rate of BPA under visible light than its counterparts at neutral pH. Consequently,
a photo mineralization rate of 80% was achieved in 4 h. This can result from the
formation of singlet oxygen through electron reduction of O2 and superoxide radical
formed by the oxidation of photogenerated holes (Awfa et al. 2018). In another
study, experimental studies were conducted using rGO-WO3 (RW) heterojunction to
remove SMX effectively. About 98% of SMXwas achieved under 3 h of visible light
irradiation usingRWcomposite synthesized by varying amounts of tungsten trioxide.
However, with the increase in WO3, the degradation efficiency was also observed
to decrease, as in Fig. 16.10. Meanwhile, as displayed in the inset, RW composites
showed higher TOC removal efficiency than that WO3. The improved photocatalytic
performance was explained as the result of increased surface area, which improves
adsorption. The study concluded that the p–n junction formed enhanced the elec-
tron–hole pair generation and suppressed recombination. To study the role of various
radicals during the photocatalytic process, sodium oxalate (SO), isopropanol (IPA)
and benzoquinone (BQ) acting as holes, OH− radical and O2

−radical scavengers
were added as in Fig. 16.10b. The presence of BQ and IPA remarkably inhibited

Fig. 16.10 Degradation of SMX under visible light over WO3, and RW. Inset in (a) shows TOC
removal efficiency of SMXwithWO3, and RW, b degradation performance of RW in SMX removal
with the presence of various scavengers. Reprinted with the permission of Elsevier (Zhu et al. 2017)
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the degradation of SMX under visible light, which demonstrates that h+ played a
minor role in the degradation process (Zhu et al. 2017). In another study, Cu2O/rGO
photocatalyst was prepared by a simple wet-chemical route using CuSO4·5H2O and
GO as precursors and tested for photodegradation SMX under visible light (Liu et al.
2016). The increased photocatalytic activity was ascribed to enhanced dispersion of
Cu2O NPs, a p-type semiconductor with small bandgap energy of 2.0 eV, on the
surface of graphene sheets. In addition, rGO also facilitated the removal by serving
as an effective adsorbent of the pollutant species and as a charge acceptor to promote
the separation and transfer of photogenerated carriers.

The elevated presence of ECs in water bodies has led to the formation of ARGs
within organisms. This resistance can result in the decreased performance of antibi-
otics, thereby increasing the illness, cost and length of treatment. Karaolia et al.
(2018) set up a laboratory-scale solar simulator (1 kW Xenon lamp) to carry out
photocatalytic experiments on ARG using graphene-based TiO2 composites. The
experiments were done at the inherent pH of MBR effluent, which was slightly
acidic under air-equilibrated conditions. A catalyst concentration of 100 mg/L was
suspended in the solution using sonication (10 min) followed by magnetic stirring at
500 rpm at 60 min for ARG inactivation in the dark to ensure complete equilibration
of adsorption/desorption onto the catalyst surface. Later, the solar lamp was turned
on for a photocatalytic treatment time of 180 min for ARG inactivation. The anal-
yses reported minor visible changes for sulfonamide and macrolide-resistant genes:
sul1, ermB. However, abundant reduction of the ampicillin-resistant gene, ampC,was
observed due to intracellular DNA damages of bacteria produced by photo-irradiated
TiO2-rGO (Karaolia et al. 2018).

16.4 Photocatalytic Reactor Design

The large-scale setting up of photocatalytic reactors pose constraints due to signif-
icant energy consumption, uneven photon distribution, inappropriate flow rate, or
catalyst deactivation, directly affecting the photocatalytic efficiency. Hence, opti-
mizing a reactor is vital to balance the treated solution’s quantity and the degraded
ECs.Generally, the photoreactors are categorized based on geometrical shape, photo-
catalyst size, morphology, fluid dynamics or applications. Figure 16.11 represent a
brief classification of photocatalytic reactors reported in various literatures.

The simplest type of photoreactor design, slurry photoreactor, have a three-phase
interface: the photocatalyst as the solid,water as the liquid, and vapours as the gaseous
phase. The system is more dependent on mass transfer limitation due to negligible
exposure of the catalyst to the light source and can be operated as continuous, batch
or plug flow. Amidst this, studies on continuous and plug flow reactors are vital for
scaling up the reactor for industrial-scale applications. However, the use of fixed
beds in continuous flow reactors reduces photocatalytic efficiency. Generally, this
limitation is overcome by the use of micro-sized powders as catalysts dispersed
in the system. Nevertheless, the susceptibility of the system catalyst fouling has a
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Photocatalytic Reactor

Slurry reactor

Mixed flow 
reactor  

Plug flow 
reactor 

Batch reactor

Immobilized reactor

Packed bed reactor

Fluidized bed 
reactor 

Thin film reactor

Advanced systems

Microfluidized 
reactors 

Membrane reactor

Optical fiber reactor

Fig. 16.11 Classification of photocatalytic reactor models

Fig. 16.12 Optimized configurations of various photocatalytic reactors. a Mixed flow reactor.
b Packed bed reactor. c Optical fiber membrane reactor. d Annular reactor. e Thin film reactor.
(Modified from Sargolzaei and Hedayati Moghaddam 2015; Azevedo et al. 2009; Gan et al. 2007)

tendency to hinder the continuous flow of the reactor (Yu and Yu 2008; Das and
Mahalingam 2020).

Figure 16.12a, b show an illustration of slurry-based reactors. The immobilized
reactor system is more advanced than the slurry systems in terms of catalyst arrange-
ment, thereby cutting down downstream processing costs. In this system, the photo-
catalyst is supported on packing materials or coated on the transparent sheets during
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the synthesis phase, as in Fig. 16.12d, e. This enhances the surface area, which
consequently augments the mass transfer rate. The advanced reactors are a more
customized form of photoreactors to address the conventional system’s drawbacks
and increase efficiency and quantum yield. Unlike the usage of lamps in conventional
systems, the advanced system utilizes optical fibre (OFC) and light-emitting diodes
(LED), as shown in Fig. 16.12c (Claes et al. 2019; Tugaoen et al. 2018; Levchuk and
Sillanpää 2020). These light sources have an excellent ability to reduce variations in
wavelength, compatibility in immersed systems, and thereby improve the quantum
yield. Since the catalyst is coated on support material like OFC or LED, the type of
support material also influences the reaction process, reactor efficiency, and cost of
fabrication/operation (Dijkstra et al. 2003).

16.5 Conclusion

Adequate access to freshwater is critical for the survival of humankind. Themisman-
agement of water resources, water pollution, and the increasing demand for fresh-
water are causing significant stress on the existing water resources. Along with
conventional organic, inorganic, and biological pollutants, the rise of emerging
contaminants in water has been a massive area of concern for the past few years.
These contaminants coexist in various matrices based on their different physico-
chemical properties. Prolonged exposure to emerging contaminants has been linked
to multiple health effects, including cancerous and non-cancerous diseases. Several
treatment technologies are developed to remove them in water, given their toxicity
and widespread occurrence. Photocatalysis is an advanced oxidation process exten-
sively studied for the removal of emerging contaminants inwater. However, the large-
scale deployment of the process is hindered due to catalytic fouling, interferences
from other ions, poor photostability, high energy consumption, and recombination
of charges.

The recent advancement in nanotechnology has facilitated the synthesis of cata-
lysts at the nanoscale with enhanced properties, including visible-range illumination,
enhanced separation of photogenerated charges, improved photostability, reduced
recombination, and photo corrosion. Semiconductors modified with graphene-based
derivatives are promising catalysts for the purification of water contaminated with
emerging contaminants. They are preferred due to their high surface area, reduced
recombination, enhanced photoinduced separation, and increased mobility of charge
carriers. However, the mechanistic details of the functioning of graphene-modified
catalysts are not fully understood. The substantial advantages of graphene over its
allotropic family are not fully exploited due to the lack of rational design and engi-
neering of graphene surfaces.Moreover, the conventional methodology of dispersing
semiconducting materials over graphene surfaces is ineffective in utilizing its struc-
tural advantage. Consequently, poor interfacial contact between the semiconductor
and graphene is obtained, thereby affecting photoactivity. Hence there is a need to
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develop more efficient synthesis methods or strategies to make full use of the struc-
tural and electronicmerits of graphene. Though a few reports confirm the formation of
a Schottky junction between semiconductor and graphene, it is still under debate and
not understood fully. In addition, interfacial mediators such as transition metal ions
could optimize the charge transfer in graphene-modified photocatalysts’ interface.
In this regard, a combined effort between experiment and theory would be desirable
to have an in-depth insight into the microscopic charge transfer pathway. This can
act as a guide towards the design target of smarter graphene-based photocatalysts for
potential applications.

Another critical aspect that requires attention is concerning the approaches for
producing graphene and its derivatives with high quality, such as high purity, few
defects, and controlled size. So far, strong oxidative exfoliation of graphite followed
by chemical reduction of GO is used to prepare graphene. Although this approach is
effective for the mass production of graphene, it inevitably produces many defects
that could affect the electrical conductivity and mechanical strength of graphene,
thereby affecting the photodegradation efficacy. Hence, the large-scale production
of graphene composite at an affordable cost is withminimal defects or oxidation sites
still poses a challenge for field applications. Hence, strategic planning and design of
photocatalysis setup are essential for fabricating energy-efficient and cost-effective
reactors. Until now, no precise regulation has been developed on which photoreactor
model is suitable for all cases. Hence, optimization of a photoreactor design required
continuous effort to be applicable in large-scale treatment systems. Coupling with
other treatment methods can also boost the performance and represent a possible
alternative to the future.
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Chapter 17
Reverse Osmosis (RO) and Nanofiltration
(NF) Membranes for Emerging
Contaminants (ECs) Removal

Monisha Monachan, Nandini Dixit, Shihabudheen M. Maliyekkal,
and Swatantra P. Singh

Abstract In recent years, the effect of emerging contaminants (ECs) has been a
threat to humans and wildlife. The advancement in water and wastewater treatment
technologies is not very efficient enough for the removal of ECs. ECs have very
high toxic levels, and even their traces can cause a dangerous effect on the ecolog-
ical system and are rarely traceable in wastewater effluent. Due to difficulties in
conventional processes for removing ECs, new methods like membrane technolo-
gies are being used. Therefore, membrane processes like Reverse Osmosis (RO) and
Nanofiltration (NF) have broad applicability. Even though these treatment processes
are energy-intensive, these technology’s removal efficiencies are better than conven-
tional methods. This chapter consists of recent studies on the removal of ECs using
reverse osmosis and nanofiltration. Different pharmaceuticals, antibiotics, Endocrine
Disruptor (EDCs), and pesticides are mentioned, and their removal efficiencies by
RO and NF methods are reviewed from recent works of literature. The chapter also
highlights the characteristics and effects of emerging pollutants on water bodies.
The newer technologies like Membrane Bio-reactor (MBR) are also reviewed along
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with various technologies like Advanced Oxidation Processes (AOPs) combined
with RO/NF process for ECs removal. Finally, an outline of current knowledge gaps
and future research scope related to the application of RO and NF for wastewater
treatment is recommended.

Keywords Emerging contaminants · Reverse osmosis · Nanofiltration ·Water
treatment ·Wastewater treatment ·Membrane processes

17.1 Introduction

In recent years, water recycling has become very important to overcome the
increasing demand for water because of the rise in population, climate change, and
overuse (Al-Rifai et al. 2011). Nearly 71% of the Earth is covered with salt water,
and only 29% of freshwater sustains life. According to World Health Organisation
(WHO), about 2.6 billion people have no access to clean drinkingwater (Pandey et al.
2014). As water pollution is increasing, ~4000 children die every single day from
waterborne diseases. Water sources are getting polluted daily because of fast indus-
trialization, leading to environmental crises (Deblonde et al. 2011).Various research
studies have been conducted to develop energy-efficient and economic processes
such as membrane-based technologies to treat contaminated wastewater. There are
also hybrid membrane-based technologies combined with other methods to purify
and recycle wastewater (Ortego et al. 1995; Sairam et al. 2006).

Studies suggest that if ECs exceed 70%, it is environmentally harmful to human
health (Eurostat 2014). As per the United States Environmental Protection Agency
(USEPA), ECs are categorized as hazardous contaminants with no regulatory stan-
dards. Polyaromatic hydrocarbons (PAHs) are solely listed EC among hazardous
ECs by USEPA (Barbosa et al. 2016). There are various kinds of ECs present in
wastewater, but the most common and widely found ECs are nonylphenol (NP) and
bisphenol (BPA) (Rasheed et al. 2019) (Corcoll et al. 2014). The presence of ECs in
water can cause neurological, reproductive, developmental, and immune effects in
humans as well as wildlife (Fisher and Eugster 2014; Gomes et al. 2018). Figure 17.1
typically shows how ECs in the wastewater travel different routes and finally reach
the water source that people and animals consume.

Conventional treatment has proven inefficient in removing ECs from wastew-
ater as it is unlikely to remove steroids from wastewater even after complete treat-
ment (Tijani et al. 2013). Various conventional water treatment techniques such as
adsorption, ion exchange, coagulation, bio-oxidation, sedimentation, filtration, UV
radiation, and chlorination have been broadly investigated in the literature; however,
a greater part of these methodologies are deficient for a compelling treatment of
wastewater (Jones et al. 2005). Apart from these, other water treatment technolo-
gies include membrane-based techniques, which produce high-quality potable water
with low maintenance costs (Mohammad et al. 2015). The Membrane-based tech-
nologies are classified as Ultrafiltration (UF),Microfiltration (MF), Forward osmosis
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Fig. 17.1 A schematic showing the prevalent sources of ECs. Reprinted from Reference (Gogoi
et al. 2018), Copyright (2018) Elsevier

(FO), Reverse osmosis (RO), and Nanofiltration (NF), which are emerged for recla-
mation of wastewater (Rodriguez-Narvaez et al. 2017). Microfiltration is a widely
used technique as it can be taken under atmospheric pressure but cannot remove
pollutants <1 μm and so is unable to remove emerging contaminants, whose size
ranges from 1 to 100 nm (Zhou et al. 2010; Lu and Liu 2010). Ultrafiltration has
the potential to remove ECs as it has a pore size ranging from 0.001 to 0.1 μm size
(Acero et al. 2010; Lidén and Persson 2016). Although FO, RO, and NF are the
most commonly used techniques for ECs rejection, as they have a pore size ranging
from 10 to 100 Å respectively (Lee et al. 2011; Malaeb and Ayoub 2011). The pore
size and the morphologies of membranes are shown in Fig. 17.2. The main objective
of this study focuses on an in-depth review of the reverse osmosis (RO) process
and nanofiltration (NF) process for the removal of emerging contaminants (ECs) in
water and wastewater. The significant advancements in the area of membrane tech-
nology with combined processes like MBR are also being covered. Along with this,
various types of emerging contaminants and their removal efficiencies have also been
discussed. This study also concludes the future research directions in this area and
the effectiveness of these technologies as they can be an environmentally benign and
alternative water treatment source.
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Fig. 17.2 Schematic representation membrane-based separation process. Reprinted with permis-
sion from Reference (Liao et al. 2018), Copyright (2018) Elsevier

17.2 Emerging Contaminants and Their Effects

17.2.1 Pharmaceuticals (PhACs)

PhACs are a type of emerging contaminants generated because of their utiliza-
tion in human and veterinary medication. Antibiotics, biologics, biotics, fragrances,
nutritionally functional foods, diagnostic products, etc., have a considerable contri-
bution to form complex compounds of ECs when mixed in the aquatic ecology
(Fatta-Kassinos et al. 2011).

The concentration of ECs in wastewater ranges from 2.2 to 34,228 ng/L, and their
removal rate varies from 0 to 97%.Aspirin is one of themost commonly found ECs in
wastewater which can be easily reduced to salicylic acid, amore active chemical form
(Al-Odaini et al. 2013).Apart from this, the removal efficiency of phthalates is around
>90%, but for antibiotics, the removal rate varies from50 to 70%.Anti-inflammatory,
β blockers, and analgesics have less degradation efficiency of 30–40%. Compared to
this, ECs like tetracycline and codeine have meager removal rates, which is around
10% (Deblonde et al. 2011). The compounds like polychlorinated biphenyls (PCBs)
are found in fatty tissues of humans resulting due to unwanted exposure in the
environment via industries. It also has a harmful effect on the environment as it gets
deposited in the sediments because of lower solubility in water (Tavakoly Sany et al.
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2015). Ibuprofen is another drug that is commonly found in surface water. These
types of ECs are found in minimal concentrations in the environment and are also
recognized as persistent pseudo-pollutants (Gogoi et al. 2018). Marine life is one of
the significantly affected species to these ECs as they are exposed to wastewater in
their entire lifespan. However, the level of toxicity of pharmaceuticals on aquatic life
is not entirely explored, and the knowledge of its effects is inadequate.

17.2.2 Endocrine Disruptors (EDCs)

Endocrine disruptors are synthetic chemicals that can imitate hormones of the human
body when consumed. It has been found that EDCs can copy the functioning of
natural estrogens, thyroid, and testosterone hormones in the human body which can
lead to behavioural, hormonal, reproductive, and developmental changes (Snyder
et al. 2003). Bisphenol A is a priority EDCs and is studied widely to under its fate
and occurrences in wastewater for its effective removal process. The concentration of
nonylphenol (NP) is up to 1.1× 103 ng/L and is observed in the effluent of household
and industrial wastewater (Fan et al. 2013). Because of their long-term exposure to
the water, it can have an adverse effect and which is a major concern even if the
concentration present in the wastewater is low.

17.2.3 Personal Care Products

Personal care products (PCPs) are another type of emerging contaminant that is used
for individual care purposes. PCPs present in personal care products include steroids,
fragrances, shampoos, hormones, conditioners, etc. (Pal et al. 2014). Sunscreen
containing UV filters is proved to have estrogenic activities, according to studies.
These UV filters are widely present in groundwater and other surface water. At lower
concentrations, these personal care products are biologically active, increasing the
risk of aquatic organisms (Sharma et al. 2019). Dioctyl phthalate (DOP) commonly
used in food packaging, personal care product, blood containers, and tubings have
very high toxicity levels which are difficult to eliminate by water treatment processes
(Blanchard et al. 2004; Qureshi et al. 2016). These PCPs get converted into carbon
dioxide andwater in their mineralized or natural form inwastewater treatment plants.

17.2.4 Pesticides and Biocides

Pesticides are used for agricultural purposes for the production of quality food. The
excessive usage of pesticides has caused its remnant to pollute the environmental
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surrounding, which has dangerous and toxic outcomes. The consumption of pesti-
cides can cause cancer, neurological disorders, and deformity. The drinking water
can have a permissible limit of up to 0.5μg/L of combined active ingredients of pesti-
cides (Karabelas et al. 2009). Biocides are widely used in the food industry as food
preservatives. It is used to destroy fungicides and herbicides that lead to microbial
growth in food containers (Margot et al. 2015). The chemicals including spirox-
amine, carbendazime, terbutylazine, acetochlor, etc. are a range of fungicide and
herbicides that get alloyed with the groundwater and runoff water, causing harmful
consequences humans as well as aquatic organisms (Comber et al. 2015; Ender et al.
2017; Gao et al. 2015; Weston et al. 2015).

17.3 Quantification of ECs

In recent years it has been seen that various ECs have been detected in the surface
water, groundwater, drinking water, and wastewater in their derivative forms with
original compounds (Nabeel et al. 2020). Due to the chemical composition of ECs,
they are easily dissolved in water which is risky for aquatic life and human life by
the water cycle. The detection of these ECs is seen at nano- gram per liter (ng/l) scale
(Thomaidis et al. 2012). Such small detection requires susceptible analytical tech-
niques. Thus, more efficient monitoring techniques for the identification of ECs are
becoming important day by day. Different analytical methods have been developed to
determine the number of ECs present in groundwater,wastewater, drinkingwater, and
surface water. One of the majorly used techniques by regulatory agencies involves
gas or liquid chromatography combined with mass spectroscopy (Rasheed et al.
2019). This method is effective in identifying ECs in complex wastewater because
of its sensitivity, selectivity, and specificity (Thomaidis et al. 2012). Identification of
ECs can lead to a more accurate, cost-effective, and fugacious approach towards the
treatment of water compared to conventional techniques such as High-Resolution
Accurate Mass Spectroscopy (HRAM), which are expensive and challenging. For
analytical methods, pre-treatment for the sample is considered a crucial step. This
step helps in reducing the lower detection limits (LOD) and low quantification limits.

Advanced techniques such as ion trap and triple quadrupole have also been
explored when assessing the nanograms (ng) ranges (Agüera et al. 2013). To
interpret the structural form of transformed products, more developed methods
such as quadrupole, linear ion traps quadrupole, quadrupole-time of flight, triple
quadrupole, and quadrupole-linear ion trap are used (Nikolaou 2013). Other analyt-
ical methods include immunoanalytical techniques, microbiological assays, or capil-
lary electrophoresis. Compared to the liquid chromatography technique, capillary
electrophoresis is less sensitive, although immunoanalytical technique dependsmore
upon antibody used, andmicrobiological assays arewidely sampled nature dependent
(Buchberger 2011). The use of solid-phase extraction has been increased in recent
studies compared to liquid–liquid extraction because of its simple, relevant, and effi-
cient applications.Nanomaterialwith a combined effect ofmagnetism, including iron
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nanoparticles, has also got attention as a substrate in solid-phase extraction (Moliner-
Martínez et al. 2011).Despite showing promising results in ECs identification, amore
sensitive determination technique needs to be developed.

17.4 Reverse Osmosis

17.4.1 Removal of ECs by RO Process

Reverse osmosis (RO) is one of the most important and energy-efficient technologies
currently available for water and wastewater treatment. In RO, the monovalent ions
likeNa+ andCl− are separated fromwater through a semi-permeablemembrane. Due
to higher external pressure than the osmotic pressure, the water molecules are forced
to flow in the opposite direction than that of the osmosis phenomenon. Reverse
osmosis works on high pressure and the pressure vary from 20 to 70 bar and the
permeate flow ratio ranges from 10 to 100L/h/m2 (Gómez-Espinosa and Arizmendi-
Cotero 2019). Because of the hydrophilic nature of the membrane, water readily
diffuses in and out of the polymer structure. The mechanism of reverse osmosis
is shown in Fig. 17.3. Even though RO membranes are widely used for wastew-
ater treatment, steric exclusion, electrostatic interaction, and hydrophobic/absorptive

Fig. 17.3 Mechanism of reverse osmosis. Adapted and modified from Reference (Quatrini et al.
2021)
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interaction needs to be investigated for the removal of different types of ECs based
on charge, size, and hydrophobicity, etc. The aromatic polyamide present in the
reverse osmosis membrane is responsible for its high retention efficiency. Alongwith
this, size exclusion, electrostatic repulsion, and hydrophobic/supermolecular interac-
tions are also responsible. Hybrid techniques, including Reverse osmosis and carbon
filters equipped with drinking water treatment plants, are also found to be effective
for removing several ECs. Even compounds having smaller molecular weights like
nitrosodimethyl amine, dioxane, and 2-methylsoborneol have a greater removal rate
via carbon filters. Also, 98% of antibodies are removed by RO andNF process, where
retention was ineffective for low MWCO (Molecular Weight cut-off) NF membrane
(Wang et al. 2018).Additionally, in another study conducted, it was seen that RO has
better retention efficiency than FOmembranes. The average retentionwas as follows:
ATZ (93.7%) > CBM (84.3%) > SMX (75.2%) > 4 CP (60.9%) > PHN (47.3%) for
RO membrane (Boleda et al. 2010; Heo et al. 2013). The principal mechanism for
removal of these compounds was steric hindrance. Molecular dynamics simulations
also revealed the high adsorption of phenolic compounds with the RO membranes.
Also the small size and hydrophilic nature of compounds leads to the enhanced trans-
portation in theDS side of FO system,which helped in better removal efficiency (Heo
et al. 2013).

A potent ECs, namely N-nitrosamine, is generally found in drinking
water as a disinfection by-product. The highest N-nitrosamine is NDMA (N-
nitrosodimethylamine), having a critical level concentration of about 10 ng/ L in
potable water. In this study, it was explored that, through the integration of reverse
osmosis and UV, the NDMA rejection was ranged from 24 to 56% and 43% to
66%, respectively, which was observed by solid-phase extraction (SPE). The overall
removal of NDMA by advanced treatment process was 69 ± 7% (Plumlee et al.
2008). RO process combined with membrane bioreactor (MBR) has also been used
to treat raw sewage and secondary effluent. The retention rate of RO – MBR has
been found to be greater than 99% for 20 PhACs, while retention of RO also showed
robust removal of micropollutants like ETM, MTP, clarithromycin, and atenolol to a
detectable limit of less than or equal to 10 ng/L (Joss et al. 2011). Also, the retention
efficiency of CBM was found to be greater than 99%, along with SMX, MTP, and
sotalol were with a 98% removal (Radjenović et al. 2008). Due to the high MWCO
(Molecular weight cut off) of the RO membranes (TR70-4021-HF) i.e., 100 Da,
steric hindrance is one of the potential size exclusion mechanisms. Apart from this,
electrostatic interactions also affect the retention of PhACs (Dolar et al. 2012).

Another poisonous ECs is BPA, which is produced by condensation of acetone
and phenol using an ion exchange resin as a catalyst. In a study done by Khazali
et al. (2014), the critical pressure was about (408–476 kPa). Due to this high critical
pressure, the polarization concentration forms, which reduces the rejection efficiency
and maximum rejection was formed at pH 8. At higher pH, the BPA molecule is
converted to bisphenolate with a single negative charge, which led to electrostatic
interactions between the O- and OH- groups respectively, thereby decreasing the
rejection rate. Furthermore, the effect of feed pH on the UF/RO was studied by Qin
et al. (2003), wherein they found that rejection was increased with an increase in
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pH but the membrane flux was decreased. Moreover, with an increase in pH of the
feed concentration of TOC was decreased. It is because of the enhanced electrostatic
repulsion between charged organic solute and the surface of the membrane. Overall,
the optimum pH of the feed water for the integrated UF/RO process was found to be
around 3.7–5.6 for the treatment (Qin et al. 2003).

The most common drug used for chemotherapy is cyclophosphamide (CP) which
canhave a toxic effect on the livingorganismpresent inwater bodies duringdischarge.
CP rejection in feedwaterwas investigated byNF,RO, andMBRprocesses. CP rejec-
tion was most efficiently observed with the RO process with almost 90% rejection. In
the NF process, the CP rejection was observed to be 20–40%. The hybrid process of
MBR-RO and MBR-NF was suggested to successfully eliminate CP in real wastew-
ater treatment (Wang et al. 2009).A range of micro ECs were investigated at various
conditions in wastewater recycling plants. Eleven PhACs, two EDCs, and BPA (6–
23 μg/L) removal were observed using MF and RO processes, indicating the higher
concentration of salicylic acid in wastewater treatment plant effluent. ECs concentra-
tion decreases majorly from primary to secondary treatment. The retention efficiency
was greater than 97% in treated water concentrations which was <0.1 μg/L for most
ECs, and the concentration of BPA was <0.5 μg/L. Although the presence of BPA
in the treated water is 0.5 μg/L is still a major concern (Abdelmelek et al. 2011).
To remove PhACs, organic matter, and other inorganic contaminants, a combined
advanced oxidation process with reverse osmosis can also be utilized. The OH radi-
cals in combination with proteins in RO retentate proved to be effective for removing
PhACs.

Beta-blockers such as metoprolol and propranolol are classified as a potential
risk to aquatic as well as human life if present in water. A study was conducted for
the removal of β blockers using ozonation. Tests were carried out on chlorinated
and non-chlorinated effluent of wastewater treatment plants, and a decrease of OH
radical exposure shown effective removal of β blockers in the RO process (Benner
et al. 2008). A comparison study between Forward Osmosis and Reverse Osmosis
was conducted to examine the rejection of Bisphenol A, triclosan, and diclofenac.
The pore size of the commercial cellulose-based FOmembrane was 0.74 nm (Benner
et al. 2008). BPA and triclosan rejection were seen higher in the FO membrane. RO
and FO membrane successfully rejected the triclosan because the molecular width
of triclosan is larger than the membrane pore size. Furthermore, as NaCl was used as
feed solution, there was a major change in filtration behaviour of BPA on adsorption
surface of FO and RO. In FO, the concentration of BPA was reduced from 0.5 to
0.47 ng/l in the first 100 min. But in RO stable value of 2.4 was reached in 200 min.
Hence, the adsorption of BPA on the RO surface was seen more consistent than on
the surface of the FO membrane (Xie et al. 2012).

According to a study, NF 90membrane was compared with the pilot and full-scale
experiments with two RO membranes (BW30LE and ESPA2). The results show that
ACT removal was 72% in RO and NF 90 removal efficiency was 67% which is
a minor difference. Investigation using NDMA revealed a 45% removal by NF 90
and 35% with ESPA2. NF 90, BW30LE, and ESPA2 were capable of removing
pollutants with MW > 200 with rejections over 90%. Contaminants like salicylic
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acid (SAC) which has a smaller molecular weight, can be removed by NF and RO.
The removal efficiency of NF was 82% for neutral contaminants and 97% for ionic
pollutants. Removal efficiencies of ROmembrane for natural and ionic contaminants
are 85% and 99%, respectively. Hence, RO has better removal efficiency compared
to NF membrane (Yangali-Quintanilla et al. 2011). Oxidation processes have the
potential to degrade organics from contaminated water streams. A pilot-scale study
was introduced to treat sewage wastewater in which a combined AOP-RO system
was developed to eliminate ECs from secondary municipal wastewaters. By using
this process, more than 99% of ECs were removed, but the effective removal of
N-nitrosodimethylamine (NDMA) and H2O2 was difficult. Pilot-scale experimenta-
tion was also carried out to study ciprofloxacin’s removal by using a spiral wound
membrane in which more than 90% removal of ciprofloxacin was observed (James
et al. 2014). The recent development and ongoing studies prove that ROmembrane is
efficient for desalination and effectively removes various contaminants fromwastew-
ater streams. The removal efficiency of the RO membrane is summarized in Table
17.1.

Table 17.1 Summary of removal efficiencies of ECs by RO filtration process

S. No. Emerging contaminants
(ECs)

Removal
efficiencies (%)

References

RO 1 Atrazine (ATZ) 93.7 Heo et al. (2013)

2 4-Chlorophenol (4CP) 60.9

3 Phenol (PHN) 47.3

4 Carbamazepine (CBM) 84.3

5 Sulfamethoxazole (SMX) 75.25

6 N-nitrosodimethylamine
(NDMA)

50–65 Plumlee et al. (2008)

7 Bisphenol A (BPA) 87 Khazaali et al. (2014)

8 Salicylic acid 85 Yangali-Quintanilla
et al. (2011)

RO-MBR 1 ETM 99 Dolar et al. (2012)

2 Atenolol

3 Clarithromycin

4 Sotalon 98

5

6 Cyclophosphamide (CP) 90 Lv et al. (2009) and
Wang et al. (2009)

RO-AOP 1 NDMA 99 James et al. (2014)

2 Ciprofloxacin 90
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17.5 Nanofiltration

17.5.1 Removal of ECs by Nanofiltration Process

A study showed BPA rejection by NF membrane (NF- 4040-70; Saehan MWCO ~
200 Da) with less than 74.1%, along with the rejection of IBP or salicylic acid, which
were found to be 98.1% and 97%, respectively. The pH of BPA remained constant
throughout the study; however, IBP and salicylic acid were noticed a negative charge.
Due to this, low BPA rejection has been shown due to the absence of repulsion
between BPA and membrane surface. The molecular weight of IBP and salicylic
acid was seen much higher than BPA, and because of that, IBP and salicylic acid had
high size exclusion and electrostatic repulsion. BPA showing no charge difference
at pH seven and being hydrophobic must have absorbed the hydrophobic surface of
membrane till its saturate which led to less rejection of BPA with operational time
(Kim et al. 2008).

NF modified with polymer brushes has improved the retention of BPA with
96.9% removal efficiency. The steric hindrance coupled with polymer chains causes
enhanced retention of BPA. Also, the hydrophilic polymerized surface of the
membrane increases the adsorption of BPA. Steric hindrance increased by 60 min
due to the production of longer polymer chains. The polymer chains produced at
15 min were not very effective in increasing the steric hindrance. IBP and salicylic
acid removal was also noted to be 98.1% and 99.7%, respectively. It was due to more
steric hindrance and increased negative charge surface that made the removal much
more effective (Kim et al. 2008). A study was carried out on agricultural wastewater
to eliminate BPA, triclosan, benzyl phthalate, carbamazepine, and 4- nonylphenol
with NF-270 at 800 kPa pressure. An observation was made that the retention of BPA
was reduced because of water solubility. The retention of hydrophobic compounds
increased because of the adsorption surface of the membrane. The flux of NF- 270
was 87-30 L/m2/hr. The removal of ECs onNFwas around 90%. The rejection of two
major pesticides, dimethoate, and atrazine, was explored. The NF membrane used
for demonstration was NF-90, NF-200, NF-270, and DK of ~200 MWCO. NF-90
showed the highest removal of acetaminophens (López-Muñoz et al. 2012). A new
form of ECs known as Perfluoro octane sulfonates (PFOS) is commonly used in
surfactants, fire retardants, lubricants, coating material, and metal plating solutions
(Deng et al. 2010). PFOS in a very minimum quantity is also considered very toxic in
the water. NF-270 was used to study the removal of PFOSA. The water used for the
investigation was stimulated surface water with calcium ions. The concentration of
calcium chloride in the feed water was 10 ppb. The results showed that the rejection
of PFOS increased from 94 to 99% because of calcium chloride concentration (Zhao
et al. 2013).

Polyamide membranes have low separation performance due to their adsorption
property. A study was conducted using surface adsorption as a parameter. Polysul-
fone, polyester, and polyamide membrane were employed for rejection of estrone
and estradiol. NF polyamide membranes have shown the highest adsorption among
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other membranes. Surface morphology and pore size played an important role in
surface adsorption. The pH of the medium played another crucial role in the removal
of ECs. As at neutral pH, electrostatic repulsion between the surface of membrane
and solute was observed more compared to that of pH 11 (Nghiem et al. 2005). In
a different study, tert-butyl phenol retentions were examined by using commercial
NF-270 membrane, and it was seen that 90% of ECs were retained, giving an effec-
tive removal (Khouni et al. 2011). A recent study has observed that steric exclusion
is also crucial for the separation of hormone-like compounds. pH, ionic strength, and
organic matter are also responsible for the separation of ECs (Darko-Kagya et al.
2010).

Commercial NF-90 and NF-270 membranes were used for removal of ECs like
sulfamethoxazole, diclofenac sodium, hydrochlorothiazide, 4- acetamidoantipyrine,
nicotine, and ranitidine hydrochloride. At low pressure, the desired retention of
ECs was observed because of steric hindrance and dynamic interaction between
membrane surface and solutes. The retention of solutes was >95% in NF-90 while
NF-270 showed less retention ranging from 75 to 95%. It was concluded that this
is because of permeate flux and physiochemical properties of ECs (López-Muñoz
et al. 2012). Removal of cyclophosphamide was demonstrated with NF hollow
fibre membrane having charged surface. The membrane was designed using hyper-
branched polyethyleneimine (PEI) as crosslinkers to the polyamide-imide backbone.
The flux of the membrane was very high because of the sponge-like structure porous
membrane. Membrane pore size decreased immensely after crosslinking with PEI.
This made the surface of the membrane hydrophobic with a positive charge. The
molecular weight of PEI is 60000, which contributed to the maximum rejection of
ciprofloxacin (Bedor et al. 2010;Nghiem et al. 2006).Multi-walled carbon nanotubes
were used to removeECs from the primary effluent. In this process, as a pre-treatment,
coagulation was used before the nanofiltration process to reduce the interference of
humic acid and biopolymers. This method was not very efficient in the removal of
ECs, and the removal concentrations were deficient (Boleda et al. 2010).

The advanced oxidation processes and adsorption processes have also beenwidely
explored to remove ECs from wastewater. An experiment was performed to investi-
gate the retention percentages of antibiotics like norfloxacin (NOR), ofloxacin (OFL),
roxithromycin (ROX), and azithromycin from effluent streams. UV/O3 process
has reduced the concentration of ECs in the wastewater by 87%. An increase of
BOD/COD ratio of 4.6 times, dissolved organic carbon (DOC), and reduction of
acute toxicity has shown the removal efficiencies of 40% and 58%. NF resulted in
the highest removal efficiency of 98%.Thus, the overall study confirmsNF is efficient
in removing antibiotics fromwastewater streams, but the UV/ O3 process was able to
remove antibiotics from NF concentrate (Liu et al. 2014). PES- NF membranes were
used to recover 1-(5-bromo-fur-2-il)-2-bromo-2-nitroethane in crossflow NF model
having >80% retention. Membrane prepared with 25% and 75% PES on NF-270 has
given themaximum results (Martínez et al. 2012). Chlorination is widely used for the
disinfection of wastewater. The organic matter of chlorine can cause the generation
of toxic by-products like trihalomethane (THM). NF-200 membranes have shown
the efficiency of removal of trihalomethanes from the wastewater (Uyak et al. 2008).
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The wastewater from the textile mills will combine with municipal wastewater,
sewage effluent, and surfacewater contaminating the groundwater, surfacewater, and
soil. Metals and organic dye used in the preparation of the dye can also contaminate
the food and increase human health risks. Dopamine (DA)—modified halloysite
nanotubes (HNT) was combined and blended with PVDF to investigate the removal
of direct red-28 (DR-28), direct blue-14 (DB-14), and direct yellow-4 (DY-4). The
removal efficiencies for DR-28 were 86%, DB-14 was 94%, and DY-4 was 85%
(Zeng et al. 2017). The water flux of the membrane was improved by about 80%.
The removal efficiency of the NF membrane is summarized in Table 17.2.

Table 17.2 Summary of removal efficiencies of ECs by NF process

S. No. Emerging Contaminants
(ECs)

Removal
efficiencies (%)

References

NF NF 90 1 BPA 74.1 Kim et al.
(2008)2 IBP 98

3 Salicylic acid 97

4 Acetaminophen 95 López-Muñoz
et al. (2012)5 Sulfamethoxazole

6 Diclofenac sodium

7 Hydrochlorothiazide

8 4-Acetamidoantipyrine

9 Nicotine

10 Ranitidine

NF 270 1 Triclosan 90 López-Muñoz
et al. (2012)2 Benzyl phthalate

3 Carbamazepine

4 4- nonylphenol

5 Tert-butyl phenol

6 Perfluoro octane
sulfonates (PFOS)

99 Zhao et al.
(2013)

7 Sulfamethoxazole 75–95 Nghiem et al.
(2006)8 Diclofenac sodium

9 Hydrochlorothiazide

10 4- Acetamidoantipyrine

11 Nicotine

12 Ranitidine

NF-AOP 1 Norfloxacin (NOR) 98 Liu et al. (2014)

2 Ofloxacin (OFL)

3 Roxithromycin (ROX)

4 Azithromycin
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17.6 Conclusion

In recent yearsmany kinds of literature havementioned the presence ofECs present in
wastewater that is not easily removable by conventional waste treatment processes.
The presence of ECs in wastewater harms the environment, and researchers are
constantly developing newer methods and strategies to treat the effluent that can be
recycled and reused to reduce water scarcity. These ECs are originated from different
sources in the form of synthetic chemicals, pharmaceutical compounds, naturally
occurring compounds, and microorganisms. Therefore, different technologies need
to be adopted for different wastewater nature. Membrane-based technologies have
proved to eliminate some of the toxic ECs presents in nature; however, the viability
in terms of energy and economic becomes the need of the hour. Among different
membrane processes, the RO and NF process has proven suitable for eliminating
ECs from wastewater. The hybrid technologies combined with RO and NF have
given excellent results as per the literature. The recently developed technologies,
like the MBR process, have also shown prominent removal of ECs when integrated
with RO/NF processes. Current developments in the field of RO andNF processes are
highlighted with recommendations for future improvements. Efforts are needed to
identify the ECs in wastewater because only <5% of the pharmaceuticals, personal
care products, antibiotics, pesticides, etc., are detected. The toxicity level of each
emerging contaminant should be evaluated for developing treatmentmethods that can
efficiently separate and degrade these ECs. The efficiency of the hybrid process like
MBR and AOPs combined with the RO and NF process should focus on improving
the efficiency of removal of ECs to obtain good quality water after treatment. Param-
eter optimization of the integrated process like AOPs combined with RO/NF process
is essential with a proper flow sheet. This approach can achieve notable results over
the currently used treatment method, i.e., activated carbon. Despite its excellent
results over a wide range of contaminants, membrane-based processes still suffer
some limitations due to the different physicochemical properties of the materials
used in the fabrication processes. In addition to this, a change in separation mech-
anism could occur due to the change in membrane properties due to adsorption,
which can lead to membrane breakdown (Kárászová et al. 2020). Therefore, a trade-
off between selectivity and permeability needs to be achieved for optimal operations.
Apart from this, a major challenge occurs in Reverse Osmosis membranes processes,
i.e., the generation of a concentrated stream of contaminants which requires addi-
tional treatment steps with the expense of high energy. These limitations could be
addressed with new generation membrane materials and hybrid processes such as
forward osmosis. In addition to this, social and legislative actions should improvise
the research and development for implementing new generation technologies for
treating the wastewater.
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Chapter 18
Introduction to Membrane Distillation
and Its Application in Emerging
Contaminants Removal

Utkarsh Misra, Vartika Nishad, and Swatantra P. Singh

Abstract Emerging contaminants (ECs) have huge impacts on all living beings,
and conventional treatment processes like coagulation, precipitation, and chlori-
nation have limited capability for removal. So, a tertiary and combined treatment
process is required. Alternative treatment technologies include adsorption, chem-
ical treatment, and membrane filtration. However, the associated operating cost, ECs
rejection, fouling propensity, and by-product formation are some of the drawbacks.
Membrane distillation (MD) is one of the promising membrane technologies for
emerging contaminants removal. In MD, The vapor pressure difference between the
hot feed and cold permeate is a driving force. MD technology has some added advan-
tages like low-pressure requirements, less fouling susceptibility, low-temperature
requirements, and only vapormass transfer, i.e., 100%non-volatile compounds reten-
tion. MD employs a low temperature and pressure so fouling is less compact and is
easily cleanable. MD technology has been studied for desalination, hypersaline brine
treatment, chemical separation and can potentially remove emerging contaminants.
The MD technology does not require very high-quality heat; solar heat, waste heat,
or cogeneration-based heat utilization is possible. This way, MD can be operated
on renewable energy and becomes sustainable and carbon neutral. MD technology
has also been integrated with other efficient treatment technologies like Forward
Osmosis (FO), Reverse osmosis (RO), and Nanofiltration (NF), providing a leading
edge compared to other treatment methods. This chapter elaborates on various avail-
able MD technologies, possible materials, configurations, operating parameters, and
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energy requirements. We have also highlighted future research trends and challenges
for MD treatment technology’s sustainable and commercial application.

Keywords Membrane distillation · Hybrid technologies · Renewable energy ·
Micropollutants · Sustainability · Carbon neutral · Energy efficiency

Abbreviations

MD Membrane distillation
EP Emerging pollutants
EC Emerging contaminants
USEPA United States Environmental Protection Agency
EDHs Endocrine-disrupting hormones
PFOS Perfluorooctanesulfonic acid
PFOA Perfluorooctanoic acid
AO Advanced oxidation
ED Electrodialysis
DCMD Direct Contact MD
AGMD Air Gap MD
SGMD Sweeping Gas MD
VMD Vacuum MD
LEP Liquid Entry Pressure
NOM Natural Organic Matter
BR Biological reactor
FO Forward Osmosis
EMBR Enzymatic Membrane Bioreactor
ROS Reactive Oxygen Species
PPCP Pharmaceuticals and Personal Care Products
SV Semi-Volatile
NV Non-volatile
ED Electrodialysis
TrOCs Trace Organic Compounds
DBPs Disinfection by-products
PFPeA Perfluoropentanoic acid

18.1 Introduction

Water is an integral part of our life, and with improving living standards and high
consumer care specific demands, pollution in every vertical has increased. With the
advent of modern science, detection and discovery of reasonably low concentrations
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of chemicals and their derivatives have also become possible. With the detection of
the number of known pollutants existing in society vicinity, the related concerns have
increased. These compounds being detected recently as a pollutant in water bodies
are also known as Emerging pollutants (Vasilachi et al. 2021). Emerging pollu-
tants (EP) or Emerging contaminants (EC) consist of many anthropogenic chemicals
used for household and industrial applications, which are vital for modern society.
NORMAN database has 1036 compounds identified as emerging (NORMAN 2021).
Norman database classified the emerging contaminants into seven broad categories of
Pharmaceuticals, Personal care products, Industrial chemicals (food additives, pesti-
cides, polychlorinated biphenyl, flame retardant, antimicrobial substances), Disin-
fection by-products, Algal toxins (toxic released from some algae: Cyanotoxins,
microcystin), Biocides and their metabolites (plants and agricultural preventive
agents [pesticides]), Bioterrorism and disruption devices (Biological and Chemical
weapons). Other classifications depend on their suspected health effects, sources,
uses, and chemistries (Hernández-Maldonado and Blaney 2019; Richardson and
Ternes 2011; Thomaidis et al. 2012; Fawell and Ong 2012; Yang et al. 2014). United
States Environmental Protection Agency (USEPA) lists the contaminants candidate
chemicals and has published four such lists by 2015, and a new list is still in draft
condition since 2018 (US Enviromental Protection Agency 2009). Many of these
ECs have no standard for regulation, and thus at times, chronic exposures are also
observed but remain non-conclusive in the absence of any concrete facts.

ECs are considered highly toxic, as ng/L exposure can severely affect both aquatic
andhuman life. These effects includegenotoxicity, endocrine disruption, and immune
toxicity. The long-term impact is not yet evaluated and is difficult to be estimated
(Vasilachi et al. 2021). Quantitative and qualitative number of Pharmaceuticals and
endocrine-disrupting hormones (EDHs) observed in the aquatic environment has
been reported in various reports. They can cause antibiotic resistance, increasing the
cancers rate, and cause organ damage (Bound andVoulvoulis 2005;Milić et al. 2013).
EDHs may affect sexual and reproductive behaviour (Bradley and Journey 2014).
Sunscreens, UV filters, and other personal care products like siloxane, benzophe-
none, and aminobenzoic acid get into the aquatic environment through washing,
bathing, swimming, and domestic wastes (Lei et al. 2015). Many studies suggest
some Endocrine-disrupting effects of these compounds (Krause et al. 2012). Disin-
fection by-products (DBPs) get into the human body by direct ingestion, show-
ering, dermal absorption. Long-term exposure with DBPs results in genotoxicity,
carcinogenic effects (Li and Mitch 2018). PFOS and PFOA are persistent and toxic
compounds, and they also bioaccumulate in biological systems. Fire retardants are
less soluble in water, less volatile, and they are proposed to be causing neurotoxicity,
hormonal disruption, and cancers. Nutrient-rich water systems get algal blooms, and
blue-green algae produce toxins affecting the toddlers and elders alot (Miraji et al.
2016). Perfluorinated compounds are demonstrated to induce benign dysfunction in
rodent models (Klaunig et al. 2012). Figure 18.1 summarizes how the ECs end up
affecting human life and give rise to various complications.

New-generation contaminants arise from industries, agriculture, mining, and
domestic residential sources (Ali et al. 2019). Biological treatment methods like
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Fig. 18.1 Emerging contaminants with their associated human exposure and related problems.
Reprinted from reference (Lei et al. 2015) with permission from Hindawi

filtration and activated sludge process are not efficient for removing many contam-
inants such as drugs, heavy metals, and other emerging contaminants (Rajapaksha
et al. 2018). Other physical methods like coagulation and flocculation also have
limited capabilities for the removal of emerging contaminants. At the same time,
chlorination may result in undesirable taste and odor, producing some carcinogenic
by-products also (Rajapaksha et al. 2018; Varma et al. 2013; Li et al. 2019; Junussova
and Chicherin 2020). Membrane separation through size exclusion, steric effect, or
electrostatic interactions is an alternative and effective method for removing these
contaminants. Table 18.1 lists some studies for the removal of EC using membranes.
Advanced oxidation (AO) methods generate reactive oxygen species to mineralize
the recalcitrant pollutant, but it requires substantial energy. As ECs exist in very low
concentrations affecting the efficiency of the AO.

Membrane bioreactor (MBR) is another efficient treatment method capable of
producing effluents of reuse standards (Melin et al. 2006).MBRs also degrade TrOCs
that are biodegradable and hydrophobic but have challenges in removing recalcitrant
compounds through biological processes only (Clara et al. 2005; Radjenović et al.
2009; Tadkaew et al. 2011; Wijekoon et al. 2013). So MBR systems integrated with
NF (Choi et al. 2002), FO (Achilli et al. 2009; Alturki et al. 2012), andMD (Goh et al.
2013; Khaing et al. 2010), also known as high retention MBR, have been proposed.
AnMD-MBR process consists of anMD system to remove the lowmolecular weight
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Table 18.1 Recent studies for membrane-based water treatment

Type Membrane material Target compound References

Microfiltration Industrial
membrane—hydrophobic
and negatively charged
PVDF

Ciprofloxacin
removal

Guo et al. (2018)

Ultrafiltration Polyether sulfone (PES) Caffeine removal Acero et al.
(2017) and Guo
et al. (2018)

Ultrafiltration Guanidyl-functionalized
graphene/poly-sulfone
mixed matrix

Antibacterial and
antimicrobial

Zhang et al.
(2019)

Nanofiltration Graphene oxide/attapulgite
composite membranes

Dyes removal Wang et al.
(2019a)

Nanofiltration Polyacrylonitrile and Fe2O3 Diazinon removal Pordel et al.
(2019)

Nanofiltration Chitosan and graphene
oxide

Diazinon removal Chen et al. (2019)

Nanofiltration/Reverse
osmosis

Polyamide thin-film
composite (TFC)
membranes

Pesticides Nikbakht Fini
et al. (2019)

Filtration adsorption β-cyclodextrin polymers Bisphenol A
removal

Wang et al.
(2019b)

Solid-phase extraction Porous carbon derived from
amine-functionalized
MIL-125 metal–organic
framework

Bisphenol A and
4-tertbutylphenol

Sánchez et al.
(2019)

calcitrant compound from the feed of MBR. This MBR operates in thermophilic
conditions to facilitate MD operation. Thermophilic conditions also favor enhanced
degradation and lesser sludge production (Lapara and Alleman 1999).

Various Biological reactor (BR)-MD configurations have been suggested in liter-
ature like submerged (Goh et al. 2013; Tomaszewska and Białończyk 2016; Zhang
et al. 2015), continuous feed recirculation (Phattaranawik et al. 2008; Jacob et al.
2015; Asif et al. 2018; Song et al. 2018; Pal et al. 2018). Forward osmosis (FO),
being less energy-intensive with low fouling propensity, has applications in water,
effluent treatment, food processing, and desalination (Cath et al. 2006). FO-BR-MD
systemwhereMD regenerates the draw solution (Siddique et al. 2018; Siddique et al.
2018). Electrodialysis (ED) uses the applied electric potential for the transport of ions
across the ion-exchange membrane. ED has been used in industries before RO with
a limitation that it can remove only ionic species (Warsinger et al. 2018). So, ED
has been used for desalination only and has the potential limited to remove charged
emerging contaminants only (Metcalf et al. 2007). Roman et al. (2019) studied trans-
port and adsorption for positively and negatively charged organic micropollutants in
ED and found the highest adsorption up to 100% for positively charged species.
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Fonseca Couto et al. (2018) have reviewed the various membrane-based treatment
methods for removing the pharmaceutically active compounds and suggest that MD
is a promising technology for preventing health and environmental problems caused
by PhAC in the environment (Fonseca Couto et al. 2018).

Membrane distillation (MD) is a microfiltration technique that uses heat energy
for desalting highly saline waters. This procedure allows only vapor molecules to
pass over a hydrophobic microporous sheet (Alkhudhiri et al. 2012). In contrast
with traditional procedures, low operating temperature is an attractive feature of the
MD process. In reverse osmosis (RO), hydrostatic pressure is more than in MD so,
membranes are less fouled and thus get a longer lifetime (Alkhudhiri et al. 2012).
MD has been explored to recover whey protein (Hausmann et al. 2013), olive oil
processing (El-Abbassi et al. 2012), orange juice cconcentration (Alves andCoelhoso
2006), textile and petroleum industry wastewater (Khaing et al. 2010; Jacob et al.
2015; Wu et al. 2018; Leaper et al. 2019; Sivakumar et al. 2013); radioactivity
contaminated water (Jia et al. 2018), municipal reuse of water (Mericq et al. 2011;
Cath et al. 2005), resources recovery (Zarebska et al. 2014; Quist-Jensen et al. 2016),
and fermentation broth separation (Gryta et al. 2013).

This chapter consists of a perspective ofMD for Emerging contaminants removal.
We have started with a basic introduction to emerging contaminants with issues
related to ECs, and their conventional removal techniques. Next, we have discussed
the MD as a technique for EC remediation with its mechanism, configuration, and
material requirements. Further, in the next section, we have discussed the EC removal
by MD with literature and its perspective. At last, we have given a conclusive
summary of the economics and energy consumption of MD with a future trend
in the research of MD.

18.2 Membrane Distillation

Membrane-based treatment systems are efficient and have a low footprint, whereas
thermal systems can use various alternative thermal sources. A Membrane Distilla-
tion system was proposed to take advantage of both systems. To perform separation
byMD system, we need a hydrophobic and porous membrane. A membrane is a thin
barrier that allows one or more constituents to move across it when placed between
two phases or mediums in the presence of an appropriate driving force. MD process
has three phenomena, namely evaporation followed by vapor molecule migration
and subsequent condensation. At high temperatures, evaporation of feed fluid takes
place at the fluid/vapor interface. The vapor produced during the process crosses the
membrane pores and condenses on the other side of the membrane with a colder
draw solution. Typically feed temperature ranges from 3060 °C, allowing the use of
low-quality thermal energy.

MD is driven by the vapor pressure difference across the hydrophobic membrane,
which is sandwiched between a hot feed and a compartment. This compartment may
sweep gas, air, or vacuum depending upon the type of technology, making Direct
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Contact MD (DCMD), Air Gap MD (AGMD), Sweeping Gas MD (SGMD), and
Vacuum MD (VMD) four common types of MD systems (Alkhudhiri and Hilal
2018). MD is supposed to have a capacity of working efficiently at higher flux and
high salinity (Drioli et al. 2015;Ashoor et al. 2016). In anMDsystem, the temperature
involved is low, and the hydrophobicity of the membrane tends to make the process
less susceptible to fouling. Theoretically, 100% rejection can be obtained for non-
volatile solutes (Moradi et al. 2016;Wijekoon et al. 2014a), and solute concentrations
do not impact the process efficiency for MD process (Silva et al. 2018). Due to the
low temperature and pressure, the fouling, if developed in MD, is less compacted
and quickly cleaned (Alkhudhiri et al. 2013). Silva et al. (2018) showed no change in
performance on increasing the solute concentration by 1000 times (Silva et al. 2018).
Organic and inorganic membranes can be used for water and wastewater treatment.
Highly selective, chemically stable, resistant to fouling, and suitable mechanical
strength membranes are preferred.

In an MD system, the membranes are made of hydrophobic polymeric materials
like PTFE, PVDF, or PP and have pores at some standard distances at about 0.1–
0.5 μm. A strong dipole in water prevents the material from being wetted by the
water (Warsinger et al. 2017). However, the pores in the membrane are bigger than
the particles in the feed; the high Liquid entry pressure of the surface hinders the
entry of the liquid phase in the pores. A convex meniscus forms into the pore due
to a phenomenon known as capillary action. MD process relies upon the following
conditions (Franken et al. 1987).

• The porosity of the membrane
• Non-wettability due to fluids
• The membrane at one side should be in direct contact with the solution
• No capillary action.

The rejection mechanism of organic compounds is DCMD depends on their
volatility, surface charge, and hydrophobicity (Naidu et al. 2017). In MD proce-
dures, mass and heat transfer takes place from the hot side to the cold side. The
feed temperature Tf drops while moving from the bulk feed side boundary to T1

at the membrane surface. Evaporation of water occurs during the process and gets
transported across the membrane. At the same time, the conduction of heat to the
cold (permeate) side occurs. As the water vapor condenses on the permeate side,
temperature increases from Tp to T2. The driving force for this phenomenon is the
vapor-pressure gradient caused due to two temperatures T1 and T2, which is less
than the vapor pressure change between Tf and Tp. This phenomenon is also called
temperature polarization. Schofield et al. have defined this temperature polarization
coefficient (TP) by following expression (Camacho et al. 2013):

T P = (T1 − T2)

(T f − Tp)
(18.1)
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Fig. 18.2 Mass and Heat
transfer in DCMD.
Reprinted from reference
(Camacho et al. 2013) with
permission from MDPI

where T1 = Feed side boundary temperature, T2 = Permeate side boundary temper-
ature, Tf = Bulk feed side temperature, Tp = Bulk permeate side temperature
(Fig. 18.2).

Mass exchange in theMDsystem incorporates three stages: (1) vaporization of hot
feed at the gas/liquid interface, (2) vapor transport through hydrophobic pores due to
vapor pressure difference from hot to cold side, and (3) condensation of vapor into the
cold streamside. Therefore, mass is controlled by twomajor factors: the difference in
vapor pressure and membrane permeability. Considering fluid dynamics conditions
on both sides of the membrane, the limiting step for mass transfer in MD is the
mass transfer across the membrane. The following properties influence membrane
permeability (Eykens et al. 2017):

• Since the membrane is not 100% porous, the effective area for mass transfer is
less than the total membrane area.

• Membrane pores are not straight throughout the membrane; instead, they have
some tortuosity induced due to their fabricationmethods. Thus, the vapor transport
path is greater than the membrane thickness.

• The inside walls of the pores increase the resistance to diffusion by decreasing
the momentum of the vapor molecules.

Poiseuille-flow (P), Knudsen-diffusion (K), and Molecular-diffusion (M), or a
combination of these, governmass transport and are called the transitionmechanism.
The dominantmass transfermechanism in the pores is represented using theKnudsen
number (Kn). Other popular models for mass transfer in MD are Scofield model
(Schofield et al. 1990) and Dusty-gas model (Mason et al. 1983).
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Two steps are involved in heat transfer from the feed side to the permeate side. First
is the heat transfer for sensible heating and latent heating on the cold side. Sensible
heating is caused through the membranes, and the latent heat transfers through the
water vapors. This transfer forms a temperature difference in the bulk and boundary
layer; this temperature difference drives a flow from bulk to the boundary through
convection (Eykens et al. 2017). In the case of an AGMD, the sensible heating is less,
and thus the system performs better than DCMD. If we use a flow of air in this gap
using Stripping gas, mass transfer is boosted, and more sensible heating resistance
is obtained. Since gas flowing and subsequent condensation are energy-intensive,
VMD is developed where sensible heating losses are neglected at very low vacuum
levels.

18.2.1 Different Membrane Distillation Configuration

Membrane Distillation systems have four configurations, classified according to the
conditions near the membrane on the draw side. As the technology has advanced,
the use of vacuum, sweep gas, and air gap has emerged to improve the distillation
system’s performance. The most popular system used is direct contact membrane
distillation. Here we have briefly described different configurations of Membrane
distillation.

18.2.1.1 Direct Contact Membrane Distillation (DCMD)

In the DCMD process, hot feed solution is directly contacted on one side of the
membrane. Over the permeate side, the cold draw solution is passed. Themembranes
used for theDCMDprocess consist of a thin selective, hydrophobic, andmicroporous
layer on the feed sidewith a support layer that is thicker, less hydrophobic, and porous
at the distillate side. The steps involved in the process are (Hsu et al. 2002):

• Vaporization of solvent at the hot side
• Dispersion through the apertures
• Condensation at the cold draw solution side.

More porosity, thickness, and less hydrophobicity lead to polarization effect on
the distillate side and, consequently, distillate flux declines. DCMD process operates
on low hydrostatic pressure. The concentration of microbes, chemicals, and ions
on the feed side due to leakage, evaporation, or wind action leads to corrosion. Qu
et al. (2013) performed a study on removing ammonia from industrial and munic-
ipal wastewater (Qu et al. 2013).A capillary PVDFmembrane with 80% porosity, an
average pore size of 0.22μm,LEP of 250 kPa, and a surface contact angle of 87°were
used for the experiments. Feed samples were prepared by dissolving ammonia chlo-
ride into distilled water, and the pH values were adjusted by adding HCl and NaOH
to the feed solution. It was shown that there was 52%, 88%, and 99.5% ammonia
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Fig. 18.3 Different membrane distillation configurations. a Direct contact MD, b Air gap MD,
c Vacuum MD, d Sweep gas MD

removal efficiency, respectively, within 105 min, when the feed solution was passed
through three DCMD configurations. These configurations were (1) conventional
DCMD, (2) hollow fiber membrane contactor, and (3) a modified DCMD apparatus.
This study concluded that the DCMD process could be used for ammonia removal
from wastewater (Qu et al. 2013). Heat loss by conduction is one of the drawbacks
of Direct contact configuration design (Hsu et al. 2002). Figure 18.3 summarises the
differences and mode of operation in different configurations.

18.2.1.2 Sweeping Gas Membrane Distillation (SGMD)

In a sweeping gas MD, the hydrophobic side of the membrane faces the hot feed,
and the vapors generated by the high temperature, after passing through the pores,
are swept using an inert gas. Subsequently, the condensation of the gas occurs in the
exterior to the membrane setup. The gas barrier here is not static but decreases heat
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and enhances the mass transfer coefficient (Camacho et al. 2013). Xie et al. (2009)
studied the SGMD applications for ammonia removal. PTFE membrane with pore
size 0.45 μm, 70% porosity, and 100 and 200 μm thickness, wastewater containing
100mg/L ammonia at pH 11.5 was used in the experiment (Xie et al. 2009). Distillate
flux, the effect of feed temperature, the flow rate of gas and ammonia were exam-
ined to analyze the removal of ammonia using SGMD. The experiments show 97%
ammonia removal (treated water contained 3.3 mg/L ammonia), and an increase in
distillate flux and feed temperature was recorded (Xie et al. 2009). It was concluded
that the SGMD process could be effectively used for treating wastewater.

18.2.1.3 Air Gap Membrane Distillation (AGMD)

In AGMD, there is an immobile air gap on the distillate side between the membrane
and cold stream. The air gap is crossed by vapor for condensation on the cold surface.
Desalination and volatile organic compound removal from aqueous solutions are apt
for this design. The drawback in the DCMD and SGMD led to the introduction of
the AGMD method. The driving force in this mode is the difference in temperature
of the feed liquid and conducting surface (Moulik et al. 2018).

In the Water gap membrane distillation (WGMD) module, the AGMD design is
altered by introducing immobile water in place of air (Alawad and Khalifa 2019).
For desalination, deionized water is used to avoid contamination. Zarasavand Asadi
et al. (2012) used AGMD for the treatment of oily-saline water from a gas refinery
(Zarasvand Asadi et al. 2012). Solar energy was used with AGMD apparatus, and the
results showed a much decrease in total dissolved solids from 1991 to 91 mg L−1.
The objective of this experiment was to obtain drinking water from high salinity
oily water, and a sound reduction in the contaminants was observed using AGMD
(Zarasvand Asadi et al. 2012).

18.2.1.4 Vacuum Membrane Distillation (VMD)

VMD is done by applying a vacuum on the penetrating side of the membrane, which
decreases the pressure radically under the equilibriumpressure of the feed andvolatile
constituents. VMD process increases permeate flux with less heat loss by evacuating
the membrane’s pores by deaeration or creating a vacuum on the distillate side using
a vacuum pump. VMD gives high flux, and vacuum provides insulation against
heat loss by conduction and reduces resistance to mass transfer (Alkhudhiri et al.
2012). One of the applications of VMDwas studied in the downstream processing of
bioethanol. In converting lignocellulose to bioethanol, hydrolysis produces certain
derivatives such as phenolic compounds, furans, and aliphatic acids that act as
inhibitors. These by-products reduce the productivity of ethanol. Chen et al. (2013)
studied fermentation inhibitor removal from lignocellulose hydrolyzates reaction,
and the effect of feed temperature and velocity were investigated (Chen et al. 2013).
They concluded that high distillate flux was achieved at high feed temperature due
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to high heat transfer, and also the removal efficiency increased from 7.26 to 24.79%
(Chen et al. 2013).Among all themembrane configurations,DCMDhas awidespread
application in laboratory research. In commercial applications, AGMDpredominates
due to its high energy effectiveness and the ability for latent heat retrieval. The air
gap in AGMD possesses less heat loss than in DCMD but increases mass transfer
resistance.

18.2.1.5 Membrane Characteristics

For efficient MD performance, the membranes are proposed to have specific prop-
erties described here with their effect on performance and improvement opportuni-
ties. The membrane is a microporous and hydrophobic material acting as a physical
obstruction that does not influence separation directly in the MD process. Vapor–
liquid equilibrium is established due to water vapor or volatile constituents at the
membrane surface. Membranes used in the MD system should have the following
properties:

1. High Liquid entry pressure
2. Low thermal conductivity
3. High permeability with Reduced mass transfer resistance
4. Low fouling rate
5. Excellent thermal, mechanical, and chemical stability
6. Long term performance.

High Liquid Entry Pressure

The wetting resistance of a hydrophobic membrane is determined by its liquid entry
pressure (LEP) measurement. The LEP is the minimum hydrostatic pressure to be
applied to the liquid to penetrate into pores and wet the hydrophobic membrane. For
a suitable MD system membrane, high LEP is required, so that entry of the feed
solution can be prevented, which is a prerequisite for high flux and quality of the
permeate with long-term performance. High LEP can be obtained by low surface
energy and high contact angle membrane surfaces. Franken and co-workers related
the LEP with liquid surface tension (σ), contact angle (θ) and pore size as following
(Franken et al. 1987)

LEP = −2Bσ
cos θ

rmax
(18.2)

whereB= geometric factor ofmembrane pore size irregularities (i.e., B= 1 for cylin-
drical pore); σ = surface tension; θ = contact angle of the liquid on the membrane;
rmax = maximum pore radius of the membrane.

So, a membrane with a higher contact angle and smaller pore sizes is required
for high LEP; surface roughness can also enhance the surface energy for a good MD
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membrane (Ravi et al. 2020). Introducing super-hydrophobicity in MD membrane
creates an air gap between water and membrane surface; this air gap allows the
membrane to have larger pores without compromising the LEP requirements. Super-
hydrophobic membranes are made by incorporating nanomaterials (NM) in the
membrane matrix, which generally imparts surface roughness and lowers the surface
energy. Lu et al. (2019) have extensively discussed the membrane-water–vapor inter-
action characteristics and their improvement approaches (Lu et al. 2019). The nano-
materials have also been shown to affect the contact angle of the membrane. Tijing
et al. suggest 5% MWCNT incorporation resulted in a 9.5° change in water contact
angle (WCA) of their electrospun composite membrane (Tijing et al. 2016).

Similarly, An et al. (2017) used 2% MWCNT and gained 8.2° WCA increment,
Woo et al. (2016) used 5% graphene to enhance WCA by 20.4°. To get some signif-
icant change in WCA, we have to mix a sufficient amount of NM, but as the concen-
tration of incorporated NM increases, narrower pores are formed, and flux declines.
So, functionalizing the NP with hydrophobic groups like silane or amines can be
done. Functionalization not only increases the dispersibility but also increases the
wetting resistance of NM at high concentrations without getting agglomerated in the
matrix. MD membranes need to exhibit wetting resistance, so surfaces with omni-
phobic and amphiphobic nature are also gaining attention. Surface modification can
be obtained by coating, grafting, and plasma modification. Lu et al. (2016) coated
PVDF membrane with silane and SiO2 by vacuum filtration to get a WCA change
of 16.3°. PVDF can also be coated by dip-coating in PDMS to change the surface
energy (Jiao et al. 2020). PES membranes were grafted by silane and silicate to
increase theWCA to 149° (Rastegarpanah andMortaheb 2016). Moradi et al. (2016)
used PVDF/TiO2 composite membrane for trace heavy metal removal usingMD. An
increase in LEP was observed with increasing NP concentration, increasing WCA
from 124° to 135°.

High Permeability, Porosity, and Tortuosity

Better results are obtained when a large amount of vapors permeate through the
membrane per unit of time. In theory, larger pore size and smaller pore tortuosity in
thinner membranes give a high molar flux. A tighter and uniform pore distribution is
desirable for MD. But in practice, large pores and thin membranes reduce the LEP
and thermal conductivity (Ravi et al. 2020). So optimized parameters help in gaining
high LEP and permeability (Wang et al. 2009). Desired values for porosity are 80–
90% (Eykens et al. 2016), thickness 0.5–06 μm (Schneider et al. 1988), tortuosity
~0, and thickness 100–200 μm (Tang et al. 2012).

As compared to electrospun membranes, membranes made by phase inversion
have high porosity giving a high flux (Eykens et al. 2017). Membrane porosity is
characterized as the division of the volume of pores to the mass volume of the
layer. It can be estimated by two types of liquids: one that can penetrate the pores
(hydrophobic liquid, e.g., IPA) and the other that does not pass (hydrophilic liquid,
e.g., water). A highly porous membrane allows larger permeate transport (Khayet
and Matsuura 2001). Porosity determined by Smolder and Franken is:
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ε = 1− ρm

ρpol
(18.3)

where, ε = porosity; ρm = membrane density; and ρpol = polymer density.
The shape of the pores other than cylindrical is referred to as tortuosity (τ). As

tortuosity increases, permeate flux decreases (Srisurichan et al. 2006).Macki-Meares
formulated tortuosity with porosity as:

τ = (2− ε)2

ε
(18.4)

Pore size should be optimum, neither too small to reduce permeate flux nor too
large to allow liquid penetration. Hence vapor flux is determined by mean pore size.
100 nm–1 μm pore size membranes are commonly used (El-Bourawi et al. 2006).

Solvent and non-solvent in the case of membrane fabrication play a significant
role. So, a weak coagulant solution produces a more porous membrane compared
to a strong coagulant. Bonyadi and Chung (2007) and Munirasu et al. (2017) have
used alcohols as weak coagulants to get more porous membranes yielding a higher
flux. Similarly, Hou et al. (2014) showed flux decline with different solvents like
NMP, DMSO, DMAc, and DMF. Few pore-forming additives like PEG (Wang et al.
2008), PVP (Silva et al. 2015), oxalic acid (Zheng et al. 2015), glycerol (Zheng
et al. 2015), and Lithium Chloride (Liao et al. 2013; Hemmat et al. 2015) have been
administered to get sponge-like structures. These additives are primarily removed in
post-treatment on membrane but also alters the membranes WCA (Silva et al. 2015).
On increasing the TiO2 concentration in PVDF composite membrane, Moradi et al.
(2016) obtained an increase from 72 to 75% in porosity with decreasing pore size
from 300 to 270 nm on 20% blending compared to the pure membrane.

There is an inverse relationship between the permeate flux and the thickness of the
membrane. As the thickness increases, flux decreases. A thinner membrane imposes
lowermass transfer resistance in terms of thickness, eventually helping in higher flux.
Interestingly, increasing the thickness of the upper layer of the dual-layer electrospun
membranes help in getting higher porosity and higher flux (Attia et al. 2018).

Fouling Propensity

The growth of undesiredmaterials on themembrane surface or inside themembrane’s
pores is membrane fouling. Membranes used in MD can be susceptible to a variety
of hydrophobic foulants found in feed water. It results in an unfavorable effect on
the overall performance of MD, formed due to scaling (salt precipitation), inor-
ganic fouling (collides deposition or salt crystallization), organic fouling (organic
compounds accumulation), and bio-fouling (microorganism growth). Factors that
affect fouling include (1) foulant characteristics (its’ charge, solubility, concentration,
diffusivity, molecular size, hydrophobicity, etc.); (2) membrane properties (pore size,
hydrophobicity, PSD, surface roughness, surface charge, and functional groups on the
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surface); (3) operational conditions ( solution temperature, flux and flow velocity);
and (4) feedwater characteristics ( ionic strength, pH, solution chemistry, and pres-
ence of inorganic/organic matters) (Tijing et al. 2015). Properties of foulant and their
concentration govern the nature of fouling that can happen. The feed’s temperature,
velocity, and interactions between the membrane surface and foulants affect the
fouling significantly. Fouling decreases permeate flux by obstructing the membrane
pores and decreasing its effectiveness. However, the fouling strength can be restricted
by the flow rate of the feed and its temperature. Fouling on the membrane reduces the
temperature gradient available across themembrane. AlthoughMDmembranes have
low fouling characteristics compared to pressure-driven processes, the elimination of
fouling extends the life of the membrane, eventually leading to a reduction in opera-
tion costs. Warsinger et al. (2015) and Tijing et al. (2015) have extensively analyzed
fouling controlling techniques forMDmembranes.Guo et al. (2019)made an innova-
tive photocatalyst BiOBr/Ag-based self-cleaningMDmembrane, regenerating under
visible light exposure. Electroconductive materials like CNT-PVA /PP can improve
the properties by imparting electrical conductivity in composite membranes and
improve cleaning abilities (Barbhuiya et al. 2021; Tang et al. 2017). Figure 18.4a–d
are SEM images of the fouling in an MD membrane, Fig. 18.4e given below shows
the fouling inside the pores and on the membrane surface (Alkhudhiri et al. 2012).
Figure 18.4f expresses the extent of flux drop in different fouling scenarios.

Types of Fouling

1. Inorganic fouling: Precipitation of hydroxides and accumulation of other inor-
ganic species cause this type of fouling. Due to high bicarbonate concentra-
tions (alkalinity) in the feed water, the most commonly occurring scale in MD
membranes is CaCO3, (Gryta 2009) High-temperature strips out CO2 from
the system. So, bicarbonate decomposes to carbonate (Gryta 2005). Scaling is
affected by solution pH and temperature, so maintaining pH below 7 hinders the
scaling. A non-porous scale significantly blocks the water flow and decreases
efficiency. Figure shows the fouling effect of MD performance. Calcium sulfate
scaling occurs on supersaturation and causes deformation and cracking on the
surface and pores, increasing wetting in MD (Gryta 2005). Similarly, Silica
scaling is also significant due to its polymerization making colloidal silica
(Milne et al. 2014). Figure 18.4f clearly shows the lowest reduction in flux
due to CaCO3 caused fouling compared to other fouling scenarios for the MD
system.

2. Organic fouling: This type of fouling is caused by soluble Organic particle
deposition like debris, hummus, protein and surfactants, and colloidal particles
(Abdel-Karim et al. 2021). The organic fouling does not interfere with the
membranematrix but alters its hydrophilicity, eventually leading to porewetting
and reduced performance (Abdel-Karim et al. 2021).

3. Biofouling: Biofilm formed by microbes due to the release of polysaccharides
causes biofouling. A vicious, slimy, hydrated layer forms on the membrane
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Fig. 18.4 The extent of scaling in MD. a, b CaCO3 scaling, c biofilm layer, d NaCl crystal scaling
reprinted with permission from Elsevier from reference (Abdel-Karim et al. 2021), e Membrane
fouling in the pores and on the surface reprinted with permission from Elsevier from reference
(Tijing et al. 2015), f Effect of different fouling and the extent of flux drop due to fouling in MD
system. Reprinted with permission from Elsevier from reference (Abdel-Karim et al. 2021)

surface, particularly in wastewater applications where feed water contains high
quantities of microbes and extracellular substances (EPS) (Bogler and Bar-
Zeev 2018). These EPS acts as pore wetting agents, declining the flux and
performance of the membranes. Biofouling is affected by the feed temperature
(Bogler and Bar-Zeev 2018; Jiang et al. 2020), water recovery (Jiang et al.
2020), cross-flow velocity (Yang et al. 2020), and water composition (Zodrow
et al. 2014). Through careful implementation of antibacterials (Jiang et al. 2019)
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and anti adhesive (Sabri et al. 2019), we can restrict the development of MD.
Figure 18.4f shows the highest flux drop caused due to biofouling compared to
other fouling scenarios for the MD system.

4. Colloidal Fouling: Colloidal fouling can be caused by inorganic and organic
substances existing in a system in suspended colloidal form (Xia et al. 2018).
Theygenerally have sizes from tens of nanometre to aboutmicron size. Inorganic
colloids include silicates, iron, and aluminum oxides, and silts (Tijing et al.
2015). Organic colloids may consist of cell fragments and biopolymers from
extracellular and intracellular polymeric substances.

Analytical separation becomes difficult because of fouling as it increases
membrane thickness. Therefore softening (Gryta 2010), anti-scaling agent (Al-Anezi
et al. 2008), pHmodification (Karakulski andGryta 2005),membrane-based pretreat-
ment (Karakulski and Gryta 2005), and chemical cleaning (Karakulski and Gryta
2005) are done as pre-treatment for feed. Physical cleaning methods like air back-
washing, aeration, ultrasonic/vibration, and water flushing are other less explored
methods for cleaning.

Thermal Conductivity and Chemical, Thermal and Mechanical Stability

Feed solutions like seawater may contain various reactive chemicals; the cleaning
solutions may have abrasive chemicals, so chemical stability of MD membranes is
necessary. The operating temperature of the MD may exceed the polymer’s melting
point, which causes damage to the structure of the membrane. So, Polymers used for
MDmembranes should be thermally stable. Themembranemay face substantial force
while being packed in modules or being operated, so sufficient mechanical strength
is required for membranes. Thicker membranes provide an excellent mechanical
strength but have lower permeability. Additives like CaCO3, cellulose improve the
mechanical strength of the membranes (Ravi et al. 2020). Pores of membranes have
low conductivity due to the presence of air so, porous membranes have a lower
thermal conductivity. Additives like silica aerogel, aluminum fumarate MOF, SiO2

and PDMS, and MWCNT help improve thermal conductivity (Ravi et al. 2020).

Membrane Materials

Thermally stable, hydrophobic, and strong polymers like Polytetrafluoroethylene
(PTFE), polyvinylidene fluoride (PVDF), and polypropylene (PP) are used in the
MD process. Among the materials mentioned above, PTFE is highly hydrophobic
(the largest contact angle with water), has good chemical and thermal stability and
oxidation resistance. PP also shows good thermal and chemical resistance. PVDF
membrane can be easily prepared with better hydrophobic character, thermal resis-
tance, andmechanical strength. Fabrication of membranes can be done by stretching,
sintering, and phase inversion methods (Camacho et al. 2013). Surface energies and
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Table 18.2 Surface energy and thermal conductivity of different materials (Camacho et al. 2013;
Gale et al. 2016; Madeira et al. 2018)

Membrane material Thermal conductivity (W m−1

K−1)
Surface energy (×10−3 N/m)

Polytetrafluoroethylene
(PTFE)

0.25 9–20

Polypropylene (PP) 0.17 30

Polyvinylidene fluoride
(PVDF)

0.19 30.3

Polyethylene (PE) 0.3–0.5 20

Polydimethylsiloxane
(PDMS)

0.2 19–21

thermal conductivities of PTFE, PP, and PVDF are mentioned in Table 18.2: Owing
to the excellent properties of the ceramics, the hybrid membrane of polymer and
ceramic can help in different problems.

18.2.1.6 Performance Evaluation Parameters

The performance of an efficient MD system is characterized by its flux (J), contam-
inant rejection % (R), and flux recovery ratio (FRR). If W is the mass of distillate
obtained (kg), A is the effective area of membrane (m2), and t is time to obtain this
distillate, then cumulative permeate flux (J) of the process can be evaluated by

J = W

A × t
(18.5)

If Cp and Cf are solute (or pollutant) concentrations in permeate and feed side,
respectively, then solute rejection (R) can be computed as

R =
(
1− Cp

C f

)
× 100 (18.6)

The membrane regeneration can be found by evaluating the flux recovery ratio
(FRR), which is the ratio of Jf and J0, representing the flux of cleaned and pristine
membrane, respectively (Fig. 18.5)

FRR =
(
J f

J0

)
× 100 (18.7)



18 Introduction to Membrane Distillation and Its Application … 445

Fig. 18.5 Schematic of a benchtop lab-scale DCMD setup for performance evaluation. Reprinted
with permission from Elsevier from reference (McGaughey et al. 2017)

18.3 Emerging Contaminants Removal by Membrane
Distillation

MD has been widely investigated for seawater and brackish water desalination due
to the high quality and good flux of the produced water. But as the concerns related
to emerging contaminants increase, MD can be implemented as a good process for
removing chemicals and biological substances. Wastewater treatment through MD
has been investigated by Zhu et al. (2014). At the laboratory stage, desalination,
groundwater treatment, volatile organics removal, and solar heat utilization have
been done for MD (Moradi et al. 2016). There are a limited number of works dealing
with emerging contaminants removal using MD (Wijekoon et al. 2014a; Han et al.
2017). Few studies for removal of trace amounts of heavy metals (El-Bourawi et al.
2006; Blanco Gálvez et al. 2009; Zakrzewska-Trznadel et al. 2001), boron (Hou et al.
2010), arsenic (Pal andManna 2010; Criscuoli et al. 2013) also exist. Wijekoon et al.
(2014a) used MD as a post-treatment for membrane bioreactor (MBR) for removing
trace organic compounds. The MD-MBR system sufficiently removed the selected
25 TrOCs, but due to salinity buildup during operation, nitrogen and recalcitrant
compound removal were negatively affected (Wijekoon et al. 2014b). A pilot-level
Air Gap MD was used to remove micropollutants of a WWTP located in Stockholm
(Woldemariam et al. 2016).

Song et al. (2018) suggested that integration of MD in an anaerobic Biological
Reactor (BR) improves the rejection from 25 to 75% for 26 different pharmaceuticals
(Song et al. 2018). MD was also tested for removal of β-estradiol hormone and
urea with high water recovery from a life support system used in space missionsc
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(Cartinella et al. 2006). DCMD also shows the removal of various dyes (>97%)
(Ruiz-Aguirre et al. 2015). DCMD was used to treat effluents from an anaerobic
bioreactor, and a significant decrease in membrane flux was obtained over time
(Jacob et al. 2015); similar results were also reported by Silva et al. (2018). Asif
et al. (2017) investigated theMD-EMBR system to remove trace organic compounds
(TrOCs) (Asif et al. 2017). In their study, the degradation of most of the selected
phenolic TrOCs was in the range of (87–99%), and for non-phenolic compounds
(40–99%), degradation was observed. So, this study confirms an improvement in
TrOC degradation in an EMBR by coupling it with a high retention membrane,
compared to some conventional UF membranes. Figure 18.6 shows the removal of
different trace organic contaminants used by Wijekoon et al. (2014a). It is evident
that the compounds with pKH values higher than 9 show a good rejection and no
correlation between rejection andpKH values lower than 9.LogDvalue represents the
hydrophobicity, and authors suggest that an interplay of hydrophobicity and volatility
governs the rejection of these organic compounds. Naidu et al. (2017) treated RO
concentrate by DCMD for micropollutants removal, which showed low to moderate
rejection for some specific compounds (Naidu et al. 2017).

Silva et al. (2018) used DCMD to remove micropollutants and microorganisms
froma realwatermatrix (Silva et al. 2018). The effect ofmembrane type andmodules,
feed temperature, and flow rates were tested. The optimized conditions were then

Fig. 18.6 DCMD system rejection for 29 TrOCs by DCMDwith respective log D and pKH values.
Log D and pKH illustrate the values at pH 9. Error bars show a standard deviation from four
replicate measurements. A synthetic solution containing approximately 5 mg/L of each TrOC in
Milli-Q water was used as the feed. TheMDwas carried out at feed and distillate temperatures of 40
and 20 °C, respectively. The feed and distillate circulation flow rate was 2 L min−1 (corresponding
to 11.7 cm s−1). Figure reprinted with permission from Elsevier from reference (Wijekoon et al.
2014a)
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used for feed solutions like river water, seawater, and secondary treated municipal
wastewater effluent.Diphenhydramine, the first-generation drug,was used as amodel
organic pollutant and spiked in seawater, and the DCMD system showed a rejection
of about 98.7%. Silva et al. (2018) while using aWWmatrix, evaluated that out of the
three membranes with comparable pore size, a membrane with high porosity, high
hydrophobicity, and lowest thickness resulted in the best flux. Won (2017) showed
treatment of a set of volatile (V), semi-volatile (SV), non-volatile (NV) organic
contaminants, pharmaceuticals, and personal care products (PPCP), and nitrosamine
(Won 2017). From all these 32 organics, eight nitrosamines and 22 PPCPs showed
acceptable mass recoveries. NV solutes showed a rejection of 90% from the DCMD
system.Moradi et al. (2016) investigated the possibility of heavymetal removal using
MD (Moradi et al. 2016). Utilizing a PVDF/TiO2 composite membrane in the VMD
setup, they have achieved a 500% concentration increase compared to the initial feed
side. Han et al. (2017) investigated ibuprofen removal using MD in the presence of
natural organic matter (NOM) and inorganic salts simulating a groundwater matrix
(Han et al. 2017). A rejection of c.a. 90% was observed for ibuprofen within the pH
range of 2.6–11.

Janowska et al. (2020) proposed an integrated MD and advanced oxidation
system using a thermocatalytic membrane generating reactive oxygen species (ROS)
(Janowska et al. 2020). These oxygen species are adequate for the degradation of
the bisphenol-A. The MD will help in increasing the concentration of these pollu-
tants escalating the degradation process through ROS. This system was able to get
a constant water production rate of 1.60 LMH. A thermocatalytic perovskite stron-
tium ferrite (SrFeO3-δ) can achieve 83% mineralization of BPA in 24 h and full
decoloration of dye in 60 min, so it was selected for the integrated MD process
(Leiw et al. 2013).

FO-MD hybrids are investigated by Lee et al. (2018), Volpin et al. (2019), Li et al.
(2020), Arcanjo et al. (2020), Nawaz et al. (2021); for different applications. Nawaz
et al. (2021) used FO-MDhybrid to treat high concentrated streams fromoil industry-
produced water. FO was used to produce a diluted draw solution from a concentrated
stream,which subsequently goes through theDCMDfor purewater production.Chen
et al. (2020) demonstrated a short-chain PFAS Perfluoropentanoic acid (PFPeA)
removal usingDCMD(Chen et al. 2020). PFAShave a boiling point around140 °C, so
DCMD shows suitability for removal. PTFE flat sheets membranes were used for the
demonstration; at a feed temperature of 50 °C, a rejection of PFPeA was obtained. In
a 72 h operation, 27.5 kgm−2 h−1 fluxwith 82% rejection can be obtained.After some
time, due to PFAS fouling layer formation on the membrane, the flux decreased. But
this decrease is around 9.1% compared to a 16% decline in the case of NF. Winglee
et al. (2017) modeled the DCMD system to treat six representative compounds from
oil and gas producedwater; they have estimated that themagnification of contaminant
concentration in permeate, i.e., the permeate, has concentrations higher than feed
(Winglee et al. 2017). Ramlow et al. (2017) have extensively reviewed the textile
effluents rejection using the MD process and suggest that MD has shown 80–100%
TOC rejection in recent researches (Ramlow et al. 2017). Ruiz-Aguirre et al. (2017)
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have usedMD for ~ 100% removal of highly resistant spores fromwastewater (Ruiz-
Aguirre et al. 2017). Table 18.3 lists the different Pollutants with their removal
efficiency, MD configuration used and references. As is evident from the table that
most of the studies involve the use of the DCMD system because of the simplicity
in operation and maintenance. Also, it is clearly visible that the MD system is very
efficient in removing most of the pollutants.

18.4 Economics and Energy of MD System

The efficiency of a system is not a sole decider for its practical usability, but its
competitiveness is judged based on its cost-effectiveness. For MD based treatment
system, its capital cost includes equipment, auxiliary equipment, land, and installa-
tion costs, and operating cost includes heating, running, compressor operating costs
with maintenance and membrane replacement cost. It can be seen that compared to
conventional systems, MD has no significant chemicals required for operation, but
the applicability of MD systems is limited by their energy and cost expenditures.
Couto et al. (2020) suggests that an NF process, RO process shows an SEC of 0.32
kWh m−3 m−2, 1.12 kWh m−3 m−2 respectively, whereas MD showed an SEC of
0.2 kWh m−3 m−2 for pumping only, and the heating requirements are significantly
higher 41.61 kWh m−3 m−2. Couto et al. (2020) found that the MD process has the
highest Capex of 1.96 USD m−3 compared to 0.50 USD m−3 and 0.43 USD m−3

for NF and RO, respectively (Couto et al. 2020). Life cycle cost with MD system
when operating with waste heat or conventional heat sources varies from 0.26 USD
m−3 to 18 USD m−3 (Saffarini et al. 2012). Contrary to this, MD showed no fouling
tendency while NF and RO showed significant flux decline due to fouling. Moreover,
cost reduction in the MD process can be realized by reducing the heating energy cost
by utilizing low-cost energy such as cogeneration or solar energy (Couto et al. 2020).
Figure 18.7 shows that in the case of MD, the energy-related price makes it costlier
than NF and RO.

MD process has several opportunities in modern industrial sectors. Desalination
and other environmental applications are the promising future of MD.MD technique
requires high energy input and long-term operation is prone to membrane wetting
and fouling. It also has an uncertain economic cost. The process faces problems in
shifting from pilot scale to commercial scale. By using different membrane modules,
different permeate fluxes can be obtained. Hence, the permeate flux is affected by
module design, MD configuration, and appropriate operating conditions. Reduction
in energy consumption is one of the milestones to be achieved. Hybrid MD systems,
pressure-driven processes, alternative energy sources such as solar and geothermal
energy, and waste heat recovery by installing an MD plant near the nuclear power
plant are some of the measures to be taken. This may also bring down the cost of the
process. The recent development of the MD solar pilot plant affirms that sustainable
industrial growth is possible for MD. However, much more intensive and continuous
efforts are needed in basic and applied research, decreasing production costs with



18 Introduction to Membrane Distillation and Its Application … 449

Table 18.3 Different studies on emerging contaminant removal using the MD process

S.
No.

Pollutant removed Removal
percentage

Type of configuration
used

References

1 Separation of H2O/HDO
and 16H2O/18H2O

~ 100% Radioactive elements
DCMD

Zakrzewaska-Trznadel
et al. (2001)

2 Bisphenol A 84% DCMD Naidu et al. (2017)

3 Metal plating wastewater Nickel
(~100%)

Modified DCMD Zoungrana et al.
(2016)

4 Hg, Cd, and Pb removal 95–100% DCMD with FO hybrid Wu et al. (2017)

5 Cr (VI) removal DCMD Bhattacharya et al.
(2014)

6 As (III) and As (V) 99.9% DCMD Qu et al. (2009)

7 As (III) > 99.9% FO-DCMD hybrid Ge et al. (2016)

8 Pesticide compounds
(Atrazine, Clofibric Acid,
Dichlorvos, Parathion
Methyl, and Phorate)

70–99% DCMD Plattner et al. (2018)

9 Sodium salt of ibuprofen ~ 100% Photocatalysis-DCMD
Hybrid

Mozia and Morawski
(2012)

10 Boron, Arsenic and
Ibuprofen

~ 90%,
100% (B,As)

DCMD Han et al. (2017)

11 Diclofenac, Ibuprofen,
Naproxen

73–100% Hybrid
Photocatalysis–DCMD

Darowna et al. (2014)

12 Diclofenac, Azithromycin,
Clarithromycin,
Erythromycin,
Diphenhydramine

> 99% DCMD Silva et al. (2018)

13 Diclofenac, Furosemide,
Sulfamethoxazole,
Hydrochlorothiazide,
Caffeine, Atenolol,
Ciprofloxacin, Paracetamol,
Trimethoprim, Ranitidine,
Metoprolol, Oxazepam,
Carbamazepine,
Ketoprofen, Propranolol,
Citalopram, Bisoprolol etc.
(different 37 compounds)

62–100% AGMD Woldemariam et al.
(2016)

14 Sunset yellow (SY) and rose
bengal (RB) dyes and
sodium dodecyl sulfate
(SDS) surfactant

100% AGMD Leaper et al. (2019)

15 Congo red 99% DCMD Khumalo et al. (2019)

16 Reactive blue 95.3% DCMD Chong et al. (2016)

17 Methylene blue dye, Crystal
violet dye, Acid red 18 dye,
Acid yellow dye

96–100% DCMD An et al. (2016)

(continued)
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Table 18.3 (continued)

S.
No.

Pollutant removed Removal
percentage

Type of configuration
used

References

18 E. Coli, F. Solani and
Clostridium sp.

~100% Liquid gap MD Ruiz-Aguirre et al.
(2017), Ruiz-Aguirre
et al. (2015)

19 B. subtilis and Clostridium
sp. spores, from wastewater

~100% AGMD Ruiz-Aguirre et al.
(2017)

20 29 different selected TrOCs >95% thermophilic
membrane bioreactor
(MBR)-DCMD

Wijekoon et al.
(2014a)

21 BPA degradation by
thermocatalytic membrane
during filtration by MD

83%
mineralization
in 24 h

DCMD Janowska et al. (2020)

22 26 different selected TrOCs 76–100% Anaerobic
MBR-DCMD

Song et al. (2018)

23 13 phenolic and 17
non-phenolic trace organic
contaminants (TrOCs)

90–99% DCMD —Enzymatic
MBR

Asif et al. (2017)

24 short-chain PFAS
Perfluoropentanoic acid
(PFPeA)

82% in72 h DCMD Chen et al. (2020)

25 Cationic dye Maxilon Blue
5G, Cationic dye Drimarene
yellow K-2R, Anionic dye
sodium, Fluoresceine

>99.73% DCMD Laqbaqbi et al. (2019)

26 Fire retardant
Tri(2-chloroethyl)phosphate

>99% DCMD Naidu et al. (2017)

27 Antibiotics, pesticides, and
Herbicides

84–96% DCMD Naidu et al. (2017)

less waste generation, high flexibility, and easy scaling up to construct competitive
and innovative pilot plants.

18.5 Summary and Conclusion

Membrane distillation technology is applied for separation processes, such as desali-
nation. In this process, vapor can cross through the membrane, where vapor pres-
sure difference acts as the driving force. This technology can treat wastewater and
brines also, but since there is a lack of experimental data for pilot scale and specific
membrane and modules, its use is limited at a larger scale. MD is shown to be
effective in freshwater production, removal of heavy metals and emerging contam-
inants. Membrane fouling, membrane wetting are two of the problems faced in this
procedure. So, there has been an emphasis on developing membranes with high
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Fig. 18.7 Different cost components and their contribution to treatment cost Reprinted with
permission from Elsevier from reference (Couto et al. 2020)

hydrophobic character and anti-fouling characteristics to perform better and purify
water. MD is very efficient in the removal of EC. The presence of organic content in
the feed tends to alter the hydrophobicity of the membranes, and thus a pre-treatment
of the feed is required to preserve the hydrophobicity of the membranes. It is well
established that the high specific thermal energy limits MD operation, but the signif-
icant advantage lies in its low sensitivity on concentration and quality variation in
feed water. A low volume concentrated discharge is created in MD, which can be
treated in solar ponds and crystallizers.

The emergence of the water demand reclamation and reuse led to the develop-
ment of treatment trains fitting the needs and requirements. Hybridization offers new
avenues for process improvement and energy saving. The current status shows that
the hybrids need to be tested for long-term operations (Abdel-Karim et al. 2021).
There has been a surge in the Seawater desalination plants, and the concentrated
stream generated needs very careful disposal. MD process has emerged as a signifi-
cantly good process for such needs. Studies show a slight flux decline after treatment
of reject stream of wastewater.Many authors have highlighted RO hybridization with
MD to treat the concentrated stream. FO in hybridization with MD uses the draw
solution as feed. BR-MDhybrid has also shown a clear performance improvement. In
conclusion, theMD systems have a good potential to remove emerging contaminants
from the water matrix to almost 100%. MD has been used to treat the concentrate
stream for different treatment trains with good efficiency, especially in the presence
of emerging and recalcitrant contaminants. So, as the technology develops, moreMD
systems are employed in hybrid configurations and working with renewable energy
of waste heat.
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Chapter 19
Point-of-Use Drinking Water Treatment
Systems and Their Performance
in Removal of Emerging Contaminants

Sudharshan Reddy, Najmul Haque Barbhuiya, and Swatantra P. Singh

Abstract In many of the developing countries, people do not have assess to clean
water and clean sanitation, and consumption of contaminated water results in the
spread of waterborne diseases. Unfortunately, many parts of developing countries
do not have centralized water treatment facilities. Therefore, people are practicing
some traditional water treatment methods in households. Point-of-use (POU) water
treatment systems are one such method of household water treatment systems and
are playing an important role in reaching one of the sustainable development goals
that are clean water and sanitation. There are various methods available for POU
water treatment, mainly the physical removal methods (Biosand filtration, membrane
filtration), chemical treatment methods (chlorine disinfection, coagulation/ floccu-
lation disinfection), and light and heat-based methods (boiling, solar disinfection,
UV disinfection). All these methods have their own advantages with limitations.
However, membrane-based POU water treatment has registered significant impor-
tance compared to othermethods. Even in developed countries, people are using POU
water treatment systems under various circumstances. In addition, inmany countries,
there is a growing concern about emerging contaminants in drinking water and is
important to study POU water filters for the removal of emerging contaminants.
Therefore, in this chapter, various types of technologies available for POU water
treatment, membrane-based POU water filters, and the performance of household
POU water filters in removing emerging contaminants have been discussed.

Keywords Drinking water · Pathogens · Diarrhea ·Membrane filtration ·
Perfluoroalkyl substances · Reverse osmosis

19.1 Introduction

Clean water and sanitation are one of the seventeen Global Goals or Sustainable
Development Goals by the UN. Unfortunately, more than 2 billion people are not

S. Reddy · N. H. Barbhuiya · S. P. Singh (B)
Environmental Science and Engineering Department, IIT Bombay, Mumbai, India
e-mail: swatantra@iitb.ac.in

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022
S. P. Singh et al. (eds.), New Trends in Emerging Environmental Contaminants,
Energy, Environment, and Sustainability,
https://doi.org/10.1007/978-981-16-8367-1_19

463

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-8367-1_19&domain=pdf
mailto:swatantra@iitb.ac.in
https://doi.org/10.1007/978-981-16-8367-1_19


464 S. Reddy et al.

having safe drinking water and safe sanitation (World Health Organization (WHO)
2019). Particularly, in developing countries, microbial pollution is the major concern
in drinking water even though organic and inorganic pollutants might have their
risk contribution. Due to poor sanitation and unhygienic conditions in developing
countries, the fecal contaminated water may contact the human body through various
means (drinking, bathing, etc.) and spread waterborne diseases. Bacteria, viruses,
and protozoa are the main microorganisms responsible for waterborne diseases, and
health symptoms include diarrhea, vomiting, and gastroenteritis (Pooi and Ng 2018).
Over the long run, damage to the kidney and liver can also occur from waterborne
diseases. Diarrhea, polio, hepatitis, typhoid, paratyphoid etc., are some examples of
waterborne diseases that originated from microbial contamination (Alsulaili et al.
2020). Other than these, fluorosis and lead poisoning also come under waterborne
diseases caused by chemical contamination of drinking water. People may be at
risk of these diseases by consuming fecal and chemical contaminated water. It was
reported that yearly around 2 million children deaths are happening due to diarrhea
and 90% of the deaths are from developing counties (Crump et al. 2004; Venkatesha
and Kedare 2014). 80% of diarrhea cases are associated with poor water quality, poor
sanitation, and unhygienic practices (Pérez-Vidal et al. 2016). Therefore, the fecal
contamination in the drinking water and its distribution systems must be zero.

Almost all the developed countries andmajor city areas are equipped with central-
ized water treatment systems because of their affordability. In developing countries
and rural areas, the adaptation of a centralized water treatment system is uneconom-
ical. Due to less density of houses and cost of the distribution system, impose more
cost on a liter of water, and of course, the average annual income of people living in
these areas is low. Even some people living in urban areas do not assess improved
drinking water supplies due to their poverty (Berg 2010). Therefore, people have
to rely on locally available untreated groundwater and surface water sources like
tube wells, dug wells, ponds, lakes, and rivers (Peter-Varbanets et al. 2009). Water
from these sources may contaminate by industrial, domestic, and agricultural waste
discharges. According to World Health Organization data, around 2 billion people
living in developing countries assess drinking water from untreated surface water
sources (river, lake, and pond water) (Alsulaili et al. 2020). Almost 70% of surface
water in India is chemically and microbiologically contaminated (Water Pollution
2013). Sometimes, even if the treated water is collected for domestic purposes, there
are chances of recontamination in the absence of proper storage (Sobsey et al. 2002).

Therefore, it is mandatory to improve the water quality to prevent the spread of
waterborne diseases. Hence, decentralized water treatment systems came into exis-
tence to treat the contaminated water at household or small community levels, mainly
in developing countries. In developed countries, if existing centralized treatment
systems fail to treat or distribute the water, then other alternation should be chosen,
and decentralized treatment systems play an important role under these circum-
stances. Generally, decentralized water treatment systems can be described as of
following three ways (Peter-Varbanets et al. 2009),
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• Point-of-use systems (POU): treats only part of the water needed for drinking and
cooking (shown in Fig. 19.1)

• Point-of-entry systems (POE): treats all water supplied to the household (shown
in Fig. 19.2)

• Small-scale systems: these are larger than POU and POE systems but smaller than
centralized systems.

Point-of-use treatment is a rapidly increasing field in portable water treatment
(Ashani 2017).Many studies have reported the capability of POUsystems in reducing
waterborne diseases by improving the microbial quality of water (Agrawal and
Bhalwar 2009; Barna et al. 2014). Other than household applications, people in
developed countries are using these POU water filters for traveling, camping, and
hiking purposes (Patil et al. 2020). During emergency situations also, POU systems
play a crucial role. Immediately after disasters, the supply of drinking water to the
victims of vulnerable disasters is important. Usually, many voluntaries, organiza-
tions, agencies, and governmental bodies are used to supply water through bottles or
packets, which is not sustainable. It is very challenging to treat water on vulnerable

Fig. 19.1 Typical representation of POU treatment unit at the household level

Fig. 19.2 Typical representation of POE treatment system at the household level
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sites due to improper infrastructure availability and huge variations in water quality
parameters (Loo et al. 2012). So, in order to address this issue, POU water treatment
systems can be used (Lantagne and Clasen 2012).

Various methods and technologies for POU water treatment have been devel-
oped and practiced in past decades. One can simply classify these methods into the
following three ways: (a) Heat and light-based systems (Boiling, Solar disinfection,
UV disinfection), (b) Chemical treatment methods (Chlorine disinfection, Coagula-
tion/flocculation), (c) Physical removal methods (biosand filtration, membrane filtra-
tion). All thesemethods have their own advantageswith some limitations. Traditional
methods like boiling, solar disinfection, chlorine disinfection, and sand filtration give
only limited health benefits compared to advanced methods like membrane filtration
(Francis et al. 2016). The use of membrane technology for water treatment applica-
tions is a growing field of research. Membrane filtration systems are cost-effective,
easy to carry, and simple to operate compared to other treatment methods such as
sand filtration, chlorination, and flocculation (Shamsuddin et al. 2016). When source
water has high fluctuations in water quality parameters, which is the case during
disasters like floods, membrane-based systems are very effective in such emergen-
cies. Actually, many centralized treatment systems are designed to remove tradi-
tional contaminants (Brown et al. 2017). But, growing concern on water quality and
improved developments in sophisticated instruments made identification of various
specific and emerging contaminants in drinking water. Therefore, it is important to
understand the removal capacities of POU water filters for emerging contaminants.
So, the purpose of this chapter is to provide information regarding available technolo-
gies for POU water treatment, membrane-based POU water treatment systems, and
the performance of household POUwater filters in removing emerging contaminants.

19.2 Available Technologies for POUWater Treatment

Similar to the centralized drinking water treatment systems, there are many conven-
tional and advanced technologies available for POU water treatment systems. The
overall performance of a particular POU system can be decided by multiple factors,
which include contaminants removal efficiency, cost of the treatment system, easy
to use, socio-cultural acceptance, and environmental sustainability (Peter-Varbanets
et al. 2009). Based on the method of treatment used, one can classify the POU
systems into the following three categories: Heat and Light-based systems, Chemical
treatment methods, and Physical removal methods.
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19.2.1 Heat and Light-Based Systems

Boiling: Boiling is the historicallymore practicedmethodof disinfection at the house-
hold level of water treatment (Sobsey et al. 2002). Through boiling, it is possible
to kill all the microorganisms present in the water. However, this method requires
more energy by burning wood or other fuels, which is not encouraged from the
environmental and sustainable perspectives (Peter-Varbanets et al. 2009). Another
disadvantage with the boiling of water is that it is not safeguarded against future
contamination because as the water gets cool again, there are chances of recontam-
ination (Loo et al. 2012). In addition, boiled water alters the taste, and therefore,
many people do not use this treatment method.

Solar disinfection (SODIS): It is a simple and cost-effective technique to inac-
tivate the microorganisms present in the water using solar radiation (Pooi and Ng
2018). Water filled in PET or glass bottles allowed sunlight exposure for a certain
amount of time so that the pathogens present in the water get inactivated by UV radi-
ation’s action and increased water temperature (Peter-Varbanets et al. 2009). Some
studies have shown the capability of SODIS in producing microbial-free water and
resulting in the reduction of diarrheal episodes (Meyer and Reed 2001; Murinda and
Kraemer 2008; Rose et al. 2006; Conroy et al. 1999). But, this method is unsuitable
for all weather conditions and low sunlight-intense regions.

UV disinfection: POU systems based on UV disinfection uses certain UV lamps
that can produce short wavelength UV light to inactivate the microorganisms (Berg
2010). It was estimated that more than 99.9% killing of protozoa and cysts could be
achievedwith UV treatment (Peter-Varbanets et al. 2009). But the drawbackwith this
system is the electrical power required to perform the treatment by producing UV
light (Venkatesha et al. 2020). Turbidity of the water also affects the UV light trans-
mittance and resulting in low microbial inactivation (Loo et al. 2012). To improve
the effectiveness of the system, turbidity has to reduce, and this can achieve by
performing pretreatment. Aquaguard Compact is an example of UV based POU
system (Venkatesha et al. 2020).

19.2.2 Chemical Treatments

Chlorine disinfection: Inactivating the pathogens in water by adding free chlorine
is a simple, effective, and most widely used and accepted method of water treatment.
Chlorinemay be added into thewater in the form of calcium hypochlorite and sodium
hypochlorite (Venkatesha and Kedare 2014). At a larger dosage, the microorganisms
are destroyed by cell wall oxidation, and at the lower dosage, chlorine penetrates
into the cell and then kills the microorganisms (Loo et al. 2012). By adding 2 mg/l
of chlorine dosage for about 0.5 h results in entire bacterial removal up to 3 log
removal value (LRV) (Gadgil et al. 1997). This treatment method provides a safe-
guard against future contamination due to residual chlorine. On the other hand, the
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formation of undesirable by-products from the oxidation of organics by chlorine is
the disadvantage of this method.

Coagulation and flocculation: In general, coagulation and flocculation is
applying to remove the colloidal particles from the water. During coagulation, parti-
cles’ destabilization will occur, and at the flocculation stage, floc formation will
happen. Then these flocs can remove by settling. Through the coagulation and floc-
culation process, turbidity and colloids can be effectively removed (Pooi and Ng
2018). Turbidity removal reduces the supporting structure of microorganisms that
results inmicroorganism removal (Pooi andNg 2018). But, it is impossible to achieve
the acceptable level of coliform removal using coagulation and flocculation alone.
To improve the removal efficiency, coagulation and flocculation needed to integrate
with other treatments.

Coagulation and flocculation coupled with disinfection: The coagulation
process has been used in water treatment for more than 100 years and is usually
applied to drinking water treatment at community levels and rarely at household
levels (Jiang 2015; Pooi and Ng 2018). However, integration of coagulation and
flocculation with disinfection is making favorable use at household levels. Here,
tablets or powders are used to combine the functioning of coagulation/flocculation
and disinfection processes (Kfir et al. 1989; Rodda et al. 1993). By combining floc-
culation and disinfection using Chlor-floc tablets, the author Rodda et al. (1993)
have reported 7-8LRV (Log removal value) for pathogenic bacteria and 6.5LRV for
rotavirus (Rodda et al. 1993). PUR water purifier sachet is a product developed by
Proctor and Gamble Company is an example of POU water treatment by coupling
the flocculation and disinfection (Venkatesha et al. 2020). These products contain
calcium hypochlorite as a disinfectant and ferric sulfate as flocculating agent (Pooi
and Ng 2018). Using this product, the author Souter et al. (2003) have observed
that more than 7LRV for bacteria, 4LRV for viral, and 3LRV for parasites. In the
same study, they also detected complete removal of E.coli and 99.5% removal of
arsenic (Souter et al. 2003). These flocculation-disinfection systems have shown
effectiveness in reducing diarrhea episodes among children (Chiller et al. 2006). A
combination of flocculation and disinfection methods of POU systems is more suit-
able when the source water is highly turbid and contaminated (Crump et al. 2004).
Taste, odor, and cost are some drawbacks of thismethod (Lantagne andClasen 2012).

19.2.3 Physical Removal Methods

Physical removal methods involve filtration processes, and size exclusion is the basic
mechanism for the removal of suspended matter, colloidal particles, and pathogens.
Different filter media have been used at household levels, and some of those are
paper and fabric filters, biosand filters, and membrane filters. Generally, paper and
fabric filters are not suggested because they are not effective at removing smaller
pathogens like bacteria, viruses, and parasites due to larger filter pores but are capable
of removing larger pathogens like swimming larva (Peter-Varbanets et al. 2009).
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Any filter material should satisfy some basic criteria: ease of production, physical
and chemical stability, effectiveness in removing microorganisms (Jakubczak et al.
2021).

Biosand filters: Biosand filters are similar to slow sand filters and are widely
emerging POU household systems where locally available materials like sand are
used as filter media (Pooi and Ng 2018; Stauber et al. 2012). This filter media
supports the formation of biofilm on its surface that retains the turbidity and larger
microbes. Many studies have reported a 44–74% reduction of diarrheal cases by
consuming bio-sand filtered drinking water (Liang et al. 2010; Stauber et al. 2012;
Tiwari et al. 2009; Duke et al. 2006). Biosand filters remove bacteria in the range
of 1-3LRV, viruses in the range of 0.5-3LRV, and protozoa in the range of 2-4LRV
(Sobsey et al. 2009; Lantagne and Clasen 2012).

By modifying the filter media, one can achieve better removal efficiencies. For
example, Ahammed and Davra reported > 2LRV for E. coli by modifying the sand
media with iron oxide coated sand (Ahammed andDavra 2011). Similarly, more than
99.99% removal ofMS2 and rotavirus was achieved by amodified biosand filter with
positively charged iron oxide (Bradley et al. 2011). Removal of contaminants such
as nitrate, iron, sulfate, and arsenic was also observed by vinegar-modified anaer-
obic bio-sand filter (Snyder et al. 2016). The bacterial removal efficiency of biosand
filters greatly depends on operating conditions. Increasing the flow rate (daily charge)
decreases the bacterial removal efficiency (Ahammed and Davra 2011). Water reten-
tion time in the filter improves the removal efficiency (Elliott et al. 2008). Although
high removal efficiency for microorganisms can be possible, further to achieve
maximum water safety, disinfection of filtered water is recommended (Romero et al.
2020).

The methods mentioned above have their own advantages and drawbacks.
However, membrane-based technology is an advanced POU treatment system appli-
cation, registering its benefits over other treatment methods. Table 19.1 shows the
advantages and disadvantages of different methods that are used for POUwater treat-
ment. Through membrane filtration, a wide array of contaminants can be removed
effectively. In the removal of emerging and specific contaminants, membrane-
based POU treatment systems have shown better performance. On the other hand,
membrane-based systems have some limitations that need to address. The following
section discusses in detail about the membrane-based POU water treatment.

19.3 Membrane-Based POU Systems

19.3.1 Membrane Filtration Technology

For many years, membrane technology has registered its significant importance in
water and wastewater treatment systems (Lonsdale 1982; Ezugbe and Rathilal 2020;
Ma et al. 2017). Generally, a membrane is a semipermeable barrier between two
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phases and can transport certain components from one phase to another depending
upon the physicochemical characteristics of the membrane and permeates (Mulder
2013). To transport the components, the driving force is actingbetween the twophases
that can be the difference in concentration, pressure, temperature, electrical potential,
or osmotic potential (Mulder 2013). If the difference in concentration is the driving
force, then this process is dialysis. Similarly, pressure-driven processes are called
membrane filtration processes, temperature-driven processes are called membrane

Table 19.1 Advantages and disadvantages of various methods used for POU water treatment
(Lantagne and Clasen 2012)

Sl.no POU treatment Advantages Disadvantages

1 Boiling Simple and easy way
of treatment; complete
inactivation of all
microorganism;
socio-culturally
practiced traditional
method; Independent
on source water
turbidity

No safeguard against
future contamination
in the absence of
proper storage; not
sustainable way of
treatment due to fuel
consumption for
boiling; taste
objection

2 Solar disinfection Simple and easy way
of treatment; reduce
bacteria, viruses, and
protozoa; reduce
diarrheal episodes;
cost-effective

Source water
turbidity impact the
removal efficiency;
time taking process;
requirement of clean
plastic bottles; all
weather conditions
are not favorable

3 UV disinfection High throughput; fast
disinfection

Expensive; turbidity
levels of source water
alters the system
effectiveness

4 Chlorination Reduce most of
bacteria, viruses and
protozoa; provide
safety against future
contamination; simple
and cost-effective

Taste and odor
problem; lower
effectiveness if water
is turbid and
contaminated with
organics and
inorganics; chlorine
react with organics in
water and release
undesirable products

5 Coagulation-flocculation/disinfection Remove bacteria,
viruses, protozoa, and
some other chemicals
and pesticides; suitable
for highly turbid water

Multiple steps are
required; cost per liter
of water is more
compared to other
household systems

(continued)
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Table 19.1 (continued)

Sl.no POU treatment Advantages Disadvantages

6 Biosand filtration Reported reduction of
bacteria and protozoa
in water; reported
reduction of diarrheal
cases; locally available
materials can be used
for construction of
filter; chemical-free
treatment; only
involves installation
cost with minimum
maintenance cost;
long-lasting life

Low removal
efficiency for viruses;
no residual
protection; regular
maintenance is
required

7 Household ceramic filters Low cost; reduced
bacteria and protozoa

No safeguard against
future contamination;
no protection against
viruses; needed
regular maintenance

8 Microfiltration and ultrafiltration No chemical
requirement for
treatment; system
unaffected by source
water quality

Fouling problem;
needed regular
backwashing

9 Nano and RO filtration Complete removal of
all most all pathogens;
remove specific
contaminants like lead,
arsenic, etc.;
effectively removes
emerging
contaminants like
pesticides,
pharmaceutical
compounds, and
perflouroalkyl
substances

Requirement of
multiple treatment
stages; fouling
problem; energy
demand; more reject
water

distillation, electrically driven processes are called electro-dialysis, and osmotic-
driven processes are called forward osmosis (Lonsdale 1982). Most membrane sepa-
ration processes are based on membrane filtration and are the major process used in
POU systems based on membrane separation. Depending upon membrane pore size,
the membrane filtration system can be further classified into microfiltration, ultrafil-
tration, nanofiltration, and reverse osmosis (Fane et al. 2011). Figure 19.3 represents
the details of the pore size and particle removal of different membrane filters.

Size exclusion is the main principle of membrane filtration to remove contami-
nates. Therefore, there is no chemical requirement, the removal process is a single
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Fig. 19.3 Membrane filtration processes, their size range, and particle removal

step, and less footprint is some positive side of membrane filtration (Peter-Varbanets
et al. 2009). Research towards membrane cost minimization and energy requirement
has gained must attention from past decades. On the other hand, membrane fouling
is the problem that needs to address. In the case of microfiltration and ultrafiltration,
backwashing is performed to prevent fouling formation, whereas in nanofiltration
and reverse osmosis systems pretreatment is performed (Pooi and Ng 2018).

19.3.2 Microfiltration-Based POU Systems

Ceramic media type and polymer type are two commonly used microfiltration
systems (Venkatesha et al. 2020). Ceramic media filters are basically in the shapes
of candles or pots with a pore size of about 0.2–3 mm made of porous burnt clay
and fillers like sawdust depending upon producer (Sobsey et al. 2002). These filters
are capable of retaining the microbes based on size exclusion. Pore size and filter
composition are two major factors affecting filter efficiency (Sobsey et al. 2009).
Also, many ceramic filters have virus adsorption sites that will improve the virus
removal efficiency (Sobsey et al. 2002). It was observed that for bacteria, viruses,
and protozoa, the removal efficiencies of ceramic filter systems are 2-6LRV, 0.5-
4LRV, and 4-6LRV, respectively (Sobsey et al. 2009). It was also observed that the
use of ceramic filters reduces diarrheal episodes (Loo et al. 2012). The effectiveness
of these filters can be increased by impregnating them with colloidal silver, which
will improve the microbial quality of water by inactivating the microbes and the
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size exclusion (Peter-Varbanets et al. 2009). Impregnation with silver further helps
prevent the formation of a biofilm layer on the filter surface (Sobsey et al. 2002).
KatadynMini, Potters for Peace filter, and Terafil filters are two examples of ceramic
filters impregnated with a silver (Venkatesha et al. 2020). Unlike chlorine disinfec-
tion and solar disinfection, the performance of ceramic filters is unaffected by the
turbidity of influent water (Clasen et al. 2004). Ceramic filters need regular cleaning
to remove the retained materials on the filter to maintain the actual flow conditions,
thereby meeting the regular demands.

Other than household applications, filters like Filterpen and Lifestraw family
can be used for outdoor purposes, especially during traveling, camping, hiking, and
emergency preparedness (Peter-Varbanets et al. 2009). The usage of these filters is
very simple. From one side of the filter, water needs to suck by simply putting the
other side in the water source (river or stream). Lifestraw personal filters can remove
bacteria and protozoa with >6LRV and >3LRV, respectively. More than 3LRV of
bacteria and protozoa is possible by using Filterpen and has the capacity to produce
100L clean water over its lifespan (Peter-Varbanets et al. 2009). These filters are not
recommended if the water is turbid or virus contaminated.

19.3.3 Ultrafiltration-Based POU Systems

Ultrafiltration (UF) systems require lowpressure and are effectively remove turbidity,
bacteria and viruses (Peter-Varbanets et al. 2009). POU systems based on UF include
emergency applications (disaster relief) and household drinking water treatment
(Venkatesha et al. 2020; Loo et al. 2012). The authors Pryor et al. (1998) have
conducted three pilot studies on the performance of UFmembranes for potable water
supply in the developing areas of South Africa. The observations from these studies
showed a reduction in the natural organic matter, organic color, and fecal indicators
to an acceptable limit (Pryor et al. 1998). These systems require periodic cleaning of
filters to eliminate fouling. Sometimes pretreatment stage is needed. The following
are some of the most commonly used UF-based POU systems.

Lifestraw® is a product fromVestergaard comprised of hollowfibermembranes of
pore size 0.02 µm. Under pressure, feed-water forced into the filter system results in
clean water release from pores by retaining bacteria, viruses, and protozoa in hollow
fibers. Backwashing is required to remove the filtered material from the system. It
can provide safe water for a family of five members for three to five years and has a
capacity of filtering 30,000 L of water in its entire lifespan. LifeStraw® family 1.0
is similar to the above, but it provides clean water for up to 5 years for a family of
5 membranes with a lifespan filtration capacity of 18,000 L (Lantagne and Clasen
2012). This product is more suitably helps in emergency preparedness.

A product from Lifesaver, Lifesaver 4000UF bottle is another example of UF-
based POU filtration systems. It can produce up to 4000 L of clean and safe water by
removing bacteria, viruses, and cysts more than 6LRV, 4LRV, and 3LRV, respectively
(Venkatesha et al. 2020). During emergency preparedness, traveling, and camping
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times, this product is helpful. Skyhydrant™ is another UF-based POU system for
community-level having a filtration capacity of 400–1000 l/h with long-lasting life
(Butler 2009). It can remove particles of size 2–5 µm with >4LRV (Butler 2009).
It can use for short-term and long-term purposes, particularly disaster relief and
emergencies.

Some researchers have developedmobile or transportable UFmembrane systems.
The author He (2009) has developed a system based on UF membranes powered by
bicycle and is mainly used during emergencies. Another author, Barbot et al. (2009),
has developed a pilot plant with a UF system powered by electricity. BARC has
developed a bicycle-mounted water purification unit that is useful when electricity
is unavailable and can be easily transportable when people move from one place to
another. The authors from the Polytechnic University of Valencia (Spain), under a
project the AQUAPOT, have designed a UF-based system that is manually operated
and was installed in the rural areas of South America and Africa (Arnal et al. 2001,
2010).

Householdwater purifiers based onUF system are also available in themarket, and
some examples of the same include Jaltara (developed by BARC), Moselle (devel-
oped by Membrane Filters India pvt. ltd.), and Waterlife little star gold (developed
by Waterlife India pvt. ltd.) (Venkatesha et al. 2020).

19.3.4 Nanofiltration and RO-Based POU Systems

RO filtration with membranes of smaller pore size and high pressure removes a wide
array of contaminants. Among all the technologies available for POU water treat-
ment, RO-based systems are leading demand in the market. The reason for the huge
demand for RO systems is due to their specific features such as easy maintenance
andmore efficiency in contaminants removal. Complete removal of bacteria, viruses,
and protozoa can achieve using RO filters. Specific contaminants like arsenic, lead,
uranium, and radium can remove using POU RO systems. Also, these systems effec-
tively remove various emerging contaminants such as pharmaceuticals, pesticides,
and perfluoroalkyl substances (Herkert et al. 2020). Accumulation of contaminants
on the membrane surface causes fouling problem. In order to handle the fouling
issue, pretreatment stages (sedimentation or microfiltration or ultrafiltration or acti-
vated carbon) are performed. The efficiency of the filtration system can be improved
by replacing the filter element at least once a year (Zhang et al. 2020). Mostly, RO
filtration systems are involved multistage treatments such as pre and post-treatments.
Integrationwith other treatment unitsmade the systemexpensive.Therefore, industri-
alized countries use RO-based POU filters widely than the transition and developing
countries (Peter-Varbanets et al. 2009). The use of RO treatment can remove essential
nutrients and minerals from water (Rezaeinia et al. 2018). It is important to retain
or replace these essential minerals while using RO-based water treatment systems.
There are a variety of products available based on RO systems that are integrated
with multiple other treatment technologies in the market. KENTwater purifier is one
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of the examples of RO-based POU water treatment products with good demand in
the Indian market.

High-energy demand is another barrier to use RO-based POU systems in rural
areas of developing countries because of electricity. The development of a system
independent of energy sources is important. Also, some circumstances like uncer-
tainty in water quality and no electricity during emergency situations (disasters)
demand RO systems with energy source independence. Solar energy can be used to
power the RO system using photovoltaic panels, and this is called ROSI (Reverse
Osmosis Solar Installation) (Loo et al. 2012). Schäfer and Richards (2005) did a
performance evaluation of the ROSI system for groundwater desalination (using
RO/Nano) with ultrafiltration as pretreatment. Unfortunately, no data regarding the
feasibility of the ROSI system was available (Schäfer and Richards 2005).

19.4 Performance of Household POUWater Filters
in the Removal of Emerging Contaminants

An Increase in concern on environment and public health, improvements in analyt-
ical techniques, and development of sophisticated instruments result in identi-
fying various contaminants of emerging concern or emerging contaminants in
multiple environmental compartments. Generally, the unregulated newly identi-
fied contaminants present in trace amounts and suspected to pose a high risk to
humanhealth and ecology refer to emerging contaminants. Pharmaceuticals, personal
care products, endocrine disrupting chemicals, nanomaterial, pesticides, surfactants,
fire retarders, perfluoroalkyl substances (PFASs), plasticizers, antibiotic-resistant
bacteria, hormones all come under contaminants of the emerging concern cate-
gory (Houtman 2010; Gomes et al. 2020; Kárászová et al. 2020). Due to these
contaminants, the actual risk on human health is completely unknown but may
cause adverse effects due to their physicochemical nature and longer persistency
(Oluwole et al. 2020). These contaminants have their origin from diverse sources,
including domestic, industrial, and agricultural practices, and make a pathway into
the waste runoff, agricultural runoff, septic tanks, wastewater treatment plants, and
landfill leachate (Shahid et al. 2021; Rathi et al. 2021). From there, again, these
contaminants get transported and ubiquitously distributed in drinking water sources
like surface and groundwater bodies (Ebele et al. 2017; Shahid et al. 2021; Heberer
2002). Also, researchers have identified the presence of emerging contaminants in
drinking water treatment plants and tap water at households in many countries (Yim
et al. 2009; Takagi et al. 2008; Glassmeyer et al. 2017; Valbonesi et al. 2021). In
India, a variety of emerging contaminants with considerable concentration levels in
surface-water and groundwater samples from many parts of the country have been
reported (Mathew andKanmani 2020). For example, the groundwater near theGanga
basin contains active pharmaceutical drug compounds such as Naproxen, Caffeine,
andCiprofloxacin in concentrations around0.002, 0.262, and 0.005µg/l, respectively
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(Sharma et al. 2019). Around 0.002–0.015 µg/l concentration of personal care prod-
ucts and 0.033 µg/l concentration of perfluorinated compounds were also reported
in the same basin (Sharma et al. 2016, 2019). In south India, the surface water from
the Kaveri river in Tamil Nadu state was reported to have a 13 µg/l concentration of
Antiepileptic drug compounds (Ramaswamy et al. 2011). Also, 10.6µg/l concentra-
tion of Antimycotic drug compounds were reported downstream from the Amberpet
treatment plant on theMusi river, Hyderabad (Lübbert et al. 2017). In the North-East
Indian part, groundwater and surface-water from cities like Nagaon and Dibrugarh
in the state of Assam had greater than 5.4 µg/l concentration of DDT (dichloro-
diphenyl-trichloroethane) (Mishra and Sharma 2011). In North India, nearly 3.8 and
0.39 µg/l of phthalates, a class of endocrine-disrupting chemicals, were reported for
drinking water samples from Okhla industrial region and Jawaharlal Nehru Univer-
sity, New Delhi, respectively (Das et al. 2014). Therefore, emerging contaminants
present in drinking water sources are now a global concern, and it is important to
provide emerging contaminants-free drinking water to mitigate the suspected risks
from these contaminants.

Drinking water treatment plants play a major role in water treatment and
are designed to remove traditional contaminants, not for emerging contaminants.
However, some studied have investigated the performance of drinking water treat-
ment plants in removing various emerging contaminants from source water (Sorlini
et al. 2019). Advanced treatment technologies like adsorption, oxidation processes,
and membrane separation processes can remove various emerging contaminants, but
still, their concentration levels in treated water are non-ignorable (Gomes et al. 2020;
Rathi et al. 2021). In addition, these advanced treatment options for water treatment
require more energy and are expensive. Also, establishing a treatment plant with
advanced treatment options imposes more cost and is uneconomical in developing
countries. Even in developed countries, treating water with advanced techniques at
community levels to remove emerging contaminants is not recommended because a
very small quantity of treated water is used for drinking and cooking purposes than
water used for other household applications (Anumol et al. 2015). Sometimes, there
are chances of recontamination of treated water with specific contaminants due to
failures in the distribution network systems. Also, there are chances of formation of
disinfection by-products in the treated water. Therefore, it is an urgent need and at
most, important to have a safe drinking water system at individual household levels
and POU water treatment systems can provide an effective solution in removing
specific toxic chemicals and emerging contaminants (Brown et al. 2017).

In households, the POU water filter devices are of different types, which include
pitcher filters, refrigerator filters, faucet-mounted filters, on-counter filters, and under
sink filters (Herkert et al. 2020). These POU treatment systems can remove certain
emerging contaminants effectively, but not all the POU filters remove effectively.
However, the removal efficiency depends on treatment technology, properties of
emerging contaminants, water quality, and operational conditions (Anumol et al.
2015; Patterson et al. 2019). Not many studies have examined POU water treat-
ment systems’ effectiveness in removing emerging contaminants, and only limited
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information and data are available. Mostly, adsorption by activated carbon and RO-
based POU systems were tested to evaluate their performance in removing various
emerging contaminants.

19.4.1 Activated Carbon-Based POU Systems

Activated carbon-based POU filters are generally made up of different materials like
coal and coconut shell. There are two types of activated carbon, granular activated
carbon and solid block activated carbon. Compared to granular activated carbon
filters, the solid block carbon filters have smaller particles and smaller pore sizes.
These smaller pores and smaller particles play a major role in adsorbing the trace
organic contaminants due to the high energy of the smaller pores and larger surface
area of the smaller particles (Cotruvo et al. 2014; Anumol et al. 2015). Moreover,
the chemical properties of organic contaminants also impact the adsorption process
(EPA 2006). Figure 19.4 represents the schematic diagram of a household activated
carbon-based water treatment system.

Anumol et al. (2015) have studied the activated carbon-based POU filters (Brita
filter, PUR filter, Zero Water filter, GE filter and Whirlpool filter) for trace organic
contaminants removal (including pharmaceuticals and pesticides) and reported>98%
removal efficiency of refrigerator filters (GE filter and Whirlpool filter) and >70%
removal efficiency of pitcher filters (Brita filter, PURfilter, andZeroWater filter). The
reason for the greater removal efficiency of refrigerator filters than the pitcher filters
is due to smaller sizes of carbon particles in refrigerator filters than in pitcher filters.
Smaller particles provide a larger surface area, which results in more adsorption of
trace organic contaminants. There might also be another factor that affects removal

Fig. 19.4 Typical diagram of household activated carbon-based filter
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efficiency is type of material used as a carbon source which may not be the same for
both refrigerator filters and pitcher filters (Anumol et al. 2015). In the same study,
among three pitcher filters, Zero Water filters have shown greater removal efficiency
(96.7–97.5%) for PFAS compared to Brita and PUR filters which have shown 52–
57% and 79.4–84.8%, respectively. The ZeroWater filter consists of anion exchange
resins, and the examined PFAS exists mostly in anion form. Therefore, the presence
of anion exchange resins in Zero Water filters improves the removal efficiency for
PFAS. They have also observed a decrease in removal efficiency for trace organic
contaminants with the increase in the expected lifespan of filters (Anumol et al.
2015).

Patterson et al. (2019) also evaluated the performance of two different granular
activated carbon-based POU/POE systems for PFAS removal and reported very few
or no concentration levels of PFAS in the treated water. Further, they have observed
that coconut-based granular activated carbon filters treat more water than coal-based
granular activated carbon (Patterson et al. 2019).

In another study by Herkert et al. (2020) observed variations in the performance
of POU activated carbon-containing filters in removing PFAS. Only 73% of studied
activated carbon filters shown effective removal for PFAS. In the case of activated
carbon-based filters, the removal of PFAS was shown to be dependent on the chain
length of PFAS and reported around 60–70% long-chain PFAS removal and nearly
40% short-chain PFAS removal (Herkert et al. 2020). Other than chain length, the
hydrophobic nature of PFAS also influences their removal. For example, removal
efficiency for perfluoroalkyl sulfonic acids (PFSA) was reported more than perflu-
oroalkyl carboxylic acids (PFCA), which might be due to the greater hydrophobic
nature of PESA than PFCA (Herkert et al. 2020). In comparing the filter device types
for removal of PFCAs and PFSAs, pitcher filters have shown better performance than
refrigerator filters (Herkert et al. 2020). In the same study, almost complete removal
of PFAS was observed with dual-stage filters, and the reason for this is unclear.
Therefore, research is still needed to understand a better relationship between the
activated carbon-based POU filters and PFAS removal efficiency. Further studies
can evaluate the performance of activated carbon-based POU filters using different
materials to remove emerging contaminants.

19.4.2 RO-Based POU Water Filters

RO-based POU filters are effective in removing various emerging contaminants,
including pharmaceuticals, pesticides, and PFAS. RO systems are effective in
removing emerging contaminants because they have pretreatment stages and smaller
pores of semipermeable membranes (Herkert et al. 2020). In general, the rejection
or removal of emerging contaminants from water using RO-based filtration depends
on the physicochemical properties of both the membrane and the emerging contam-
inants. The size exclusion, electrostatic interaction, and hydrophobic interaction are
three basic removal mechanisms involved (Fujioka et al. 2013). In the size-exclusion
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mechanism, the contaminants with a large molecular size than free volume hole-
radius can easily retain on the membrane surface. In addition to free volume hole
radius, free volume hole distribution and active skin layer thickness can also influ-
ence the efficiency of RO membranes (Fujioka et al. 2013). In electrostatic interac-
tion, due to the presence of molecular charge and membrane charge, attraction or
repulsion of contaminants occurs. Membranes are mostly negatively charged, and
if the contaminants are positively charged, then attraction happens; otherwise, the
repulsion happens for negatively charged contaminants (Nghiem and Fujioka 2016).
In addition, the hydrophobic nature of the membranes and contaminants affect the
removal of emerging contaminants (Nghiem and Fujioka 2016). Figure 19.5 shows
the schematic diagram of the RO-based POU household water filter system.

Three RO-based POU systems (iSpring RCS5T, Hydrologic Evolution RO1000,
Flexeon LP-700) were studied and noticed a reduction in PFAS in sourcewater below
regulatory standard 70 ng/l (Patterson et al. 2019). But, in the same study presence
of PFAS in the effluent of the Hydrologic RO system was observed, which might
be due to insufficient pre and post-treatments or leakage through membranes. For
Hydrologic, after shutdown and startup times also some concentration levels of PFAS
were observed in treated water (Patterson et al. 2019).

The authors Herkert et al. (2020) have also studied the RO-based POU filters
performance in removing PFAS and observed no relation between chain length of
PFAS and removal efficiency, unlike in the case of activated carbon-based filters.
They have also reported >90% removal efficiency of RO filters for PFCA and PFSA
and >97% for perfluoroalkyl ether acids (PFEA) (Herkert et al. 2020). Further, more

Fig. 19.5 Schematic diagram of household POU RO-based treatment system
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studies are needed to evaluate the effectiveness of different RO-based POU systems
and check for long-term performance.

19.5 Conclusion

All POU water treatment systems that can improve microbial and chemical water
quality have some advantages and disadvantages. Compared to all methods, the
preference for membrane-based POU systems is growing rapidly.

• Microfiltration POU systems are effectively removing bacteria and protozoa.
These filters have application at the household level, traveling, camping, and emer-
gency situations. These filters can operate without electricity, simply by suction
or hand power.

• Ultrafiltration POU systems are effectively removing bacteria, protozoa, and
viruses. These filters are the most suitable option for drinking water treatment
during emergencies. Various products of this category are available in the market
for household, camping, and traveling purposes. Hand power, gravity, and suction
energy can operate the system without electricity requirements.

• NF and RO-based POU systems effectively remove a wide array of contaminants
with almost complete removal of bacteria, protozoa, and viruses. These filters
are effectively removing various emerging and specific contaminants. Energy
demand andmembrane fouling are twomajor issues to focus.However, integration
of RO treatment with other pre and post-treatment techniques results in better
performance. Most of the RO-based POU water treatment systems have house
applications and are themost demanded household POUwater filters in developed
countries.

• Not all POU filters remove emerging contaminants. However, Activated carbon
based-POU filters and RO-based POU filters have shown significant removal
efficiencies for emerging contaminants.

• More studies are needed to evaluate different POU water filters’ performance in
removing various emerging contaminants.

• Future studies can focus on developing low-cost membrane-based POU water
treatment systems for multiple purposes.

• Future researchers can develop the best combinations of multiple treatment stage
methods for variable influent water quality.

• Research is needed to integrate the POU water treatment with information and
communication technology to display the water quality data and give the filter’s
performance evaluation. This will inform the users about the quality of water and
indicate the time for filter replacement.
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Chapter 20
Electrocoagulation Process
for the Removal of Emerging Pollutants
in Water and Wastewater

Pramod Kumar, Ashish Kumar, Tabish Nawaz, and Swatantra P. Singh

Abstract The advancement in technology may have created an easy lifestyle, but
it has also generated many pollutants that are toxic and cause severe issues for
human health called emerging pollutants (EPs). These EPs result from excessive
use of chemicals to enhance our daily lives and provide for people’s basic needs.
Althoughwemay have found several ways to detect some of these EPs by continuous
development in technology, the issues of complete removal of them still persist. The
chapter seeks electrocoagulation as one of the effectivemethods to remove the EPs as
it is easy to operate technology and requires low cost and maintenance. This method
utilizes the combination of electricity and sacrificial metal electrodes to remove
pollutants in the formofflocswhich either settles in the bottomorfloat on the reactor’s
top surface. This chapter further highlights the occurrence, issue, and fate of the
EPs. It also describes the electrocoagulation treatment method, its mechanism, and
parameters that affect the system operation, along with the applicability of emerging
pollutants removal. It is suggested to create and manage a database of EPs that shall
help in tracking different classes of EPs in the environment. The results observed
from exhaustive literature studies are positive and encouraging for the development
of this technique to remove EPs from wastewater efficiently.

Keywords Emerging pollutants · Water · Wastewater · Emerging pollutants ·
Electrocoagulation · Technology

P. Kumar · A. Kumar · T. Nawaz · S. P. Singh (B)
Environmental Science and Engineering Department (ESED), Indian Institute of Technology
Bombay, Mumbai 400076, India
e-mail: swatantra@iitb.ac.in

T. Nawaz
e-mail: tnawaz@iitb.ac.in

S. P. Singh
Centre for Research in Nanotechnology and Science (CRNTS), Indian Institute of Technology
Bombay, Mumbai 400076, India

Interdisciplinary Program in Climate Studies, Indian Institute of Technology Bombay, Mumbai
400076, India

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022
S. P. Singh et al. (eds.), New Trends in Emerging Environmental Contaminants,
Energy, Environment, and Sustainability,
https://doi.org/10.1007/978-981-16-8367-1_20

487

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-8367-1_20&domain=pdf
mailto:swatantra@iitb.ac.in
mailto:tnawaz@iitb.ac.in
https://doi.org/10.1007/978-981-16-8367-1_20


488 P. Kumar et al.

20.1 Introduction

Water scarcity is one of the prominent issues faced by humans being in significant
parts of the world. We only have 3% freshwater sources available with us, and 2/3
of this is unavailable and is in the form of glaciers and ice caps (Pavithra et al.
2017). One of the prominent causes is the increase in population, and the other is the
perpetual contamination of the water resources available to us in the form of rivers,
groundwater, lakes, and ponds. The causes ofwater pollution are the disposal of efflu-
ents (without prior treatment) from industries, sewage treatment plants, stormwater
carrying waste contaminants, excessive use of pesticides, herbicides, and fertilizers,
to the river or on land. These activities cause the release of contaminants to the
poisonous, toxic environment and could cause severe health issues to the inhabi-
tants. They also degrade the aquatic life and ecosystem of the point of disposal. The
pollutants causing severe issues are metals like chromium, arsenic, nutrients like
nitrate and phosphate, oxygen depleting microorganisms, and microorganisms like
bacteria, protozoa, and viruses that can cause water-borne diseases. Additional to
these, one more category of the pollutants that are new to environmental scientists
and could cause more severe issues are emerging pollutants (EPs).

EPs are defined as a compound with severe health effects that have not been
studied, and no regulatory measures have been set up for its control. They reach the
environment through various anthropogenic sources and are distributed worldwide
(Gavrilescu et al. 2015). EPs are the new products of chemicals whose presence has
been reported in many studies in the last 30 years, and their effect on the environment
and humans is unknown (Deblonde et al. 2011). There are shreds of evidence of
EPs in the river near urban areas of Brazil and may be present in the groundwater
(Starling et al. 2019). The widespread contamination of the groundwater with the
EPs is detected at a concentration level that could be a threat level to the environment
(Lapworth et al. 2012). EPs are also observed in the landfill leachate polluting the
groundwater sources and ultimately on human life (Kapelewska et al. 2018).

Inmany cases, theseEPs have been present in the environment for a very long time,
but due to a lack of methods and techniques to detect them, they are not discoverable
yet (Geissen et al. 2015). The compounds found in thewastewater includes phthalates,
polychlorobiphenyls (PCBs), polycyclic aromatic compounds (PACs), polycyclic
aromatic hydrocarbons (PAHs), Per- and polyfluoroalkyl substances (PFAS), phar-
maceuticals, disinfectants, hormones and,manymore yet to be discovered (Deblonde
et al. 2011). Apart from industrial, one primary source of these EPs is hospital
wastewater, which contains pharmaceuticals, radionuclides, solvents, disinfectants,
and antibiotics used in a wide range of concentrations for medical research activities
(Verlicchi et al. 2010).

Emerging pollutants are synthetic or naturally occurring chemicals that are not
commonly monitored in the environment but can enter the environment and cause
known or suspected adverse ecological and (or) human health effects. Groundwater
and otherwater sources are primarily the locations of these contaminants, and in some
studies, their detection in the groundwater is a tedious task to carry out (Postigo and
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Barceló 2015). In some cases, the release of emerging pollutants to the environment
has possibly occurred for a long time but may not have been highlighted until new
detection methods were developed. In other cases, the synthesis of new chemicals
or changes in the use and disposal of existing chemicals can create new sources of
emerging pollutants (Geissen et al. 2015). The origin of emerging pollutants can
be industrial, agriculture, hospital or laboratory wastewater, or any other source.
Emerging pollutants, in large part, are derived from these three categories.

(a) Pharmaceuticals
(b) Personal care products
(c) Endocrine-disrupting compounds

Pharmaceuticals are a set of EPs that are majorly used by the population for
medicinal purposes. There are around 2300 active pharmaceuticals ingredients (API)
present and used in medicine and are toxic and bioaccumulative. The traces of these
compounds andbi-products are reported inmany studies in surfacewater and soil and,
in some cases, in groundwater (Pavithra et al. 2017). Industries manufacturing these
drugs causing their pollution through unscientific disposal. The use of medication in
day-to-day life also leads to its concentration in themunicipalwastewaters. It includes
antibiotics as significant contributors and, apart from this, analgesics, steroids, beta-
blockers, etc. (Rivera-Utrilla et al. 2013). Their mode of action is the reason behind
their persistence. Their presence has been recorded in WWTP effluents, sludge,
sediments, natural waters, drinkingwater, and groundwater (Gogoi et al. 2018).Most
of these drugs have been found in the aquatic environment in low concentrations of
ng/l to μg/l. There is a need for their eco-toxicological impacts on the environment
and aquatic life.

Personal care products (PCPs) hold a long list of products that we use daily,
like face creams, shampoo, cosmetics, perfumes, steroids, etc. They are sometimes
prescribed and not prescribed by the experts yet used by individuals for their personal
care. PCPs are generally released in municipal wastewater, as commonly used by the
people, but their traces have also been reported in groundwater and aquatic environ-
ments. In wastewater treatment plant PCPs after going through various treatments,
the likely fate of PCPs is that it converts into CO2 and water or get attached to the
solids if the compound is organic (Gogoi et al. 2018).

Endocrine-disrupting compounds (EDCs) are the chemicals that enter the body
either hinder hormones or obstruct the body’s normal functioning. These are the
category of EPs that alters the body’s functioning or mimics the hormonal activity
in the body. They are found in the natural environment by human activities and
industries through wastewater disposal. Apart from the above, numerous other EPs
exist, their existence needs to be detected, and their impacts on the environment and
ecology need to be studied.

The primary concern with the EPs is their low concentration in wastewater, and a
wide gap exists in the knowledge of their fate, behavior, effects, detection method,
and treatment and removal methods (Rosal et al. 2010; Prado et al. 2017; Gogoi
et al. 2018; Deblonde et al. 2011). Although many techniques have been used to
detect existing or new EPs in the environment, over 150 micropollutants and their
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transformation were detected using modified liquid chromatography (Hermes et al.
2018), identification of hormonal bioactivities and other contaminants was carried
out using bioassays and modified techniques (Houtman et al. 2018). The absence of
relevant data on the fate, impact, and detection level makes it more troublesome for
governments to control their use in the respective area. It is not easy to manage the
levels of persistence in the environment. One more significant issue is that there are
no limits on the concentrations of EPs on the wastewater discharge, drinking water,
and the environment (Deblonde et al. 2011; Geissen et al. 2015; Gogoi et al. 2018).
The wastewater treatment procedure also has adverse effects on the EPs; various
biological and chemical degradation processes transform the EPs into more toxic
forms than their parent form (Prado et al. 2017; Gogoi et al. 2018). To deal with this
issue, we require a treatment method that can remove the pollutants that are known
to us, and we have to develop an understanding of the nature of removing the EPs
by the technique employed for their removal.

One of the methods that can be implemented for the removal of EPs is electro-
coagulation. Electrocoagulation is a complex process that involves various pollutant
removal mechanisms operating in synergy (Kabdaşlı et al. 2012). Electrocoagula-
tion is inexpensive compared to chemical coagulation, and also it is a fast pollutant
removal process, produces low sludge and a compact process to carried out. It also
overcomes the effects of forming additional ions like chloride and sulfide in the
solution that are difficult to remove in the later stage (Mollah et al. 2003). Electro-
coagulation is an effective method in removing many types of contaminants from
wastewater, and it has been used in various industries for wastewater treatment. It is
successfully employed to remove chromium, COD, TOC, organic matter, suspended
solids, etc., from water and wastewater (Kabdaşlı et al. 2012; Moussa et al. 2017;
Islam 2017). It is an effective method in removing active pharmaceutical compounds
(Ensano et al. 2019). Electrocoagulation has been proved to be an effective method,
Its capacity to remove EPs should be evaluated by implementing desirable changes
and modifications in the design and optimizing the method that can provide the best
results suited to our purpose.

This chapter discusses a brief introduction about the EPs, their occurrence, and
concerns in their regulation. One method of treating EPs, the Electrocoagulaton
process, its mechanism, and parameters governing the operation and efficiency of
removal have also been discussed. Studies on some of the EPs have mentioned a
separate discussion on EPs and the application of electrocoagulation in removing
emerging pollutants. The chapter also provides the future challenges in the treatment
of EPs from its various sources.

20.2 Electrocoagulation

Electrocoagulation (EC) treatment method involves using electric current to imple-
ment a coagulation process to remove suspended particles and other specific pollu-
tants from the water or wastewater; Fig. 20.1 shows the basic setup of an EC process.
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Fig. 20.1 A pictorial
representation showing
electrocoagulation setup

It uses the concept of electrochemistry to have interactions between electricity,
coagulation, and flocculation-causing compounds (Holt et al. 2005).

EC is an electrochemical process that utilizes metal electrodes, also named sacri-
ficial electrodes, and electricity to remove pollutants from water and wastewater.
It causes the production of coagulant form metal dissolution due to the passage of
electricity that induces coagulation in the electrolyte (Mollah et al. 2001; Sahu et al.
2014;Garcia-Segura et al. 2017; Islam2017). It is used in the broad-spectrumprocess
and has been used to remove total suspended solids, heavy metals, emulsified oil,
bacteria, and many other pollutants from water. The use of electricity to treat water
is not a new concept; this concept was first used in the nineteenth century. Electroco-
agulation was used to treat drinking water in England in the nineteenth century, and
wastewater treatment with EC was started in the US. On a large scale, EC was used
to treat drinking water by the US in 1946 (Vik et al. 1984; Wang et al. 2007). Later
on, due to high operation costs and significant investment, EC was no longer used to
treat water and wastewater. Another reason for neglecting ECwas introducing chem-
icals for the coagulation process, majorly aluminum and iron salts (Emamjomeh and
Sivakumar 2009; Moussa et al. 2017; Islam 2017). In the last three decades, concern
over water availability and its overuse has directed attention towards the effective
treatment of water that can be reused for different processes and strict water quality
standards and environmental regulations.
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20.2.1 Mechanism of EC Process

The mechanism of the EC process comprises three significant steps:

1. Metal dissociation at anode and hydrolysis of water to hydroxyl ion and
hydrogen gas at the cathode.

2. Destabilization of surface charge on suspended particles and other pollutants or
reduction of zeta potential.

3. Formation of flocs and their removal either by floatation or precipitation.

To understand the EC mechanism in detail, we need to understand the concept of
colloidal stability and zeta potential. In a suspension, when suspended particles do
not agglomerate on their own, then they tend to be in a stable condition (Hakizimana
et al. 2017; Moussa et al. 2017). The factor that primarily supports this stability is the
sizeable surface-to-volume ratio as the particle in suspension is too tiny and has very
little mass; therefore, the surface phenomenon dominates the mass phenomenon.
Now to understand this stability, we should focus on the surface of the particle. The
possible surface condition is shown in Fig. 20.2.

The surface of the colloid is negatively charged, and the positive layer of cations
is attached to the particle’s surface and will move it; this layer is known as the
stern layer. After the stern layer, all other ions present move over the layer due to
the diffusion effect and creates a double-bound layer, as shown in the figure. The
potential at the end of the double-layer is known as Zeta potential. Other particles also
arrange themselves in the same manner. When these two-particle come close to each
other, the repulsive force between them resists them to agglomerate. To destabilize
the particle and make it agglomerate with other particles, we need to overcome this
potential. The process is done with the help of metal ions induced in the system

Fig. 20.2 Graphical
representation of zeta
potential around negatively
charged particle
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by chemical coagulation dissociation of metal electrodes through the EC process.
The role of coagulant is to compress the double and reduce the repulsive action and
causing agglomeration of particles and thus particle after agglomeration particle size
increases and settlement of particle take place.

In the EC process, themetal species generated throughmetal dissociation at anode
and formation of hydroxyl ion and H2 gas at the cathode as shown in Fig. 20.30.3:

• At anode metal oxidation takes place, metal cations are formed:

M → M+ + Ze− (20.1)

In the above equation, Z is the number of electrons transferred in the dissoci-
ation process; it depends on the mole of the metal (Mollah et al. 2001; Moussa
et al. 2017; Islam 2017).

• At the cathode, water is converted into hydroxyl ion and hydrogen gas:

Fig. 20.3 Schematic diagram showing processes in the electrocoagulation reactor (adopted and
modified from Hakizimana et al. 2017)
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3H2O → 3

2
H2 + 3OH− (20.2)

If aluminum and iron electrodes are used, the metal ions formed from metal
dissociation will undergo rigorous reactions to produce aluminum and iron metal
hydroxides or polyhydroxides. All the reactions depend on the pH of the solution.

In the case of Aluminium electrode following reaction occurs (Hakizimana et al.
2017):

Al3+ + H2O → Al(OH)2+ + H+ (20.3)

Al3+ + 2H2O → Al(OH)2+ + 2H+ (20.4)

Al3+ + 3H2O → Al(OH)2+ + 3H+ (20.5)

Al(OH)2+ + H2O → Al(OH)2+ + H+ (20.6)

Al(OH)2+ + H2O → Al(OH)3 + H+ (20.7)

Al(OH)3 + H2O → Al(OH)−4 + H+ (20.8)

In the case of Iron electrodes, during anode oxidation can causes either ferrous or
ferric cations Hakizimana et al. 2017):

Fe → Fe2+ + 2e− (20.9)

Fe → Fe3+ + 3e− (20.10)

Fe2+ + H2O → Fe(OH)+ + H+ (20.11)

Fe2+ + 2H2O → Fe(OH)2 + 2H+ (20.12)

Fe3+ + H2O → Fe(OH)2+ + H+ (20.13)

Fe3+ + 2H2O → Fe(OH)+ + 2H+ (20.14)

The generation of the enormous amount of metal ions formed by dissociation of
metal electrodes causes compression of the double layer around the surface of the
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suspended particle, and there is a decrease in zeta potential, causing stability of the
suspended particle. In continuation of this process, the repulsive force decreases, the
particle starts combining, and the formation of flocs occurs in the system.

With the decrease in the repulsive force and neutralization of the surface charge,
agglomeration of the particles takes place, and that leads to the formation of flocs
which either get precipitated in the bottom or get floated up with the hydrogen gas
and forms a flocs layer on the top (Moussa et al. 2017; Hakizimana et al. 2017; Islam
2017) as shown in the figure.

20.2.2 Parameters Governing EC Process

In the EC process, several parameters are there which affect the operation and effi-
ciency of the process. Operational, water and wastewater features and the geometry
of the reactor and electrode are a factor that affects the process. The factors affecting
the process are as follows:

1. Electrode arrangement: The electrode in the EC process is generally arranged
in parallel or series. The energy consumption in series is generally higher than in
parallel arrangement due to more resistance offered by the series connections.
In the EC cell, the electrodes can be arranged in any manner; based on the
system’s need, researchers either use one pair of electrodes or more than one
pair of electrodes. The pair of electrodes are then arranged in three manners, as
shown in Fig. 20.4.

There is a low potential difference in the MP-P connection as the current is
divided between the electrode compared to the MP-S connection in which the
current is added up and has more potential difference. In the third arrangement,
the outer electrode is connected to the power supply, and the inner electrode is
placed between the electrodes. In the inner electrode, the surface gets polarised
as per the outermost electrode charge, and there is an opposite charge on the
two sides of the electrode (Mollah et al. 2004; Moussa et al. 2017; Hakizimana
et al. 2017). It creates a mini cell, in which the inner electrode surface act as
both anode and cathode, but in this, more initial energy is required to develop
the surface charge and cause metal dissociation. Most of the studies used either
MP-P or BP-P connection in the EC process to remove color, turbidity, metals,
non-metals, and organic compounds. Both provide almost the same removal
efficiency; however, MP-P proves to be more cost-effective and less utilizes
less energy for operation (Moussa et al. 2017).

2. Type of power supply: In the EC process, we can use both DC and AC power
supplies to the electrode. DC power supply leads to the oxidation of the anode
and its continuous deterioration by its consumption and formation of oxide
layer on the cathode called cathode passivation. To resolve the passivation issue,
adding chloride ions reduces the passivation if used insufficiently or using alter-
nate pulse current (Moussa et al. 2017; Hakizimana et al. 2017). AC supply



496 P. Kumar et al.

Fig. 20.4 Electrocoagulation reactor in amonopolar parallel; bmonopolar series; c bipolar parallel
arrangement (adopted and modified from Hakizimana et al. 2017)

reduces the passivation effect and provides less energy consumption, better effi-
ciency, reduced consumption of single electrodes, and sometimes lesser reten-
tion time. However, it disturbs the stability of the dipole structures formed in
the system as a continuous change in the polarity will hinder the electrophoretic
transfer of the charged particle that leads to dipole–dipole interaction, and the
system will contain non-spherical particle that does not settle with ease (Mollah
et al. 2001, 2004; Sahu et al. 2014).

3. Current density (CD): Current density is defined as the ratio of applied current
to the effective electrode area. It can be calculated as:
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CD = I

A

where CD is the current density in mA/cm2, I is the applied current, and A is
the effective area of the electrode in cm2. The dissociation of metal ions in the
EC reactor is directly proportional to the current density. It has been mentioned
in various studies that after a specific value of current density, the quality of
the treated water does not change; that value is called critical current density
(Moussa et al. 2001; Sahu et al. 2014; Hakizimana et al. 2017; Islam 2017).
Other parameters are also affected by selecting an optimum value for current
density such as pH, temperature, and water flow rate as it controls the formation
of metal ions and hydroxyl and hydrogen gas that causes a change in pH and
hence changes in the rest of the parameters.

4. Concentrations of ions: The presence of various anions affects the destabi-
lization properties of metal particles. Sulfate particles are known to hinder the
deterioration/metal disintegration from the electrode, and thus they decline the
destabilization of colloids and current effectiveness. Then again, chloride and
nitrate particles forestall the hindrance of sulfate particles by separating the
latent layer framed. The presence of chloride particles also diminishes the unfa-
vorable impact of sulphate particles, leading to the precipitation of salts on the
anodes when the salt fixation is adequately high. The above process structures
a protecting layer that diminishes the current effectiveness by expanding the
potential between cathodes (Hakizimana et al. 2017; Moussa et al. 2017). The
presence of other ions in the solution also hinders the adsorption process due to
the preferential adsorption of other ions. (Vasudevan and Laxmi 2011)

5. Initial pH of the solution: pH is one of the parameters which affects conduc-
tivity, dissociation of metal, hydrolyzed species, and reactions that take place
in the reactor. The pH plays a vital role in the EC process; it governs many
processes and sometimes directs the operation and working of EC. In studies,
it is observed that the initially acidic pH of the solution changes to alkaline
and vice versa after the EC process. The reactions 20.3–20.14 mentioned above
are all dependent on the pH. They all occur at different pH and proceed as
the pH of the solution changes. Controlling pH value in the EC process helps
control the EC process, and sometimes it is needed to get a specified result.
Al and Fe hydroxides and polyhydroxides are also pH-dependent, and their
formation affects and directs the process (Moussa et al. 2001; Vasudevan and
Laxmi 2011; Eyvaz et al. 2009; Sahu et al. 2014; Hakizimana et al. 2017; Islam
2017). In studies, people maintain pH at around 4–8 to get the desired results
and maximize the removal efficiency.

6. Inter-electrode distance (IED): The distance between the electrodes is also
one of the essential parameters. The ohmic potential, which is a function of
the solution conductivity, increases by increasing the IED. The increase in IED
affects the electrolysis energy consumption; in low conductivity, it will increase
the energy consumption. The low value of IED produces more bubbles leading
to high mass transfer and a high reaction rate between the coagulant species and
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pollutant (Mollah et al. 2001; Sahu et al. 2014; Hakizamana et al. 2017). The
IED also governs the time of treatment in the batch reactor to reach a specified
efficiency and reaction time in a continuous reactor. In studies, the value of IED
is taken from 0.2 to 3 cm and sometimes even more than that value.

7. Design of reactor: To reach the desired output for an EC processor to maxi-
mize the efficiency of the process, we need to ensure minimized potential drop,
adequate mass transfer between coagulant species and pollutant, least passiva-
tion of electrodes, and to achieve all these, we required and effective reactor
design. EC reactor configuration is vital since it influences the general perfor-
mance of the EC interaction through its impact on the working boundaries,
to be specific, flow regime, flocs development, evacuation yield, and buoy-
ancy/settling attributes. EC reactors have been planned after some fundamental
rules, essentially the operatingmode and the objectives to be reached. EC reactor
configuration can be arranged based on three essential qualifications. The first is
whether a reactor is designed as a batch or a continuous system, for example, the
feed mode. For a nonstop framework, reactors are ceaselessly taken care of in
water/wastewater and work, while the activity is done with a fixed wastewater
volume for every treatment cycle in a bunch interaction (Mollah et al. 2001;
Holt et al. 2005; Sahu et al. 2014; Hakizamana et al. 2017). The subsequent
qualification is the strategy used to isolate the collected contaminations. The
last one is the plan to calculate the electrode arrangement that characterizes the
current dissemination in the cell.

Apart from the feed mode and electrode arrangement, EC design also affects
reactor working volume used to determine the area to volume ratio (A/V)
through the geometry of the reactor. EC A/V ratio is one of the scale-up
parameters in plant design that allows developing a full-scale EC reactor.

8. Conductivity: Conductivity of the water/wastewater that needs treatment will
directly affect energy consumption.More conductivity implies less consumption
of energy and vice versa. Therefore the conductivity of the solution is enhanced
by adding various electrolytes like NaCl, KCl, KNO3, NH4Cl, etc.

9. Temperature: In electrochemical processes, pollutant removal efficiency
depends on the temperature of the solution, and the increasing temperature
results in the pollutant removal efficiency increases. However, at high temper-
atures, an increase in the solubility of the precipitates leads to the decreasing
of the pollutant removal efficiency (Eyvaz et al. 2009; Vasudevan and Laxmi
2011; Sahu et al. 2014)

20.2.3 Ecomomic Aspect of EC Process

The cost effectiveness of any process is the significant factor for its use in the industry.
In case of EC, its economic analysis would take fixed operation and capital cost. The
fixed cost will comprise the cost of total equipment cost including electrolytic cell,
pumps and cost of their set up. The operation cost includes the cost of chemicals,
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electrodes and energy consumption (Kabdaşlı et al. 2012; Segura et al. 2016; Hakiz-
imana et al. 2017). Apart from this, cost pertaining to labour, maintenance, sludge
dewatering and disposal should also be considered for accurate cost analysis. Studies
have compared the cost of chemical coagulation and electrocoagulation.Moussa et al.
2017 compared the cost analysis of chemical coagulation and electrocoagulation of
studies on wastewater treatment like textile, metallic, can manufacturing waste, dye
house, tannerywastewater and cadmium removal. The comparison concluded that the
cost of electrocoagulation was 1.3–1.5 times less than chemical coagulation. Various
models have also been developed for cost estimation. Hakizimana et al. 2017 used
a model to calculate the electrode material and energy consumption using chemical
used, sludge generated per m3 of wastewater treated, unit price of electrode, chemi-
cals used, electrical energy used and sludge and handling and disposal charges. The
conclusion form the model is that the cost generally vary depending on the unit price
of material used for electrode and its arrangement. It was also concluded that ECwas
cheaper than the chemical coagulation depending upon the current density variation,
but under low current density value it’s more economical than chemical coagulation.

20.2.4 Advantage and Disadvantages of EC Process

The advantage of the EC process is as follows:

• EC is a simple and easy to operate method and handles most of the problems
during running.

• It produces palatable, clear, colorless, and odorless water after wastewater
treatment.

• The sludge formed by EC tends to be readily settable and easy to de-water because
it mainly comprisesmetallic oxides/hydroxides. Above all, it is a common sludge-
producing technique.

• Flocs formed by EC tend to be much larger, contain less bound water, are acid-
resistant, andmore stable than chemical floc, and therefore, can be separated faster
by filtration.

• EC produces effluent with less total dissolved solids (TDS) content than chemical
treatments, contributing to a low water recovery cost.

• The EC process generated no secondary pollution compared to chemical coagu-
lation, and therefore, no issues of neutralizing excess chemicals.

• The gas bubbles produced during electrolysis can carry the pollutant to the top of
the solution, where it can be more easily concentrated, collected, and removed.

• It requires less maintenance as electricity is provided in a controlled manner
without any moving part. It can be used with the help of solar energy and hence
can be conveniently used in rural areas.

Disadvantages of the EC process.
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• It requires periodic removal of the sacrificial electrode due to its oxidation during
operation.

• The use of electricity in many places may be expensive.
• It causes the passivation of the electrode due to the formation of an oxide layer on

the cathode. However, this process does not cause rapid and may take sufficient
time depending on the characteristics of the wastewater.

• High conductivity of the wastewater is needed for the smooth working of the
process,

20.3 Application of EC for the Removal of Emerging
Pollutants

EC has a broad application in domestic as well as in industrial wastewater treatment.
It has been used in various industries like dye and textile, electroplating, pharmaceu-
tical, food processing, tannery, petroleum, pulp and paper industry, etc. EC process
removes not only the suspended particles and colloidal particles but is also proven
effective in removing oil, heavy metals, and complex compounds present in the
wastewater (Fig. 20.5).

Emerging pollutants are complex compounds that are not easily removed by
conventional treatment methods. The EC process carries out some studies on the
removal of EPs, such as commonly used pharmaceuticals. Table 20.1 describes the
reactor design, parameters varied, electrodes used, and individual results by the
various studies. In most studies, batch mode is preferred for the pollutant treatment

Fig. 20.5 Potential
application of
electrocoagulation process in
various industries
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Table 20.1 Studies on emerging pollutants removal by EC process

Pollutants Reactor
design

Electrodes
used and size

Result Remark Author

Diclofenac (DCF),
carbamazepine
(CBZ) and
amoxicillin
(AMX)

Real
municipal
wastewater
Batch
mode
Continuos
supplt
(CS),
intermittent
power
supply
(IPS)

Al 5 × 16.5 ×
0.2 cm
(anode)
SS 6 × 16.5 ×
0.2 cm
(cathode)
300 rpm

CD-
1.8 mA/cm2

Time- 19 h
DCF- 44%
(CS)
28% (IPS)
CBZ-
40%(CS)
24% (IPS)
AMX- 43%
(CS)
28% (IPS)

An increase in
initial
concentrations
reduces the
removal
efficiency

Ensano et al.
(2019)

AMX Batch
reactor
EC-NF

Al 11.9 × 4.7
× 0.4 cm

The sequential
EC–NF model
catered the
best efficiency
of 98.2 and
97.5% at the
pH values of
2.5 and 10. EC
(68.46% at pH
2.5)

Calcium
containing
electrolyte
enhances the
removal

Oulebsir
et al. (2020)

(Diclofenac), a
sulfonamide
antibiotic
(sulfamethoxazole)
and a β-blocker
(atenolol)
All with the
concentration of
100 mM

Batch
reactor

Al
Graphite
Both with area
125 cm 2 and
inter-electrode
distance of
100 mm in a
single cell and
24 mm in
multiple cells

Removal
efficiency (one
cell system)
SMX-75
DCF-68
ATE-55
Removal
efficiency
(5-cell system)
SMX-99.8
DCF-100
ATE-85

When tested
in a real
wastewater
sample, the
results do not
replicate the
results
obtained in
the lab

Liu et al.
(2020)

AMX Batch
reactor

(a) Iron as
anode Ti as
cathode
(b) Graphite
as anode
(c)
Reticulated
vitreous
carbon as
anode

(a) 85% in 4 h
(b) 10% in
60 min
(c) 95% in
75 min

AMX with
30 ppm is
used to create
the solution
Ultrasound
waves seem to
restrain the
EC process

Padilla-robles
et al. (2015)

(continued)
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Table 20.1 (continued)

Pollutants Reactor
design

Electrodes
used and size

Result Remark Author

Ciprofloxacin
(CIP)

Batch Al electrode
3 × 2 ×
0.2 cm

CIP removal-
90.34% NaCl
(0.07–0.1 M)
0.07 M
IED—1 cm
CD-
12.5 mA/cm2

CIP- 32.5 mg/l
pH- 7.78
reaction time
– 20 min

The obtained
results
concludes
sweep
flocculation as
a determinant
step for CIP
removal

Saeid et al.
(2017)

CIP Continuous Two SS
cathode
CIP = 10 mg/l
Al anode 6 ×
2.7 cm

CIP – 88%
Initial pH- 5.6
Temp- 25.5
Time- 100 min
CD-
5.6 mA/cm2

Flow rate-
25.9 mL/min

The second
order kinetic
model
provides best
fit and
suggested that
chemical
adsorption
mechanism
controlled the
CIP
adsorption
process

Mehdi et al.
(2017)

CIP Batch Pure iron
10 × 5 × 0.2
IED 2 mm

CIP removal
= 86.6
CD =
4.325 mA/cm2

Process time
= 10 min
Initial CIP =
5 mg/l
pH = 4

RSM seems to
be an
excellent step
to predict the
removal
efficiency

Barısci and
Turkay
(2016)

Bisphenol A Batch
Artificial
wastewater

Ti electrode 40% with
nitrate
42% with
bicarbonate
80% with
bicarbonate in
20 min
reaction time

In the absence
of nitrate,
100% removal
is observed

Jo et al.
(2016)

as all the studies are under the test phase, and their results will be used to further the
development of the treatment process.

Ensano et al. (2019) carried out the study for the removal of three pharmaceu-
ticals, namely, Diclofenac (DCF), carbamazepine (CBZ), and amoxicillin (AMX).
The study’s objective is to analyze the viability of the electrocoagulation process
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in removing pharmaceuticals compounds from natural wastewater. The study is
conducted in batch experimental runs using a simple laboratory-scale electrochem-
ical reactor with aluminum and stainless steel or iron as anode and cathode. The
effects of variation in current density (0.3, 0.5, 1.15, and 1.8 mA cm−2), initial phar-
maceutical concentration (0.01, 4, and 10 mg/l), electrolysis time (3, 6, and 19 h),
and current application mode on the removal of pharmaceuticals were observed. The
application of the current supply is carried out in continuous and intermittent mode
(5 min on and 20min off). The continuous mode gives better results than intermittent
mode but uses 96% more energy than intermittent, making it costly. The increase in
initial concentration (1000 times) also reduces the removal efficiency; the possible
reasons for this would be low hydrophobicity of the selected pharmaceuticals or the
competition for active sites on the coagulant surface between the impurities present
and pharmaceuticals compounds. The variation in current density and electrolysis
time was also observed; no significant changes are observed at high current density
values (1.15 and 1.8 mA cm−2) and high electrolysis duration (6 and 19 h). The
reason explained is the formation of an oxidized layer on the electrodes, causing the
reduction in the release of coagulant species and bubbles and thereby reducing phar-
maceuticals removal efficiencies. The study concludes that the charge neutralization
and electro flotation was the reason for AMX and DCF removal, while CBZ was
removed due to its greater tendency in the coagulant species.

Another study by Liu et al. (2020), aimed to investigate the removal of the
nonsteroidal anti-inflammatory drug (diclofenac, DCF), a sulfonamide antibiotic
(sulfamethoxazole, SMX), and a β-blocker (atenolol, ATE) in synthetic wastewater
by different types of electrodes, aluminum, and graphite. The removal of the phar-
maceuticals was more significant in the graphite electrode system as compared to
aluminum. It gives 100, 99.8, and 85%DCF, SMX, and ATE removal. In the graphite
electrode system, the removal takes place through the electrooxidation process, and
it follows two steps, one is direct oxidation of the pharmaceuticals on the surface
electrode, and the second onewas the indirect oxidation of the pharmaceuticals by the
strong oxidants produced by the electrolysis of compounds like chloride and water.
These strong oxidants help in degrading the pharmaceuticals. The study concludes
that the removal efficiency was affected by the electrodes system and the nature of
pharmaceuticals present. It also concludes that the degradation of the pharmaceuticals
was effective as compare to the separation of medicines.

In some studies, more than 80% removal efficiency is obtained by applying a
combination of current density, inter-electrode distance, pH, and initial pollutant
combination. A series of experiments is carried out by applying various combina-
tions to get the maximum efficiency possible from the EC process. In studies, initial
concentration and current density play a vital role in the removal of the pollutant.
One controls the amount of metal dissociates in the system and the other the amount
adsorbed on the surface of flocs formed. A possible combination of both satisfying
their amount is tried to obtain from these series experiments.

Effect of pH also plays a crucial role, some of the pollutants are only able to
adsorb at a particular pH value, and sometimes the combination of pH and like
AMX is removed at a pH value of 8–10, and as in this range, presence of OH−
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ions provides a competitive nature of the AMX ions and assist in its removal. It was
also observed that the combination of pollutants affects the removal behavior of the
pollutants, as seen in the case of SMX, DCF, and ATE removal. They have higher
removal efficiency if treated alone, while in combination, their removal efficiency
decreases as competitive nature between them and different practical pH values
of removal. Another parameter that influences the removal of the pollutant is the
electrode material. Mostly aluminum and the iron electrode are used in the process,
and removal efficiency in the 20–80% is obtained. The use of titanium, graphite, and
carbon electrodes has enhanced the removal process. The use of graphite and carbon
electrode seems to be most effective in removing CIP from the system.

Another point that requires attention is that applying other treatment methods
in combination with the EC process can be effective in EPs degradation. A study
that uses the EC-NF model to treat AMX from the system gives good results. Other
possible combinations could also provide an area to be studied. The negative point
observed from these studies is that most of the studies cannot scale up the process,
and the effect of EC in the natural wastewater has not been seen in any of the studies.
The above indicates a gap in the area that needs to be fulfilled.

20.4 Future Challenges

ManyEPs in the environment are not detected or reported due to lack of knowledge or
low concentrations. The biggest challenge with EPs is their detection, identification,
quantification, transformation during treatment, and presence in various environ-
mental matrices; therefore, it is essential to gain knowledge on their occurrence and
fate (Geission et al. 2015). The knowledge of the fate and occurrence of EPs in the lab
and natural environment is still a significant concern and challenge, and the absence
of known EPs in wastewater does not guarantee the absence of its transformative
pollutants. The system’s need is to build protocols for ecotoxicity determination
under different organisms and different effects by using suitable endpoints (Gogoi
et al. 2018). Future research should be more focused on the treatment of the EPs and
their fate in the wastewater treatment plants and the natural environment (Deblonde
et al. 2011).

The current state of the art methods focus on specific EPs classes and by far do
not cover all the EPs of potential concern; some of the highly hazardous EPs that are
monitored have meager detection limits to carry out the risk assessment (Geission
et al. 2015). These hurdles can be taken care of by creating andmanaging a combined
database for all EPs known to us and using software to analyze the results obtained.
In the future, the focus should be made on the behavioral aspect of EPs and the
development of a risk-based model for screening EPs.
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20.5 Summary and conclusion

Water scarcity has led us to a situation where we are trying to reuse every drop
of water we have. One of the prominent causes of this situation is the disposal
of pollutants in the water bodies and land without any prior treatment. This has
led to an increase in wastewater by disposing it on freshwater resources such as
rivers, ponds, lakes, and groundwater. This causes the release of pollutants like heavy
metals, organic compounds, microorganisms like bacteria, protozoa, and viruses in
the environment that severely affect the ecosystem and, hence, the environment.
Emerging pollutants are the new set of contaminants observed in this list. They are
present in low concentrations and in such a form that is not easily detected by the
various methods. Various studies focus on developing new methods of detecting this
kind of pollutants and treating these pollutants.

One of themethods of treating such kinds of pollutants is electrocoagulation. Elec-
trocoagulation is a technique that is similar to chemical coagulation butmore effective
than that, and it utilizes electricity and electrodes to do coagulation and floatation
in the system. The mechanism of the process involves the generation of coagulant
by metal dissociation, destabilization of colloid and floc formation, and removal of
the pollutant from the system either by floatation or precipitation. The process has
various operational parameters to optimize the result like electrode arrangements,
current density, type of power supply, interelectrode distance, and other parameters
like temperature, the concentration of ions, conductivity, and pH of the wastewater
also influence the result. The process has advantages like low sludge production, ease
of operation, bigger and fewer water flocs, no secondary pollutants, and less main-
tenance. It has some disadvantages like passivation of the electrode, replacement of
electrodes, and costly treatment in areas of high electricity cost.

Studies were carried out on the removal of EPs by using electrocoagulation. The
studies presented the applicability of electrocoagulation for the treatment of wastew-
ater containing pharmaceuticals. The removal of the pharmaceuticals was attributed
to the physicochemical characteristics of the pharmaceuticals. Various operational
parameters were uses to remove the pharmaceuticals from the system, like current
density, initial pharmaceutical concentration, electrolysis time, and electrode mate-
rial. The results observed are positive and encourage the development of this tech-
nique to remove EPs fromwastewater efficiently. There is still room for improvement
in the process that can bring more effective results and bring more understanding of
the removal nature of the EPs.
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Application of Microbial Fuel Cells
for the Treatment of Emerging
Contaminants from Wastewater:
An Overview
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Abstract With the growing energy crisis, industrialization, rapid urbanization, and
increased population, it is necessary to sort out environmental pollution and energy
crisis issues. The detection of newly identified or emerging contaminants (ECs)
into our aquatic environment is of serious concern for the health and safety of
the whole ecosystem, and the existing conventional wastewater (WW) treatment
processes are not designed to treat these unidentified contaminants. In this context,
Bio-electrochemical systems such as microbial fuel cells (MFCs) are considered a
prospective technology in removing these ECs and electricity generation from WW
through microbial metabolisms. The MFC unit includes an anode, cathode, cation-
sensitive membrane, and an external wire. MFCs have shown significant advantages,
including converting substrate into energy, operating at wide ranges of temperature
and pH with diverse biomass, generating a meager amount of activated sludge from
WW, and zero energy requirement for aeration. Additionally, MFCs have been seen
as a resolution for water and energy issues due to their capability to treat WW and
electricity generation. However, MFCs have numerous challenges in-field applica-
tions, such as turbulence in each compartment, membrane resistance in the proton
transportation process, etc. This chapter focuses on the application of MFCs towards
the removal of various ECs from the aqueous environment. Applications of MFC
technology can also be worked in its power generation ability and sustainable energy
generation. Although the current applications of MFC technology are still at the
laboratory level, it has a great potential for commercial applications in the near
future.
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21.1 Introduction

Population growthwith rapid urbanization and industrialization are the active reasons
for the rapid generation of wastewater (WW). The WW is in general, is the water
supply after it has been used for a variety of purposes (Bose et al. 2018c). With
industrialization worldwide, WW of enormous volumes is being pumped into rivers,
streams, and the sea itself. The effect of dumping this untreated/partially treatedWW
is extreme besides the harm it can cause to the marine environment and fisheries. The
WW includes mostly water (99.9%) together with smaller amounts of suspended
and dissolved organic and inorganic solids (Bose et al. 2020). The basic organic
substances that are present in WW are fats, proteins, starches, soaps, cleansers, with
their disintegrations and various other environmental pollutants viz. synthetic dyes,
phenolic compounds, antibiotics, nitrogen-based compounds, pesticide, ECs, trace
organic compounds etc. (Mandal and Das 2018; Bruggen et al. 2003). In order to
prevent the damaging effects of WW on the environment and aquatic ecosystem,
treatment of all the contaminants to meet defined standards is a necessity (Bose et al.
2020; Kumar and Bishnoi 2017; Logan et al. 2006).

WW treatment plants must ensure that the WW is treated properly before the
subsequently treated water is released/discharged to land or water. A WW treat-
ment process comprises a series of unit operations designed to degrade/remove
WW contaminants to an acceptable level as permitted in the standards. Several
configurations and combinations of unit operation are possible to make up for a
treatment process, yet many standard technologies have been developed. Mainly the
conventionalWW treatment process involves primary, secondary, and tertiary stages.
Primary treatment involves the removal of inorganic particles at the beginning of the
process, while secondary treatment involves the degradation of organic waste via
biological conversion. The final tertiary treatment removes suspended impurities,
nutrients, or disinfectants before discharging the WW (Bose et al. 2020). Among the
available technologies ofWWtreatment in the field,membrane separation has proven
effective for treating these effluents, and filtration processes such as ultrafiltration
and nanofiltration in conjunction with reverse osmosis have increased importance
(Bose et al. 2020; Gao et al. 2017). However, these processes can be successfully
integrated with biological methods in a novel way usingMFCs andmay contribute to
environmental protection while supporting the water infrastructure (Gao et al. 2017).

Over the last fewdecades,MFCshave achieved immense universal significance. In
the bioremediation process, MFCs utilize bacteria to oxidize organic and inorganic
substances at the anode along with the bioelectricity generation (He et al. 2015).
The main advantages of MFC technology include conversion of substrate energy
directly into electricity, it can work in a wide range of operating temperatures, less
activated sludge is produced in the process, no energy is required for aeration, and
doesn’t require gas treatment (He et al. 2015; Mandal and Das 2018). Generally,
the domestic WW has high organic matter dissolved in sewage ranging from 4.92
to 7.97 kWh/kg COD, which is a potential source of energy generation (Du et al.
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Fig. 21.1 Schematic of MFCs

2007). Figure 21.1 shows various applications of MFCs with the microbes and WW
substrates for bioelectricity production.

MFCs improve the growth of bio-electrochemically active microbes during the
treatment process, demonstrating good operating system stability. In some cases, up
to 90% of the COD removal with columbic efficiency of 80% have been reported
(Kim et al. 2005). The efficiency in removal rate of pollutants achieved in theMFC is
similar to thosewith industrialWWtreatment systemswithout large energy consump-
tion. MFCs result in reduced sludge handling/disposal costs as these remove up to
90% BOD and COD with 50–90% lesser sludge production as compared to other
bioprocesses (Du et al. 2007). Liu et al. (2004); in their single prototype chamber,
microbial fuel cell reactor removed 80% of the COD of the wastewater and gener-
ated electrical power up to a maximum of 26 mWm−2. COD removal and power
generation were a function of hydraulic retention time (HRT), and results showed
that COD removal increased from 40% at HRT 3 h to a maximum of 80% at HRT of
33 h and generated power up to a maximum of 26 mWm−2. The buildup of volatile
fatty acids does not negatively affect working sinceMFCs use fatty acids like acetate
and butyrate as feedstock. The MFC technology has an eco-friendly approach when
compared to conventional technologies in controlling environmental pollution and
can be a potential substitute for the traditional activated sludge process (Do et al.
2018).

Based on the contaminants to be removed, various kinds of WW can be used
as feed for the cathode/anode chambers, including municipal WW, food processing
factories’ WW, dairy industry WW, palm oil mill effluent, recalcitrant pharmaceu-
tical industrial effluent, petrochemical industryWW, etc. (Boghani et al. 2017; Khan
et al. 2017;Mansoorian et al. 2016;Morris and Jin 2012; Nor et al. 2015; Zhang et al.
2015).MFC technology has also shown substantial improvements in terms of various
aspects associated with the electrodes, including high specific surface area, biocom-
patibility, surface roughness, and electrons transfer capacity. Full-scale implementa-
tion ofMFCdepends on ambient temperature, atmospheric pressure, and near-neutral
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pH condition (Trapero et al. 2017). This book chapter summarizes the recent studies
on working principles and applications of MFCs towards bioremediation of ECs
from an aqueous environment along with bioelectricity generation.

21.2 Microbial Fuel Cells

Microbial fuel cell (MFC) unit consists of a cathode, anode, cation-selective
membrane, and an external wire or circuit. At the anode, anaerobic conditions are
maintained, and at cathode aerobic conditions, and this unit may operate with or
without a mediator. The mediators are generally toxic phenolic compounds that
exchange electrons with fuels or oxidants at the reaction sites of the biocatalysts,
diffuse to the surface of the electrode, and exchange electrons there. The medi-
ated fuel cells are the addition of external bacteria to oxidize the substrate (Saeed
et al. 2015). In the anodic chamber, microorganisms are supplied with a suitable
substrate that is anaerobically degraded and releases electrons. The external circuit
transport these released electrons from anode to cathode and the protons generated
are passed selectively across the membrane. To regulate the flow of proton from
anode to cathode, a proton exchange membrane (PEM) is used. For the adhesion of
PEM to the cathode terminal, hydrogels or ion exchange resins are used. The rich
substrate fed to the anode chamber function as a fuel to the biocatalysts presented
inside the chamber. Bacteria decompose the organic compounds, electrons generated
are transported directly or indirectly to the electrodes by mediator’s help and then
travel to the cathode chamber with the outer circuit. This process of flow of electrons
from the external circuit provides the basis for bioelectricity generation (Fig. 21.2).
Simultaneously in the anodic chamber, protons are generated during the organic

Fig. 21.2 Electron transfer
chain in bacterial cell wall
for energy productions in
MFC
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matter degradation and pass through the PEM to the cathode chamber. Lastly, this
transferred proton reacts with O2, ferric chloride, potassium dichromate, potassium
ferricyanide, etc., to produce water (Bose et al. 2020; Kumar et al. 2017; Mandal and
Das 2018). The following equations can give the reactions taking place in an MFC:

Reactions at the anode : (CH2O)n + nH2O → nCO2 + 4ne− + 4nH+ (21.1)

Reactions at the cathode : O2 + 4ne− + 4nh+ → 2H2O (21.2)

The main working principle of MFC’s is reliant on the use of microorganisms
as biocatalysts at cathode and anode chambers. For achieving the desired results,
various configurations (as shown in Fig. 21.3) of the reactors and materials are
used. These systems are susceptible to the environment and operating conditions too.
Some of these conditions are substrate type, electrodematerial, reactor configuration,
and temperature. The change in working temperature directly affects the hydrogen
production and COD removal in MFCs; therefore, temperatures between 30 and 40
°C are ideal for MFCs. It has been found that the highest COD removal is achieved
in the range of 25–35 °C (Li and Chen 2018). When the increase in temperature
is to the extreme, the overall microbial activity decreases. One of the advantages
of MFCs is that they can withstand temperatures change without interfering with
much power generation and WW treatment. Studies have shown that a temperature
range between 20 and 35 °C can change power generation and hydrogen production
in MFCs only by 10% (Li and Chen 2018). This temperature factor helps in the
real-world manufacturing of MFCs. In the last few decades, MFC technology has
been substantially improved. However, it has met numerous challenges in practical
scale-up and commercial application, such as turbulence in each compartment and
membrane resistance in the proton transportation process (Sharma and Li 2010). The
other constraint of MFCs is that they cannot function at very low temperatures owing
to the fact that microbial reactions are slow at low temperatures (Chen et al. 2008).

Fig. 21.3 Configurations/designs of MFC; a Two-chamber MFC. b A single chamber microbial
fuel cell without an air cathode
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The microorganism’s capacity to degrade the complex substrate depends on the
constituents of the microbial community and its adaptation. Various kinds of micro-
bial communities have been used for bioelectricity generation through the MFC. As
a catalyst, exoelectrogens are used for organic biomass degradation and electricity
generation. Around 35 pure cultures have been reported as exoelectrogens in MFCs,
for example, Geobacter, Rhodoferax, Shewanella, etc. (Koók et al. 2018). Various
other microorganisms from archaea (methanogens), fungi, and bacteria have been
used inMFCs (Koók et al. 2018). It is observed that pure cultures are useful inMFCs,
and in these pure cultures electrogenic microorganisms could be easily monitored
and analyzed (Kim et al. 2002). Most of theMFC studies are done with pure bacterial
cultures due to their high electron transfer efficiency as compared to mixed cultures.
However, pure cultures are confined to the low growth rate, have low energy transfer
rate, need high substrate specifications, and there is always a continuous risk of
contamination of unwanted microbes (Bond and Lovley 2003; Kim et al. 2002).

Microbial colonies are also used in MFCs, and these microbial colonies are
biofilms consists of a distinct or ideal group of microbes. Mixed cultures are appro-
priate for bioelectricity generation due to the interaction between microorganisms
(Kumar et al. 2017). Mixed microbial community members assist as well as compete
for carbon and energy. That helps in the biodegradation of a complex raw influent. In
mixed culture, each species can perform its specific function. The function performed
by one species of microorganisms may be crucial for the other species. To overcome
this problem, pure as well as mixed cultures are used in the MFCs. This way purpose
of MFCs for bioelectricity generation and effluent treatment is fulfilled (Kumar et al.
2017).

Various types of electrodes have been developed and examined in recent years
for MFCs. In MFCs, the electrodes are conductors as well as habitats for electro-
genic microbes. Electrodes used in MFCs have features like high specific surface
area, biocompatibility, considerable surface roughness, and capacity to effectively
transfer electrons between microbes and electrodes (Kumar et al. 2019). Transfer
of electrons to the anode by microbes is via direct contact or chemical mediator.
The anodic material is selected based on its electrically conductive, ease of avail-
ability, scalability to large sizes, non-corrosive nature, high specific surface area and
porosity, inexpensiveness, and less fouling propensity. The most commonly used
materials for the anode in MFC include carbon paper, carbon cloth, carbon foams,
and reticulated vitreous carbon (RVC). Graphite-based materials, including graphite
granules, rods, sheets, fibers, and brushes, have also been used as anode material
(Bose et al. 2020). At the cathode, electrons, protons, and oxygen meet at a catalyst
in a tri-phase reaction. The catalyst should be on a conductive surface that helps the
cathode function effectively, and all must meet simultaneously. The materials used
for the cathode fabrication primarily include carbon paper, carbon cloth, graphite,
woven graphite, graphite granules, and brushes (Chaturvedi and Verma 2016).

The production of electricity in MFC mainly depends on the substrates used for
the cultivation and metabolism of microbes. The organic substrates fed to MFCs are
pure substances like glucose, lactose, acetate, etc., chemical substances like cellulose,
fatty acids, protein, sugar, etc. The organic substrate also consists of different WWs
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generated from domestic, industrial, and agricultural activities. Substrates contain
various pollutants, such as biodegradable organic matter, nitrogen, phosphorous,
suspended solids, detergents and soaps, fertilizers, pesticides, heavy metals, and
other inorganic compounds. Microbes generate electricity by using these substrates
as feed (Xiao and He 2014).

In MFCs, the energy conversion is from chemical energy to electrical energy
through the oxidation of organic matter by electrochemically active bacteria.
Different designs for the construction of MFCs are mainly based on the chambers
viz. single-chambered MFC, stacked MFC, and two-chamber MFC (Tharali et al.
2016). In a single-chamber MFC, the anodic chamber is coupled with an air cathode
upon which the protons and electrons are transferred. The dual-chamber design of
MFC consists of chambers partitioned by an ion-exchange membrane giving it a
classical design for MFC. In contrast, a stacked MFC has connections in series or in
parallel with each other for a combination of MFCs (Tharali et al. 2016). MFCs use
biological organisms to produce electricity from the feed WW along with pollutants
removal. Therefore, this process brings down COD and biological oxygen demand
(BOD) of WW along with the production of bioelectricity (Bose et al. 2018a). MFC
can successfully be integrated with standard as well as advancedWW treatment tech-
nology to attain desired treatment instead of processing a single technology (Bose
et al. 2018a, 2018b).

The performance of MFCs is mainly influenced by several factors such as subse-
quent supply and consumption of oxygen in the cathode chamber as MFCs require
a continuous supply of organic matter. Oxidation of substrates in anode chamber as
electrons are generated when substrate oxidation takes place by bacteria, affecting
the reaction rate in MFCs and the growth of bacteria. There should be a proper elec-
tron shuttle from anode compartment to anode surface and permeability of proton
exchange membrane (Chaturvedi and Verma, 2016; Rahimnejad et al. 2011). The
most used PEM is Nafion due to its highly selective permeability of protons (Sharma
and Li, 2010). TheMFCs appear to be encouraging as a possible approach to treating
contaminants and energy recovery in the environment.

21.3 Emerging Contaminants

The newly identified ECs are rapidly occurring in our water resources, and these
are not considered to be good for the health and safety of the consuming environ-
ment (Sun et al. 2012; Wang et al. 2017; Yu and Chu 2009). These ECs consist of
various pharmaceutical compounds, surfactants, personal care products, industrial
additives, and numerous chemicals claimed to be endocrine disrupters. The current
conventional WW treatment plants are not appropriately designed to remove these
ECs, posing a serious threat to the water supply network. The existing WW treat-
ment system is inefficient in removing the ECs as these new pollutants have not been
monitored due to a lack of stringent regulations. These pollutants are being dumped,
knowingly or unknowingly, in the aquatic environment that affect the living organism
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and the ecosystem with it (Bolong et al. 2009; Yu and Chu 2009; Sun et al. 2012).
MFCs application in the bioremediation of various kinds of ECs present in the WW
has been discussed below.

Antibiotics in pharmaceutical compounds as ECs are unique medicines that
fight bacterial infections in people and animals. They act selectively on pathogenic
bacteria without affecting the human cells and tissues. The antibiotics into the natural
water bodies mainly come from the treated or poorly treated effluents of municipal
sewage treatment plants (STPs) and pharmaceutical manufacturing industries. As
per Michael et al. (2013), urban sewage or industrial treatment plants are more likely
to be hotspots for the discharge of antibiotics and antibiotic-resistant genes (ARGs)
in the environment (Michael et al. 2013). Antibiotics in pharmaceutical chemicals
are considered toxic, hazardous, and recalcitrant bio-accumulative compounds and
acknowledged as ECs (Chen and Zhou 2014; Michael et al. 2013).

Chloramphenicol (CAP), a broad-spectrum nitroaromatic antibiotic, is present in
the medical practice on a larger scale as it was the first synthetic antibiotic introduced
(Feder et al. 1981). CAP is cost-effective, and since its introduction, this antibiotic has
served global application in the animal breeding industry. But in several developed
countries, CAP has been banned for its use in animals foods and production because
of aplastic anemia and its severe toxicity in animals and humans (Feder et al. 1981;
Martelli et al. 1991).However, inmany developing countries, CAP is still widely used
due to its affordable price and is often detected in the effluentWWof breeding farms.
Zhang et al. (2017) investigated theMFC performance in terms of CAP removal with
50mg/L and showed 84%degradationwithin 12 h (Zhang et al. 2017). In this system,
acetate significantly removed CAP as the electron donor and improved the CAP
removal rate. In addition, the antibacterial activity test showed reduced biotoxicity
ofCAP towardsEscherichia coli (ATCC25,922) and Shewanella oneidensis (MR-1).
MFC promoted the growth and multiplication of electrogenic bacteria as depicted
by microbial community composition, and the electrons supplied by electrogenic
bacteria are important for the increased CAP removal rate (Zhang et al. 2017).

Sulphamethoxazole (SMX) is an antibiotic largely consumed in the breeding
industry due to its cheap and effective behavior. SMX is not easily biodegraded and
is broadly present in surfacewater and the effluent ofWW treatment plants (Batt et al.
2006;Clara et al. 2005;Larcher andYargeau2012;Wei et al. 2011).Wanget al. (2016)
showed the successful removal of SMX and its degradation product, 3-amino-5-
methylisoxazole (3A5MI), inMFC reactors (Wang et al. 2016). The process removed
around 85% of 20 ppm SMX within 12 h, and this biodegradation rate is rapid than
any other, as reported previously in the literature (Avisar et al. 2010; Gómez-Ramos
et al. 2011). The reduction in biotoxicity has been observed in the antibacterial
activity test of SMX towards Shewanella oneidensis MR-1 and Escherichia coli
DH5α afterMFC treatment,while thesemicroorganisms have been severely inhibited
by SMX (Fig. 21.4). Wang et al. (2016) concluded that MFCs enhance the removal
of refractory contaminants from the environment by providing a long acclimation
period and enhancing microbes’ degradation ability towards recalcitrant chemicals
(Wang et al. 2016).
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Fig. 21.4 Growth curve of S. oneidensisMR-1 (a) and E. coliDH5α (b) in the control group, MFC
effluent group and SMX group. Adapted from (Wang et al. 2016), with permission from Elsevier

Acetaminophen (ACTP) or acetyl para-aminophenol (APAP), popularly named as
Paracetamol (PAM), is a common over-the-counter painkiller and antipyretic. PAM is
safe for use at the prescribed dose, but even small overdoes can do a fatal liver break-
down (Joss et al. 2005). With this common over-the-counter strategy and its general
application in pharmaceutical industries and daily life, paracetamol has established
itself as an important WW contaminant. Zhang et al. (2015); used an MFC-Fenton
system with dual-chamber MFC reactors for the bio-electrochemical degradation
of PAM, and Fenton reactions have been introduced to MFCs in the absence of
an external power supply (Zhang et al. 2015). In the cathode chamber of an MFC,
hydroxyl radicals mainly mineralized PAM in the presence of iron and oxygen. In
the anode chamber, in-situ generation of free hydroxyl radicals got enhanced by
bio-electrons generated from pollutant oxidation. When compared to the conven-
tional Fenton reactions system, no requirement of continuous addition of reagent has
been observed in the MFC-Fenton system. The degradation efficiency of PAM was
found to be 70% within 9 h at initial pH 2.0, external resistance of 20�, and a total
iron concentration of 5 mg/L. In addition, complete mineralization of 25% PAM has
been observed, and the majority has been mainly converted to less toxic intermediate
metabolites of p-nitrophenol via p-aminophenol and dicarboxylic/carboxylic acids.
All these findings suggested that the MFC-Fenton system could be applied as an
energy-saving and effective treatment for PAM-containing WW (Zhang et al. 2015).

For the application of MFCs in the ECs removal, Wang et al. (2017) studied the
removal efficiency of four ECs, including bisphenol A (BPA), estrone (El), sulfamet-
hazine (SM2), and triclocarban (TCC) in the MFC-Fenton system, owing to their
regular detection inWW.Wang et al. (2017) used glucose as the substrate and graphite
rod with stacked graphite granules as the electrode, as these increase cathodic H2O2

synthesis and improve the current density of theMFC system (Wang et al. 2017). This
MFC-Fenton integrated system showed efficient removal of the selected ECs within
24 h in batch as well as continuous modes for open and closed circuits (Fig. 21.5).
An open circuit is an electric circuit in which current does not flow, whereas a closed-
circuit means a complete electrical connection around which currently circulates. In
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Fig. 21.5 The degradation of four ECs (C0 = 1 mg/L) a E1, b BPA, c TCC and d SM2 in batch
and continuous operation MFCs. RB1: batch MFC operated with close circuit; RB2: batch MFC
operated with open circuit; RC1: continuous MFC operated with close circuit; RC2: continuous
MFC operated with open circuit; RC3: continuous MFC operated with close circuit with control of
pH in the cathodic electrolyte at 3.0; RC4: continuous MFC operated with open circuit with control
of pH in the cathodic electrolyte at 3.0. Adapted from (Wang et al. 2017), with permission from
Elsevier

this system, closed circuits resulted in greater potential for bioremediation of ECs
when compared to the open circuit, as shown in Fig. 21.5. The ECs’ decrease was
attributed to the Fenton reaction of in-situ generated H2O2 and the addition of Fe2+

in the cathodic chamber to form OH radicals that is effective oxidizers to degrade
organic pollutants and the adsorption onto the graphite. Wang et al. (2017); found
that pseudo-first-order kinetics (Eq. 21.3) has been followed for ECs removal. In
comparison with control groups with open circuits, the removal rate constants of
most ECs with the close circuit as RBI, RC1, and RC3 were significantly on the
higher side regardless of the operation modes or pH control. These findings suggest
that the Fenton process significantly improved ECs removal in closed circuits. The
study stated that with the involvement of the two-removal mechanism viz. adsorption
and Fenton process, the overall reduction might differ depending on the various ECs
and their reactivity in Fenton reactions. Also, pH-controlled continuous flow MFC
with cathodic electrolyte exhibited improvement on in-situ production of H2O2 and
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should be taken into consideration in the prospective application of the MFC-Fenton
system (Wang et al. 2017).

The literature says that different ECs have different reactivity towards chemical
oxidation (MarieDeborde et al. 2005); therefore, the involvement of theMFC-Fenton
process in the removal of EC will vary with different ECs dependent on the ECs
reactivity in the Fenton reaction. To some extent, it reflects the capacity of the MFC-
Fenton system for the removal of ECs under different conditions. The first-order
logarithmic decay mode is as:

Ln(Ct/C0) = −Kapp × t (21.3)

where Ct and C0 are the concentration of ECs at time t and time zero, respectively,
and t is the reaction time, represents different emerging contaminants. Kapp is the
apparent rate constant.

High electrical energy is necessary for the electro-Fenton process in the removal
of pharmaceuticals and personal care products (PPCPs) fromWW.Wang et al. (2018)
developed a microbial electro-Fenton cell process for treating PPCPs in WW and
it proved to be a novel and more cost-effective process as compared to the stand-
alone Fenton process (Wang et al. 2018). The carbamazepine (CBZ) removal in this
microbial electro-Fenton cell process has been observed significantly higher (90%)
than that in the conventional electro-Fenton process (62%)within 24hoperation time.
Also, when comparing with other biological treatment processes, the CBZ removal
rate in the microbial electro-Fenton cell process has been 10–100 times faster than
that in other biological treatment processes. In the future, the MFC-Fenton process
can be used as a new successful, cost-effective strategy for the effective removal of
ECs from WW (Wang et al. 2018).

Dyes that contain one or more azo bonds (—N = N—) are used extensively in
plastic, textile, cosmetic, leather, and food industries (O’neill et al. 1999). Due to the
azo bond, these dyes show color and related chromophores; so, when these dyes are
discharged into the surface water, they affects the aesthetics, their breakdown prod-
ucts are carcinogenic, or toxic to humans and ultimately to the whole environment
(Ganesh et al. 1994). An anthraquinone-based vinylsulphone dye Reactive Blue-19
(RB19) is hard to decompose by chemical oxidation as its anthraquinone structure
is stabilized by resonance. RB19 has a fixation efficiency of 75–80% on the cotton
textiles, and the unfixed dye remains for a very long period in the environment,
signaling that WW containing RB19 needs to be adequately treated (Holkar et al.
2014;Weber and Stickney 1993). Holkar et al. (2018) prepared synthetic textileWW
containing RB19 dye of concentrations from 50 mg/L to 800 mg/L to produce elec-
tricity with electrogenic bacteriumKlebsiella sp. C.The power density of 84mW/m2

have been generated with a current density of 533 mA/m2 in this MFC process
with the decolorization efficiency of 90% within 24 h under optimized conditions
i.e. temperature of 37 °C, pH 7, glucose to microbe ratio of 60 and 6 g/L glucose
concentration (Holkar et al. 2018).

Jayaprakash et al. (2016) used Pseudomonas catalyzed MFC for decolourizing
syntheticWWcontaining someazodyes viz.methyl orange (MO), congo red,RB172,
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reactive yellow 145, and reactive red 2. Decolorization efficiency between 74 to 94%
has been reported with azo dyes in the anodic chamber (Jayaprakash et al. 2016).
Narayanasamy and Jayaprakash (2018) achieved the best performance in MFC with
the highest power density of 1575 ± 223.26 pW/m2 and decolorization of 89%
for synthetic WW containing azo dye MO (Narayanasamy & Jayaprakash, 2018).
Gomaa et al. (2019) used genetically modified Escherichia coli K-12 with MtrA,
MtrC and MtrCAB to evaluate the active involvement of each of these genes in
energy generation and decolorization of Congo red in MFC using a double chamber
configuration (Gomaa et al. 2019). The highest decolorization of 80% in 36 h with
MtrCAB insert showed under MFC conditions and MtrC for the power density of
59 mW/m2 (Gomaa et al. 2019). Table 21.1 shows list of various studies using MFC
for the treatment of ECs.

Table 21.1 List of various studies using MFC for treatment of ECs

Emerging
contaminants

Conc.
(mg/L)

Anode and
Cathode

MFC configuration Reference

Chloramphenicol
(CAP)

50 Active-carbon felt Dual chamber MFC Zhang et al. (2017)

Sulphamethoxazole
(SMX)

20 Carbon felt with
titanium wire

Two-chamber MFC Wang et al. (2016)

Paracetamol (PAM) 5 Graphite felt and
single graphite
plate

MFC-Fenton system
with dual-chamber
MFC

Zhang et al. (2015)

Bisphenol A (BPA), 1 Graphite rod with
stacked graphite
granules

Dual-chamber MFC Sun et al. (2012);
Wang et al. (2017)

Estrone (El) 1 Graphite rod with
stacked graphite
granules

Dual-chamber MFC Wang et al. (2017)

Sulfamethazine
(SM2)

1 Graphite rod with
stacked graphite
granules

Dual-chamber MFC Wang et al. (2017)

Triclocarban (TCC) 1 Graphite rod with
stacked graphite
granules

Dual-chamber MFC Wang et al. (2017)

Carbamazepine
(CBZ)

10 Carbon brush and
Gas diffusion
cathode

Single-chamber
air–cathode MFC

Wang et al. (2018)

Dyes 50–800 Graphite electrode Double chamber
MFC

Gomaa et al.
(2019); Holkar
et al. (2018);
Jayaprakash et al.
(2016);
Narayanasamy and
Jayaprakash (2018)
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21.4 Summary and Conclusion

The continuous occurrence and detection of ECs inwater bodies should bemonitored
continuously and not overlooked. The negative impacts of these ECs on aquatic life
and humans have been highlighted in many previous studies. These impacts have
urged the removal of ECs not only from drinkingwater but also fromWW.To address
the issue of ECs, many researchers have studied the potential of MFCs for their
removal. MFC is the newest and most novel eco-friendly approach of bioelectricity
generation along with contaminant degradation, and the bioremediation is achieved
using microorganisms for the oxidation of the organic and inorganic substances.
MFCs can convert substrate energy to electricity directly, operate in a wide range of
temperatures, produce less sludge, and require neither energy for the aeration nor any
gas treatment. A wide variety of WW can be used as feed for the MFCs, including
municipal, food processing, dairy, palm oil mill, and pharmaceutical WW. The high
organic content in the WW makes it a suitable source for energy generation using
MFCs. Thus, this chapter summarizes the recent studies on working principles and
applications of MFCs in tackling the ECs, including antibiotics, microplastics, and
synthetic dyes.

MFCs generally consist of cathode, anode, external circuit wire, and a cation-
selective membrane. Anaerobic and aerobic conditions are maintained at the anode
and cathode sides, respectively. Microorganisms supplied at the anode side degrade
the suitable substrates and release electrons which are transported via the external
circuit wire to the anode. The protons generated are then passed through the PEM to
regulate the proton transport. This electron transport is the basis for the generation
of bioelectricity. Microorganisms used in the MFC are the important biocatalysts
for the systems susceptible to electrode material, substrate type, operating temper-
ature, and reactor configuration. The use of microbial colonies of the distinct or
ideal microbial group has also been demonstrated to be effective in MFC applica-
tions. A more extended acclimation period could greatly enhance the degradation
ability of microbes towards recalcitrant chemicals. The other important component
of the MFCs is the electrodes: anode and cathode, which act as the conductors as
well as the home for the microbes. The preferred features of the electrodes include
biocompatibility, high specific surface area, effective electron transfer capacity, and
considerable surface roughness. The selection of electrode material also depends on
the factors like ease of availability, non-corrosive nature, scalability to large sizes,
porosity, inexpensiveness, and antifouling propensity. The materials that have been
commonly used as electrode materials are carbon cloth, carbon paper, carbon foam,
RVC graphite, woven graphite, graphite granules, and brushes. The bioelectricity
generation in the MFCs depends on the substrates used for the microorganisms.
The substrates used can be pure substances like glucose or can consist of different
WWs from municipal, industrial or agricultural activities. The MFCs are generally
of three designs based on the electrode chambers: single-chamber, double-chamber,
and stacked MFCs.
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TheMFCs have been demonstrated to effectively deal with various ECs, including
antibiotics, microplastics, and synthetic dyes. The pharmaceutical and micropollu-
tants like CAP, SMX, PAM, BPA, El, SM2, and TCC have been shown to be effec-
tively removed (more than 70%) within 12 to 24 h of treatment time in MFC and
integrated MFC-Fenton systems. Most of the studies showed reduced biotoxicity of
the MFC treated effluent towards Escherichia coli and Shewanella oneidensis with
respect to the controls. Bacterial growth, electron transport via electrogenic bacteria,
long acclimation period, adsorption on electrodes, and degradation by the radicals
generated (MFC-Fenton) contributed to the enhanced removal of these ECs. Even
some ECs like CBZ can be removed 10–100 times faster by the microbial electro-
Fenton MFCs than biological treatment processes. WW containing chemically hard
to degrade dyes likeRB19 and azodyes have also been reported to be decolorizedwith
~80–90% decolorization efficiency within 24–32 h under the respective optimized
conditions.

Although MFCs have shown promising results in degrading ECs, more work
is required for studying the degradation kinetics, the initial formation of biofilm,
their stability, and its effect on MFCs performance. MFC technology could also be
aimed at future space technology applications due to its power generation capability,
biosensor application, and sustainable energy generation.Also, some challenges need
to be overcome for the more comprehensive application and acceptance of MFCs.
These challenges include turbulence in the electrode chambers, membrane resistance
in the proton transportation process, inability to function at very low temperatures,
and the use of MFCs in large-scale commercial applications. Overall, the MFCs can
treat ECs that are a challenge for conventional treatment plants and provide energy.
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Chapter 22
Material and Process-Related
Contaminants in Solar Photovoltaics:
Key Issues, and Future Prospects

Venkata S. N. Chava and Sreeprasad T. Sreenivasan

Abstract The limited availability of fossil fuel sources coupled with the health and
environmental risks associated with their use lead to the increased focus on renew-
able energy resources such as solar photovoltaics (PV) as a potential energy source
for the future. Currently, significant research is focused on improving the efficiency
(i.e., reducing the cost per watt power) and long-term reliability of solar cells to
make PV cells competent with fossil fuels. On the other hand, little attention is given
to understanding and assessing long-term environmental impacts associated with
the contaminants produced during the manufacturing and application of solar cells.
Hence, it is imperative to review and evaluate the critical environmental issues rele-
vant to solar PV, especially in emerging PV technologies. This chapter will introduce
different PV technologies, including silicon PV, thin-film PV, and perovskite solar
cells, and outline the materials and the processes used in PV technologies. A review
of the health and environmental impact of Sn- and Pb- based PV technologies and
the need for alternative technologies such as Sn- and Pb-free perovskite PV will be
presented. The potential environmental, energy, and health impacts and a review of
possible mitigation strategies related to perovskite solar cells-induced hazards are
also presented.

Keywords Sustainable energy · CO2 emissions · Photovoltaics · Solar panel ·
Module · Silicon · CdTe · CIGS · Perovskite · Recycling · Toxicity · Health and
safety · Environmental impact

22.1 Introduction

Land, energy, andwater are among themost precious and critical resources for human
survival. Themismanagement of these resources has, however, contributednegatively
to climate change. Currently, fossil fuels are the primary energy sources from which
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we generate energy for our daily needs, including industries, transportation, etc. In the
last century, due to huge scientific and technological advancements, there has been
a significant rise in the consumption of energy derived from fossil fuels (Smalley
2005). In this process, the adverse effects of fossil fuel emissions on climate are
largely ignored, which led to a significant rise in global temperatures. Now, there is a
consensus (Carlton et al. 2015), after decades of arguments (Oreskes 1686), about the
negative consequences of the emissions, including severe human health and safety
concerns, due to the production and use of these fossil fuels. Addressing climate
change has been identified as one of the top 10 global challenges for the twenty-first
century (Smalley 2005). Two major initiatives, including the Kyoto protocol (1995)
and theParis climate agreement (2015), are launched to address the climate challenge.
However, the progress made is negligible when compared to the threat we are facing
(Climate Change 2019). In the last couple of decades, there is a shift towards the use
of alternative energy sources. These alternative energy sources include solar, wind,
biomass, hydrogen, geothermal, etc. There is a non-uniform shift across the globe
when it comes to adopting the renewable energy sources for public and industrial
applications (Fig. 22.1) (Xu et al. 2019). Amajor reason for this disparity could be the
lack of government support in the form of incentives to the companies and customers
that can lead to the cost per watt of these alternative energy sources comparable
to the fossil fuel sources (Lund 2009; Koseoglu et al. 2013). Moreover, the shift
toward alternative sources has taken place at much slower rates than the increased
CO2 emissions from fossil fuels. In this scenario, an important question arises: why
do countries across the globe rely heavily on fossil-fuel-based energy sources? One
important reason for this could be the lack of alternative energy sources that canmeet
the existing energy demand (Smalley 2005; Armaroli and Balzani 2007; Dorian et al.
2006).

Fig. 22.1 Renewable energy generation by region in 2016 Unit: Gwh Sources International Energy
Agency, the World Bank). Reproduced with permission from Elsevier (Xu et al. 2019)
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Fig. 22.2 A pathway for a well-below 2 °C climate target, towards 1.5 °C. Cumulative energy-
related CO2 emissions for the period 2015–2050 and emission budgets for 2015–2100 for 1.5 and
2 °C scenarios (Gt CO2) (Global energy transformation: a roadmap to 2050 2019).

It is predicted that if renewable energy resources can provide two-thirds of the
total global energy demand, this can help restrict the global temperature rise under
2 °C (Fig. 22.2) (Gielen et al. 2019). Therefore, immediate action for a fast transition
towards renewable and clean energy sources is needed for addressing climate change
problems. Such transition in global energy use is multi-faceted that is constantly
progressing due to evolving technologies, socioeconomics, and government poli-
cies. Figure 22.2 summarizes a trajectory of cumulative energy-related CO2 emis-
sions with corresponding changes in global temperatures. To restrict the increase in
temperature below 2 °C, the CO2 emissions should drop below 9.8 GT/Year by 2050
from the current 52 GT/Year rate.

Electric power generation using solar photovoltaics has always been considered
the primary choice for a clean and renewable energy economy. The belief in PV tech-
nologies is due to the significant availability of solar radiation that can be harnessed to
generate power across the world. Given the increasing demand for renewable energy
production, considerable investments are made in this sector, including research and
manufacturing. However, the health and safety concerns arising due to the gener-
ation and consumption of solar PV are often overlooked. Therefore, it is impera-
tive for both scientists and engineers to seriously consider and evaluate all possible
scenarios of solar PV manufacturing and applications that could lead to undesir-
able health and safety consequences. Finally, both the government and policymakers
must encourage new R&D innovations, manufacturing, and installations in solar PV.
They should also consider imposing strict regulations on PV technologies, espe-
cially on those that may pose serious health and safety concerns. Hence, this chapter
aims to provide a comprehensive overview of the safety and health concerns related
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to various materials, processes used to manufacture different types of photovoltaic
cells and modules, and their practical use.

22.2 Solar Cell Technologies

The photovoltaic effect is fundamental for the design and operation of solar cells. The
photovoltaic effect is defined as the process that generates either voltage or current
when the device (or solar cell) is exposed to a light source of a suitable wavelength.
Solar photovoltaics (PV) employs the photovoltaic effect to produce electricity from
solar radiation. A major milestone in the history of solar PV technology is the first
demonstration of a practical silicon photovoltaic (PV) cell, at Bell Laboratories in
1953 (Perlin 2004), that converted solar energy into electricity. Since then, different
PV technologies have emerged, including silicon PV, thin-film PV, dye-sensitized
PV, perovskite PV, etc. (Amin et al. 2017). The classification of these technologies (or
devices) is based on the absorbing film (or active layer) used in the PV cell. Among
these technologies, Si and thin-film (CdTe) based solar panels have been used for
practical applications for almost > 2 decades. Figure 22.3 shows a comparison of the
share of the total PV installations worldwide by technology.

22.2.1 Overview of the Material Properties of Absorbing
Materials Used in Different PV Technologies

In a solar cell, the absorbing material (or active layer) is the key component that
absorbs light and generates e–h pairs and a photovoltage using the photovoltaic effect.

Fig. 22.3 Comparison of market share of different PV technologies. Reproduced with permission
from Elsevier (Benda and Černá 2020)
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Conventionally, the solar cells are designed and fabricated by forming suitable junc-
tions (e.g., p-n, Schottky) using inorganic semiconductors as absorbing films. While
there exist several semiconductors with a suitable bandgap to absorb incoming solar
radiation and produce a measurable current, only a few of them are used in PV cells
due to constraints related to material quality, cost, and availability that are critical for
commercialization. Semiconducting materials with a direct bandgap of 1.5 eV, high
optical absorption coefficient (105 cm−1), high quantum efficiency are considered
as an ideal choice for terrestrial solar cell applications (Wadia et al. 2009). In addi-
tion, the semiconducting absorber should be able to form a good electronic junction
(homo/hetero/Schottky) with suitably compatible materials. While elemental semi-
conductors are preferable from the manufacturing point of view, there are no suitable
materials available with a direct bandgap close to 1.5 eV. Interestingly, even though
silicon (indirect bandgap of Eg = 1.1 eV), is not an ideal material for PV, it still
dominates the PV market due to various reasons including advancements in silicon
microelectronics and reliability, as will be discussed later in other sections. Due to
indirect bandgap nature of Si, the Si wafers used in PV must be at least 50 mm
thick for effective solar absorption, unless the optical absorption is enhanced using
some additional design and process steps. Besides silicon, other elemental semicon-
ductor materials that showed some promise in laboratory research are diamond-like
carbon (Ma and Liu 2001), and fullerene films (Narayanan and Yamaguchi 2003).
However, the synthesis and formation of electrical contacts with these materials is
a challenging task. There also exists a big library of compound semiconductor or
alloys that are suitable for PV applications. A metastable film of a-Si:H, with advan-
tages including large tailorable bandgap, and high optical absorption coefficient, is
also a suitable semiconductor material for PV applications (Rech andWagner 1999).
In the early days, the a-Si:H-based solar PV technology was considered as a major
contender to challenge the crystalline Si photovoltaics dominance. Despite of its
promise, the a-Si:H technology is not a commercial success. become a reality. A few
other compound semiconductors based thin-film solar cells, including GaAs, CdTe,
Cu2S, Cu2O, InP, Zn3P2, etc., are also reported. Of these, GaAs and InP with direct
bandgaps of 1.4 eV and 1.34 eV, respectively, are ideal for photovoltaic applications,
but the highwafer costs togetherwith device processing challenges severely restricted
their commercialization.Besides the active semiconductormaterial, careful consider-
ation of other materials required for device fabrication is paramount.With increasing
number of components, the number of possible materials increases in geometrical
proportion. On the other hand, the phase diagram of the compound semiconductors
and alloys in bulk form is quite complex, and therefore poses a significant challenge
in the quality and control of the material growth (Altamura and Vidal 2016; Bosson
et al. 2017). In addition to binary semiconductors, there are various ternary semicon-
ductor based PV cells. Cu2ZnSnS4 (popularly referred to as CZTS) is a quaternary
absorber materials with an optimal bandgap (1.5 eV) and high absorption coeffi-
cient (>104 cm−1) (Katagiri et al. 2009). Even though inorganic semiconductors can
offer high structural stability critical for long term reliability, organic semiconductors
(e.g., fullerenes), which combine superior optoelectronic properties and processing
properties have attracted significant research attention (Brabec and Durrant 2008).
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The absorption of incoming photons by organic semiconductors, creates an exciton,
which is bound pair of electron and hole, with a binding energy of approximately
0.5 eV. Each excitons when dissociated will generate an unbound electron–hole pair
at the dissociation sites, and these charge carriers (electron and holes) are subse-
quently separated and transported to the suitable contact electrodes. A majority of
semiconducting polymers are not optimal absorber of incoming solar radiation as
they have Eg > 2.0 eV (Hoppe and Sariciftci 2004). In addition, owing to low charge-
carrier and exciton mobility, the thickness of the polymer absorbing film cannot be
above 100 nm. In these materials, Similar to silicon, light-trapping strategies can be
employed to enhance the optical absorption. Despite of these limitations, organic
semiconductors provide unique benefits such as solution based device processing at
room temperature on flexible substrates. Further, the device fabrication by employing
low-energy deposition methods such as spin or blade coating, substantially reduces
the device costs (Brabec and Durrant 2008; Zhao et al. 2018). Perovskite solar cells
and quantum dot solar cells are a recent addition to the family of solar cells that have
shown tremendous research progress in the last decade (Park 2015; Kamat 2013).
Perovskites have unique material properties, including direct bandgap, high charge-
carrier mobilities, low exciton binding energies, wide-wavelength absorption, which
makes them good candidates for solar cell applications. There are significant scien-
tific developments in these new device technologies that exploited low dimensional
quantum confinement effects for achieving enhanced device performance (Wright
et al. 2020). Figure 22.4 summarizes the historical progress of the different solar cell
technologies with corresponding best cell efficiencies certified by NREL.

While Si and thin-film PV technologies have shown tremendous growth in terms
of their installations, owing to their cost advantages, emerging PV technologies such
as DSSC and perovskite solar cells (PSC) have the potential to reach the commercial

Fig. 22.4 A plot showing the historical data of highest certified cell efficiencies of different PV
cells (Best research-cell efficiency chart 1976)
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market and compete with Si and thin-film PV technologies. Hence, considerable
research efforts have been devoted in the last decade to improve the efficiency and
stability of the PSC technology.

The solar cells based on silicon wafers are generally referred to as the first-
generation PV technologies. Currently, about 90% of the commercial solar cells
are manufactured using silicon wafers, either single crystalline or multi-crystalline
(Fig. 22.3). The dominance of silicon solar cells stems from the high efficiencies of
Si PV modules with demonstrated long-term stability. Starting from wafer manu-
facturing to solar cell fabrication technology, the early success in the field of silicon
PV was driven by R&D advances in silicon microelectronics. The major share of
Si PV technology cost lies in the silicon wafer, which is more than fifty-percent
of the total module manufacturing cost. Alternatively, the thin-film solar cells are
expected to lower the PV module costs due to the relatively inexpensive absorbing
films used in them. The thin film based photovoltaics are commonly referred to
as second-generation PV technologies. In addition to the their lower module cost,
the silicon supply shortage has also led contributed for the rapid commercialization
of thin-film photovoltaics modules. Several distinct thin-film technologies are now
available, based on a-Si, poly-crystalline Si, mixed phases, or chalcogenides. There
is also a third generation of solar cell technologies that include dye-sensitized solar
cells, organic solar cells, perovskite solar cells, etc. The primary difference between
the third generation differs from the first and second generation is in terms of mate-
rials used for cell formation or in terms of the operation principle of the device. The
third-generation PV solar cells have entered the commercial market recently, and the
3rd generation PV technologies are yet to prove their full potential in the PV market
(Kim et al. 2018a).

22.2.2 First-Generation (or Silicon) Solar Cells

Silicon solar cells are classified into three categories based on the silicon used. These
include monocrystalline (m-Si), multi-crystalline (mc-Si), and amorphous silicon
(a-Si). Silicon is an indirect bandgap material that is successfully used to make
commercial solar cell modules for almost 4 decades. Several different silicon solar
cell structures are designed and optimized for achieving high efficiency are emerged
in the last 20 years. These structures are presented in Fig. 22.5.

22.2.2.1 Silicon Solar Cell Fabrication Process Steps

While there are different types of Si solar cell technologies (Fig. 22.6), the process
steps discussed below are common and applicable in most Si solar cell fabrication
with minor changes in the cell design and process. The fabrication of silicon solar
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Fig. 22.5 Schematic showing various types of silicon solar cell structures. a Standard screen-
printed silicon solar cell b passivated emitter rear localized (PERL), c buried-contact cell structure
d back contact, back junction (BC-BJ). Reproduced with permission from www.pveducation.org
Honsberg and Bowden (2019)

Fig. 22.6 Process flow for fabricating a standard c-Si solar cell. Reproduced with permission from
Elsevier (Goodrich et al. 2013)

cells begins with a monocrystalline or multi-crystalline silicon wafer substrate (p-
type, ~ 300–500 µm thick, 6 inch wafer). The cell fabrication process steps are
discussed below.

Saw damage removal: The silicon wafers used in PV manufacturing are obtained
by cutting ingots using either slurry based sawing or diamondwire sawing. In general,
the sawing process results in a small mechanical damage and a surface contamination
layer on each face of the wafer. Therefore, as a first step of the cell manufacturing

http://www.pveducation.org
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process, this damage and surface contamination should be removed. Typically, 10–
20 µm of silicon is etched from both top and bottom faces of wafers. The etch depth
is based on the type of sawing used i.e. diamond wire sawing or slurry based sawing.
The saw damage removal is typically done using acidic (mixture of HNO3, HF and
CH3COOH) or hot alkaline (NaOH or KOH in water) solution (Park et al. 2009).

Surface Texturization: After the saw damage removal etching step, the silicon
wafer surface reflects more than 30% of the incident light. To minimize the optical
absorption losses due to surface reflection, the wafer surface undergoes a process
called “texturing” (Abdullah et al. 2016). The reflection losses in commercial silicon
solar cells are reduced mainly by random chemical texturing. The texturization of
mono-crystalline silicon wafers with randomly distributed pyramids on the surface
can be achieved by treating the wafer in a mixture of diluted NaOH and KOH with
isopropanol (IPA) at 80 °C. This random texturization process is not so effective in
case of multi-crystalline silicon wafers compared to mono-crystalline silicon wafers.
Through this texturization process, the optical reflection losses from the siliconwafer
surface can be lowered down to 10% from 30% seen at the end of the saw damage
removal step.

Emitter diffusion (junction formation): As described previously, the photovoltaic
cell operation requires a semiconductor junction to separate the photogenerated elec-
tron–hole pairs and develop photovoltage. Therefore, an n-type impurity (e.g. phos-
phorus) is introduced into the starting p-type silicon wafers in this step to form the
junction. POCl3 is the commonly used source for phosphorous doping in silicon
solar cell manufacturing (Wolf et al. 2015). Typically the diffusion of POCl3 is done
inside a furnace at a temperature of ~ 900 °C. The p–n junction is formed about
0.5 µm below the top surface when the phosphorous diffusion is carried for 30 min
at 900 °C.

There exist alternatives technologies to POCl3 furnace diffusion for dopant depo-
sition, including screen printing (Kwon et al. 2011), spin-on dopants (SOD) (Yadav
et al. 2015), or chemical vapor deposition (CVD) (Schmich et al. 2007).

PSG Removal and Edge isolation: In the previous step, the diffusion of phos-
phorous dopant source happens via the gas phase, and as a result, the emitter layer
is usually formed on the entire surface of the wafer. This results in the formation of
shunts between the n-type and the p-type region of the device. To address this issue
or isolate the front and the rear side emitter, edge isolation is done after the emitter
diffusion step. Typical edge isolation methods (Comparison of different techniques
for edge isolation 2001) include mechanical (Arumughan et al. 2005), laser cutting
(Abbott et al. 2007; Kray et al. 2007; Zhang et al. 2010), or plasma etching. Plasma
etching is the most common and popular method used in industrial silicon solar cell
manufacturing. By using fluoride or oxide plasma environment, electrical isolation
of the front and the rear emitter is achieved by removing ~ 2–5 µm of silicon from
the edges.

Antireflection coating (ARC): As discussed earlier, the top surface of silicon
reflects ~ 10% of the incident light after the surface texturing step, and this results
in a significant loss in terms of the device efficiency. Therefore, further reduction of
surface reflectance from silicon solar cell can help improve the cell efficiency. This
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can be achieved by depositing an antireflection coating (ARC) on the top surface.
A critical material requirement for ARC is the suitable refractive index of the ARC
film. In general, materials with refractive index between 1.4 and 2.7 can be used as
an antireflective coating (ARC) for silicon solar cells. Silicon nitride (SiNx) is the
popular choice as ARC for silicon solar cells due to its optimal refractive index and
bulk passivation of surface states (Sopori 2003), and as a result enhancement in the
short circuit current density (Jsc) and open circuit voltage (VOC) can be observed.
Typically, the SiNx is deposited using plasma enhanced chemical vapor deposition
(PECVD).

Double layer ARC coatings [e.g., SiNx/SiO2 (Kim et al. 2013), MgF2/SiNx (Chu
2011)] have also been shown to mitigate the surface reflection losses and improve
the passivation. In the last decade, plasmonic solar cells (Matheu et al. 2008) that
leveragedplasmonic scattering ofmetal nanoparticles has emerged as a newparadigm
in solar cells. Owing to silicon’s indirect bandgap, plasmonic scattering can enhance
the absorption in conventional silicon solar cells (Green and Pillai 2012) Plasmonic
silicon solar cells with improved efficiencies are reported by leveraging the surface
plasmon resonance (SPR) of metal nanoparticles [e.g., Ag NPs (Sardana et al. 2015;
Sardana 2014)] deposited on the top surface of silicon.

Metal contact formation (metallization): The process of contact formation is a
vital solar cell processing step because it strongly affects various properties of the
silicon solar cell, such as short circuit current, open-circuit voltage, series resistance,
shunt resistance, and the fill factor. For high-efficiency solar cells, the front elec-
trodes should have low series resistance and low area coverage (Schroder and Meier
1984) The most widely used metal contacting technique for silicon solar cells is
screen-printing (Hoenig et al. 2012). The front side contact is achieved by a screen-
printed silver paste (Hilali et al. 2006). In contrast, the rear side electrode formation
and surface passivation are attained by alloying a screen-printed aluminum paste
with silicon (Gatz et al. 2011). The pastes are subsequently dried in an oven at a
temperature of approximately 300 °C.

Contact firing: The screen-printed contacts initially lie on top of the insulating
antireflection coating. The silicon solar cells undergo a short heat treatment at temper-
atures up to 900 °C, using an IR belt furnace (Cooper et al. 2010). During the firing
process, the antireflection coating layer experiences selective dissolution such that
the front Ag contacts penetrate through the antireflection coating onto the emitter
while avoiding deep penetration into bulk silicon. Simultaneously, the back surface
field (BSF) formation with aluminum is achieved.

22.2.3 Second-Generation (or Thin-Film) PV Cells

Second-generation photovoltaics primarily include thin-film solar cells such as a-Si
or Cadmium Telluride (CdTe) or (CIGS) (Chopra et al. 2004; Lee and Ebong 2017).
These technologies are already matured and have been in the market for almost 2
decades.
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Fig. 22.7 Schematic of a CdTe solar cell device structure

22.2.3.1 CdTe Solar Cells

The CdTe is the leading contender to the Si PV and comprises ~ 5% of the total instal-
lation worldwide in 2019 (Fig. 22.3). Also, this technology entered the commercial
market almost 2 decades ago.

CdTe Solar Cell Fabrication Process

The most commonly used CdTe solar cell is fabricated by forming a heterojunction
between CdS and CdTe. Figure 22.7 shows the cross-sectional image of CdTe solar
cell structure fabricated on glass substrate with a junction formed between CdTe
and CdS. The first step in the CdTe solar cell device fabrication is the substrate
cleaning. The commonly used substrate in CdTe solar cells is SnO2-coated glass that
can be obtained commercially. After cleaning the SnO2-glass substrate, CdS film is
deposited using chemical-bath deposition (CBD). This is followed by the deposi-
tion of absorbing CdTe thin-film. Different techniques including close-spaced subli-
mation, vapor-transport deposition, or electrodeposition for CdTe deposition. After
CdTe deposition, CdTe is prepared (chemical etching) for back contact formation.
The back contact can be carbon paste containing CuxTe and HgTe, or other metals
(e.g. Cu). The inclusion Cu in the back contact improves both the performance and
stability of the CdTe solar cells.

22.2.3.2 CIGS Solar Cells

CuInxGa1-xSe2 (or CIGS) solar cell is another prominent example for thin-film solar
cells. A schematic of the device is shown in Fig. 22.8. In these devices, the absorbing
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Fig. 22.8 Schematic of a CIGS solar cell device structure

film is formed by alloying CuInSe2 and CuGaSe2, and the bandgap of the absorbing
film can be tuned by modifying the composition of In and Ga. Both CuInSe2 and
CuGaSe2 have a direct bandgap, very high absorption coefficient (105 cm−1),and
typically 1–2 µm thick active absorbing films are used in the devices.

CIGS Solar Cell Fabrication Process

The substrates used for CIGS cell fabrication includes either glass, metal foil, or
plastic. The first step in the device fabrication is coating of 0.5–1 µm Mo film on
glass (i.e., substrate) using sputtering process. The next step after Mo film coating
is the formation of active CIGS absorber film. The CIGS film can be deposited on
top of Mo film using different methods such as evaporation of elements, sputtering
of metals followed by selenization with H2Se, reactive sputtering of metals with Se
vapor, or printing ofmetals from ink precursors followed by selenization. The growth
of CIGS is assisted by Na atoms that are diffused through Mo film into the CIGS.
After this CdS layer is formed on top of CIGS film by using CBD technique. This is
followed by deposition of a bilayer consisting of intrinsic and conducting ZnO. ZnO
can be deposited using either sputtering or CVD. The absence ofNa in the devicemay
lower the device efficiency by 2–3%.Therefore, when non-Na-containing substrates
are used, alternative steps are required to improve the efficiency such as introducing
NaF during the CIGS deposition or forming a 6–12 nm NaF layer on Mo back
contact. These cells can be further processed to make CIGS modules for practical
applications. The schematic for the CIGS module fabrication process flow is shown
in Fig. 22.9.
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Fig. 22.9 (Left) A schematic showing the CIGS photovoltaic module fabrication process steps
starting from cleaning of the glass substrate. (Right) A cross-section view of CIGS solar cell
depicting different layers in the device.Reproducedwith permission fromEDPSciences-SIF (Slaoui
2017)

22.2.4 Third Generation (or Emerging) Solar PV Cells

Third-generation solar cell technology includes dye-sensitized solar cells, perovskite
solar cells (PSCs), quantum dot (QD) solar cells, etc. In this section, we limit our
discussion to PSC-based solar cells owing to their potential for commercialization
and multiples environmental issues related to the processing and use of PSCs.

22.2.4.1 Perovskite Solar Cells (PSCs)

Perovskite solar cells are the devices in which the light-harvesting active layer has
a perovskite structure. The perovskites have a general formula of ABX3 with a
cubic structure. In ABX3, A is a monovalent cation (cesium (Cs), methylammonium
(MA), or formamidinium (FA)); B is a divalent cation (Pb or Sn); and X is a halogen
(e.g., Cl, Br, or I) (Fig. 22.10). Several perovskite compounds are reported in the
literature, and only a few are actively pursued for PSCs applications. Among them,
organic–inorganic hybrid perovskites (OIHP) have been the leading candidates. The
OIHP compounds have shown great promise in applications, including solar cells,
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Fig. 22.10 a Schematic of perovskite crystal structure. Reproduced with permission from Elsevier
(Zhao and Wang 2018)

light-emitting diodes (LEDs), photodetectors, and transistors (Kojima et al. 2009).
In particular, the Methyl Ammonium Lead Iodide (CH3NH3PbI3) perovskite owing
to its excellent material properties, including direct bandgap, tunable visible and
near-infrared light absorption, ambipolar transport, long diffusion lengths, high
absorption coefficient (104 cm−1), low exciton binding energy (~ 10 meV), and high
charge carrier mobilities combinedly contributed significantly to the progress of
perovskite solar cells (PSCs) (Stranks et al. 2013; Herz 2017; Tan et al. 2014; Xing
et al. 2013).

22.2.4.2 Perovskite Solar Cell (PSC) Fabrication Process

Perovskite solar cell (PSC) fabrication predominately uses solution methods for
depositing different films that are part of the device structure. Besides their exciting
optoelectronic properties, the feasibility of solution-based synthesis and fabrication
is also a major reason for tremendous progress of PSCs through university laboratory
research. The fabrication technology of PSCs has evolved significantly (Park andZhu
2020). Optimization of each process step in the device fabrication is critical for the
enhancing the respective film properties and also the overall device efficiency and
stability. Beside the absorbing perovskite film, the PSC device structure may require
two additional layers, that are deposited on either side of the perovskite film. These
layers are often referred to as charge transport layers, and one of these two layers
function as electron transport layer (ETL) and the other one as hole transport layer
(HTL). In literature, a huge library of materials are reported that can function as
either ETL or HTL.

In this section, we introduce general steps involved in the CH3NH3PbI3 perovskite
device fabrication (Dharmadasa et al. 2019). The first step in the PSC device fabri-
cation process is the preparation of materials and solutions required for depositing
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each film in the device structure. In the device structure presented below, the PCBM
and PEDOT:PSS are used as ETL and HTL, respectively.

Perovskite Solar Cell (PSC) device fabrication steps:

The device process flow is summarized in Fig. 22.11. Pre-cleaned conducting ITO-
glass or FTO-glass substrates are used as substrates for the device fabrication. Note
that, typically, all the process steps, except substrate preparation, related to device
fabrication are done inside a glove box. The substrate is first pre-cleaned using
commercial soap solution (e.g. Hellmannex). The pre-cleaning step is followed
by solvent cleaning which includes cleaning in an ultrasonic bath with DI water,

Fig. 22.11 Sample device process fabrication steps. (Top) Schematic diagram depicting different
process steps involved in the fabrication of a typical PSC device with CH3NH3PbI3 perovskite
absorbing film. (Bottom) Schematic of completed PSC device with PCBMand PEDOT:PSS as elec-
tron transport layer (ETL) and hole transport layer (HTL), respectively. Reproducedwith permission
from Springer Science (Dharmadasa et al. 2019)
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acetone, and Isopropanol, in that order, for 20 min each. The cleaned substrates can
be subjected to ultraviolet-ozone treatment for 30 min to improve the surface adhe-
sion. A thin film of PEDOT:PSS is uniformly coated onto the cleaned ITO substrate.
The film is then annealed at 140 °C for 15 min. After this, the CH3NH3PbI3 (1.2 M
in 0.7 ml DMF and 0.3 ml DMSO) solution prepared overnight is spin-coated on
the sample with spinner programmed to 1000 rpm for 5 s and 6000 rpm for 45 s.
After 10 s, in the second step, 500 µL of toluene can be dripped on the sample.
The spin-coated films are annealed at 100 °C for 10 min. The PCBM dissolved in
chlorobenzene (20 mg/mL) is spin-coated onto the perovskite layer at 1000 rpm for
60 s and annealed at 80 °C for 15 min. Then, 1 mg/mL of BCP solution in ethanol is
spin coated at 4000 rpm for 30 s. Finally, 100 nm thick Ag electrodes are deposited
using thermally evaporation or sputtering (~ 1×10–6 Torr pressure) through a shadow
mask on the surface of the BCP layer.

The fabrication process described above primarily deals with p-i-n type perovskite
device. Other device structures can also be fabricated using solution processes with
slightmodifications in the process steps to optimize filmproperties. Different types of
PSC device architectures that exist in literature are shown in Fig. 22.12. Mesoporous
is among the first PSC architecture that was developed. The planar perovskite solar
cell (p-i-n or n-i-p) which is dominating the PSC technology currently has been
developed later.

22.3 Metrics for Evaluating the Economic
and Environmental Impact of Photovoltaic (PV)
Technologies

Before discussing the environmental, health, and safety aspects, we summarize some
critical metrics used to assess different PV technologies. Table 22.1 compares the
cumulative energy demand (CED), energy payback time (EPBT), and Greenhouse
as emission rate (GHG) values of different technologies (Ludin et al. 2018) These
are key metrics while assessing the technology of choice for future energy needs.

Cumulative energy demand (CED): CED represents the amount of primary
energy used within the solar cell entire life cycle from raw materials extraction until
the end-of-life stage, including installation, transportation, and energy-mix used.

Energy payback time (EPBT): EPBT is an indicator that represents the amount
of time required for the installed solar PV system to generate the equivalent amount of
energy used in the whole life cycle of PVmodule, including rawmaterials extraction,
cell and module fabrication, and decommissioning phase.

Green House Gas (GHG) emissions rate: A key goal in moving towards the
renewable energy technologies such as solar is to reduce the GHG emissions. There-
fore, it is essential to develop an metric to understand the respective trends. In this
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Fig. 22.12 Schematics of PSC and module architecture. a planar n-i-p PSCs. b planar p-i-n PSCs,
c mesoporous n-i-p, and d mesoporous p-i-n device structures. Reproduced with permission from
Elsevier (Manspeaker et al. 2017)

Table 22.1 A comparison of different PV technogies using CED, EPBT, and range of GHG
emissions based on literature reports from the year 2000

Solar PV technology Range of CED Range of EPBT Range of GHG emissions (g CO2
eq/kWh)

Mono-Si 1123–8050 1.4–7.3 29–671

Multi-Si 1034–5150 0.8–4.17 12.1–569

a-Si 862–1731 1.1–3.2 8.1–57

CdTe 811–1803 0.79–2.7 8.9–66

CIS 1105–1684 1.3–2.8 33–95

DSSC 277–365 0.6–1.8 9.8–25

Perovskite 379–821 0.2–5.4 56.65–497.2

Quantum dot 370–1030 0.9− 1.51 2.89–5

Reproduced with permission from Elsevier (Ludin et al. 2018)
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regard, the GHG emissions rate, expressed as CO2-equivalents, is a valuable index
for determining how effective a PV system is in terms of reducing the temperatures
on earths surface.

22.4 Environmental, Health, and Safety (EHS) Impacts

So far we have discussed key semiconductor materials, their properties and fabrica-
tion process that led to different solar PV technologies. In this section, we discuss
the EHS hazards associated with the manufacturing, use, and disposal of PV cells
and modules. The use of hazardous, toxic, and flammable substances during solar
cell or module manufacturing, even in small amounts, can present occupational and
environmental hazards (Solar Energy Isn’t Always as Green as You Think 2014).
In this section, we give a comprehensive review of the environmental, health, and
safety concerns of each PV technology discussed in the previous sections.

22.4.1 Silicon Solar Cells

In this section, we review the toxic effects of silicon-PV cells. The first life cycle
assessment (LCA) research was on silicon-solar cells was reported 15 years ago
(Koroneos et al. 2006). Despite being the oldest PV technology with more than 3
decades of field performance studies, the number of studies investigating different
types toxic effects at different stages of silicon solar cell life cycle is limited in the
literature.

22.4.1.1 Occupational Health Issues

As discussed in the silicon solar cell process steps, multiple acids including hydroflu-
oric acid (HF), nitric acid (HNO3) as well as alkalis (e.g., NaOH) are used at different
stages in the silicon solar cell processing. The potential hazards from using these
acids and solvents include acid burns and fumes inhalation (Fthenakis 2018). The
inhalation of dopant gases and vapors, e.g., POCl3 and B2H6 that are commonly used
as dopant sources for silicon, is hazardous. Even though POCl3 is in liquid form,
the generation of toxic P2O5 and Cl2 gaseous effluents in the diffusion furnaces
is a significant health concern for the safety of the workers. Therefore, adequately
designed ventilation should be in place in the process area to avoid any possible
inhalation hazards. The flammability of silane (SiH4) used in SiNx deposition using
PECVD poses significant safety hazard. Further, the by products from SiNx depo-
sition are also considered occupational health hazards (Moskowitz and Fthenakis
1991). There were reports of workers being affected by the silane leak in plants
(Biello 2010). One pathway to avoid silane transport and frequent installations is
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storing locally and avoid frequent transport and installation. Engineering and safety
protocols such as proper gas-handling systems are used to minimize the risks of
fire and explosion from explosive and hazardous gases and their by products in PV
manufacturing (Fthenakis 2018; Moskowitz and Fthenakis 1991).

22.4.1.2 Environmental Issues

The environmental issues in silicon solar cell technology primarily arise in liquid and
solid waste generation. The first step in silicon solar cell manufacturing is obtaining
polysilicon wafers from metallurgical grade silicon (Zulehner 2000). In this step,
metallurgical-grade silicon is treated with hydrochloric acid to form trichlorosilane
(SiHCl3). Then, this SiHCl3 reacts with hydrogen to form polysilicon. A by-product
of this refinement process is liquid silicon tetrachloride (SiCl4). The SiCl4 can form
corrosive and toxic hydrogen chloride (HCl) has upon its reaction with water or air
On average the production of every ton of polysilicon involves producing three to four
tons of SiCl4 (Wu et al. 2010). In addition, there is solid and liquid waste generated
during wafer slicing, cleaning, and etching process steps. There is also solid waste
generated during module assembly (e.g., stainless-steel wire) and the wafers slicing
from ingots (abrasive slurry), and liquid slurry waste (Li 2021).

The fabrication of crystalline silicon panels requires various materials such as
silicon, glass, polymers, silver, copper, boron, phosphorous, tin, tin oxide, lead (Sica
et al. 2018) Even though there may not be any environmental concern during the
silicon PVmodule operation, the pH dependent leaching of heavy metals such as Al,
Cu, Ni, and Pb from module pieces is a significant concern. Therefore, it is critical
to recycle the solar panels safely to avoid any problems related to drinking water,
aquatic life, soil, agriculture, etc.

22.4.1.3 Solutions for Safer and Environmentally Friendly Silicon PV
Technology

Since the waste produced by using oil-based slurry during silicon wafer slicing can
have significant negative environmental impact, extensive cleaning of the wafers
prior to silicon solar cell fabrication is required. Therefore, slurries based on glycol
or water should be preferred as an alternative to oil-based slurry. The generation of
toxic effluents from the belt-furnaces or tube-furnaces during the POCl3 diffusion
step demands regular cleaning of the diffusion chamber with acids such as HF. The
use of belt-furnaces, on the other hand, can offer an environmentally friendly process
technology because of thewater-soluble and non-toxicmaterials or gases used for the
doping step (Yadav et al. 2015). Typically, laser cutting or plasma etching are used
for edge isolation after POCl3 diffusion step. Also, the use of CF4 in plasma etching
should be avoided as it is a dangerous greenhouse gas. Hence, safer alternatives
to CF4 should be considered in future for plasma etching step. Also, a safer non-
pyrophoric alternative to SiH4 for ARC coating step should be considered. The
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soldering residues formedwhilemaking the interconnections in aPVmodule requires
cleaning with chlorofluorocarbons (CFC) compounds, which can cause atmospheric
ozone depletion. The CFC usage should be avoided, and instead, low-residue fluxes
should be used in PV manufacturing facilities (Fthenakis and Moskowitz 2000). If
the residues or fluxes on the cells cannot be avoided, materials that produces water
soluble fluxes or residues should be given priority for safer practices (Evans 2007;
Tsuo et al. 1998).

22.4.2 Thin-Film Solar Cells

In the case of thin-film solar cells, including a-Si, CdTe, CIGS, etc., the environ-
mental, health, and safety concerns are more severe compared to silicon solar cells
as discussed below. Table 22.2 shows the total mass of different elements used to
manufacture crystalline and thin-film solar cells.

22.4.2.1 Occupational Health and Safety Issues

The degree of occupational health hazards related to Cd and Te compounds can vary.
This is because each process step in the device fabrication can produce compounds
with different toxicities. In addition, the physical state and the mode of exposure can

Table 22.2 Total mass of elements in one module piece for c-Si, a-Si, CdTe, and CIGS

Element Total mass (in mg) per 1 module piece (5 × 5 cm2)

c-Si a-Si CdTe CIGS

Ag 7.8 ± 0.9 2.2 ± 0.3 0.05 ± 0.005 1.2 ± 0.4

Sn 21.3 ± 1.1 31.0 ± 1.7 12.5 ± 3.9 19.1 ± 0.4

Zn 16.1 ± 1.6

Cd 14.9 ± 1.6 0.2 ± 0.001

Te 15.9 ± 1.1

In 19.2 ± 0.7

Ga 0.7 ± 0.2

Se 8.2 ± 0.8

Al 167.2 ± 49.9

Mo 13.0 ± 1.8 5.0 ± 0.2

Cu 7.8 ± 0.9 130.4 ± 16.7 74.5 ± 4.7 146.2 ± 5.7

Ni 1.0 ± 0.2

Pb 15.9 ± 1.2

Reproduced with permission from IOP Publishing Ltd (Nover et al. 2017) Copyright (2017) The
Japan Society of Applied Physics
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Table 22.3 Summary of the hazardous materials used in silicon and thin film solar cell manufac-
turing

PV technology Material/precursor Purpose Safety concerns

Si HF Etchant Noxious, corrosive

Chlorosilane Si deposition Toxic fumes upon decomposition

a-Si Chlorosilane a-Si deposition Toxic fumes upon decomposition

Diborane a-Si deposition Highly toxic

Hydrogen a-Si deposition Fire hazard

Phosphine a-Si deposition Toxic and flammable

Silane a-Si deposition Fire and explosive

CdTe Cd compounds CIS film deposition Carcinogenic

CIS Cd Compounds CIS film deposition Carcinogenic

CIS Hydrogen selenide CIS film deposition Highly toxic and flammable

CIS Hydrogen sulfide CIS film deposition Highly toxic and flammable

lead to health hazards of varying severities (Table 22.3). The Occupational Safety
and Health Administration (OSHA) agency of the US has regulated the use of Cd
(including CdTe) due to reasons related to its toxicity and potential for causing lung
carcinogen (Occupational Safety and Health Administration (1971)). The accidental
ingestion of Cd compounds by personnel in the research laboratories and production
environments is possible when proper and safe handling practices of these toxic and
hazardous gases are not in place (Elinder and Järup 1996; Genchi et al. 2020). The
environmental risks can vary depending on the physical state of the Cd compound
used or Cd products released to the environment. For instance, as with many metal
particulate matter, fabrication processes in which fine particles of Cd compounds are
used or produced present more significant health risks. Hence, the laboratories and
industrial facilities that uses volatile or soluble Cd compounds must take significant
care during their use, and must discharge volatile by products into the environment
only after careful treatment.

CdTe is typically deposited using spray pyrolysis. Given that spray pyrolysis is
not an efficient process, a high amount of by products and fine particles are generated
during the CdTe deposition step. Furthermore, these by products/particles can also
get deposited on the spray process chamberwall. As a consequence, periodic cleaning
(either scraping or chemical removal) of the reactors is required. More importantly,
spray pyrolysis deposition of CdTe can produce dangerous by products such as Cd
and CdO. Therefore, proper care must be taken while operating the spray pyrolysis
reactors to avoid accidental exposure to Cd and CdO fumes (Kolesnikov et al. 2017).

Currently, there is only a limited information on the toxicity of process related
emissions for theCIS andCGSsolar cells.Oneknownmajor hazard inCISprocessing
is the use of hydrogen selenide feedstock which is highly toxic. While mechan-
ical scribing and deposition are known to produce airborne hazards (e.g., Cu, In,
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and Cd) in CIS and CdS processing, existing data, which is not extensive, suggest
concentrations of these elements are below their threshold levels.

22.4.2.2 Environmental Issues

Chronic exposure toCd compounds poses serious health concerns to the public (Järup
and Åkesson 2009). The Cd compounds may be released into the environment as
a by product of different manufacturing steps or as a waste from the uncontrolled
disposal of used photovoltaicmodules at the end of their life. However, themagnitude
of potential emission from different manufacturing and laboratory facilities can vary
depending on the fabrication processes used and the implementation of emission
controls.

As mentioned before, the techniques used for the deposition of CdTe also play
a key role in determining the amount of effluents generated in CdTe cell manufac-
turing. For example, electrodeposition is considered as a less hazardous process. On
the other hand, a less efficient deposition methods such as processes spray pyrol-
ysis (with an estimated efficiency of 10%) would generate significant amount of
hazardous (e.g. CdCl2, CdO, HCl, H2S, and thiourea) by products (Fthenakis and
Moskowitz 2000). Even though some of these by products will be deposited on the
spray pyrolysis reactor’s walls, most of them will escape through exhaust in gaseous
form. Previous studies indicates significantly less CO2 emissions (20 g /kWh) from
CdTe photovoltaics during the lifecycle compared to that emitted from fossil fuel
plants (500–1000 g CO2/kWh). Also, emission of other priority pollutants such as
SO2, NOX , particulates, etc., amounts to only 2–4% of that emitted from fossil-fuel
plants (Fthenakis et al. 2008).

Beyond the traditional pollutants, the heavy-metal emissions (e.g., Cd, Se) are also
important in case of CdTe and CdS, CIGS solar cells. Experimental investigations
also confirmed that the Cd can be safely encapsulated in the module using molten
glass which makes it less fire-proof for residential use (Fthenakis 2004). In addition,
the direct cadmium emissions in the life cycle of CdTe solar cells amount to 0.02 g
per GWh of energy produced under average US conditions (Fthenakis et al. 2005).
It is worth noting that the magnitude of cadmium emission from CdTe PV cells is
two orders less compared to an average coal-burning plant that emits 2 g Cd per
GWh (Fthenakis 2004). First Solar, a leading manufacturer of CdTe solar modules,
expressed strong confidence about the green nature of this PV technology. Their
studies confirmed there is no occupational exposure hazard to Cd based on tests
conducted over 15 years. The sample size for this assessment is approximately 1100
Cd exposure tests performed on the workers. These results indicate thin-film PV can
be benign to the environment compared to fossil-fuel-based energy sources.

It is also essential to consider the potential risks involvedwith thin-film technology
at the end of their lifetime. In spite of serious concerns about the cadmium in CdTe,
and CIGS/CdS solar cells, the hazardous level is not directly related to the amount of
toxic compounds used in a module but it mainly depends on leaching out potential of
cadmium(Nover et al. 2017).Moreover, there is a possibility for cadmiumrelease into
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atmosphere if the PVmodules are disposed in landfills. The simulation studies using
Toxic Characteristic Leaching Procedure (TCLP) can help understand the potential
for leaching of the toxic elements. All three cadmium based photovoltaic modules
i.e., CdTe, CIGS and CdS have passed TCLP studies and thus confirming that these
thinfilm PV modules are safe to use under normal conditions. In contrast, recent
investigation suggested that long-term leaching studies can provide better insights
on potential harms due to leaching out of toxic elements by considering different
conditions (e. g. pH, environment) (Nover et al. 2017). Even though existing literature
did not provide any direct evidence of significant hazards under normal scenarios, the
recycling of the heavy metal based solar panels should be done with carefully at the
end of their life. Hence, the recollection of used modules should be a major priority
for both manufacturers and the governments. Toxic emissions are much lower in the
life cycle of thin-film photovoltaics than in the life cycles of alternative photovoltaic-
and conventional-power systems (Fthenakis et al. 2008).

22.4.3 Perovskite Solar Cell (PSCs)

As mentioned in the first section of this chapter, the PSCs offer unique advantages
compared to Silicon or thin-film (CdTe or CIGS) based PV technologies, such as the
ease of chemical tunability, solution processability. However, these same advantages
can be the downside with significant negative environmental impact. An impor-
tant downside of the PSC technology is that the presence of heavy metals in the
perovskite absorbing film. A schematic of the perovskite solar cell life cycle is shown
in Fig. 22.13.

22.4.3.1 Occupational Safety and Health Hazards

While the Pb presents a significant health hazard, perovskite solar cell device
processing is typically conducted in a glove box (Salvador et al. 2020). This can
potentially minimize the exposure to Pb-containing compounds. Even though the
perovskite device fabrication takes place inside glove box, the unintentional or acci-
dental exposure to Pb present in perovskite can occur at other times, including testing
in ambient conditions. Upon contact with Pb-containing materials or devices, the
ingestion and uptake can possibly happen via different routes (e.g., gastrointestinal,
respiratory, and dermal). Besides the intoxication by the perovskites, the use of the
toxic solvents such as dimethylformamide (DMF) and dimethylsulfoxide (DMSO)
in the solution processing of the PSCs presents significant occupational safety and
health challenges. In addition, the high miscibility of these solvents with water can
increases their bioavailability. As a result, there is a significant risk of absorbing
these toxic solvents by oral ingestion, dermal contact or permeable cell membrane
(Ménorval et al. 2012). Due to these reasons, sufficient personal protection should
be in place when working with these solvents. (e.g. 15 mil latex gloves, dust masks
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Fig. 22.13 Schematic of the life cycle of perovskite solar cells and associated hazards

and glasses). Further, the safe storage of waste products in the perovskite solar cell
fabrication laboratories is paramount. Owing to the toxicity of DMSO and DMF,
alternative solutions should be pursued in PSC processing. Recent studies show the
feasibility of using tetraethyl orthocarbonate (with perovskite precursors) and anisole
(with PCBM) as potential alternatives that can lead to avoiding the use of DMSO or
DMF in PSC processing in future (Gardner et al. 2016; Zhang et al. 2020; Tian et al.
2019; Wang et al. 2017).

The Sn based perovskites also poses some toxic effect (Babayigit et al. 2016a).
Owing to its lower reduction potential Sn(II) can be converted into Sn(IV) easily in
ambient. As a result, the operators can be easily exposed to Sn(II) and Sn(IV) during
the perovskite synthesis. This is a serious health hazard as the net gastrointestinal
absorption of Sn depends on the oxidation state, and, Sn(II) and Sn(IV) are not
readily interconverted when being transported in the human body. The conversion to
Sn(IV) can be slowed down in laboratories where low-oxygen and dry environment
is maintained. A summary of health hazards that may arise due to exposure to Pb
and Sn are shown in Fig. 22.14.
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Fig. 22.14 Schematic diagram showing the health hazards for living beings upon exposure to Pb
and Sn, which are the popular metal constituents present in perovskite films. Reproduced with
permission from Wiley (Debnath et al. 2020)

22.4.3.2 Environmental Impact

A major challenge with CH3NH3PbI3 based PSCs is the presence of heavy metal
Pb. Lead is known to damage the nervous system and cause brain disorders. The
solubility product (Ksp) of PbI2 in water is on the order of 10−8, which is much
higher than those of other common heavy metal compounds used in solar cells
(Fabini 2015). For instance, the Ksp values for CdS, PbS, and CdTe lie in the range
of 10−27–10−34. Furthermore, unlike PbI2 with three-atoms, CdS, PbS and CdTe
are binary compounds, with up to 14 orders of smaller solubilities than PbI2 in
water (https://pubs.acs.org/doi/full/10.1021/acs.jpclett.5b00504). it can decompose
into CH3NH3I–HI–CH3NH2 (methylamine). Hence, soil, rivers, and groundwater
may be contaminated by Pb when the installed PSC modules are disposed without
proper care. Also, the PbI2 (lead iodide) formed upon decomposition of perovskite,
can be further decomposed into Pb. This Pb can find its way into the groundwater
via the effluent in significant quantities that can cause severe health risks. There is
very little history avilable on the perovskite module life cycle analysis, and hence

https://pubs.acs.org/doi/full/10.1021/acs.jpclett.5b00504
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simulation studiesmust be conducted to predict their potential environmental impact.
In a recent study (Hailegnaw et al. 2015), the possible environmental effects of
PSCs are evaluated by considering the complete exposure of a damaged Pb-based
perovskite device to rain as the worst-case scenario. The study considered a PSCs
module with a 300 nm thick perovskite layer, and it is assumed that this PSC module
would contain ~ 0.4 g m−2 of Pb. When the PSC module is exposed to rain, there
would be an increase of Pb by ≈70 ppm in the first centimeter of ground under
the panel. This study concluded that the practical use of PSCs results in a low level
contamination (<400 ppm), as the Pb concentration in uncontaminated soil varies
from less than 10–200 ppm or even higher (Hailegnaw et al. 2015; Kim et al. 2018b).
Again similar to the case of Cd in thin film solar cells, any release of Pb from
perovskites into the environment should be avoided or at least minimized. While the
lead present in organic–inorganic lead halide perovskites can leak into the environ-
ment by rainwater, the Pb2+ can be recovered by simple solution treatment. Despite of
these studies, the toxic effect of Pb are still a major concern and is a major bootleneck
for their commercialization.

Even though Sn based perovskites are generally believed as environmental
friendly and safe alternative to Pb based perovskite, Sn-based PSCs’ application
can also pose environmental and health risks. In case of Sn based perovskites,
SnI2 andSnI4 have been identified as potential toxic products (Babayigit et al. 2016b).
There a several different sources for heavy metal intoxication from Pb- and Sn-based
perovskites.withwidely varyingwater solubility, these sources are ordered according
to their water solubility as: SnBr2 > SnCl2 > Pb(NO3)2 > Pb(CH3COO)2 > Pb(OH)2
> PbCl2 > PbBr2 > PbI2 > SnI4 > SnI2 > SnO2.

Moderate exposure to different environments including humidity, oxygen,
elevated temperature, etc., can degrade perovskites into harmful heavy metal
compounds. Furthermore, the structural failure of a photovoltaic module can lead
to leaching of these compounds into the environment. Like CdTe modules, even if
the PSC modules are encapsulated there is potentially a higher environmental risk
when these panels are exposed to rain. Especially during their practical use, the PSC
modules need to be installed in outdoors or rooftops, and there is a potential for these
panels to get damaged and consequently exposed to moisture, rain, etc.

Even though recent studies indicated that the amount of Pb spilled from defective
PSCs would be orders of magnitude smaller than that emitted from other energy-
related activities, we need to remember that this conclusion based on a limited data.
Hence, careful toxicological investigation is highly required to further understand
the dangers associated with local accumulation of perovskites (Fabini 2015). It is
also possible, in a worst-case scenario, the perovskite degradation products could
be transported by soil water and eventually accumulate in unpredictable locations
(Nelson and Campbell 1991). The composition of Pb penetrated into soil is highly
dependent on soil composition and acidity (McBride et al. 1997).

Onemay think that the totalmetal content per squaremeter of a solar panel is only a
few hundred milligrams which is less risky. However, the large scale implementation
of the PSC technologiesmay cause severe safety and health hazards.At this point, due
to limited field data, it is better not to conclude the environmental impacts of PSCs
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as either positive or negative. Similar to thin film solar cells, the safe deployment of
PSC technology relies entirely on adopting precautionary measures against contam-
ination at each stage of the device’s life, from fabrication to disposal/recycling. In
this direction, dedicated EHS standards should be developed as part of academic
research during their development. Such standards can be beneficial especially when
multiple personnel work on PSC device fabrication at the same time. Finally, the
safety protocols developed in academic research labs can be easily implemented in
industrial settingswhere the expected risks can be furthermitigated by the automation
of production processes.

22.5 Summary and Conclusion

Solar PV technologies have tremendous potential to offer sustainable and cleaner
energy resources for future energy demands. While Si and thin-film solar cell tech-
nologies currently lead the worldwide PV installations, emerging technologies such
as DSSC and perovskite solar cells can potentially enter the commercial market in
the next decade. Especially considering the material shortage issues with thin-film
technologies such as CdTe, there is a strong need for these emerging PV technologies
to be commercially available and compete with Si PV in terms of price and long-
term durability. Currently, significant research efforts are underway to address the
stability issues, especially for perovskite solar cells. But, in perovskite solar cells,
the researcher community should also look for alternative materials to the currently
used Pb and Sn containing perovskites. Simultaneously, the PSC research community
should consider using safe chemical processing technologies to minimize health and
safety impacts on the researchers andworkforce. Still, solar PV technology is deemed
a green technology and can significantly contribute to addressing climate challenges.
However, more studies are required to understand the emerging PV technologies’
environmental impacts and life cycle, mainly based on PSCs. Considering the rela-
tively less data available on the LCA of PSC technologies, simulation studies should
be conducted to understand the potential future challenges in this area. Furthermore,
the ecotoxicity of leached chemicals from different types of solar cell devices should
be investigated further as currently there is only limited literature exists in this area.
in future studies, significant attention should be given to accumulating more ecotox-
icological data. Moreover, the governments and industries across the globe should
work together to develop sustainable practices to address the occupational safety and
health concerns of the personnel working in PV manufacturing, waste management,
environmental impacts. Finally, a greater emphasis on recycling PV panels should
be given to minimize the hazardous waste from the PV cells and minimize their
environmental footprint.
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Chapter 23
Colloid Transport in Porous Media
at Multiple Length Scales

Mahima John Horta, Yerramilli Sai Rama Krishna, and N. Seetha

Abstract Colloidal contaminants such as pathogenic microorganisms and engi-
neered nanoparticles enter subsurface from various sources such as land applica-
tion of wastewater, reuse of untreated sewage for irrigation and sanitary landfills.
Understanding colloid transport in the subsurface is essential for assessing the safe
distance of drinking water wells from the source of contamination, bioremediation of
contaminated sites, and degree of treatment required for land application of wastew-
ater. There is a large disparity in the length scales associated with colloid transport in
soil. This includes micrometre, centimetre, tens of centimetres, metre and kilometre
scales which are representative of a single soil capillary, representative elementary
volume scale, 1D lab scale, 3D lab scale, and the field scale, respectively. Colloid
deposition mechanisms are scale dependent and are governed by the heterogeneity
at that scale. Hence, the observed transport processes and the estimated parameters
at a smaller scale may not simulate the observations at a larger scale. It is imperative
to link the processes and the associated parameters across scales to better predict
transport behavior at larger scales. This chapter discusses the mechanisms of colloid
retention in porous media at various scales, the effect of heterogeneity on colloid
transport at each scale, and upscaling of transport processes.

Keywords Colloids · Heterogeneity · Scale · Upscaling

23.1 Introduction

Colloids are particles with sizes ranging between 10 nm and 10 µm and are ubiq-
uitous in the subsurface. Colloids exist in groundwater in as mineral precipitates of
iron, aluminium andmanganese, natural organicmatter such as humic acid and fulvic
acid, bacteria, viruses, clays and engineered nanoparticles (McCarthy and McKay
2004). Colloidal contaminants such as pathogenic microorganisms and engineered
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nanoparticles enter the subsurface zone through various sources such as landfills,
industrial sludge, leakage from sewers, and accidental spills. The vadose zone acts
as a barrier to protect groundwater from contamination of infiltrated colloids by
retaining a portion of them. The uncaptured colloids in the vadose zone move down
and reach thegroundwater table, thereby contaminating it. In addition to their contam-
ination potential, colloids may also affect the transport behaviour of other contami-
nants in the subsurface (Grolimund and Borkovec 2005). The various mechanisms
involved in the retention of the colloids in soil include attachment to the grain surface
or solid-water interface (SWI), air–water interface (AWI) and the contact region or
air–water-solid interface (AWS), straining, and ripening. The transport behaviour
of colloids in the soil is controlled by various physico-chemical factors such as the
flow velocity, water chemistry, soil type, colloid type, and degree of saturation (Ryan
and Elimelech 1996; Bradford et al. 2007; Han et al. 2006). Understanding colloid
transport in the subsurface is essential for assessing the safe distance of drinking
water wells from the source of contamination, bioremediation of contaminated sites,
and degree of treatment required for land application of wastewater.

Flow and transport processes in the subsurface are scale dependent, with the scales
spanning from micrometres to kilometres (Vogel and Roth 2003). Colloid transport
in soils has been studied experimentally and numerically at various scales including
micrometre, centimetre, tens of centimetres, metre and kilometre scales which are
representative of a single soil capillary, representative elementary volume (REV)
scale, 1D lab scale, 3D lab scale, and the field scale, respectively. The above scales
are studied through microchannels (Lazouskaya and Jin 2008), micromodels (Wan
and Wilson 1994a; Zhang et al. 2013) and flow cells packed with soil grains (Gao
et al. 2006; Morales et al. 2009), laboratory soil columns (Bradford et al. 2004;
Schijven et al. 2000a; Keller et al. 2004), laboratory sand-box setup (Schijven et al.
2000a; Phenrat et al. 2010) and field experiments (Vilks et al. 1997; Becker et al.
1999), respectively. Figure 23.1 shows the schematic of various scales associatedwith
colloid transport in porousmedia. Studies at each of the above scales not only provide
valuable information on the mechanisms and factors controlling colloid transport at
that scale, but also help to infer the mechanisms behind the observations at larger
scales.

The most common and comfortable scale for colloid transport studies is the labo-
ratory column scale. However, soil is heterogeneous at all scales (Wheatcraft and
Cushman 1991) and exhibits a high degree of spatial variability of flow and transport
properties at various scales (Vogel and Roth 2003; Hopmans and Schoups 2005).
Heterogeneities exist in various forms at each scale of observation. Heterogeneity is
broadly classified into two types: chemical heterogeneity and physical heterogeneity.
Chemical heterogeneity manifests in the form of spatially variable surface properties
of the soil grains caused by the distribution ofminerals such as oxides of iron, magne-
sium and aluminium, hydroxyl groups, and organic matter. The patches of oxides of
iron, magnesium and aluminium present on the grain surface are positively charged,
whereas the primary minerals such as quartz and feldspar are negatively charged at
the typical environmental conditions (Johnson et al. 1996). Humic acid is the most
widely present form of organicmatter in soils and has a negative surface charge under
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Fig. 23.1 Schematic of various scales associated with colloid transport in porous media

the environmental conditions in the subsurface (Chen et al. 2020). Physical hetero-
geneity is due to the surface roughness of soil grains, distribution in the grain sizes
and shapes, and spatial variation in the hydraulic properties of soil (Morales et al.
2009; Zhang et al. 2010; Johnson et al. 1996; Saiers et al. 1994a). Surface roughness
on the grain surface typically spans from nanometers to micrometers (Argent et al.
2015; Shen et al. 2015), whereas spatial variation in the hydraulic properties of soil
exists at all scales (Vogel and Roth 2003;Wheatcraft and Cushman 1991). Hence, the
transport processes observed and the parameters obtained at a given scale may not be
representative of the phenomenon at the larger scales. For example, heterogeneity at
the field scale introduces additional complexities such as preferential flow paths and
retention by vegetation, which may not be present in the lab scale experiments which
are usually conducted using a homogeneous soil without vegetation (Vilks et al.
1997; Burkhardt et al. 2008). Hence, it is important not only to study the processes
at various scales but also to link the processes across various scales to understand the
effect of small-scale processes on large-scale mechanisms. This chapter discusses
the mechanisms of colloid retention in porous media at various scales, the effect of
heterogeneity at each scale on colloid transport, and the various scaling approaches.

23.2 Colloid Retention Mechanisms

This section briefly discusses various colloid retention mechanisms in soil such as
deposition to various interfaces including SWI, AWI, and AWS, blocking, straining,
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Fig. 23.2 Schematic representation of various colloid retention mechanisms

ripening, and size exclusion. A schematic representation of colloid retention mecha-
nisms is shown in Fig. 23.2. More detailed information about different mechanisms
can be found in Liu et al. (2019), Babakhani et al. (2017), Bradford et al. (2014).

23.2.1 Deposition at Interfaces

Colloid deposition in porous media occurs at the SWI under saturated conditions.
Under unsaturated conditions, colloids can also get deposited at additional retention
sites such as AWI and AWS. This leads to greater retention of colloids under unsatu-
rated conditions than saturated conditions (Wan andWilson 1994a; Crist et al. 2004).
Colloid deposition to the interfaces depends on the interaction energy between them,
having a length scale of hundreds of nanometres, which can be calculated using
Derjaguin-Landau-Vervey-Overbeek (DLVO) theory (Deraguin and Landau 1941;
Verwey 1947). For SWI, the interaction energy is the sum of electrostatic double-
layer energy, London van der Waals energy, and Born repulsion energy (Bradford
and Torkzaban 2008), whereas for the AWI it is the sum of electrostatic double layer
energy, London van der Waals energy, and the hydrophobic energy (Lazouskaya and
Jin 2008). Electrostatic double-layer energy can be attractive or repulsive depending
on the dissimilarity or similarity of surface charges on the colloid and the interface.
Under the typical environmental conditions, the colloids, the grains, and the AWI are
negatively charged. This makes the electrostatic energy between colloid and SWI as
well as between colloid and AWI repulsive. London van der Waals energy is attrac-
tive at SWI and repulsive at AWI (Bradford and Torkzaban 2008). Hydrophobic
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energy is attractive, and the magnitude of the energy depends on the contact angle
of the colloid with AWI (Zevi et al. 2012). The conditions for the deposition of
colloids to an interface is said to be favourable if the interaction energy profile is
devoid of an energy barrier (zone of repulsion), and the conditions for deposition
are said to be unfavourable in the presence of an energy barrier in the energy profile
(Seetha et al. 2015). Colloid deposition onto the grain surface is irreversible and
reversible under favourable and unfavourable conditions, respectively. The attach-
ment rate coefficient of colloid to the grain surface under favourable conditions in
saturated porous media can be calculated using colloid filtration theory (CFT) (Yao
et al. 1971). Colloid retention at AWI is found to be irreversible as the colloids are
held strongly by capillary forces (Wan and Wilson 1994a). Deposition to SWI has
been observed for carboxylate-modified latex microspheres (Bradford et al. 2003,
2004; Torkzaban et al. 2008; Wan and Wilson 1994b; Li and Johnson 2005; Tong
and Johnson 2006; Lazouskaya and Jin 2006), colloidal silica (Saiers et al. 1994a,
b), viruses (Han et al. 2006; Schijven et al. 2000a; Torkzaban et al. 2006a, b, 2008;
Jin et al. 2000), bacteria (Bai et al. 2016; Hornberger et al. 1992), protozoa (Tufenkji
et al. 2004), and different types of nanoparticles including silica nanoparticles (Wang
et al. 2012a), silver nanoparticles (Yecheskel et al. 2018; Flory et al. 2013; Kanel
et al. 2015; Kumahor et al. 2015), and iron nanoparticles (Tosco and Sethi 2010;
Raychoudhury et al. 2014). Different types of colloids such as carboxylate-modified
latex microspheres (Torkzaban et al. 2008; Lazouskaya and Jin 2006), silica colloids
(Lenhart and Saiers 2002; Saiers and Lenhart 2003), clay colloids (Gao et al. 2004),
viruses (Han et al. 2006; Torkzaban et al. 2006a, b, 2008; Jin et al. 2000), TiO2

nanoparticles (Fang et al. 2013), and silver nanoparticles (Kumahor et al. 2015) have
been found to get deposited at AWI and AWS.

23.2.2 Blocking

If the soil surface has limited capacity for particle deposition, then the available
surface area for deposition decreases with time because of particle deposition,
and the deposited particles block further deposition leading to a decrease in the
deposition rate. This mechanism is termed as blocking (Ryan and Elimelech 1996;
Saiers et al. 1994b). Two common approaches to model blocking are Langmurian
approach and random sequential adsorption approach (Ryan and Elimelech 1996;
Deshpande and Shonnard 1999). Both the approaches introduce a dynamic blocking
function which accounts for the fraction of the sites on the grain surface available for
colloid deposition. Blocking has been found to occur for various colloidal particles
including carboxylate-modified latex beads (Torkzaban et al. 2008, 2012), amidine-
modified polystyrene latex microspheres (Liu et al. 1995; Johnson and Elimelech
1995), colloidal silica (Johnson et al. 1996; Saiers et al. 1994b), bacteria (Deshpande
and Shonnard 1999; Torkzaban et al. 2008b; Rijnaarts et al. 1996), viruses (Sasid-
haran et al. 2017; Bhattacharjee et al. 2002), TiO2 nanoparticles (Toloni et al. 2014;
Chowdhury et al. 2011; Chen et al. 2011), silver nanoparticles (Yecheskel et al. 2018;
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Neukum et al. 2014), graphene oxide nanoparticles (Sun et al. 2015a; Feriancikova
and Xu 2012; Qi et al. 2014), and fullerene nanoparticles (Li et al. 2008; Wang et al.
2008).

23.2.3 Straining

Straining is a physical mechanism in which particles get trapped in the pore throats
which are smaller than the size of the particles. It is a depth-dependent phenomenon
and is more prominent at the inlet of the porous medium. It is characterized by
a hyper-exponential retention profile of colloids with distance. Though straining
mainly occurs for micron-sized particles, it has also been observed to occur for
nanoparticles due to the formation of aggregates which are larger in size than the
individual nanoparticles (Bradford et al. 2004; Fang et al. 2013; Qi et al. 2014; Rast-
ghalam et al. 2019; Fan et al. 2015). The main criterion for straining to happen is the
threshold value for the ratio of particle diameter to grain diameter (dp/dg). Straining
occurs when this criterion is exceeded. The threshold value depends on the type and
size of colloid and soil grains, aggregation kinetics, gradation of soil (Bradford et al.
2005) and flow rate (Xu et al. 2006). Various studies have reported different threshold
values of dp/dgfor various colloidal types. For example, the threshold values for
carboxylate-modified latex microspheres reported are 0.008 (Xu et al. 2006, 2008),
0.005 (Bradford et al. 2004), 0.0016 (Shen et al. 2008), and 0.0017 (Bradford et al.
2002). For E. coli, the reported values are 0.002 (Foppen et al. 2005) and 0.005
(Bradford et al. 2006). The threshold values for ZnO nanoparticles in the literature
are 0.003 (Sun et al. 2015b) and 0.0093 (Jiang et al. 2012). The threshold values for
Pseudomonas strain, TiO2 nanoparticles, and nano-zero valent iron (nZVI) particles
are 0.0005 (Tan et al. 1994), 0.001 (Fang et al. 2013), and 0.0002 (Raychoudhury
et al. 2014), respectively. Straining can also occur due to the formation of heteroag-
gregates when two or more colloids get transported together. The threshold value of
dp/dgfor straining to occur is different for heteroaggregates and homoaggregates. For
example, the threshold values of dp/dg for heteroaggregates of hydroxyapatite and
goethite nanoparticles (Wang et al. 2015a) and heteroaggregates of hydroxyapatite
and haematite nanoparticles (Wang et al. 2015b) are 0.0046 and 0.0027, respectively.
Film straining is observed in unsaturated porous medium wherein the colloids get
trapped at thin water films around soil grains when the thickness of the water film is
smaller than the diameter of the colloid (Wan and Tokunaga 1997).

23.2.4 Ripening

Ripening is a mechanism where the previously deposited particles on the surface of
the soil grains act as favourable sites for the deposition of particles arriving at the grain
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surfaces (Camesano et al. 1999). Ripening is dominated by particle–particle interac-
tions rather than particle-grain interactions. As a result, the deposition rate increases
with time (Wang et al. 2014a). Ripening is observed prominently in nanoparticles
such as nano zero valent iron particles (Tosco and Sethi 2010; Hosseini and Tosco
2013; Basnet et al. 2015), hydroxyapatite nanoparticles (Wang et al. 2012b, 2014a,
2015a, b), TiO2 nanoparticles (Chen et al. 2011; Wang et al. 2014b), and fullerene
nanoparticles (Cheng et al. 2005), due to favourable particle–particle interactions
(Wang et al. 2014a; Dagtepe and Chikan 2010). In addition, ripening was also
observed in bacteria (Nascimento et al. 2006; Camesano and Logan 1998; Kim
et al. 2009) and viruses (Gitis et al. 2002).

23.2.5 Size Exclusion

Size exclusion is described as the phenomenon in which colloidal particles travel
faster than the conservative tracer (Ginn 2002). Size exclusion is influenced by the
size of the colloids, and is significant for larger colloids that cannot travel through
small pores and tend to travel along larger pores (Sirivithayapakorn and Keller
2003a). Size exclusion results in larger velocity and lesser dispersivity for larger
colloids. Size exclusion has been observed for different colloid types including latex
beads (Keller et al. 2004; Bradford et al. 2003; Sirivithayapakorn and Keller 2003a;
Auset andKeller 2004), viruses (Keller et al. 2004;Anders andChrysikopoulos 2005;
Sinton et al. 2000), bacteria (Sinton et al. 2000), silver nanoparticles (Braun et al.
2015; Cornelis et al. 2013; Sagee et al. 2012), and TiO2 nanoparticles (Solovitch
et al. 2010).

23.3 Scales Associated with Colloid Transport

In this section, we discuss the various scales at which the transport of colloids has
been studied, including the pore scale, the column scale, the 3D sand-box scale,
and the field scale. The transport processes at various scales are interlinked, and the
observed mechanism at a given scale is due to the collective effect of the various
processes occurring at smaller scales.

23.3.1 Pore Scale

The pore scale, ranging from micrometres to millimetres, is the smallest scale at
which colloid transport is studied. Pore scale studies offer the advantageof visualizing
the mechanisms behind the observations at larger scales. At this scale, transport of
colloids is studied in a single soil capillary, a 2D network of pores, and a 3D packing



566 M. J. Horta et al.

of soil grains by performing experiments through microchannels, micromodels and
flow cells packed with solid grains, respectively. Micromodel represents the complex
structure of soil using an interconnected network of pore bodies and pore throats
having pore dimensions in the range of 10–100 µm (Wan and Wilson 1994a; Zhang
et al. 2013). Flow cell is at the REV scale and is the smallest scale at which both
microscopic and macroscopic processes can be studied (Smith et al. 2008). Various
mechanisms such as attachment to SWI (Argent et al. 2015; Chen and Flury 2005),
AWI (Lazouskaya and Jin 2006, 2008; Wan and Wilson 1994a; Wan et al. 1994)
and the contact line (Zhang et al. 2013; Crist et al. 2004; Zevi et al. 2012), retention
at grain to grain contacts (Gao et al. 2006; Johnson et al. 2010), size exclusion
(Sirivithayapakorn and Keller 2003a; Auset and Keller 2004), and remobilization of
deposited colloids from SWI, AWI and AWS due to transients in flow or chemistry
(Gao et al. 2006; Lazouskaya et al. 2011) are identified through visualization studies.
Moreover, pore-scale studies also help to understand the effect of pore geometry,
pore connectivity, nanoscale/microscale heterogeneity, and grain packing on colloid
transport and retention. Detailed information about the different methods of imaging
the fluid distribution and transport of colloids in porous media can be found in the
review papers (Lazouskaya et al. 2011; Keller and Auset 2007; Ochiai et al. 2006).

Microchannel experiments, with the channel width being 10’s to 100’s of
micrometres, help to clearly differentiate colloid retention at SWI, AWI and AWS,
and provide information on the dynamics of colloid movement between the inter-
faces. Table 23.1 lists various mechanisms that have been identified at the pore
scale through experiments in microchannels. Figure 23.3 shows the retention of
colloids at SWI, AWI and AWS, imaged by performing microchannel experiments
(Lazouskaya and Jin 2008). Colloids attached to AWI are found to be in random
motion due to Brownian diffusion and hydrodynamic effects and are observed to
slide along AWI and deposit at AWS (Lazouskaya and Jin 2008). The greater the
colloid concentration at AWI, the greater is the concentration at AWS (Lazouskaya
and Jin 2006). Hydrophobic force is responsible for the attraction of colloids to AWI,
and the colloids are held at the interface due to the capillary forces (Lazouskaya and
Jin 2006, 2008; Flury and Aramrak 2017). The colloids attached to AWS appear to
be stationary and irreversible (Lazouskaya and Jin 2008) and is attributed to the low
flow velocities at the collector surface and retention of the colloids near thin water
films at AWS. Lazouskaya and Jin (2008) observed greater retention of hydrophobic
than hydrophilic colloids at AWI. Zevi et al. (2012) observed from experiments in an
open microchannel that colloid retention at AWS is larger for small contact angles
due to counter flow, and the flow vortices that formed closer to AWS helped deliver
the colloids to SWI below the contact line. Drainage and imbibition events cause
the mobilization of deposited colloids in soil. The movement of the contact line due
to drainage or imbibition mobilizes the attached colloids from SWI to AWS, AWS
to AWI, AWI to AWS, and SWI into bulk solution (Lazouskaya et al. 2011). The
mobilization of colloids from interfaces during the passage of the front depends on
themagnitudes of various forces between the colloids and the interfaces (Lazouskaya
et al. 2011, 2013).
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Table 23.1 Mechanisms identified through microchannel studies

Mechanism References Colloid Key finding

Sorption at SWI,
AWI, and AWS

Lazouskaya and Jin
(2006)

Carboxylate-modified
latex colloids

Colloids preferentially
attached to and
accumulated at AWI

Lazouskaya and Jin
(2008)

Sulfate- and
carboxylate-modified
latex colloids

Colloids attached to
AWI translate along and
move towards the
contact line, where they
get attached. Contact
line serves as a
preferential location for
colloid retention
compared to AWI

Zevi et al. (2012) Synthetic polystyrene
microspheres

Colloid retention at the
AWS is negatively
correlated with contact
angles

Remobilization of
attached colloids

Lazouskaya et al.
(2011)

Yellow-green
fluorescent
carboxylate-modified
polystyrene
microspheres

Moving contact line
mobilized the deposited
colloids at the channel
wall

Lazouskaya et al.
(2013)

Carboxylate modified
and sulfate colloids

Colloid mobilization in
hydrophilic substrate is
due to imbibition and in
hydrophobic substrate
the mobilization is due
to drainage

Noordmans et al.
(1997)

Polystyrene particles Detachment of colloids
from the collector
surfaces is due to high
surface tensions forces
at the colloid-collector
interface

Micromodel studies predominantly help to understand the colloid travel pathways
as affected by the distribution in the sizes of pore throats andpore bodies, pore connec-
tivity, and sorption at different interfaces in a collection of pores. Table 23.2 lists
the various micromodel studies and the identified mechanisms. Network topology
has been found to have a significant effect on colloid dispersion, with a heteroge-
neous or zig-zag network resulting in more dispersion than a regular network due
to longer travel paths and detouring (Auset and Keller 2004; Baumann et al. 2010).
The different pore topologies are shown in Fig. 23.4 (Baumann et al. 2010). Auset
and Keller (2004) observed from micromodel studies that dispersion decreases with
increasing colloid size as larger colloids travel along central streamlines resulting
in less detours and faster velocities. The phenomenon of size exclusion depends
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Fig. 23.3 Colloid (green dots) retention at a AWI, b contact line at the front wall, and c contact
line at the back wall (Lazouskaya and Jin 2008). The flow direction is from right to left. Reprinted
from Lazouskaya and Jin (2008), copyright 2008, permission obtained from Elsevier

on the pore size distribution of the network, pore connectivity and colloid size. A
colloid can enter a pore throat if the ratio of the throat to colloid diameter is greater
than 1.5 (Sirivithayapakorn and Keller 2003a). Large colloids are observed to move
through preferential flow paths showing size exclusion effect, whereas the small
colloids travelled through longer pathways. Colloids can also be entrapped in the
pore throats smaller than the colloid size resulting in straining. Straining was found
to occur when the ratio of pore throat to colloid diameter is less than 1.8, and was
prominent at the inlet of the micromodel (Auset and Keller 2006). Colloid reten-
tion was found to be significantly influenced by surface roughness as observed from
micromodel studies (Argent et al. 2015; Auset and Keller 2006). Auset and Keller
(2006) observed that a rough micromodel retained more colloids than a smooth
micromodel. Also, nanoscale roughness reduces the depth of primary minimum, and
hence only a fraction of the surface is found to be available for colloid retention at
SWI even at high ionic strengths (Argent et al. 2015). Also, surface roughness has
been found to enhance colloid straining (Bradford andBettahar 2006). Colloid attach-
ment to AWI is observed to be irreversible due to strong capillary forces that hold
the colloids at AWI (Wan and Wilson 1994a; Wan et al. 1994). Particle attachment
to AWI depends on particle hydrophobicity, ionic strength, and surface charge of the
particle. Hydrophobic colloids showed greater retention at AWI than the hydrophilic
colloids, and retention was larger for positively-charged particles than negatively-
charged particles (Wan andWilson 1994a). Also, retention increased with increasing
ionic strength (Wan and Wilson 1994a). The retention of colloids at AWI and glass-
water interface observed in the micromodel study of Wan and Wilson (1994a) is
shown in Fig. 23.5. Colloid retention increases with decreasing water saturation due
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Table 23.2 Mechanisms observed through micromodel studies

Mechanism References Colloid Key finding

Dispersion of
colloids

Auset and Keller
(2004)

Carboxylate modified
latex polystyrene
microspheres

Dispersion depends on
the pore geometry and
colloid size

Baumann et al. (2010) Fluorescent
carboxylate
polystyrene
microspheres

Dispersion is higher in
heterogeneous network
and increases with ionic
strength

Size exclusion Sirivithayapakorn and
Keller (2003a)

Carboxylate-modified
latex colloids

Ratio of pore throat to
colloid diameter for
colloids to enter new
pores ≥1.5

Straining Auset and Keller
(2006)

Polystyrene latex
particles

Straining is significant
at the inlet of the
micromodel. Colloids
retained at wall cervices
and irregularities

Film straining Auset et al. (2005) E. coli Infiltration front causes
mobilization of the
colloids at thin film and
drainage front traps
colloids in thin water
films

Sorption at AWI,
SWI and AWS

Wan and Wilson
(1994a)

Latex microspheres,
Na-montmorillonite, P.
cepia Arthrobacter

Sorption at AWI is
irreversible due to
strong capillary forces

Wan et al. (1994) P. cepia, Arthrobacter Sorption of
hydrophobic colloids to
AWI is more than
hydrophilic colloids

Zhang et al. (2013) Carboxylated
fluorescent
microspheres

Prominent attachment
at contact line than
liquid–liquid interface
and solid–liquid
interfaces

Argent et al. (2015) Fluoresbrite carboxyl
latex and borosilicate
glass beads

Attachment to AWS
observed at high ionic
strength. Attachment to
SWI decreases with
increasing ionic
strength due to surface
roughness

(continued)
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Table 23.2 (continued)

Mechanism References Colloid Key finding

Remobilization of
deposited colloids

Sirivithayapakorn and
Keller (2003b)

Carboxylate-modified
latex colloids

Colloids attached to
AWI gets mobilized
during the dissolution
of air bubbles

Zhang et al. (2013) Carboxylated
Fluorescent
microspheres

Remobilization is seen
at moving contact line
and the fluid–fluid
interface

Nishad and Al-Raoush
(2021)

Polystyrene and
carboxylate-modified
polystyrene colloids

Mobilized hydrophilic
colloids at gas–water
interface get
redeposited in the
gas–water-solid
interface due to strong
capillary forces

Fig. 23.4 Pore structure in the ellipsoid, diamond and heterogeneous micromodel (Baumann et al.
2010). Reprinted from Baumann et al. (2010), copyright 2010, permission obtained from Elsevier

Fig. 23.5 Retention of hydrophobic colloids (yellow green) at air–water and glass-water interfaces
(Wan and Wilson 1994a). Reprinted from Wan and Wilson (1994a), copyright 2010, permission
obtained from John Wiley and sons
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to increase in the area of liquid–liquid interface and liquid–liquid-solid contact line
(Zhang et al. 2013).

Transients in flow remobilize the deposited colloids from various interfaces.
Zhang et al. (2013) observed remobilization of attached colloids from the liquid–
liquid interface and contact line during imbibition as shown in Fig. 23.6. Also, the
moving liquid–liquid interface and contact line scoured the colloids attached to the
solid–liquid interface. However, no remobilization was observed during drainage as
the remobilized colloids were re-deposited downstream at the liquid–liquid interface
and contact line. A similar observation was made by Nishad and Al-Raough (2021)
that the moving gas–water interface mobilized both hydrophilic and hydrophobic
colloids from SWI during drainage. However, the mobilized hydrophilic colloids
at gas–water interface get re-deposited onto the gas–water–solid interface or thin
water films due to their greater capillary potential as the micromodel considered
in their study was hydrophilic. The amount of remobilization of the deposited

Fig. 23.6 Remobilization of colloids (green dots) during imbibition at different times a t= 45min,
b t = 45 min 16 s, c 45 min 31 s, and d 46 min 22 s (Zhang et al. 2013). Reprinted from Zhang
et al. (2013), copyright 2013, permission obtained from John Wiley and sons
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colloids depends on the change in the degree of water saturation (Zhang et al. 2013).
In another study, Sirivithyapakorn and Keller (2003b) observed remobilization of
colloids caused by the dissolution of air bubbles during imbibition. As dissolu-
tion progressed, colloids attached to the AWI were brought closer to each other and
adhered to form clusters.When the air bubble disappeared, the colloidal clusters were
transported down gradient where they attached to AWI or trapped in pore throats.
At low water saturation, colloids tend to attach to immobile thin water films (Auset
et al. 2005). Imbibition causes the immobile water zones to get mobilized, thereby
releasing the colloids trapped in the thin films.

Flow cells with a length scale of centimetres help to visualize colloid transport
mechanisms in 3D packed porous media (Crist et al. 2004). Table 23.3 lists the
different flow cell studies and the key findings. Gao et al. (2006) studied the retention
and remobilization of colloids in a sand-packed flow cell. Colloid retention occurred
at AWI, thin films and immobile water zones. Film straining was observed in low
moisture content experiments where the colloids were trapped in thin water films due
to surface tension when the colloid diameter was larger than the film thickness. The
zones branching out from larger flows to form dead-end distributaries with low pore
water velocity istermed as immobile zones. The colloids enter the immobile zones
by diffusion and slow advection and accumulate at AWI. Straining of the colloids
in the thin films and accumulation at the AWS of the pendular ring is shown in
Fig. 23.7 (Gao et al. 2006). These entrapped colloids were mobilized by increasing
the flow rate tenfold which induces shear stresses causing some of the colloids in the
thin films to get dislodged (Gao et al. 2006). The retained colloids in the immobile
water zones were mobilized as they converted to mobile water zones due to physical
perturbation, as shown in Fig. 23.8 (Gao et al. 2006).

In contrast to the findings of Wan and Wilson (1994a) and Wan et al. (1994) from
micromodel studies, Crist et al. (2004) observed from flow cell experiments that
colloids were retained at AWS and no retention was observed at AWI and SWI as
shown in Fig. 23.8. Zevi et al. (2005) observed that hydrophilic colloids retained
mainly on AWS, whereas hydrophobic colloids attached to AWI, SWI and AWS.
The smaller hydrophilic colloids were found to attach throughout the water film.
Colloid retention at grain to grain contact is shown in Fig. 23.9. Johnson et al. (2010)
observed colloid retention at grain to grain contact when the ratio of colloid diameter
to collector diameter is greater than 0.005, and the colloids retained at grain to grain
contacts could not be detached by decreasing the ionic strength or by increasing the
velocity. Bradford et al. (2005) observed that straining increased with the textural
contrast of the sand grains. Smaller colloids were found to significantly attach to
the open surfaces due to surface roughness (Johnson et al. 2010). From flow cell
experiments, Morales et al. (2009) observed a greater retention of colloids on rough
sand than on smooth ones under both saturated and unsaturated conditions due to
high frictional forces on the rough surfaces.
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Table 23.3 Mechanisms observed through flow cell experiments

Mechanism References Porous media Colloid Key finding

Sorption at
AWS, AWI
and SWI

Zevi et al.
(2005)

Silica sand Carboxylate polystyrene
microspheres, blue
polystyrene microspheres

Colloids
retained at
AWS when
film thickness
is
approximately
equal to
colloid
diameter

Crist et al.
(2004)

Quartz sand Blue dyed polystyrene latex
microspheres

Drainage
causes higher
retention of
colloids at the
AWS

Smith et al.
(2008)

Quartz sand Latex microspheres,
bacteria, Poly lactic acid
microspheres

Colloids
attached to
grain surfaces.
Rate constants
estimated at
pore scale able
to simulate
Darcy scale
observations

Morales
et al. (2009)

Quartz sand Polystyrene dyed colloids Colloid
deposition is
more on rough
than on
smooth sand

Remobilization Gao et al.
(2006)

Quartz sand Carboxylate-modified latex
microspheres

Transient flow
mobilizes
colloids
retained in
thin water
films and
immobile
zones

Straining Johnson
et al. (2010)

Glass beads Fluorescent
carboxylate-modified
polystyrene latex
microspheres

Straining is
prominent for
colloid to
collector ratio
greater than
0.005

Bradford
et al. (2005)

Quartz
sand-homogenous
and layered

Yellow-green fluorescent
latex microspheres

Increase in
textural
contrast
increases
straining

(continued)
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Table 23.3 (continued)

Mechanism References Porous media Colloid Key finding

Film straining Gao et al.
(2006)

Quartz sand Carboxylate-modified latex
microspheres

Low moisture
experiments
trap colloids
in thin films
due to surface
tension

Fig. 23.7 Retention of colloids (blue dyed) a within the films (shown with red arrow) and b held at
AWI of pendular rings (red circles) (Gao et al. 2006). Reprinted from Gao et al. (2006), copyright
2006, permission obtained from John Wiley and sons

Fig. 23.8 Conversion of a immobile water zones to b mobile water zones in transient conditions
(Gao et al. 2006). The blue fluorescent dyed colloids are trapped at the AWI in immobile zones and
a faint bluish line of colloids is seen on remobilization. Reprinted from Gao et al. (2006), copyright
2006, permission obtained from John Wiley and sons
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Fig. 23.9 Retention of
colloids (white) at the grain
to grain contacts (Johnson
et al. 2010). Reprinted from
Johnson et al. (2010),
copyright 2010, permission
obtained from Elsevier

23.3.2 Column Scale

The column scale represents one-dimensional flow and transport. It has a length scale
of tens of centimeters, and ismuch larger than theREVscale.Colloid transport studies
are usually carried out at the column scale by performing laboratory experiments. The
various underlying mechanisms of colloid retention, such as deposition to SWI and
AWI, blocking, straining, and ripening, are inferred from the observed breakthrough
curves and the retention profiles (Bradford et al. 2004; Keller et al. 2004; Torkzaban
et al. 2008; Wan and Wilson 1994b; Saiers et al. 1994b; Wang et al. 2012a; Wan and
Tokunaga 1997; Camesano et al. 1999). Colloid transport at this scale is modelled
mathematically using a 1D advection–dispersion equation modified to account for
one or more retention mechanisms such as one-site or two-site deposition, blocking,
straining, ripening, and aggregation. One-site and two-site deposition represent the
different types of deposition sites available on the soil surface, including equilibrium
site (Schijven et al. 2000a; Jin et al. 2000; Torkzaban et al. 2006a, b), and reversible-
and irreversible-kinetic sites (Li and Johnson 2005; Bai et al. 2016; Hornberger
et al. 1992; Tufenkji et al. 2004; Wang et al. 2012a; Shen et al. 2008; Hosseini and
Tosco 2013; Ma et al. 2017). The values of the macroscopic parameters representing
various retention mechanisms are estimated by fitting the experimental breakthrough
curves or the retention profiles with the advection–dispersion-deposition equation.
Some of the column studies where a linear kinetic model describes the deposition
of colloids to the grain surface in a homogeneous porous medium under saturated
conditions are given in Table 23.4. Table 23.5 lists some of the column experimental
studies where straining mechanism was observed along with deposition to the grain
surface in a homogeneous porous medium. Table 23.6 lists some of the column
experimental studieswhere blocking or size exclusion occurred alongwith deposition
to the grain surface in a homogeneous porous medium. Some of the studies where
deposition to both SWI and AWI occurred in a homogeneous porous medium under
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Table 23.7 List of column experimental studies with colloid deposition to the grain surface and
AWI under unsaturated conditions

References Porous
medium

Colloid Mathematical
model

Attachment
rate coefficient
(min−1)

Detachment
rate coefficient
(min−1)

Straining
coefficient
(min−1)

Lenhart
and Saiers
(2002)

Quartz
sand

Silica
colloids

Dual rate law
irreversible
kinetic model

0.0013–0.0081

Saiers and
Lenhart
(2003)

Quartz
sand

Silica
colloids

Two site
irreversible
attachment
model with
straining

1.14 × 10–4 to
3.21 × 10–2

(SWI); 1.14 ×
10–3 to 1.66 ×
10–2 (AWI)

2.04 × 10–4 to
3.83 × 10–3

4.25 × 10–4

Gao et al.
(2004)

Quartz
sand

Kaolinite
and illite
clay

Two site
irreversible
attachment
model with
straining

0.0032–0.012
(AWI and
SWI)

0.0028–0.003

Torkzaban
et al.
(2006a)

Quartz
sand

MS2 and
F × 174

Two site
reversible
kinetic model
with
attachment to
AWI and
SWI

0.00005–0.01
(SWI);
0.0006–0.0097
(AWI)

0.0001–0.0095
(SWI); 5 ×
10–6 to
0.00002
(AWI)

unsaturated conditions are listed in Table 23.7. The range of values of rate coefficients
for attachment, detachment and straining estimated from column experiments are
6.83 × 10–5 to 2.58 min−1, 5 × 10–6 to 2.34 min−1, 6.76 × 10–6 to 152 min−1,
respectively. However, these macroscopic 1D parameters are averaged quantities
obtained by averaging the pore-scale processes and depend on the physico-chemical
conditions of the system studied, including the flow velocity, ionic strength, pH,
type of colloid and soil, size of colloid and soil grains, and degree of saturation.
These estimated parametersmay not be applicable to predict colloid transport under a
different physico-chemical condition and may not be able to predict colloid transport
at larger scales due to spatial variability in the soil properties. Hence, it is essential to
link the pore-scale processes and parameters quantitatively to column scale processes
and parameters to predict colloid transport under a wide range of physico-chemical
conditions. Most commonly, pore-scale visualization studies explain the observed
mechanisms at the column scale only qualitatively (Bradford et al. 2005; Auset et al.
2005).

The effect of geochemical heterogeneity on colloid retention in porous media at
the column scale has been investigated by many researchers and is given in Table
23.8. For example, Johnson et al. (1996) and Chen et al. (2020) performed column
experiments to study the transport of silica and natural soil colloids, respectively,
through a chemically heterogeneous porous medium made up of clean and iron
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Table 23.8 Effect of chemical heterogeneity on colloid transport in column studies

References Porous media Colloid Percentage of
heterogeneity

Mathematical
model

Key finding

Johnson et al.
(1996)

A mixture of
ferric
oxyhydroxide
coated and
uncoated sand

Silica
microspheres

0–16% Two site
irreversible
kinetic model
with blocking

Colloid
retention
increased with
increasing
degree of
heterogeneity

Chen et al.
(2020)

A mixture of
(1) pure
quartz sand
and sand
coated with
goethite, and
(2) pure
quartz sand
and sand
coated with
goethite and
humic acid

Soil colloids 0.5%
Goethite,
0.4% Humic
acid

– Colloid
retention
increased in
the presence of
goethite and
decreased in
the presence of
humic acid

Han et al.
(2006)

Glass beads MS2 and F ×
174

1:1mixture of
hydrophilic
and
hydrophobic
glass beads

– Higher
retention in
chemically
heterogeneous
medium.
Greater
retention in
saturated
medium

Hopmans and
Schoups
(2005)

Quartz sand
mixed with
amino silane

Carboxyl
latex

10% Two-site
irreversible
model

Colloid
transport is
affected by the
fraction of
chemical
heterogeneity
and not its
spatial
variability

oxide-coated quartz sand, thereby creating unfavourable and favourable sites for
deposition. The column is homogeneous, with the degree of chemical heterogeneity
being uniform throughout the porous medium. They found that even a small fraction
of favourable sites significantly increased colloid deposition, and the deposition rate
decreasedwith time due to blocking. The experimental results of Johnson et al. (1996)
were simulated using a patch-wise charge heterogeneity model (or a two-site kinetic
model) with separate deposition kinetics for favourable and unfavourable sites. The
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deposition rate coefficients to favourable and unfavourable sites were estimated inde-
pendently using the transport data from experiments performed with only iron-oxide
coated sand and clean sand, respectively. In a column packed with clean quartz sand,
Hopmans and Schoups (2005) studied the effect of layered heterogeneity created
by aminosilane-modified quartz sand at different depths. They found that the spatial
distribution of the chemical heterogeneity of the porous medium does not affect
the deposition rate and the transport behaviour of carboxyl latex particles for a given
fraction of heterogeneity. The presence of organic matter on the soil surface decrease
the deposition of colloids as they offer unfavourable conditions for deposition (Chen
et al. 2020). In contrast to the above studies, virus retention has been found to be
lesser in a chemically heterogeneous porous medium composed of hydrophilic and
hydrophobic glass beads than a homogeneous porous medium of hydrophilic glass
beads (Han et al. 2006). This is because of flow bypassing the hydrophobic regions
in heterogeneous media, thereby a fraction of favourable sites were not accessible
to viruses. Also, virus retention has been found to be greater under saturated than
unsaturated conditions in a chemically heterogeneous porous medium composed of
hydrophilic and hydrophobic glass beads (Han et al. 2006).

At the column scale, the various forms of physical heterogeneity studied are grain
surface roughness (Shen et al. 2015), layered heterogeneity (Johnson et al. 1996; Rod
et al. 2018), embedding a tubule of soil in a larger matrix of another soil (Bradford
et al. 2004; Saiers et al. 1994a; Lv et al. 2016; Mishurov et al. 2008), and a mixture
of soil grains of various sizes (Rod et al. 2018). A detailed review of the effect of
physical and chemical heterogeneity on colloid transport in the subsurface can be
found in Ryan and Elimelech (1996) and McCarthy and McKay (2004). Table 23.9
describes the effect of physical heterogeneity on colloid transport at the column scale.

Surface roughness caused greater attachment and detachment of fullerene
nanoparticles onto sand than glass beads in laboratory columns (Shen et al. 2015).
The effect of structural heterogeneity on the transport of silica colloids was studied
by embedding a tubule of coarse-grained sand in a matrix of fine-grained sand
throughout the length of the column (Saiers et al. 1994a). Both the tracer and colloid
breakthrough curves from heterogeneous columns were characterized by multiple
inflections, indicative of the preferred flow path through coarse sand as shown in
Fig. 23.10, whereas those from a homogeneous column packed with either coarse-
grained or fine-grained sand had only a single peak. The experimental results from
heterogeneous columns were successfully simulated using a 2D advection–disper-
sion equation with first-order reversible kinetic deposition, in which the kinetic rate
coefficients for fine- and coarse-grained soil were estimated by fitting the break-
through curves of homogeneous columns of fine- or coarse-grained soil with 1D
advection–dispersion-deposition equation. It was found that about 60% of colloidal
mass transmitted through the preferredflowpath. Similar kindof breakthrough curves
characterized by early arrival and multiple inflections were also observed by Lv et al.
(2016) for the transport of TiO2 nanoparticles in a structurally heterogeneous soil
composed of fine sand embedded in the centre of a column packed with coarse sand
and both the sand types extending throughout the column length. It was also found
that the TiO2 nanoparticle retention in heterogeneous soil is lesser than homogeneous
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Table 23.9 Effect of physical heterogeneity on colloid transport at column scale

References Porous
media

Colloid Form of
heterogeneity

Mathematical model Key finding

Shen et al.
(2015)

Sand,
glass
beads

Fullerene Surface
roughness

Sand retained
more colloids
than glass
beads

Saiers
et al.
(1994a)

Quartz
sand
(fine
and
coarse)

Colloidal silica Tubule of
coarse sand
embedded in
the matrix of
fine sand

2D
advection–dispersion
equation with
first-order reversible
kinetic deposition

Preferential
flow paths
cause a
non-sigmoidal
breakthrough
curve

Bradford
et al.
(2004)

Quartz
sand of
varying
sizes

Yellow-green
fluorescent latex
microsphere

Coarse or
fine-textured
soil lens
embedded in
fine or coarse
textured
matrix soil

One-site reversible
kinetic model with
straining

Flow
bypassed
fine-textured
soil, and
colloids
retained at
textural
interfaces

Lv et al.
(2016)

Quartz
Sand

nTiO2 Fine sand
embedded in
coarse sand

One-site irreversible
deposition with
blocking

Preferential
flow paths
through
coarse sand

Mishurov
et al.
(2008)

Quartz
sand

Carboxylate-modified
microspheres

Fine sand
tubes within
a column of
coarse sand

– Higher
recovery of
colloid due to
exchange
between the
fine and
coarse sand

soil under the same experimental conditions, indicating that structural heterogeneity
can facilitate colloid transport. Further, the length of the embedded fine sand had
minimal effect on TiO2 nanoparticle transport, pointing to the dominance of the
preferential flow path created by the coarse sand on the colloid transport behaviour.
The experimental results were simulated using a two-domain model accounting for
the exchange of mass between fine and coarse sands and irreversible deposition to
the sand types with blocking.

In another study, Bradford et al. (2004) investigated the transport of fluorescent
latexmicrospheres in a physically heterogeneous systemconsisting of various combi-
nations of coarse or fine-textured cylindrical soil lens embedded in the centre of a
larger cylinder of fine or coarse textured matrix soil. Physical heterogeneity led to
flow bypassing the fine-textured soil, thereby causing early arrival of both tracer and
colloids due to size exclusion and long tailing in the breakthrough curves, as shown
in Fig. 23.11. Also, colloids were retained at the textural interfaces, and retention
increased with increasing particle size and decreasing grain size due to straining.
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Fig. 23.10 Breakthrough
curve of colloidal silica from
a physically heterogeneous
porous media (Saiers et al.
1994a). Reprinted from
Saiers et al. 1994a, copyright
1994, permission obtained
from Elsevier

Mixed physical heterogeneity created by mixing glass beads of two different sizes
was found to retain more SiO2 colloids than sequential layered heterogeneity of
coarse and fine glass beads due to smaller pore size in the mixed heterogeneous
porous media (Rod et al. 2018).

23.3.3 Sand-Box Scale

One dimensional column experiments cannot account for the spatial variability
in hydraulic conductivity and the complex three-dimensional flow and transport
processes existing at the field scale. For example, spatial variability of rainfall, soil
heterogeneity, and vegetation have been found to play a significant role in colloid
transport in the subsurface at the field scale (Loveland et al. 2003; Wang et al. 2019;
Yu et al. 2012) and cannot be studied at the column scale. Two- or three-dimensional
laboratory sand-box experiments having a length scale of meters can provide a close
representation of the field conditions in the lab and can be used to obtain a better
understanding of the processes occurring in the field. A typical experimental set-
up of a sand-box study is shown in Fig. 23.12. The experimental setup consists of a
chambermade up of acrylic or glass to hold the porousmedium, pumps, constant head
reservoirs at the inlet and outlet to maintain flow through the porous medium, screens
to distribute the flow along the entire crosssection of the tank, colloid injection well,
and sampling ports at multiple locations along the longitudinal and transverse direc-
tions to collect the samples for analysis (Schijven et al. 2000a). The sand-box studies
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Fig. 23.11 Breakthrough curves (a) and spatial distribution of colloids (b) in a physically hetero-
geneous porous media (Bradford et al. 2004). Reprinted from Bradford et al. (2004), copyright
2005, permission obtained from Elsevier

reported in the literature along with the associated mechanisms and mathematical
models are listed in Table 23.10.

Transport of Pseudomonas putida bacteria through saturated quartz sand was
studied by Chrysikopoulos et al. (2012) by performing 3D sand-box experiments.
The experimental results were simulated using a 3D advection–dispersion equation
in a uniform flow field, accounting for first-order reversible deposition and first-order
decay in liquid and solid phases. The effect of layered chemical heterogeneity on
the transport of silica coated zirconia colloids through sand was studied by Loveland
et al. (2003) in a two dimensional acrylic tank. A mixture of ferric oxyhydroxide
coated (favourable site) and uncoated (unfavourable site) sand was filled in three
layers parallel to the direction of the flow in the tank, with each layer having a
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Fig. 23.12 Typical set-up of sand-box experiments (Chrysikopoulos et al. 2012). Reprinted by
permission from springer (Chrysikopoulos et al. 2012), copyright 2012

different fraction of coated sand: 0.001, 0.1 and 0.05 in the top, middle and bottom
layers, respectively. Figure 23.13 presents the experimental breakthrough curves
from Loveland et al. (2003). It can be seen that as the fraction of favourable sites for
deposition increases, the time to breakthrough increases and the peak breakthrough
concentration decreases. Since transverse dispersion of tracer and colloids was found
to be negligible, colloid transport in each layer wasmodelled using a one dimensional
two-site irreversible kinetic model with blocking (Fig. 23.13).

Phenrat et al. (2010) studied the effect of layered physical heterogeneity of soil
on the transport of nZVI particles using a 2D flow cell filled with five layers of fine,
medium and coarse sand (Fig. 23.14). The nZVI suspensions were injected through
an injection well into the third layer from the top, and the background solution flowed
from left to right of the flow cell. The velocity distribution in the layers simulated
using a two dimensional groundwater flow equation showed that flow happened
predominantly through the medium and coarse sand, with negligible flow through
the fine sand (Fig. 23.14). Phenrat et al. (2010) observed from experiments that
nZVI particles were transported through preferential flow paths through coarse and
medium sand, and accumulated significantly at the point of injection (Fig. 23.3; X
= 0–7.5 cm and Y = 7–12 cm) in the fine sand layer due to its low permeability, and
in the low velocity regions (Fig. 23.3; X = 0–8 cm and Y = 1–4 cm, X = 17–30 cm
and Y = 4–8 cm) (Fig. 23.15).

The role of surface runoff on the transport of colloids in the subsurfacewas studied
byYu et al. (2011) by performing sand-box experiments in the presence of a simulated
rainfall of uniform intensity. The tracer and kaolinite clay colloids applied to one
end of the sand box appeared predominantly in the surface runoff, and their mass
recovered from surface flow was higher than that of subsurface flow. This is due to
the exchange of tracer and colloids from the subsurface to the surface runoff caused
by film diffusion, raindrop induced exchange, and pumping exchange. Both the
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Fig. 23.13 Tracer and colloid concentrations as a function of time. Best fits produced by the colloid
transport model are shown as solid curves. Travel distance is listed along the top of the graphs. λest
and λmeas are the measured and estimated values of favourable surface fraction (Loveland et al.
2003). Reprinted from Loveland et al. 2003, copyright 2003, permission obtained from Elsevier

Fig. 23.14 Schematic of 2D flow cell with heterogeneous layered packing and simulated flow
paths (Phenrat et al. 2010). Reprinted with permission from Phenrat et al. (2010). Copyright 2010
American Chemical Society
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Fig. 23.15 Contourmap illustrating nZVI particles deposited onto sand grains (mg of nanoparticles
per kg of sand. X and Y axis represent distances in cm (Phenrat et al. 2010). Reprinted with
permission from Phenrat et al. (2010). Copyright 2010 American Chemical Society

kaolinite and tracer breakthrough curves in the surface runoff showed extended tailing
indicating their slow release from the soil to the surface runoff (Fig. 23.16). Also,
the transport of kaolinite resembled tracer transport in the surface runoff, whereas
the mobility of kaolinite was lower than that of the tracer in the subsurface due to
its deposition onto the grain surface. Similarity in the transport behavior of colloids
and tracer in the surface runoff was also observed by Yu et al. (2013) in the presence
of vegetation. However, colloids showed a slightly lesser peak concentration than
the tracer due to the removal of colloids from the overland flow by dense vegetation
(Yu et al. 2013). Tailing of the E. coli breakthrough curve in the surface runoff was
observed by Bradford et al. (2015), with lesser peak and greater tailing for larger
runoff slopes when the E. coli suspension was applied at the soil surface. This is
because of greater amounts of exchange with the subsurface and greater extent of
physical nonequilibrium in the runoff layer with increasing slope. In another study,
Wang et al. (2019) studied the effect of rainfall events on the transport of DNA
labelled particle tracers through loamy sand in a sloped lysimeter receiving periodic
rainfall for ten days. They found that the particle recovery rate was less than the
tracer, and the particles travelled faster than the tracer. Mondal et al. (2018) observed
the phenomenon of viscous fingering when a suspension of viscous carboxymethyl
cellulose-stabilized nano zero valent iron (CMC-nZVI) particles was injected as a
point source into the sandbox, having the background solution flowing from the inlet
to outlet (Fig. 23.17).
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Fig. 23.16 Transport of a
bromide and b kaolinite in
surface flow (Yu et al. 2011).
Reprinted from Yu et al.
(2011), copyright 2011,
permission obtained from
Elsevier

Fig. 23.17 CMC-nZVI plume movement in the sandbox during point injection (Mondal et al.
2018). Reprinted from Mondal et al. (2018), copyright 2018, permission obtained from Elsevier
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23.3.4 Field Scale

Field having a length scale of kilometers is characterized by a high degree of spatial
heterogeneity in hydraulic conductivity, which leads to colloid transport occurring
through preferential flow paths, interconnected fractures and macropores formed by
earthworm burrows or root channels (Burkhardt et al. 2008). The deposition behavior
of colloids has been found to be distinctly different for the first few meters from the
source of contamination as compared to the later distance in the aquifer due to
heterogeneity (Schijven et al. 1999; Zhang et al. 2001). The spatial heterogeneity at
the field scale is also the reason behind the early and late breakthrough of colloids
at different sampling locations (Becker et al. 1999; McKay et al. 2000). Table 23.11
lists the various field-scale studies on colloid transport reported in the literature.

Colloid transport through preferential pathways caused by fractures and macro-
pores has been observed by many researchers at the field scale (Vilks et al. 1997;
Becker et al. 1999; Göppert and Goldscheider 2008). Vilks et al. (1997) observed in
a granite formation that silica colloids were transported over a distance of 17 m, and
the breakthrough curves of both tracer and silica colloids were characterized by sharp
initial peaks and long tails, indicative of the effect of fracture geometry and hydraulic
conditions within the fracture zone, and is shown in Fig. 23.18. The peak concentra-
tion of colloids eluted was less than tracer due to colloid deposition onto the fracture
surface. Similar kind of breakthrough curves was observed by Higgo et al. (1993)
for the transport of fluvic acid particles in field conditions and is attributed to the
spatial heterogeneity of the subsurface. Zhang et al. (2001) observed extended tailing
of breakthrough curves of bacterial strain Comamonas DA001 in the field for four
months, indicating that low concentrations of bacteria were present in the ground-
water for a long period. The experimental results were modelled using a one dimen-
sional two-site kinetic model with one site being reversible and the other site being
irreversible. The rate coefficient of attachment of bacteria to the soil has been found
to be spatially variable, with its value decreasing with increasing travel distance. This
may be due to decreased bacterial adhesionwith increased transport distance because
of alteration of bacterial surface properties with transport. Hence, the column esti-
mated rate constants may under predict the travel distances of colloidal contaminants
in the field (Zhang et al. 2001). Extended tailing of bacteriophages MS2 and PRD1
was observed in the field study by Schijven et al. (1999). The experimental results
weremodelled using a one-site reversible kinetic model with inactivation. Themodel
represented the maximum breakthrough concentration and tail of the breakthrough
curves satisfactorily, but was unable to simulate the end of the rising limb and the
onset of the falling limb. The bacteriophage removalwas larger for the first fewmeters
than later with a reduction of 3log10 and 8log10 in 2.4 and 30 m of travel distance,
and the estimated attachment rate coefficient decreased with the travel distance.
Similarly, in another study, Schijven et al. (Schijven and Šimůnek 2002) observed a
nonlinear reduction in the concentration of MS2, PRD1, Clostridium bifermentans,
and E. coli in a sandy aquifer, with the removal being largest in the first 8 m than
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ůn
ek

(2
00
2)
,

Sc
hi
jv
en

et
al
.

(2
00
0b
)

So
m
er
en

in
so
ut
he
as
t

N
et
he
rl
an
ds

Sa
nd
y
aq
ui
fe
r

M
S2

an
d
PR

D
1,

sp
or
es

of
C
lo
st
ri
di
um

bi
fe
rm

en
ta
ns

(R
5)

an
d
E
sc
he
ri
ch
ia
co
li

(W
R
1)

D
ee
p
w
el
l

in
je
ct
io
n

2D
tw
o-
si
te

re
ve
rs
ib
le

m
od

el
w
ith

in
ac
tiv

at
io
n

6.
94

×
10

–8

to
0.
00
35

3.
61

×
10

–7

to
0.
03
6

E
xt
en
de
d

ta
ili
ng

of
ba
ct
er
io
ph
ag
es

ob
se
rv
ed (c
on
tin

ue
d)



23 Colloid Transport in Porous Media at Multiple Length Scales 599

Ta
bl
e
23
.1
1

(c
on
tin

ue
d)

R
ef
er
en
ce
s

Fi
el
d
lo
ca
tio

n
Fo

rm
at
io
n

C
ol
lo
id

ty
pe

So
ur
ce

of
co
llo

id
M
at
he
m
at
ic
al

M
od
el

A
tta

ch
m
en
t

ra
te

co
ef
fic

ie
nt

(m
in

−1
)

D
et
ac
hm

en
t

ra
te

co
ef
fic

ie
nt

(m
in

−1
)

In
fe
re
nc
e

B
ur
kh
ar
dt

et
al
.

(2
00
8)

A
ra
bl
e
la
nd

ne
ar

M
er
ze
nh
au
se
n,

G
er
m
an
y

O
rt
hi
c
L
uv
is
ol

w
ith

si
lt
(8
0%

)
an
d
cl
ay

(2
0%

)

Sy
nt
he
tic

po
ly
m
er

re
si
n
m
ic
ro
sp
he
re
s

Sp
ra
yi
ng

on
fie

ld
so
il

su
rf
ac
e
w
ith

pe
st
ic
id
e

sp
ra
ye
r

–
–

–
R
ai
nf
al
lc
au
se
d

re
m
ob

ili
za
tio

n
of

co
llo

id
s,
an
d

th
e
co
llo

id
s

w
er
e

tr
an
sp
or
te
d
in
to

th
e
su
bs
ur
fa
ce

m
ai
nl
y
th
ro
ug
h

m
ac
ro

po
re

st
ru
ct
ur
es



600 M. J. Horta et al.

Fig. 23.18 Tracer (iodide) and colloid elution profiles in granite formation (Vilks et al. 1997).
Reprinted from Vilks et al. (1997), copyright 1997, permission obtained from Elsevier

thereafter: 6log10, 5log10 and 7.5log10 for MS2 and PRD1, Clostridium bifermen-
tans, and E. coli, respectively. This nonlinear reduction with distance is attributed to
the geochemical heterogeneity caused by the presence of ferric oxyhydroxides in the
first 8 m from the injection well, which provide a favourable site for the attachment
of microorganisms. Later, Schijven and Simunek (2002) reanalysed the field data of
Schijven et al. (1999, 2000b) and found that a two dimensional two-site kineticmodel
with inactivation was capable of simulating the observed breakthrough curves from
both the field sites (Fig. 23.19). Becker et al. (1999) observed early arrival of fluo-
rescent carboxylate-modified latex colloids compared to solutes in fractured granite/
schist field site in central New Hampshire and attributed this effect to size exclusion.
Also, the retention was found to be greater for larger than smaller colloids due to
aggregation and settling. Carboxylate polystyrene microspheres were detected in a
spring 2.5 km downstream of the cave stream in a karst aquifer where they were
injected (Göppert and Goldscheider 2008). The microspheres were found to travel
faster than the solutes during low flow following preferential flow paths.

Transient flow due to rainfall has been found to remobilize the deposited colloids
from the soil. McKay et al. (2000) observed colloids such as fluorescent latex micro-
spheres, bacteriophages PRD1 and MS2, INA (a strain of Pseudomonas syringae)
injected in a fractured shale saprolite appeared in the downstream observation wells
for several days after the day of injection, as shown in Fig. 23.20. This is due to the
remobilization of the deposited colloids by changes in flow and chemistry caused
by the infiltrating rainwater. In another study, Masciopinto et al. (2008) detected
pathogenic microorganisms such as E. coli, clostridium spores, somatic coliphages,
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Fig. 23.19 Measured and optimized MS2 breakthrough curves for dune recharge experiment.
Dashed lines represent one site model and full lines represent a two site model (Schijven and
Šimůnek 2002) Reprinted from Schijven and Šimůnek (2002), copyright 2002, permission obtained
from Elsevier

faecal coliform, faecal streptococci and total bacteria for several kilometers down-
stream of the point of injection of treated municipal wastewater in Nardo fractured
aquifer, Salento, Italy. They found that a safe setback distance of 8000 ± 4800 m
was needed between the point of wastewater injection and the point of water use.
The results from this study were also modeled using a three dimensional kinetic
model accounting for the inactivation of microorganisms. Figure 23.21 presents the
observed and simulated breakthrough of pathogens at different wells considered in
this study. Rainfall caused the deposited synthetic microspheres retained on the soil
surface tomove to larger depths in an arable land in Germany (Burkhardt et al. 2008).
Microspheres were transported to the subsurface mainly by the hydrologically active
macropore structures, therebybypassing large parts of the soilmatrix. The critical role
of antecedent moisture content and rainfall intensity on the mobilization of natural
colloids and its transport through surface flow, interflow in soil having macropores,
and subsurface flow in the underlying fractured mudrock in a sloping farmland plot
in Jieliu catchment in southwest China was studied by Zhang et al. (2015). Hydro-
dynamic shear caused by the overland flow broke and dispersed the soil aggregates,
resulting in the release of soil colloids in the surface runoff. Infiltration from rainfall
resulted in the mobilization of colloids from the soil layer and underlying rock due
to the movement of the air–water interface. Colloid concentration in surface runoff
has been found to be directly proportional to the rainfall intensity, whereas colloid
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Fig. 23.20 Concentration of colloids in an observation well for a period of 0–300 days after injec-
tion (McKay et al. 2000). Reprinted fromMcKay et al. (2000), copyright 2005, permission obtained
from John Wiley and Sons

concentration in the fracture flow peaked during the rising stage of the fracture flow
when the overlying soil was not saturated. However, when the overlying soil was
saturated, the maximum colloid concentration in the fracture coincided with the
peak discharge as shown in Fig. 23.22. The concentration of colloids in the surface
runoff was always 1–2 orders higher than in the subsurface flow. Colloidal particles
of smaller diameter (< 10µm) dominated the surface runoff as larger onesmight have
been removed by settling and entrapment by surface vegetation. In contrast, larger
colloids dominated the lateral and subsurface flows, with the smaller particles being
deposited to the grain or the fracture surface. The effect of geochemical conditions
on the mobilization of natural colloids from subsurface was investigated by Ryan
and Gschwend (1990). The suspended colloid concentrations were higher in anoxic
groundwater than in oxic groundwater. Anoxic conditions led to depletion of iron
present on soil surfaces, causing the mobilization of clay colloids attached to the soil
particles, whereas under oxic conditions, the oxidized iron created heterogeneous
patches on soil surface creating favorable conditions for colloid attachment.
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Fig. 23.21 Observed a total bacterial count at 37 °C; b E. coli, c Clostridium spores, d faecal
coliforms, e faecal streptococci, and f somatic coliphages at the sinkhole (open circles), Well
#1 (solid squares), Well #2 (solid triangles), Well #5 (open squares) and Well #4 (solid circles,
background values) (Masciopinto et al. 2008). Reprinted fromMasciopinto et al. (2008), copyright
2008, permission obtained from John Wiley and Sons

Fig. 23.22 Dynamics of subsurface flow and colloid transport in response to rainfall event. R1 and
R2 represent first and second peaks of rainfall intensity; D1 and D2 indicate the first and second
peak of fracture flow discharge respectively (Zhang et al. 2015). Reprinted from Zhang et al. (2015),
copyright 2015, permission obtained from Elsevier
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23.4 Linking of Transport Processes Across Various Scales

The deposition parameters of colloids vary by orders of magnitudes across scales,
as given in Tables 23.4, 23.5, 23.6, 23.7, 23.10 and 23.11. The attachment rate
coefficient has a range of 6.83 × 10–5 min−1 to 2.58 min−1, 0.00031 min−1 to
1.069 min−1, and 6.94 × 10–8 to 0.0035 min−1 at the column, sand-box and field
scales, respectively. The detachment rate coefficient has a range of 5× 10–6 min−1 to
2.34 min−1, and 3.61 × 10–7 to 0.036 min−1 at column and field scales, respectively.
The environmental conditions and the heterogeneity involved in the above transport
studies across scales are completely different. Hence, a direct comparison of the
values of rate coefficients across scales is not possible. However, it can also be
inferred that the lab-scale estimated parameters may not be able to predict the colloid
transport behaviour at the field scale. The dominant structural properties dictating
the transport of colloids span from distribution of pore sizes, pore connectivity and
heterogeneity on the grain surfaces at the pore and the column scale to the spatial
variability in hydraulic conductivity and the presence of preferential flow paths at
the field scale. Hence, colloid transport mechanisms are scale dependent and the
observed transport processes and the estimated parameters at a smaller scale may
not be capable of simulating the observations at a larger scale. It is imperative to
link the processes and the associated parameters across scales to understand the
effect of small-scale processes on large-scale processes. Though a number of studies
have been reported in the literature at each pore, column, sand-box and field scales
independently, studies that link the colloid transport processes across scales are rare
(Smith et al. 2008; Zhang et al. 2015; Velimirovic et al. 2020).

Smith et al. (2008) found that pore-scale derived rate constants can be used to
simulate colloid transport at the REV scale. Flow cell experiments were performed to
visualize the transport and deposition of latexmicrospheres,E. coli andmicrospheres
made of poly lactic acid in silica sand, aswell as to obtain colloid breakthrough curves
at REV scale. The attachment and detachment rate coefficients of colloids to the grain
surface estimated from the visualization study varied between 465 to 808h−1, and 303
to 1193 h−1, respectively. These pore-scale estimated rate coefficients were used to
simulate the observed breakthrough curves using 1D advection–dispersion equation
with first-order reversible deposition. It was found that the pore-scale derived rate
constants were capable of simulating the Darcy-scale results reasonably well though
themodel overestimated the attachment rate coefficients for latex and poly lactic acid
microspheres. This mismatch was attributed to not accounting for other mechanisms
such as straining, non-linear deposition or the way the pore-scale rate constants were
determined.

CFT (Yao et al. 1971) is the most commonly used approach to predict the attach-
ment rate coefficient of colloids under favourable conditions for deposition at the
macroscopic scale. Here, the expression for attachment rate coefficient is derived by
upscaling particle deposition rate from a single collector to a group of collectors. The
first step in CFT is to simulate particle transport in an idealized porous media model
to find a correlation equation for the dimensionless deposition rate called the single
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collector contact efficiency. A number of correlation equations for single collector
contact efficiency are available in the literature, which differs in the model geometry,
range of parameter values, and the mechanisms considered for particle attachment to
the collector surface (Tufenkji et al. 2004; Velimirovic et al. 2020; Kamai et al. 2015;
Long and Hilpert 2009; Ma et al. 2013; Nelson and Ginn 2011). The control volume
at the Darcy scale is assumed to be made up of identical collectors, and upscaling
to the Darcy scale is performed by applying mass balance at the Darcy scale based
on particle removal by a single collector (Nelson and Ginn 2011; Logan et al. 1995;
Molnar et al. 2015). CFT has been found to perform really well for micrometer-sized
particles under favourable conditions for deposition (Tufenkji et al. 2004; Nelson and
Ginn 2011;Molnar et al. 2015; Elimelech andO’Melia 1990; Tufenkji and Elimelech
2005). However, CFT has been found to overestimate the deposition rate at low flow
velocities, which are typical of groundwater flow conditions, and for nanometer-sized
particles (Ma et al. 2013; Nelson and Ginn 2011; Petosa et al. 2010).

Seetha et al. (2017) upscaled the transport of nanoparticles under unfavourable
conditions from pore to the Darcy scale in a homogeneous porous medium using
pore-network modeling. Pore-network modeling offers the advantage of studying
the macroscopic behaviour by accounting for the physics at the underlying pore
scale. The complex structure of the porous medium can be represented mathemat-
ically as an interconnected network of pore throats and pore bodies (Raoof et al.
2010). The first step in upscaling is simulating nanoparticle transport in a single
pore for a range of physicochemical conditions, and thereby developing correlation
equations for nanoparticle deposition parameters in a single pore in terms of various
pore-scale parameters (Seetha et al. 2015). The pore-scale derived expressions for
deposition parameters were then incorporated into a pore-network model to upscale
nanoparticle transport to the Darcy scale. Pore-network simulations were performed
for a wide range of parameter values to obtain the breakthrough curves of nanopar-
ticle concentration. The latter was then fitted with a macroscopic 1D advection–
dispersion-deposition equation to estimate the values of Darcy-scale rate deposition
coefficients. Correlation equations for the Darcy-scale deposition rate coefficients,
under unfavorable conditions, were provided as a function ofmeasurableDarcy-scale
parameters, including: porosity, mean pore throat radius, mean pore water velocity,
nanoparticle radius, ionic strength, dielectric constant, viscosity, temperature, and
surface potentials of the particle and grain surfaces. However, the effect of hetero-
geneity of the grain surface was not accounted for in the studies of Seetha et al.
(2015, 2017), which resulted in a multiplier in their correlation equations whose
value needed to be determined from calibration.

Velimirovic et al. (2020) upscaled the transport of humic acid-coated goethite
nanoparticles from 1D column scale to 3D lab scale by performing experiments
in a large-scale 3D container (9 m ×6 m × 4.5 m) in the lab having randomly
distributed fine and coarse sand blocks in three layers representing a heterogeneous
aquifer (Fig. 23.23). The experimental results were simulated using a 3D advection–
dispersion equation with irreversible deposition. The attachment rate coefficient for
the 3D modelling was obtained by fitting the breakthrough curves from 1D column
experiments with 1D advection–dispersion-deposition equation. The model results
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Fig. 23.23 Schematic of the large scale 3D container (Velimirovic et al. 2020)

showed that the particles tend to travel through the high permeable coarse sand
blocks. The simulated results were found to correctly reproduce the arrival time and
the shape of the nanoparticle breakthrough curve. However, the model results were
found to either overestimate or underestimate the concentration in some monitoring
wells. This discrepancywas attributed to settling and aggregation of the nanoparticles
which was not accounted for in the model. The other theoretical scaling approaches
available in the literature that can be adopted for upscaling colloid transport processes
are the scale-way approach (Vogel and Roth 2003; Roth et al. 1999) and power
averaging approach (Scheibe and Yabusaki 1998).

From the above studies, it can be seen that upscaling of colloid transport processes
beyond the REV scale has not been done. Though some studies have shown that
the column-scale estimated deposition parameters through homogeneous soils can
predict (reasonably well) colloid transport behaviour through a heterogeneous soil
at column (Johnson et al. 1996; Saiers et al. 1994a) or sand-box scales (Loveland
et al. 2003; Velimirovic et al. 2020), the heterogeneity at the lab scale is an artificially
created structured one. However, the spatial variability of heterogeneity at the field
scale is very large and it is not possible to exactly resolve the heterogeneity variation.
Also, it is not yet known what should be the scale of resolution of field-scale hetero-
geneity. Hence, more studies need to be conducted to link the transport processes and
the associated parameters across scales, and to accurately predict colloid transport
behaviour at the field scale.
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23.5 Conclusions

Colloid transport in porous media is a multi-scale problem with the length scales
spanning from micrometres at the pore scale to kilometres at the field scale. Colloid
transport studies at each scale provide valuable information about the factors and
mechanisms controlling the behaviour at each scale. The colloid deposition mech-
anisms are scale dependent, and are governed by the spatial heterogeneity at each
scale. Spatial heterogeneity manifests in the form of roughness at the pore-scale,
distribution in grain sizes and pore connectivity at the REV scale, structured hetero-
geneity at the column and sand-box scale, and high degree of spatial variability in
the hydraulic conductivity and the presence of macropores and vegetation at the field
scale. This results in the colloid breakthrough curve at the field scale being charac-
terized by a sharp peak and extended tailing, unlike the breakthrough curve at the
lab scale. Hence, the observed transport processes and the estimated parameters at
a smaller scale may not be capable of simulating the observations at a larger scale.
Thus it is imperative to link the processes and the associated parameters across scales
to better predict the transport behaviour at larger scales. Colloid deposition onto the
grain surface have been upscaled from pore to the REV scale in saturated homo-
geneous porous media, but not beyond the REV scale. Also, the scale effects on
the parameters describing other transport mechanisms such as blocking, straining,
deposition to SWI, AWI and AWS under partially saturated conditions, and the scale
effect of heterogeneity on the various transportmechanisms is not knownyet. Though
some studies have shown that the colloid transport behaviour through a structurally
heterogeneous soil at column or sand-box scales can be predicted by knowing the
deposition parameters for each type of soil in the heterogeneous system, the hetero-
geneity at the lab scale is an artificially created structured one. However, the spatial
variability of heterogeneity at the field scale is very large and the scale of resolution of
spatial heterogeneity information needed at the field scale to predict colloid transport
behaviour is not known yet. Hence, more experimental and numerical studies need
to be conducted to upscale colloid transport processes and the associated parameters
from the lab scale to the field scale, and thereby accurately predict colloid transport
behaviour at the field scale.
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