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Preface

Water and air pollution has been receiving remarkable consideration due to
increasing population, industrialization, and urbanization. Moreover, extensive
usage of various compounds in modernized processes has also led to an increase in
various toxic pollutants in water as well as in the atmosphere. Water and air
pollution has shown a wide range of adverse effects on both human beings and the
environment.

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

The Fourth International Conference on ‘Sustainable Energy and Environmental
Challenges’ (IV-SEEC) was organized under the auspices of ISEES from
November 27 to 29, 2019, at NEERI, Nagpur. This conference provided a platform
for discussions between eminent scientists and engineers from various countries
including India, USA, China, Italy, Mexico, South Korea, Japan, Sweden, Greece,
Czech Republic, Germany, the Netherlands, and Canada. In this conference, emi-
nent speakers from all over the world presented their views related to different
aspects of energy, combustion, emissions, and alternative energy resource for
sustainable development and cleaner environment. The conference presented one
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high-voltage plenary talk by Mrs. Rashmi Urdhwareshe, Director, Automotive
Research Association of India (ARAI), Pune.

The conference included 28 technical sessions on topics related to energy and
environmental sustainability including 1 plenary talk, 25 keynote talks, and 54
invited talks from prominent scientists, in addition to 70+ contributed talks, and 80+
poster presentation by students and researchers. The technical sessions in the con-
ference included fuels, engine technology and emissions, coal and biomass
combustion/gasification, atomization and sprays, combustion and modeling, alter-
native energy resources, water and water and wastewater treatment, automobile and
other environmental applications, such as sustainability, nuclear energy, sensors,
and other environmental challenges, such as clean fuels and other environmental
challenges, water pollution and control, biomass and biotechnology, waste to wealth,
environmental microbiology, and environmental biotechnologies. One of the high-
lights of the conference was the rapid-fire poster sessions in (i) engine/fuels/emis-
sions, (ii) environment, and (iii) biotechnology, where 50+ students participated with
great enthusiasm and won many prizes in a fiercely competitive environment. 300+
participants and speakers attended this three-day conference, where 12 ISEES books
published by Springer, Singapore, under a special dedicated series ‘energy, envi-
ronment, and sustainability,’were released. This was the third time in a row that such
a significant and high-quality outcome has been achieved by any society in India. The
conference concluded with a panel discussion on ‘Balancing Energy Security,
Environmental Impacts and Economic Considerations: Indian Perspective,’ where
the panelists were Dr. Anjan Ray, CSIR-IIP Dehradun; Dr. R. R. Sonde, Thermax
Ltd.; Prof. Avinash Kumar Agarwal, IIT Kanpur; Dr. R. Srikanth, National Institute
of Advanced Studies, Bengaluru; and Dr. Rakesh Kumar, NEERI, Nagpur. The panel
discussion was moderated by Prof. Ashok Pandey, Chairman, ISEES. This confer-
ence laid out the roadmap for technology development, opportunities, and challenges
in energy, environment, and sustainability domain. All these topics are very relevant
to the country and the world in the present context. We acknowledge the support
received from various funding agencies and organizations for the successful conduct
of the Fourth ISEES conference, where these books germinated. We would therefore
like to acknowledge SERB, Government of India (special thanks to Dr. Sandeep
Verma, Secretary); NEERI Nagpur (special thanks to Dr. Rakesh Kumar, Director);
CSIR; and our publishing partner Springer (special thanks to Swati Mehershi).

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 to express our
special thanks to Dr. Shiju Abraham, Dr. Ibrahim M. A. ElSherbiny, Dr. Hasmath
Farzana, Dr. Subbaiah Muthu Prabhu, Dr. Amal Raj, and Dr. Elanchezhiyan, who
reviewed various chapters of this monograph and provided their valuable sugges-
tions to improve the manuscripts.

This book is based on pollution control technologies available today to deal with
water and air pollution. This book includes the removal of a variety of pollutants
including chromium, uranium, pesticides, and arsenic from the water using
adsorption technique. In addition, this book deals with the sampling and removal of
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microplastics using various techniques. Moreover, this book includes few chapters
on the role of membrane technology in water and wastewater treatment. Few
chapters provide informations about particulate matter air pollution and its control
techniques. Chapters include recent results and focused more on the current trends
in water and air pollution sector. In this book, readers will get the idea about the
availability of various pollution control techniques, which will help them in
addressing various issues related to water and air pollution. We hope that the book
would be of great interest to the professionals and postgraduate students involved in
environmental science and engineering research.

Mumbai, India Swatantra P. Singh
Duisburg, Germany Karthik Rathinam
Kanpur, India Tarun Gupta
Kanpur, India Avinash Kumar Agarwal
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Chapter 1
Pollution Control Technologies: Current
Status and Future Prospects

Swatantra P. Singh, Karthik Rathinam, Tarun Gupta,
and Avinash Kumar Agarwal

Abstract Water pollution and air pollution remediation is an important task to
avoid their unnecessary impacts on environment and living species. Nowadays,
there are several technologies employed to control the water and air pollution.
Therefore, the main aim of this book is to provide an overview and future prospect
of the pollution control strategies adopted in different sectors including water and
air. This book contains 12 chapters and each chapter has its own purpose to discuss
the current scenario of control technologies in remediation of various toxic metal
ions, pesticides, micropollutants, radioactive pollutants, and dyes. Moreover, this
book highlights the pollution control technologies adopted in food processing and
desalination as well. Furthermore, it provides valuable informations about partic-
ulate matter air pollution and its control techniques. Overall, this book offers an
updated literature for researchers and academicians working in field of water and air
pollution and their control techniques.

Keywords Water pollution � Emerging contaminants � Air pollution � Particulate
matter � Control technology
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1.1 Introduction

Water and air pollution is the most responsible factors related with several health
diseases, and thus, it is imperative to find suitable remediation technology to clean
the air and water. Although several precautionary measures have been taken to
control the water and air pollution nowadays, no comprehensive solution is made
available. This chapter ties with the chapters dealing with various water and air
pollution remediation technologies in this book.

Pesticides are widely used nowadays to increase crop productivity and yields.
Nevertheless, they are potentially toxic to the environment and the cause of both
acute and chronic adverse effects on humans. Additionally, some of the old banned
pesticides remain in the soil and water for many years. There are several strategies
suggested for the pesticide control worldwide. Chapter 2 delivers a general over-
view of the types of pesticides, the usage of pesticides across the world, and their
several adverse effects on human beings. In parallel, this chapter also provides
information about the different physical and chemical techniques explored for
pesticide degradation technologies. Eventually, this chapter highlights the potential
application of nanomaterials as photocatalysts for the degradation of various per-
sistent organic pollutants in water.

Due to the extensive industrial developments and population growth, the energy
requirement is also steadily increased. Apart from coal, oil, and other fossil fuel
sources, nuclear power is considered as one of the main alternative energy sources
today. Nuclear energy has been produced through the splitting of the uranium
atoms. Uranium (U), a radionuclide, is often used in nuclear fuels, nuclear reactors,
and nuclear weapons across the world. Nevertheless, the continuous usage of U
leading to cumulative environmental pollution. Moreover, U ore processing and
mining, natural cycles, and usage of U containing fertilizers are also adding up to
the U pollution. Chapter 3 summarizes the development of various pollution control
techniques including photocatalytic, precipitation, adsorption, evaporation, ion
exchange, membrane technology, and electrochemical and biological processes
toward the minimization of U from the environment. Finally, this chapter discusses
the risk evaluation and progress of future strategies as well.

The presence of chromium (VI) in the environment poses significant threat to the
world as it led mutagenic and carcinogenic effects to all living species. In addition,
several health diseases associated with chromium (VI) have been reported. Through
metal complexation mechanisms, the toxic chromium (VI) produces reactive oxy-
gen species across the cell membranes, thereby damaging the cellular structures in
living species. Therefore, it is important to control chromium (VI) pollution. Plenty
of control methodologies have been reported for vanishing the chromium from the
environment. In this context, Chap. 4 deals with the occurrence of chromium,
chromium toxicity, and contamination, and chromium removal by different tech-
niques. Moreover, this chapter highlights the chromium removal by various bio-
logical methods and mechanism of chromium reduction by microbes. Furthermore,
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it talks about the pilot-scale studies involved in chromium removal. Finally, this
chapter also discusses the future perspectives in chromium removal as well.

Owing to various anthropogenic activities and natural processes, arsenic (As) is
existing in ground water over the years. The presence of As in drinking water has
been receiving special attention as they can lead to serious health issues to humans.
Therefore, As removal from drinking water has become unavoidable. Until now,
several point-of-use and community-based techniques have been implemented
across the world with the aim of providing As-free drinking water to the affected
population. Chapter 5 provides an overview of the various treatment technologies
such as coagulation and filtration, electrocoagulation, adsorption, ion exchange,
membrane filtration, capacitive deionization, and phytoremediation reported for the
removal of As from ground water. In addition, this chapter also discusses the
physical and chemical properties, occurrence, drinking water standards, and origin
of As in groundwater.

Microplastics (MPs) are smaller plastic particles (<5 mm) and are abundant in
the environment. Due to the steady increase in plastics usage, plastics production,
and their accumulation in the environment over the years, MPs have become one of
the major concerns to the ecosystem. Sewage treatment plants and surface runoff
are regarded as the potential sources for the existence of MPs in ecosystem. In this
context, Chap. 6 provides an overview of plastic pollution, various techniques
involved during the MPs sampling, MPs extraction, and purification techniques,
occurrence and morphology of MPs, fate, and removal of MPs at different treatment
stages in sewage treatment plants, the release of MPs to the environment, and
eventually advance techniques adopted for the removal of MPs.

To compensate the water scarcity across the world, along with emerging con-
taminants removal with the traditional treatment technology, desalination and
wastewater reuse through membrane technology have been suggested. Several
conventional water treatment technologies have been adopted for desalination and
wastewater treatment. Nevertheless, the effectiveness of conventional treatment
processes has become limited over the last few decades. Therefore, the use of
membrane technology has been widely recommended in desalination and
wastewater recycling to overcome the limitations of the conventional treatment
processes and to meet stringent water quality regulations. However, the effective
usage of membrane technology has been hindered due to many factors, including
membrane fouling, reduced life span, etc. Chapter 7 discusses the role of membrane
technology in desalination and wastewater treatment and describes the advantages
of membrane technology over conventional treatment techniques. Moreover, it
provides a brief overview of commonly used membrane processes, membrane
fabrication techniques, development of new generation membrane materials, and
membrane systems.

Forward osmosis (FO) membrane technology has the potential to treat the
wastewater and to produce high-quality water. In spite of the wide range of
applications, FO suffers from some major technological problems such as lack of
proper membrane design, separation of water from draw solution, etc. Therefore,
FO has been integrated with other membrane-based technologies to overcome its
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shortcomings. In this context, Chap. 8 provides an overview of the FO working
principle, membrane type, and its orientation, factors that significantly affect the
filtration process, membrane fouling, and FO integration with other techniques.
Eventually, this chapter also describes the advantages and contributions of FO
membrane technology in desalination and wastewater treatment.

A huge quantity of wastewater has been generated from various food industries,
including dairy, meat processing facilities, alcoholic beverages, edible oil, con-
fectionery and sugar industries, etc. The wastewater characteristics from those
industries significantly differ from each other, and they must be treated properly.
Chapter 9 summarizes relevant and recent literature gathered from various scientific
databases regarding the wastewater from various food industries. Also, it describes
the characteristics of the wastewater from the various food industries, including
dairy, poultry, alcohol fermentation, edible oil, fruit juice, sugar, slaughterhouse,
and cattle. Moreover, it provides information about the various treatment tech-
nologies reported for the treatment of wastewater from the above-mentioned food
industries. Furthermore, this chapter identifies the key challenges associated with
each treatment system and explores future opportunities in these wastewater
treatment sectors.

Sustainable wastewater management systems (WWS) should be established not
only to control water pollution but also to transform wastewater into the water with
good quality and energy. But increased water and energy shortage have forced all
wastewater treatment plants across the world to remodify its operations and func-
tioning of the WWS. Nevertheless, efficient WWS requires huge financial and
energy investment and skilled workers. In this aspect, Chap. 10 provides a com-
prehensive overview of overall energy analysis along with the evaluation of several
approaches for assessing the total energy consumption and energy efficiency.
Furthermore, it reveals that the energy efficiency indicators developed exclusively
for WWS can bring a better solution to the process of energy evaluation and process
benchmarking.

Epidemiological studies have been conducted to assess the adverse effects of
particulate matter on human health, and the results showed that particulate matter
pollution from certain sources caused more deaths in India. Moreover, many studies
have incorporated time series analysis to investigate the influence of particulate
matter pollution on mortality and morbidity using classic regression models.
Chapter 11 describes the application of a random forest regression model to predict
the number of patients who are registering at the respiratory outpatient department
in a government hospital named Shyama Prasad Mukharji in Lucknow. Lucknow
has been chosen for this investigation due to its variation in pollution levels
throughout the year and its administrative and industrial importance. This random
forest regression model considers the concentration of pollutants as a predictor
variable and number of patients visits as a reasonable variable, while relative
humidity and temperature are considered as confounders. Pollutant data were col-
lected from the central pollution control board network of continuous ambient air
quality monitoring stations in Lucknow. In this study, individual and synergistic
effects of various air pollutants such as particulate matter (PM2.5), sulfur dioxide
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(SO2), ozone (O3), and nitrogen dioxide (NO2) on human health have been eval-
uated and found that the synergistic effect of PM2.5 and NO2 showed significant
harmful effects on human health. Moreover, the regression model predicted that the
post-monsoon could be the most polluted season of the year with a higher number
of hospital visits.

Owing to the rapid growth in industrialization and inadequate air pollution
control measures, the emittance of particulate matter to the atmosphere is also
rapidly increased. This has resulted in the deterioration of the air quality and thus
showed significant adverse effects on human health and local and global climates.
Several approaches have been developed and implemented to reduce the emission
of hazardous pollutants from the emission source and to meet the given standards.
In this aspect, Chap. 12 provides an overview of the techniques available for
controlling particulate matter emission in industries and provides significant
information about the recent developments of the emerging techniques to control
particulate matter emission.

It is believed that this book chapter provides a comprehensive overview and
discussion on several pollution control technologies available today to deal with the
problems associated with water and air pollution.
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Chapter 2
Remediation of Persistent Organic
Pesticides from Wastewater Matrices—
Present and Future Conceptions

Sivakumar Vigneshwaran, Palliyalil Sirajudheen,
Perumal karthikeyan, Chettithodi Poovathumkuzhi Nabeena,
and Sankaran Meenakshi

Abstract Water pollution is one of the significant environmental issues at present,
which primarily originates from the discharge of industrial and agricultural
wastewater back into water resources. Persistent organic compounds such as pes-
ticides, dyes, and pharmaceutical wastes are the prominent sources of water pol-
lution. Pesticides are the substances which increase agricultural productivity by
destroying pests that are harmful to crops. However, the runoff and leaching of
toxic pesticide residues lead to bioaccumulation, xenobiotic and persistence
impacts, various health hazards, and severe ecological issues. Also, the industrial
effluents containing the recalcitrant pesticide pollute water system by their odor,
color, and formation of harmful or oncogenic by-products upon degradation. Due to
the complex nature of chemical mixtures present in wastewater, conventional
wastewater treatment processes are not always sufficed to remove the entire con-
taminant load. Therefore, the mineralization of persistent organics by the
semiconductor-based photocatalytic process turns out to be a low-cost, environ-
mentally responsive, and sustainable treatment technology which align with the
‘zero’ waste scheme. In this chapter, we discussed and detailed some data on
persistent pollutants such as pesticides, their metabolic activities, and environ-
mental impacts. The present perspective on their degradation using (p–n)
heterojunction-based semiconductors has also been reviewed.
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AML Acute myelocytic leukemia
AOPs Advanced oxidation processes
CA Chromosomal aberrations
CPF Chlorpyrifos
CRC Colorectal cancer
DCP 2,4-Dichlorophenol
DDD Dichlorodiphenyldichloroethane
DDT Dichlorodiphenyltrichloroethane
DHT 5a-Dihydrotestosterone
DSAs Dimensionally stable anodes
EDCs Endocrine disrupting chemicals
EPA Environmental Protection Agency
HD Hodgkin’s disease
MN Micronucleus
NHL Non-Hodgkin lymphoma
OPs Organophosphate pesticides
PCP Pentachlorophenol
PPE Personal protective equipment
RO Reactive oxygen species
PD Parkinson’s disease
SD Sprague Dawley
TCDD 2,3,7,8-Tetrachlorodibenzo-p-dioxin
TCP 3,5,6-Trichloro-2-pyridinol
TOC Total organic carbon
XPS X-ray photoelectron spectroscopy

2.1 Introduction

‘Substances used for the destruction of insects or other organisms that are harmful
to cultivated plants or livestock’ are called as pesticides. In today’s scenario, most
of the chemical pesticides used worldwide are developed initially in the laboratory
scale under an expert and are produced in industrial scale only after the positive
results. Some pesticides are harmful, to humans and other organisms. The pesticide
contamination of surface and groundwater poses a serious threat to neighboring
environments. Pesticides find extensive agricultural and domestic usage.
Environmental Protection Agency (EPA) describes pesticides as any substance or
mixture of materials intended for preventing, destroying, repelling, or mitigating
any pest. They are used for increasing the agricultural outcome (Sabarwal et al.
2018). In USA around the twentieth century, some of the pesticides were banned as
they were not registered under EPA. Hence, banned pesticides were exported to
other developing countries like India. As a result, the cases of pesticide poisoning
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increased 13 times as compared to USA (Swanimathan 1982). The usage of pes-
ticides was presented as a means to meet the increased demand for food products
owing to increase in population and an aid to the survival of many people who
depend on agriculture for their livelihood. But their prolonged usage leads to
adulteration of foodstuffs and making them unsafe for mankind or even oncogenic
in nature. Besides the environmental issues and health hazards, the extensive usage
of pesticides has affected biodiversity as well. Conventional techniques or tech-
nologies which were used to eliminate pesticides from the environment were
flocculation, coagulation, photolysis, adsorption, etc. These methods also have an
adverse effect on air, soil, and water quality as they lead to the formation of toxic
products. High operational cost low efficiency is some of the major drawbacks.
A promising technology which utilizes the ability of light as the source to remove
pollutants from the environment is photodegradation. This relatively low-cost
method is also eco-friendly and versatile. The methods and materials used for
removal of pesticides ranged from adsorption with clay, activated carbon, etc., and
treating with polymeric materials having semiconducting properties by oxidation.
The photodegradation process is dependent on several factors such as pH, kind of
matrix, temperature, and nature of pesticide.

2.2 Types of Pesticides

Pesticides can be grouped according to the type of target as insecticides, rodenti-
cides, fungicides, herbicides, etc. Pesticides can also be classified as organic and
inorganic pesticides depending on their chemical structure. Those which consist of
carbon along with any groups like F, O, P, S, and Cl in their molecular structure are
called as organic pesticides. Inorganic pesticides are comprised of groups like S and
Cu in their structure. Some of the conventional pesticides used for agricultural,
commercial, and residential purposes are listed in Table 2.1.

The major classifications of pesticides pertaining to their respective chemical
nature are organophosphate pesticides (OPPs), organochlorine insecticides (OCPs),
carbamate, and pyrethroids. The organochlorides are found to be most dangerous
than the other pesticides, because of their stable nature and subsequent leaching into
water and soil. It remains in the environment for more than three decades, polluting
surface as well as groundwater, turning out to be a heavy burden on humankind.

2.3 Non-biodegradable and Biodegradable Pesticides

Some pesticides do not breakdown easily and persist in the applied field for a long
time. These kinds of pesticides are used consistently due to their long-lasting
actions toward the pests. These are also called as residual chemicals as it resides on
the soil or on the treated surface for a prolonged period after its usage. Such residual
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pesticides can enter into air and water also and remain poisonous and active for
many years. These kinds of residual chemicals are called as non-biodegradable
pesticides. DDT, BHC, and dieldrin are examples of non-biodegradable
pesticides.

There is another class of pesticides developed by scientists, called biodegrad-
able pesticides that stay active, last only long enough to do their activity, and then
decompose into harmless and simple chemicals like water and carbon dioxide.
Preparations of less toxic residual chemicals are also being tried by scientists from
past years (Fig. 2.1).

2.4 Utilization of Pesticides All Over the World

Two million tonnes are the global usage of pesticides per year. The worldwide
percentage of utilization of pesticides is listed below:

(1) Europe: 45%
(2) USA: 25%
(3) Other countries: 25% (India—3.75%, and Korea and Japan—6.6%).

In India, the usage is around 0.5 kg/ha, whereas in Korea and Japan, the usage
around 12.0 kg/ha. In the cultivated land area, the pesticides cover only 25%
globally. There are three most commonly used pesticides which account for about
70% of the total pesticide consumption; they are HCH (only gamma-HCH is
allowed), DDT, and malathion. Since these pesticides are cost-effective and readily
available and display a wide spectrum of bioactivity, it remains as the best choice of
many farmers even though new pesticides are developed (Table 2.2).

Table 2.1 Classification of pesticides with respect to their toxic and chemical behavior

Pesticides Classification Examples

Insecticides • Organochlorines
• Organophosphates
• Carbamates
• Pyrethroids

DDT, BHC, malathion, aldicarb, carbofuran, pyrethrum,
allethrin, parathion, chlorpyrifos, diazinon, dichlorvos,
bifenthrin, cyfluthrin, cypermethrin, carbaryl

Herbicides • Triazines
• Urea and
substituted urea

• Carbamates and
thiocarbamates

• Chloroacetanilides

Atrazine, simazine, diuron, linuron, oxamyl, methomyl,
alachlor, acetochlor, metolachlor, dimethenamid, 2,4-D,
glyphosate, cyanazine, pendimethalin, trifluralin,
dicamba

Rodenticides Warfarin, bromadiolone, maneb, difenacoum

Fungicides • Phthalimide
• Thiocarbamate

Captan, sulfur, mancozeb, mefenoxam

Larvicides Temephos, methoprene, monomolecular films

Source Morillo and Villaverde (2017). Reproduced with permission from Copyright © 2017
Elsevier Ltd.
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In India, weed control is mainly done manually; thus, the consumption of her-
bicides is probably low. Pesticides also find their use in other sectors too, in
addition to agricultural use (Nandipati and Litvan 2016).

2.5 Effects of Pesticides

Pesticides can enter the human body in three ways such as oral entry, respiratory
entry, and dermal entry. Humans get exposed to pesticides in many ways. It causes
various effects based on the exposure intensity of the pesticide. People working in
pesticide industries, workers transporting hazardous chemicals, farmers, and fruits
and vegetable vendors and consumers get exposed to various concentration levels
of pesticides. Exposure to pesticides leads to numerous health disorders such as

Fig. 2.1 Flowchart representation of different types of pesticides with its subclasses

Table 2.2 Current consumption percentage of various pesticides all over the world

S. no. Consumption of pesticides Indian scenario (%) Worldwide scenario (%)

1 Fungicides 2 17.5

2 Herbicides 15 47.5

3 Insecticides 80 29.5

4 Other pesticides 3 5.5
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Hodgkin’s disease (HD), non-Hodgkin lymphoma (NHL) (Wiklund et al. 1987;
Luo et al. 2016), Parkinson’s disease (Brouwer et al. 2017; Wang et al. 2014),
endocrine disruption (Freire et al. 2013; Mazur et al. 2015), and respiratory and
reproductive disorders (Wiklund et al. 1987; Frazier 2007). Cancers in human are
believed to have a positive correlation with pesticides, e.g., glyphosate interference
with breast cancer (Thongprakaisang et al. 2013). The pesticides which contain
alkyl urea and amines are found to have a reference with brain tumors (Massimo
Musicco et al. 1988). Dieldrin at doses as low as 0.1 ppm causes tumors in lungs,
liver, lymphoid tissue, uterus, thyroid, and mammary gland in test animals (Norman
1974). Aging is associated with a major mechanism called oxidative stress.
Naturally, several vital processes in the body get affected due to this mechanism.
Pesticides like paraquat, rotenone, and maneb cause reactive oxygen species (ROS)-
mediated stress and neurodegenerative diseases. For instance, at the cellular level,
excessive production of ROS from mitochondrial respiratory complexes is closely
associated with Parkinson’s disease (PD). Thus, mitochondrial DNA and other
macromolecules are subjected to various serious injuries (Blesa et al. 2015;
Nandipati and Litvan 2016). Various other effects are discussed below.

2.6 Exposures to Pesticides

Pesticides can cause active or passive health risk because the majority of the human
population gets exposed to pesticides. The way we get exposed to pesticides is
inevitable, but the dosage of exposure is more crucial. The pesticide exposure can
be classified mainly into three categories as follows (Gunnell and Eddleston 2003).

(a) Short-term very high level of exposure (intentional and occupational)—11%
(b) Long-term high level of exposure (occupational)—33%
(c) Long-term shallow level of exposure (non-occupational)—56%.

The above-said percentage level describes the population being exposed to the
risk factors of pesticides.

2.6.1 Intentional Exposure

In most of the developing countries, many people commit suicide using pesticides
as it is readily available, especially in rural areas. In China and Southeast Asian
countries, nearly 300,000 deaths occurred due to intentional ingestion of pesticides
(Bertolote et al. 2006; Gunnell and Eddleston 2003). In Sri Lanka, a case study was
performed to evaluate the intentional and accidental exposure to these pesticides. It
was found that due to pesticide poisoning in a single year, around 13,000 patients
were admitted in hospitals. Toxicity has occurred due to both intentional and
unintentional exposures. In Sri Lanka, about a thousand people lost their life due to
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pesticide poisoning each year. Seventy-three percentage of patients consumed these
chemicals intentionally; accidental or occupational exposures were approximately
24.9%. Organophosphorous pesticides were most commonly involved in such
poisonings (Jeyaratnam et al. 1982).

2.6.2 Occupational Exposure

People employed in pesticide industries, in the transportation of pesticides, dealers,
farmers, and sellers of fruits and vegetables in the markets, are the primary victims
of occupational exposure. In Pakistan, one of the pesticide occupational outbreaks
occurred, around 2800 workers involved to control malaria by spraying malathion
for intoxication. From various studies, it was found that due to organophosphate
poisoning, the patients had decreased cholinesterase activity in red blood cells
(Baker et al. 1978). It is also surveyed that parents who are depended entirely on
agriculture and are readily exposed to the hazardous effects of pesticides have a
greater possibility in development of cancer in their children also (Fear et al. 1998).

2.6.3 Non-occupational Exposure

People who consume cultivated crops (fruits, vegetables, grains, etc.) are the
non-occupational victims of pesticides. Majority of the human population and
animals fall in the latter category. It is challenging to relate to the exposure of
pesticides and their hazardous effects. Its effects are classified based on whether the
toxicity is acute or chronic.

2.7 Health Effects Associated with Pesticides

Studies revealed that the exposure of pesticides leads to the development of cancers
in both children and adults. Various malignancies such as leukemia, Burkitt lym-
phoma, neuroblastoma, Wilm’s tumor, non-Hodgkin lymphoma, soft tissue sar-
coma, ovarian cancer, cancers of lung, stomach, colon, bladder, and rectum were
found in people who are closely encountered with the pesticide exposure (Brouwer
et al. 2017; Jan Dich et al. 1997; Polanco Rodriguez et al. 2017; Schinasi and Leon
2014; Xu et al. 2010).
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2.7.1 Cancer in Children

Cancers in children were mostly associated with pesticide exposure. In a
population-based case–control study of acute myelocytic leukemia (AML), more
convincing evidence was presented as compared to other cancer types.
A comparison of 491 cases among an age group of 0–9 years was made for
polymorphisms in CYP1A1, CYP2D6, GSTT1, and GSTM1 genes responsible for
encoding enzymes that metabolize carcinogenic substances (Claire Infante-Rivard
et al. 1999). The enzymes of cytochrome P-450 family are involved in the trans-
formation of pro-carcinogenic compounds to reactive species which have genotoxic
and cytotoxic effects. Glutathione S-transferases, the enzyme which gradually
inactivates the reactive species of many pesticides, e.g., lindane, parathion,
chlorophenol, and atrazine, use these enzymes as substrates (Guengerich 1998).
There was also a significant association between maternal exposure of pesticides
and childhood leukemia. Pregnant ladies working in agricultural lands for applying
of fertilizers were also the primary victims of pesticide exposure, and its effects
were later transferred to the newly born child in the form of cancers (Kumar et al.
2014).

2.7.2 Non-Hodgkin Lymphoma (NHL)

Lymph and immune system were affected by non-Hodgkin lymphoma, which is a
diverse group of malignancies; it consists of more than 20 deferent malignancies. In
the past few decades, this particular type of malignancy has been increased
throughout the world (Alavanja et al. 2003; Brouwer et al. 2017). A meta-analysis
was performed with organophosphate pesticides (OPs) which resulted in a positive
association. Three non-halogenated OPs terbufos, malathion, and diazinon were
selected from 1985 to 2017 for this study. Diazinon showed a significant positive
relation with exposure and NHL. Immune dysfunction directly related to NHL was
reported here. Immune cells are directly attacked by malathion, and disruption of a
neuro-immune system was caused by diazinon, which involves a cholinergic sys-
tem of lymphocytes (Wiklund et al. 1987).

2.7.3 Alzheimer’s Disease (AD)

The most common cause of dementia in aged people is due to Alzheimer’s disease
(AD). The presence of extracellular amyloid beta (Ab) plaques, neuronal death, and
the loss of synapses are the characteristic features of the disease. Pathogenesis of
AD is found to be positively associated with environmental contaminants.
Individuals who are chronically exposed to pesticides have a high prevalence of
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cognitive, behavioral, and psychomotor dysfunction and Alzheimer’s disease
dementia which is proved by many studies (Zaganas et al. 2013). One of the
prodromal stages of dementia is a mild cognitive impairment (MCI), and it is
associated with the exposure of pesticides. Every year, nearly 5–15% of individuals
are diagnosed with MCI, which otherwise develops AD (Petersen 2011). A case–
control study was done at Andalusia (Spain), which involved 17,429 subjects, and
data was collected during 1998–2005 using hospital records. Categorizations of the
issues were done based on low agricultural practice/use of pesticides and high
agricultural practice/high use of pesticides. Greater risk to PD, AD, and multiple
sclerosis was shown by the subjects lived in the areas with a higher amount of
pesticides (Parron et al. 2011).

2.7.4 Reproductive Disorders

Risk of sperm abnormalities, aberrant fertility abortions, defects in birth, and fetal
growth retardation are due to the abnormal exposure to certain pesticides (Frazier
2007). An increase in chromosomal aberrations (CA), bone marrow micronucleus
formation (MN), and sperm abnormality in mice are shown by carbosulfan, a
carbamate pesticide. It acts as a potent genotoxic agent and could also act as a
potent germ cell mutagen which was ingested at a rate of 1.25, 2.5, and 5 mg/kg
(Sarbani Giri et al. 2002). Toxic potentials on reproductive and fertility parameters
in the adult male Sprague Dawley rats were evaluated by cypermethrin, a pyrethroid
insecticide. These animals were exposed to cypermethrin in ppm concentrations for
12 weeks through tap water containing different doses. In male rats, a significant
decrease in fertility was recorded, which ingested cypermethrin at a concentration
of 13.15 and 18.93 mg day. The treated male rats had a significant reduction in the
number of viable fetuses of the impregnated females. In the treated animals, gain of
weight in testis, seminal vesicles, and decrease in the epididymis and testicular
sperm counts were also observed (Elbetieha et al. 2001). Genotoxicity in mouse
somatic and germ cells is shown by paraquat (herbicide) which is extensively used.
The mice were subjected to single or multiple exposures. Chromosomal aberration
(CA) was not caused by single time exposure, but there was an increase in CA with
multiple exposures. Spermatozoa, spermatid, and preleptotene spermatogonial cells
are the three stages of cell development, and thus there is an increase of sperm
shape abnormality when they are treated (Rios et al. 1995). In Andalusia (Spain), a
case–control study was carried out on pregnant women and male children living in
high-risk and low-risk areas. The areas were used pesticides in more elevated
amounts; it was found that prevalence rates and risk of miscarriages, low birth
weight, hypospadias, cryptorchidism, and micropenis were significantly high
(Garcia et al. 2017).
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2.7.5 Respiratory Disorders

Bernardino Ramazzini was one of the first researchers who informed that the risk of
respiratory disorder is higher in farmers, in the 1700s (Hoppin et al. 2006). In
developing countries like India, most of the pesticide applicators do not use personal
protective equipment (PPE) like safety masks, gloves, etc., which brings them into
direct contact and higher doses of pesticide exposure. As the pesticides sprayed,
aerosols are generated in the fields, and thus it can directly enter into the respiratory
system of the farmers. Pesticides cause diverse respiratory illnesses which include
wheezing, dry cough, irritation of the respiratory tract, blood in sputum, etc. (Fareed
et al. 2013). There is a decrease of red blood cell cholinesterase in 77% of pesticide
applicators by organophosphate and carbamate exposure, while 27% had a decrease
in plasma cholinesterase levels (Jaga and Rama 1992). A comparative study was
conducted with the workers in a bottling plant and with the workers involved in the
pesticide processing plant. The result revealed a much higher risk of inducing res-
piratory disorders, including chronic cough, dyspnea grades 3 and 4, throat irritation,
nasal catarrh, and nasal dryness (Zuskin et al. 2008).

2.8 Various Methods Involved in Pesticide Removal

The removal of pesticides has been employed through several techniques, including
the biological, chemical, physical, and physicochemical process of remediation from
different types of matrices, such as water and soil. Various treatment methods are
used for the removal of pesticides from the wastewater such as incineration,
ozonation/UV irradiation, Fenton oxidation, phytoremediation, electrocoagulation,
electro-oxidation, photocatalytic degradation, adsorption, reverse osmosis, nanofil-
tration, and electrodialysis. The removal method of specific pesticides depends on its
physical and chemical characteristics. The use of hybrid removal techniques offers
potential opportunities to develop innovative pesticide removal techniques.

2.8.1 Physical Methods

Physical method is the process of removing the pollutants by physical means.
Various physical methods adopted for the remediation of pesticides are described
below.

2.8.1.1 Adsorption

Biochar is a carbon-rich solid made from agricultural crop residues, wood, or waste
via pyrolysis. Extensive and non-judicious use of pesticides over the last several
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decades resulted in severe soil and water contamination, which causes severe toxic
effects on living organisms. Biochar has emerged as a promising material for
adsorbing and thus decreasing the bioavailability of pesticides in polluted soils, due
to its high porosity, surface area, pH, abundant functional groups, and highly
aromatic structure, and mainly depends on the feedstock and pyrolysis temperature.
Pyrolysis temperature may have a positive or negative effect on the sorption of
pesticides on soil, one by large surface area and one by a large number of functional
groups. The sorption and desorption mechanism pesticides in the soil by biochars
are not well explored so far. Biochar, organic green wastes, and composites
demonstrated proper physicochemical methods to immobilize pesticides. But its
application was limited to certain classes of pesticides. Thus, the applications of
biochar and organic green wastes for the remediation of contaminated soil have
mainly been conducted in the laboratory, greenhouses, or small plot experiments.
Large-scale field trials are needed before operational-scale remediation projects are
implemented. Thus, biochar was preferred because it enhances the sorption of
hydrophobic organic compounds.

Porosity and surface area are two primary properties which affect the sorption
capacity of biochar for organic pollutants, including pesticides through pore filling
and surface sorption, respectively. More porous structures and higher surface area
will result in higher sorption capacities. Biochar porosity and surface area are
varying substantially with pyrolysis temperature. Several previous studies showed
that increased temperature results in larger pore volume and surface area. The pore
volume of biochar increased from 0.056 to 0.099 cm3 g−1 with the increase in
temperature from 500 to 900 °C, while the surface area increased from 25.4 to
67.6 m2g−1. Apart from pyrolysis temperature, the composition of biochar feed-
stock is also an essential factor affecting its properties. Higher pH of biochar can
accelerate the hydrolysis of organophosphorus and carbamate pesticides in the soil
through alkali catalysis mechanism. The presence of surface functional groups
including carboxylic (–COOH), hydroxyl (–OH), lactonic, amide and amine groups
has some influence in the sorption capacity of biochar. Generally, pyrolysis tem-
perature and raw material are the two crucial factors that influence the quantities of
functional groups on the biochar surface.

There are mainly two different processes in biochar sorption, including surface
adsorption and partition. The functional groups on the biochar form stable chemical
bonds with ions or organic compounds, which leads to surface adsorption. The
physical and chemical properties and structures of biochar surface are varied with
pyrolysis temperatures. The surface adsorption capacity of biochar increases with
increasing temperature, whereas partitioning plays a leading role in
low-temperature pyrolyzed biochar. Pesticide sorption of biochar in soils depends
on several factors including but not limited to biochar properties (e.g., surface area,
porous structure, and aromaticity), pesticide characteristics (e.g., molecular
dimensions, hydrophobicity), soil properties (e.g., soil pH, mineral content), and
environmental factors. For example, the probability of getting adsorbed is lower for
pesticides with macromolecular dimensions due to its difficulties in accessing the
inner porous structure of biochar (Liu et al. 2018).
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In contrast, polar compounds can be firmly adsorbed by biochar through inter-
action between electron donor and receptor. Biochar is one of the most efficient
adsorbents for the removal of several groups of pesticides, including herbicides,
insecticides, fungicides, rodenticides, and pediculicides. Biochars with lower sur-
face area and higher dissolved organic carbon contents tend to decrease the sorption
of herbicide in the soil. A significant quantity of biochar or some of its components
do change with time, and the process commonly referred to as ‘aging.’ The aging
process of biochar affects pesticide sorption–desorption in the soil due to the
changes in its physicochemical properties. The sorption affinity of biochar could be
slacked with aging or weathering in soils. The aging effects of biochar cause a
decrease in its specific surface, which in turn decreases the potential sorption
capacity of biochar. Sorption capacity is not as high as other types of sorbents, such
as clays (e.g., stevensite, smectite), and activated carbon. Modifications of biochar
in its essential properties and loading with organic functional groups, nanoparticles,
and activation with alkali have been well reported in the previous literature. Biochar
modification also includes loading biochar with different minerals such as hematite,
magnetite, zero-valent Fe, hydrous Mn oxide, calcium oxide, and birnessite. The
principal pathway of dissipation and decomposition for most of the pesticides such
as isoproturon in the soil is biodegradation. Biochar is an effective remediation for
pesticide pollution and decreases their biodegradation in soils due to sorption effect,
and it was explained and indicated in many of the previous literatures. Besides,
biochar may result in the microbial stimulation, which results in the higher
microbial degradation of pesticides. Moreover, biochar promotes the growth of the
plant, especially at the root which enhances the uptake and degradation of pesti-
cides. Thus, more attention must be paid in the biochar soil root systems (Liu et al.
2018) (Fig. 2.2).

2.8.2 Chemical Methods

In chemical methods, the composites promote the removal of hazardous recalcitrant
chemicals such as pesticides, convert toxic to non-toxic forms through a chemical
process. In this process, the oxidation of organic pesticides carried out by various
chemical techniques such as advanced oxidation processes (AOPs), photolysis,
photo-Fenton, and photodegradation techniques is discussed below.

2.8.2.1 Degradation

The degradation of pesticides follows different mechanisms. Physical, chemical, and
biological agents play significant roles in the transformation of insecticide, herbi-
cide, and fungicide molecules into various degradation products. Oxidation,
hydrolysis, reduction, hydration, conjugation, isomerization, and cyclization are
transformation mechanisms. Resultant products are usually less bioactive than the
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parent pesticide molecule, but numerous cases have been documented of metabolites
with higher bioactivity. The physical and chemical properties of the degradation
products also vary from those of the parent compound, and their fate and significance
in the environment also are altered with the structural changes (Felsot et al. 2003).
A large percentage of pesticides applied in agriculture never reached their target
organisms. Through dispersion, they are detected in soil, water, and air, and food for
human consumption (Fig. 2.3).

Generally, three methods are adopted for the treatment of polluted soil: (I) the
procedure in which contaminants are treated on the place where the contamination
occurred without excavating the soil which is applied, (II) the polluted soil is
excavated, treated on the site in which it exists, and deposited it on their original
position, and (III) the final method involves the excavation of contaminated soil
from its location and transported it into another site for treatment. However, pro-
cessing of a large quantity of contaminated soil is rather costly and time-consuming.
Usually, the above-said methods are not suitable for the eradication of pests in the
agricultural fields due to the existence tribulations such as soil erosion, fertility loss,
or nutrient leaching. A new and economical alternative for treating
pesticide-contaminated soils is in demand (Morillo and Villaverde 2017). Washing
of soil is another technique used for removing the chemical pollutants from soil
using different kinds of aqueous solutions of extractants (organic compounds, acids,
tensioactives, etc.). Soil flushing is another method adopted for immobilizing
pesticides. In this process, the contaminated areas have been treated with injection

Fig. 2.2 Biochar properties and effects of biochar on pesticide behavior in the soil (Liu et al.
2018). Source Liu et al. (2018). Reproduced with permission from Copyright © 2018 Elsevier Ltd
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wells, and immobilization was carried out. Unfortunately, it was not sufficient for
the remediation of pests. Nanofiltration and reverse osmosis membrane technolo-
gies were utilized at the earlier stages of water treatment to remove pesticides like
atrazine and simazine. Chlorination is also another technique employed for
removing pesticides in drinking water. Coagulation is a separation method used
only for a particular group of pesticides (Ormad et al. 2008).

2.8.2.2 Photocatalytic Degradation

It is necessary to overlap the absorption spectrum of the pesticide with the emission
spectrum of the light source for a molecular change to occur, and it is the most
important condition for the photocatalytic process. For degradation, high energy
lamps are used with a wavelength less than 254 nm, and direct environmental
photolysis takes place since the energy of solar radiation is too low. Its wavelength
at the earth’s surface is greater than 280 nm (Sharma et al. 2016). Photosensitizers,
such as rose bengal, methylene blue, or riboflavin, can absorb lower energy light
and have been used to overcome this impediment, permitting the use of longer
wavelength lamps. The sensitization processes involving humic substances in the
soil which can absorb solar energy are similar to this (Jean Marie Herrmann et al.
1999). Thus, photolysis was the oldest method of degradation, and later degradation
was followed with the help of photocatalytic methods which has a vast range of
application in the degradation process. In order to study about photocatalytic
degradation, there are many data available in the previous literatures. Photoreactor
and photocatalyst are the primary requirement of this method. As a part of the study
on pesticide-contaminated water, the effect of organophosphorus and phosphono-
glycine is analyzed, and these kinds of pesticides are degraded with the help of

Fig. 2.3 Various methods involved in the removal of pesticides from aqueous environment
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TiO2 catalyst which is immobilized on a silica gel. The UV/TiO2 process does not
merely transfer pesticides from one phase into another, but it has an ability to
destroy them into harmless final products including carbon dioxide, water, and
inorganic ions (Echavia et al. 2009). It had recognized that when TiO2 is irradiated
with photons whose energy is equal or greater than its band gap energy (3.2 eV),
the photons are absorbed. It results in the formation of electron–hole species (Jean
Marie Herrmann et al. 1999). In most of the photocatalytic degradation process,
TiO2 is used in the form of powder suspensions or slurries (Han et al. 2009). The
removal of pesticides such as organophosphate, acephate, dimethoate, phospho-
noglycine herbicide glyphosate pesticides due to their widespread use, toxicity,
water solubility, and their potential to contaminate the water resources under
favorable conditions. In the photoreactor, 14.0 g of TiO2 photocatalyst, 6 W
blacklight UV fluorescent lamp, and pesticide solution were used. Chemically
resistant Teflon tubes are used for connecting all the components of a photoreactor,
and photocatalysis is conducted under ambient temperature of 22 ± 2 °C. This
procedure was followed in dark condition also. Degradation of the pesticides was
finalized by comparing the concentration in both untreated and irradiated samples
with pure pesticide standards. Photocatalytic degradation of pesticides resulted in
the breaking of the parent molecules as evidenced by the evolution of inorganic
anions. SO2− and NO− which are released due to decomposition of acephate and
dimethoate. Glyphosate liberated NO− and PO3−. Among the three pesticides, only
dimethoate degradation showed the release of NO2 as an intermediate of NO3

−,
which was demonstrated by the disappearance of NO2 and concomitant formation
of NO3

- . Degradation pathway is explained below

TiO2 þ hm ! e� þ hþ ð2:1Þ

Ti IVð Þ � OH þ hþ ! O2ð Þads þ e� ð2:2Þ

Ti IVð Þ � H2O þ hþ ! Ti IVð Þ � OH� ð2:3Þ

Ti IVð Þ � OH � þ Hþ ! O2 � �ð Þads ð2:4Þ

Compound þ hþ ! Compound oxidized ð2:5Þ

List of by-products formed as a result of photocatalytic degradation:

• Organophosphorus insecticides: Trialkyl and dialkyl phosphorothioate or
phosphate esters, carbamate insecticides: The breakdown of amide function
C–N bonds and later hydroxylation of the products formed lead to more or less
oxidized aliphatic compounds (aldehydes, acids, etc.); finally, carbon dioxide,
nitrate, sulfate, and on the degradation of propoxur three intermediates were
monitored, and they are O–isopropoxyphenol, isopropoxydihydroxyphenol,
o-dihydroxybenzene.
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• Organochlorine pesticides: Categories of chlorocyclohexanes, chlorocyclo-
hexenes, chlorobenzenes, chlorophenols, chloropropanes, and the pentachloro
cyclohexanone isomer and endosulfan sulfate are the degradation products of
endosulfan.

• Chlorophenol pesticides: p-chloroaniline, tetrachlorohydroquinone, H2O2,
tetrachlorocatechol, O-chloroaniline, 2,3,5,6-tetrachloro-1,4-benzoquinone,2,3,5,6-
tetrachloro-1,4-hydroquinone, and 2,3,5,6-tetrachlorophenol.

For some kind of pesticides like chlorpyrifos, cypermethrin, and chlorothalonil,
mineralization studies are done. Thus, an experiment was conducted under condi-
tions (pesticide concentration 400 mg/L (COD 1130 mg/L), TiO2 1.5 g/L, H2O2

concentration 100 mg/L, and pH 6) to study mineralization by UV/TiO2/H2O2

photocatalysis. The concentration of ammonia–nitrogen (NH3–N) decreased from
22 to 7.8 mg L−1, and concentration of nitrate–nitrogen (NH–N) increased from 0.7
to 13.8 mg/L in 300 min, indicating mineralization. Complete degradation of the
pesticides was achieved in 30 min. These kinds of pesticides degradation by
UV/TiO2/H2O2 are more effective than UV/TiO2 (Affam and Chaudhuri 2013).

2.8.2.3 Oxidative Degradation

Chemical oxidation is the key technology to solve the pesticide contamination
problems in both the water and wastewater treatments. For aqueous pesticide
degradation, ozonation is considered as one of the most promising variations of
chemical oxidation, and it has a long history of investigation. In addition to
ozonation, various ozone-based advanced oxidation processes (AOPs), which uti-
lize hydroxyl radicals for oxidation, were recently evaluated for the degradation of
aqueous organic pollutants, including pesticides. In the water treatment industry,
ozone has been used for disinfection, odor management, and color removal.
Molecular ozone has a higher oxidation potential of 2.07 V (relative to the
hydrogen electrode) than conventional chemical oxidants such as potassium per-
manganate and chlorine. Ozonation is proven to be effective in degrading several
organic pollutants in water and wastewater. New water and wastewater treatment
technologies are subjected to AOPs, which are characterized by the production of
hydroxyl radicals through various chemical and photochemical reactions. The
hydroxyl radicals have a higher oxidation potential of 2.8 V produced by AOPs and
can attack organic and inorganic molecules non-selectively with very high reaction
rates (Andreozzi et al. 1999). It should be noted that ozonation at high pH (>8) is
also regarded as an AOP because hydroxyl radicals are produced at such conditions,
and the reactions between the radicals and organic molecules take place. Oxidative
degradation by ozonation and ozone-based AOPs takes place with the help of
O3/H2O2, O3/UV, and O3/H2O2/UV. Rapid and complete conversion of certain
compounds has often been demonstrated. Ozonation alone or even with
ozone-based AOPs, the total mineralization of pesticides is likely to be impossible.
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However it is not practical to apply more intensive ozone-based treatment or any
other chemical oxidation techniques to achieve the total decomposition and min-
eralization of the compounds. Several ozonation by-products, as well as interme-
diates, were identified, and for some of the significant pesticides, possible
degradation pathways were proposed such as 2,4-D, pentachlorophenol (PCP), and
diazinon. However, for many pesticides degradation by-products are mostly
unknown because the relative importance of such pesticides might not be as high as
that of the major pesticides or the toxicity and/or environmental impact of such
pesticides may be relatively low (Ikehata and Gamal El-Din 2005).

2.8.2.4 Electrochemical Method

Since the 1990s, a technique has widely been studied for the removal of organic
substances which was known as electrochemical combustion (total oxidation).
Advantages of electrochemical treatment methods are:

The catalyst/electrode is immobilized (thus reducing the need to separate the
catalyst from the reaction mixture).

• The variables (i.e., current, potential) are easily controlled and facilitate
automation of a process.

• The cost of the equipment is generally low (Juttner et al. 2000).
• Electrochemical processes are easily adapted for use in flow systems, for the

feasibility of pesticide treatment systems, thus is considered to be an essential
factor (Felsot et al. 2003).

Oxidation of various pesticides in brine solutions using Ti/Pt anodes was
studied. The electrochemical method can be used as a pre-treatment step in pesti-
cide waste disposal because of its reasonable removal rates (Vlyssides et al. 2005).
Pt-based electrodes are not ideal because it is expensive, especially with organic
waste. Thus, it leads to the blocking of the electrode surface. Dimensionally stable
anodes (DSAs) are suggested as possible alternative electrode materials which have
received considerable attention in recent year. DSAs are promising materials for
many electro-organic applications, and depending on the chemical nature, it is
classified as active or non-active (Malpass et al. 2006). Active electrodes mediate
the oxidation of organic species via the formation of higher oxidation state oxides
of the metal, whenever the metal oxide can reach a higher oxidation state (e.g.,
RuO2 or IrO2) and it leads to selective oxidation. Non-active electrodes present no
higher oxidation state to be available, and the organic species is directly oxidized
by an adsorbed hydroxyl radical and results from incomplete combustion of the
organic molecule (e.g., SnO2 or PbO2). With the help of oxide electrodes, a wide
range of treatments is done on wastewater management including humic
acid (Pinhedo et al. 2005), dyes (Xu et al. 2020), and pesticide removal (Malpass
et al. 2006).
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Carbaryl, a carbamate insecticide, is considered as an example to explain elec-
trochemical degradation. Ti/Ru0.3Ti0.7O2, Ti/Ru0.3Sn0.7O2, and Ti/Ir0.3Ti0.7O2 are
the three different types of DSAs electrode materials employed. The following
effects such as of current density (10, 20, 40, and 60 mAcm2) and supporting
electrolyte (0.1 mol/L NaCl and 0.033 mol/L H2SO4), upon the rate of carbaryl and
total organic carbon (TOC) removal, are investigated. Apparatus consisting of a
single compartment electrochemical cell made of glass was employed using a
typical three-electrode arrangement (Fig. 2.4).

The working electrodes were DSAs disks (1 cm), and the counter electrodes
were two platinum foils (2.2 cm � 2.2 cm), which is positioned parallel to
the working electrode. All potentials are referred to as the reversible hydrogen
electrode (RHE). Using a potentiostat/galvanostat (Autolab, model SPGSTAT30),

Fig. 2.4 Single compartment electrochemical cell used in the oxidation assays (Miwa et al 2006).
Source Miwa et al. (2006). Reproduced with permission from Copyright © 2006 Elsevier Ltd
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all electrochemical measurements (cyclic voltammetry and galvanostatic electrol-
ysis) were performed. And the results obtained indicated that the electrodes
employed in this study have the following order of activity toward carbaryl oxi-
dation in H2SO4 as Ti/Ru0.3Sn0.7O2 > Ti/Ir0.3Ti0.7O2 > Ti/Ru0.3Ti0.7O2. Carbaryl
and TOC removal in H2SO4 is limited, indicating that the oxidizing species formed
on the electrode surface are not robust and abundant enough to result in rapid
oxidation of the pesticide and its products. Carbaryl and TOC content is removed
rapidly with the help of electrodes in the presence of NaCl. With all the electrodes,
the removal of carbaryl is complete, and for Ti/Ir0.3Ti0.7O2 electrode current den-
sities and TOC removal is at least 80% to approximately 100%. Energy con-
sumption factor in H2SO4 is lower for Ti/Ru0.3Sn0.7O2 electrode. Since all the
electrodes show similar efficiencies, the efficiency of an electrode in the presence of
NaCl is most excellent. Thus, the degradation of pesticides is done in electro-
chemical method (Miwa et al. 2006).

2.8.3 Biological Method

2.8.3.1 Microorganisms

Bioremediation is one of the environmentally safe and cost-effective methods for
decontamination and detoxification of pesticide-contaminated soil (Deo et al. 1994)
(Table 2.3).

The use of the microorganisms for bioremediation requires an understanding of
all the physiological, microbiological, and biochemical aspects involved in pollu-
tant transformation. Considerable progress is made in understanding the mechanism
of microbial degradation of pesticides. Under aerobic conditions, degradation
mechanisms are mostly understood, and metabolism under anaerobiosis is studied.
Oxygen is both the terminal electron acceptor and a reactant in the initial reactions,
in the case of aerobic environment. Nitrate, sulfate, or carbonate may function as
alternate electron acceptors in the microbial degradation of aromatic compounds
in anaerobic conditions. To identify and isolate microbes with degradation in
accordance with their potential toward pesticides and related compounds like
4-chlorobiphenyl (Steffan et al. 1989), polychlorinated biphenyl (Walia et al. 1990),
2,4-D (Amy et al. 1990), and 2,4,5-T (Steffan et al. 1989), molecular probes have
been used from environmental samples. Genes encoding enzyme(s) have been used
to detect the strain of interest from the environment for pesticide degradation. The
application of molecular probes for detection and isolation of pesticide degrading
microorganisms in the environment holds great potential. To detect specific
microbes in the environment, polymerase chain reaction (PCR) and gene probe
have been extensively used among the available methods (Christine Picard and
Nesme 1992) Two most important classes of enzymes are hydrolases and oxyge-
nases, and are involved in catalyzing the conversion of pesticides. Hydrolases
include helidohydrolases, esterases, and amidases. Examples:
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Table 2.3 Microorganisms responsible for pesticide degradation are listed below (Brajesh Kumar
Singh et al. 1999). Source Brajesh Kumar Singh et al. (1999). Reproduced with permission from
Copyright © 1999 Elsevier Ltd.

Pesticide Microorganisms

Chlorophenoxy
acids 2,4-D

Bacteria
– Alcaligenes eutrophus
– Alcaligenes xylosoxidans
– Flavobacterium sp. 50001
– Pseudomonas putida
– Pseudomonas cepacia
– Comamonas sp.

2,4,5-T – Pseudomonas cepacia

DPA – Flavobacterium sp.

Mecoprop – Sphingomonas herbicidivorans MH

Mecocarp – Alcaligenes denitrificans

Organochlorines
DDT

Bacteria
– Aerobacter aerogenes
– Alcaligenes eutrophus A5
– Agrobacterium tumefaciens
+ Arthrobacter sp.
+ Bacillus cereus
+ Bacillus coagulans
+ Bacillus megaterium
+ Bacillus subtilis
+ Clostridium pasteurianum
– Clostridium michiganense
– Enterobacter aerogenes
– Erwinia amylovora
– Escherichia coli
– Hydrogenomonas sp.
+ Klebsiella pneumoniae
+ Kurthia zopfii; Johnson et al.
+ Micrococcus sp.
+ Nocardia sp.; Chacko et al.
– Serratia marcescens
+ Streptomyces annomoneus
+ Streptomyces aureofaciens
+ Streptomyces viridochromogenes
+ Xanthomonas sp.
Fungi
Phanerochaete chrysosporium Trichoderma viride

c-HCH Bacteria
– Aerobacter aerogenes
+ Bacillus cereus

+ Bacillus megaterium
– Citrobacter freundii
+ Clostridium rectum
– E. coli
– Pseudomonas fluorescens
– Pseudomonas putida

(continued)

26 S. Vigneshwaran et al.



1. Halidohydrolases dehalogenate many halogenated aliphatic and aromatic
compounds.

2. Esterases like parathion hydrolase attack phosphodiester bonds of
organophosphates.

3. Amidase degrades propanil, etc. Oxygenases are less stable than hydrolases and
require molecular oxygen as substrates.

Table 2.3 (continued)

Pesticide Microorganisms

– Pseudomonas paucimobilis
– Pseudomonas sp. Cyanobacteria
Anabaena sp. Nostoc ellipssosum
Fungi
Phanerochaete chrysosporium, Trametes versicolor, Phanerochaete
sordida, Cyathus bulleri

Organophosphates
Parathion

Bacteria
– Flavobacterium sp.
– Pseudomonas aeruginosa
– Pseudomonas diminuta
– Pseudomonas melophthara
– Pseudomonas stutzeri

Carbamates
Carbaryl

Bacteria
– Pseudomonas cepacia
– Pseudomonas melophthora
– Pseudomonas aeruginosa
Fungi
Gliocladium roseum Aspergillus flavus Aspergillus terreus Culcitalna
sp.
Halosphaeria sp. Fusarium solani Rhizopus sp.
Penicillium sp.

Carbofuran Bacteria
– Achromobacter sp.
– Arthrobacter sp.
– Flavobacterium sp.
– Pseudomonas cepacia
– Pseudomonas stutzeri
– Bacillus pumilus

s-Triazines Bacteria
– Pseudomonas sp.
+ Klebsiella pneumoniae
–Rhodococcus corallinus
– Rhizobium sp.
Fungi
Phanerochaete chrysosporium
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They can be divided further into two subgroups since they are more complex
enzymes:

1. Monooxygenases require reduced pyridine nucleotides as cofactors.
2. Dioxygenases do not require a reduced compound as a cofactor (Table 2.4).

2.8.4 Material Used for the Removal of Pesticides

2.8.4.1 Nanomaterials

Nanostructured materials possess unique physical and chemical properties; they not
only are useful for pesticide detection but also act as a promising tool for pesticide
removal and degradation strategies to remediate environmental pollution. Some of
the strategies in this area reported for real samples are summarized in the form of a
table below; data such as degradation percentages is also included (Gemma Aragay
and Merkoci 2012). Application of advanced oxidation processes (AOPs) is a
promising method for mineralization of pesticides (von Sonntag 2008). Depending
on the oxidants added to accelerate the photodegradation process, such as hydrogen
peroxide and/or ozone, metallic salts, or semiconductors (e.g., TiO2), various AOPs
can be employed (Liu et al. 2011). For pesticide degradation, photocatalytic oxi-
dation (e.g., TiO2/UV) and photo-Fenton and Fenton-like systems (H2O2/UV/Fe

3+)
are the most widely used AOPs (Gemma Aragay and Merkoci 2012). Photocatalytic
oxidation is based on the use of UV irradiation of semiconductors (usually TiO2).
Electron–hole pairs are created on irradiation of TiO2 with photons (e.g., at
k = 390 nm) whose energy is equal to or greater than its band gap energy
(EG = 3.2 eV). These holes react with H2O or OH- adsorbed at the surface of the

Table 2.4 Enzymes responsible for microbial degradation of pesticides are listed below (Brajesh
Kumar Singh et al 1999). Source Brajesh Kumar Singh et al. (1999). Reproduced with permission
from Copyright © 1999 Elsevier Ltd.

Enzymes Target pesticides

Esterases Organophosphates, phenyl carbamates

Lyases Organophosphates

Phosphatases Organophosphates
Dithioates

Acylamidases Phenylamide

Oxygenases Chlorinated phenols 2,4-D
DDT HCH

Hydrolases 2,4-D, carbamates, chlorinated phenols s-triazines

Dehydrogenases DDT, HCH

Cytochrome P-450 DDT

Dehalogenases HCH, DDT
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semiconductor to produce OH� radicals, which are the most potent oxidants in this
process, in the aqueous system (Ahmed et al. 2011). Fe3+ ions are added to acidic
H2O2 medium to form the complex Fe(OH)2+, which, upon UV irradiation,
decomposes to generate Fe2+ ions and OH� radicals, the latter of which act as
oxidant, in photo-Fenton and Fenton-like systems. TiO2 and ZnO NPs are the most
widely studied nanoparticles for the pesticide degradation, as they function at room
temperature and pressure with low-energy photons and do not require any chemical
reagents except the oxygen. Much researches using TiO2 NPs as nanostructures for
photocatalytic degradation of either a single pesticide or mixed pesticides have been
reported (Gupta and Tripathi 2011). The catalytic reaction involves the following
steps:

(i) Adsorption of pollutant molecules onto the surface of titanium nanoparticles
(ii) Breakage of the chemical bonds
(iii) The formation and subsequent release of the mineralized products.

The unique surface area and surface activity of nanoparticles are crucial for
catalytic reactions. TiO2 nanowires simultaneously provide mechanical filtration
and photocatalytic degradation of organic pollutants (e.g., atrazine) in UV irradi-
ation (Hu et al. 2011). Photocatalytic degradation of atrazine with the combination
of titanium nanoparticles with multiwalled carbon nanotubes (MWCNTs) is most
recently reported (Chen et al. 2011). TiO2 nanotubes were fabricated with diverse
surface modifications for various functions. For example, metallic inclusions can
trap photo-induced charge carriers to improve charge separation and enhance light
absorption in semiconductor oxides (Gemma Aragay and Merkoci 2012). Au–
Pd-modified TiO2(Au–Pd–TiO2) nanotube film photocatalyst was designed for the
degradation of malathion and proposed a corresponding photocatalytic mechanism
(Yu et al. 2010) (Fig. 2.5; Table 2.5).

Some of the organophosphorus (OP) pesticides were degraded with the help of
ZnO nanoparticle (35.9 nm) in UV-radiated photodegradation system. In order to
protect the external light source, UV irradiation was conducted in the dark. The UV
visible absorbance spectra of OP pesticides are in the range 240–430 nm, and it was
recorded up to 300 min with 10 min intervals. ZnO acts as a catalyst and enhances
the rate of the reaction.

ZnO þ hn ! ZnO e�cb þ hþ
vb

� � ð2:6Þ

hnþ þ pesticides ! oxidation of pesticides ð2:7Þ

hþ
vb þH2O ! Hþ þ OH� ð2:8Þ

hþ
vbOH

� ! OH� ð2:9Þ
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(A) Photocatalyticoxidation     (B) Photo -Fentondegradation 

Fig. 2.5 Schematic of pesticide degradation mechanism. a Photocatalytic oxidation.
b Photo-Fenton degradation (Gemma Aragay and Merkoci 2012). Source Gemma Aragay and
Merkoci (2012). Reproduced with permission from Copyright © 2012 Elsevier Ltd.

Table 2.5 List of nanomaterials used for degradation (Gemma Aragay and Merkoci 2012)

Pesticide Nanomaterial Strategy Degradation
efficiency (%)

Alachlor/fenitrothion TiO2 NPs Photocatalysis 100

Atrazine TiO2 NWs Photocatalysis –

Atrazine TiO2 NPs-coated
MWCNTs

Microwave-assisted
photocatalysis

100

Methyl parathion/
2,4-D

AuNP’s-coated
TiO2NT array

Photocatalysis 100

Malathion Au–Pd–TiO2NT film Photocatalysis >96

Propachlor TiO2NPs/c-Fe2O3 Photocatalysis –

Pentachlorophenol Nanoporous Ti-doped
bBi2O3

Photocatalysis –

2-CP/DCP/TCP Ag-AgBr NP/MAP Photocatalysis 71–80

4-CP ZnO/Au NRs Photocatalysis 91

Phenol MNPs Fenton-like catalysis 85

Metalaxyl Bi-doped goethite–
hematite NS

Photo-Fenton
process

99

Atrazine NZVI/CTMA-Bent Chemical reduction 64

Lindane Pd NPs Catalytic
dechlorination

75

Methylparathion/
Lindane/dichlorvos

Nano-TiO2

immobilized on Pyrex
glass

Photocatalysis 100

CP chlorophenol, DCP dichlorophenol, TCP 2,4,6, trichlorophenol, NP nanoparticle, NW
nanowire, NT nanotube, NR nanorods, NS nanostructures,MWCNTs multiwalled carbon nanotubes
Source Gemma Aragay and Merkoci (2012). Reproduced with permission from Copyright © 2012
Elsevier Ltd.
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e�cb þ O2 ! �O� ð2:10Þ

�O�
2 þ pesticides ! organic peroxides ð2:11Þ

�O2 þ HO2 þHþ ! H2O2 þ O2 ð2:12Þ

OH � þ organic peroxides ! degradation of pesticides ð2:13Þ

(1) Photoexcitation of OP pesticides takes place followed by the formation of an
electron–hole (ZnO(ecb

− + hvb
+ )) pair on the surface of the catalyst.

(2) Since ZnO is a UV-sensitive semiconductor, it permits the direct oxidation of
pesticide to reactive intermediate due to high oxidative potential of the hole.

(3) According to Eq. 2.8, the formation of free radicals (i.e., hydroxyl radicals) in
the photocatalytic system is ascribed.

(4) The free radicals are responsible for the degradation of OP pesticides due to
their stable nonselective behavior. Electrons in the conduction band ecb

− on the
nanocatalyst surface can reduce molecular oxygen to superoxide anion
according to Eq. 2.10.

(5) This radical, in the presence of organic scavengers, may form organic peroxides
or hydrogen peroxide according to Eqs. 2.11 and 2.12.

The electrons produce hydroxyl radicals in the conduction band since they are
responsible for it, which have been indicated as the primary cause of organic matter
mineralization (Daneshvar et al. 2007).

Silica nanoparticles are used for the detection and degradation of pesticides.
Properties of silica nanoparticles comprise sorbent properties, on account of their
porosity, mono-dispersity, stability, low toxicity, and increased surface area which
allow effective extraction of pesticides. They can be modified (with ionic liquids,
silanes, or amines), coated with molecularly imprinted polymers or magnetized to
improve the extraction of pesticide process. For detoxification of pesticides,
enzymes like organophosphate hydrolases, carboxylesterases, laccases, and bacteria
expressing recombinant proteins have been immobilized on silica nanostructures
(Bapat et al. 2016).

Nanotechnology is essential in the context of environmental remediation
(Warner et al. 2010). Noble metal nanoparticles cause dehalogenation of several
halocarbons, and the chemistry and application can be extended to halocarbon
pesticides also. Silver and gold nanoparticles are used to degrade chlorpyrifos (CP),
belonging to the organophosphorothioate group. This pesticides decomposed to
3,5,6-trichloro-2-pyridinol (TCP) and diethyl thiophosphate at room temperature.
Absorption spectroscopy and electrospray ionization mass spectrometry (ESI–MS)
were used to characterize the degraded products. ESI tandem mass spectrometry
was used for further confirmation. Transmission electron microscopy,
energy-dispersive analysis of X-rays, Raman spectroscopy, and X-ray photoelec-
tron spectroscopy (XPS) are used to determine the interaction of CP with
nanoparticle surfaces. There is no change in the oxidation state of silver after the

2 Remediation of Persistent Organic Pesticides … 31



degradation of CP, and XPS reveals it. Raman spectroscopy confirms that the
degradation of CP proceeds through the formation of AgNP–S surface complex. In
this complex, a stable aromatic species TCP is formed by the breaking up of P–O
bond, and with an increase of temperature and pH, the rate of degradation of CP
increases. On the laboratory scale, complete degradation of 10 mL of 2 ppm
CP solution is achieved in 3 h using 100 mg of supported (on neutral alumina)
Ag@citrate NPs on neutral alumina at room temperature at a loading
of � 0.5 wt%. The rate of degradation of CP by Au NPs is lesser than that of Ag
NPs. The preparation of Ag and Au nanoparticle-supported alumina is easy, and
degradation of CP in aqueous solutions occurs at room temperature by merely
stirring without any additional irradiation of light. The application of noble metal
nanoparticles in water purification applications is sustainable. It is proved that
unsupported Ag and Au@citrate NPs show aggregation after adsorption of CP and
it leads to the red shift of surface plasmon of NPs. Monolayered, unprotected, and
protected Ag NPs are also found to show the degradation of CP. In these kinds of
applications, there must be a post-degradation step to remove the mineralized
products by adsorbents such as activated carbon (Bootharaju and Pradeep
Bootharaju and Pradeep 2012) (Fig. 2.6; Table 2.6).

Fig. 2.6 Mechanism of decomposition of CP on NPs (Bootharaju and Pradeep 2012). *Adsorbed
CP molecules are shown in red stars. Source Bootharaju and Pradeep (2012). Reproduced with
permission from Copyright © 2012 Elsevier Ltd.

32 S. Vigneshwaran et al.



2.9 Conclusion

The use of 2D-based nanomaterials as photocatalysts has been increased in the area
of novel sustained composite formulations. These nanocatalysts are having a unique
nature of forming composites. Nanocomposites have gained significant attention
because of ecological issues and the decline in petroleum-based resources. Various
2D nanomaterials based on biological materials, including cellulose, chitin and
chitosan, amino acids, etc., were often used to make materials and devices for
industries. From this new knowledge, research has moved forward, and many
attempts are made for functionalizing the nanomaterials specifically for other
biomedical applications, wastewater treatments, pharmacological field, etc. The
nanocomposite possesses significant flexibility advantages, compatibility, and also
tunable degradability, which often make them useful for a wide range of industrial
applications. This paper critically explored the various types of imprinted TiO2

composites and their catalytic behaviors toward adsorption as well as degradation
on different pollutant molecules. The exceptional physical and chemical properties
of these polymers encouraged the researcher’s to develop and utilization of these
materials in the purification of water technologies in industrial scales.
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Chapter 3
Uranium(VI) Ions Removal
from the Aqueous Environment:
Current Treatment Technologies
and Its Future Prospects

Perumal Karthikeyan, Palliyalil Sirajudheen,
Vigneshwaran Sivakumar, and Sankaran Meenakshi

Abstract Pollution causes a significant change in the physico-chemical properties
of air, water, and soil that may induce harmful impact and make potential hazards to
all living beings. Pollution is one of the severe problems observed throughout the
world. Water pollution has ascended due to the nearness of toxic environment,
which arisen by human activities such as increased agricultural, industrial, and
urban area developments. According to the thriving of the human population, the
need for energy is increasing for the development of the world and its economy.
Coal, oil, and other nonrenewable fossil are the prime sources of energy which have
regularly consumed. Now, the world is facing an unexpected energy emergency.
Due to the utilization of radioactive nuclides with the progress in human civiliza-
tion, the atmosphere is facing cumulative radioactive pollution. Natural and
anthropogenic radionuclides and its effect on humans, animals, and all other living
beings have become a major environmental problem because of their prevalent
occurrence in the atmosphere with concentrations that exceed the World Health
Organization (WHO) recommended maximum levels. Operative, suitable, effective,
and environmental friendly techniques are essential to mitigate this problem. This
chapter describes the development of different conventional techniques and their
removal performance of uranium(VI) ions from aqueous solution. Moreover, the
chapter also investigates the various adsorbent materials used for the removal of
radioactive uranium(VI) ions from water.
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3.1 Introduction

Population explosion and industrial developments increased the energy requirement
of the world. As the out-dated oil, coal, and other nonrenewable fossil fuels have
frequently utilized, the biosphere is facing an unpredicted energy emergency
(Bleise et al. 2003). Expansion and utilization of nuclear power is one of the
solutions for this problematic task. However, processing and mining of radionu-
clides resources will cause radioactive pollutions. In recent years, radionuclides
have been used frequently in nuclear fuels, nuclear reactors, and nuclear weapons.
Besides, uranium is a naturally existing primal and omnipresent heavy metal ions,
originate in numerous forms in the atmosphere. From its discovery in 1789, it has
been an interesting material because of its favorable claims in producing nuclear
energy. In nature, uranium exists as 238U (99.27–99.28%), 235U (0.71–0.72%), and
in trace amount as 234U (0.005–0.005%). Uranium exists in the atmosphere by
discharge from uranium products, minings, natural cycles, and radiations from the
nuclear manufacturing industries and usage of uranium-containing fertilizers
(Krestou et al. 2003; Meinrath et al. 2003; Mitsakou et al. 2003). The harmful form
of uranium, like 235U and 238U, has a half-life of 7 � 108 and 4.4 � 109 years,
respectively, and they are spread in the atmosphere and eventually stores in the
ecology system. Henry Becquerel revealed the radioactive behavior of uranium in
1896, which reduced it as the supreme energetic component for nuclear power
stations, serving as an important and viable energy source for power generation
(Andrade Martins 1997). About 14% of the global electricity is produced from
uranium through nuclear power stations (Key World Energy Statistics 2009; World
Nuclear Association 2013; Bhalara et al. 2014) (Fig. 3.1). South Korea, Bulgaria,
France, Hungary, Belgium, Czech Republic, Slovakia, Finland, Lithuania, Sweden,
Slovenia, Switzerland, and Ukraine obtain >30% of their electricity from nuclear
sources. Japan and Germany develop more than a quarter of their electricity from
uranium ions. The United States of America has 100 reactors, producing 20% of
electric power. Nations like Australia, Kazakhstan, and Canada account for nearly
63.5% of the world’s uranium manufacture (Bhalara et al. 2014).

Uranium can exist as mostly two different oxidation states, which are U(IV) and
U(VI), and their two parallel forms are uranium trioxide (UO3) and uranium dioxide
(UO2) (Seaborg 1968). The noxiousness of uranium has thoroughly linked with its
high solubility (Craig 2001). U(VI), has high water solubility in the environmental
contexts as compared to U(IV) (Coetze et al. 2006). Considering the case of
radioactive pollution of soil and water, the poisonousness of elemental uranium
produces severe health problems (Rollett 2008). Uranium having 1–10 mm in
average size are unsolvable and when they reached in the lungs, may cause radi-
ation injuries and over a tenacious phase, prominent to lung cancer. Uranium, due
to its enhanced coordination efficiency toward biomolecules, acts as a potential
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mutagen and carcinogen. As per the World Health Organization (WHO), the
maximum tolerable concentration of U(VI) ions in water is 50 mg/L. The United
States Environmental Protection Agency (USEPA) has set a maximum contaminant
level for uranium of 30 µg/L (WHO 1998, 2003).

Environmental adulteration affected by uranium ions is being an important
problem in the world, which has advanced in route with the expansion of nuclear
technology over the last few decades. The average uranium concentration in earth
crust is about 2.8 mg/kg (World-Nuclear.org 2013; McGraw-Hill 2004). Launching
of nuclear fuels, nuclear reactors and nuclear weapon results in the contamination of
radionuclides especially in water bodies and adjoining soil surface (Fig. 3.2).

Natural and anthropogenic radionuclides are major contaminants of water
sources. The occurrence of these radionuclides, particularly uranium, and its decay
products in the environment often threats the environment stability and possess a
severe hazard to human and all other living beings, and they can easily be integrated
into the food chain and ingested by human beings. Due to its long half-life, high
biological activity and capability to be reused as an energy resource, need some
significant attention in eliminating and recovering these pollutants from the envi-
ronment (Bhalara et al. 2014). Several methods are adopted for the removal of
radioactive pollutants such as physical, chemical, and biological strategies. Each
strategy has both disadvantages and advantages and the suitable restoration meth-
ods would be based on the environments. This chapter covers the information about
the development of adsorbents and their properties for the remediation of
radionuclides in water. It gives an insight into the principal adsorption character-
istics and efficiency of many adsorbents based on their physico-chemical modifi-
cation concerning uranium ions from water.

Fig. 3.1 Nuclear energy generation-2010 around the globe. Source Bhalara et al. (2014).
Reproduced with permission from Copyright © 2018 Elsevier Ltd.
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3.2 Radioactive Pollution

Radioactive pollution induces severe adulteration in the environment, which will
adversely affect community health. There are two types of radionuclides exist in the
environment, which are natural and anthropogenic. Agreeing to the endorsement of
the International Commission on Radiological Protection (ICRP 2007), there hav-
ing some methodologies to regulate the radioactivity in the atmosphere for both
artificial and natural radionuclides. The natural radionuclides existing in the
atmosphere as long-lived primeval radionuclides (40K, 87Rb, 238U, 235U, 232Th and
some others) and cosmogenous radionuclides (3H, 14C, 7Be). However, thorium,
uranium, and their offspring nuclides (226Ra, 228Ra, 210Po, and 210Pb) contribute
more than half of yearly internal dose of human and all other living beings. The
radionuclides present in the environment contain fusion-fission yields (129, 131I,
90Sr–90Y, 134, 137Cs, 106Ru, 99Tc), transuranium elements (long-lived elements of
Pu, Am, Np, and in a less grade heavier metals) and initiation products (3H, 14C,
60Co, 55Fe, 56Mn, etc.) (Gupta and Walther 2014; Lauria and Godoy 2002; Povinec
et al. 2004). The Chernobyl disaster occurred in 1986 is the most affected nuclear

Fig. 3.2 Outline of radioactive pollution
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accident in the world and resulted in water pollution of seas, rivers, and ground-
water. The atmospheric release of xenon-133 is another disaster, which has a t1/2 of
five days, projected at 5200 PBq 50–60% of all radioiodine in the container, about
1760 PBq (1760 � 1015 becquerels), or about 0.4 kilograms (0.88 lb), has been
discharged as a mixture of sublimed steam, solid, and organic compounds.
Iodine-131 has a t1/2 of eight days, 20–40% of all core cesium-137 are released, 85
PBq in all, cesium has released in aerosol form; cesium-137, along with isotopes of
strontium, is the two primary elements preventing the Chernobyl exclusion zone
being reinhabited. 8.5 � 1016 Bq equals 24 kilograms of cesium-137. Cs-137 has
a half-life of 30 years. Tellurium-132, having a half-life of 78 h, an estimated 1150
PBq was released (Marples David 1988; Mould 2000). Another nuclear accident
has taken place at the Fukushima Daiichi Nuclear Power Plant in Ōkuma,
Fukushima Prefecture. This disaster was the most severe nuclear accident since the
26 April 1986 Chernobyl disaster and the only other disaster that had occurred at
the Level 7 of event classification of the International Nuclear Event Scale. As of
October 2019, 1.17 million cubic meters of polluted water deposited in the plant
area. The water had been treated by the decontamination process to eliminate
contaminants, except tritium, near a level that Japanese strategies allow to dis-
charging into the sea (Amano 2015; Aliyu et al. 2015). Besides, radioactive pol-
lutants may be removed from water bodies through some natural and artificial
strategies such as adsorption, co-precipitation, evaporation, membrane technique,
etc. Briefly, the radionuclides existing in water and maybe expended by humans
affecting the contact of interior irradiation quantities. Thus, the removal of
radioactive pollutants from water/wastewater and hindering their movement
through the food cycles is a critical job for radiation safety and public health.

3.2.1 Classification of Techniques

The objective of this radioactive pollution control treatments is to minimize the
capacity and proper management of radionuclide waste. Radioactive pollutants
removal depends on its quantity, physico-chemical and radiological properties. This
unit aims to convey a brief outline of frequently used techniques for the removal of
radionuclides from water. Despite numerous methods employed for the remediation
of uranium ions from water, it is essential to quote the choice of the most appro-
priate methods depending on the initial concentration, composition of wastewater,
operational cost, reliability, and environmental influence. Figure 3.3 summarizes
various techniques which have been employed for the removal of (U(VI) ions from
aqueous environment.
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3.2.1.1 Adsorption

The significance of the adsorption process is based on its higher reliability with
effectiveness, regeneration capacity, convenience, easy operation, cost-
effectiveness, and low secondary products. In the adsorption process, the solution
phase of adsorbate containing a dissolved species gets adhered on the solid
adsorbent phase. The process of adsorption has influenced by some mechanistic
approaches involving physico-chemical interactions on the surface such as pores,
complexation, ion exchange, chelation, and setup in capillaries.

Figure 3.4 summarizes different adsorbent materials which have been used so far
for the removal of U(VI) ions. Agricultural waste materials have reflected to be a
suitable choice for U(VI) adsorption due to their commercial, eco-friendly, and
unique properties along with renewable nature, low-cost abundance, and more
efficacy (Bailey et al. 1999; Orhan and Bujukgungor 1993). Besides, the reactive

Fig. 3.3 Different strategies involved for the removal of U(VI) ions from aqueous environment
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groups existing in the molecules such as structural polysaccharides, phenolic, amino,
carboxyl, carbonyl, esters, alcohols, facilitate the retrieval of U(VI) ions from water/
wastewater. Bioadsorption has been considered as an innovative strategy for
remediation of U(VI) ions from water because of its obvious advantages like high
aptness, selectivity for absorbing radionuclides at low concentrations with wide
range of solution pHs (Hashem et al. 2005a, b; Gupta and Ali 2000). Rice husk and
its hydrochloric acid, sodium carbonate, sodium hydroxide, tartaric acid, and
epichlorohydrin treated modifications have commonly used as bioadsorbent. The
maximum adsorption efficiency has achieved when using the tartaric acid-modified
rice husk. In strongly acidic conditions, carbon-based adsorbents have the advantage
of higher mechanochemical resistance than organic resins and superior
physico-chemical behavior than inorganic materials in treating nuclear wastewater.
Nowadays, the carbon constituents such as carbon nanotubes, activated carbon,
mesoporous carbon, and graphene compounds have been used for metal separation.
Activated carbon is one of the most often used materials as an adsorbent in
worldwide due to its most operative and cost-effective nature. Activated carbon has
fabricated by carbonization at high temperatures. The extreme removal percentage of
U(VI) >98% was detected at the pH of 3.0 with a concentration of 100 mg/L and the
amount of adsorbent used as 100 mg. The pseudo-second-order kinetics defines the
best-suited model. Maximum adsorption efficiency of activated carbon was found to
be 28.30 mg/g (Mellah et al. 2006). Coconut shells are initially preserved by 20%
phosphoric acid to enhance the surface and texture property. The carbonization is
achieved by heating at 500 °C for 3 h with a rate of 10 °C per min. The carbon
shows high adsorption efficiency for Eu3+, Ce3+, but lower adsorption efficiency for
Sr2+ and Cs+ in the aqueous medium (Moloukhia et al. 2016). Ershov et al. (1993a,
b) studied the physico-chemical performance of sorption-active materials, and the
authors explained the constituent of the ion-exchange process. They examined the
adsorption of cesium, thorium, uranium, strontium, americium, technetium, and
plutonium from several aqueous forms. Significantly, much research interest moti-
vated on the utilization of iron-based adsorbents for the adsorption behavior of
radionuclides from water (Noubactep et al. 2006). However, understanding the
remediation mechanism of U(VI) ions onto nanoscale zero-valent iron (nZVI) is vital
to progress new strategies for polluted water. Till date, various types of nZVI were
employed to eliminate U(VI) ions from water, with scrap iron achieved from a
diverse source of materials like reactive iron foil, Fe-based sludge, as well as pre-
pared nZVI, etc. The concentration of U in a range of 50-2500 mg/L, the effective
dose of nZVI was found to be less than 0.5 g/L with elimination efficiency from 85
to 99%, respectively, and the adsorption process was completed within 24 h (Crane
and Scott 2014; Dickinson and Scott 2010; Li et al. 2013). The removal efficiency of
U by nZVI series from 0.43 to 8170 mg U/g with identical experimental environ-
ments (Klimkova et al. 2011; Riba et al. 2008). The nZVI fabricated at laboratory
conditions was more effective and selectively removed the U than commercially
available ZVI. Chen et al. examined the effectiveness of synthetic hydroxyapatite for
the removal U from wastewater and also calculated the influencing factors of
hydroxyapatite for the removal of U(VI) ions (Chen et al. 2009). The results showed
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that 95% of U(VI) ions could be removed by hydroxyapatite from aqueous medium
(Chen et al. 2009). Philiips et al. examined the removal of U from artificial
groundwater using Purolite A-520E and Dowex1-x8 anion exchange resin which
was more operative than metal-binding resins (Philiips et al. 2008). Chitosan, a
biopolymer composed of glucosamine derived from chitin by the deacetylation
process, employed as an adsorbent for U adsorption in strongly alkaline medium.
The removal efficiency of U(VI) ions onto cross-linked chitosan increases with
rising contact time and attains saturation within 120 min (Wang et al. 2009). A resin
was fabricated by poly(amido)amine (PAMAMG3) dendron on the surface of
styrene-divinylbenzene (SDB) (Ilaiyaraja et al. 2013) acted as a potential adsorbent.
It was found that U(VI) ions adsorption on the resin follows PSO kinetic and
saturation parameters well associated with the Langmuir isotherm. Besides,
PAMAM possesses a high content of nitrogen and oxygens of amide and
amino-functional moieties on the surface, which can show strong binding behavior
toward U(VI) ions from aqueous solution. Talc is a layered material with the formula
of Mg3Si4O10(OH)2. The Langmuir isotherm was established to be the superior fit
for the removal of U(VI) ions by Talc (Charnay et al. 2001; Meldon et al. 2011)
58.3 m2/g of talc surface area was engaged by an extreme amount of 41.6 mg/
g uranium during adsorption. Ti3C2(OH)2 was used as another material for the
removal of U(VI) and it shows a maximum removal efficiency of 595.3 mg/g
(Zhang et al. 2016). The adsorption of U(VI) ions from water using two-dimensional
(2D) multilayered V2CTX material showed a maximum adsorption capability of
174 mg/g, which was higher than the adsorption efficiency of many other adsorbents
(Wang et al. 2016). Also, the existence of multilayered active groups such as –O, –F,
and –OH in MXene were accountable for U(VI) adsorption. Wang et al.
(2017) (Wang et al. 2017) reported a novel method to extend the interlayer space of
Ti3C2Tx, complexed to the fabrication of pristine and intercalated MXenes in
identical conditions. Layered double hydroxides (LDHs) are highly tunable
brucite-like adsorbents, in which a segment of divalent ions are exchanged by
trivalent ions, creating positively charged species that are recompensed by multi-
valent anions intercalated into the interlayer distance. Kulyukhin’s et al. reported
uranium enrichment studies for U(VI) remediation by various LDHs (Kulyukhin
et al. 2010, 2011; Kulyukhin and Krasavina 2016). Characteristically, they con-
ducted a study on the removal of U(VI) by various compositions (Mg, Al and Nd) of
LDHs. Figure 3.5 shows the recycling process of the adsorption technique.

3.2.1.2 Reduction

For the environmental remediation of uranium, the TiC2Tx condensed the extremely
toxic U(VI) ions to the less toxic U(IV) and revealed the removal efficiency of
470 mg/g at pH 3.0 via sorption-reduction method. A facile Ti3C2/SrTiO3 hetero-
catalyst was prepared through partial oxidation of a multilayered Ti3C2 in simple
hydrothermal strategy (Deng et al. 2019). The Ti3C2/SrTiO3 employed to remove U
(IV) by photocatalytic reduction conversion. The study on 2D MXene revealed that

46 P. Karthikeyan et al.



the amidoxime functionalized Ti3C2Tx loaded carbon cloth can exhibit an enhanced
U(VI) ions removal efficiency of 626 mg/g in the presence of electric field (Zhang
et al. 2020). Uranium flexibility is contingent heavily on its oxidation states. U(VI)
is highly water soluble and portable, and can be condensed to less soluble com-
plexes (U3O8/U4O9/UO2), when several reluctant are existing in the reduction
process (Lovley and Phillips 1992; Lovley et al. 1993). The reduction of U(VI) has
become the primary technique for removing U(VI) adulteration and several
reductants have examined for the removal of uranium contamination. Fe(0), Fe(II),
(FeS), (FeS2), (FeCO3), and magnetite (Fe3O4) are robust reductants and are being
used widely to condense U(VI). Also, Fe(II) can reduce soluble U(VI) through a
rapid reaction when the thermodynamic system is favorable. The outcome of
findings provided new probable ways for U(VI) reduction process (Regenspurg
et al. 2009; Du et al. 2011).

Fig. 3.4 Different adsorbent materials used for the removal of U(VI) ions from water
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3.2.1.3 Chemical Precipitation

Precipitation methods have been utilized commonly for eliminating radioactive
materials from low and in-between levels through fuel recycling stations, power
stations, and energy production places. These techniques are knowingly multipur-
pose, moderately low-cost, smooth operative and may react with sewages that
containing moderately low concentrations of target pollutants among those cover-
ing vast quantities of contaminants or great concentrations of in-active species.
However, in some cases, pretreatment phases such as the reaction of inorganic
pollutants, solution pH, the variation of the valence states, should have some
influence in the formation of the precipitate in the system. As a precipitating agent,
iron oxide has some impact in the precipitation of uranium due to the reactivity and
exclusive properties of the material and not of the specific attraction of the

Fig. 3.5 Recycling process for the adsorption technique
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contaminant with the sorbent in the aqueous medium. Zero-valent iron shows much
more precipitating power than the other sorbents in eliminating U(VI) ions from
water. Precipitation process over iron oxide is more preferred when the external
surface of the sorbent has not shielded by corrosion yields (Noubactep et al. 2005;
Gu et al. 1998; Zhao et al. 2012).

3.2.1.4 Ion Exchange

Ion-exchange techniques have a widespread prospect in eliminating soluble and
insoluble radionuclides from the aquatic environment, which has formed as a
byproduct in nuclear fuel systems. It is instrumental in transferring a solution of the
large volume of harmful contents into a smaller amount of solid (International
Atomic Energy Agency 1970).

The ion-exchange method contains the exchange of anions or cations of a
solution using an insoluble solid surface holding polar functional groups which
support the exchange of more objectionable materials with another nonobjection-
able, or less objectionable ionic substance. When the groups are negatively
charged, involve the replacement of cations and when they are positively charged,
involve the replacement of anions. So, ion exchanger can be ‘restored,’ radioactive
waste can be separated with high activity, and if the ion exchangers become
‘drained,’ they can be eliminated and treated as harmful sewage.

Different types of ion exchangers have been employed for the removal of
radioactive contaminations such as (a) synthetic materials like hydrous oxide gels of
metals, zeolites, or resins designed by polymerized cross-linked hydrocarbons
holding ionic functional groups (carboxylic acid, amino groups, sulfonic acid, etc.)
and (b) natural ion exchangers (clays, zeolites, cellulose, charcoals, collagen).
Ion-exchange processes can be accomplished in continuous and batch methods. If
the wastes are having high contamination of salts, radionuclide, inorganic and
organic contaminants, and suspended solids, the ionic form is not appropriate. The
effluents will have to be pretreated before proceeding to the ion-exchange method
(International Atomic Energy 1992; Adenot et al. 2005).

3.2.1.5 Evaporation Process

Evaporation technique is an operative and active method for concentrating inor-
ganic salts, metal ions, and various harmful substances from wastewater effluent
and decreases the high content of wastes with great decontamination factor. The
method is employed for the intermediate, high and low-level effluents, in specific,
for the highly reactive wastes and may be achieved through the generally available
evaporation apparatus. However, this technique has some critical restrictions:
inappropriate for waste sewages containing a large number of active salts, high cost
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because of its massive energy consumption, and the presence of some inorganic and
organic compounds can result from explosions during evaporation (International
Atomic Energy 1992; Adenot et al. 2005).

3.2.1.6 Electroremediation Technique

The electrochemical process and electroremediation, also recognized as the elec-
trokinetic system, are categorized as a physico-chemical strategy and can also be
used for the treatment of uranium ions. The electrochemical treatment of organic
and inorganic compounds involves the direct use of electric current for the removal
of contaminants. This process is informal to control and contains the setup of
electrodes into the inorganic or organic effluents. This technique is proficient for
mineralizing the organic compounds into CO2 and water molecules directly,
without the emission of any toxic compounds. Different catalytic agents such as Ce
(IV)/Ce(III), Co(III)/Co(II), Ag(II)/Ag(I), have been recognized with this remedi-
ation system (Prabhakaran et al. 2009; Farmer et al. 1991; Chang 2001).

3.2.1.7 Membrane Process

Membrane technologies with several modifications have been surprisingly applied
in U(VI) ions removal from water due to their high efficacy, easy process, and
friendly handling instruments (Van der Bruggen and Vandecasteele 2003; Bian
et al. 2000; Bacchin et al. 2002; Bhattacharjee et al. 1999). The commonly used
membrane processes for removing the U(VI) ions from water/wastewater are
ultrafiltration, nanofiltration, and reverse osmosis techniques.

Nanofiltration has an advantage comparing with the other membrane techniques,
as it can be able to perform at lower operative pressures, and hence, it consumes
little energy. Also, the nanofiltration is very selective and will not intercalate with
the highly charged U(VI) ions from water during the treatment process.. Raff and
Wilken were established that 81–99% of U(VI) ions could be rejected using
nanofiltration technique (Raff and Wilken 1999). Ultrafiltration is a unique kind of
membrane process; hydrostatic compression is the energetic force for wastewater
rejection. The uranium typically exists in different forms; the studies were per-
formed at pH 4. The rate of flux changed from 20 mg/s at the pH 4.0 and the lower
level of 18 mg/s at the of pH 5.0 (Schaep et al. 1998; Favre-Reguillon et al. 2003;
Bellona et al. 2004; Raff and Wilken 1999; Hilal et al. 2004). The reverse osmosis
technique is semipermeable in nature. In this process, the feed solution was passed
through it and eliminating the pollutants from aqueous solution. However, its dif-
ficulties like complexity, membrane fouling expensiveness, and a small quantity of
permeate nature have restricted their use in U(VI) ions remediation.
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3.2.1.8 Biological Process

The biological process exhibits extracellular bindings and the solution pH will
change the biological actions of microorganisms and plants. Through varying the
form and biodegradability of U(VI) ions, it is possible to minimize the transmission
of uranium ions to the food cycles, which may help to prevent the environmental
adulteration of uranium ions in water/wastewater. U(VI) removal using the bio-
logical technique may be more operative in the remediation of U(VI) ions from
HCO3

− solution than other conventional methods like ion exchange and biosorption
process (Kalin et al. 2005). Various physico-chemical strategies and biological
methods are enough to achieve the operative costs, and the biological material
sources are economical and easily accessible (Loviey and Phillips 1992; Veglio
et al. 2003). Pseudomonas MGF-48, which assembles U(VI) ions with high effi-
cacy, is a catalase-positive, gram-negative, yellow-pigmented bacterium, motile
derived from electroplating effluents. This bacterium can quickly remove U(VI)
ions from water.

3.3 Risk Evaluation and Progress of Future Strategies

Nuclear waste processing and effective site repairing depend on the accessibility of
appropriate waste administrative strategies and facilities. Operative administration
of both radioactive and nonradioactive waste is an important for wastewater
management. Strategic resolutions about the wastewater management are learned
by the subsequent key ethics: remediation is import, integrated, and multisite atti-
tudes would be reflected where it may be beneficial, waste should be reduced, and
the waste order should be used as the outline for waste management choice creating
and permits an active balance of significances containing the cost-effective,
affordability and the health security, safety and the atmospheric balance. The
management of radioactive waste in worldwide includes the categorization of the
waste from its generation to final disposals such as classification, treatment,
transport, pretreatment, storage, and removal. All of these processes will reduce the
volume of radioactive wastes from the aqueous environment.

3.4 Conclusion

The problem of U(VI) ions removal from large volumes of natural aquatic systems
could not be resolved using the synthetic materials because of their high cost and
low attraction of the pollutants from the aqueous environment. The radioactive
contamination is one of the ultimate imperative ecological problems throughout the
world. The reduction of radioactive uranium becomes a concern for investigators.
In this point of view, numerous researches have been made to study the effective
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remediation of U(VI) from water. This study critically demonstrated the various
strategies for U(VI) ions elimination from the aqueous environment which has been
examined extensively by various researchers through different studies. An exten-
sive range of treatment strategies like adsorption, precipitation, ion exchange,
reduction, biological process, and membrane filtration have been established for
removing U(VI) ions from water/wastewater. It was obvious from the literature that
adsorption, ion exchange, and membrane processess are the most frequently used
methods for the removal of U(VI) ions from water. Adsorption using cost-effective
sorbents and bioadsorbents was well-known, effective, and economically sound
technique for the removal of low concentration of radioactive pollutants. Activated
carbon is an alternative for the removal of high concentration of pollutants since
the carbonaceous materials have an enhanced sorption efficiency. The cost of
compounds utilized and approaches of modification also have to be taken into
consideration to make ‘low-cost’ adsorbent materials. The presence of a flexible
polymer chain structure, high hydrophobicity, and a high number of reactive groups
will induce the adsorption of the pollutants. The membrane process has shown high
rejection abilities but the operative cost is still challenging. Bioremediation has
accomplished via the biomineralization of U(VI) ions from water. The bioreme-
diation acts in the same way to that of the more extensively examined U(VI) ions
bioreduction. It is necessary to develop some sophisticated methodologies by
conjoining the organic and inorganic materials for the fabrication of adsorbents for
the treatment of radioactive pollutants, which will refine the quality of the envi-
ronment by reducing the quantity of radioactive pollutants from water/wastewater.
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Chapter 4
A Study on Different Bioremediation
Approaches to Hexavalent Chromium

Shivangi Upadhyay and Alok Sinha

Abstract Hexavalent chromium is a geochemical element and designated as
priority pollutant. It has mutagenic and carcinogenic property and poses a serious
threat to both humanity and ecosystem. Despite of toxicity, little dose of chromium
acts as micronutrient in the diets of animals and humans and also helps in sugar,
protein, and lipid metabolism in mammals. Chromium speciation exists in two
states: hexavalent chromium and trivalent chromium, out of which the latter is
nontoxic. Health problems associated with high dose of chromium are ulcers,
diarrhea, irritation of skin, eye and lung carcinoma, dysfunction of kidney, birth
defects, and reduced reproductive health. The lethal dose (LD)50 value for oral
toxicity in rats is 50–100 mg kg−1 and 1900–3000 mg kg−1 for Cr (VI) and Cr (III),
respectively. Due to high toxicity of Cr (VI) compounds, there is multiplicity of
treatment technologies including physico-chemical and biological methods.
Physico-chemical methods are high energy demanding, have high operational cost,
generate secondary pollutant, and sometimes have lesser efficiency due to high
metal concentration and interferences. In contrast to physciochemical method,
bioremediation of Cr (VI) reduction is operated at low cost, and less energy is
required with high efficiency of reduction, no health and environmental hazards.
Microorganisms involved in remediation metabolize the chemicals via
enzyme-catalyzed pathway converting into harmless compounds and often use
compounds as a source of their growth. Despite of all these methods, some green
technologies and modification in these techniques also proved to be effective in
chromium reduction. This chapter deals with occurrence and fate of chromium,
speciation, various treatment technologies, mechanism of reduction and their
advantages-disadvantages, pilot-scale studies, and future perspectives in remediat-
ing toxic hexavalent chromium.
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4.1 Introduction

The seventh most abundant element and metal found in earth’s crust is chromium
(Cr) which is excavated as chromite (FeCr2O4) (Sultana et al. 2014). Being a
geochemical element, its presence is found in rocks, fresh water, and mineral soils.
Despite of several oxidation states, it is the most stable form, and trivalent chro-
mium Cr (III) and hexavalent chromium Cr (VI) are prevalent in environment
(Sultana et al. 2014; Fernandez et al. 2018). Chromium cycle mainly follows
oxidation and reduction of its different form. Oxidation of Cr (III) into hexavalent
form in sediments and soils occurs by manganese oxide while Cr (VI) is reduced to
its trivalent form by soil compounds that are in reduced form. Hexavalent chro-
mium has wide range of industrial application like chrome plating, leather tanning,
electroplating, stainless steel industries, and wood preservation (Jobby et al. 2018).
United States Environmental Protection Agency-USEPA has designated this ele-
ment as priority pollutant as it becomes easy for the metal complexes to cross the
membrane, thereby generating reactive oxygen species (ROS) which in turn alters
cellular structure (Fernandez et al. 2018; Fedorovych et al. 2009; Juvera-Espinosa
et al. 2006). Owing to toxicity of chromium element, hexavalent chromium is 1000
times mutagenic and 100 times lethal than trivalent state (Chojnacka 2010).
Organisms come into contact with chromium via inhalation, oral digestion, or
dermal contact. Cr (III) enters through digestive system, and if there enters Cr (VI),
simultaneously most of them gets reduced to Cr (III) (Hamilton et al. 2018;
Pechancova et al. 2019). Absorption of Cr in the gastrointestinal tract follows the
unsaturated passive transport and is severely influenced by substances present in
diet. The Cr species then travels in the bloodstream and gets accumulated in the
deep organs like liver, kidney, and spleen and then excreted out via urine and
negligible amount by bile or hair (Finley et al. 2017). Cr (III) is helpful in human
metabolism like cholesterol and triglyceride levels, stability and amalgamation of
proteins, nucleic acids, glucose maintenance, and stability of cell membrane (Di
Bona et al. 2011; Frois et al. 2011; Fernandez et al. 2014). A study compared rats
supplied with less content of Cr (III) and another provided with heavy amount of Cr
(III) confirms that those having little amount of trivalent chromium had no adverse
consequences and are not used as nutritional supplement. Higher dosing of trivalent
chromium forms composite with organic compounds which interferes with metal-
loenzymatic process (Poljsak et al. 2010) and may cause lung cancers, decrease in
reproductive health and birth deficiency (Fernandez et al. 2018).

These polluting agents are directly thrown into water and soil from various
sources generates pollution, contamination and demolition of the ecosystem. For
the treatment of chromium ions, various technologies have been developed till date
from water, wastewater, and soil. Physico-chemical methods like use of activated
carbon, chemical precipitation, reverse osmosis, ion exchange, membrane tech-
nologies, and adsorption (Krowiak 2013) have been extensively used but some-
times these processes are exceptionally expensive when the metal concentration
varies from 1 to 100 mg/L. Another drawback of these techniques is they generate
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huge quantity of toxic chemical sludge which creates a serious concern for disposal.
On the other side, microorganisms interact with chromium via biosorption, enzy-
matic reduction, and bioaccumulation is gaining grounds due to its low opera-
tionality and minimum chemical requirement. Use of scrap iron in reducing Cr
(VI) is a promising and emerging technology because of its easy availability, faster
reaction rate, and cost-effectiveness.

4.2 Chromium Toxicity and Contamination

Chromium is an essential micronutrient in the diets of humans and animals which is
helpful in lipid, sugar and proteins metabolism, but in case of plants and
microorganisms, there is no such known necessity of chromium in their metabolic
pathways. However, chromium is toxic at high level depending upon its oxidation
state. In between its two oxidation states (III) and (VI), hexavalent state is highly
lethal, carcinogenic, and mutagenic and has effects on lowering reproductive
capacity and birth defects as well. The casualty may occur due to large dosage of
Cr (VI). The lethal dose (LD)50 value for oral toxicity in rats is 50–100 mg kg−1 for
Cr (VI), and for Cr (III), it is 1900–3000 mg kg−1 (Jobby et al. 2018). The other
toxicity effects associated with chromium are that it reduces the plant’s capacity to
grow by decreasing uptake of nutrients and photosynthesis. The morphological,
physiological, and biochemical processes of plants are rigorously affected by high
dose of chromium which induces formation of reactive oxygen species. In plants, a
phenomenon called chlorosis and necrosis indicates its toxicity.

Chromium has corrosion-resistant quality due to which it has been widely used
in industrial processes like manufacturing of stainless steel, metallurgical, tanning,
wood preservation, electroplating, pulp and paper, and production of paints. These
industries generate huge amount of wastes in the environment. In many countries,
the chromium contamination in surface water has crossed its permissible limits
approximately 0.5–2 mg/L. (US Environmental Protection Agency 1987) and
(Guidelines for drinking-water quality 1996) reported that the total chromium
content of 84 mg/L and 0.2–44 mg/L has been found in the surface water of Central
Canada and USA, respectively. The contamination to groundwater by Cr (VI) is
due to leaching and seeping of dumped wastes as a filling material possess a great
threat to health. Major source of Cr (VI) pollution are tannery industries where
chromium compound has been used to tan hides. However, Cr is not completely
used in the tanning process of leather, a large portion of it is discharged as it is in
the effluent. Around the world, approximately 40 million tonnes of chromium waste
is produced by tanning industries which is directly released into water and disposed
of on land. It has been detected in India that around 2000–32,000 tonnes of ele-
mental chromium are discharged annually by tannery industries in the environment
having chromium concentration ranging between 2 and 5 g/L which is higher than
the permissible limit.
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4.3 Chromium Reduction by Different Methods

4.3.1 Physical and Chemical Methods

Physical methods of Cr (VI) reduction include membrane filtration, granular acti-
vated carbon, adsorption, photocatalysis, electrodialysis, soil washing (Wang et al.
2008), and chemical methods include use of chemicals like ferrous sulfate, sulfur
dioxide, barium sulfite, sodium metabisulfite, lime and limestone, and sodium
sulfite, for reduction of Cr(VI) to Cr(III). The disadvantages of these methods are
high energy demand, high operational cost, generation of secondary pollutant and
sometimes lesser efficiency due to high metal concentration and interferences
(Zouboulis et al. 2004). A list of physico-chemical treatment technologies is dis-
cussed in Table 4.1.

4.3.2 Biological Methods

Bioremediation is one of the best approachs toward remediating heavy metal pol-
lution. It is a phenomenon of transforming harmful pollutants into nontoxic com-
pounds by involving living organisms (fungi, bacteria, plants, yeast, and algae). The
advantage of this method is that there is low operational cost, less energy
requirement, high efficiency, no health and environmental hazards, metal recovery
and possibility to reuse. Microorganisms involved in remediation metabolize the
chemicals via enzyme-catalyzed pathway converting into harmless compounds and
often uses compounds as a source of their growth. Some of the parameters that
affect the efficiency of the process are chemical nature of pollutants, structure of the
compound, pH and temperature of the system, nutritional state, presence of
microbial community and hydrogeology. Bioremediation approaches to heavy
metal treatment are bioaccumulation, biosorption, and biotransformation.

4.3.2.1 Bioremediation by Fungi

Fungi has been well known for biosorption of Cr (VI). Several genera of fungi had
been discovered in biosorption process such as Aspergillus oryzae, Trichoderma
sp., A. niger, Fusarium oxysporum, Trichoderma inhamatum, Hypocrea tawa,
Fusarium oxysporum NCBT-156, Saccharomyces cerevisiae, Penicillium griseo-
fulvum MSR1, and Acremonium sp.. Cr (VI) biosorption by fungi can be accom-
plished by metabolism-dependent and independent pathway. The mechanism for
Cr (VI) sorption involves adsorption of Cr (VI) on the cell surface of fungi by
formation of a chemical bond that have some functional groups present. The
presence of hydroxyl, carboxyl, amino, and carbonyl groups on the cell surface
helps in attachement of Cr (VI) on the wall of fungal cell. Involvement of different
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fungal species in Cr (VI) reduction exerts different results such as Saccharomyces
cerevisiae from culture collection bank reduced 200 mg/L of Cr (VI) in 24 h with
85% efficiency (Mahmoud and Mohamed 2017), A. niger was capable of reducing
18.125 mg/L having efficiency 96.3 and operating duration was seven days
(Sivakumar 2016), Paecilomyces lilacinus isolated from tannery effluent reduced
200 mg/L Cr in 120 h with 100% removal (Sharma and Adholeya 2011).

4.3.2.2 Bioremediation by Bacteria

Cr (VI) remediation using bacteria proved to be a very efficient, cheaper, no
chemical input, less energy requiring method that converts it in less toxic
Cr (III) form. Both gram positive and gram negative bacteria, living and dead cells
are efficient in remediation approaches. A work reported ability of chromium
biosorption in B. circulans (34.5 mg Cr g−1 of dry weight), B. megaterium
(32.0 mg Cr g−1 of dry weight) and B. coagulans (39.9 mg Cr g−1 of dry weight)
and it was found out that the biosorption ability of living and dead cells of
B. coagulans and B. megaterium were compared and dead cells were found to be
more effective for chromium biosorption. Some of the bacterial species applied for
the treatment of hexavalent chromium reduction are provided in Table 4.2.

4.3.2.3 Bioremediation Using Algae

Biosorption by algae is another remediation method for Cr (VI) which involves
adsorption of metal on the algal cell surface, and may further follows accumulation
inside the cell. Specific molecules like phytochelatins, metallothioneins, guluronic
acid, alginates, sulfated polysaccharides with hydroxyl, amino, carboxyl, and sul-
fate as functional groups trigger Cr (VI) remediation. Variety of algal species has
been used in Cr (VI) removal like, Euglena, Scenedesmus, Cladophora
sp. Selenastrum, Ceramium virgatum, Spirulina sp. Nostoc linckia and Chlorella
vulgaris. It was studied by (Pradhan et al. 2017) using Chlorella vulgaris for
3.22 mg/L of hexavalent chromium. At 28 °C, complete reduction was observed
within 12 days. Furthermore, organelles (Chloroplasts) were extracted from
Chlorella vulgaris for reduction and the results stated that it adsorbed total chro-
mium (21%) and reduced 70% of Cr (VI). An algal species, Sargassum cymosum,
has been used in Cr (VI) reduction as an electron donor and the reduction was due
to acidic carboxylic group associates with the surface of the biomass which
mediates sequestration of trivalent chromium. During the reduction process, the
oxidation of biomass forms the binding sites on the surface.
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4.4 Mechanism of Cr Reduction by Microbes

Microbial remediation is the process of quickly degrading the lethal pollutants to
naturally safer limit in water, sludge, soil, residues, and subsurface materials. (Asha
Latha and Sandeep Reddy 2013). The different remediation mechanisms followed
by microbes are biosorption, bioaccumulation, and biotransformation. Biosorption
is a reversible, passive, and rapid process that involves a biosorbent and a sorbate.
(Ahluwalia and Goyal 2007). Enormous variety of microorganisms have been
applied for biosorption activity such as cyanobacteria, algae, microalgae
(Khoubestani et al. 2015; Kwak et al. 2015; Nemr et al. 2015), yeast (Fernandez
et al. 2013; Farina 2012; Khani et al. 2012) fungi (Huang et al. 2016), and bacteria
(Wu et al. 2015; Bahafid et al. 2013). Structural integrity and many functional
groups like hydroxyl, amino, carboxylate, and phosphate are provided by microbial
cell wall that helps in binding of heavy metal ions. The sorption of metal ions
requires energy consumption which is provided by citoplasmatic metal binding
proteins. A study by (Thatoi et al. 2014) found out that hexavalent chromium
removal involves adsorption on functional groups like polysaccharides, amide I,
amide II, amide III, carboxyl, and sulfonate and which further accumulates within
the cell and thus biotransforming hexavalent chromium to its trivalent form.
Biotransformation of Cr (VI) to Cr (III) is mediated by soluble cytosolic proteins or
insoluble cell membrane enzymes (Viti et al. 2014; Kadlec and Wallace 2009).
Biotransformation in plants is mediated by chemical or enzymatic process. The
reduction of Cr (VI) by chemically induced mechanism is mediated by cysteine,
sulfite, thiosulfates, and glutathione that are present in the plant cell. The enzymatic
method of reduction is carried out by diverse group of bacteria such as Bacillus sp.,
Pseudomonas sp., Staphylococuusarlettae sp. etc. The presence of soluble and

Table 4.2 Different bacterial species in Cr (VI) reduction

Species Cr (VI)
concentration
(mg/L)

Duration of
reaction (h)

% efficiency Growth
condition

References

Cellulosimicrobium
sp.

50, 100, 200,
and 300

24 and 96 99.33 and
96.8

– Bharagava
and Mishra
(2018)

Bacillus circulans
BWL1061

50 – 100 – Liu et al.
(2017)

Serratia sp. 4, 8, 12, 16,
20

36 and 48 100 Aerobic Upadhyay
et al. (2018)

Bacillus sp. (CSB-4) 10–500 144 90 – Dhal et al.
(2010)

Ochrobactrum sp. 300 – 96.5 – Chen et al.
(2016)

Acinetobacter
baumannii L2

1000 24 99.58 – Sathishkumar
et al. (2016)
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membrane-bound reductases such as flavin reductase, cytochromes, and hydroge-
nases is used by the bacteria that can use chromate as the terminal electron acceptor
in electron transport system. Also, presence of different chromate reductase such as
YieF, LpDH ChrR, and NemA, and that are present in section of cytoplasm else are
membrane bounded helps in transforming activity. The mechanism of chromium
reduction varies with different microorganisms. In yeast, the detoxification occurs
indirectly by riboflavin and sulfate and is released to the extracellular medium by
the yeast cells. (Fedorovych et al. 2009). A pictorial representation is depicting the
reduction of Cr (VI) by microorganism and their effects associated with the process
in Fig. 4.1. A flowchart showing different scale-up approach for Cr (VI) reduction
is depicted in Fig. 4.2.

4.5 Cr Removal by Constructed Wetlands

Constructed wetlands (CW) play an important role in chromium removal process
involving a combination of biological and physico-chemical processes which
includes sedimentation, attachment to porous media, plant uptake, and precipitation
as insoluble forms (mainly sulfides and (oxy-) (hydroxides) (Maine et al. 2009).
Rhizosphere is the most efficient reaction zone where both biological and
physico-chemical processes and interaction of microorganisms, plants, and pollu-
tants takes place. CW vegetation in Cr removal follows release of root exudates
which impacts metal toxicity and their mobility and provides surface area for
microbial growth to occur, and the tissues accumulates Cr in themselves. Root zone
accumulates metals and inhibits metal mobility from roots to shoots in vascular

Fig. 4.1 Chromium reduction by microbes and the possible effects associated with cell
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plants, and also the complex compounds formed with carboxyl group prohibits
movement of metals to the shoots. It has been stated by many researchers that Cr
ions itself have the binding capability with cell walls of plant tissues which inhibit
their translocation. Plants take up metals in their ionic forms by metal ion carriers or
channels. Cr ions form chelating compounds with chelators like glutathione, met-
allothionein protein, organic acids, and phytochelatin within the cells to reduce
metal toxicity. Upon entering into the roots, they are either accumulated in the roots
or translocated into the shoots through xylem tissues. Afterward, the movement of
these ions from shoot xylem to leaf tissue takes place. Absorption of metal ions by
root cells takes place via plasmalemma and via passive diffusion by cell walls in the
roots of aquatic plants. In the root cells, both Cr (VI) and Cr (III) enter via symplast
method where reduction of Cr (VI) to Cr (III) form takes place and get stored in the
root zone. The movement of Cr ions is limited in aerial parts and mainly dependent
on chemical structure inside the tissue. But uptake of Cr (VI) can damage root
membranes due to its high oxidation power and it also restricts uptake of some
essential elements like K, Fe, Mn, P, Mg, and Ca due to similarity in their ionic
forms.

Fig. 4.2 Flowchart showing different scale-up approach for Cr (VI) reduction
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Microorganisms too have vital role in CW function as they involve metal
reduction mainly by an energy-dependent active process called as bioaccumulation
and another one is nonenergy-dependent passive process known as biosorption.
In CW, microorganisms influence metals by biosorption, metal speciation,
methylation of heavy metals and precipitation by sulfate reduction. Metal sorption
by some bacteria occurs by formation of amorphous mineral inclusions.
Mycorrhizae forms a symbiotic connection between roots and soil and provides
adsorptive surface area for metals present in toxic form in the soil (Table 4.3).

4.6 Biostimulation

Biostimulation is the modification of the process to enhance the growth of existing
bacteria during course of bioremediation. Various nutrients and electron accepters
or donors like lactate, molasses, or acetate are required in the modification process.
Based on the physico-chemical properties and indigenous microbial communities,
the efficiency of each electron donors in this process depends. It helps in heavy
metal reduction and microbial growth kinetics in a specified environmental con-
dition. A study conducted by (Brodie et al. 2011) stated that in presence of acetate
as an electron donor, 16 mM Cr (VI) was reduced to zero within 25 days. Some
more experiments were conducted by (Varadharajan et al. 2015) using variety of
electron donors for chromium reduction based on lactate polymerization. The
experiments involved treatment of Cr (VI) contaminated groundwater using dif-
ferent electron donors such as polylactate cysteine, primer hydrogen release com-
pound (HRC), and extended HRC. Both the electron donors proved to be effective
in overall reduction process with enhanced biomass and their activity.

4.7 Pilot-Scale Studies

Generally, the findings obtained from laboratory experimental setup do not
essentially equate to the results from large scale on-site operating conditions.
A very restricted number of pilot-scale experiments have been implemented for Cr
(VI) remediation (Table 4.4).

4.8 Future Perspectives in Chromium Removal

The development and certain modification in the reduction processes offer great
opportunities for the ongoing heavy metal pollution problem. Fungi and bacteria
have been used recently in the proteomic or transcriptomic studies on their response
to hexavalent chromium. Certain modifications such as use of immobilized
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microbial cells and enzymes in combination with nanotechnology like infusion of
carbon nanotubes into calcium alginate beads have better efficiency in Cr
(VI) reduction. Application of nanomaterials with metal reducing bacteria can be
efficient as they act as an electron donor, thus accelerating Cr (VI) reduction into Cr
(III) (Gutierrez-Corona et al. 2016; Seo and Roh 2015). Genetically, engineered
bacteria have the great adaptability and treatment efficiency for the removal of
chromium compounds. Development of technologies like combining electro-
chemical and biological processes together may prove to be helpful in treatment of
chromium released from tannery effluent in future. Bioaugmented microorganisms
have diverse metabolic pathways and robustness which is a must requirement for
high-scale application (He et al. 2014).

4.9 Conclusion

Diversity in anthropogenic activities and industrialization has increased the risk of
life due to heavy metal pollution. Among the heavy metal, Cr (VI) possesses a great
threat to environment as well as life of living beings due to its mutagenic, car-
cinogenic, and teratogenic behavior. Different Cr (VI) remediation techniques like
biosorption and biotransformation involving variety of microorganisms have been
implemented and proven to be cost-effective, eco-friendly and efficient. Presence of
functional groups like polysaccharides, amide I, amide II, amide III, carboxyl, and
sulfonate mediates the Cr (VI) accumulation inside the cell, thereby transforming Cr
(VI) into Cr (III) form. Use of different types of constructed wetlands has been also
proven to be effective in treatment process. Despite of all these above-explained
treatment technology, there is a gap between laboratory outcomes and pilot-scale
studies of Cr contaminated sites. A suitable operational strategy may fulfill the gap
and can be applied to Cr contaminated sites.
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Chapter 5
Dissolved Arsenic in Groundwater
Bodies: A Short Review of Remediation
Technologies
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and Shihabudheen M. Maliyekkal

Abstract Arsenic is a crystalline metalloid present in the earth’s crust in different
minerals. Various natural processes and human interventions have mobilized As
into the groundwater system over the years. The dissolved As presence in drinking
water is now a significant health concern in India and many other countries. As is a
proven carcinogen, and long-term ingestion of low concentrations of As can lead to
serious health issues. As in drinking water was first regulated by the United States
Public Health Service (USPHS), which set a maximum permissible concentration
(MPC) of 50 lg/L. Later, based on lung and bladder cancer risk, the United States
Environmental Protection Agency (USEPA) promulgated a maximum contaminant
level (MCL) of 10 lg/L. Indian standard for drinking water also recommends a
total As concentration of 10 lg/L as the acceptable limit. However, some of the
developed countries have As standards lower than 10 lg/L as well. The removal of
As in drinking water is inevitable, considering its widespread presence in
groundwater, potential human toxicity, and stringent regulation in drinking water.
Several point-of-use (PoU) and community-based treatment technologies have been
developed to provide As-free water to the affected population. The processes
adopted in these technologies include coagulation and filtration, sorptive filtration,
ion-exchange, electrocoagulation, and membrane filtration. The present chapter
reviews these technologies critically and their suitability in the Indian context. The
chapter also provides insight into the As occurrence in the environment, its spe-
ciation, toxicity, and health effects.
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5.1 Introduction

Freshwater is crucial to sustaining life, and however, it is a limited resource. Among
freshwater resources, groundwater is considered more dependable in terms of
quality and quantity as compared to surface water. The water drawn from an
underground reservoir is typically free from microbial contamination and requires
less treatment. It is an indispensable source of drinking water supply in many
countries around the world. However, natural causes and human interventions have
significantly reduced the quality and quantity of groundwater over the years. The
increasing presence of dissolved chemicals in groundwater is a primary concern
now. Dissolved arsenic (As) is one such chemical contaminant widely reported in
groundwater reserves. According to recent reports, 107 countries around the globe
have reported cases of As contamination in groundwater. India, Bangladesh,
Pakistan, Thailand, Taiwan, Africa, and Vietnam are some of the most affected
nations (Shahid et al. 2018; Ghosh et al. 2019). Around 70 million people in India
are exposed to As poisoning through drinking As-contaminated water (Chakrabarti
et al. 2019). The magnitude of contamination in Bangladesh is much higher, as 50–
80 million people are suspected of being at risk of drinking As-contaminated water
(Gilbert 2004; Chakrabarti et al. 2019).

The scale of this disastrous effect in terms of mortality is more than the accidents in
Bhopal, India (1984), and Chernobyl, Ukrain (1986) (Smith et al. 2000). Besides
drinking water, As can enter the human body through other exposure mechanisms.
Accumulation of As in crops irrigated with As laden water or As-containing pesticides
can lead to its entry into the food chain (Ahsan and Del Valls 2011). Another way it
reaches humans is through seafood, as arsenobetaine and arsenosugar compounds
(Majumder and Banik 2019; Jinadasa and Fowler 2019). According to the
International Agency for Research on Cancer (IARC), As is a Group I carcinogen, and
chronic intake causes lung, kidney, and skin cancers (Laxman et al. 2016). Illness such
as hyperpigmentation, keratosis, cardiovascular, developmental, hematologic, renal,
hepatic, nervous, and respiratory disorders are also reported (Tchounwou et al. 2019).
In these contexts, it is essential to control the excess As present in groundwater.

This chapter gives an overview of the various As treatment technologies such as
coagulation and filtration, electrocoagulation, adsorption, ion-exchange, membrane
filtration, capacitive deionization, and phytoremediation. Some of the well-known
field methods on As remediation are also discussed. This chapter also discusses the
physical and chemical properties, occurrence, drinking water standards, and origin
of As in groundwater.

5.2 Properties, Occurrence, and Sources of Arsenic

According to the encyclopedia of microbiology, the name As is derived from the
Persian word ‘zarnikh,’ meaning ‘yellow orpiment (AS2S3)’ (Mudhoo et al. 2011).
Albertus Magnus from Regensburg possibly first discovered As in AD 1250.
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However, a more reliable report says German pharmacist Johann Schroeder made
the As discovery in 1649 (Mudhoo et al. 2011). It belongs to the ‘nitrogen family’
with an atomic number of 33 and an electronic configuration of [Ar] 3d10 4s2 4p3. It
is a metalloid with both metallic and non-metallic properties. Chemically, it has a
close resemblance to phosphorus. Three hundred and twenty species of
As-containing minerals are present in nature (Fleischer 1983). However, minerals
such as orpiment, arsenopyrite, and realgar are considered as principal As ores
(Hossain 2006). As is also found in sedimentary environments being adsorbed by
Fe(III) and Mn(IV) after the weathering of sulfide minerals (Nickson et al. 1998,
2000). It is reported that arsenopyrite is the prime source of As pollution in
Bangladesh and West Bengal (Mudhoo et al. 2011).

5.3 Arsenic Speciation

As is a redox-sensitive element that can exist in various oxidation states (+5, +3, 0,
−3). The two predominant As species found in subsurface water are arsenate [As
(V)] and arsenite [As(III)] (Kartinen and Martin 1995). The distribution of these
species depends on the Eh and pH conditions of groundwater (Fig. 5.1). Arsenate
(HAsO4

2−) generally predominates under oxidizing conditions in the pH range of
6–9, whereas arsenite (H3AsO3) predominates when conditions become sufficiently
reducing (below pH 9.22). Arsine sulfides and arsine gas are the expected forms in
a highly reducing environment, such as anoxic and anaerobic sediments. However,
the presence of these species varies depending upon the solution pH and other
environmental conditions.

5.4 Origin of Arsenic in Groundwater Resources

A large number of groundwater sources across the globe are contaminated with As.
As is usually mobilized by natural weathering, volcanic eruption, and forest fires
following biological and geochemical reactions (Panagiotaras and Nikolopoulos
2015). Anthropogenic activities like mining of metals, coal combustion, oil
extraction, pesticide use, and disposal of waste from various industries can also
mobilize As in the environment (Shrivastava et al. 2015). However, most envi-
ronmental As problems are primarily due to natural reasons rather than anthro-
pogenic or geothermal activities (Welch et al. 2000; Lackovic et al. 2000).
The biogeochemical reactions in As-rich minerals such as the reductive dissolution
of iron oxide, oxidation of sulfide minerals, adsorption/desorption, and geothermal
processes can help to understand the origin of the contamination and take appro-
priate mitigation measures (Herath et al. 2016).

Though a few hypotheses are reported stating the origin of As in groundwater
systems, the reductive dissolution of Fe minerals seems to be the significant cause
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of As release into the groundwater. For instance, in the presence of organic matter
in aquifer formation, biological reduction of mineral scorodite (FeAsO4�2H2O) to
Fe(II) by iron dissimilatory reducing bacterium S. algae releases As(V) into the
aqueous medium (Welch et al. 2000). In another way, As(III) is mobilized from
ferrihydrite [Fe(III)OAs(OH)2] by reductive dissolution through the sulfidization
process, as shown in Eq. (1) (O’Day et al. 2004). Subsequently, the released sulfide
reacts and exchanges with the As present in the Fe crystal structure as per chemical
Eqs. (2) and (3) (Herath et al. 2016).

As2S3 sð Þ þ 6H2O ! 2H3AsO3 aqð Þ þ 3HS�aqð Þ þ 3Hþ
aqð Þ ð1Þ

Fe IIIð ÞOAs þ HS�aqð Þ !Ligand exchange
Fe IIIð ÞS�sð Þ þ H3AsO3 aqð Þ þ S�aqð Þ ð2Þ

Fe IIIð ÞOAs OHð Þ2 sð Þ þ HS�aqð Þ !Reductive dissolution
Fe IIð Þ þ H3AsO3 aqð Þ þ S�aqð Þ ð3Þ

The mobility of As species in subsurface water varies with pH, organic matter,
redox potential, metal oxides, and other ions present in groundwater. Carbonate ion
in groundwater can replace the As in Fe mineral by ligand exchange, thereby

Fig. 5.1 Eh–pH diagram for
As at 25 °C and 101.3 kPa.
(Brookins 1988). Reprinted
from ‘Eh-pH diagrams for
geochemistry’ with
permission of Springer
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mobilize As (Anawar et al. 2004). Adsorption/desorption process by oxides of
aluminum, magnesium, and clay minerals also controls the dissolved As concen-
tration in groundwater (Bhattacharya et al. 2009).

5.5 Arsenic Toxicity and Health Effects

Arsenic is a potent toxicant that may exist in the natural system in a variety of
chemical forms. It includes inorganic As(III) and As(V), and mono-, di-, and
tri-methylated arsenic compounds (Sarkar and Paul 2016). The toxicity and
mobility of these compounds differ depending on their chemical forms and valence
state (National Research Council 1999; Thomas et al. 2001). The decreasing order
of toxicity of different organic and inorganic As species is arsine > arsen-
ite > arsenate > alkyl arsenic acids > arsonium compounds and metallic arsenic
(EPA 1988; National Research Council 1999). Among these chemical forms, As
(III) and As(V) are commonly found in groundwater. As(III) is generally consid-
ered to be more toxic compared to As(V).

The primary human exposure to As is through the oral route, through food and
drinking water. Short-term exposure (ingestion of a large amount of As in a short
time) can cause severe abdominal cramps, internal bleeding, and even death.
Chronic exposure can cause the condition of garlic breath with excessive salivation
and sweating, stomatitis, oedema, hyperkeratosis, liver enlargement, jaundice, and
renal damage. It may also lead to peripheral arteriosclerosis (black foot disease),
peripheral neuritis, and encephalopathy (Hughes 2002; Ratnaike 2003; Mazumder
2008). Children have less tolerance to even low concentrations because of their low
body weight, immature absorption, and excretion mechanism (Tippairote et al.
2020). Prolonged consumption of As can also cause bladder, lungs, kidney, pros-
tate, and skin cancers (National Research Council 1999; Palma-Lara et al. 2020).

5.6 Arsenic Problems Across the World

In recent years, the high concentrations of inorganic As in groundwater have
become an epidemiological problem. Groundwater abundant in As is found in many
regions around the globe (Smedley and Kinniburgh 2002). Table 5.1 shows the list
of affected nations. In India, the first case of As contamination in groundwater was
recorded in 1978 in West Bengal (Acharyya et al. 2000). In West Bengal,
As-enriched groundwater is detected in 111 blocks across twelve districts (Sanyal
et al. 2015). Of these, severely affected districts are Murshidabad, Malda, Nadia,
North and South 24 Parganas. According to a survey conducted in the Malda
district, the concentration of As in groundwater varied about 4.2–884 µg/L (Golui
et al. 2017). States, including Bihar, Uttar Pradesh, Jharkhand, Chhattisgarh,
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Assam, and Manipur, also have reported dissolved As cases in groundwater
(Rahman et al. 2009; Chakraborti et al. 2018). Approximately 6 million people are
at high health risk (Rahaman et al. 2013; Dey et al. 2014).

5.7 Water Quality Criteria and Standards

Arsenic in water was first regulated by the United States Public Health Service
(USPHS), which set a maximum permissible concentration (MPC) of 50 lg/L in
1942 (Pontius et al. 1994). Based on lung and bladder cancer risk, the United States
Environmental Protection Agency (USEPA) promulgated a maximum contaminant
level (MCL) of 10 lg/L and the maximum contaminant level goal (MCLG) of zero
for As on January 22, 2001 (USEPA g2001). This new standard became effective
on January 23, 2006. The WHO guideline value is 10 lg/L, which is derived from
the studies based on the health effects of As (WHO 2011). The guideline value was
suggested based on a healthy 70 kg person drinking an average of 2 L of water

Table 5.1 Major As-affected nations

Affected nation Range of As concentrations (µg/L) References

India 10–3200 Sarkar and Paul (2016)

Bangladesh 1–2500

China 50–2000

Vietnam 1–3050

Thailand 1–5000

Taiwan 10–1820

Inner Mongolia 1–2400

Argentina 1–9900

Chile 100–1000

Mexico 8–620

Hungary; Romania 2–176

Greece 1–1840

UK 1–80

Canada, USA 1–10,000

Ghana 1–175

Nepal (Terai) 1–2620 Shrestha et al. (2003)

Turkey (Simav plain) 0.5–561 Gunduz et al. (2010)

Southern France (Aude) 40 Khaska et al. (2015)

Germany (Bavaria) 10–150 Heinrichs and Udluft (1999)

Finland (Pirkanmaa
region)

0.05–2230 Backman et al. (2006)

West of Iran 0.4–986.9 Keshavarzi et al. (2011)
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per day in his/her life span. Figure 5.2 shows the arsenic drinking water standards
worldwide (Mondal et al. 2013). Bangladesh, one of the most affected regions, is
still following the national standard of 50 lg/L. However, people from Bangladesh
and West Bengal tend to drink more water than European or US residents because
of hot climatic conditions. Another critical issue to be addressed is the poor dietary
levels of the persons living in affected areas of West Bengal and Bangladesh.
People with less nutritional levels are more affected by As compared to healthy
persons (Mitra et al. 2004). Considering these facts, one can argue that the As
standards in India and Bangladesh should be lowered than the international
standards.

5.8 Arsenic Remediation Technologies

Many treatment methods are available for As removal from the drinking water
system. A brief description of the processes involved in these treatment technolo-
gies is discussed below.

Fig. 5.2 Drinking water standards for As across the world. Reprinted from ‘Remediation of
inorganic As in groundwater for safe water supply: A critical assessment of technological
solutions’ with the permission of Elsevier
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5.8.1 Coagulation

Coagulation/filtration is a well-documented process and is traditionally used to
remove suspended and dissolved solids from water. The standard coagulants used
in this process are alum [Al2(SO4)3], ferric chloride [FeCl3], and ferric sulfate
[Fe2(SO4)3], polyaluminum chlorides (PAC), polyferric chloride (PFC), and lime.
The coagulants are added to polluted water to convert dissolved contaminants into
insoluble form and get precipitated. The removal of pollutants can also take place
by adsorption onto insoluble flocs, which is co-precipitated (Hu et al. 2012). The
flocs thus formed are either settled down by gravity or removed by filtration.
Diagrammatic representation of the coagulation process is shown in Fig. 5.3. The
effective operation of the coagulation process depends on the selection of optimum
coagulant dose and pH value. In conventional coagulation processes practiced in
water treatment, the colloidal solids are removed through three major mechanisms,
including adsorption and charge neutralization, sweep coagulation, and interparticle
bridging. A detailed explanation of these mechanisms is available elsewhere (Peavy
et al. (1985).

Coagulation with alum: Alum is one of the most commonly used chemicals in
the coagulation/filtration process. Alum coagulation can effectively remove As, and
suspended solids from water, resulting in significant improvement of water quality.
However, many factors like pH, alum dosage, and As concentration, govern its
efficiency in removing these pollutants. Alum dosage required for As removal is
usually much higher than that needed for turbidity removal in conventional water
treatment processes. The excess addition of alum may lead to an increase in dis-
solved aluminum content in treated water if proper flocculation does not occur. In
alum coagulation, pH is maintained in the range of 5–7.5 for optimum removal of
As(V) (Ahmed and Rahaman 2000). However, As(III) cannot be removed by this
process since it is present in the neutral form (H3AsO3) at natural pH. Pre-oxidation
by an oxidizing agent like chlorine enhances the total As removal capacity by
converting uncharged As(III) to As(V) (Kartinen and Martin 1995). In the absence

Fig. 5.3 Schematic diagram of the coagulation process using metal salts and polymers
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of chlorine, 30 mg/L of alum could remove only 10% of the initial concentration of
300 µg/L As in water, whereas in the presence of chlorine, the As removal rate
increased to 90% (Kartinen and Martin 1995).

Coagulation with ferric salts: Ferric chloride and ferric sulfate are the two
commonly used iron-based coagulants for As removal in water. Fe-based coagu-
lants are reported to be more effective than Al-based coagulants. However, they are
less efficient in removing color and turbidity. Sorg and Logsdon (1978) stated that
ferric coagulation is most effective in the pH range of 5–8 for As removal. Logsdon
et al. (1974) reported that with ferric sulfate, at an initial concentration of 0.3 mg/L,
the removal efficiency varied from 40 to 60%, which was almost four times higher
than that of alum coagulation for the same set of conditions. Dosage of 10 mg/L
ferric chloride and ferrous sulfate showed 100% removal of As(V) at an initial
concentration of 0.1 mg/L (Donmez and Akbal 2011).

Coagulation with pre-hydrolyzed coagulants: The metal salts-based coagulants
are chemical intensive and generate excess sludge. The use of pre-hydrolyzed
coagulants like PAC and PFC can reduce the production of chemical sludge.
Besides, the pre-hydrolyzed coagulants require only less pH adjustment during
coagulation due to partially hydrolyzed products. Baskan and Pala (2010) reported
that an alum dosage of 80 mg/L removed 96.63% of 0.5 mg/L of As(V) at pH 9.
However, PAC with less dosage of 25 mg/L showed >80% removal of As(V) at an
initial concentration of 0.3 mg/L at pH 9.7. PAC, along with Fe-Mn, improved
removal efficiency to 96.23% at the same experimental condition (Eslami et al.
2019). The addition of Fe-Mn increased the adsorption sites for As(V). Eslami et al.
(2019) also reported that PFC dosage of 25 mg/L could remove > 85% of As(V).
Upon the addition of Fe-Mn, it increased to 98.26%. However, some of these
coagulants are less stable at high pH due to the formation of neutral precipitates
(Gao et al. 2005).

Lime softening: As removal by the addition of lime resembles coagulation with
metal salts in the treatment mechanism. Here, the precipitated calcium hydroxide
[Ca(OH)2] acts as a sorbing flocculent for As. However, it has generally been
observed that As removal efficiency by lime is relatively low, usually between 40%
and 70%. The highest removal is achieved in the pH range 10.6–11.4 (Logsdon
et al. 1974; Sorg and Logsdon 1978). Rosehart and Lee (1972) reported that the
lime-softening process effectively removes 95% of soluble As at a Ca/As ratio of
9:8. However, the amount of lime required is much higher, and can be recom-
mended for As removal only if hardness removal is also desired. High pH of the
treated water and requirement of high magnesium hardness renders it unsuitable for
practical purposes.

Electrocoagulation (EC): Unlike conventional coagulation processes, electro-
coagulation uses an electrical charge to produce coagulant species in-situ. An
electrolytic cell that consists of a pair of electrodes (cathode and anode) is employed
to perform the reaction. The current applied through the electrodes triggers the
electrochemical reaction, resulting in the oxidation of sacrificial anode, and releases
metal ions into the water. The reduction at cathode generates hydroxyl ions and
hydrogen gas. Finally, these reactions result in the generation of metal hydroxides,
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which are responsible for coagulation, as shown in Fig. 5.4 (Mollah et al. 2001;
Binh et al. 2018). Commonly used anode electrodes in As remediation are iron and
aluminum. However, the iron electrode is more suitable than the Al electrode
because of its higher affinity to As.

In the electrolytic reaction, the anode electrode [Fe/Al] dissolutes as monomeric
or polymeric hydroxyl metal species based on the solution pH (Daniel and
Prabhakara Rao 2012). Besides, there is the formation of Fe/Al oxides [e.g., Al
(OH)3], hydrous metal oxide (HFO), amorphous Fe(OH)3, goethite (a-FeOOH),
and lepidocrocite (c-FeOOH), which adsorbs As ions (Chen 2004). Thus, the
mechanisms responsible for As removal include precipitation, adsorption, and
co-precipitation. Factors that affect the EC of As are the type and shape of the
electrode, current density, applied current, operating time, and pH (Kobya et al.
2020). Table 5.2 shows the performance of the EC reactor under various operating
conditions. A study on As removal by EC reported that the presence of co-anions
reduces the removal efficiency and their impact order is as follows: phos-
phates > chloride > silicate > bicarbonate. Some cations like calcium and magne-
sium showed a positive effect on As removal at an optimum pH of 8 (Zhao et al.
2010). Sludge production in electrocoagulation is less when compared to that of
coagulation with alum or ferric salts (Kumar and Goel 2010).

One of the main drawbacks of the coagulation process is the formation of
chemical sludge. Dewatered sludge containing dissolved solids and heavy metals
are susceptible to leaching when disposed of in landfills or natural water sources
(Mandal et al. 2016). The best approach for sustainable disposal of As contaminated
sludge is to make it into a stabilized form by the solidification process (Sullivan
et al. 2010). Replacing or addition of a certain percentage of sludge in the pro-
duction of bricks and concrete is one such way of solidification process. The release
of elements from solids, liquid, and multiphasic wastes can be quantified from
leaching tests (Clancy et al. 2013). Roy and his co-workers reported that amount of
As in the leachate collected from the leaching test on concrete cubes [sludge
added-0.1–1% (w/w)] and bricks [sludge added-1–3% (w/w)] is within the

Fig. 5.4 Schematic diagram showing the electrocoagulation process
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permissible limit as per US EPA (5 mg/L) (Roy et al. 2018). As in the sludge can
also be removed by volatilization using an anaerobic bioreactor. In India and
Bangladesh, mixing of cow dung with As laden sludge is practiced. In this process,
the soluble As species are reduced to arsine gas by the microorganisms present in
cow dung (Mudgal 2001).

5.8.2 Adsorption

Adsorption by a solid surface is one of the appropriate technologies for removing
As from drinking water. The process involves the transfer of adsorbate from a bulk
liquid phase to the water film layer on the adsorbent followed by diffusion through
the film, surface, and finally through pores (Patel 2019). This process is
cost-effective, easy to handle, and versatile in operation. Another attraction is the
minimum sludge production and reuse potential (Singh et al. 2015). However, the
active surface area, solution pH, surface functional groups on the adsorbent, water
chemistry, and temperature affect the process. Over the years, several As sorptive
media have been tested. These include natural minerals, waste materials, metal
oxides, nanomaterials, and their derivatives. A brief description of these sorbents is
presented below.

Arsenic removal by low-cost adsorbents: Adsorbents derived from locally
available natural materials are attractive due to their low cost. Materials such as
natural soils, minerals, and food, industrial, and agricultural waste are studied for
their As removal potential in contaminated drinking water (Mohan and Pittman
2007). Numerous attempts have also been made to enhance their performance
through physical and chemical treatments. Pre-treatment with acid and base, or
coating with metal oxides, enhances porosity, stability, and adsorption capacity

Table 5.2 As removal by using Fe or Al electrodes of different type (Kobya et al. 2020)

EC
reactor

Water
type

Initial
pH

Electrode
type

As
species

Initial concentration
of As (µg/L)

i or j
(A, A/m2)

Operating
time (min)

R (%)

BR GW 8.6 Fe anode As(III)
and As
(V)

36.03–1020.5 0.025–0.1 A 2–16 min 97–99.9

BR SW 4.0 Fe anode As(III) 50,000 5.4 A/m2 45 99.9

CR GW 7.2 Fe anode As(V) 133 15–45 A/m2 10.5–0.75 99

BR GW 7.6 Fe ball As(III)
and As
(V)

285 0.3 A 20 99.3

BR SW 7 Al plate As(III) 150 2.5 A/m2 4 93.5

BR SW 7 Fe-Al
hybrid
plate

As(III) 500 47 A/m2 2 99.9

Note BR—Batch Reactor, SW—Surface Water, GW—Groundwater, CR—Continuous Reactor, i—Applied current,
j—Current density
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(Shakoor et al. 2016). The performance of a few waste materials as adsorbent
toward As removal is summarized in Table 5.3.

Clay minerals are also used for As removal due to its low cost and abundance.
These are hydrous aluminum silicates with trace amounts of iron, magnesium, and
other cations with high surface area and exchange capacity (Adeyemo et al. 2017).
The adsorption capacities of these materials are dependent on solution pH and
competing substances like phosphates and organic matter present in water.
Vithanage et al. (2006) reported that natural red earth (NRE) exhibited *100%
adsorption of both the As species when the total As was 28.84 µg/L at a pH range
of 4–8. The maximum adsorption for kaolinite, montmorillonite, and illite ranged
from 0.52 to 0.86 mg As(V)/g at an initial concentration of 10–200 mg/L at pH 5
(Mohapatra et al. 2007). Arsenic ions get adsorbed by inner-sphere complexation
with hydroxyl groups on clay minerals (Asere et al. 2019). Clay minerals are
chemically modified by Fe or surfactants for improving the performance.
Montmorillonite doped with Fe showed adsorption capacity of 16.13 mg/g of As
(III) and 15.15 mg/g of As(V) at pH range of 4–10 (Ren et al. 2014).
Organo-vermiculites modified with hexadecyltrimethylammonium (HDTMA)
showed maximum adsorption capacity of 15.65 mg/g of As(III) and 18.02 mg/g of
As(V) at the initial As concentration of 1500 mg/L (Tuchowska et al. 2019). Kaolin
clay prepared by intercalating hexadecyltrimethylammonium bromide
(HDTMA-Br) cationic surfactant showed maximum adsorption capacities of 2.33
and 2.88 mg/g of As(III) and As(V), respectively, which is higher than unmodified
kaolin clay mineral (Mudzielwana et al. 2019).

Arsenic removal by metal oxides/hydroxides: Various metal and metal oxides/
hydroxides have been employed for As removal in drinking water. Iron, zirconium,
and manganese-based composites are typically used for As removal. Among them,
iron-based compounds like akaganeite (b-FeOOH), goethite (a-FeOOH), and fer-
rihydrites (Fe10O14(OH)2) have a large surface area and high affinity toward As.
Many studies reported that As is adsorbed on to the iron oxide surface through
complexation or electrostatic interaction (Hao et al. 2018). Co-anions like chlorides
and nitrates have no significant effect on As removal by metal oxides/hydroxides
(Yang et al. 2015). However, the presence of PO4

3− ions can reduce efficiency.

Table 5.3 Examples of adsorbents derived from industrial, food, and agricultural wastes

Waste-based
adsorbents

Initial
concentration
of As (mg/L)

pH Adsorption
capacity (mg/g)

References

As(III) As(V) As(III) As(V)

Red mud 0.002–0.03 7.25 3.5 0.66 0.51 Mohan and Pittman
(2007)

Fe(III)/Cr(III)
hydroxide waste

20–100 – 4 – 11.02 Namasivayam and
Senthilkumar (1998)

Chrome sludge 5–500 – 8.04 – 21 Low and Lee (1995)

Coconut coir pith 5–100 – 7 – 12.51 Anirudhan and
Unnithan (2007)
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Another element like zirconium also has an affinity toward multivalent ions like As
(III) and As(V). Commercially available hydrous Zr oxide (302-HZO) can remove
As in a broad range of pH < 8 (Bortun et al. 2010). However, silicates and phos-
phates are the primary competing ions to As. Since Zr is expensive, it can be turned
into binary oxides like Zr-Al, Zr-Mn, Zr-Al–Fe, etc. Studies have shown that
manganese dioxide [a-MnO2 and b-MnO2] is effective in oxidizing As(III) to As
(V) (Moore et al. 1990; Tournassat et al. 2002). Besides, it has a high As(V)
adsorption capacity in the presence of divalent cations (Takamatsu et al. 1985).
A few examples of metal oxides-based As removal are given in Table 5.4.

Arsenic removal by activated alumina-based adsorbents: Though numerous
adsorbents have been reported with varying As adsorption capacities, activated
alumina (AA) is perhaps the most promising adsorbent (Singh and Pant 2004b). AA
is usually prepared through dehydration of aluminum hydroxide [Al(OH)3] at high
temperatures, resulting in porous Al2O3 with high surface area and active sites. It is
less expensive than membrane separation, more versatile than the ion-exchange
process, and is a potential process for small-scale water treatment plants (Chen et al.
1999; Frey et al. 2000). Lin and Wu (2001) stated that the adsorption of As(III) and
As(V) was governed by both surface charge and the chemical form of AA. The
optimum removal of As(III) by AA is 0.18 mg/g at pH 7.6 (Singh and Pant 2004b).
Mesoporous alumina (MA) with the surface area of 307 m2/g and pore size of
3.5 nm is found to be superior to conventional AA in removing As(III). It has an
intake capacity of 47 mg/g due to the sponge-like interlinked pore system (Kim
et al. 2004). In comparison, AA coated with manganese oxide (MOCA) showed As
(III) adsorption capacity of 42.48 mg/g at an optimum pH range of 4–7.5. Removal
mechanism of As(III) by MOCA involves a two-step process: oxidation of As(III)
to As(V) and retention of As(V) on MOCA surface by inner-sphere complexation
(Maliyekkal et al. 2009). The As adsorption capacity of AA is also varied with the
presence of co-ions. Youngran et al. (2007) observed that chlorides (500 mg/L) and
nitrates (20 mg/L) do not affect the adsorption of 200 µg/L of As(V) on AA.
However, the presence of phosphates (1 mg/L) and silica (10 mg/L) showed a
significant reduction in removal of As(V) due to their high affinity toward the oxide
surface than As.

Table 5.4 Examples of metal oxides/hydroxides

Bimetal oxide Initial concentration
of As (mg/L)

pH Adsorption
capacity (mg/g)

References

As(III) As(V)

Zr-Mn 0.11–0.33 7.8 1.07 2.22 Sorochkina et al. (2015)

Magnetite 2 7 1.79 3.38 Ajith and Swain (2019)

Goethite 2 7 3.16 3.71 Ajith and Swain (2019)

Fe-Zr 5–40 7 120 46.10 Ren et al. (2011)

Fe–Mn (Mn/Fe-1:6) 5–40 7 56.10 42 Zhang et al. (2012)
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Nanoscale materials: Nanoscale materials are an attractive option for removing
pollutants in water due to their unique properties like high specific surface area,
reactivity, and selectivity. Nanoscale metal oxides of copper, iron, zirconium,
cobalt, and aluminum have been well studied for As removal (Maiti et al. 2019).
Adsorbents like nanoscale titanium dioxide (TiO2) and zero-valent iron (nZVI) are
also studied for the said purpose (Singh et al. 2015). Apart from metal and metal
oxides, layer double hydroxide (LDH), graphene oxide (GO), carbon nanotubes,
metal organic frameworks, and its combination with conventional adsorbents like
metal oxides and activated carbon are studied for As removal (Liu et al. 2020).
However, direct use of nanoparticles in the purification of water is limited due to
leaching of particles along with treated water, higher solubility compared to their
bulk counterpart, ion-induced agglomeration, and difficulty in solid–liquid sepa-
ration. Material loss through leaching and reduction in binding sites due to
agglomeration diminishes the adsorption capacity. Several efforts are made to
address these limitations by immobilization on a suitable matrix and surface
modification of the nanoparticles. Feng et al. (2012) reported that the coating of
ascorbic acid on paramagnetic Fe3O4 nanoparticles increases its dispersibility and
chemical stability. The nZVI, a commonly used adsorbent for As removal, is highly
prone to agglomeration due to high surface reactivity. It is reported that alu-
mina supported nZVI prevents agglomeration and allows easy separation (Jain and
Agarwal 2017). LDHs, also known as synthetic clay, is a cationic layered structure
with anions between the interlayer regions. Due to high surface area, ion-exchange
capacity, and hydrophilic nature, LDHs have As adsorption capacities in the range
of 5–615 mg/g (Goh et al. 2008). Fe-impregnated 1,3,5-benzenetricarboxylic
metal-organic coordination polymer (Fe-BTC) shown 6.5 times more adsorption
capacity than that of 50 nm pristine iron nanoparticles (Zhu et al. 2012). Adsorption
capacities of some of the nanoscale materials are summarized in Table 5.5.
Nanocomposites can be engineered to enhance selectivity toward As in the presence
of cations and anions. Fan et al. (2012) used surface-ion imprinting technique to
selectively remove As(V) in the presence of lead, cadmium, nickel, and copper
ions. At an initial concentration of 25 mg/L, removal of As(V) is > 85% in all cases
due to the arrangement of pores and ligands for the coordination of As ion. An
addition of zwitterions like glycine increased removal of As(V) among Se(VI) and
Cr(VI) ions (Asiabi et al. 2017). Typically, phosphate and silicate ions compete
with As(V) due to their strong inner complexation ability with hydroxyl groups
(Yao et al. 2014). Similarly, As(III) removal is influenced by phosphates, silicates,
and sulfates (Yu et al. 2015). Also, phosphate, As(V), and As(III) have similar
tetrahedral geometry which competes with adsorption sites (Yu et al. 2015).

Ion-exchange: It is a physicochemical process in which a specific ion on the
solid phase is exchanged with an equivalent number of ions in the feedwater, as
shown in Fig. 5.5. The exchange takes place between ions of the same electric
charge. Cation exchangers exchange positively charged ions, whereas anion
exchangers exchange negatively charged ions. Some amphoteric exchangers can
exchange both anions and cations. The selection of resin is based on its capacity to
adsorb a particular contaminant selectively. Water quality parameters (pH,
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competing ions, alkalinity, and influent contaminant concentration) need to be
considered in deciding the applicability of this method in the water treatment
process (LeMire et al. 2010). Strong base anionic (SBA) resins are immensely
ionized and can work over a wide range of pH in hydroxide form, whereas weak
base anionic (WBA) resins work at pH < 7. SBA resins have a high affinity to As
(V) (Clifford and Ghurye 2002). However, the removal efficiency of As(III) is less
because it is uncharged (Ficklin 1983; Wang et al. 2000). Hence, pre-oxidation of
As(III) to As(V) is required for its effective removal (Clifford and Lin 1986; Fox
1989). Kartinen and Martin (1995) described that ion-exchange could result in an
As reduction of >95%, bringing the concentration in treated water to <2 lg/L. In a
batch study, N, N-dimethylaminoethyl methacrylate grafted with polyethylene/
polypropylene fibers showed a removal efficiency of 94.67% for initial concen-
tration of 120 µg/L (Kavaklı et al. 2014). Hybrid anion exchange impregnated with
zirconium oxide nanoparticles (HAIX-Zr) showed As(V) adsorption capacity of
17 mg/g with an initial concentration of 1 mg/L (Padungthon et al. 2015).
Competing ions like SO4

2−, Cl− and HCO3
− decrease the As removal efficiency due

to their high affinity toward resins. Chelating ion-exchange resin loaded with Cu2+

ions can overcome interference by competing ions (An et al. 2010). It is reported
that polymer ligand exchanger DOW-3 N-Cu achieved a breakthrough at 6000-bed
volumes for the influent containing 94 µg/L of As(V) in the presence of chlorides,
sulfates, and bicarbonates (An et al. 2005).

Regeneration: Regeneration allows the use of adsorbent/ion-exchange resins to
its full potential. It is also a necessary process to reduce the treatment cost and solid
waste generation. The process involves replenishment and activation of the
adsorbent sites for further cycles. The selection of regenerant is based on the
chemical nature of adsorbent, adsorbate species, and adsorption mechanism.
Copper loaded coconut husk regenerated with 30% H2O2 in 0.5 M HNO3 showed
>80% As(III) recovery by the end of three cycles (Manju et al. 1998). It is attributed
to the formation of neutral As(III) species that desorb from the positively charged

Fig. 5.5 Schematic diagram showing ion-exchange process
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activated carbon. (Manju et al. 1998). For oxyanions like As, typically, alkaline pH
is favorable for regeneration. Under alkaline pH, the adsorbed As gets repelled from
negatively charged adsorbent sites. Sodium hydroxide (NaOH) is well reported as a
desorbing agent for As. The adsorption capacity of the AA drops to only 11% by
the end of five times regeneration with NaOH (Singh and Pant 2004a). However,
the desorption of As(V) from red mud shows only 40% at pH 11.6 adjusted by
NaOH due to chemisorption (Genç-Fuhrman et al. 2004). Besides desorption effi-
ciency, high alkalinity leads to the dissolution of metal ions from the adsorbent
(Ghosh and Gupta 2012). In a study, at pH 12, As(V) is desorbed completely along
with adsorbent loss of 16.5% (Inchaurrondo et al. 2019). The nanoscale ZVI and
Fe-Cu binary oxide do not show a significant reduction in removal efficiency of As
(III) and As(V) up to 4 cycles of regeneration (Zhu et al. 2009; Zhang et al. 2013).

Regeneration of DOW-3 N-Cu ligand exchanger with 4% sodium chloride at pH
9.1 did not show much variation in As(V) intake capacity up to 8 cycles of
regeneration. The same study reported that the treated regenerant was reused suc-
cessfully in further regeneration cycles after removing As by the addition of FeCl3
(An et al. 2005). Padungthon et al. (2015) reported nearly 90% desorption of As(V)
from Zr-loaded hybrid anion exchange resin by a mixed solution of 3% NaCl and
3% NaOH, and the resin beads showed no sign of chemical instability.

5.8.3 Membrane Filtration

The membrane filtration process consists of a selective membrane with pores and
serves as a selective barrier for the passage of ions in water (Cheryan 1998). The
process is employed widely in removing contaminants like suspended solids,
viruses, bacteria, mono and multivalent ions. The driving force for the process is
based on the pressure difference and chemical potential across the membrane. There
are two types of pressure-driven membranes, i.e., high pressure-driven (reverse
osmosis, RO, and nanofiltration, NF) and low pressure-driven (ultrafiltration, UF,
and microfiltration, MF) membranes. RO and NF membranes require high pressure
of 50–1000 psi, whereas MF and UF require 5–100 psi pressure (Shih 2005). The
filtering of pollutants in the low-pressure processes occurs by physical sieving due
to a large pore size. In contrast, in high-pressure processes, it is caused by chemical
diffusion through dense pore size. The selection of the membrane is based on the
size of the contaminants to be removed, and the sample matrix, which is shown in
Fig. 5.6.

RO membranes are more suitable for As removal in water (Kartinen and Martin
1995). The factors such as pH, ionic strength, pressure applied, pore size, and
surface charge can affect the process. Schneiter and Middlebrooks (1983) studied
As removal from groundwater by RO. For feedwater with an As concentration of
100 µg/L, rejection of As(V) and As(III) was found to be 90% and 58%, respec-
tively. In another study, Kartinen and Martin (1995) observed As(V) removal of
97% and As(III) removal ranging from 40 to 80% by the RO process. Thus, the
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feedwater must be treated with an oxidizing agent to convert As(III) to As(V) to
achieve a substantial As reduction in the permeate. The life of the membranes
largely depends on the quality of feedwater. The presence of iron, manganese,
suspended solids, microorganism, and organic matter can trigger RO membrane
fouling (Mondal et al. 2006). Hence, RO requires high-quality feed streams and
often requires a pre-treatment to remove fouling agents. Besides that,
re-mineralization of treated water is required as essential minerals get removed
during the treatment. Other concerns for the RO membrane include high capital,
water rejection, and maintenance costs. The cost of treated water depends on capital
cost as well as the operating cost of the system. The cost of the energy necessary to
run the RO process shares almost 35% of the total cost (Abejón et al. 2015).

NF membranes are developed to overcome some of the above-listed demerits of
RO membranes (Hou 2017; Tanne et al. 2019). NF membrane consists of a porous
inert layer and a negatively charged hydrophobic rejection layer (Pal et al. 2009).
Steric hindrance by large hydrated radius and Donnan exclusion by the negatively
charged membrane are the removal mechanisms of As(V). The mechanism of As
(III) removal is through steric hindrance (Nguyen et al. 2009). According to a study,
As(III) rejection can be enhanced by prior oxidation to As(V) (Criscuoli and Figoli
2019). Besides this, As rejection is also based on the preferential passage of more
mobile ions. Nguyen et al. (2009) stated that filtration of As(V) is enhanced in the
presence of Cl− and HCO3

− and reduced in the presence of SO4
2−. Rejection of As

(V) is higher by 1% in the presence of divalent cations compared to the presence of
monovalent sodium. However, there was no specific trend in As(III) removal in
salts’ presence (Xia et al. 2007). Some of the NF membranes reported in the
literature are given in Table 5.6.

Fig. 5.6 Membrane filtration (Ghosh et al. 2019)
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5.8.4 Capacitive Deionization

It is an advanced electrochemical method to remove ions present from aqueous
systems by electrosorption. It consists of a stack of porous carbon electrodes
connected to the current collector. When an electric potential is applied across the
electrode, the ions of the opposite charge from the spacer channel through which
water flows are adsorbed onto the porous electrode. This process is based on the
electrical double layer (EDL) mechanism. According to this, charged ions will be
collected onto the stern layer of carbon interstices. Ions will be collected to micro
and mesopores of carbon material based upon the charge of species and surface
functional groups. After the complete filling of the pores, the ions can be desorbed
by reversing voltage. While regeneration, some of the desorbed ions will get
attached back to the electrode, which reduces the efficiency in further cycles by
filling pores with the contaminant. The limitation can be overcome by the mem-
brane CDI technique, where the ion-exchange membrane lets the desorbed ions
completely leached from the system, which is shown in Fig. 5.7 (Choi et al. 2019).
Compared to conventional techniques for As removal, it has many advantages like
easy operation, high selectivity, and no usage of chemicals; hence secondary pol-
lution can be eliminated. These carbon electrodes can be further modified with
doping of metals or organic compounds to increase its ion selectivity induced re-
moval (Chen et al. 2020; Syam Babu and Nidheesh 2020).

Dai et al. (2017) stated that electrode made of activated carbon has As(V)
adsorption capacity 6.57 mg/g whereas electrode made of reduced graphene-iron
composite gave 13 mg/g at an initial concentration of 10 mg/L at 1.2 V. Fan et al.

Fig. 5.7 Diagrammatic representation of membrane capacitive deionization technique
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(2016) used electrode made of activated carbon and polyvinylidene fluoride using
N,N-dimethylacetamide as the solvent, and applied on titanium plate. It was found
that the intake of As is high at a higher voltage and initial As concentration. As(V)
is adsorbed on carbon electrode electrostatically, whereas As(III) undergoes
electro-oxidation and electrosorption.

The presence of organic matter and other ions can decrease the efficiency of As
removal (Laxman et al. 2016; Choi et al. 2019). Zhang et al. (2016) conducted a
statistical experimental study using a solar-powered CDI unit. It was found that
higher pH and low salinity favors arsenate removal, and efficiency of above 80% is
obtained.

5.8.5 Phytoremediation

Phytoremediation is a low-cost and eco-friendly process that uses green plants to
treat and control the pollutants from soil, water, and air. The process is typically
useful for removing low concentrations of the pollutants. The process efficacy
varies with the type of plants used, characteristics of contaminated water, con-
centration and toxicity of the contaminants, soil condition, hydrology, nutrient
sustainability, meteorology, contaminant characteristics, and type of ecosystem.
Though the process is simple, affordable, and eco-friendly, the phytotoxicity and
bioavailability of the target pollutants limit its application. Large land area
requirements and longer treatment time are also the limitations of this method.
Figure 5.8 shows the mechanisms of As removal by plants through the phytore-
mediation process. Kumar et al. (2015) have reported that more than 450 plant
species of 45 different families can hyper-accumulate As. A few examples of the
plants that accumulate and tolerate As are listed in Table 5.7. Studies showed that
plant growth-promoting bacteria (PGPB) improve the efficiency of phytoremedia-
tion (Alka et al. 2020). A few recent studies proved that plants develop dense root
systems and high biomass production in the presence of As (Pardo et al. 2017; Kaur
et al. 2018). Phytovolatilization uses plants to volatilize As into the atmosphere
with or without the help of rhizospheric microbes. In this process, plants uptake As
from the environment and release them into the atmosphere by using the transpi-
ration process (Jakob et al. 2010). The inorganic form of As converted into volatile
mono-, di-, and tri-methylated species through a series of methylation reactions by
using microbes (Cullen and Reimer 1989; Mukhopadhyay and Rosen 2002). The
vapors released into the atmosphere by the Arbundo donax L contain volatile
trimethylarsine compound (Mahmood 2010). Even some macrophytes like rigid
hornwort, waterweed, Myriophyllum, Petries starwort, can uptake As in water
(Robinson et al. 2005). A tolerable limit of 15 µg/kg of body weight per week is
suggested by WHO/Food agricultural organization (Kohlmeyer et al. 2003). A
summary of various As treatment technologies is given in Table 5.8.
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5.9 Methods of Arsenic Removal Practiced in India
and Bangladesh

Arsenic is a silent killer affecting a large population worldwide. As toxicity is one
of the significant environmental health problems of the modern era. Drinking As
laden water renders not only health problems but also has a considerable impact on
the socio-economic development of an affected individual. This problem is severe
for the weaker section of the society. Unfortunately, most of the affected area is
densely populated with high levels of rural poverty. Though the major economic
problem is due to medical costs related to As toxicity, the economic burden of
prejudice and superstitions of arsenicosis is also a serious concern. Women and
children are most affected, and in many affected areas, they have to walk miles to
get safe drinking water. The majority of fatal deaths against As toxicity in rural and
remote areas are due to the lack of free access to safe drinking water. Providing a
sustainable supply of As-free water is required to address the problem effectively.

In association with some of the national and international agencies, the gov-
ernment has been making sincere efforts to provide As-free water to the affected
population. In this context, several communities or households As removal units
(ARUs) are developed. For a successful installation, these units are to be designed
suiting the local conditions. Factors such as groundwater quality, population dis-
tribution, socio-economic status of people residing in the area, availability of
electricity, and sludge disposal are considered for the selection of treatment
methods (Alaerts et al. 2001). The provision of separate land space is allotted to
dispose of spent filter media. In most of the cases, these units are run and main-
tained by the local community. Existing ARUs remove As by coagulation,
adsorption, precipitation, and filtration mechanisms. Some of the ARUs installed in
the field are summarized in Table 5.9.

Fig. 5.8 Diagram showing the phytoremediation process
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5.10 Conclusion

Dissolved As in groundwater is an invisible threat affecting more than 200 million
people worldwide. It is a proven carcinogen, and chronic intake of As can cause
cancerous and non-cancerous diseases. Many treatment technologies have devel-
oped over the years for the removal of As in water. The processes adopted in these
technologies mainly include adsorption, coagulation and precipitation, membrane
filtration, electrocoagulation, and ion-exchange. Though many of these methods are
proven successful in removing As in water, each method has its limitation and may
not be suitable in all the field conditions. So, several factors must be considered
while selecting the right treatment technique. These include As concentration,
feed-flow rate, water chemistry, As speciation, sludge generation, ease of operation,
electricity availability, and treatment cost. The socio-economic conditions of the
affected population and type of water supply source are also an essential factor in
selecting the technology. Another factor to be considered is whether the affected
area requires a centralized, semicentralized, or independent household treatment
system.

Coagulation/precipitation is a traditionally used method for purification of water.
However, the process requires a high amount of chemicals, and sludge handling
will be difficult and costly. Compared to the conventional coagulation process,
electrocoagulation produces less sludge and can be used in small community-level
treatment. However, it requires high energy throughput and less efficient compared
to non-conventional treatment methods. Ion-exchange and membrane filtration
processes are expensive and may not be affordable to most affected populations in
India and Bangladesh. The competition from co-ions and high-water rejection is
significant concerns for ion-exchange and RO membrane processes, respectively.
Capacitive deionization is an emerging technology and requires the development of
a selective electrode for the effective removal of As. Adsorption on a solid media is
a mature technology and is widely employed in the field. It is a proven technique
for the treatment of water at the community and household levels. However, the
efficacy of the adsorbent and treatment cost decides the success of the process. The
handling of spent adsorbent is also a major challenge.

For the past two decades, with the help of non-governmental organizations and
multilateral funding agencies, a lot has done to alleviate the problem in the
As-affected areas. However, those efforts have yielded only little success, and the
problem persists. Lack of awareness, equipment availability, and accessibility to
remote locations also brings challenges for supplying As-free water in developing
countries. A technology that is affordable, easily constructed, operated at a com-
munity or household level is needed to address the problem.
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Chapter 6
Occurrence, Fate, and Removal
of Microplastics in Sewage Treatment
Plants (STPs)

Neha Parashar and Subrata Hait

Abstract Microplastics (MPs), usually plastic fragments smaller than 5 mm in
size, are ubiquitous in the environment and pose an increasing threat to the entire
ecosystem as an emerging micropollutant. MPs not only contribute to the accu-
mulation of the plastics in the environment but also get transported into the food
chain due to absorption and ingestion by aquatic species. They originate from either
the direct environmental discharge of purposefully manufactured microscopic
fragments as primary MPs or the fragmentation of large plastic debris by envi-
ronmental factors as secondary MPs. It is widely speculated that the sewage
treatment plants (STPs) are one of the prime conduits for releasing of MPs into the
aquatic environment despite some degree of removal in the plants. Therefore, it is
imperative to understand the occurrence and fate of MPs in STPs for their effective
control. In this context, the current status of the identification, abundance, and
removal of MPs in STPs is comprehensively explored. Various protocols for col-
lection, pre-treatment, determination, and characterization of MPs in sewage are
outlined and compared. The occurrence of MPs in the STPs in terms of their
materialistic composition, shape and sizes, and concentration is summarized. The
fate of MPs in various treatment stages in the STPs including entrainment in sewage
sludge is also assessed. Further, future prospects on the development of advanced
removal techniques are presented for effective MPs control.
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6.1 Introduction

Over the last decade, plastic pollution has gained its importance as a pressing
problem around the globe (Derraik 2002; Jambeck et al. 2015; Lebreton et al. 2012;
Murphy et al. 2016; Pruter 1987). Anthropogenic behavior has resulted in the
deposition of plastic debris in different habitats encompassing a complex combi-
nation of materials, including synthetic polymers, which differ greatly from the
Holocene period and therefore regarded as one of the vital indicators of the
Anthropocene (Waters et al. 2016). Plastic particles will gradually break down into
smaller pieces and are spread by oceanic or wind currents making their ways to the
coastal environment due to their lightweight composition. Such tiny particles have
the ability to adsorb persistent organic materials and toxic metals, and accumulate
in the natural environment. Microplastics (MPs) are smaller plastic particles
(<5 mm) in thickness, which are further categorized as primary and secondary MPs.
The former one is purposely synthesized in factories with microscopic sizes and
applied in abrasive products such as microbeads in several cosmetic products which
enter the environment via sewage water. However, secondary MPs originate due to
the fragmentation of bigger plastic particles under its exposure to daylight, air
currents, water, and other microcontaminants (Murphy et al. 2016; Song et al.
2017). As the production along with the utility of plastics has steadily increased
over the years, MPs occurrence and consumption have likewise escalated and are
known to be the emerging micropollutants contaminating the water bodies
(McCormick et al. 2014; Yonkos et al. 2014). Increased production of plastics as
well as their persistent accumulation in the environment has received much atten-
tion from the scientific world and within the general community witnessing its
adverse environmental impacts (Auta et al. 2017; Hernandez et al. 2019; Mason
et al. 2018; Schirinzi et al. 2017; Yang et al. 2015). Over the years, an ample
number of studies have been carried out about the sources, dispersal, and circulation
of MPs exhibiting its toxicity within the water system (Carbery et al. 2018; Fossi
et al. 2014; Guilhermino et al. 2018; Li et al. 2016; Rochman et al. 2013, 2014).
Despite this, only a few researches have sought to establish the connecting link
between the land-based sources and dispersal of plastic pieces in a variety of
freshwater habitats (Lechner and Ramler 2015). From this perspective, the
detection of possible land-based and aquatic sources of plastic debris remains one
challenging issue. Among several important sources of MPs, sewage treatment
plants (STPs) are regarded as the most prominent potential point source which
releases MPs in the form of sewage sludge and ultimately reaches to the marine
ecosystems via river flows (Carr et al. 2016). On the other hand, surface runoff is
regarded as a potential transport pathway of MPs to the freshwater habitats,
especially where sewage sludge containing MPs is used in the agricultural fields
(Horton et al. 2017). Therefore, it is obligatory to develop reliable cum efficient
experimental and quantification techniques to detect MPs in sewage influent,
effluent, and sludge samples (Lassen et al. 2015). In these contexts, the present
status of the occurrence, fate, and removal of MPs in STPs is extensively reviewed.
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Various techniques for sample collection, processing, measurement, and charac-
terization of MPs in sewage are comparatively summarized. The abundance of MPs
in the STPs in terms of their composition, morphology, and concentration is
explored. The fate of MPs at different stages of treatment in the STPs, viz. primary,
secondary, and tertiary stages along with the dispersal in sewage sludge, is also
examined. Further, the performance of advanced removal techniques for efficient
removal of MPs is assessed. Moreover, the existing gaps in the literature are
highlighted to suggest future research prospects in the area.

6.2 Overview of Plastic Pollution

Plastics—also known as the ‘mermaid tears’—have infamously gained its impor-
tance for various properties like durability, stability, and affordability and were first
reported in the 1630s as a material that is likely to undergo molding (Toxics Link
2018). The persuasive nature of plastic has made its cheap entry in the environment
posing one major threat in recent years (Boots et al. 2019; Hernandez et al. 2019).
Plastic production has surged exponentially during the last 15 years, accounting
with over 400 million tonnes of annual production globally to date (Fig. 6.1).
During the 1950s, annual global plastic production accounted to 1.5 million tonnes
and has increased substantially to 250 million tonnes in the year 2009 with an
annual rate of 9% which further increased significantly up to 311 million tonnes in
the year 2014 with an annual rate of 25% (Hirai et al. 2011). Focusing on the
current trend of plastic use and manufacturing, the global production is anticipated
to ascend around 10.85 billion by 2100, and these figures are anticipated to range
between 850 and 1124 million tonnes by the year 2050 (Rochman et al. 2013).

However, to predict the future this far without any degree of uncertainty is quite
difficult. Indeed, it may sound unrealistic nowadays, but looking at the trend of

Fig. 6.1 Worldwide plastic production from 1950 onward
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plastic production rate reaching up to 51% from 2010 (264 million tonnes) to 2020
(400 million tonnes) and historic output, the estimates are likely to surge expo-
nentially in the near future.

MPs are essentially composed of polymers with ‘micro’ referring to the size
category of plastic particles less than 5 mm (Hidalgo-Ruz et al. 2012). They are
classified as synthetic (man-made) or semisynthetic based on the polymer content
(Toxics Link 2018). Depending on the origin, MPs are further classified as primary
(those MPs which are manufactured purposefully to be used as an ingredient in any
product) and secondary (those MPs which are not manufactured but are the
breakdown products of larger plastic debris). The earliest report on plastic pollution
dates back to the 1960s, but significant studies on MPs have been conducted in the
last ten years (Fig. 6.2). Nevertheless, the sudden increase in research on MPs
pollution could be attributed to the increased rate of plastic production that has been
doubled from 2011 to 2020 (Fig. 6.1).

While plastic pollution remains a visible problem, MPs originating via physical,
biological, and chemical reactions are emerging as an important threat to human
survival (Carbery et al. 2018; Magni et al. 2019; Schirinzi et al. 2017). The pres-
ence of MPs in a number of environmental samples with MPs reaching their sources
of origin following different pathways closing the full circle has been reported.
Recent studies have found the presence of MPs in bottled water, human stool,
personal care cosmetic products, sea salts, and other living biota representing the
scale of its perseverance (Table 6.1). Further, several studies showed the adverse
effects of MPs pollution on marine and terrestrial ecosystems with the long-term
forecasts showing escalating figure and likely to pose harmful effects on a much
wider platform (Desforges et al. 2015; Fossi et al. 2014; Frias et al. 2014). Due to
their invisible nature, MPs are constantly being used by the industries and manu-
facturers of different products such as cosmetics, food packaging, utensils, and
textiles, a bigger portion of which either gets accumulated in water bodies or as
plastic waste ends up in dump yards (WHO-UNICEF 2018).

Fig. 6.2 Number of studies on MPs pollution from 2000 onward (Data sourced from the Scopus)

116 N. Parashar and S. Hait



T
ab

le
6.
1

D
et
ec
tio

n
of

M
Ps

in
a
va
ri
et
y
of

en
vi
ro
nm

en
ta
l
sa
m
pl
es

St
ud
y
ar
ea

E
nv
ir
on
m
en
ta
l

sa
m
pl
e

M
Ps

co
nt
en
t
an
d
si
ze

cu
t-
of
f

Pr
om

in
en
t
M
Ps

O
bs
er
va
tio

ns
R
ef
er
en
ce
s

In
di
a,

In
do

ne
si
a,

U
SA

,
L
eb
an
on
,

T
ha
ila
nd

,
M
ex
ic
o,

C
hi
na
,
an
d
B
ra
zi
l

25
9
bo

ttl
ed

w
at
er

fr
om

11
di
ff
er
en
tb

ra
nd
s

10
.4

pa
rt
ic
le
s/
L
;
95

%
M
Ps

in
th
e

ra
ng

e
of

6.
5–
10

0
µ
m

Fr
ag
m
en
ts
,
fi
be
rs

(p
ol
yp

ro
py

le
ne
)

93
%

of
bo

ttl
ed

w
at
er

sh
ow

ed
co
nt
am

in
at
ed

w
ith

M
Ps

M
as
on

et
al
.

(2
01

8)

U
K

R
ye
gr
as
s
(L
.

pe
re
nn
e)
,

ea
rt
hw

or
m

(A
.

ro
se
a)

>2
00

0
µ
m

(m
ac
ro
-a
gg
re
ga
te
d
M
Ps
),

63
–
25

0
µ
m

(m
ic
ro
-a
gg
re
ga
te
d
M
Ps
)

Po
ly
la
ct
ic

ac
id

(P
L
A
),

hi
gh

-d
en
si
ty

po
ly
et
hy

le
ne

(H
D
PE

),
fi
be
rs

3.
1%

w
ei
gh

t
re
du
ct
io
n
ob

se
rv
ed

in
ea
rt
hw

or
m
,
5.
1%

w
ei
gh
t
in
cr
ea
se

de
te
ct
ed

in
ea
rt
hw

or
m

w
ith

ou
t
M
Ps

ex
po
su
re
;
sh
oo
t

re
du
ct
io
n
in

ry
eg
ra
ss

an
d
fe
w
er

se
ed

ge
rm

in
at
io
n
du

e
to

ex
po

su
re

of
fi
be
rs

(P
L
A
)

B
oo

ts
et

al
.

(2
01

9)

U
K
,J
ap
an
,F

in
la
nd
,

Po
la
nd
,
A
us
tr
ia
,

It
al
y,

R
us
si
a,

an
d

N
et
he
rl
an
ds

H
um

an
st
oo

l
20

pa
rt
ic
le
s/
10

g
of

st
oo

l;
50
–
50

0
µ
m

Po
ly
et
hy
le
ne

te
re
ph
th
al
at
e

(P
E
T
),

po
ly
st
yr
en
e
(P
S)

St
ud

y
es
ta
bl
is
he
d
en
tr
y
of

M
Ps

in
hu

m
an

gu
t

an
d
hu
m
an

st
oo
lr
ep
or
tin

g
9
di
ff
er
en
tt
yp
es

of
M
Ps

Sc
hw

ab
l

et
al
.(
20

19
)

In
di
a

Pe
rs
on
al

ca
re

pr
od

uc
ts

<1
m
m

M
ic
ro
be
ad
s

M
Ps

de
te
ct
ed

in
fa
ci
al

sc
ru
bs

(6
7%

)
an
d
fa
ce

w
as
h
pr
od

uc
ts
(5
0%

)
T
ox

ic
s
L
in
k

(2
01

8)

C
hi
na

Se
a
sa
lts
,
ro
ck
/

w
el
l
sa
lts
,
an
d

la
ke

sa
lts

55
0–
68
1
pa
rt
ic
le
s/
kg

(s
ea

sa
lts
),
7–

20
4
pa
rt
ic
le
s/
kg

(r
oc
k/
w
el
l
sa
lts
),
43
–

36
4
pa
rt
ic
le
s/
kg

(l
ak
e
sa
lts
);
55

%
pa
rt
ic
le
s
of

si
ze

20
0
µ
m

Fr
ag
m
en
ts
,
fi
be
rs
,

pe
lle
ts

Se
a
sa
lts

re
po

rt
ed

to
co
nt
ai
n
hi
gh

er
M
Ps

re
ve
al
in
g
gr
ea
te
r
M
Ps

co
nc
en
tr
at
io
n
in

se
a

pr
od
uc
ts
an
d
m
ar
in
e
or
ga
ni
sm

s

Y
an
g
et

al
.

(2
01

5)

C
an
ad
a

Pl
as
tic

te
a
ba
gs

16
µ
g
pa
rt
ic
le
s/
cu
p
of

te
a;

1–
10

0
µ
m

(s
m
al
l)
,1

0–
50

0
µ
m

(l
ar
ge
)

N
yl
on

,
po

ly
et
hy

le
ne

(P
E
)

3.
1
bi
lli
on

re
le
as
ed

fr
om

a
si
ng
le

pl
as
tic

ba
g

H
er
na
nd
ez

et
al
.(
20

19
)

U
K

M
os
qu

ito
(C
ul
ex
)
la
rv
ae

2–
15

µ
m

M
ic
ro
be
ad
s,

po
ly
st
yr
en
e
(P
S)

Fi
rs
t
st
ud
y
to

sh
ow

th
at

M
Ps

ar
e
ge
tti
ng

in
to

m
os
qu
ito

es
an
d
co
nt
am

in
at
e
th
e
ne
w

fo
od

ch
ai
n

A
l-
Ja
ib
ac
hi

et
al
.(
20

19
)

In
di
a

H
um

an
bl
oo

d
sa
m
pl
e

13
–
60

nm
Po

ly
st
yr
en
e
(P
S)

N
an
op
la
st
ic
s
ag
gr
eg
at
e
in

bl
oo

d
an
d
ob

st
ru
ct

th
e
bo

dy
flu

id
flo

w
s
re
nd

er
in
g
bl
oo

d
pr
ot
ei
n

no
n-
fu
nc
tio

na
l

G
op

in
at
h

et
al
.(
20

19
)

6 Occurrence, Fate, and Removal of Microplastics … 117



6.3 Determination and Characterization of MPs in Sewage

6.3.1 Sample Collection Techniques

Environmental samples are widely chosen for MP analysis. However, till date, no
standard protocol has been approved for its sampling and analytical procedures.
Although numerous studies have been conducted to compare the protocols adopted
globally (Gatidou et al. 2019; Hidalgo-Ruz et al. 2012; Kang et al. 2018; Li et al.
2018), the determination of MPs, however, necessitates the following procedural
steps: (i) sample collection, (ii) purification and recovery, and (iii) pretreatment,
classification, and characterization. Various samples like surface water, sewage
sludge, influent or effluent in an STP, and other biotic samples decide the steps
required for sampling and preparation (Carr et al. 2016; Murphy et al. 2016;
Talvitie et al. 2015, 2017). Methods for collection of STPs influent, final discharge,
and sewage sludge are retrieved based on those used in environmental water bodies,
but only some limited research has reported that there is no settlement on a standard
method (Park et al. 2020; Simon et al. 2018). Collection of MPs is usually done by
sieving or filtration using trawl nets, trapping nets, sieves, and filters of different
shapes and sizes (mesh/pore sizes) to separate the MPs of different size categories
(Carr et al. 2016; Corradini et al. 2019; Magnusson and Norén 2014; Mason et al.
2016). Grab or composite sample volume varies from some milliliters or liters for
the raw wastewater to several liters to m3 for the effluents (Lares et al. 2018;
Magnusson and Norén 2014; Murphy et al. 2016; Talvitie et al. 2015; Ziajahromi
et al. 2016). The reason behind the occurrence of a varying range of plastic particles
between the incoming sewage water and final discharges relates to the larger
concentration of the organic matter in the influents, and as a result, clogging of
sampling devices such as filters or sieves can be triggered when a large volume of
wastewater is collected (Dyachenko et al. 2017; Gies et al. 2018; Leslie et al. 2017).
On the contrary, the final stage–discharge has significantly decreased the concen-
tration of organic solids; hence, filtration of larger volumes is achievable.
Furthermore, fewer MPs are predicted to be found in treated wastewater, so when
larger particles are targeted for identification, sampling of higher volumes is
therefore crucial (Magnusson and Norén 2014; Simon et al. 2018). For sampling the
larger volume of STP influents (0.1–30 L), glass bottles and steel buckets are used,
whereas custom-made pump filter systems, plankton nets, and commercial metal
sieves are used to handle STP effluents (2–232,000 L approximately). Such dif-
ferences in size cut-offs inevitably lead to greater variations in the concentration of
MPs collected (Leslie et al. 2017; Magnusson and Norén 2014).

For instance, several authors have measured various categories of MPs from the
influents and effluents employing filters representing different pore sizes. The
results showed a contrasting concentration of MPs availability with a high dis-
crepancy of the sample volumes possibly because of random sampling protocols
and analytical procedures to quantify the MPs detected (Mason et al. 2016;
Michielssen et al. 2016; Talvitie et al. 2015, 2017; WHO-UNICEF 2018).
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6.3.2 MPs Extraction and Purification Methods

It is very imperative to select an appropriate sampling volume for different sampling
sources within an STP as it may result in obtaining a reliable concentration of MPs,
especially for the analysis of raw wastewater as the MPs count often exceeds 100
particles/L (Dris et al. 2017; Talvitie et al. 2017). Carrying out preliminary experi-
ments would be useful in choosing an appropriate sample volume for a particular size
category. Pre-treatment of collected samples before the isolation of MPs proved to be
helpful in removing the organic and inorganic matter. Once separated, degradation of
organic matter may be performed by the use of certain oxidizing agents like hydrogen
peroxide or enzymatic reaction, while inorganic contents like sand particles or dust
can be removed simply by density separation (Carr et al. 2016; Gies et al. 2018;
Mason et al. 2016; Murphy et al. 2016). For the isolation of plastic debris from
organic-rich samples (i.e., STP influents), wet peroxide oxidation digestionmethod is
proven to be reliable but is time-consuming (Dyachenko et al. 2017). Wet peroxide
oxidation (WPO) method is predominantly used to remove organic matter from
samples under variable reaction time and temperature depending upon the concen-
tration of the samples, while in the case of effluents, MPs are directly isolated from the
samples by using filtration without employing any reaction treatment (Dris et al.
2017; Mintenig et al. 2017; Sutton et al. 2016; Vermaire et al. 2017).

Fluorescent dyes for the staining and detection of the smaller MPs are suggested
in most of the studies (Hu et al. 2019). Nevertheless, it is also important to avoid
contamination during the MPs isolation and pre-treatment. Several studies have
suggested to investigate possible contamination simultaneously in order to prevent
errors during the counting of MPs. For example, more emphasis should be given
while cleaning the equipment such as containers, Petri dishes, and filters, avoiding
the use of materials which are made up of synthetic fibers and if possible, use of
glass or metal fitted equipment must be used instead of employing plastic containers
(Gies et al. 2018; Simon et al. 2018; Talvitie et al. 2015). Treatment process may
have an effect on the abundances and size distributions of the MPs in the collected
sample. Any kind of alteration in MPs during the treatment process may have the
potential to influence its counting, which could further add unknown risks asso-
ciated with their accumulation in aquatic habitats resulting from field applications
of effluents or sewage biosolids (Mahon et al. 2017). The use of different MPs
isolation techniques showed variation between the samples collected. Therefore, to
carry out interstudy comparisons for MPs extraction/purification, one harmonized
method for different genres of samples is required (Xu et al. 2020).

6.3.3 MPs Detection and Analysis Techniques

The isolated MPs can be optically identified before any microscopic characteriza-
tion encompassing three different methods determining the materialistic
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composition and size cut-offs, such as visual and biochemical identification,
spectroscopic techniques, and thermoanalytical techniques (Braun et al. 2018).
Chemical structure showing different polymeric compositions may be determined
by comparing and contrasting absorption and emission spectrum against the ref-
erence spectrum. One such technique is the use of Fourier transform infrared
spectroscopy (FT-IR), which is a well-known and comparatively fast technique
having the ability to identify plastic particles between the ranges of 10–20 µm.
Coupled with optical microscopy, FT-IR proved to be able to detect polymers even
of lower size distribution. Since 70% of plastic particles that are confirmed as MPs
by visual microscopes are not even proved as plastics by FT-IR, for reliable
identification of polymeric chemical structure, spectroscopic techniques are
strongly recommended over visual microscopy (Mintenig et al. 2017). Complexity
in differentiating between natural and synthetic polymeric materials may lead to
either overestimation or underestimation undergoing identification by the use of
visual microscopes. Coupling of microscopy with other spectroscopic techniques
such as Raman spectroscopy is likely to identify plastic particles within the ranges
of 1–20 µm, but again this may subject to disturbances with certain barriers like
‘biofilms’ leading to error in detection, relatively slow analysis, and also requires
expensive instrumentation (Carr et al. 2016; Li et al. 2018; Mahon et al. 2017;
Mason et al. 2016).

On the other hand, larger plastic masses are the requirement to run thermoan-
alytical methods as compared to that of spectroscopic techniques. Mass spec-
troscopy can be used under inert conditions, decomposing specific components of
the individual polymers before analysis. This provides information on the additives
used during polymer synthesis and can be reliable in the identification of
nanoplastic particles. The use of conventional methods is vital. For example,
inductively coupled plasma mass spectrometry can be employed to identify dif-
ferent types of polymer fragments upon degradation (Braun et al. 2018). In both
tagging and spectroscopic studies, software packages are often used to identify and
count MPs, which could be helpful in their classification by comparing them with
library spectra. It is also important to mention that spectroscopic methods are quite
expensive, require highly trained staff, and often present uncertainties due to the
limited sample scanned during analysis (Vollertsen and Hansen 2017).

6.4 Occurrence and Morphology of MPs in STPs

Shape, size, and materialistic composition of any polymer are physical character-
istics of MPs which trigger their transportation and may contribute to the removal
efficacy of different STPs (Kang et al. 2018). Several researches were undertaken
during the last decade from countries like the USA, North America, and Australia
highlighting the crucial role of raw or treated wastewater from STPs as a prominent
route for a diverse group of plastic debris entering the ecosystem (Dris et al. 2017;
Gallagher et al. 2016; Gies et al. 2018; Lares et al. 2018; Mason et al. 2018). A brief
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summary of the categorization of MPs based on the size and morphology has been
summarized and depicted in Fig. 6.3. MPs which are reported to be in abundance
include polyethylene (PE), polypropylene (PP), polyester, polyamide (PA), poly-
styrene (PS), and nylon fibers, and the number count ranges between 1 and 3160
particles/L and 0.0007–125 particles/L for influent and effluent, respectively, in an
STP (Gatidou et al. 2019). Polyethylene (PE) is identified as the largest contributor
to plastic production in the world having a lower density than water (Hu et al.
2019). It has been reported that polyester is the characteristic plastic detected in the
majority of STPs worldwide, the reason being its large-scale utilization as synthetic
fibers in garment processing, and sewage water contains a greater proportion of
such synthetic fibers from laundry effluents (Falco et al. 2018; Hernandez et al.
2019; Napper and Thompson 2016).

For example, a typical household-based washing machine has the potential to
release as much MPs as 6 million fibers from 5 kg of fabrics (Falco et al. 2018). In a
German STP, higher concentrations of MPs (approximately 24–33 particles per
liter) were detected in the effluent of three municipal wastewater treatment plants
based in the Netherlands (Dubaish and Liebezeit 2013; Leslie et al. 2017). In a
more detailed analysis, final discharged effluent was analyzed from 12 German
STPs, and plastic particles (<500 µm) were detected. As for the type of MPs,
polyethylene, polystyrene, polyester, polyamide, and polyvinyl chloride were the
most common. This study also reported that MPs with sizes greater than 500 µm
reached up to 0.05 MPs/L of the effluent (Mintenig et al. 2017). MPs numbers have
been found ranging in between 103 and 170.9 � 103 particles/kg by dry weight in
sewage sludge samples indicating the potential of sewage treatment plants in the

Fig. 6.3 Categorization of plastic based on size and morphology
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retention of plastic debris from the discharged effluent (Carr et al. 2016; Li et al.
2018; Magnusson and Norén 2014; Mintenig et al. 2017). Polymers like polyester,
polyethylene, polyamide, polypropylene, and alkyds are the most common MPs
types detected from the inlet as well as final stage effluent from a Scottish STP
(Murphy et al. 2016). Further, another study investigated the treatment efficiency of
7 Dutch municipal STPs, and the mean plastic concentration reported to range
between 68 and 910 MPs/L and 51–81 MPs/L in influent and effluent, respectively,
of particle sizes ranging between 10 and 5000 lm (Leslie et al. 2017). This sug-
gests that in STPs, physical characteristics of MPs such as shape and size varied
frequently, with flakes/fragments, fibers, film, foam, and pellets being the most
common shapes (Dubaish and Liebezeit 2013; Leslie et al. 2017; Li et al. 2018; Lv
et al. 2019; Mason et al. 2016; Park et al. 2020; Wolff et al. 2019; Xu et al. 2020).
Detailed analysis of the varied shape and size of MPs detected in STPs around the
world has been provided in Table 6.2.

6.5 Fate and Removal of MPs at Different Treatment
Stages in STPs

Raw wastewater enters a sewage treatment plant through different sources such as
domestic washing machines, commercial laundries, textiles, stormwater, surface
runoff, and sometimes also from factories (Mahon et al. 2017). The fate and transport
of MPs at different treatment stages in an STP have been qualitatively depicted in
Fig. 6.4. Municipal wastewater treatment plants receive MPs resulting from prod-
ucts like toothpaste, personal care products, plastic tea bags, fabrics generated from
household washing machines, etc., and ultimately end up at the STPs (Browne et al.
2011). Recently, several studies have shown a varying range of MPs removal at
different treatment stages of STPs as summarized in Table 6.2. Conventional STPs
typically include two stages of wastewater treatment, viz. primary and secondary,
and at times advanced treatment stages to decontaminate the raw wastewater by
treating them with methods like physical, biological, and chemical techniques
(Gatidou et al. 2019; Hu et al. 2019). A large amount of suspended organic solids
entered STP during the primary treatment, which undergoes processes like
screening/grit chamber, settling, filtration, floatation, skimming, etc. However, the
effluent coming out after the primary treatment still contains a higher concentration
of MPs, even though the primary treatment showed 25% removal efficiency (Poerio
et al. 2019). The secondary treatment techniques have reported reducing MPs count
with reduction of around 75% and include treatments like aeration, coagulation,
flocculation, gravity filter, anaerobic membrane filtration, activated sludge treatment
methods, etc. (Carr et al. 2016; Corradini et al. 2019; Mason et al. 2016; Mintenig
et al. 2017). The final or tertiary treatment is deployed wherever required depending
on the pollutant removal rate following secondary treatment possessing a removal
rate of up to 99% (Mintenig et al. 2017; Sun et al. 2019). During the last decade, with
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the increase in plastic production worldwide studies on the treatment of influent have
been continuously carried out to enhance the quality of final discharge. Furthermore,
technologies deployed in various treatment stages within an STP are not expressly
designed to reduce the MPs count. However, such techniques proved to be helpful in
enhancing the final water quality (Mason et al. 2016; Talvitie et al. 2017).
Conventional STPs with its different treatment methods may reduce MPs with a
removal rate up to 99%, eliminating most of the plastic debris during the initial
phases with the average removal efficacy ranging between 72 and 99.4% (Leslie
et al. 2017; Mason et al. 2016). Nevertheless, due to large quantities being handled,
even a small amount of MP released per liter will cause substantial MP load entering
the environment (Murphy et al. 2016). Similar studies stated that the removal of MPs
during the preliminary treatment through solid skimming, sludge settling processes,
and the final discharge from later treatment stages may encompass some amount of
MPs in them. Therefore, regardless the high recovery rate, traditional STPs can
actually act as a substantial source of MPs, provided the larger volume of final
effluent is discharged into the natural environment (Mason et al. 2016; Mintenig
et al. 2017; Murphy et al. 2016; Talvitie et al. 2017). Although some studies have
suggested that various treatment techniques in a general STP like screening, sedi-
mentation, flotation, coagulation–flocculation, and filtration processes are able to
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Fig. 6.4 Fate and transport of MPs at different treatment stages in an STP
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remove an appreciable amount of the plastic waste from wastewater (Carr et al.
2016; Lares et al. 2018; Leslie et al. 2017; Talvitie et al. 2017), the deployment of
some advanced treatment technologies may further add to its efficacy (Lv et al.
2019).

6.6 Release of MPs into the Environment via STPs

STPs are known to be one potential driver of MPs entry into the freshwater bodies
and ultimately to the seawater. Substantial volumes of MPs have been found to be
released in the environment after the final stage treatment of an STP (Mintenig et al.
2017; Murphy et al. 2016; Talvitie et al. 2017). A pilot study was conducted at
municipal wastewater treatment plant in St. Petersburg to detect the amount of MPs
before its primary treatment, during and after all treatment stages showed a con-
siderable decrease in the numbers of MPs detected from its entry up to the dis-
charge. The results also showed that there might be a possibility of MPs entrapment
within the sewage sludge released after primary or secondary treatment stages.
However, some MPs owing to their smallest size fraction manage to pass through
such treatment processes and likely to contaminate the system with their final
discharge in the environment (HELCOM 2014). Depending on the production of
sludge in a Chinese STP, 1.56–1014 MP particles/year was estimated to be released
into the natural habitats via the field or agricultural application of the sewage sludge
(Li et al. 2018). Similar results from other studies have identified sewage sludge as
one potential transport medium allowing tiny plastic debris to reach the surrounding
habitats (Mahon et al. 2017). Researchers have also suggested such treatment
processes may have an effect on the degradation pattern of the MPs in wastewater.
MPs get altered passing through different treatment stages, and their potential
mobility may also be influenced accordingly (Mahon et al. 2017). This could
further exaggerate any unidentified threat associated with the persistence of MPs in
the incoming wastewater and the effluents. Despite the treatment processes, there
are chances of MPs accumulation in the discharged sewage sludge over time which
automatically ends up contaminating the freshwater, seawater, or terrestrial
ecosystems (da Costa et al. 2016; Michielssen et al. 2016; Mintenig et al. 2017;
Talvitie et al. 2015, 2017). Sewage sludge has been reported to be contaminated
with increased MPs counts that eventually used as fertilizer on agricultural fields,
thus creating a pathway to enter agricultural soils (Corradini et al. 2019; Zubris and
Richards 2005). Sources and the transfer following the fate of MPs within a tra-
ditional sewage treatment plant involving different treatment stages have been
highlighted in Fig. 6.4.

Therefore, better knowledge on MPs origin and their transportation pathways
across different treatment stages in an STP will enable researchers to revise,
improve, and modify the current existing technologies, thereby facilitating their
efficient removal from the system (Carr et al. 2016). Further, more quantitative
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studies are required from different regions across the globe so as to identify the
behavior and fate of MPs entering and leaving any treatment system.

6.7 Advanced Techniques for MPs Removal

Wastewater treatment techniques have been continuously needed to enhance the
final effluent quality. Operational performances of different treatment plants have
failed to avoid the retention of MPs at their one or other stages attributing to the fact
that such plants are not specifically designed to precisely filter these tiny plastic
particles (Li et al. 2018; Kang et al. 2018; Talvitie et al. 2015, 2017). During the
last decade, several studies using advanced wastewater treatment regimens have
shown that MPs could be efficiently removed (Carr et al. 2016; Mintenig et al.
2017; Talvitie et al. 2017). Talvitie et al. (2017) examined the efficacy of different
advanced treatment techniques for the reduction of MPs concentration in final
effluent at four different municipal wastewater treatment plants located in Finland.
Advanced treatment approaches like rapid sand filter, disk filter, and dissolved air
floatation were used during the tertiary treatment stage, while secondary treatment
includes membrane bioreactor. Results from the study showed MPs removal of
around 97% (from 0.7 to 0.02 MPs/L) by the rapid sand filter, 40–98.5% (from 0.5–
2.0 to 0.03–0.3 MPs/L) by the disk filter, and 95% (from 2.0 to 0.1 MPs/L) by the
dissolved air flotation, whereas membrane bioreactor was able to remove around
99.9% (from 6.9 to 0.005 MPs/L) of MPs. Similar studies from different countries
have also reported that advanced wastewater treatment technologies may substan-
tially reduce MPs discharged from sewage treatment plants (Carr et al. 2016; Lee
and Kim 2018; Lv et al. 2019; Michielssen et al. 2016; Park et al. 2020). In another
study for the removal of MPs from sewage sludge, a unique isolation device using a
fritted glass funnel was developed with nearly 100% recovery efficiency (Xu et al.
2020).

Recently, dynamic membrane technology including ultrafiltration has emerged
as a plausible alternative for the treatment of sewage and sewage sludge (Poerio
et al. 2019). Dynamic membrane technology has attracted great attention due to its
low cost than the frequently used membranes, exhibited large permeation flux
saving the membrane module quantity requirement and low-energy input owing to
operation under gravity diving mode (Saleem et al. 2017; Zhang et al. 2019).
Ultrafiltration is another feasible alternative used in advanced wastewater treatment
technologies as it permits to attain a high quality of drinking water, contributes to
low energy consumption, and possesses greater removal efficiency of MPs due to its
compact plant size (Molinari et al. 2006, 2009; Molsehyani et al. 2019). A more
detailed summary of the recently developed advanced treatment technologies for
sewage wastewater and sludge has been presented in Table 6.2. The implication of
these newly designed and advanced techniques is reported to be beneficial in
reducing the MPs pollution from STPs.
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6.8 Conclusions

MPs are omnipresent in the natural ecosystem. Important contributors of MPs into
the natural ecosystem are land-based runoffs and drainage effluent. Still, given the
information available at this time, a detailed assessment of relative MPs concen-
tration emerging from different sources is quite a tedious process. To date, there is
no mutual agreement to avail the MPs sampling and processing protocols at dif-
ferent treatment stages in an STP, reflecting the necessity to improvise its collection
and determination deploying methodologies with proper quality control and
assurance. Shape, size, and polymer material are characteristic features of MPs that
may affect the way they are handled in STPs and can have an effect on the toxicity
and effectiveness of treatment processes. A brief summary of MPs based on their
morphological appearances along with types detected in STPs is discussed. Treated
wastewater effluent is known to be the potential drivers of MPs pollution to the
freshwater and agricultural soils. However, well-equipped and advanced treatment
techniques in the sewage treatment plants may significantly eliminate maximum
MPs count from the final discharge. Under typical operating conditions, traditional
STPs are proved to be effectively removing MPs from influents. However, some
plastic debris (<20 µm) manages to retain within the final effluents. All advanced
wastewater treatment technologies developed so far along with their MPs removal
efficacy are briefly presented. Furthermore, the increasing prevalence of MPs in
sludge samples indicates the urgent requirement of a more robust technical
approach, with a specific emphasis on estimating the sources of MPs, its fate, and
prevention from returning back into the natural environment.
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Chapter 7
Membrane Technology for Desalination
and Wastewater Recycling

Najmul Haque Barbhuiya and Swatantra P. Singh

Abstract Over the last few decades, the effectiveness of the conventional water
treatment processes has become limited due to its failure to meet stringent water
quality regulations, the emergence of non-conventional contaminants, and space
limitations. Membrane technology can serve as a viable option to meet the limi-
tations of the conventional treatment processes due to low chemical use, higher
efficiency, easy operation, smaller footprint, and better quality treatment. But its
effective usage is hindered due to fouling, shorter life span, and selectivity–per-
meability trade-off. Thus, there is a need for new-generation membranes that can
surpass the limitations of the conventional membrane technologies, with less or no
decrement in the efficiency of the treatment. With the advancements in material
sciences and membrane fabrication processes, it could be possible to overcome the
problems of conventional membrane treatment processes. In this chapter, a brief
introduction of the membrane technology, its advantages over conventional treat-
ment processes, commonly used pressure-driven membranes and membrane fab-
rication processes, the problems of conventional membranes, and some of the
promising new-generation membrane materials and membrane systems, and water
and wastewater treatment have been discussed.
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7.1 Introduction

According to the United Nations, by 2025, around 2.7 billion people will face
problems accessing the potable water (UN Water 2012) and, by 2050, at least
one-fourth of the world population will be living in a country having chronic or
periodic shortages of freshwater. There will be a surge in demand for clean water in
domestic, agricultural, and industrial sectors (Santhosh et al. 2016). Many industries
are releasing untreated wastewater with a high concentration amount of pollutants
into water (Nawab et al. 2016, 2017). Environmental disasters and various
anthropogenic activities have contributed to the increase of toxic pollutants in the
environment (Geise et al. 2010). Around 14,000 people die every day due to serious
health problems caused by *2 million tonnes of the wastes discharged into water
(UNESCO-WWAP 2003). These statistics are likely to worsen further due to the
rapid increase of water contamination by pathogens and various pollutants such as
heavy metals, pharmaceutical compounds, pesticides, and endocrine disrupting
chemicals (Bohn et al. 2009). Moreover, the existing geopolitical pressures and lack
of access to freshwater can result in regional conflicts, thus threatening global peace
and stability (Eliasson 2015).

The effectiveness of conventional water treatment processes has become limited
over the last few decades. The growing population, industrialization and climate
change are increasing the water scarcity. Desalination and reuse of industrial and
municipal wastewater are the solutions for generating new freshwater resources.
However, industrial and municipal wastewater contains toxic substances that cannot
be removed by conventional treatment processes. Reports have suggested that
conventional treatment plants are not much effective against the emerging con-
taminants (Heberer 2002). Thus, membrane treatment technology could be a viable
option. Membrane technology started to develop in the 1970s and showed rapid
development since the 1990s due to its operational ease, low chemical input, high
efficiency, smaller footprint, and low energy. Its use in the water treatment has been
rapidly increased due to the development of high-quality membrane and overall
decreasing cost (Pendergast and Hoek 2011; Peydayesh et al. 2013; Zhu et al.
2014). Membrane technology can thus play a vital role in removing these con-
taminants. They have a smaller footprint as compared to conventional treatment and
give better removal of contaminants than conventional treatment process (Mulder
1991; Cui and Muralidhara 2010). Despite all the advantages of conventional
membrane technology, there are problems associated with it, and there is a possi-
bility to reduce the capital and running cost. The most common problems associated
with membrane processes are the life span and the fouling of the membrane.
Fouling is considered as the Achilles heel for the membrane technology (Flemming
et al. 1997). As feedwater gets filtered into permeate, some of the inorganic, col-
loidal, organic, and biological contaminants get accumulated on the membrane
surface forming, causing fouling and hindering its efficiency. Due to fouling alone,
the life span of the membrane gets heavily affected (Zularisam et al. 2010). This
limitation can be attributed to the fabrication methods and materials currently in use
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for membranes, which is still seen as an art rather than a science (Werber et al.
2016b). Thus, there is a need for new-generation membranes that can surpass the
limitations of the conventional membrane technologies, with less or no decrement
in the efficiency of the treatment.

The advancements in material sciences and membrane fabrication processes can
mitigate the limitations of membrane technology by the use of new-generation
membrane materials like aquaporin, graphene, metal nanoparticles, etc. (Werber
et al. 2016b). Further, the use of a hybrid membrane and catalytic membrane can
also help in overcoming the limitations of the conventional membrane systems.
Hybrid systems increase purity, productivity, yield, and reducing operating costs
and environmental pollution (Ang et al. 2015). By eliminating the thermodynamic
equilibrium, the catalytic membranes enhance the reaction conversion, which
results in the improvement of the overall process like conversion, yield, residence
time, net reaction rate, and selectivity (Westermann and Melin 2009; Wang et al.
2015). Thus, the focus of this report is to provide a basic understanding of the
membrane technology, its advantages over conventional treatments, problems
relating to its operation, and new-generation membrane materials in order to
develop new-generation membranes for water and wastewater treatments with
better efficiency.

7.2 Membrane Technology vs. Conventional Water
Treatment

The effectiveness of conventional water treatment processes has become limited
over the last few decades. The conventional treatment system is not able to meet the
current stringent water quality rules and regulations. The reuse of wastewater is also
becoming critical, especially in arid and semiarid areas where water is being
imported at very high costs. The growing population and increasing water scarcity
have imparted the need for the reuse of industrial and municipal wastewater con-
taining many toxic contaminants that cannot be removed by the conventional
treatment processes (Heberer 2002; Bohn et al. 2009; Inyinbor et al. 2018). Thus,
membrane treatment technology will be a better solution. In addition, improvement
in the quality of membrane along with the developing market associated with the
membrane processes is paving the way for membrane treatment with respect to their
cost. According to some estimates, the cost of new membrane filtration is expected
to be more or less than those of conventional treatment processes for small facilities
(up to 20,000 m3/day capacity) (Wiesner et al. 1994). Membranes can be used for
the better separation of various types of contaminants without the use of chemicals,
and additionally, decontamination can also be performed (Pendergast and Hoek
2011; Peydayesh et al. 2013; Zhu et al. 2014). The emerging contaminants like
pharmaceuticals and personal care products have increased the concern for their
removal from the water due to their harmful effects at low concentrations; it has also
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demanded the need for advanced treatments like membrane technology. Reports
have suggested that conventional treatment plants are not much effective against
these emerging contaminants (Inyinbor et al. 2018). Membrane technology can thus
play a vital role in removing these contaminants. Membrane-based treatment plants
also have a smaller footprint as compared to conventional treatment (Cui and
Muralidhara 2010). The automated controls and alarms in membrane technology
can provide trouble-free operation with less operation attention, thus providing ease
of operation in comparison with conventional treatments.

7.3 Membrane Filtration

Membrane filtration is a separation process where particles and molecules are being
separated from the mixture on the basis of size and chemical properties through a
semipermeable membrane. In desalination and wastewater treatment, the contam-
inated water is allowed to pass through the membrane under some driving force, the
treated water called permeate, and a portion of feed that gets retained along with the
contaminants and salts called retentate (Mulder 1991). The driving force could be
pressure gradients, concentration gradients, electrical potential gradient, or the
temperature gradient. More specifically, membrane filtration can be further classi-
fied in terms of the size range of permeating species, the mechanisms of rejection,
the driving forces employed, the chemical structure and composition of membranes,
and the geometry of construction (Mulder 1991). The most important type of
membrane filtration is the pressure-driven process, which includes microfiltration
(MF), ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO) (Bolisetty
et al. 2019).

7.3.1 Types of Membranes

Membranes can be divided into two fundamental groups—biological and synthetic
membranes.

(a) Biological membranes are the plasma membranes that surround the cells and
have a complex structure. The characteristic of these types of membranes is that
they have a lipid bilayer structure having the hydrophobic and hydrophilic
parts. This bilayer structure does not allow a variety of molecules to enter the
cell; however, specific transport of essential molecules like amino acids and
sugars is accomplished by proteins located outside (extrinsic protein) and inside
(intrinsic protein) the lipid layer (Watson 2015). These proteins behave like a
carrier, and thus the molecule transport is carrier-mediated.

140 N. H. Barbhuiya and S. P. Singh



(b) Synthetic membranes are the artificially created membrane used for separation
processes. They can further be classified as organic or polymeric and inorganic
membranes based on the materials used. The most used and important mem-
brane materials are organic materials, i.e., polymers.

Most of the synthetic membranes are made up of organic polymers (e.g., poly-
sulfone, polyethersulfone, polyvinylidene difluoride, polyacrylonitrile). Polymers are
the macromolecules with high molecular weight composed of repeated units called
monomers. The number of monomers attached to form the long-chain polymer is
called the degree of polymerization. Some of the common polymers used for MF and
UF are polycarbonate, polypropylene, polyamide, polysulfone, polyte-
trafluoroethylene, polyacrylonitrile, etc. For MF and UF, the materials used are often
the same, but different membrane fabrication conditions result in different pore sizes.
Membrane selectivity can be improved by modifying the different properties of the
polymers. Since chemically and thermally stable polymers are the desirable mem-
brane materials, polymers with high glass transition temperatures (Tg), melting points,
and crystallinity are preferred. Tg is the state of polymer defining property of a
polymer below which the polymer is in the glassy state and above which the polymer
goes to a rubbery state (Mohanty and Purkait 2011). Glassy polymers allow smaller
molecules to pass faster than the larger hydrocarbon molecules, whereas the rubbery
polymers have higher permeabilities for hydrocarbons than the much smaller mole-
cules. Some of the commonly used polymers, along with their thermal characteristics,
are shown in Table 7.1 (Scott 1995; Ida 2014). Although hydrophobic polymers have
excellent thermal and chemical stability, hydrophilic polymers surpass them due to
their reduced adsorption property, because of which hydrophilic membranes show
less susceptibility toward fouling than hydrophobic counterparts.

Membranes are also formed from inorganic materials (e.g., ceramics, metals).
Among the inorganic materials, ceramics are the most popular and frequently used
as membrane material. They are often used for MF due to their microporous
structure, and properties like thermal stability and resistivity toward chemicals.
However, their high cost and fragility have limited their widespread use (Sagle and
Freeman 2004).

Table 7.1 Commonly used
polymers along with their
thermal characteristics (Scott
1995; Ida 2014)

Polymer Tg (°C) Melting temperature (°C)

Polyethylene −60 to −90 137−143.5

Polypropylene −10 167−170

Teflon −113 327

Cellulose acetate 69 230

Poly (ether sulfone) 225 >300

Polysulfone 190 >300

Polyacrylonitrile 80−104 319
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7.3.2 Types of Pressure-Driven Membrane

A membrane process is defined by the properties of the synthetic membrane, type of
driving force, and various other features (Mulder 1991). Based on the driving force,
membrane separation processes can be distinguished as pressure-driven (such as
MF), concentration-driven (such as osmosis), electric potential gradient-driven
(such as electrodialysis), and temperature gradient-driven processes (such as
membrane distillation). Pressure-driven membranes are the most widely used
membrane process, such as in desalination and in many foods, and chemical
industries. In this process, the pressure is used as the driving force for the pro-
duction of permeate and retentate from the feed after successful separation.
Figure 7.1 shows common types of pressure-driven membrane processes in the
dead-end mode of filtration.

Microfiltration (MF): MF is the membrane process that is capable of separating
particles of size 1000 nm and high molecular weight (>100 kDa). The retention
potential of the membrane depends on the pore size. The pore size of the MF
membranes is in the range of 100–10,000 nm. Due to the large pore size, low
pressure is required for the separation. It is commonly used to separate suspended
solids and microorganisms (bacteria, algae, etc.). The macroscopic particles and
compounds, smaller than the pore size of the membrane (such as sodium and
chloride ions, dissolved organics, viruses), cannot be separated or removed by using
MF. The feed is generally passed through the membrane at around 1–3 m/s velocity
at low to moderate pressure of 10–300 kPa (Purkait and Singh 2018). Due to its
pore size, it is generally used in combination with other membrane processes like
UF or RO and plays a crucial role in the pharmaceutical, dairy, and beverage
industries (Sadr Ghayeni et al. 1998; Rodriguez-Mozaz et al. 2015; Hayes 2018).

Ultrafiltration (UF): It is the pressure-driven membrane process having a pore
size from 1 to 100 nm. The separation mechanism is the sieving type where feed
components are separated from the water based on their size. The larger and wider
particles are retained on the UF membrane, whereas smaller and narrower particles

Fig. 7.1 Common pressure-driven membranes (modified from Purkait and Singh 2018)
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can pass through it. The operating pressure required in this process for UF is quite
lower than other pressure-driven processes like NF and RO. This is due to the
porous membrane used in UF with pore sizes larger than the NF and RO. They can
be operated with a pressure of 200–1000 kPa and can provide high flux. The
conditions for both MF and UF uses are very much similar, with pore size being the
only dissimilarity. It can be used to remove micron to submicron-sized components
like organic molecules having higher molecular weight, colloids, and suspended
solids from the feed (Aoustin et al. 2001; Tomaszewska and Mozia 2002; Falsanisi
et al. 2010).

Nanofiltration (NF): NF is among the newest pressure-driven processes. It is
considered better than RO in many fields and applications due to its lower energy
requirement and higher flux. The properties of NF lie in between UF and RO
processes. The size of the pore for NF membrane ranges from 0.5 to 5 nm. The NF
membranes are capable of rejecting smaller and uncharged particles and multivalent
ions, but they fail to remove monovalent ions. NF is considered as a charged UF
process in terms of UF and as a low-pressure RO process in terms of RO. Therefore,
NF has higher organic matter rejection than UF and lower pressure requirements
than RO. Thus, colloids and large particles will be removed by the sieving
mechanism, while ions will be removed by charge effect separation mechanism—
Donnan effect (Roy et al. 2017).

Reverse Osmosis (RO): As the name suggests, it is the reverse or opposite of the
osmosis process. In osmosis, water (solvent) flows from lower to higher solute
concentrations through a semipermeable membrane when placed between the two
solutions. But if the water is forced to flow from a higher solute concentration to a
lower solute concentration, then it is called RO. In this process, the driving force is
the externally applied pressure, which is greater than the osmotic pressure of the
system. RO separation process is similar to other pressure-driven membrane pro-
cesses, but instead of straining, diffusion is the mode of separation. RO membranes
can remove even the smallest entity (like monovalent ions, dissolved organic
content, etc.) from the water, which other membranes are not capable of removing.
Among the various applications of RO, like in wastewater treatment, food, and
dairy industry, desalination is the most important aspect of the RO membrane for
which it is widely used (Shenvi et al. 2015; Caldera et al. 2016).

7.3.3 Fabrication of Membranes

The membrane is the most important part of every membrane process. Some of the
various methods by which polymeric membranes can be fabricated are phase
inversion method, stretching, deep coating, track-etching, interfacial polymerization
method, etc. (Purkait and Singh 2018). The phase inversion method is the easiest
and the most widely used method for preparing various types of polymeric mem-
branes. The commonly used driving factors for this method are temperature,
non-solvent, evaporation, and non-solvent vapor (Ismail et al. 2020). In the
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thermally induced phase method, the prominent role is played by the liquid–liquid
demixing. There is a decrease in temperature, and the quality of the solvent also
decreases. It remains homogenous at high temperature and separates into
polymer-rich and polymer lean phases at low temperatures. Thus, the phase sepa-
ration induced at low temperature will form a porous structure. In
non-solvent-induced phase separation type of membrane preparation, two-phase
separation (liquid–liquid demixing and solid–liquid demixing) takes place. The
major steps involved in this process are shown in Fig. 7.2a. A thin film of the
polymeric solution is casted over a glass plate using a casting knife (Fig. 7.2b)
which is then immersed in a non-solvent bath to get the porous membrane
(Fig. 7.2c). Liquid–liquid demixing forms the porous structure of the membrane,
whereas solid–liquid demixing happens in crystalline membrane parts. With the
immersion of the casted thin film in a non-solvent bath, precipitation of the
membrane solution takes place. The liquid–liquid demixing results in a dense skin
layer and a porous sublayer, whereas instantaneous demixing results in the porous
skin layer (Purkait and Singh 2018).

The drying-induced phase separation method uses a volatile solvent for the dis-
solution of the polymer and a less or nonvolatile and non-solvent. With the evapo-
ration of the solvent, solidification of the polymer-rich phase with pores filled with
non-solvent is formed. Thin casted films along with the fast rate of evaporation of
solvents result in a dense layer with macrovoids filled with a non-solvent. The
vapor-induced phase separation method is the combination of the wet and dry casting
process. Here, the casted film is exposed to the vapor of the non-solvent for a certain
period, after which it is immersed in a coagulation bath to complete the process. The
morphology of the membranes can be controlled by controlling the non-solvent vapor
penetration into casting films (Venault et al. 2013; Ismail et al. 2020).

In the stretching method of fabrication, the membrane is prepared by stretching
the extruded polymeric film perpendicular to the extrusion direction. The stretching
is the cause of the formation of pores (in the range of 0.1–3.0 lm). Generally, this
results in highly porous membranes. Crystalline or semicrystalline polymeric

Fig. 7.2 Phase Inversion Process: a general scheme of non-solvent-induced phase inversion
method of membrane fabrication, b casting of polymer solution over a glass plate, and c immersion
of film in the non-solvent bath to get a porous membrane (modified from Purkait and Singh 2018)
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materials are the only suitable materials for this method (Lalia et al. 2013; Purkait
and Singh 2018).

The deep coating is a composite membrane preparation method, where a thin
selective layer is coated over porous membrane support. Microporous membrane
support is coated with a polymer solution prepared in a volatile water-insoluble
solvent. The thickness of the coated layer is around 50–100 lm, which reduces to
0.5–2 lm upon evaporation of the solvent. The successful preparation of the
desired membrane depends on the preparation method used and the polymer
solution (Purkait and Singh 2018).

The track-etching method uses the application of particle radiation (perpendic-
ular to polymeric film) to form tracks by damaging the film at the points of impact.
This method is suitable for forming cylindrical pores with uniformity in a mem-
brane. For uniform cylindrical pores, the radiated film is immersed in a bath (acidic
or alkaline), which usually results in membranes with pore sizes of 0.02–10 lm.
Higher the irradiation, the more the membrane becomes porous (although the
thicker film is required); similarly, with an increase in etching time, pore diameter
increases (Lalia et al. 2013; Purkait and Singh 2018).

The interfacial polymerization method is used for preparing anisotropic mem-
brane. In this method, microporous support is used over which a thin layer of a
polymer is deposited (Cadotte 1975). Porous support material is treated with a
solution of amine, and the amine film formed is then dissolved in organic solvents
(such as hexane). This results in the formation of a polymer of very thin size over
the support surface. This method is typically used for making membranes for RO
and NF. This method is considered a very important method of RO and NF
membrane fabrication. Cadotte et al. (1980) developed the first thin-film composite
membranes using interfacial polymerization method and showed breakthrough in
membrane performance for RO applications (Cadotte et al. 1988). The initial
protocol used for membrane fabrication using interfacial polymerization is descri-
bed below:

(a) At first, soaking of the microporous polysulfone support is done in an aqueous
polymeric amine solution.

(b) The amine impregnated membrane is then immersed in a solution of diiso-
cyanate in hexane.

(c) Finally, the cross-linking of the membrane is done by performing heat treat-
ment (110 °C).

A wide variety of membranes have been developed by optimizing the properties
of the substrate and skin layer (Petersen 1993; Lau et al. 2012). A thin-film com-
posite polyurea membrane formed by interfacial polymerization was found to have
better salt rejection and water flux property than an integrally skinned asymmetric
cellulose acetate membrane, confirming the authenticity of the method (Purkait
et al. 2018).
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7.3.4 Problems of Membrane Technology

Fouling: As feedwater gets filtered, some of the particles and molecules get
accumulated on the surface or inside pores of the membrane. This accumulation of
particles and molecules results in a gelatinous layer over the membrane surface,
reducing the efficiency of membrane filtration. This phenomenon is called fouling.
It is the Achilles heel for the membrane technology (Flemming et al. 1997). The
feed composition is the main factor that determines the extent and rate of fouling.
Fouling can be of the following four types (Zularisam et al. 2010; Gao et al. 2011;
Guo et al. 2012; Jiang et al. 2017):

(a) Inorganic fouling: When the concentration of certain inorganic species exceeds
the solubility limit, they start to precipitate and thus cause scaling problems,
resulting in the fouling of the membrane.

(b) Colloidal fouling: If the fouling is caused by the deposition of organic or
inorganic colloidal particles (polysaccharide, proteins, clay, etc.) in the mem-
brane pores, then the fouling is termed as colloidal fouling.

(c) Organic fouling: If the feedwater contains a high amount of organic compounds
(like extracellular organic debris, dissolved organic carbon, etc.), then they may
get accumulated or deposited on the surface of the membrane. Such accumu-
lation results in organic fouling.

(d) Biofouling: Microbial species in the membrane system have tendencies to
adhere to the surfaces and form a gelatinous layer called biofilm, which dras-
tically reduces the efficiency of the membrane, called biofouling. Biofouling is
the worst fouling as microorganisms can attach to the surface and grow with
time, and after full growth, they can contaminate other places in the membrane
system.

Due to membrane fouling alone, the life span of membranes is low. Generally, it
is for a few years. The low life span of the widely used polymeric membrane is due
to its low resistance toward harsh chemical, pressure, and temperature factors. The
recent development in material science and membrane technology has provided
some new-generation membranes which can withstand those adverse condition
factors along with a better life span.

Selectivity–permeability trade-off: The flux through the membrane is given by
Eq. (1) (Baker 2004):

Jw ¼ A DP�Dpmð Þ ð1Þ

where
Jw = volumetric water flux
A = water permeability coefficient
DP = applied hydraulic transmembrane pressure
Dpm = osmotic pressure difference (across the active layer).
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In most of the water treatment applications where MF and UF are used, Dpm is
almost negligible, whereas, for NF and RO, it is a very crucial parameter. For
membranes (porous only), flow passing through the active layer is considered and
modeled as a laminar flow through cylindrical pores. Water permeability
(A) through the membrane is given by the Hagen–Poiseuille equation (Baker 2004),
as shown below:

A ¼ e r2p
� �

= 8 l dmð Þ ð2Þ

where
e = surface porosity
rp = pore radius
l = viscosity of the solution
dm = thickness of the active layer.

This simplified relationship best describes an idealized membrane with uni-
formly sized cylindrical pores (i.e., an isoporous membrane). In reality, membranes
that are formed by phase inversion have non-cylindrical and tortuous pores that
vary substantially in size. The water permeability coefficient (A) is related to layer
thickness (dm), the molar volume of water (Vw), the diffusive water permeability
(Pw), gas constant (Rg), and absolute temperature (T) by the following equation
(Geise et al. 2014):

A ¼ PwVw=ðdmRgT Þ ð3Þ

Similarly, Fickian diffusion is used for modeling solute movement:

Js ¼ PsDcm=dm ¼ BDcm ð4Þ

where
Ps = diffusive solute permeability
B = solute permeability coefficient
Dcm = solute concentration difference across the active layer.

Coefficients A and B together define the selective layer performance of
non-porous membranes. The ideal membranes have both high water permeability
and selectivity, a combination which is very difficult to achieve. From the recent
studies, it has been suggested that water separation membranes exhibit a trade-off
generally termed as permeability–selectivity trade-off, which is similar to the
Robeson plot. The Robeson plot is extensively used in the field of gas separation
using polymeric membranes for visualizing selectivity and permeability of the
membranes (Mehta and Zydney 2005; Robeson 2008; Geise et al. 2011). This
trade-off implies that with a small increase in permeability of highly permeating
species, a huge increase in permeability of highly retained species will be seen.
Thus, instead of working for attaining higher water permeability, the more effective

7 Membrane Technology for Desalination and Wastewater Recycling 147



way for membrane materials research would be to work on improving the selec-
tivity of water over other dissolved solutes (Werber et al. 2016b).

7.4 New-Generation Membranes

From the literature, it is evident that the few limitations of membrane technology
need to be resolved for better quality water and the long life of the membranes
(Werber et al. 2016a, b). At present, there is very little control over solute and water
permeabilities, which is one of the key limitations that is hampering the perfor-
mance of membranes. Development in the membrane fabrication processes and the
advancement in the field of material science in terms of new materials can help in
crossing the present limitations (Werber et al. 2016b). Among the various materials
developed so far, the most anticipated new-generation membrane materials are
aquaporins and graphene, while the promising membrane systems being the hybrid
membrane and catalytic membrane systems.

7.4.1 Aquaporin

Aquaporins are a class of membrane proteins that help in the transportation of water
in and out of the cell membrane. Some categories of the aquaporins are extremely
selective, rejecting even ions that easily permeate through current high-quality
membranes (Murata et al. 2000; Sui et al. 2001; Hub and De Groot 2008). Intensive
research is going on in mimicking these natural biopolymers to obtain a synthetic
membrane having high flux and selectivity. Synthetic aquaporin membranes are
biomimetic membranes having high water flux, a wide spectrum of solute rejection,
stability to external conditions, and easy reconstitution property(Shen et al. 2014;
Song et al. 2019). The most extraordinary property of the orthodox membrane (the
membrane that allows only water to pass) is rejecting almost all solutes. Although
the proper mechanism of water transportation in aquaporins is not fully understood,
certain studies have suggested the dipole interaction, electrostatic force, and
hydration forces are the main reasons for the selectivity of the aquaporin membrane
(Tang et al. 2015).

7.4.2 Graphene

Graphene is considered one of the wonder materials which has its use in different
fields, from electronics to water treatment. It has high strength and electron
mobility, which makes it a noble material for preparing membranes having
antibacterial and antifouling surfaces. Thus, they can be used on the surface of
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conventional membrane materials for enhancing their efficiency. Graphene is an
allotrope of carbon, which is a single layer of carbon atoms arranged in a hexagonal
array (Geim and Novoselov 2007; Tadyszak et al. 2018). Its unique electrical,
thermal, and mechanical properties make it a suitable and robust material for water
treatment. Different forms of graphene that are commonly used are graphene oxides
and reduced graphene oxides. Nair et al. showed that laminates formed from gra-
phene oxide provide unhindered permeation of water while being impermeable to
other liquids, vapors, and gases (Nair et al. 2012). After that, many applications of
graphene oxide membranes have been reported for water purification (Huang et al.
2013; Han et al. 2013; Hu and Mi 2014). The enhanced water transportation was
also reported for graphene-based NF (Han et al. 2013) and graphene oxide UF
membranes (Huang et al. 2013) where higher water flux of about 4–6 orders of
magnitude compared to theoretically predicted flux was measured in the filtration
experiments (Huang et al. 2013).

7.4.3 Hybrid Membranes

Integrated or hybrid membrane processes are the integration of membrane processes
with conventional unit operations (like coagulation, flocculation, sedimentation) or
integration of different membrane processes to increase the performance of the
treatment (Van der Bruggen et al. 2003). Many hybrid systems have been estab-
lished for water treatment due to the major obstacle of membrane filtration, i.e.,
fouling (Li et al. 2008). With hybrid systems, a pre-treatment before filtration
provides a barrier to the contaminants in the feed, thus reducing the possibility of
membrane fouling. The main goal of the systems is to increase the purity, pro-
ductivity, and yield of the product. The hybrid membrane systems also reduce
operating costs and environmental pollution (Ang et al. 2015). Due to the
advancements in membrane technology, many researchers have suggested the use
of membranes to replace conventional treatment plants as they may be inefficient in
removing trace organic contaminants, emerging contaminants, etc., and may not be
able to meet the standards set by World Health Organization (WHO) guidelines for
drinking water quality (WHO 2008). Currently, membrane technology is a good
alternative for conventional water treatment technologies as membrane filtration
provides several advantages like very little or no chemical requirements,
high-quality water, less sludge production, and smaller footprint (Xia et al. 2004).
In addition to these, membrane filtration can reject different types of pollutants
simultaneously, which cannot be achieved by the conventional treatment processes.
For example, the NF membrane can be used to remove hardness, color, and pes-
ticides in the feedwater (Berg et al. 1997; Yeh et al. 2000). Various established
hybrid systems are available based on the feedwater quality and the problems of
conventional plants that need to be countered. The major benefits of hybrid
membrane systems are (Ang et al. 2015):
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(a) Production of improved water quality that cannot be produced by the
stand-alone processes

(b) Energy savings
(c) Environmentally friendly because of reduced waste disposal
(d) Reduced capital and operating costs as higher efficiency and productivity

achieved.

7.4.4 Catalytic Membranes

When separation and chemical reaction are combined into a single membrane unit,
it is called a catalytic membrane. A properly designed catalytic membrane reactor
improves the yield, reactant conversion, and separation costs. By eliminating the
thermodynamic equilibrium, the catalytic membranes enhance the reaction con-
version, which results in the improvement of the overall effects like conversion,
yield, residence time, net reaction rate, and selectivity (Westermann and Melin
2009; Wang et al. 2015). Several parameters like separation selectivity, produc-
tivity, mechanical and chemical perfection needed in operational conditions,
membrane lifetime, and cost govern the type of catalytic membrane to be used (Gu
et al. 2015). Catalytic membranes can be classified into organic (or polymeric) and
inorganic depending on the type of membrane and chemical process requirements.
The polymeric membranes can be catalyzed by making the catalyst as a part of the
membrane backbone (membrane-embedded catalysts) or by applying catalysts on
the surface of the membrane by grafting of deposition processes, where the
membrane acts as a catalyst carrier (membrane-assisted catalysts) (Bhattacharya and
Misra 2004; MacAnás et al. 2010; Smuleac et al. 2011; Vanherck et al. 2012).

Membrane-embedded catalysts: The polymeric membranes can be catalyzed
by the blending processes, which is the physical mixing of two or more polymers to
get the membrane of requisite properties. It can be done by blending polymers with
liquid catalysts (sulfuric acid) or with solid catalysts (TiO2, Al2O3, resins, etc.) by
using various blending techniques (MacAnás et al. 2010). Membranes blended with
nanomaterials have shown to provide various benefits like (Smuleac et al. 2011;
Vanherck et al. 2012):

(a) Lower corrosion and agglomeration of the nanomaterials
(b) Control over the size of nanopores along with different interactions between

nanomaterials and polymers
(c) Catalyzation of nanomaterials by embedding them in the membrane can

enhance the permeability of molecules through the membrane and can also
provide mechanical stability

(d) The polymeric membranes with nanomaterials in or over them enhance the
electrical and optical responses of the membrane.
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Embedding the membrane matrix with metal oxide has shown a positive impact
on membrane characteristics by enhancing the fouling resistance capability of the
membrane. The addition of Al2O3 to PVDF membranes has shown improvement in
the antifouling property of the membrane (Liu et al. 2013). Also, during advanced
oxidation processes, the metal oxides produce OH radicals, which help in cat-
alyzing the degradation of organic pollutants (Xu et al. 2010; Zhao et al. 2010).

Membrane-assisted catalysts: The catalyzation is done by either grafting or
precipitation process (Bhattacharya and Misra 2004) for the preparation of
membrane-assisted catalysts. Grafting is the process used to modify the surface of
the polymers by forming covalent bonds of monomers with or onto the polymeric
chain. The factors that affect or control the grafting process are the nature of
monomer, additives, solvent, temperature, etc. The nature of the backbone of
polymers governs the acceptance or rejection of grafting reaction. The temperature
plays a very vital role during grafting step; it controls the graft copolymerization
kinetics as well as yield (which increases with the increase in temperature)
(Bhattacharya and Misra 2004; Estrada-Villegas and Bucio 2013). The precipitation
(deposition) process depends on the polymerization of a mixture of the oligomers,
which forms a coating that adheres to the substrates by physical forces only.
A novel method for depositing the nanomaterials on the membrane surface by using
roll-to-roll fabrication process was studied by Wang et al. (2016) which showed a
reduction in fabrication costs due to the use of roll-to-roll process (Merkel et al.
2010; Sawamura et al. 2015). This process can also be applied for the alignment of
nanoparticle on the membrane for the support and pattern printing (Cakmak et al.
2015).

Nowadays, photocatalytic degradation of contaminants has also garnered a lot of
attention as an alternative method for the removal of pollutants in aqueous or
gaseous media. Generally, advanced oxidation processes are used for degrading
contaminants, which depend on the oxidizing agents added (such as hydrogen
peroxide) in the presence of ultraviolet radiation (UV). This method of advanced
oxidation can be used for degrading different toxic compounds, particularly chlo-
rinated compounds (Jia et al. 2015), and thus has been suggested for the decon-
tamination of wastewater as well as drinking water for human uses. Photocatalytic
polymeric composite membranes can be prepared by photopolymerization and
photo-cross-linking processes. The porosity of the photocatalytic membrane has
effects on its performance. Some studies have found improved membrane porosity
by incorporating carbon nanoparticles in the membrane and also by using metal–
organic frameworks (Dumee et al. 2010; Lee et al. 2014). Thus, the use of
new-generation materials and advanced membrane fabrication processes can be
explored for enhancing and controlling the membrane porosity.
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7.5 Conclusion

The effectiveness of conventional water treatment processes has become limited
due to stringent water quality rules and regulations, emerging non-conventional
contaminants, space limitations, need for better removal of pathogens and con-
taminants. Thus, advanced technology, like membrane treatment technology with
other hybrid processes, will be required. Membrane technology started to develop
in the 1970s and showed rapid development since the 1990s due to its operational
ease, low chemical input, high efficiency, energy, and space-saving. Its use in water
treatment is rapidly increasing due to the development of high-quality membrane as
well as decreasing cost. However, problems like fouling, life span, and selectivity–
permeability trade-off are limiting their efficient worldwide use. Thus, there is a
need for a new-generation membrane that can surpass the limitations of the con-
ventional membrane technologies, with less or no decrement in the efficiency of the
treatment. Development in the field of material sciences and membrane fabrication
processes has allowed us to overcome the limitation of membrane technology by
the use of new-generation membrane materials like aquaporin, graphene, carbon
nanotubes, metal–organic frameworks, etc. New-generation hybrid and catalytic
membranes with catalytic degradation of contaminants along with the antimicrobial
activity can also enhance the efficiency of membrane treatment. Preparation of
electroconductive membrane for better efflux can also be attempted with enhanced
conductivity, antifouling, and antimicrobial property. Incorporation of the metallic
and bimetallic catalysts on the membrane surface can also be used to accelerate the
contaminant degradation processes. Thus, further enhancement of the performance
of membrane technology can help the world with the current problems of potable
water scarcity, water pollution, and water demand.
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Chapter 8
Forward Osmosis in Desalination
and Wastewater Treatment

Kritika Jashrapuria and Swatantra P. Singh

Abstract Fresh, potable water is one of the key elements for the survival of living
beings, and with an increasing population, there is water shortage all over the
globe. Hence, this situation demands an effective water treatment technology, and
one such water treatment method is membrane-based forward osmosis
(FO) technology. Wastewater, seawater, and brackish water have great potential to
fulfill the water demands, and the FO membrane technology holds the potential to
sustainably treat these sources to produce water of good quality. The FO is based
on the principle of osmotic pressure difference across the membrane, which pro-
vides the gradient for the movement of water molecules from feed solution to draw
solution. The advantages offered by the FO-based treatment method are lower
fouling propensity and lesser concentration polarization, and, most importantly, it
is an energy-efficient process. However, for the enhancement of the treatment
process, the FO is used in conjugation with other separation processes, referred to
as the FO hybrid system. In this chapter, FO principle, factors affecting the pro-
cess, membrane fouling, and hybrid FO treatment technology and its application
have been discussed.
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8.1 Introduction

An expected 138.6 million km3 of water is found on the earth, covering about 70%
surface of our planet. In general, water exists in three significant forms on earth,
which are saline water (97%), freshwater (<0.5%), and ice/snow (2%) (Khawaji
et al. 2008). Water is the major reason behind the existence of different types of life
on this planet. Unfortunately, a very less fraction of water is accessible as fresh-
water for direct use by living creatures. Moreover, the perpetual and exponential
extension of the population has raised concerns about the sustainability of water
resources (Lutchmiah et al. 2014). Therefore, one of the foremost challenges is in
meeting the growing water demand at low-energy cost. Drinking water is produced
mainly from safe water sources, but due to population increase and economic
advancement, exploitation of aquifers and waning groundwater levels have
diminished freshwater sources. Thus, a potential alternative source of water is
wastewater. The evolution of low-energy separation technologies for clean water
production is, therefore, vital and has earned a booming concern in the last few
decades (Cath et al. 2006).

Nowadays, membrane technologies are one of the most widely used methods to
produce clean water, and among all membrane technologies, FO impersonates its
potentials in recent times (Korenak et al. 2017). The FO, an alternative membrane
process, also has the potential to treat wastewater, producing high-quality water.
The FO is a technical term defining the natural phenomenon of osmosis. The
principle of the FO process is based on a natural osmotic pressure, which is used to
draw the water molecules across a semipermeable membrane from a feed solution
(FS) to the draw solution (DS). The driving force is therefore created naturally by
the difference in osmotic potential between the DS and the FS. This offers several
benefits over traditional pressure-driven membrane processes such as lower energy
demands and diminished membrane fouling (Chekli et al. 2016). In fact, in the FO
process, using natural osmotic potential gradient diminishes both capital and han-
dling cost and also is profitable for fouling check compared to pressure-driven
membrane processes (Haupt and Lerch 2018).

In spite of having numerous accounts, the FO technology still flags some major
technological hurdles. Drawbacks include the lack of proper membranes designed
for the FO process. The conventional membranes such as RO membranes are
asymmetric and were proved not suitable for the FO process as it exacerbates
concentration polarization effects, thus causing a notable drop in process compe-
tence (Zhao et al. 2011; McCutcheon and Elimelech 2008). The next barrier is the
separation of the water from the DS and the DS recovery, peculiarly when
high-quality water is required, such as in case of the drinking water. The separation
and restoration of the DS require an additional processing unit, which can consume
energy and hence remains a notable difficulty for drinking water applications (Luo
et al. 2014). The success of the FO for the drinkable purposes will greatly depend
on the easy and efficient separation of the DS from the water after the FO process,
once the DS is fully diluted (Mehta et al. 2014). Therefore, the FO has been started
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using in conjugation with other membrane separation technology. Several hybrid
FO systems have been described for various applications, including seawater
desalination (Choi et al. 2009), wastewater treatment, or both at the same time.
Thus, when the FO either replaces conventional pre-treatment technologies or is
used as a post-treatment, it reduces the volume of industrial waste and produces
good-quality water that can be reused (Yangali-Quintanilla et al. 2011).

8.2 Forward Osmosis Principle

Osmosis defines the spontaneous diffusion of the solvent molecule through a
semipermeable membrane from a solution containing a lower solute concentration
to a solution containing a higher solute concentration (Cath et al. 2006). The
osmotic pressure (p) of an ideal dilute solution is given by van’t Hoff’s equation,
i.e., equation (1) shown below.

p ¼ nMRT ð1Þ

where n stands for the van’t Hoff factor (points to the number of individual particles
of compounds dissolved in the solution), M denotes molarity of the solution, R is
the gas constant (R = 0.0821 L atm mol−1 K−1), and T is the absolute temperature
(in K) of the solution.

In fact, the FO membrane technology is an engineered process that helps in
water treatment by utilizing the osmotic pressure gradient between FS and DS.

8.2.1 Other Membrane-Based Processes

In reverse osmosis (RO) process, movement of water molecule takes place from a
solution having the higher osmotic potential to a solution having lower osmotic
potential under applied hydraulic pressure, while in pressure-assisted forward
osmosis (AFO), hydraulic pressure is applied at the feed side; therefore, DP is
negative. This additional pressure at the feed side magnifies the efficiency of the FO
process to increase water flux. AFO adds a medium pressure pump to a conven-
tional FO system. The system takes advantage of additional hydraulic pressure that
results in water transport via both mechanisms; i.e., flux is driven by hydraulic
pressure and by the osmotic pressure.

The theoretical water flux across the membrane (Jw) is calculated using a vari-
ation of Darcy’s law, i.e., equation (2) (Cath et al. 2006).
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Jw ¼ A rDp� DPð Þ ð2Þ

where Jw stands for water flux and A referred to as water permeability coefficient of
the membrane r denotes the reflection coefficient, which represents the rejection
capability of a membrane. A perfect semipermeable membrane has r = 1 (Korenak
et al. 2017), Dp represents the differential osmotic pressure, and DP is the applied
hydraulic pressure. Thus, the direction of the movement of the solvent molecule is
governed majorly by osmotic pressure and applied hydraulic pressure.

The operation conditions of each membrane process are (Fig. 8.1):

1. In the RO process, DP > Dp
2. In the FO process, DP = zero
3. In the AFO process, DP < zero.

8.3 Forward Osmosis Membrane

Ideally, the FO membrane must exhibit the trait of higher water flux and solute
refusal, minimum internal concentration polarization (ICP), and minimum external
concentration polarization (ECP). Along with these properties, higher mechanical
and chemical stability is desirable (Korenak et al. 2017). The RO membrane (such
as asymmetric cellulose acetate (CA) RO membrane) is incompatible for the FO
because of their hydrophobic nature and comparatively thick support layers (SL),
which is about 150 µm (McCutcheon and Elimelech 2008). Thick SLs are directly
linked with concentration polarization.

Moreover, in the case of wastewater treatment, the problem of membrane fouling
must be checked more vigilantly. Thus, desired characteristics of the FO membrane
for wastewater treatment are:

Fig. 8.1 Different osmotic membrane technologies. Adopted and modified from Cath et al. (2006)
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1. A compact, ultrathin, membrane with greater solute rejection
2. Hydrophilic thin SL with the ability to reduce ICP
3. Enhanced affinity for water and lesser fouling tendency.

With the advancement in technology, several new commercial FO membranes
are available in the market. Details about these membranes are discussed in the next
section (Coday et al. 2014).

8.3.1 Membrane Materials

A variety of materials has been used for the preparation of the FO membrane, such
as cellulose derivatives, polyamides, polyelectrolytes, and other polymers
(Klaysom et al. 2013; Alsvik and Hägg 2013). However, the most advanced
development is the biomimetic membrane developed by the incorporation of
aquaporin proteins. This membrane has the advantage of higher water flux and
higher solute rejection (Nielsen 2009).

Cellulose acetate (CA)- and cellulose triacetate (CTA)-based FO membrane was
the foremost membrane type commercially available from Hydration Technologies
Incorporation (HTI). These membranes are available in flat sheet and hollow fiber
geometries. The extensively used CTA does not adsorb mineral, fatty oil, is
extremely resistant to chlorine, and has lesser sensitivity for biological degradation.
Additionally, the hydroxyl group of cellulose can also react with other reagents to
generate compounds such as cellulose propionate (CP), cellulose acetate butyrate
(CAB), or cellulose acetate propionate (CAP). Dual-layer FO hollow fibers derived
from CAB and CAP show better performance as compared to CA-based flat sheet
or hollow fiber membranes (Korenak et al. 2017). The major disadvantage of these
cellulose-based membranes is their hydrolysis in wastewater and their limited
stability to pH and temperature (Su et al. 2012). Thus, these cellulose-based
membranes were overtaken by thin-film composite (TFC). Most TFC membranes
are made with a porous, highly permeable support layer composed of polysulfone,
which is coated with a cross-linked aromatic polyamide thin film (Lau et al. 2012).
This thin-film coating is also referred as the active layers (ALs). These active layers
are responsible for providing the property of solute rejection, while the support
layer imparts mechanical stability. Thus, TFC proved better than CTA with respect
to stability and permeability (Klaysom et al. 2013).

Other membranes such as polybenzimidazole (PBI)-based hollow membrane
have the ability to self-charge in aqueous solution; this imparts the property of
higher surface hydrophilicity and lower fouling propensity (Wang et al. 2009).
Another approach toward the development of FO membrane is the membrane based
on polyelectrolyte. These polyelectrolyte membranes are composed of an alter-
nating film made up of anion and cation electrolyte; this type of deposition leads to
layer-by-layer (LbL) configuration fabricated on a suitable support. These types of
membranes produce good solute rejection and thermal durability (Saren et al.
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2011). Also, the progress in the development of graphene oxide (GO)-based FO
membranes is made. Based on the fabrication methods, the GO-based FO mem-
branes can be divided into three types of membrane, which are:

• GO lamellar FO membranes
• GO-blended FO membranes
• GO surface-modified FO membranes.

The development of GO-blended FO membranes leads to improvement in the
properties of membranes such as porosity, tortuosity, hydrophilicity, mechanical
strength, and thermal stability (Wu et al. 2020). The list of some FO members,
along with their producers, is shown in Table 8.1.

The most modern approach in the FO membrane development is aquaporin
(AQP)-based membranes. The basic principle behind this biomimetic membrane is
the ability of AQP protein to serve as a water channel on the cell membrane. Using
AQPs, a membrane having increased water permeability and greater solute rejection
is developed. Geometries adopted for these membranes are flat and hollow fiber
(Madsen et al. 2015). In a study conducted by Chun et al. (2018), a prototype of an
aquaporin-based membrane, i.e., Aquaporin Inside™ membrane (AIM), was
compared with commercially available FO membrane in terms of intrinsic filtration
properties, membrane surface chemistry, and fouling behavior. The result of the
study shows that the AIM shows higher water flux when tested under identical
conditions. Also, the membrane integrity of the AIM was maintained after repeated
cycles of fouling by a high concentration of gypsum and physical cleaning tests.
This indicates the possibility of using the AIM membrane for treating harsh feed
solutions.

8.3.2 Membrane Development

Methods adopted in the development of the FO membrane have an impact on its
efficiency in the filtration, and several other parameters such as fouling and solute
rejection (Lutchmiah et al. 2014). Phase inversion technique is most commonly
used in the manufacturing of the FO membranes, concentrating on the generation of
a compact active layer of the membrane (Klaysom et al. 2013). In general, most of
the FO membranes are asymmetrical in nature, with two different layers referred to

Table 8.1 List of FO membrane and their producers. Modified from Korenak et al. (2017)

Company Membrane type Configuration Status

Aquaporin A/S Biomimetic aquaporin Hollow fiber and flat sheet Commercial

Oasys Water Thin-film composite Flat sheet Commercial

Fluid Tech Inc. CTA Flat sheet Commercial

Porifera Thin-film composite Flat sheet Commercial
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as an active layer (AL) and a support layer (SL). AL nature is a compact selective
layer, whereas SL is used to provide mechanical support (Lutchmiah et al. 2014).

Different methods of membrane development for the optimization of several
parameters of FO membranes are:

• Use of functionalized nanoparticles onto the membrane surface in order to
reduce fouling and enhance water movement (Tiraferri et al. 2012)

• Development of the SL layer of nanofiber to withstand more stress and provide
better mechanical support (Hoover et al. 2011).

8.4 Draw Solution

The concentrated solution in the FO process is referred to as draw solution (DS).
The selection of the right kind of DS, with respect to the FO system, is very crucial
for the effective working of the entire process. Many types of DS have already been
tested, and among all NaCl seems to be most suitable DS due to its property of
greater solubility (Cath et al. 2006) and lower cost (Achilli et al. 2010) and also
greater osmotic potential. The concentration range of NaCl in DS is 0.3–6 M, but
the most common concentration of 0.5 M is used as this concentration mimics the
osmotic potential of seawater. The seawater itself cannot be used as DS in most of
cases due to the presence of numerous other particles and microorganisms, which
promotes biofouling (Lutchmiah et al. 2014). The percentage distribution of dif-
ferent DSs is shown in Fig. 8.2.

8.4.1 Draw Solution for Wastewater Treatment

The desired properties in DS used for wastewater treatment are (Ge et al. 2013)

1. Higher osmotic potential than feed solution (FS)
2. Higher water flux along with lower reverse leakage
3. Non-toxic nature

Fig. 8.2 Percentage
distribution of a different kind
of DS. Adapted and modified
from Lutchmiah et al. (2014)
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4. Minimum cost and easy to recover
5. It should not affect the sludge quality and microbes when used in the case of

bioreactor.

Diffusivity (D) also plays a notable role in leakage as larger molecules diffuse
slowly, and thus there are fewer chances of leakage for them but cause higher ICP
(Achilli et al. 2010). Wastewater already holds several molecules with varying
diffusivity. Thus, these molecules, along with DS, influence the water flux and
ICP. For instance, monovalent ion has higher solute leakage as a result of high
diffusivity (Cornelissen et al. 2008) but, at the same time, has a lower chance of
ICP. Thus, the exact effect depends on the operating condition of the process.

Other factors, such as pH and temperature, must also be taken into account while
selecting a DS for the system (Lutchmiah et al. 2014). Any change in one or both
may affect the efficiency of the system. One of the problems that occur due to their
variation is the scaling of mineral salts when precursor ions like Ca 2+, SO4

2−, and
CO3

2− are present. Due to the very complex nature of wastewater feed, MgCl2 is
considered as ideal DS for the wastewater processing process due to its higher
osmotic potential, although the cost is higher as compared to NaCl (Achilli et al.
2010). The list of DS, along with its advantages and disadvantages, is depicted in
Table 8.2.

8.4.2 Draw Solution Recovery System

Some thermodynamically favorable methods must be adopted to obtain the product
and recover the DS. The most frequently used processes are RO, membrane dis-
tillation (MD), and thermal recovery. Recovery rate and energy consumption are
the two major factors that must be considered while choosing a recovery system for
wastewater treatment (Lutchmiah et al. 2014; Luo et al. 2014).

Table 8.2 Different types of DS used in wastewater treatment (Lutchmiah et al. 2014)

DS type Example Advantage Disadvantage

Inorganic
substance

Salt High solubility and
low cost
High osmotic potential

Scaling/ICP salt
leakage
Limited storage time

High charged
compound

EDTA High water flux
Low reverse leakage

Expensive
pH dependency

Natural source Seawater Abundant availability Biofouling

Thermolytic
solutes

Ammonium
bicarbonate

High solubility
Easy recovery

Toxic thermolytic
product

Engineered DS Nanoparticles No leakage
Overcomes scaling

Expensive
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8.5 Effect of Temperature and pH

Water flux is directly proportional to the temperature; i.e., an increase in temper-
ature causes higher water flux. An increase of 2.4% of water flux per °C is observed
with 0.5 NaCl DS (Cornelissen et al. 2008). At the same time, temperature increase
causes a decrease in wastewater viscosity (McCutcheon and Elimelech 2006) along
with an increase in solute diffusion rate and lower ICP. However, when FO is used
in wastewater application, a rise in temperature causes wastewater to be in more
concentrated mode; this causes higher fouling of the membrane. Additionally, the
effluent of wastewater contains several microbes, which gets affected by an increase
in temperature. Thus, the FO process temperature depends on the characteristic of
the wastewater system under consideration. A change in pH affected the draw
solution properties, especially DS of inorganic solute and charged compound. In
wastewater, heavy metals and suspended solids get precipitated at a higher pH
range and get dissolved at a lower pH range.

8.6 Membrane Module Configuration

Module refers to the assembly of the membrane into a unit such that to increase the
surface-to-volume ratio along with an increase in cross-flow by reducing particle
deposition. Thus, membrane configuration manages how the membrane is packed
and arranged inside the modules.

An ideal membrane module configuration must possess the following charac-
teristics (Mccutcheon and Elimelech 2007; Xu et al. 2010):

• Compact, i.e., more surface area-to-volume ratio
• Ultrathin AL active having properties of higher water permeability and solute

rejection
• Lowers the effect of concentration polarization
• Lower friction to tangential flow
• Uniform velocity throughout the system
• Should resist fouling
• Simple cleansing and maintenance
• Economically feasible.

Typically, there are four principal types of membrane configurations, and these
are (Cath et al. 2006):

• Plate and frame
• Spiral wound
• Tubular
• Hollow fiber.
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8.6.1 Plate and Frame

Plate-and-frame modules are made up of flat sheet membranes sealed inside the
frames, and such type of arrangement imparts overall mechanical support. These
types of modules are less complicated in design, and backwashing can be done
efficiently (Bamaga et al. 2011).

In the FO system, these modules are designed in such a manner to maintain
cross-flow of feed and draw streams at the same time avoid intermixing of these
streams. Practically, it is quite challenging to manage such a cross-flow system. As
a result, plate-and-frame modules have the least packing density among all the
module design available. Typically, the packing density is in the range of 100–
400 m2/m3 (Mulder 1997). However, the lower packing ratio acts as an advantage
in the case of the feed having high fouling agents such as wastewater streams.

The disadvantages associated with the plate-and-frame module are:

• Low packing density
• Pressure drop
• Requirement of multiple sealings (Balster 2013).

8.6.2 Spiral Wound Module

Spiral wound modules are the membrane module having a higher packing density.
In order to achieve such high packing density, the distance between the two layers
is reduced to less than 1 mm. Thus, if the wastewater stream is not pre-treated, then
the chances of clogging of the spiral wound module are very high, and removal of
such clogging can be done by chemicals, air/water mixing, and/or high fluid
velocities. In order to remove fouling by backwashing, spiral wound forward
osmosis (SWFO) module, having short feed channel length and wide spacers, is
suggested (Lutchmiah et al. 2014). Thus due to this limitation, SWFO module
application is restricted to wastewater streams having lower concentrations of
fouling agents. The HTI spiral wound membrane module is the module configu-
ration that is available in the market (Bamaga et al. 2011).

8.6.3 Tubular Module

Tubular membrane module can be used for continuously operated FO process as
compared to other modules due to the following reasons:

• These modules posses self-supported characteristic and can easily withstand
high hydraulic pressure.

• Packing density is relatively high.
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• Allows flow of fluid on both sides of the membrane.
• Modularization is easier.

In tubular membranes, the inner diameter is about � 2 mm; in such lumen
space, turbulent flow can be achieved and therefore fouling and scaling can be
reduced (Cath et al. 2006).

8.6.4 Hollow Fiber Module

Hollow fiber modules are modified forms of tubular modules having a very high
packing density compared to other modules. Thus, these are better for higher
volume applications such as desalination. Hollow fiber modules have been devel-
oped with an ultrathin RO like skin layer on either the inner or outer surface of the
fiber, with a lumen having an inner diameter of around 1 mm with a wall thickness
of 0.17–0.215 mm. This module also possesses good mechanical strength (Wang
et al. 2010).

The disadvantage associated with this module system is that the internal diam-
eter is very less (around 1 mm). Therefore in such lumen space, laminar flow can
only be possible that results in limited mixing at the membrane surface. Under such
conditions, scaling or fouling can cause a reduction in mass transport across the
membrane (Cath et al. 2006).

8.7 Membrane Fouling

Fouling is the accumulation of matter such as particles, macromolecules onto the
surface of the membrane or, in some cases, can be inside pores of the membrane.
The matter which gets deposited onto or inside the membrane is referred to as
foulant. This accumulation results in a decrease in water flux, which can be either
temporary or permanent (Seidel and Elimelech 2002). Broadly, foulants are cate-
gorized into four categories which are (Korenak et al. 2017):

• Organic foulants: This includes macromolecules such as alginate, protein, and
other naturally occurring organic matter.

• Inorganic foulant: This category includes several sparingly mineral salts which
undergo crystallization.

• Biofouling: This involves bacterial cells and other microbes along with
attachment, which together leads to the formation of biofilm.

• Colloidal particles: The colloidal particles get accumulated on the membrane
surface. In this type of fouling condition, the rate of deposition depends on the
roughness of the membrane surface (Vrijenhoek et al. 2001).
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Fouling results in a decrease in water flux, deteriorating water quality, and an
increase in maintenance cost, and in severe cases, these foulants may degrade the
membrane (Rana and Matsuura 2010). Fouling is one of the major issues in
membrane-based processes and thus affects the economics of the process. But
osmotically driven membrane processes show different fouling patterns as com-
pared to pressure-driven membrane processes as fouling in the pressure-driven
process is more as compared to FO process (Korenak et al. 2017). It has been
found that the major reason behind the flux decline in FO is reverse salt diffusion
from the DS side to the FS side, which leads to accelerated cake-enhanced osmotic
pressure (CEOP). Thus by choosing the appropriate DS, which is having less back
diffusion property, it is easier to overcome this problem. For instance, on com-
paring NaCl and dextrose as DS, it was observed that in case of NaCl, much more
flux decline is observed due to higher reverse diffusion while in case of dextrose
due to larger hydrated radius reverse diffusion is less as shown in Fig. 8.3 (Lee
et al. 2010).

Most of the time, fouling in FO is reversible, while in the case of RO, irre-
versible type of fouling is observed (Xie et al. 2015). Interestingly, membrane in the
FO process gets more clogged due to organic contaminants as compared to inor-
ganic contaminants and these organic foulants in the absence of hydraulic pressure
make loose fouling layer that can be easily removed by backwashing and in case of
RO compact layer of foulant is formed due to additional hydraulic pressure. Thus,
controlling fouling and membrane cleaning in FO is more attainable than RO (Mi
and Elimelech 2010; Lee et al. 2010).

Fig. 8.3 Reverse diffusion comparison of NaCl and dextrose. Adopted and modified from Lee
et al. (2010)
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8.8 Contribution of FO in Desalination and Wastewater
Treatment

FO has a role in a wide range of applications such as power generation, seawater/
brackish water desalination, wastewater treatment, and food processing. The two
major applications regarding FO are water desalination (Choi et al. 2009) and
wastewater treatment (Zhao et al. 2012; Valladares Linares et al. 2014). As the
principle of FO is based on the movement of water molecules from FS to DS side,
however, to obtain the final product from DS, one additional post-processing step
must be performed, and this step causes an increase in the overall energy demand of
the FO process. Thus to overcome this problem, hybrid FO system is developed. In
a hybrid FO system, FO is integrated with other separation processes, which can be
either physical process or chemical process. The hybrid FO system is used widely
in saline water and wastewater treatment and has replaced conventional treatment
technologies. For instance, the FO-RO Hybrid Desalination Research Center
(FOHC, Kookmin University, Korea) has started a project entitled ‘ONE Desal’
(osmosis-based, no fouling, energy-efficient desalination) as shown in Fig. 8.4.
With joint efforts of academic and industrial units, this project aims at setting the
first FO-RO hybrid plant having the capacity of 1000 m3/day and treats wastewater
and seawater simultaneously. Thus, the major objectives of this project were
(Chekli et al. 2016):

• Development of a hybrid system for laboratory scale as well as for pilot scale
• Development of low-cost treatment technology.

8.8.1 Direct Desalination

In this method, freshwater is obtained from seawater or brackish water using a high
osmotic potential DS such as NH4HCO3 as shown in Fig. 8.5 (Chekli et al. 2012).
The major setback with this system is that a separate process is required to recover
DS (Li et al. 2013). For this purpose, the temperature is increased above 60 °C that

Fig. 8.4 Concept of FO-RO hybrid system. Adopted and modified from Sohn (2017)
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leads to the production of CO2 and NH3 gases. These CO2 and NH3 are further
reused for the production of DS in the next cycle (McGinnis and Elimelech 2007).
Overall, the efficiency of this type of system with respect to cost and energy is low
(Valladares Linares et al. 2014).

8.8.2 Indirect System

The indirect systems, a hybrid FO-RO system is used for desalination, and the FO
here acts as a pre-treatment step. In the first hybrid FO-RO system, FO system is
combined with a low-pressure RO (LPRO) system (Chekli et al. 2016). This hybrid
system is developed for the recovery of glucose. For the same purpose, when RO
was used alone, the system suffered from very high fouling, whereas when the FO
was used as a pre-treatment process, the significant reduction in fouling was
observed (Yaeli 1992). Thus, the same principle is used for desalination of saline
water in which brackish water is used as DS and wastewater used as FS. Now the
diluted seawater can be further processed by low-pressure reverse osmosis (LPRO).
This hybrid system leads to lesser fouling, and a reduction in overall cost is
observed. In a study done, the performance of the FO-LPRO hybrid for the
desalination of the Red seawater was analyzed. The results attested that the energy
expenditure of hybrid FO-LPRO was 1.3–1.5 kWh/m3, which is exactly 50% less
than that of energy consumed by a high pressure-driven RO (SWRO) process,
which is about 2.5–4 kWh/m3. Thus, the hybrid system is much more preferable
due to two advantages, which are lower fouling propensity and lesser energy
consumption (Yangali-Quintanilla et al. 2011).

Fig. 8.5 Desalination using direct FO process. Adopted and modified from Korenak et al. (2017)

170 K. Jashrapuria and S. P. Singh



8.8.3 Wastewater Treatment

The FO process in integration with other separation process is widely used for the
treatment of wastewater. Generally, wastewater has low osmotic pressure and high
fouling tendency and thus the FO with membrane distillation (MD) process
examined for processing of municipal wastewater, where water flux is accom-
plished in a continuous operation recovery rate up to 80% (Xie et al. 2013). Also, a
photovoltaic powered FO-electrodialysis (FO-ED) process was experimented to
check its efficiency in getting clean water from secondary wastewater effluent. The
results indicate the higher removal of total organic carbon (TOC) (Zhang et al.
2013). The FO process is also useful in the treatment of other kinds of wastewater,
such as oily wastewater, industrial and nuclear wastewater, landfill leachate, oil–
water separation (Duong and Chung 2014), and for these kinds of wastewater
treatment osmotic membrane bioreactor (OsMBR) is used. These types of biore-
actors are preferred—wastewater clarification methods for reusing of non-potable
water. Earlier pressure-driven processes were integrated with these membrane
bioreactors, but the FO process replaced these processes due to having the property
of lower fouling propensity, no need of additional hydraulic pressure, production of
equally good-quality effluent, and easy removal of contaminants (Chekli et al.
2016).

OsMBR is generally of submerged membrane bioreactor type of bioreactor in
which wastewater is used as FS, whereas concentrated NaCl solution or sea brine
water is used as DS in the system (Yap et al. 2012). The major drawback of this
type of treatment process is the decline of water flux with time due to higher
rejection of FS-dissolved solutes by the FO membrane and reverse diffusion of DS
solutes. These two phenomena lead to decline in osmotic pressure gradient resulting
in water flux decline. A study conducted on the salt accumulation model revealed
that the decline in water flux could be optimized by the integration of a membrane
having a low ratio of salt permeability to water permeability (Xiao et al. 2011).

8.9 Advantages of the FO Process in Desalination
and Wastewater Treatment

1. The hybrid FO systems have the potential to consume lesser energy as compared
to high pressure-driven process alone, especially in the case where the feed
source has extreme characteristics, for instance, the FO-LPRO system for the
purpose of desalination.

2. The FO process is successively used as a pre-treatment process with an objective
of lowering of fouling propensity and higher fouling reversibility. Thus, the FO
surpasses the conventional pre-treatment processes.

3. In the FO-RO system, the simultaneous treatment of seawater and wastewater
can be done, eliminating the need for post-treatment of DS. Additionally, due to
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the integration of FO, fouling is reduced in the RO membrane. Thus, the overall
efficiency of the system increased.

4. No requirement of additional hydraulic pressure as water molecules move along
the concentration gradient.

5. Membrane cleaning is easier as, in most cases, the type of fouling observed in
the FO is reversible; thus, contaminants can be removed easily.

8.10 Conclusion

The FO-based system used for the treatment of water and wastewater system shows
the promising result and has several advantages compared to conventional water
treatment processes such as low fouling tendency and absence of additional osmotic
hydraulic pressure; thus, it is an energy-efficient process. Drinking water is
becoming a marginal resource, which ultimately leads to water stress. Thus to deal
with this global concern, FO-based water treatment method has been proposed.
Several factors play a role in the efficiency of the FO-based treatment such as
membrane type and its orientation and its fouling propensity, type of DS, and their
compatibility with water to be treated. Ideally, a membrane with low fouling ten-
dency and high solute rejection is preferred.

Although the FO technology holds great potential and advantages in a variety of
application, still it suffers from a few issues which need to be dealt with. One such
issue is the recovery of DS for which another energy-dependent post-treatment step
must be applied. Thus to avoid this extra energy demand, FO process is integrated
with other separation processes, and this type of integrated system is referred to as
the hybrid FO system. The hybrid FO system enhances the efficiency of the sep-
aration system by a reduction in the fouling and improvement in the product water
quality, and, most significantly, decreases the overall energy cost of the separation
process. The potential applications of the FO are desalination of seawater, recovery
of the useable form of water from wastewater, and treatment of high salinity brines.
Therefore, nowadays, studies are more focused on the development of new mem-
branes such as aquaporin and improvement of existing FO membrane by surface
modification. Along with that, the focus is on the development of more efficient
DSs and to optimize their compatibilities with various wastewaters. Thus in order to
move FO from bench-scale to full-scale application, more focus on identifying
specific areas should be done where the FO makes both practical and economic
senses.
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Chapter 9
Food Processing Wastewater Treatment:
Current Practices and Future
Challenges

Darakhshan Nayyar, Tabish Nawaz, Saba Noore,
and Anubhav Pratap Singh

Abstract The quality and quantity of wastewater released from food processing
industries vary widely with the products and production processes. These
wastewater streams are rich in BOD, suspended solids, and oily substances.
Traditionally, biological treatment methods have been utilized in food processing
wastewater treatment in meeting the discharge regulations. However, the issues of
size of the wastewater treatment systems, their process efficiency, and space
availability need to be addressed in the context of stricter standards and sustain-
ability. Moreover, the idea of resource recovery coupled with wastewater treatment
is also transforming the traditional wastewater treatment systems, and the focus is
increasingly shifting toward recovering nutrients, energy, and water in addition to
meeting the discharge standards. This has resulted in the development of novel
technologies in the context of food processing wastewater treatment. In this book
chapter, the quality and quantity of wastewater generated by major industries are
discussed. Subsequently, current wastewater treatment technology that is utilized in
key food processing facilities is highlighted. The key challenges to each industry,
treatment system in the context of its wastewater are identified and future oppor-
tunities are explored. The waste streams and treatment technology have also been
identified with respect to their resource recovery potential.
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9.1 Introduction

Food and water are intricately linked to each other. Water, in particular, impacts
global food security, as it is an essential component of the food production, right
from the beginning of crop production, through the raw food material production
and packaging to finally in our kitchens where the food is prepared in its final form.
The food industry, ostensibly a water-intensive sector, consumes 1–3L, 9.13L,
0.97L, and 2.05L of water per kilogram or liter of product from dairy, meat, bakery,
and oil sector, respectively (Munderere et al. 2016). www.wwdmag.com 2020.
These applications generate a huge quantity of wastewater with quality differing
widely from one food industry to another depending upon the products formed and
processes employed.

However, certain commonalities can also be seen on a broader examination,
such as high biological oxygen demand (BOD), suspended solids (SS), and smelly
odor that are typically noticed in the wastewater from the food industry. Based on
these commonalities, industries can be clubbed together while analyzing their
wastewater characteristics, environmental impact, and treatment methodology.
Some common food industries that have typically high BOD and SS levels are
brewery, starch industries, whereas beverage, vegetable oil, dairy, confectionary
show high levels of BOD and chemical oxygen demand levels (COD), with oil
industry also showing high levels of oil in their wastewater and acidic pH values
(env.go.jp 2020). Additionally, there are industries like confectionary, sugar, fruit
juice, and breweries that operate at their peak on seasonal basis. These kinds of
industries pose another challenge as wastewater quality does not remain consistent
throughout the year. Therefore, the treatment strategy must be optimized on sea-
sonal basis to save the treatment operation cost from overdoing during the
off-seasons. Meat and poultry industries though they both process meat but produce
wastewater which are remarkably different. However, a major source of pollutant
load in both the industries comes from the blood released during slaughtering stage.
Therefore, it can be said that while broadly wastewater from different industries
have high BOD and COD, which make them suitable for biological treatment, there
also exist peculiarity in each food industry that is unique to the process employed
and products formed that each require deeper investigation into the wastewater
characteristics and the technological requirement that addresses the treatment
challenge to each kind of wastewater. Apart from process wastewater, the
general-purpose water used in food processing facilities used for cleaning and
sanitizing the process equipment also contains detergent and disinfectant in them,
which can compromise the treatment efficacy in the biological treatment system for
the wastewater (Malollari et al. 2019). Therefore, a food processing facility must
employ an ancillary treatment scheme apart from the biological treatment methods
which are typically applied.
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In terms of the availability of technology for processing food industry
wastewater, technologies can be characterized primarily into physicochemical
methods, biological methods, and novel emerging methods. The plan, design, and
treatment mechanisms often need to be determined according to specific contami-
nant concentration profile of the food processing wastewater and local regulations.
Currently, coagulation, adsorption, and oxidation-based processes dominate the
food industry, as they are easy to carry out. However, new biological methods are
increasingly getting attention due to their widespread popularity. Further, emerging
methods based on novel concepts, such as membrane filtration and biofilm tech-
nology, are being developed.

In this chapter, typical attributes of wastewater from common food industries are
analyzed and discussed. Food industries considered in this chapter include dairy,
meat processing facilities like slaughter house, abattoir and poultry farms, alcoholic
beverage, edible oil, confectionary, and sugar industries. Next, different treatment
technology has been identified and discussed.

9.2 Literature Review Methodology

This article is based on the relevant and recent literature gathered from various
scientific publications’ databases in the area of wastewater from food-related
industries. The databases used for this study included Google Scholar, Science
Direct, Scopus, and Web of Science. The entire literature review methodology can
be summarized in following steps as follows: (a) peer reviewed references of books,
book chapters, papers, and review articles were searched from year 2005–2020
using a combination of keywords. The idea is to include only the recent
state-of-the-art knowledge in one and half decade. The main keywords used were:
food industry wastewater, dairy wastewater, poultry wastewater, meat processing
facility wastewater, cattle rearing wastewater, confectionery wastewater, sugar
industry wastewater, olive oil wastewater, corn ethanol wastewater, cooking oil
wastewater, characterization, quality, (b) from the total number of search results
provided by a given database, relevant searches were selected according to the
subject of review and then finally most apt ones were downloaded. The summary of
search results from databases is shown in Table 9.1, (c) key findings and relevant
results from those papers were studied and evaluated, and (d) subsequently, the
papers were discussed in this review article. It was found that Google Scholar
provided maximum number of total search results Fig. 9.1.
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Table 9.1 Summary of search results from databases

S. no Keywords Scientific database Total search
results

Relevant
number of
search results

Number of
documents
downloaded

1. Characteristics/
quality of dairy
industry
wastewater

Google Scholar 17,300 1230 22

Science Direct 3334 21 11

Scopus 3505 2 2

Web of Science 4 2 2

2. Characteristics/
quality of poultry
industry
wastewater

Google Scholar 16,800 23 10

Science Direct 2389 30 5

Scopus 2096 2 2

Web of Science 3 0 0

3. Characteristics/
quality of meat
processing industry
wastewater

Google Scholar 16,900 72 25

Science Direct 2672 36 25

Scopus 13 3 3

Web of Science 5 4 1

4. Characteristics/
quality of
confectionary
wastewater, sugar
industry
wastewater

Google Scholar 3580 18 6

Science Direct 691 9 5

Scopus 0 0 0

Web of Science 0 0 0

5. Characteristics/
quality of
fermentation
industry, brewery
industry
wastewater,
vegetable oil and
edible oil industry
wastewater

Google Scholar 3930 16 10

Science Direct 1 1 1

Scopus 0 0 0

Web of Science 0 0 0

Google 
Scholar

80% 

Science 
Direct
12% 

Scopus 
8% 

Web of 
Science

0% 

Fig. 9.1 Percentage
contribution of databases in
the total search results
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9.3 Characteristics of Food Industry Wastewater

Food industry cluster consists of different number of industries such as dairy,
poultry, cattle meat processing, distillery, brewery, winery, confectionary, sugar,
olive oil, and cooking oil. Food industry consumes a higher amount of water per
tonne compared to other industries (Abdullh et al. 2016). This industry alone
consumes approximately 30% of the total water utilized by manufacturing indus-
tries (Meneses et al. 2017). Wastewaters from these industries come from a diverse
range of operations consisting of production, cleaning, sanitizing, cooling, trans-
port, etc. Typically, food industry effluent is non-toxic to the environment and
aquatic life (Aderibigbe et al. 2017), richer in organic content, with COD and BOD
being 10–100 times of domestic wastewater (Heponiemi and Lassi 2012).
The quantity, concentration, and composition of wastewater effluent from the
food industry depend primarily on the product type being handled, the processing
system, operating methods, treatment plant design, extent of water treatment, and
the quantity of water collected (Christian 2010). Wastewater characteristics from a
particular industry vary significantly and determine the kind of treatment it
demands. Food industries are grouped into six major sectors, and their wastewater
characteristics are discussed as follows.

9.3.1 Dairy Industry Wastewater

A dairy is a milk processing center where the raw milk is processed either for
immediate use or is transformed into cheese, whey, butter, ice cream, etc.
(Pathwardhan 2008). Dairy industry deals with different products and therefore has
various production lines. Depending upon the amount of water used at different
steps like production, processing, packaging, cleaning, transport, storage, the vol-
ume of wastewater generated may vary significantly (Christian 2010). Table 9.2
shows wastewater characteristics from dairy industries. According to a study, dairy
industry produces 1.7 million liters of wastewater per liter of milk (Pathak et al.
2015). Global milk production in 2018 was 843 million tonnes, and the major
contributing countries were India, Turkey, the European Union, Pakistan, and USA
(Dairy Market Review 2019). This ratio draws attention toward the scope of water
recovery and water reuse which can be done through better housekeeping, pro-
duction, and treatment processes. Even though the environmental impact due to its
wastewater is not very severe, dairies must be checked for its organic content
(Christian 2010) as it is rich in organic matter. Dairy wastewater contains a high
concentration of BOD (0.35–48 g/L), COD (0.43–95 g/L), suspended solids
(0.25–580.26 g/L), and nutrients (10−5–1.12 g/L and 0.008–0.5 g/L of total nitro-
gen and phosphorus, respectively). This wastewater poses a high polluting risk for
water bodies if discharged untreated (Ashekuzzaman et al. 2019). A higher level of
BOD and COD is due to existence of a greater quantity of proteins, carbohydrates,
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lipids, and fats in the waste stream from milk and its derivatives. When this
protein-rich wastewater is dumped into water bodies, bacteria convert these proteins
into ammonium, nitrate, and nitrite. Nitrite in higher concentration is toxic to both
human and animals and must be treated before its disposal. The BOD/COD ratio of
wastewater gives an idea about the suitable treatment option among aerobic or
anaerobic processes. pH is supposed to be acidic mainly due to the formation of
lactic acid from lactate but a significant variation in pH 5–9.8 is observed as
cleaning water could contain different sterilizing and alkaline detergents. The
presence of dissolved salts in wastewater can lead to higher chloride content. Whey
is one of the most contaminating constituents of all due to its high level of casein,
lactate, nitrogen, nitrates, and odor producing nature (Wang and Serventi 2019).
Cattles, poultries, slaughterhouses, and meat industries inject animals with anti-
bodies, pharmaceutical drugs to prevent them from diseases, as a growth stimulus
and for better feed efficiency. Regardless of how it is injected, the milk from these
cattle has a potential risk of containing antibodies in concentration higher than the
permissible limits. These drugs, antibodies cannot be degraded completely in
conventional treatment units and further act as secondary pollutants in water bodies
where they are dumped and adversely affect aquatic flora and fauna. With
increasing urbanization, industrialization, and diminishing water resources, indus-
tries are under pressure to plan safe disposal of waste, recycle and reuse water,
recover essential nutrients, etc. The use of dairy waste for anaerobic bihydrogen
production can be exploited as a source of energy (Tikariha and Sahu 2014). As
dairy sludge contains less heavy metal and is richer in biodegradable matter, it can
be used both as a soil nutrient and fertilizer for acid soil (Tikariha and Sahu 2014).

9.3.2 Slaughterhouses and Cattle Industry Wastewater

Slaughterhouse is a center where animals are slaughtered, meat is dressed, finished
products such as fresh carcass and a variety of meat are produced. This meat pro-
ducing sector produces different kinds of wastes from various stages such as
slaughtering of animals, cleaning, and meat processing units. The cattle meat
industry is one of the largest water-consuming industries with worldwide animal
production using 2422 cubic gigameters (Gm3) of water per year and the slaugh-
terhouses alone demanding one-third of this volume (Alfonso-Muniozguren et al.
2018). Studies suggest that meat processing industry consumes approximately 24%
of the total fresh water used by food and beverage sector and roughly 29% of that of
agricultural consumption globally (Malollari et al. 2019). Table 9.3 shows
wastewater characteristics from slaughterhouse and cattle industries. Slaughterhouse
waste is an obnoxious waste due to complex wastewater characteristics and foul
odor. The slaughterhouse effluent includes a variety of wastes such as manure,
blood, hair, dirt, flesh, grease, and offal (Bustillo-Lecompte and Mehrvar 2015).
Blood, stomach, and intestinal mucus are the major source of contamination. This
wastewater also has pathogenic, non-pathogenic microorganism, disinfectants, and
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detergents from cleaning operations (Bustillo-Lecompte and Mehrvar 2015). It has
high BOD (0.6–3.9 g/L), COD (1.1–15.9 g/L), suspended solids (0.22–9.3 g/L),
color, turbidity, nutrients, heavy metals, etc. With intensification of food-producing
animal industry, use of antibiotics has become an integral part of it. According to an
estimate, 0.5 million kg of antibiotics is allotted to cattle industry, 1.4 million kg to
swine, 1.0 million kg to poultry, and 0.4 million kg to other animals (National
Research Council 1980). 30–90% of pharmaceutical provided in animal feed is
defecated in different forms and are also found in wastewater of such industries.
Such wastewater may contaminate soil, get leached into water bodies, and have a
possibility to enter food chain (Wei et al. 2011). Heavy metals like cadmium, lead,
arsenic, and zinc can also leach into wastewater through animal manure, fecal
content and this can further enter into food chain and may bioaccumulate. Meat
industry waste can be utilized for generation of biogas (de Sena et al. 2018).

9.3.3 Poultry Industry Wastewater

Wastewater produced from poultry industry comes from several processes like live
poultry droppings, slaughtering, feather and innards removal. High strength, large
quantity wastewater of 8–5 L is produced for every bird slaughtered (Rajab et al.
2017). By-product wastewater also contains a large number of pathogenic
microorganisms such as Coliforms, Salmonella sp., Staphylococcus sp., and
Clostridium sp. (Eryuruk et al. 2018).

Poultry wastewater is generally laden with both organic and inorganic content. It
is enriched in nutrients (nitrogen and phosphorus), suspended solids, COD, and
BOD. Table 9.4 shows wastewater characteristics from poultry industries. High
organic matter is due to a large number of contaminants that includes blood, fat
from skin, eviscerated organs, oil used in defeathering boiling water, feathers, dirt
and manure. Faeces and bird’s urine also contribute to high nitrogen content.
Grease content varies from 0.5 to 1 kg per thousand birds (Pathwardhan 2008).
A study highlighted the use of ultrafiltration (UF) for water recycling and
value-added protein recovery (Avula et al. 2009). As UF recovers most solid
by-products and does not leave solid sludge, it can be used as a potential solution to
reduce the extent of environmental pollution.

9.3.4 Alcohol Fermentation Industry Wastewater

Distilleries, wineries, and breweries are different types of alcoholic industries that
make products through fermentation of various raw materials such as grains, fruits,
and vegetables. Table 9.5 shows wastewater characteristics from wineries, distil-
leries, and breweries. Distilleries and breweries use raw materials like grains,
malted barley, and molasses. Wineries use fruit juice particularly grapes as raw
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material (Pathwardhan 2008). As a result, the wastewater is composed of unutilized
raw materials, chemicals used in the process, biological agents, and so on. Distillery
wastewater is also called as spent wash. According to an estimate, 8–15 L of spent
wash is produced per liter of alcohol (Mohana et al. 2009). Typical spent wash
characteristics are dark brownish color, acidic pH (3–4.5) due to fermentation, foul
odor due to sulfate, high BOD, and COD concentration. Presence of melanoidin
formed through millers process gives its wastewater dark brownish color (Bezuneh
2016). Spent wash is also laden with inorganic substances like nitrogen, phos-
phorus, potassium, sulfate, and calcium. Apart from that, it also contains recalci-
trant compounds like melanoidins, caramel, anthocyanins, tannins, etc., which are
toxic to microbes that dwell in processing systems (Mohana et al. 2009). High
nitrogen and phosphorus content can result in eutrophication of water bodies if
discharged untreated. Some value-added products can be extracted from spent wash
through incineration of evaporated spent wash (Pathwardhan 2008). Approximately
3.85 tonnes of potash or 575 tonnes of potassium chloride and 1.27 tonnes of
potassium sulfate can be recovered from spent wash (Pathwardhan 2008).

Brewery industry wastewater contains residual amount of unprocessed materials
including solids, sugary compounds, yeasts, and so on. It has higher COD. A recent
study investigated exploitation of brewery waste to produce biogas laden with H2

and CH4, where CH4-rich biogas can further be used in power generation (Arantes
et al. 2017). Brewery waste is generally less strong than spent wash from
distilleries.

Winery wastewater is mainly contributed through cleaning and washing oper-
ations at different processes. Winery effluent contains biodegradable organic con-
tent, high electrical conductivity, and varying total suspended solids. Chemical
oxygen demand (COD) varies from 0.500 to 45 g/L, biological oxygen demand
(BOD) is about 0.4–0.9 of the COD value, recalcitrant constituents comprise about
0.1–5% of total COD, pH varies from 3.5 to 7, and total suspended solids
(TSS) from 0.012 to 7.3 g/L (Serrano et al. 2011). If this obnoxious wastewater is
released in water bodies untreated, it can adversely affect flora and fauna. High
acidity of effluent can affect plant adversely by depriving essential nutrients to them
and also by reducing growth of vital soil bacteria (Ioannou et al. 2015).

9.3.5 Edible Oil Industry Wastewater

Raw materials like soya, palm, olive, sunflower, and cottonseeds are utilized to
produce edible oil. Palm oil has the highest consumption throughout world occu-
pying 37% of the total vegetable oil consumption (Ahmad et al. 2020). Large
volume of wastewater is produced which is rich in organic waste of seeds, chaffs,
and inorganic matter. Often, wastewater effluent from edible oil industries has high
COD, BOD, fats, phosphate, and sulfate. If this effluent is discharged untreated,
many environmental problems can arise such as ground and surface pollution,
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phytotoxicity, alteration of soil quality, and odor nuisance (Ahmad et al. 2020).
Table 9.6 shows typical wastewater characteristics from edible oil industries.

9.3.6 Confectionary, Fruit Juice & Sugar Industry
Wastewater

Confectionary industry is considered as an important food industry all over the
world. It produces sweets including chocolate, candy, chewing gum, bubble gum,
that are made primarily of sugar, cocoa, fats, flavors and emulsifiers. The cleaning
operation in the confectionary industry is the main process that contributes to
wastewater effluent. For this reason, its effluent witnesses daily and seasonal
variability in quantity as well as composition. According to a study, confectionary
plants release 300–500 m3 of wastewater per month (Zajda and Aleksander-
Kwaterczak 2019). The organic content in the waste stream is due to sugar, fats,
dyes, etc. Thus, wastewater has high value of BOD and COD and is predominantly
biodegradable. The confectionery sewage often has a discharge from washing and
disinfectants which is responsible for varying pH value and increased content of
nitrogen and phosphorus compounds.

The sugar industry is a kind of biorefinery where sugarcane or beet is used as
raw material and various commodities like raw sugar, molasses, ethanol, bagasse,
and electricity are produced. It is an energy as well as a water-intensive process.
Sugar industry being seasonal in operation is dependent on the availability of
sugarcane or beet in a year. Due to its seasonal nature, it poses a peculiar problem
of pollution. A useful exploitation of bagasse is for the generation of electricity.
Fruit processing industry is also a seasonal industry. Its wastewater is primarily rich
in organic matter, but due to low pH value, poor nutrients, and fluctuating volume,
problem in treatment arises. The characteristics of wastewater from confectionary,
fruit juice, and sugar industries are summarized in Table 9.7.

9.4 Food Industry Wastewater Treatment Technology

Most wastewater treatment methods may be broadly characterized into (a) physical
and chemical treatment processes, (b) biological treatment processes, and (c) novel
treatment processes. While one might argue that physical and chemical processes
could be subcategorized further, it must be mentioned that physical and chemical
processes are often imparted together in order to enhance process efficiency.
Physical processes generally involve screens, filter media, membranes, solid beds,
etc., for separating solids from flowing wastewater using either gravity or floatation.
Chemical processes generally rely on effecting chemical changes in pollutants, like
floc formulation, or particle mass enhancement, that might make their removal
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easier. Biological treatment processes use biomass (microorganisms, plants, etc.)
that either degrade organic effluents or convert them into other less problematic
products. Rapid research and development in processing technologies has also led
to emergence of various novel wastewater treatment approaches which may not be
categorized into either of the above categories. Most food industries do not rely on a
single method or principle and incorporate a plethora of technologies for treating
their wastewater before disposal (Qasim and Mane 2013). Current practice often
involves application of process engineering fundamentals to develop a site-specific
process configuration for each food plant.

9.4.1 Physical and Chemical Processes

9.4.1.1 Coagulation–Flocculation-Based Processes

Coagulation–flocculation technology is a simple, economic, and eco-friendly pro-
cess based on coagulants such as alum, ferric chloride, lignosulfonate (LSA),
bentonite (BEN), carboxymethylcellulose (CMC), and chitosan to precipitate sus-
pended matter and dissolved organic compounds in wastewater (Xu et al. 2001),
followed by their removal due to orthokinetic flocculation produced due to velocity
gradients. Coagulation technology for treatment has been reported as early as 2000
BC in the Egyptian civilization, wherein almond smears were used to clarify river
water. Around the same time, Sanskrit literature suggests using crushed nuts from
Nirmali tree (Struchnos potatorum) for treating water (Deshmukh et al. 2013).
Coagulation is also of importance in other wastewater treatment approaches, like
chemical phosphorus removal method. Qasim and Mane (Qasim and Mane 2013)
observed that turbidity, hardness, COD, electrical conductivity decrease on treating
wastewater from dairy, sweets, snacks, and ice cream industries, respectively, with
alum. Rivas et al. report that cheese whey wastewater (CWW) treated with FeSO4,
FeCl3, and alum resulted in reduction in COD, BOD, total Kjeldahl nitrogen and
phosphorus. Capponi et al. (2006) developed a modified column floatation method,
wherein a colloidal precipitate (carrier, ferric hydroxide) diffused counter-current
into a column with rising bubbles inside industry wastewater, followed by sepa-
ration of the flocs (coagula). The effect and impact of the coagulation–flocculation
technique is often impacted by various properties including coagulant types,
properties, dosage, and pH (Wang and Serventi 2019). 57% reduction of COD was
observed on using chitosan (at 0.01–0.05 g/L concentration) in dairy industry
wastewater by Sarkar et al. (Ioannou et al. 2015). Gunes et al. (2018) compared
coagulation–flocculation-based processes with Fenton-like processes (discussed
later) for industrial drum cleaning wastewater and found coagulation–
flocculation-based processes (88% COD removal) to outperform coagulation–
oxidation-based processes (68% COD removal). Kurup et al. found that sodium
lignosulfonate could not only cheaply reduce BOD, but also aid in proteins and
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lipid recovery from dairy wastewater due to their ability to form complexes with
cationic colloidal particles at low pH (Kurup et al. 2019).

9.4.1.2 Adsorption-Based Processes

Adsorption-based wastewater treatment techniques rely on collection and adherence
of dissolved substances and effluents on to an adsorbent (solid) surface. For
adsorption to occur, attractive forces on the surface of the adsorbing material must
be greater than the intramolecular forces of the substance being adsorbed (Qasim
and Mane 2013). Activated carbon is widely used adsorbent material for industry
wastewater. Amuda and Ibrahim (Amuda and Ibrahim 2006) reported using various
activated carbon from coconut shell (acid-activated carbon, barium
chloride-activated coconut, and commercial-activated carbon) to treat beverage
industry wastewater and found acid-activated carbon to achieve maximum (92%)
COD removal. Qasim and Mane (Qasim and Mane 2013) also used activated
carbon and reported in COD and TDS upon treatment of dairy, sweet, and ice cream
industries wastewater with activated carbon reduction. The choice of the adsorbent
material has been a matter of research in recent years. Often nowadays, this choice
is also governed by other sustainability principles. Thereby, one of the notable
aspects has been the emergence of cheap agricultural by-products as attractive
adsorption materials in recent literature (Adenuga et al. 2019). Adenuga et al.
(2019) used Calophyllum inophyllumi spent seedcake to remove up to 70% of
metals (Pb, Cd, and Zn). Murali et al. (Murali et al. 2013) used water hyacinth to
reduce the COD of dairy industry by up to 90%. Kulkarni et al. (Kulkarni et al.
2011) used bagasse fly ash, a by-product from sugar industry, for treating distillery
wastewater resulting in more than 85% COD removal. Umukoro et al. used peel
charcoal for removal of copper and zinc ions for industrial wastewaters. Moringa
pods have been used by Matouq et al. (2015) to remove more than 90% chromium
and copper ions from model wastewater. More recently, nanomaterials such as
carbon nanotubes are being developed and employed for treating industrial
wastewater (Xu et al. 2018; Siddiqui et al. 2019). In addition to this, adsorption is
one of the most common membrane-based method used industrially. Moreover, it is
effective, efficient, and reliable. Activated carbon, alumina, and silica are the most
common sources that serve as reliable, effective, and efficient adsorbents for
wastewater treatment (Crini 2005). It also acts as an environment protectants due to
its natural characteristic (Ciesielski et al. 2003). Besides zeolites are often used for
wastewater purification and filtration. Zeolites contain a porous structure filled with
alkaline cations, which renders them with high cationic exchange activity and good
sieving properties. As they are widely present in nature, using zeolites is also
considered very cost-effective. Due to its high cation exchange ability and sieve
property of molecule, it is utilized in separation and purification of wastewater
(Wang and Peng 2010).
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9.4.1.3 Advanced Oxidation Processes

The organic waste of contaminated water from food and other industries usually
contains substances including polyphenols, tannins, and lignins, that are difficult to
degrade or break down easily, therefore advanced oxidation process has obtained
popularization in the field of wastewater treatment (Mosteo et al. 2008). It primarily
deals with the formation of hydroxyl radicals (OH) using chemical, photocatalytic,
and photochemical reactors, wherein hazardous waste is degraded into simpler and
non-toxic particles. In addition to this, biorecalcitrant can also be degraded by using
strong oxidizing agent. During the process, free radicals (OH) react with organic
molecules probably by hydrogen abstraction, direct electron transfer or by miner-
alization process, resulting in the production of water, inorganic acids, and CO2

(Legrini et al. 1993). Principally, various methods including ozonation, sonication,
electrochemical oxidation, ultraviolet (UV) photolysis, and Fenton-based are fol-
lowed during this treatment. Refractory organic pollutants rely extremely on
advance oxidation processes (Jamil et al. 2011; Oller et al. 2011). Table 9.8 shows
the comparison among various treatment methods of wastewater treatment.

Electrochemical Coagulation

Electrochemical coagulation implies development of OH at the active portion of
anode, which helps in removal of organic contaminations from the wastewater
(Rizzo 2011). In this process, various coagulants are used including lignosulfonate
(LSA), bentonite (BEN), carboxymethylcellulose, and ferric chloride (FeCl), to get
back the improved wastewater that is discharged from food processing industries as
shown in Fig. 9.2. Xu et al. (2001) reported that in egg processing plant, there was
an improvement in COD, TS, and turbidity of the water by 90%, 95%, and 97%,
respectively. Similarly when Fe and Al electrode were used for electrocoagulation
to treat wastewater discharged from slaughterhouse, COD removal was observed to
be 94.4% and 81.1%, respectively. Roa-morales et al. (Roa-Morales et al. 2007)
observed that the application of aluminum electrocoagulation with hydrogen per-
oxide minimized the levels of COD, TS, and BOD by 90%, 95%, and 96%,
respectively, in wastewater from confectionary industries at pH 4. Likewise,
Sangeetha et al. (Sangeetha et al. 2014) reported that COD level in wastewater
collected from sago industries was limited to 67.86% at 100 mg/L of alum (co-
agulant) dosage. However, huge amount of electricity is consumed during this
treatment and is extremely expensive for industries. Maithlo et al. (2019) clearly
indicated a substitute solution as a metal-air fuel cell electrocoagulation (MAFCEC)
which can be useful for removing arsenic and other pollutants from wastewater with
minimal energy consumption. Heavy metal ions (Al-Qodah and Al-Shannag 2017),
oil (An et al. 2017) can also be removed from wastewater by practicing this
treatment. Chellam and sari (Chellam and Sari 2016) reported that aluminum
electrocoagulation is used to control fouling smell and virus in waste water.
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Fenton-Based Processes

In this process, oxidation takes place between ions of ferrous and hydrogen per-
oxide commonly known as Fentons’s reagent (Gogate and Pandiit 2004). The
working principle of Fenton-based wastewater treatments is demonstrated in
Fig. 9.3 that includes processes like acid regulation, catalyst mixing, oxidation
reaction, neutralization, and solid–liquid separation. This process is known to
oxidize organic compounds at ambient temperature (Bigda 1995) and break them
into environmental-friendly components such as H2O2 into H2O and O2, parhaps its
stringent pH range, high H2O2 consumption as well as increasing ferric sludge
adversely affect the oxidation process (Yuan et al. 2013; Wang et al. 2016). To
overcome these challenges, catalysts such as heterogeneous and homogeneous were
taken into consideration to substitute Fe2+, including ferric oxide (Matta et al.
2007), iron minerals (Shinya and Bergwall 2007), and nanozero-valent iron
(Babuponnusami and Muthukumar 2012). Research survey indicates that
Fento-based processes are normally used for food processing industries like baker’s
yeast industry, where COD level was reduced to 88% after 20 min at pH 4 (Pala
and Erden 2005). Besides, Lee and Shoda (2008) reported that Fenton treatment
was useful in reduction of color and COD level (95.4% and 88%, respectively) in
wastewater collected from industries such as livestock. Similarly, 80% COD level
was reduced with 85% of total phenol elimination using Fenton’s reagents against
wastewater collected from olive oil mill (Martins and Quinta-Ferreira 2010).

Fig. 9.2 Working principle of electrochemical coagulation
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Fig. 9.3 Schematic representation of Fenton-based wastewater treatment

Fig. 9.4 Schematic illustration of ozone-based wastewater treatment
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Ozonation

Ozone (O3) is universally known as an excellent oxidizing agent with negligible
level of toxic residue. O3 reacts with double bonds (conjugated) which are generally
related with colors as shown in Fig. 9.4. This treatment is applicable for reduction
of COD and polyphenols levels (59.8% and 82.4%, respectively) in wastewater
collected from olive oil mill (Andreozzi et al. 2008).

Photocatalysis

Photocatalysis is a method where electromagnetic radiations are used to excite the
semiconductors that help in generating valence band holes and conduction band
electrons which are efficient enough to eradicate contamination from wastewater
(Stasinakis 2008). TiO2, ZnO, SnO, WO3, ZrO2, CeO, and YO3 are generally used
as catalytic material during the treatment (Fig. 9.5). Kang et al. (2011) reported that
greasy wastewater collected from restaurants were taken for photocatalysis using
UV radiation with TiO2 (150 mg/L) as a catalytic material for 10 min at pH 7. Oil,
COD, and BOD level of the treated water was reduced to 70%, 63%, and 43%,
respectively. Additionally, when wastewater discharged from winery was treated
with TiO2/H2O2 nearly 84% of COD level was reduced (Agustina et al. 2008).
Further, Qin et al. (2011) reported that the wastewater collected from molasses
fermentation was treated with calcined YO3 which resulted in 92.98% reduction of
COD and 98.23% decolorization of the water.

Fig. 9.5 Schematic diagram of photocatalysis
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Hybrid Processes

Hybrid processes are generally utilized in limiting cost, increasing efficiency, and
minimizing the reaction time. Péerez et al. (2007) collected wastewater from coffee
and treated it with the combination of two different methods including ozonation
and photocatalysis (UV/H2O2/O3). The results indicated reduction of COD level by
87% (35 min/ pH 2.0). Similarly in 2009, De Sena et al. (2009) reported that
wastewater collected from meat industry when treated with the combination of
photo-Fento (DAF/UV/H2O2) treatment, resulted in dropping of BOD5, COD, TS,
and VS levels by 82.9%, 91.1%, 72.5%, and 77.0%, respectively, whereas
wastewater collected from olive mill subjected to photo-ozonation treatment (UV/
O3), resulted in 91% reduction of COD (Lafi et al. 2009).

9.4.2 Biological Treatments (Bioremediation/
Biodegradation)

Presently, plethora of chemical and physicochemical practices are followed to
eradicate pollutants from the industrial wastewater. Nevertheless total removal of
the pollutants was yet not achieved and due to the use of excessive chemicals, new
toxic substances (by-products) were produced which further contaminated soil,
water, and other natural sources (Rana et al. 2014). Moreover, these treatments
require chemicals which are expensive for the industries to manage, whereas bio-
logical treatment methods include plants and microorganisms which are
cost-effective and environmental-friendly. In addition to this, biological treatments
do not produce any toxic by-products that may be hazardous to environment.
Microorganisms have a great application in breaking down of complex substances
that are difficult to degrade (Fig. 9.6). Eichhornia crassipes and Panicum maximum
were used as a spillage to degrade pollutants discharged from food processing
industries. Results reflected a remarkable decline in TDS (3.1–0.351 g/L), COD
(22.5–0.150 g/L), BOD5 (20.3–0.123 g/L), SS (0.1–0.008 g/L), phosphate (0.101
from 0.0024 g/L), and nitrates (0.012–0.008 g/L) levels (Mosteo et al. 2008).

9.4.2.1 Anaerobic Treatments

Anaerobic treatment can be elaborated as a practice wherein microorganisms decay
organic matter into CO2 and CH4. During this treatment, pollutants are reduced into
smaller particles and biogas is produced that can further be used for the production
of energy. Energy consumed during this treatment is very low but high amount of
pollutants is degraded with minimum sludge (Nandy et al. 2002). Ganesh et al.
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(2010) reported that wastewater collected from winery industry was anaerobical
treated and 80% of COD level was reduced.

9.4.2.2 Aerobic Treatments

Aerobic treatments usually depend on oxygen to break down organic substances
into simpler form. 89% of COD was reduced during aerobic treatment in cheese
wastewater (Monier and Abdel-Latif 2013). Due to the formation of excessive
sludge, its utilization is limited. Table 9.9 shows comparison between anaerobic
and aerobic wastewater treatments.

Fig. 9.6 Schematic illustration of biological treatments (anaerobic–aerobic treatments for
influents)

Table 9.9 Comparison
between anaerobic and
aerobic waste water
treatments (Mandal et al.
2010)

Parameters Aerobic Anaerobic

Efficiency of organic
removal

High High

Treated water quality Excellent Moderate to
poor

Sludge production High Low

Energy consumed High Low to
moderate

Odor Less More
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9.4.3 Emerging Food Industry Wastewater Treatments

9.4.3.1 Biofilm Technology

It is a cluster of microorganisms where each cell is attached to another. Due to its
sticky nature, it gets attached to the surface very easily. These cells which act as
support get embedded on a matrix produced from extracellular polymeric sub-
stances (EPS). This biofilm helps in destroying pathogens and plethora of other
nutrients including nitrogen-containing compounds, phosphorus (P) and carbona-
ceous substances present in wastewater. After the treatment of biofilms, water is fit
to be used for agricultural purposes as illustrated in Fig. 9.7. Additionally, this
method is environmental-friendly and consumes less space with high active bio-
mass concentration (Wilderer et al. 2015).

9.4.3.2 Membrane Filtration

Membrane separation method is widely used to clean wastewater collected from
various food industries. Generally it acts on the principal of spraying out the
pollutants and other heavy metals from water. As shown in Fig. 9.8, there are five
different types of membrane filtration method practised such as ultrafiltration (UF),
microfiltration (MF), nanofiltration (NF), reverse osmosis (RO), and electrodialysis
(ED) (Sarode et al. 2018).

Fig. 9.7 Schematic illustration of biofilm treatments for influents
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Ultrafiltration (UF)

In order to remove colloidal and dissolved material, transmembrane pressure
(TMP) is mostly used. UF is available in two types including polymer-enhanced
and micellar-enhanced configurations of ultrasonication. All the pollutants related
to metal ions, organic and colored dyes are removed using micellar-enhanced
ultrafiltration (MEUF) while minor particles which are not possible for conven-
tional UF are removed by polymer-enhanced ultrafiltration (PEUF).

Nanofiltration (NF)

Nanofiltration produces treated wastewater of quality between ultrafiltration and
reverse osmosis. Levels of turbidity, microcontaminants, hardness, and dissolved
solids in wastewater could be reduced using nanofiltration.

Reverse Osmosis (RO)

RO is a chemical engineering unit operation with a wide range of known and
potential commercial applications, e.g., concentration of fruit juices. It is a sepa-
ration technique, which operates at room temperature and used to concentrate or
purify liquids without a phase change leading to energy efficiency.

Fig. 9.8 Schematic illustration of membrane filtration for influents
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9.5 Conclusions and Future Trends

In this book chapter, different types of food industries, their typical wastewater
characteristics with scope of resource recovery and reuse are discussed briefly. The
discharge from these industries is rich in nutrients, carbonaceous, and nitrogenous
matter which can further cause problems like eutrophication, algal bloom, and
interference with aquatic life, which when dumped untreated. Therefore, various
types of treatments are practised to purify wastewater that are mostly liberated from
plethora of industries. This industry being water intensive can be further explored
for better options of water reuse, water recovery before sending its wastewater for
treatment. As water is extremely important for the survival of all living beings on
this planet, reuse of treated wastewater is the most suitable route to counter
water-related environmental challenges. A wide range of treatment technologies
both conventional and emerging ones was also discussed. With the growing pop-
ulation, environmental pollution, and depleting natural resources, need of the hour
is to look for more sustainable treatment solutions with smaller carbon footprint and
lesser waste disposal. Inhouse wastewater treatment of industries can also be used
for reduced time and less overall cost. The use of emerging technologies including
membrane filtration and biofilm technology can lead to the better future in the field
of wastewater treatment as it is capable of removing impurities. The development of
life-long and energy-saving membranes can decrease the operating cost and
therefore reduce the overall investment in treatment plants. Besides the presence of
these exquisite technologies and future developments to treat wastewater, the
industries require to reduce the generation of wastewater by adapting new tech-
nologies and improving awareness in conservation of water resources.
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Chapter 10
Energy Analysis of Wastewater
Infrastructure

Dina Zaman, Manoj Kumar Tiwari, and Gopika Ashokan

Abstract Urban wastewater systems (WWS) comprising of municipal sewage
collection, treatment, and disposal play a vital role in alleviating urban water pol-
lution and maintaining overall public health and sanitation. WWS forms one of the
most energy-intensive components of the urban water cycle and requires huge
financial investment for its construction, operations, and management. The financial
burden of WWS operations can be subsided to a significant extent by implementing
strategies for energy reduction, optimization as well as energy production and
recovery from wastewater. However, developing an energy-neutral or energy-
positive WWS is a challenging task, requiring the application of several interde-
pendent energy pathways. In this chapter, comprehensive energy analysis of WWS
is carried out, considering the available routes for reducing, optimizing, producing,
and recovering energy from wastewater. Alongside this, available approaches for
assessing the total energy consumption and energy efficiency of the WWS have also
been evaluated. The use of indicators and indices can be particularly effective to
both quantify and compare energy efficiency within different components of a
WWS or among different WWS. The diagnostic potential of energy efficiency
indices (EEIs) proposed specifically for WWS has been comparatively evaluated in
this study. Such an index-based energy evaluation can conveniently characterize the
energy efficiency of WWS and facilitating energy benchmarking of systems.
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10.1 Introduction

Water and energy are the most valuable resources in today’s urban world, in the
wake of global climate change caused by unprecedented environmental pollution
and explosive population growth (Howells et al. 2013; Khalkhali and Mo 2020).
With more than 50% of the world’s population residing in urban regions, the
water-energy nexus has particularly impacted the urban water cycle in cities and the
surrounding regions (Bougnom and Piddock 2017). The urban water cycle chiefly
consisting of water and wastewater infrastructure is highly energy intensive, either
in direct or indirect form (Khalkhali and Mo 2020).

Urban wastewater systems (WWS) are massive infrastructures, often spread over
cities that receive wastewater from domestic, commercial, and non-manufacturing
sources. It primarily consists of a large network of conduits or pipes for wastewater
collection, a wastewater treatment plant (WWTP), and sludge management systems
for disposing of the treatment residues. WWS can be categorized as centralized or
decentralized, depending on the scope and scale of the systems (Naik and Stenstrom
2016). Centralized WWS is economically suitable in large urban areas, whereas
decentralized systems are more economical in low-income, small urban commu-
nities away from centralized WWS and with a demand for localized use of
reclaimed water.

The primary function of a WWS is to reduce the organic and nutrient load,
microbial load, other objectionable solids, and harmful micropollutants, along with
odor from the wastewater influent. Urban wastewater management is intricately
related to the overall sanitation and public health in a city (Winkler et al. 2017).
Untreated sewage leads to detrimental impacts on the geo-aquatic environment in
the long term. The ease of access to clean drinking water sources also indirectly
depends on adequate wastewater management in the region, as untreated sewage
(directly or indirectly) finds its way to the freshwater reserves. The issue of river
pollution prevalent in several countries is also chiefly attributed to the release of
municipal and industrial wastewater in its streams, without adequate treatment (Liu
et al. 2012).

Conventional WWS usually has low-treatment efficiency and high energy con-
sumption. A huge volume of energy is required to convey wastewater through the
WWS, from the generation point to the treatment facility, and then through each
component of the WWTP (Simon-Várhelyi et al. 2020). Further, the treated effluent
and the waste materials separated as sludge need to undergo conditioning and then
transported to the site of reuse, recycling, or disposal. Most wastewater collection
systems operate under gravity flow (intermittent pumping if required), which makes
them fairly energy efficient. Moreover, high infiltration into the sewers may lead to
dilution and an increase in wastewater volume, which indirectly leads to high
energy consumption in the subsequent processes. Overall, energy consumption in
the wastewater collection system and to reach the primary treatment facility is in the
range of 0.05–0.50 kWh/m3 (Gu et al. 2017).

210 D. Zaman et al.



The total energy consumption in the treatment stage is dependent on several
intrinsic and extrinsic factors. The volume of wastewater produced, type and
concentration of constituent pollutants, type and extent of treatment provided (i.e.,
primary, secondary, or tertiary), as well as desired effluent water quality standards
are the primary factors determining the energy requirement in the treatment process
(Liu et al. 2018). Other factors that indirectly influence the energy requirement are
the type of treatment plant (i.e., centralized or decentralized), the scale of the
system, type of sewage collection system (i.e., separate or combined), need for
pumping within the system, and the climatic conditions in the region (Niu et al.
2019). Energy is further consumed to condition or stabilize the sludge generated
from WWTP through anaerobic digestion, composting or incineration (Frijns et al.
2013). Similarly, wastewater effluent is further treated and transported in accor-
dance with its ultimate use.

Until recently, wastewater was largely perceived as a burden that needs to be
sufficiently treated and responsibly disposed to reduce its detrimental impact on
health and the environment. Traditionally, WWS has been built and operated with
the myopic vision of pollution control and not as a self-sustaining and
profit-garnering enterprise. This viewpoint is being gradually discarded as several
routes of resource recovery from wastewater have come into application in recent
times (Mo and Zhang 2013). The primary resources recoverable from wastewater
are nutrients, water, and energy (Frijns et al. 2013). A paradigm shift in WWS
operation from an energy sink to a potential energy source can be achieved only
when energy optimization, resource recovery, and cost-benefit ratio is integrated
with the primary goal of pollution control in WWS.

Energy optimization in a WWS entails reducing or conserving energy con-
sumption, increasing energy efficiency, substituting energy-intensive components,
processing with low-energy counterparts, switching to green energy sources in
place of greenhouse gas (GHG) emitting fuels, producing energy from alternative
and non-conventional sources, as well as recovering energy from wastewater
by-products (Gu et al. 2017). Overall, the energy utilized in a WWS should be
justifiable for the subsequent environmental or economic benefits garnered, through
process optimization (Smith et al. 2019). Quantification of energy consumption and
evaluation of energy efficiency is also a crucial task for a WWS, which can be
effectively carried out using energy efficiency indicators (EEIs) (Sabia et al. 2020).
EEIs facilitate for comparative evaluation of performance, classification, and
benchmarking of WWS, in terms of energy efficiency.

In this chapter, a comprehensive energy efficiency analysis of WWS is carried
out, considering case studies from different regions of the world. Approaches for
reducing, optimizing, producing, and recovering energy from wastewater are crit-
ically explored from several WWS belonging to different geographical regions.
Furthermore, quantitative evaluation of energy consumption using EEIs is also
scrutinized for WWS from different countries.
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10.2 Wastewater-Energy Nexus in a WWS

There has been a paradigm shift in the municipal wastewater treatment philosophy
during the past 50 years. The early focus of WWS was primarily to reduce bio-
chemical oxygen demand (BOD) and pathogenic content that may otherwise lead to
the outbreak of diseases. Later, the detrimental environmental impact of eutrophi-
cation caused by the nitrogen and phosphorus in wastewater effluent discharge was
recognized, and treatment units for their removal were included in the WWS.
Presently, several emerging contaminants and pollutants have been included in the
wastewater stream that requires specific advanced treatment units for their degra-
dation and removal (Zaman et al. 2020). With time, the standards for allowable
discharge effluents of WWS are also evolved. Stringent wastewater discharge
standards led to manifold increase in energy consumption but also resulted in
enormous environmental benefits (Smith et al. 2019). This has led to the exploration
of energy reduction, optimization, and recovery from wastewater to compensate for
the increased costs. Energy consumption, as well as the potential for energy
recovery, is a function of influent characteristics of the wastewater (Yang et al.
2020).

10.2.1 WWS as an Energy Sink

The major sources of energy utilized in the WWS are electricity, natural gas, and
other fossil fuels. Around 40% of the total energy consumed is because of elec-
tromechanical equipment in the WWTP. The average energy consumption for
wastewater treatment in different regions of the world is USA—0.52 kWh/m3,
China—0.31 kWh/m3, Japan—0.304 kWh/m3, Korea—0.243 kWh/m3, and
Europe—0.42 to 0.53 kWh/m3 (Tang et al. 2019). The high energy consumption in
WWS also entails a high GHG emission from these systems in the form of carbon
dioxide (CO2), methane (CH4), and nitrous oxide (N2O) (Maktabifard et al. 2020).
The carbon footprint of WWS is a measure of its impact on climate change, and
nearly 70% of the carbon footprint of the urban water cycle is produced by WWS,
out of which almost 56% is solely due to energy use (Frijns et al. 2013).

Several factors are responsible for determining the total energy consumption in a
WWS. The size of a WWS represented in terms of population equivalent (PE),
organic load, or hydraulic load determines the energy demand of the system to a
large extent. Although the total energy consumption is lower for small WWTPs, the
overall energy efficiency (energy consumption per unit of treated wastewater) and
overall operating costs at all treatment stages studied worldwide have exhibited a
significant decrease in large systems (Gu et al. 2017). Small WWTPs display higher
variation in influent load, unstable treatment conditions and may lack the skilled
manpower to operate them due to economic constraints, which may lead to lesser
energy efficiency. Moreover, the type of WWTP—centralized and decentralized
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also impacts the energy demand of the system. Lifecycle assessment studies
revealed that decentralized systems are almost five times more energy intensive
than centralized systems (Shehabi et al. 2012). Hence, decentralized systems should
be opted for only on a case-specific basis, where the local water reuse is feasible. In
the near future, changes in the climatic variables like temperature, rain, and
snowfall in a particular region due to climate change are also expected to implicate
the overall energy usage in WWS (Khalkhali and Mo 2020). Projected
climate-related stresses in the next 100 years is expected to increase the seasonal
variation in flow rate and lead to frequent operational failures.

The energy consumption in the primary treatment stage remains more or less
constant for a particular WWS. On the other hand, the energy demand in the
secondary treatment process largely varies depending on the type of treatment and
capacity of the WWTP. Activated sludge process (ASP) with extended aeration,
sequential nitrification and denitrification, sequencing batch reactor (SBR), and
oxidation ditch usually exhibits higher energy demand (Gude 2015). The aeration
of the biological tank in a conventional ASP consumes nearly 60% of the total
energy requirement of the treatment plant, and more energy is consumed for sludge
pumping, processing, and disposal (Guven et al. 2019). On the other hand, trickling
filters, lagoons, constructed wetlands, and adsorption-biology systems of wastew-
ater treatment are relatively energy efficient. Energy consumption further increases
in advanced treatment processes applied for nutrient removal and sludge condi-
tioning. The energy requirement of advanced biological treatment with nutrient
removal and filtration is almost 50% higher than that of conventional WWTP
(Panepinto et al. 2016). The typical average energy consumption values in various
treatment units are depicted in Fig. 10.1.

Apart from the direct energy requirement, a huge amount of embodied (or
indirect) energy is associated with the massive infrastructures built for the WWS.
Embodied energy encompasses the energy associated with construction and
maintenance of WWS, from material extraction to deconstruction at the end of
service life, and is often measured in terms of CO2 equivalent (Georgiou et al.
2019). A comprehensive representation of energy dynamics in WWS can be

Fig. 10.1 Energy consumption in different WWTPs (Data sourced from Gude 2015)
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achieved only by considering both the direct and embodied energy requirements of
the system. However, this chapter does not focus on embodied energy consumption
in detail, as it requires a different approach for its quantification and analysis.

10.2.2 WWS as an Energy Source

The energy sources in wastewater may be broadly divided as direct and indirect.
The energy embedded in the wastewater by virtue of its characteristic properties and
which is recoverable by suitable methods during the treatment process is considered
as direct energy sources. On the other hand, the recyclable nutrients, materials, and
reusable water obtained from the WWTP which indirectly substitute the energy
resources spent in the producing them are denoted as indirect energy sources of
wastewater (Liu et al. 2018). Resources can be extracted at different stages of
treatment and can be either used in its raw form or transformed to more econom-
ically viable end products.

Energy remains embedded in the wastewater in different forms and in varying
proportion and degree of recoverability, depending upon the characteristics of the
wastewater. The internal energy of wastewater is chiefly due to the chemical energy
of organic constituents present and can be measured as the chemical oxygen
demand (COD) of the influent (Yang et al. 2020). Wastewater also possesses
internal energy in the form of thermal energy, denoted by its characteristic tem-
perature (Hao et al. 2019). Another form of recoverable energy is the hydraulic
energy of the wastewater—potential energy due to elevation difference or kinetic
energy due to a high flow rate (Gude 2015).

During treatment, 60% of the constituent organic substances in wastewater
accumulates as sludge. The excess sludge may be treated through landfilling,
composting, incineration, or biotransformed to produce biogas during anaerobic
sludge digestion (Frijns et al. 2013). Incineration can be used to convert the internal
chemical energy in organic sludge to heat and electric energy, along with sub-
stantial sludge volume reduction and abatement of soil pollution. Alternatively, the
chemical energy in the wastewater content can be effectively transformed into
electric energy and heat energy. Around 70% of the energy ingrained in raw
wastewater is separated in the form of sludge, and about 50% of this energy is
recoverable through anaerobic digestion of sludge. Moreover, phosphorus can also
be recovered during this process (Yang et al. 2020). Wastewater can also be used as
a potential source of thermal energy through warm water conservation and heat
recovery, using shower heat exchangers (Hao et al. 2019).

Apart from direct energy, the two major resources from wastewater are nutrients
and water. Essential nutrients are present in wastewater in the form of nitrogen,
phosphorus, and potassium, which can be used in agricultural purposes by land
application of partially or fully treated wastewater sludge as biofertilizer or soil
enhancer (Zaman et al. 2020). Fertilizers can be procured from different stages of a
WWS in the form of raw wastewater, semitreated or treated effluent, or treatment
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by-products like biosolids. Moreover, treated sludge can also be used as a landfill
cover in municipal landfills. Other non-conventional pathways for nutrient recy-
cling are struvite precipitation from source-separated urine and sludge digester
liquor. Harvesting micro and macroalgae and wetland plants in wastewater effluent
is another energy-efficient application of wastewater. Municipal wastewater can be
directly used for the biomass production of microalgae by utilizing the carbon,
nitrogen, phosphorus, and other micronutrients (Nagarajan et al. 2020). The
obtained biomass is then applied as feedstock for biofuel generation. Additionally,
treated wastewater may provide as an alternative source of water for various
non-potable uses in industries and urban landscaping or irrigation of cash crops in
agriculture. In some studies, the COD in wastewater was converted to high-value
organic products like biopolymers instead of applying the traditional route of
producing biomethane (Hao et al. 2019).

Nutrient recycling as fertilizer and water reuse indirectly offsets energy con-
sumed in the production of chemical fertilizers, as well as treatment, and trans-
portation of irrigation or industrial water and reduces the nutrient removal load on
WWTP. Moreover, very negligible energy is required to redirect the wastewater
nutrients for such alternative uses. Substituting water usage by treated effluent can
significantly reduce the load on freshwater sources, thus snowballing several
environmental benefits. However, nutrient recycling and effluent reuse are often
more challenging than energy production and recovery in terms of safety, accept-
ability of all stakeholders involved, technological inadequacies, risk of intersystem
contamination, land and finance resource constraints.

10.3 Energy Optimization in WWS

Although 25–40% of the expenses in any WWS is due to energy, optimization of
operational parameters in WWS for energy considerations is seldom carried out, at
the design stage (Rojas and Zhelev 2012). Energy optimization in the operations of
existing systems may reap significant cost reduction with little or no investment.
The energy optimization strategies in a WWS can be achieved through three
potential routes—(a) Energy reduction in the existing wastewater management
processes, (b) Improvement of existing processes and infrastructure for lower
energy consumption, and (c) Substitution of energy-intensive processes with
energy-efficient practices. These may be achieved through infrastructure-based or
process-based modifications, and benefits incurred may be direct or indirect.
Infrastructure-based modifications are difficult to implement in an existing WWS,
require significant investments, and generally have a longer payback period. On the
other hand, modifications in the operations and maintenance of WWS can be
implemented with lesser capital investment and a shorter payback period.

The beneficial outcome of energy optimization is better represented in a WWS in
terms of energy efficiency rather than energy consumption. Typically, WWS
operating at a capacity lower than its design capacity leads to lower energy
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efficiency (Niu et al. 2019). Even when operating at optimal capacity, smaller WWS
exhibits lower energy efficiency than centrally operated large WWS. Further, the
higher energy efficiency of WWS is obtained with wastewater influent having
higher organic content (Niu et al. 2019). Thus, some of the straightforward
infrastructure-based energy optimization strategies for WWS are expanding the
sewage collection system to supply the design capacity of wastewater at the
WWTP, opting for centralized wastewater treatment facilities instead of decen-
tralized systems wherever possible, and establishing separate sewage collection
systems to increase the inlet pollutant load at the WWTP. Further, energy efficiency
can also be increased to a considerable extent by the renovation of older WWS and
retrofitting the wastewater collection systems for ensuring lower infiltration.

Around 5000 MWh of energy savings along with improvement in effluent
quality was obtained in the largest WWTP in Italy, by optimizing the operational
parameters of wastewater influent treatment (Borzooei et al. 2019). In another
study, it was established that if the COD of wastewater is higher than 500 mg/L, the
energy consumption can be reduced by 20% (Niu et al. 2019). Alternatively,
municipal wastewater was utilized as irrigation water for seven energy crops, and
the biomass produced was anaerobically digested for biomethane production,
instead of conventional sewage treatment (Shilpi et al. 2019). The organics and
nutrients present in wastewater were synergistically utilized in this process, thereby
substituting the energy required for wastewater treatment. A distinctive framework
for reducing energy consumption in a WWTP was suggested by Simon-Várhelyi
et al. (2020), wherein the periodic influent load was stored during daytime and
scheduled for purification during the night. The proposed strategy was implemented
in a Romanian WWTP, and an overall energy reduction by 47% and effluent quality
improvement by 25% were achieved.

Despite ASP being very energy intensive, it continues to be the most popularly
utilized secondary treatment process in a WWS. More than 50% of the total energy
is consumed at the aeration stage and 12% in pumping operations, in a typical ASP
(Henriques and Catarino 2017). A substantial scope of energy reduction is possible
in the aeration stage by optimized air distribution, through variable aeration as per
the oxygen uptake rate (Rojas and Zhelev 2012). Installation of control devices on
blowers and aerators, using bubble aeration techniques, can also increase the energy
efficiency of the aeration stage (Panepinto et al. 2016). Conversely, alternative
wastewater treatment technologies to high energy-consuming ASP have to be
explored and implemented to reduce the overall energy demands (Gikas 2017).

Sludge treatment is the second most energy-intensive process in the WWTP,
after secondary treatment. The operational parameters—aeration flow rate, reaction
time, and sludge flow rate in two full-scale autothermal thermophilic aerobic
digestion process were optimized using the eSS algorithm (Rojas and Zhelev 2012).
The utilization of optimized values of these parameters garnered energy improve-
ment of 22% in the first single-stage system and 18% in the two-stage system. In
another study, the thermo-alkali pre-treatment resulted in an increase of specific
biogas production and specific methane production by 46.2 and 86.1%, respec-
tively, (Borzooei et al. 2019). The third most energy-intensive component of WWS
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is the wastewater pumping stations. Operational energy consumption of wastewater
pumping stations was reduced by 16.7% by implementing a data-driven opti-
mization using supervised and deep reinforcement for predictive control (Filipe
et al. 2019).

Operational modifications in the existing WWS may also reduce direct energy
consumption or indirectly facilitate lesser energy demand in the subsequent stages.
WWTP with pre-settling and sludge digestion facilities consumes 40% less net
energy than those without these stages. Pre-treatment processes applied to make the
sludge more accessible for anaerobic digestion and enhance methane production are
classified as mechanical, biological, chemical, or thermal (Borzooei et al. 2019).
Mechanical and chemical pre-treatment processes such as coagulation, flocculation,
and microsieving increase the sludge recovery from wastewater. Similarly, thermal
pre-treatment of the sludge before anaerobic digestion increased the methane pro-
duction, proportional to the duration and temperature applied. However,
pre-treatment processes signify that additional cost in the form of equipment or
chemicals is employed, and it should be ensured that it incurs proportional benefits.

10.4 Energy Production and Recovery in WWS

The internal energy embedded in wastewater can be recovered to a considerable
extent by implementing effective energy capturing and energy recovery techniques
during wastewater transmission, treatment, or disposal. Energy can be generated
onsite by transforming the energy stored in influent organic matter, nutrients,
kinetic energy of wastewater flow, residual heat in wastewater, to useable heat or
electricity (Gude 2015). The integration of wastewater treatment and energy pro-
duction in a WWS can reduce the net energy consumption to a great extent.
Alongside, the energy produced can also compensate for the carbon footprint of the
WWTP (Maktabifard et al. 2020). However, the pre-requisites for onsite energy
production from a WWTP are site specific, and each process needs to be specifi-
cally analyzed before implementation as it also entails high capital investment. The
scope of energy production and recovery from WWS is depicted in Table 10.1.

Energy recovery from wastewater has the highest potential to operate energy
efficient and economically sustainable WWS. The electric and heat energy gener-
ated on site in a WWTP can be reutilized in the energy-consuming units of the
WWTP, in heating and lighting the auxiliary infrastructures of the WWTP, and the
excess can be distributed to the nearby region (Gude 2015). The thermal energy
recovered from the wastewater can be used for district heating/cooling, drying
dewatered sludge, or for powering greenhouses (Hao et al. 2019). The algal bio-
mass produced by utilizing wastewater influent can be used as feedstock for pro-
ducing biofuels, with high recoverability through hydrothermal liquefaction,
pyrolysis, and gasification (Nagarajan et al. 2020).

Several steps can be undertaken to increase the recoverability of energy from
wastewater, along with its effective treatment. Higher production of biogas is
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Table 10.1 Scope of energy production and recovery from WWS

Process Input energy
component

Output energy
component

Advantages Disadvantages/
limitations

Solar and
wind power
generation

On-site solar
energy and
wind energy
at the
WWTP site

Electric
energy

• Use of massive areas
dedicated to
WWTPs, away from
population

• Clean energy
production for
on-site use in the
WWTP

• Large capital
investment

• Restrictions for
location of
WWTPs

• Appropriate
climatic
conditions
required

Chemical
energy
conversion

Biogas
produced
from
anaerobic
processes

Heat and
electric
energy

• High electricity
generation potential

• Produces 25–100%
of on-site energy

• Efficiency can be
increased by
pre-treatment and
co-digestion

• High installation
costs

• Cannot be
implemented
effectively in
small WWS

• Cost-effective
only for flow
rate >5 MGD/
18,500 cum/day

Chemical
energy
conversion

Biogas from
anaerobic
processes

Substitute
natural gas
(Bio-SNG)
and
biopolymers

• More
environmentally
efficient by-products
of biogas

• More energy
recoverability and
less GHG emissions

• Technological
barriers

• High investment

Incineration Incineration
of biosolids

Heat and
electric
energy

• High electricity
generation potential
if water content of
biosolids <30%

• Eliminates odor
generation

• A better option for
highly populated
regions with less
option for solids
disposal

• Harmful pollutants
released during

• High capital
investment

• Inconsistency in
quality of process

• Additional energy
required for
dewatering of
biosolids

Hydropower
generation
systems

Kinetic
energy or
potential
energy in
wastewater

Hydroelectric
energy

• Increase in dissolved
oxygen in effluent
and natural aeration

• Clean source of
energy

• Requires
significant kinetic
energy or
potential energy

(continued)
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obtained in an anaerobic MBR than in the conventional ASP with anaerobic
digestion. Furthermore, concentrated sewage and high temperature facilitate high
energy recoverability from its sludge. Energy recovery is also high if high specific
sludge loading rates and low sludge retention time can be maintained in the reac-
tors. Alternatively, sludge from WWTP can be mixed with kitchen/food waste (also

Table 10.1 (continued)

Process Input energy
component

Output energy
component

Advantages Disadvantages/
limitations

Heat recovery
systems

Thermal
energy from
wastewater

Heat energy
for cooling or
heating

• High energy
efficiency

• Low operations and
maintenance

• High recoverability

• Performs
optimally only in
moderate
temperature
regions

Microbial fuel
cells (MFC)

Microbial
metabolic
energy in
wastewater

Electric
energy

• Reduces excess
sludge to 20% of
conventional
systems

• Energy loss during
electricity
generation

• Low organic
utilization rate

• High capital costs

Microbial
electric cells
(MEC)

Electric
energy

Biochemicals
like hydrogen
and methane
gas

• High gas generation
potential for raised
wastewater
temperature and
organic VFA
content

• Outperforms MFC
in global warming
potential, resource
consumption and
carcinogen
production

• Unsatisfactory
hydrogen
recovery

• Low COD
removal

Microbial
desalination
cells

Metabolic
energy in
wastewater

Electric
energy

• Simultaneous
wastewater
treatment and
desalination

• Additional nutrient
removal

• Less energy
production than
MFC

• Membrane fouling

Microalgae
technology
(harvesting
microalgae in
wastewater)

Biochemical
energy in
algal
biomass

Bioenergy
products like
biodiesel

• Negative greenhouse
gas emission as it
utilizes CO2

• Reduces water
footprint of
biodiesel production
by 90%

• No additional
nutrients, except
phosphate is
required

• High cost of algal
cultivation

• Complex process
of species
selection,
harvesting,
dewatering, and
lipid extraction

SNG Synthetic natural gas, GHG Greenhouse gas, VFA Volatile fatty acids
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known as co-digestion) to increase biogas production (Guven et al. 2019).
Co-digestion of wastewater sludge can also be carried out with other lignocellulose
biomass. Such operational modifications garner a varying level of reduction in
on-site energy demand and increase the energy production potential of the process,
depending on site-specific conditions.

10.5 Energy Self-sufficiency in WWS

‘Energy self-sufficiency’ largely denotes an aspirational state of any system,
wherein its various components synergistically subsist and function, without little
or no external energy contribution (Müller et al. 2011). Synonyms like ‘energy
autarky,’ ‘energy autonomy,’ ‘energy independence,’ and ‘energy self-reliance’ are
also used in lieu of energy self-sufficiency (Engelken et al. 2016). WWS is a
tremendously energy-intensive subsystem of the urban water cycle, and designing
energy self-sufficient WWS is a rather challenging task. Overall energy
self-sufficiency in WWS can be demarcated as absolute or physical self-sufficiency
(no requirement of external energy) and relative self-sufficiency (use of locally
generated energy). Physical energy self-sufficiency is more or less impractical and
costly concerning a WWS, and hence, most WWS desires to attain only relative
energy self-sufficiency. Thus, energy self-sufficiency in a WWS can be denoted
either as energy-neutral (i.e., net energy consumed = overall energy produced) or
energy-positive (i.e., overall energy produced > net energy consumed).

Energy self-sufficiency in a WWS is the culmination of benefits garnered from
energy reduction, optimization, energy reuse, and decentralization of energy
sources, configured synergistically for overall energy benefits, as depicted in
Fig. 10.2. However, establishing energy self-sufficient systems may incur high cost
and a longer payback period, which should also be taken into consideration, while
choosing the alternatives to be implemented. Increasing the energy efficiency of
WWS is the first and foremost step toward energy self-sufficiency. Thereafter, more
than one energy-positive process needs to be employed to achieve this objective,
and very few studies have explored the scope of energy self-sufficiency in real
WWS. In one of the earliest studies, a hypothetical system for complete anaerobic
treatment comprising of co-generation of heat and electricity from methane as well
as membrane filtration and methane stripping for producing reusable water was
proposed (McCarty et al. 2011). However, the model was not substantiated with
data on a real system. In case of real WWS, the scope of attaining energy
self-sufficiency will also vary among different systems, depending on several
economic, socio-political, and regional factors. In a study carried out for Germany,
Engelken et al. (2016) established that the key driving factors for municipal
organizations to strive for energy self-sufficiency are tax revenues, environmental
awareness, and independence from private utilities.

One of the most obvious routes of attaining energy self-sufficiency is the pro-
duction of renewable energy or incorporating green energy resources at the WWTP
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to decentralize the energy system (Müller et al. 2011). The total energy con-
sumption in a WWTP in Korea was offset by 6.5% (payback time of 7.4 year) by
incorporating 100 kW photovoltaics, 10 kW small hydropower plants, and effluent
heat energy recovery system as green energy resources (Chae and Kang 2013).
Subsequently, it also led to the reduction of GHG emissions by 261 tonnes CO2e/
year. Another possible avenue for attaining energy self-sufficiency could be the
substitution of the energy-intensive subcomponents in the WWTP. Gikas (2017)
proposed an alternative treatment process, which eliminates the need for aeration in
WWTP. Nearly 85% of total suspended solids (TSS) and 65% of BOD5 in
wastewater was removed by using advanced microsieving and filtration and fol-
lowed by trickling filter with encapsulated denitrification. Further, biosolids con-
centrate obtained from sieving and filtration was dewatered and then partially
thermally dried to be ultimately used for thermal and electrical energy. This process
utilized 85% less energy than a conventional ASP and produced average energy of
0.085–0.115 kWh/m3, thus achieving an energy-positive system.

Conventional biological processes of wastewater treatment are highly energy
intensive. Liu et al. (2018) attempted to configure energy self-sufficient biological
treatment processes by combining more than two complementing methods with
optimization of operational parameters. The proposed systems were integrated
high-rate activated sludge and mainstream deammonification process, integrated
anaerobic anammox process, and anaerobic membrane bioreactor (MBR) coupled
with nutrient recovery. Synergistic effects of electrochemical, biological, and bio-
electrochemical wastewater treatment technologies were successfully used to
achieve energy self-sufficiency in a WWTP (Tang et al. 2019). The high energy
consumption in the electrochemical process was provided by energy produced from
wastewater using biological and bioelectrochemical processes. In another study, a

Fig. 10.2 Energy self-sufficiency as a culmination of all energy-positive efforts in a WWS
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24% increase in overall energy self-sufficiency was achieved by implementing
combined techniques like food waste co-digestion and improved aeration and solar
dryers in a WWTP in Germany (Macintosh et al. 2019). The plant increased its
energy self-sufficiency by 8%, solely by upgrading the rotary blowers used during
aeration, without affecting the effluent quality. Furthermore, the additional organic
load produced by the co-digestion of food waste was managed with minimal energy
requirement by installing solar dryers. The payback period of blower upgrade,
co-digestion facility, and solar dryer was 10 months, 17 months, and 30 years,
respectively.

10.6 Energy Assessment in WWS

Assessment of energy efficiency in a WWS is a crucial step towards the continual
performance evaluation of the systems. It has already been established that in
dynamic systems like WWS, low energy consumption does not necessarily imply
high energy efficiency. Moreover, since each treatment unit requires a different
volume of energy for its operation for the removal of varying degrees of target
pollutants, energy efficiency is a more representative parameter for comparison. The
increasing use of more energy-intensive advanced wastewater treatment processes
employed to remove recalcitrant pollutants, adhering to stringent effluent standards
or produce reusable effluents, has rendered energy efficiency assessment more
crucial for WWS in the present times. However, no two WWS are functionally and
operationally alike, due to which comparative assessment among them is not an
easy task, in the absence of standard energy benchmarking. To our best knowledge,
there is no universally accepted approach for energy evaluation in WWS, as of now.
Sporadic literature, addressing different aspects of energy analysis in WWS, is
available in research, with no comprehensive study to formulate a unified
framework.

Depending on the data availability, period of evaluation, and purpose of the
study, different energy assessment methods may be used in a WWS (Longo et al.
2019). One of the most popular methods of energy assessment in a WWS is energy
auditing. Energy audits of WWS are useful to obtain the total energy consumption
or overall energy efficiency of the individual components or the overall wastewater
management process, in a systematic manner (Henriques and Catarino 2017). It
provides the baseline energy consumption in the WWS under consideration, for
future comparison of energy consumption. It also facilitates in assessing the scope
of energy improvement within systems. The long-term analysis of WWS can be
carried out using energy analysis and lifecycle analysis (LCA). The energy of a
WWS signifies the total direct and indirect energy required for the transformation of
wastewater to treated water of the desired standard (Winfrey and Tilley 2016),
whereas LCA is a more comprehensive and long-term investigation of the trans-
formation process in WWS.
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The LCA of WWS can be carried out from the aspects of environmental impacts,
energy impacts, carbon emissions aspects, or cost aspects. Although essential for
understanding the ‘cradle-to-grave’ energy budget of the system, studies on LCA
from energy impacts have not been extensively explored for WWS (Lopes et al.
2018). Further, an in-depth analysis of the greenhouse gas emission in the WWS
can be specifically carried out using a carbon footprint analysis (CFA) (Maktabifard
et al. 2020). CFA is useful for assessing the impact of a WWS on climate change
and is often considered as a subset of LCA. All forms of greenhouse gas emissions
from a WWS such as CO2, CH4, and N2O are converted to CO2 equivalents in
terms of their global warming potential and expressed as CO2e in a CFA.

Energy benchmarking is another crucial aspect of energy evaluation in WWS.
Benchmarking studies are one of the most fruitful means of assessing the evolution of
energy consumption in WWS, over a long period, and also facilitate intercomparison
among different systems (Lorenzo-Toja et al. 2016). Benchmarking studies are more
pragmatic in nature as they highlight the energy hotspots in the system and also
reveal the degree of energy efficiency achievable through energy conservation. The
most popular approaches employed in energy benchmarking of WWS are normal-
ization, ordinary least squares, data envelopment analysis, and LCA (Longo et al.
2019). However, barring a few developed countries, comprehensive energy bench-
marking studies have not been carried out by most countries for WWS (Sabia et al.
2020). Continual energy benchmarking studies in Austrian wastewater utilities have
facilitated them to reduce energy consumption in the WWTPs by 30%. A preliminary
energy benchmarking exercise for two full-scale WWTP located in East Sussex,
England, was also carried out, by segregating the total energy consumption into
electrical, manual, mechanical, and chemical energy equivalent (Belloir et al. 2015).

Another vital aspect of energy assessment in a WWS is the representation of the
energy parameters obtained from real systems. As energy efficiency is a better
measure than energy consumption for WWS, the individual values of absolute
energy consumption are transformed into energy efficiency indicators (EEIs). The
EEIs provide a realistic and easily understandable platform for reporting and rep-
resenting raw energy data of WWS and play an effective role in the assessment of
energy management systems. Specific energy consumption (SEC), denoted by the
total energy consumed per volume of wastewater treated (kWh/m3), and energy
intensity (EI), denoted by the energy consumed per unit of profit incurred, are the
most widely used indicators in the WWS. However, due to the variable nature of
wastewater parameters, SEC may be a misleading indicator when it is used to
compare among different systems. Similarly, with no direct profit implications in
most wastewater infrastructure, EI is also not directly applicable in these systems.
Thus, SEC and EI were modified to formulate new EEIs for specific usability in
wastewater infrastructure (Vaccari et al. 2018; Niu et al. 2019). However, not all
EEIs proposed truly represent the energy efficiency of the system (Longo et al.
2019). Most of EEIs signify the overall energy consumption at best or merely a part
of it. Moreover, it is explicit that energy efficiency cannot be characterized by a
single EEI in case of a WWS, owing to the large number of variable parameters
involved in the process.
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The most prominent SEC-derived indicator is SEC/PEserved that has been utilized
in several studies for energy analysis (Longo et al. 2019). Alternatively, the energy
efficiency of specific treatment stages can be represented in terms of its constituent
pollutants removed, such as SEC/TSSremoved, SEC/CODremoved, SEC/BODremoved,
and SEC/N/Premoved (Lackner et al. 2014). At times, the major pollutants removed
by the WWTP are combined using weighted sum and SEC/pollutantsremoved is
computed. Although simple and straightforward, these indicators are still inade-
quate in terms of comprehensive energy efficiency analysis and benchmarking.
Nevertheless, these indicators have been used for energy audit and benchmarking
studies (Longo et al. 2019; Foladori et al. 2015). Benchmarking using an
index-based technique is easily computable, provided a reference benchmark is
established. Similarly, an energy audit of WWS with similar operational parameters
can also be easily compared based on EEIs.

Seventeen wastewater treatment plants of Portugal were investigated for ascer-
taining their EEIs (Silva and Rosa 2015). Four specific energy consumption indices
relating to the equivalent population, the volume of treated water, amount COD
removed, and the amount of total nitrogen removed were utilized to quantify the
energy efficiency in the largest WWTP in Italy (Panepinto et al. 2016). Energy
intensity of wastewater treatment plants of China for a wide range of influencing
factors such as treatment scale, technology, treatment degree, load factor, sludge
amount, age, topography, and wastewater collection area was determined by Niu
et al. (2019). Moreover, energy intensity values from different WWTPs from
around the world were also assimilated from the literature, and a comparative
analogy was carried out. Benchmarking of energy consumption of 200 wastewater
treatment plants in Italy was conducted by Vaccari et al. (2018), using three EEIs.
Different hydraulic stages of the WWTP are accessed using different energy indi-
cators. Out of these, SEC/PE/year proved to be a better indicator of energy effi-
ciency in WWTPs. Some of the SEC-derived EEIs used in case studies from
different WWS around the world are summarized in Table 10.2.

Apart from the SEC-derived EEIs in the mentioned studies, several new indi-
cators were introduced. Chae and Kang (2013) formulated an indicator called
energy independence, denoted as the percent ratio of green energy production to the
total energy consumed. The energy self-sufficiency of a WWS can be expressed in
terms of ‘energy self-sufficiency index’ denoted as the ratio of net energy con-
sumption to the gross energy consumption, and ‘degree of energy self-sufficiency’
represented as the ratio of locally generated energy to the local energy demand
(Engelken et al. 2016). An energy efficiency indicator called ‘sustainable value
indicator’ which correlated removal efficiency to the cost incurred and energy
consumed by the system (a—Satisfaction of needs/resources used) was proposed
(Henriques and Catarino 2017). This indicator effectively associates WWTP per-
formance with the involved resources. A novel index ‘specific energy consumption
index’ (EO) which denoted the total energy consumption per unit removal of total
oxygen demand (TOD) was proposed by Luo et al. (2019) for evaluating the
comparative energy consumption of 2022 WWTPs. This index is a better repre-
sentation of the true energy consumption of WWTPs with variable influent quality.
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Another composite indicator proposed by Longo et al. (2019) was ‘water treatment
energy index’ to represent the overall energy efficiency of WWTP. Individual
energy consumption indicators were fused into a ‘global index’ for energy per-
formance evaluation, classification, and benchmarking of WWS (Sabia et al. 2020).

Table 10.2 Energy efficiency indicators (EEIs) formulated for energy analysis in WWS

Region Number of
WWTPs

Indicators Unit References

China 2022 WWTPs Specific energy
consumption index

kWh/kgTOD Luo et al.
(2019)

Several
countries

601 WWTPs EC per cubic meter of
treated influent
EC per PE served
EC per kg COD removed

kWh/m3

kWh/PE/
year
kWh/kgCOD

Longo et al.
(2019)

China 85% of all WWTPs Energy intensity kWh/kgCOD Niu et al.
(2019)

Italy 241 WWTPs EC per PE served kWh/PE/
year

Vaccari et al.
(2018)

EC per cubic meter of
treated influent

kWh/m3

EC per kg COD removed kWh/kgCOD

Italy One WWTP
(largest in Italy)

EC per PE served SEC/PE Panepinto
et al. (2016)EC per volume of treated

influent
SEC/m3

EC per kg of COD
removed

SEC/kgCOD

EC per kg of nitrogen SEC/kg N

Italy 5 WWTPs EC per volume of treated
influent

kWh/m3 Foladori et al.
(2015)

EC per kg of BOD/COD kWh/kgCOD

EC per year per PE
served

kWh/PE.year

EC per year per designed
PE

kWh/PE.year

Capacity utilization (CU) PEserved/
PEdesign

Portugal 17 WWTPs EC per cubic meter of
treated influent
EC per kg of BOD5

removed
EC per kg COD removed
Energy production from
biogas
Net use of external
energy source
Electrical energy costs

kWh/m3

kWh/BOD5

kWh/COD
kWh/m3

(or %)
kWh/m3

€/m3

Silva and Rosa
(2015)

EC Energy consumption, PE Population equivalent
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10.7 Conclusions

The global decline in the sustainable supply of water and energy resources and the
concerns regarding rising carbon emissions have impelled all urban municipalities
to reimagine the operations and functioning of WWS. Modern wastewater man-
agement systems need to be established not only to control water pollution but also
to transform the wastewater into water and energy resources. However, establishing
an efficient WWS requires a huge investment, in terms of finance, energy, infras-
tructure, and skilled manpower. The failure to recognize wastewater management as
a profitable enterprise garnering environmental and economic benefits has also led
to neglecting these services, especially in the low-income countries.

Energy balance in a WWS comprises of three crucial aspects—internal energy
present in the wastewater, external energy consumed in wastewater treatment and
prospects of energy production or recovery from the wastewater. The primary
energy constituents of wastewater are chemical energy, thermal energy, and
hydraulic energy, which can be recovered as electricity, heat, and biofuels. Apart
from energy, several economic by-products such as reclaimed water, nitrogen,
phosphorus, and organic fertilizer can also be recovered. Additionally, a significant
portion of the energy consumed in a WWS can be reduced through optimized
design and maintenance, increasing sewage load and renovating old systems.

Theoretically, wastewater contains almost ten times the energy that is required
for its treatment, which establishes the possibility to develop energy-neutral or even
energy-positive WWS. However, several other factors may become crucial in
recovering energy from real WWS. Technological barriers, high investment cost,
and longer payback period are the major constraints for the implementation of these
techniques. Moreover, quantification and evaluation of energy in different stages of
the WWS and comparison among different systems have become imperative for the
continual energy management of the systems. In this regard, EEIs developed
specifically for WWS can bring in the ease and practical applicability to the process
of energy evaluation and process benchmarking. Such an index-based energy
analysis of WWS helps is fruitful in identifying the stages and factors leading to
higher energy efficiency and developing best management practices.
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Chapter 11
Prediction of Hospital Visits
for Respiratory Morbidity Due
to Air Pollutants in Lucknow

Shubhanshu Tripathi, Himanshu Sharma, and Tarun Gupta

Abstract Various epidemiological and toxicological studies have shown an
association between air pollutants and their risk of respiratory morbidity and
mortality. Only a few studies have been conducted in India, which evaluates the
impact of seasonal air pollution on data on respiratory morbidity. Machine learning
models like random forest regression are employed in the present context to predict
the change in number of hospital visits for respiratory morbidity associated with the
change in concentration of various air pollutants in the atmosphere and to study the
effect of potential confounders like temperature and humidity, and also seasonal
effect in Lucknow, India, for period of 2017–18. The results of the model revealed
that a decrease of 16 patients daily is predicted if there is a reduction in the ambient
concentration of PM2.5 to National Ambient Air Quality Standards (NAAQS) in the
city of Lucknow in one government hospital. SO2 increases the number of respi-
ratory patients as its ambient air concentration increases. It is observed that with
2 µg/m3 increase from 18 to 20 µg/m3 increased to nearly four patients. The
synergistic effect of PM2.5 and NO2 is the most harmful for the citizens of Lucknow
City. This study provides evidence that respiratory morbidity increases with an
increase in the concentration of air pollutants in Lucknow. The post-monsoon
season is considered as the most polluted period of the year with a higher number of
hospital visits.

Keywords Morbidity � Mortality � Lucknow � PM2.5 � Particulate matter �
Confounders � Predictor � Exposure � NAAQS � CAAQMS

S. Tripathi � H. Sharma � T. Gupta (&)
Department of Civil Engineering, Indian Institute of Technology Kanpur,
Kanpur, Uttar Pradesh 208016, India
e-mail: tarun@iitk.ac.in

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2021
S. Singh et al. (eds.), Pollution Control Technologies, Energy, Environment,
and Sustainability, https://doi.org/10.1007/978-981-16-0858-2_11

231

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-0858-2_11&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-0858-2_11&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-0858-2_11&amp;domain=pdf
mailto:tarun@iitk.ac.in
https://doi.org/10.1007/978-981-16-0858-2_11


11.1 Introduction

There has been a large number of epidemiological studies conducted that assessed
short-term health effects of fine particulate matter pollution, with emphasis on
mortality and morbidity. Although the adverse health effects vary across the country
predominantly due to geographical location, pollution levels, sources of emission,
lifestyle, population distribution, etc, these epidemiological studies have focused
mainly on particulate matter pollution (Health Effects Institute 2018; Anderson
et al. 2001; Garrett and Casimiro 2011). According to the Health Effects Institute
(2018), particulate matter (PM) air pollution from several significant sources was
responsible for approximately 1.1 million deaths, or 10.6% of the total number of
deaths in India in 2015. Combustion burning sources like crop residue burning,
residual biomass burning, coal combustion, and transport, distributed diesel are the
main contributors to PM2.5 (Health Effects Institute 2018) attributable to disease
burden. Earlier it was debated that low PM levels are not adversely affecting human
health (Holland 1979) while, later, it was seen that PM is harmful even at low levels
(Ware et al. 1981). There were several studies relating to ambient air pollution with
daily admissions in hospitals (Schwartz 1998; Wang et al. 2013), but only a handful
was performed in India. It says that cases of respiratory problems such as asthma in
Delhi and Mumbai were predominant in regions that had a higher level of ambient
air pollution. (Health Effects Institute 2010). Studies like (Awasthi et al. 2010;
Gupta et al. 2016) were focused on episodic extreme air pollution levels attributed
to crop burning in the post-monsoon period in India where the higher incidence of
acute respiratory ailments was reported. One such study stated that ambient con-
centration of PM2.5, SO2, O3, and NO2 was firmly related to personal PM2.5

exposure through which it can be said that ambient level can act as a surrogate for
personal exposure (Sarnat et al. 2001).

Many studies incorporated time series to study the effects of air pollution on
mortality and morbidity using classical regression models (Katsouyanni et al. 1997;
Sarnat et al. 2001; Anderson et al. 2001; Garrett and Casimiro 2011). Time series
analysis between air pollution and hospital visits for respiratory problems has
shown a significant association between each other (Cropper et al. 1997). Some of
these were conducted using machine learning algorithms to estimate the health
outcomes from multiple sources and the possible co-relation and interactions
between these variables (Patel 2017). A study was conducted to assess the rela-
tionship between emergency visits for pediatric asthma from pollutants like PM2.5,
CO, NO2, and O3 using classification and regression trees (CART) algorithm (Gass
et al. 2014). Random forest, which work on the similar principle uses several such
decision trees, was used in recent epidemiological studies like the one which (Kane
et al. 2014) compares the random forest time series analysis model with standard
time series method autoregressive integrated moving average (ARIMA) to predict
outbreaks of avian influenza H5N1. The random forest approach performed better
than the ARIMA model to predict outbreaks of avian influenza. Another study in
the UK (Weng et al. 2019), which predicted premature all-cause mortality using
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random forest and standard epidemiological approaches, found random forest to
perform better than existing conventional methods.

Epidemiological and biomedical research study encounters many confounders,
and to understand them, the concept of directed acyclic graphs (DAGs) is used in
such studies (Shrier and Platt 2008). Judea Pearl (Greenland et al. 1999) introduced
DAGs in epidemiology, and since then, it has been used in many such studies to
identify confounder as it has proven to reduce bias (Shrier and Platt 2008).
A confounder has a causal relationship with both predictor variables and response
variable, and it can be explained by a DAG as shown in Fig. 11.1. Ambient tem-
perature has been studied as a cause of morbidity and mortality for hundreds of years
(Basu and Samet 2002). In a review study, which identified 38 studies on morbidity
due to temperature concluded that there is 2.0% increase in respiratory illnesses with
an increase of 10 °C in temperature (Turner et al. 2012). A study in Texas reported
that there was a mortality risk between 0.1 and 5% for a 1 °C decrease in temperature
below the cold threshold (Chen et al. 2017). Temperature also affects the concen-
tration of pollutants in the ambient atmosphere. During inversion, mixing is con-
stricted during stable atmospheric condition as it decreases vertical airflow and traps
the pollutants below inversion layer, which in turn increase the concentration of
pollutants at ground level (Oke 2002). In Delhi, it has been found that the concen-
tration of ground-level ozone increases in summers and decreases in winters and
monsoon seasons (Jain et al. 2005). Relative humidity also enhances the respiratory
problems in people suffering from chronic obstructive pulmonary disorder (COPD) at
low temperatures (Mu et al. 2017). In a study done in Cairo, Egypt provides evidence
that the relative humidity changes the tropospheric air pollutant concentration in an
urban city, the highest average concentrations for sulfur dioxide and particulate
matter occurred when relative humidity was above 80% (Elminir 2005).

In this study, we predict the number of patients who are registering at respiratory
outpatient department (OPD) by developing a random forest regression model
which takes concentration of pollutants as predictor variables and the number of
patient visits as the response variable. Temperature and relative humidity were
identified as confounders and were taken into account for prediction. Individual and
synergistic effects of pollutants were determined by varying the concentration of
different air pollutants such as PM2.5, SO2, O3, and NO2 in the model and analyzing

Fig. 11.1 DAG representing
a confounder
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the trends of patient visits. We also determined at what time of the year the highest
and the lowest number of patient visits has been recorded and the corresponding
scenario of concentration of air pollutants.

11.2 Materials and Methods

11.2.1 Study Area

This study has been carried out in the city of Lucknow (26° 51′ N, 80° 55′ E), the
capital city of Uttar Pradesh, which is the most populated state of India. It is the
second-largest city in the northern and central regions of India (Lawrence and
Fatima 2014), with an area of 310.1 km2. It lies in the central part of Indo-Gangetic
Plains (IGP), which is a highly polluted region in terms of air quality. Lucknow is
one of the most polluted cities in Southeast Asia, the most polluted region in the
world. Due to the lack of adequate public transport, most people use their own
vehicles. There are around 13 lakh vehicles in Lucknow in 2011–12, with an
increase of 8.68% (Kisku et al. 2013). The pollution sources in the city include
vehicular emissions, construction activities, industrial emissions, and biomass
burning. Lucknow lies in the downwind direction, which brings crop burning
residue and other pollutants from the upwind direction (Lawrence and Fatima
2014). The city was chosen for the study because of its variation in pollution levels
throughout the year and its administrative and industrial importance.

11.2.2 Hospital Data

Health data was obtained from a government hospital named Shyama Prasad
Mukharji (Civil) Hospital (260 50′ 40.83′′ N, 800 56′ 56.50′′ E), which is located
in Hazratganj, Lucknow. We collected data from the registration office of the
respiratory outpatient department (OPD) for the daily number of patients who are
going to the respiratory department from July 1, 2017, to July 31, 2018. The total
number of patients registered during this period was 36,019, which shows the
large-scale operation of the hospital. A total of 323 days of observations were
identified as the department is closed on public holidays.

11.2.3 Pollutant and Meteorological Data

We collected pollutant data from Central Pollution Control Board’s (CPCB’s)
network of continuous ambient air quality monitoring stations (CAAQMS) in
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Lucknow. The stations were located in Lalbagh, Nishatganj, Central School, and
Talkatora industries. The location of these four monitoring stations and the hospital
is given in Fig. 11.2. The data was retrieved from the CPCBs Web site (CCR, n.d.),
which generates real-time data from CAAQMS. An average of 96 observations was
taken from 00.00 to 23.59 h to calculate the daily average concentration of a
pollutant in micrograms per cubic meter (µg/m3). In this study, daily average
concentrations of PM2.5, SO2, NO2, and O3 were considered as they are attributed to
higher incidences of respiratory illnesses. For calculating the daily average con-
centration of pollutants in the city of Lucknow, we take the average of four
observations and we obtained from four monitoring stations. By doing this, the bias
is reduced, which may be increased if we take data from one station.

We take two meteorological parameters temperature and relative humidity (%)
as our potential confounders in this study. For relative humidity, we calculate the
average of the daily average humidity obtained from the four monitoring stations
for the period between July 2017 and July 2018. We take the daily average tem-
perature in degree Celsius from the weather underground Web site (Local Weather
Forecast, News and Conditions | Weather Underground, n.d.), which provides
real-time and historical weather information all around the world.

Fig. 11.2 Location of automatic monitoring stations and civil hospital in Lucknow
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11.2.4 Data Formatting

We arrange the data in datewise format where the number of respiratory patients,
the concentration of pollutants, temperature, and relative humidity were taken in
separate columns. The concentration of pollutants and meteorological parameters
was taken as predictor variables. Thus, there were in total six predictor variables,
namely PM2.5, SO2, NO2, O3, relative humidity (%), and temperature (°C). For the
time series analysis, we lagged all the six predictor variables by 24 and 48-h such
that each predictor had three variables, i.e., for the same day, yesterday, and the day
before yesterday.

11.2.5 Data Analysis

We analyze the daily variation of pollutants and meteorological parameters from
July 2017 to July 2018 in Lucknow and plotted them, as shown in Fig. 11.3. We
observed that the pollution levels are higher during the post-monsoon season from
October 2017 to February 2018 and lower during monsoon season (June–July). We
then plot a graph shown in Fig. 11.4, the average and standard deviation of pre-
dictor variables for 323 data points. It was observed that the average concentration
of PM2.5 was 114.17 µg/m3 in Lucknow City, which is much higher than NAAQS
2009 standards (40 µg/m3), and PM2.5 had a standard deviation of 81 µg/m3, which
shows that it had considerable variation much throughout the year. We observed
that the average concentration of other pollutants was below NAAQS 2009 stan-
dards, but we considered them in our study as they still can cause respiratory
morbidity at concentration reported in Lucknow.

Before developing the model, the data was split into two datasets, namely the
training dataset for training the model and the test dataset for testing the model’s
performance. For this, 80% of the data was used as a training dataset and rest 20%
as a test dataset to measure the model’s accuracy and standard error. We added
random state and seed function before splitting the data so that the model gives the
same random split next time it is used to compare the model performance for tuning
the model’s hyperparameters. The random forest has hyperparameters like the
number of trees, the depth of the trees, the number of features, and the minimum
samples required for the split. For evaluating hyperparameters, we used a ran-
domized search cross-validation function along with threefold cross-validation.
A grid was made using starting, end and spacing values of these hyperparameters
and the model was cross-validated using threefold combination on every combi-
nation on that grid. Using this methodology, we got the best values for that
hyperparameters and those were used in the regression model (Table 11.1). For
evaluating the performance of the model, we calculate the coefficient of determi-
nation (R2) between the predicted and the actual number of patients to find the
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Fig. 11.3 Yearlong variation of predictor variables a PM2.5. b NO2 (Nitrous oxide). c O3

(Ozone). d SO2 (Sulfur dioxide). e Relative humidity. f Temperature
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association between them, the mean absolute error by taking the mean of the
difference between the predicted and the actual patients and the mean absolute
percentage accuracy (which is equal to (100—mean absolute percentage error)).

Fig. 11.3 (continued)
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11.3 Results and Discussions

11.3.1 Causation Analysis

Before making a regression model, it is necessary to analyze the causation between the
predictor and outcome variables. To establish it, we found the concentration of pol-
lutants on the day of the top 10 highest patient visits for 323 observations recorded
between July 2017 and July 2018, as shown in Table 11.2. And, in order to compare
this, the observations on the days of the top 10 lowest visits as shown in Table 11.3
were sorted. It is seen from Table 11.2 that the highest number of patient visits is
observed in most polluted days. We observed that seven out of these ten observations
from Table 11.2 are in the month of October, which coincide with large-scale crop
residue burning activity rampant throughout the IGP, very prominent in the Punjab and
Haryana states upstream of Lucknow. The day when highest patients came to the
hospital, the PM2.5 concentration was measured to be 199.02 µg/m3, which is more
than three times of NAAQS of 60 µg/m3, and it was also more than sum (195.32 µg/
m3) of annual average (114.17 µg/m3) and one standard deviation (81.15 µg/m3) of the
323 observations in the data given in Fig. 11.4. We then plotted a graph, as shown in
Fig. 11.5, in order to compare the average concentration of pollutants on the days of
highest and lowest patient visits at the hospital. We had seen from Table 11.3 that five
out of the ten days in the lowest patient visits dayswere from themonth of July, which is
one of the cleanest months in terms of air quality. Monsoon rains are attributed
to settling down of the dust and small particles, which decreases the pollutant

Fig. 11.4 Average and standard deviation of the yearlong observation
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concentration.Most of the days shown in Table 11.3 have concentrationwell below the
NAAQS, by which we can say the respiratory morbidity increases with an increase in
the concentration of pollutants and vice versa.

11.3.2 Random Forest Regression Model

We made our predictions on the test dataset, which had 66 observations, and the
predicted values were rounded off to the nearest natural number as the number of
patients cannot be in decimal values. The model gave the predictions of the number
of respiratory patients on the corresponding values of predictor variables (without
time-lagged variables) given in the test dataset. Figure 11.6 gives a comparison of
the predicted number of patients and actual patients that visited the hospital on the
randomly selected 66 observations (20% of 323 observations). From Fig. 11.6, it
can be observed that the model is able to detect the peaks and lows in the number of
patients, but it is not able to reach the highest peaks and lowest lows. For this, the

Table 11.1 Best hyperparameters values obtained after threefold cross-validation

Hyperparameters Grid values Description Values

N estimators Start = 50 Stop = 2000
Spacing = 30

Number of trees 1394

Min samples
split

2,5,10 Minimum number of samples to
split a node

2

Min samples leaf 1,2,4 Minimum number of samples
required at a leaf node

1

Maximum depth Start = 10 Stop = 200
Spacing = 16

Maximum depth of trees 149

Table 11.2 Concentration of pollutants on days of the highest respiratory morbidity

Date Daily average
PM2.5 (lg/m

3)
Daily
average
O3 (lg/m

3)

Daily average
NO2 (lg/m

3)
Daily
average
SO2 (lg/m

3)

Number of
respiratory
patients

24-10-2017 199.02 26.64 75.93 21.08 206

16-10-2017 140.13 22.25 55.24 9.52 199

25-10-2017 208.16 31.81 91.43 26.10 196

21-08-2017 47.68 12.45 46.55 6.59 180

05-10-2017 59.55 17.27 39.01 7.40 179

30-10-2017 157.63 37.45 59.05 10.15 178

03-08-2017 42.76 8.39 21.62 4.9 173

06-11-2017 178.65 33.76 51.58 8.59 172

26-10-2017 176.24 21.8 84.93 22.06 171

12-10-2017 91.94 21.00 40.14 6.05 170
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model’s performance parameters obtained are shown in Table 11.4. In order to
improve the model’s performance, we introduced the time-lagged concentration of
pollutants and the confounders as additional predictor variables of one day and two
days before so that the number of variables is now increased from six to eighteen.
The time-lagged concentrations of pollutants were used as additional predictor
variables as the pollutant concentration of one day and two days before might affect

Table 11.3 Concentration of pollutants on days of lowest respiratory morbidity

Date Daily average
PM2.5 (lg/m

3)
Daily
average
O3 (lg/m

3)

Daily average
NO2 (lg/m

3)
Daily
average
SO2 (lg/m

3)

Number of
respiratory
patients

02-09-2017 22.39 18.12 13.39 4.69 33

07-08-2017 48.19 86.51 83.15 3.79 38

14-04-2018 59.15 38.52 39.45 10.31 38

14-07-2018 33.66 49.34 24.33 9.56 39

26-07-2018 17.62 11.04 25.61 7.59 40

12-05-2018 121.92 41.45 38.95 10.87 43

13-01-2018 255.70 19.63 39.94 9.39 43

30-07-2018 27.72 12.79 25.79 6.01 45

31-07-2018 13.35 64.61 20.97 5.81 47

28-07-2018 33.69 13.60 29.10 6.85 48

Fig. 11.5 Comparison of the average concentration of pollutants on days of highest and lowest
morbidity
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Fig. 11.6 Comparison of the predicted and actual number of patients on test dataset for random
forest regression

Table 11.4 Model’s performance parameters for random forest regression

Model’s performance parameters Values

Coefficient of determination (R2) 0.35

Mean absolute error 20 patients

Mean absolute percentage accuracy 81.4%

Fig. 11.7 Feature importance of predictor variables in the time-lagged random forest model
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the number of respiratory patients coming on a particular day. Feature importance
function was used from Scikit-learn library to obtain the importance of each pre-
dictor variable. The graph of feature importance is shown in Fig. 11.7. It gives
importance to a feature based on how the accuracy of the model decreases if a
particular variable is removed. Based on the magnitude of the change in accuracy, it
gives the value of the importance of a predictor variable. We used seventeen
variables; 48-h lagged relative humidity was the least important variable in pre-
dicting, so it was dropped. Hyperparameter tuning using random search threefold
cross-validation for the time series lagged model gave the best hyperparameters
values as given in Table 11.5. The model with lagged predictor variables was tested
on the test dataset, and random state and seed function were applied so that the
splitting of data is similar, so that model’s performance can be judged with the
earlier model. Figure 11.8 gives the comparison obtained between the predicted
number of patients and the actual number of patients coming to the hospital from
this model. It was observed that this model is giving predictions that are much
closer to the actual number of patients, but still, the highest peaks are not reached in
the prediction from the model. Seasonal analysis might give better results in giving
the highs and lows of the number of patients. The performance parameters are
given in Table 11.6, which suggests that after adding the time-lagged predictor
variables, the model’s performance improved as R2 score and mean absolute per-
centage accuracy were higher.

11.3.3 Individual Pollutant and Confounders Effect
on Respiratory Morbidity

For interpretation, the random forest is not as good as other models like logistic
regression, linear regression, since this model does not gives an equation describing
the relationship between predictor variables (pollutants and confounders) and the
response variable (daily number of patients visits). This model is a black box
(Breiman 2001); there was no equation that could report this. Individual pollutants
are taken, and their concentration is then increased by fixed interval (keeping other
parameters at the average level obtained for 323 observations), and the output
(patients) was recorded to assess its association with respiratory morbidity. Starting
with PM2.5, it was varied from 30 to 180 µg/m3 with an interval of 10 µg/m3

(keeping the same increment in 24-h and 48-h lagged concentration of PM2.5) as
shown in Fig. 11.9. The increase in the number of patient visits saturated after
160 µg/m3. According to the model, if the concentration of PM2.5 is restricted to
NAAQS (60 µg/m3), a decrease of 16 patients daily at respiratory OPD is observed
and with comparing from WHO guidelines (25 µg/m3), a decrement of 32 patients
is observed. The results are from one hospital of Lucknow, and there are several
other hospitals. If on an average, the amount spent for treatment of one patient is
rupees 100, this will save approximately 5 lakh rupees annually (according to
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NAAQS decrement of PM2.5). For assessing the effect of NO2, PM2.5 was kept at
24-hour average standard given in NAAQS for 24-hour average (while others were
kept at average obtained from 323 observations), i.e., 60 µg/m3 because the annual
average concentration of PM2.5 is very high in Lucknow. NO2 has an increase in the

Table 11.5 Best hyperparameters for time series model obtained after threefold cross-validation

Hyperparameters Grid values Description Values

N estimators Start = 50 Stop = 2000
Spacing = 30

Number of trees 219

Min samples split 2,5,10 Minimum number of samples
to split a node

5

Min samples leaf 1,2,4 Minimum samples required
at a leaf node

1

Maximum depth Start = 10 Stop = 400
Spacing = 50

Maximum depth of trees 352

Fig. 11.8 Comparison of the predicted and actual number of patients on test dataset for
time-lagged random forest regression

Table 11.6 Model’s
performance parameters for
time-lagged random forest
regression

Model’s performance parameters Values

Coefficient of determination (R2) 0.43

Mean absolute error 18 patients

Mean absolute percentage accuracy 82.9%
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number of patients as its concentration increases, and it gets saturated after an
increase to 90 µg/m3 to 130 patients, as shown in Fig. 11.10. It was observed from
Fig. 11.10 that at NAAQS for NO2 (80 µg/m3 for 24-h mean average), the number
of patients is 124. This high number of patients suggests that there is a need to
lower down the NO2 levels to even below the NAAQS. At 38 µg/m3, the increment
of 5 µg/m3 will lead to an increase of 4 patients daily. SO2 had the highest feature
importance among other pollutants. With 2 µg/m3 increase from 18 to 20 µg/m3, it
was observed that there is an increase of nearly 4 patients, as shown in Fig. 11.11.
This was a significant amount of increase in the number of patients with a small
increase in SO2 concentration in the ambient atmosphere. As shown in Fig. 11.12,

Fig. 11.9 Change in respiratory patients with increment in PM2.5 concentration

Fig. 11.10 Change in respiratory patients with increment in NO2 concentration
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for ground-level ozone, the model suggested that it does not have a direct rela-
tionship with the number of patient visits. Some studies have shown the relation of
ground-level ozone with respiratory morbidity (Bernstein et al. 2004), which led to
hypothesizing that ozone might become harmful in combination with other pollu-
tants. From Fig. 11.13, it can be seen that in the winter season, the number of
respiratory patients increased until temperature reached 26 °C. Beyond 26 °C, in
summers, it is observed in Fig. 11.13 that the number of respiratory patients is
lesser compared to winters. Relative humidity (RH) has also been attributed to an
increase in COPD patients and hence increased the number of respiratory patients
(Mu et al. 2017). Relative humidity varies from 25 to 99% in the Lucknow City; its
effect on the number of patient visits is shown in Fig. 11.14. There was no direct
relationship obtained between them. At very high humidity, above 90%, RH
increment was accompanied by an increase in the number of respiratory patients.
And between 70 and 80%, there was a decrease obtained in the number of patients.

Fig. 11.11 Change in respiratory patients with increment in SO2 concentration

Fig. 11.12 Change in respiratory patients with increment in O3 concentration

246 S. Tripathi et al.



11.3.4 Synergistic Effect of Pollutants

Health studies have shown short-term exposure to PM2.5 increases the risk for
hospital admission for cardiovascular and respiratory diseases (Dominici et al.
2006). PM2.5 has a very high annual average concentration of 134 µg/m3 in
Lucknow. This explains that PM2.5 is the key causal factor for respiratory morbidity

Fig. 11.13 Change in respiratory patients with increment in temperature

Fig. 11.14 Change in respiratory patients with increment in relative humidity
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compared to any other pollutants. A combination of PM2.5 and other pollutants as
given in Table 11.7 were analyzed to evaluate their effect on daily respiratory
patient visits in a hospital. The effect of PM2.5 and NO2 is shown in Fig. 11.15.
Both PM2.5 and NO2 were varied in the same manner as they were varied during
assessing the individual effect. From Fig. 11.15, it was observed that the patients
are increasing at a higher slope in the initial phase, where the concentration is low
and it reached saturation at 147 patient visits. This suggested that the increase in the
number of patients is higher, with a small increase in concentration at lower levels.
The combination of PM2.5 and SO2 can also increase respiratory morbidity, as
shown in Fig. 11.16. PM2.5 was varied in the same manner, and SO2 increased from
8 to 38 µg/m3 with an interval of 2 µg/m3. The slope is observed to be higher at
low concentrations and reaches almost zero as the concentration increases. The
increment saturated at 132 number of patients. If ozone combines with PM2.5, then

Table 11.7 Number of patients above daily annual average concentration of pollutants

Pollution
levels

Daily average
PM2.5 (lg/m

3)
Daily
average
O3 (lg/m

3)

Daily average
NO2 (lg/m

3)
Daily average
SO2 (lg/m

3)
Number of
respiratory
patients

l 114.17 33.13 38.04 9.55 118

l + r 195.32 53.6 55.6 16.75 127

l + 2r 276.47 74.07 73.16 23.95 135

Fig. 11.15 Combine effect of PM2.5 and NO2 on respiratory morbidity
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there was an increase in respiratory morbidity, as shown in Fig. 11.17. PM2.5 was
varied in a similar manner, and ozone increased between 10 and 85 µg/m3 with an
interval of 5 µg/m3. The results are the same; at lower levels, the increment in the
patient’s visits is observed to be very high and later it saturated at higher levels of

Fig. 11.16 Combine effect of PM2.5 and SO2 on respiratory morbidity

Fig. 11.17 Combine effect of PM2.5 and O3 on respiratory morbidity
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concentration of pollutants. PM2.5 and NO2 was considered as more harmful than
others as they saturated at 147 patients, which is highest among all other
combinations.

11.4 Conclusions

This study demonstrated the change in trends of the number of patients visits for
respiratory morbidity in association with the change in concentration of various air
pollutants in Lucknow City for the period of 2017–2018. The post-monsoon season
which is the most polluted season in the year, recorded the highest daily registration
of patients with respiratory ailments. The model results show that PM2.5, SO2, and
NO2 increased the number of patients when their ambient air concentration
increased while ground-level ozone did not give a direct relationship with the
number of patients. The synergistic effect of NO2, SO2 and O3 with PM2.5 shows an
increasing trend of the number of patients visits. This study shows that the syn-
ergistic effect of PM2.5 and NO2 among other combinations in ambient air is very
harmful for the citizens of Lucknow City as the number of patients was saturated at
147 in the regression model, which is the highest. It is not feasible to suggest that
the concentration of pollutants can be brought below NAAQS. However, appro-
priate mitigation measures should be taken to improve air quality which might look
like an economic hindrance, but in the long run, it will improve the health of the
citizens and the economy of our country.
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Chapter 12
Technologies for Controlling Particulate
Matter Emissions from Industries

Manoranjan Sahu, Vasudev Malyan, and Y. S. Mayya

Abstract In recent years, deterioration of air quality has become a matter of
serious concern due to its adverse impacts on human health, local and global
climates. These concerns will continue to remain a challenge owing to the inevi-
table industrial growth to achieve economic progress of the population coupled with
inadequate implementation of air pollution control measures. Reducing the emis-
sion of pollutants to the atmosphere is indispensable to protect the environment and
improve the quality of life. Effective control strategies must be developed to cope
up with the existing pollution level and reduce the pollutants emission from various
sources. Apart from control strategies such as limiting the emissions at the source
and tightening regulations on air pollution, development and deployment of air
pollution control devices are necessary to reduce the pollutants before emitting to
atmosphere. The aim of this chapter is to review the current available devices used
to control particulates in industries and recent development of new emerging
technologies to control particulate matter emission.

Keywords Air pollution � Control strategies � Particulate matter � Emerging
technologies

12.1 Introduction

Air pollution is one of the leading causes for multitude of adverse impact on human
health, ecosystem, and global climate. The World Health Organization
(WHO) declared air pollution as the largest environmental health risk causing
nearly 7 million deaths in 2012 (WHO 2014). It is one of the leading risk factors to

M. Sahu (&) � V. Malyan
Environmental Science and Engineering Department, Indian Institute of Technology,
Bombay 400076, India
e-mail: mrsahu@iitb.ac.in

Y. S. Mayya
Department of Chemical Engineering, Indian Institute of Technology, Bombay 400076, India

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2021
S. Singh et al. (eds.), Pollution Control Technologies, Energy, Environment,
and Sustainability, https://doi.org/10.1007/978-981-16-0858-2_12

253

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-0858-2_12&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-0858-2_12&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-0858-2_12&amp;domain=pdf
mailto:mrsahu@iitb.ac.in
https://doi.org/10.1007/978-981-16-0858-2_12


public health responsible for nearly 5 million deaths per year around the world
(Ritchie and Roser 2020). From an Indian perspective, out of twenty most polluted
cities around the world, thirteen are in India (World Economic Forum 2015),
attributable to over 1.2 million early deaths in the country in 2017 (Balakrishnan
et al. 2019). PM is emitted from a wide range of natural and anthropogenic sources.
PM emissions from natural sources include sea salt, airborne soil or dust, pollen and
natural gaseous precursors. However, from a control perspective, anthropogenic
sources such as fossil fuel combustion, chemical production, and other industrial
sources need attention. India’s PM emissions arise mainly from three anthropogenic
sources: (1) residential biomass fuel burning (for cooking and heating), (2) burning
of coal in power plants and other industries, and (3) open burning in the fields
(Venkataraman et al. 2015). These sources also emit precursor gases in large
quantities such as SO2, NOx and non-methane volatile organic compounds
(NMVOCs) that form PM in the atmosphere. Other anthropogenic sources of PM
are vehicles and agricultural activities. However, reliable and accurately quantified
emission inventories are currently not available for many countries including India.

Air pollutants can be classified as either primary (directly emitted from sources)
or secondary (primary pollutants react and transformed in the atmosphere). Out of all
the toxic pollutants in the atmosphere, particulate matter (PM) is the principal pol-
lutant in outdoor as well as indoor air pollution (Jang 2012). PM is defined as ‘a
complex, multipollutant mixture of solid and liquid particles suspended in gas’
(Ristovski et al. 2012). They can be emitted directly into the atmosphere (primary
PM), or they can be formed from gaseous precursors (secondary PM). PM is clas-
sified into three categories: coarse particles (>2.5 µm), fine particles (0.1–2.5 lm),
and ultrafine particles (<0.1 lm). PM is further categorized as PM10 and PM2.5

based on the aerodynamic diameter of particle (EPA 2016). The aerodynamic
diameter of a particle is equivalent to the size of a sphere of unit-density and same
settling velocity as the particle (Suh 2009). Essentially, particles below 2.5 lm are
capable of deeper penetration into the pulmonary region and hence are a cause for
greater concern as compared to coarser particles, which essentially deposit in the
upper respiratory tract and are generally cleared by mucociliary action (Yang et al.
2019). Apart from size, the properties of the PM such as chemical composition,
morphology, surface area, and other physicochemical properties determine the
impacts on health and environment and these properties vary depending on the
sources of pollutant. The inhalable particles are a major health concern, especially
PM2.5 as they can penetrate and settle deep in human bronchi due to their very small
size and cause chronic respiratory diseases including bronchitis (Yang et al. 2019;
Harrison and Yin 2000). Additionally, particulate matter significantly impacts cli-
mate change as they act as seed for clouds and scatter or absorb sunlight, cooling and
warming up the atmosphere, depending on their physicochemical properties
(Lohmann and Feichter 2005). Also, aerosols emissions from wildfires and industrial
pollution are likely increasing the melting of ice (Ramanathan and Carmichael 2008;
Ménégoz et al. 2014; Warren and Wiscombe 1980). Despite considerable advances
in technology and science, estimating direct impacts of aerosols on climate has been
difficult.
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In order to improve air quality, it is important to identify the contribution of
various sources to global PM emissions. Industrial emissions constitute a significant
proportion of these emissions in all countries; this is especially so for rapidly
developing economies such as India and China (Reddington et al. 2019). To
achieve air quality standard and improve the deteriorating air quality, stringent air
quality regulations and limit on pollutant emission from industries are necessary. In
the past, many suggestions have been given by researchers to switch to natural gas,
add-on stack controls, and process fugitive control measures in order to reduce
these emissions (EPA 2013). However, changing to different fuels and other pro-
cess modifications to reduce emissions require significant economic investment. To
meet the emission standards, many large industries have also installed control
devices such as cyclone separator, scrubbers, electrostatic precipitator (ESP), and
fabric filters to treat effluent gas which goes directly into the atmosphere. These
methods have been in practice since the nineteenth century and despite these efforts
many countries are still not able to meet the given standards. Most often, it is
difficult to decide the use of a control device or combination of devices in an
industry. There is lack of a detailed study and database, which contains complete
information about appropriate control methodology and various pollutants includ-
ing particle size, composition, and other physicochemical properties of pollutants
emitted by different industries. Such detailed information of PM and other pollu-
tants will be helpful in deciding the best suitable technology to capture them in a
cost-effective manner.

12.2 Overview of Air Pollution Control Strategies

Air pollution can be controlled by a portfolio of measures. The indoor pollution
can, in principle, be regulated by switching over to improved fuel quality and
cooking devices. However, in practice, the issues of affordability and economic
backwardness of the vast population throw newer challenges to technologies and
implementation strategies. The outdoor pollution, on the other hand, originates from
multifarious activities, and to tackle them, comprehensive air pollution control and
air quality management system are necessary. Three important strategies that are
essential for controls are: (1) source control, (2) air quality regulation, (3) use of air
pollution control equipment (EPA 2013).

12.2.1 Source Control

Development of air pollution control strategies requires knowledge of the physical
and chemical properties of effluents, types of pollutants, quantity, concentration,
and sources of origin. Source control (minimizing the emission at the source) is the
most preferred approach as a preventive step for minimizing the pollution. Some of
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the important consideration in this approach are changing of fuels, raw materials,
and modification or elimination process steps that generate pollutants (EPA 2013).
Additionally, other types of process-oriented changes such as equipment modifi-
cation or replacement of old process equipment and modification of some specific
process steps that generate large quantity of pollutants are essential for source
control. For example, coal-fired power plant is one of the main polluters as it emits
large quantity of pollutants such as PM, NOx and SOx. Changing the fuel com-
position such as shifting from high sulfur coal to low sulfur coal and changing air
combustion to oxy combustion can significantly reduce emissions of pollutants
(Meij et al. 2002). Secondly, the renovation of old coal-fired boiler can reduce the
emission apart from retrofitting end-of-pipe equipment in the old system (Li 2009).

12.2.2 Air Quality Regulation

Apart from reducing the pollution emission from its source, secondary preventive
steps that can be taken through local and central legal regulations and adminis-
trative controls. The local and central government can play an important role in
reducing the environmental pollution by enforcement of laws and regulations. They
can put limitations on stationary sources, mobile sources and on process wide
control for concentration limit and total emission amount of various pollutants to
limit their discharge and promote pollution control technologies. It should be noted
that ambient air quality standards differ from source specific standards. Ambient air
quality standards are fixed; however, source specific standards (such as industrial
emission standards) vary based on the time at which the unit of a particular industry
was installed. For instance, PM emission standard for thermal power plant units
which were installed before 2003, between 2003 and 2016 and after 2016 are
100 mg/Nm3, 50 mg/Nm3 and 30 mg/Nm3, respectively (CPCB 2018). On con-
trary, annual ambient air quality standards for PM2.5 and PM10 emissions are 40 µg/
m3 and 60 µg/m3 for industrial areas, respectively (CPCB 2009). This fact is often
reflected in regulatory framework adopted by different units in controlling these
emissions based on the emission standards imposed on them (Chatto 2017).
Regulatory agency can adopt real-time source apportionment to identify the pol-
luting industries and also can deploy high-density sensor-based PM monitoring
network for real-time monitoring throughout cities to help identify high emission
industries in different area (EPA 2013).

12.2.3 Air Pollution Control Equipment

The secondary approach of pollution control is by application of end-of-pipe treat-
ment pollution control devices (or equipment) that will reduce the pollutants before
they are released into the atmosphere. Different types of devices are used for reducing
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particulates and gaseous pollutants (Boamah et al. 2012). Source apportionment
studies have shown that industries are the second largest contributor to direct and
indirect PM emissions (Venkataraman et al. 2015). Industries that contribute most to
these emissions are coal-fired power plants, iron and steel production units, cement
industry pharmaceutical industry and brick production plants (Venkataraman et al.
2015; Meij et al. 2002; Larsson 2014; Lei et al. 2011; Wang 2019; Skinder 2014).
Control equipment is used in addition to other control strategies to reduce the
emission from these industries. However, addition of control devices is often costly
and their selection depends on the process effluent conditions such as exhaust gas
temperature, pressure, humidity, and flow rate, and physicochemical properties of
pollutants types, sizes, composition, shapes and concentrations of PM (EPA 1998;
Mycock et al. 1995; Vallero 2019). The other important considerations are physical
and chemical properties of effluents, concentration, and quantity pollutants in air
streams and cost for installing the including costs of maintenance.

To achieve required air quality standards across the country, an integrated
approach is necessary that combine all engineering approaches and different
methods of control in addition to legislative action. A brief review of various air
pollution control equipment used in industry is discussed followed by equipment
used in various process steps of few specific industry is highlighted. Finally, some
of the current emerging technologies for air pollution control are discussed.

12.3 Existing Control Technologies for Particulate Matter

Particulate control became evident with stringent standards coming into picture
with growing industrialization. Though it helped to make our lives easier, the threat
of health hazards due to air pollution became an emerging problem. Particulates
have proved responsible for chronic respiratory diseases in urban areas (Jang 2012;
Chen et al. 2019), and many control technologies have been developed to capture
particulates emitted from industries. These technologies were based on different
collection mechanisms, and they are used to capture particles of different sizes and
composition. In this chapter, we will discuss various control devices that have been
developed to capture PM emitted from industries.

12.3.1 Gravity Settlers

Gravity settlers are simple control devices for particulates collected under force of
gravity. Velocity of particles entering in the chamber reduces, and they settle down
under gravitational force. Efficiency is high when velocity of particles is low or the
regime of flow is laminar. However, the flow becomes turbulent as velocity
increases which decreases the efficiency.
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Collection efficiency of particle size (dp) is expressed as (Buonicore 1976):

E ¼ vtL
vxH

ð12:1Þ

where E = fractional efficiency of particle size dp; vt = vertical settling velocity (m/s);
vx = horizontal gas velocity (m/s); L = chamber length (m); H = chamber height
(m) (Fig. 12.1).

An important parameter to characterize performance of a gravity settler is the
settling velocity of the particles. It can be calculated using Stokes’ law (Kumar
2018):

vt ¼
gd2p qp � qg
� �
18l

ð12:2Þ

where vt = settling velocity in Stokes’ law range (m/s); g = acceleration due to
gravity (9.81 m2/s); dp = diameter of a particle (m); qp = particle density (kg/m3);
qg = gas density, usually air (kg/m3); µ = gas viscosity (kg/ms).

Gravity settlers are not very efficient to control fine particles. Their efficiency is
less than 10% for particles of size less than 10 lm (PM10). However, their frac-
tional efficiency approaches 100% for particle size more than or equal to 100 lm
(EPA 1982). Efficiency of particle collection can be increased by decreasing gas
velocity (increasing residence time of gas in the chamber). However, this super-
facial velocity is kept between 0.3 and 3 m/s for best performance of the settler
(Vallero 2019; EPA 1982). Due to their simple design, it is possible to construct
settling chambers of any desired size. However, to manage flow rate of the gas,
their size is restricted to 4.25 m2 square shipping size which allows them to handle
pollutant loading between 20 and 4500 g per standard cubic meter (g/sm3) (EPA
1998). Gravity settling chambers have been used in the metal refining industries and

Fig. 12.1 Plan view of a gravity settling chamber. Modified from EPA (1998)
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power plants to control large particles. They are most commonly used in industries
to clean waste gas before treatment with fabric filters (Mycock et al. 1995). They
are also used to treat waste gas in which spark or heated material is present to
prevent fabric filter from catching fire (EPA 1998). The efficiency of gravity settling
chambers in controlling particles of size less than 10 µm is typically less than 10%
(EPA 1998). However, in most industries, they have been in use as pre-collection
devices to control larger particles.

12.3.2 Cyclones

Cyclone is a low-cost control technology primarily used in industries for coarse
particulate control. Stream of particle-laden gas enters through the inlet of a cyclone
and moves in a circular path forming a vortex (Boamah et al. 2012). The centrifugal
force on the particles move them away from the center of motion toward the wall.
Simultaneously, resistance due to air in the cyclone offers drag force. Particles
move and collide to the wall when centrifugal force exceeds the drag force.
Collected particles at the dust hopper are then discharged. The typical features of a
cyclone are shown in Fig. 12.2 (modified from Mycock et al. 1995), which consists
of a rectangular section followed by a part of conical section. They can be con-
structed using any material (metal or ceramic) which can withstand high temper-
atures and corrosive nature of the particles. Interior surface of a cyclone is made
smooth for particles to easily slide down the dust hopper (Pynadathu et al. 2014;

Fig. 12.2 Parts of a cyclone
separator. Modified from
Mycock et al. (1995)
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EPA 1999). Since inertial force varies directly with mass of a particle, therefore
larger particles are collected more easily (Mycock et al. 1995). The centrifugal force
acting on the particle is represented by,

F ¼ qPd
3
pv

2
p

r
ð12:3Þ

where F = centrifugal force acting on the particle (kg-m/s); qp = particle density
(kg/m3); dp = particle diameter (m); vp = tangential velocity of the particle (m/s);
r = radius of the circular path (m).

12.3.2.1 Parameters Affecting Performance of a Cyclone

The efficiency of a cyclone depends on number of turns, particle size distribution at
the inlet and inlet gas velocity (Avci et al. 2013). There are three important
parameters that are used to characterize cyclone performance:

• Collection efficiency (Ei):

Fractional efficiency is defined as the fraction of particles collected of a given size
as compared to the size of the particles entering through the inlet. It can be cal-
culated by the expression (Theodore and DePaola 1980),

E ¼ 1

1þ dp½ �cut
dp

� �2
" # ð12:4Þ

where E = fractional efficiency; [dp]cut = cut diameter (m); dp = particle diameter (m).

• Cut diameter ([dp]cut):

Cut diameter is referred to the diameter of particles which are collected with 50%
efficiency. Cut diameter is a characteristic of the cyclone; thus, it is independent of
size distribution of inlet particles. [dp]cut depends on gas viscosity, inlet width, inlet
gas velocity, particle and gas density and effective number of turns. It can be
expressed as (Lapple 1951):

½dp�cut ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

9lBc

2pntvi qp � qg
� �

s
ð12:5Þ

where µ = viscosity (kg/m-s); nt = effective number of turns (range: 5–10); vi = gas
velocity at the inlet (m/s); qp = particle density (kg/m3); qg = gas density (kg/m3);
Bc = inlet width (m).
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The effective number of turns (nt) is estimated by calculating [dp]cut experi-
mentally and then solving Eq. (12.5) for nt (Dirgo and Leith 1985). It is evident
from Eq. (12.1) that centrifugal force varies inversely with radius of the circular
path, so shorter the path (or more the number of turns), more the number of particles
collected. As the velocity in the inlet increases and gas viscosity decreases, the cut
diameter will decrease for a fixed inlet width.

• Pressure drop (DP):

Pressure drop largely influences the performance of a cyclone and energy cost for
operation. In order to move the influent gas in the cyclone, inlet velocity must be
increased sufficiently to oppose the gas already present inside the cyclone.
Efficiency of a cyclone increases with increase in pressure drop. As pressure drop
increases, the cost of energy required to push the gas also increases. These two
parameters, pressure drop and cost, are taken into consideration for optimal per-
formance of a cyclone. The first equation developed to calculate pressure was
(Shepherd et al. 1939):

DP ¼ v2i qg
2gqm

Kc
HcBc

D2
e

ð12:6Þ

where qg = gas density (kg/m3); qm = density of measuring manometer fluid
(kg/m3); g = gravitational constant (m/s2); Bc = inlet width (m); Hc = inlet height
(m); De = exit tube diameter (m) and, Kc = empirical constant = 16 (for standard
tangential inlet cyclone) = 7.5 (cyclone with an inlet vane).

There are three types of cyclone separators based on their performance, namely
high efficiency, conventional, and high throughput (EPA 1982). Pressure drop of a
cyclone depends mainly on its efficiency and size. Low-efficiency,
medium-efficiency, and high-efficiency cyclones have pressure drops ranging
between 2–4, 4–6, and 8–10 in. H2O, respectively (Mycock et al. 1995). They are
used in different industries based on the operating conditions, target efficiency, and
particle size distribution. High-efficiency cyclones can achieve efficiency up to 99%
for particles of size more than 40 lm as compared to 95% efficiency of conven-
tional cyclones (Vallero 2019). As particle size becomes less, efficiency of cyclones
decreases. Also, single cyclone setup can handle typical industrial throughput
ranging from 0.5 to 12 standard cubic meters per second (sm3/sec). Higher flow
rates can cause abrasion of inner layer of the cyclone unit (EPA 1999). To over-
come these drawback, a cascade of cyclones (multicyclones) with reduced diam-
eters is used either series or parallel (EPA 1982). Multicyclones can achieve
efficiency as high as 90% for particles of size greater than or equal to 10 lm
(Buonicore 1976).

Cyclones and gravity settlers are used as pre-cleaning devices. They are
cost-effective devices for particulate removal but can be only used to control coarse
particulates. Consequently, more sophisticated devices were developed for control
of fine particulate matter.
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12.3.3 Electrostatic Precipitator (ESP)

Electrostatic precipitators are devices used to control fine particulates and are
widely adopted in industries. Particle collection in ESP is the result of five processes
mainly, electric field generation, corona generation, ionization of gas stream,
charging of particles, and migration of charged particles to the collection electrode
(EPA 1982).

Discharge electrode (DE) generates corona by applying high voltage to it.
Generation of corona depends on magnitude of electric field. It imparts electrical
charge to neutral gas molecules by stripping electrons from them. Particles sus-
pended in the gas stream are charged by bombarding them with gaseous ions
(Lawless 1999). Charged particles then migrate from the gas stream and accumulate
on the collection electrode (EPA 1982; Dong et al. 2018; Parker et al. 1997).
Figure 12.3 describes the working of a typical dry electrostatic precipitator (mod-
ified from Ahmad and Smail 2018).

Overall efficiency of modern wire-plate ESPs for submicron particles exceeds
99%. However, conventional ESPs can collect submicron particles with 70–80%
efficiency, which is due to low charge carried by small particles (Zhuang et al.
2000). Theoretically, collection efficiency can be calculated by using
Deutsch-Anderson equation (Reynolds et al. 1975):

E ¼ 1� exp �wA
Q

� �
ð12:7Þ

where E = collection efficiency of ESP; A = effective collecting plate area of the
precipitator (m2); Q = gas flow rate (acms); w = migration velocity (m/s).

One of the major drawbacks of the Deutsch-Anderson equation is that it assumes
the particles to be monodispersed and uniform electrical conditions inside the

Fig. 12.3 A typical dry electrostatic precipitator. Modified from Ahmad and Smail (2018)
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ESP. Deutsch-Anderson equation is modified to overcome these drawbacks and is
widely known as the Matts–Ohnfeldt equation (Neundorfer 1996):

E ¼ 1� exp � wkA
Q

� �k
 !

ð12:8Þ

where all symbols have usual meanings; wk = modified migration velocity of
the particles (m/s) and k = dimensionless parameter related to particle size (range:
0.4–0.6).

12.3.3.1 Parameters Affecting Efficiency of an ESP

Three factors which affect the collection efficiency of an ESP are: migration
velocity, effective collecting plate area, and aspect ratio of ESP.

• Migration velocity (w):

It is defined as the velocity with which a charged particle moves three the collection
electrode. It accounts for the collectability of a particle within the range of a specific
collector inside the ESP (Neundorfer 1996; EC/R Incorporated 1998; Leonard et al.
1980). It is represented by the equation:

w ¼ qEpC
6plr

ð12:9Þ

where q = particle charge (C); Ep = strength of field in which particles are collected
(V/m); µ = viscosity of gas (Pa s); r = radius of particle (µm); C = Cunningham
slip factor.

Migration velocity of a particle varies inversely with its radius therefore larger
particles can be collected easily.

• Specific collection area (SCA):

It is the ratio of total collecting surface area and flow rate of the gas into the
collector. It is important to describe the A/Q relationship in collection efficiency
equations.

SCA ¼ Total collection surface m2ð Þ
Flow rate of gas 1000 acmsð Þ ð12:10Þ

It is evident from the Deutsch-Anderson equation that if A/Q increases, col-
lection efficiency also increases. SCA is an important aspect to be kept in mind
while designing an ESP.
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• Aspect ratio (AR):

The ratio of total length to the height of a collector surface is called the aspect ratio.
Length of the collection surface is kept large as compared to the height to achieve
better efficiency but increases the cost. So, AR and cost are coupled parameters
which are taken care of while designing an ESP. AR ranges from 0.5 to 2.0;
however, for practical applications, it is kept greater than 1.0 to achieve an effi-
ciency more than 99.5% (EPA 1982).

Other parameters that affect the efficiency of ESP are particle and gas properties.
Particle properties such as resistivity and size distribution of the particles influence
the design and operation of ESP. In dry ESPs, high resistivity limits the current and
voltage, thus affecting ESP efficiency. When dust of high resistivity is deposited on
the electrodes, electric field increases at the dust surface, thereby reducing the
voltage at which sparking occurs. At very low values of current and voltage,
positive ions are generated that cause a rapid increase in slope of the voltage–
current characteristic curve, increasing it to a point where it becomes negative
(Lawless and Sparks 1980). This causes a back corona discharge, i.e., positive ions
flow in the gas stream attracted by the existing negatively charged ions which
decreases efficiency of ESP (EPA 1982). Such cases usually arise when sulfur
content of coal is very high. To decrease resistivity of the particles, flue gas
desulfurization is done before cleaning flue gas using an ESP (Mycock et al. 1995).
Also, wet ESPs have been developed to overcome various disadvantages of dry
ESPs. Wet ESP is discussed in Sect. 12.5.3.

ESPs are used in several industries including cement production plants, iron and
steel industry, copper production and coal-fired boilers. ESPs can operate at high
temperatures (as high as 700 °C). However, high temperature can cause higher
resistivity of dust particles which decreases its efficiency. So, operating gas tem-
perature and dust resistivity are also key factors in determining efficiency of a dry
ESP. Efficiency of dry ESPs has been found to be as high as 99.2% in controlling
PM10 as well as PM2.5 particles (EPA 2003).

There are five types of ESPs: dry ESP, wet ESP, plate-wire ESP, tubular ESP
and flat-plate ESP, and all are used based on different requirements (Woodard and
Curran 2006). Earlier, dry ESPs were most widely used in industries due to their
advantageous low-pressure drops but as the working time of a dry ESP increases, its
efficiency decreases and cost of operation increases. Therefore, ESP alone cannot
achieve complete control of particulates emitted from an industry. For this reason,
hybrid systems in which ESP is coupled with other technologies like baghouse
filters and scrubbers are being developed.

12.3.4 Baghouse Filters

Baghouse filters are long cylindrical bags made of different fabrics. They are a type
of fabric filters which divide the flow of gas stream into smaller parts and act as a
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medium to filter particles. Collected particles are removed periodically by shaking
the filters (Peirce et al. 2006). They are widely used because of their high efficiency
and applicability in many industries (EPA 1982). The components of a typical bag
house filter are shown in Fig. 12.4 (modified from emis 2019).

There are three underlying mechanisms by which particle collection occurs in a
fabric filter: inertial impaction, diffusion due to Brownian motion of particles, and
interception (EPA 1982). Impaction is due to the inertia of particles in motion.
Heavy particles of size larger than 50 lm resist changes in their path due to flow of
the gas molecules and hence move toward the obstacle. Very small particles cannot
be separated by inertial impaction under normal conditions. Particle can also be
separated from a gas stream by an obstacle if the size of particle larger than its
streamline displacement. Interception can be considered as a form of impaction.
Also, particles which are as large as the gas molecules (10−3 lm) undergo random
movement due to collisions along the gas stream called the Brownian motion or
diffusion (EPA 1982). The trajectory of the particle depends on these three pro-
cesses. However, high diffusion rates are observed for very fine particles of size
0.001 to 0.1 lm and it is practically negligible for large particles. Filters are useful
in filtration to some extent; however, the dust which is accumulated on the filters
contributes to the filtration capacity of a baghouse filter. This layer of dust is called
the filter cake (Roth et al. 2002). Once the filters are loaded and significant pres-
sured drop is observed, back pulse high pressure air jet is used to clean up the bag
house filter (Peirce et al. 2006).

Fig. 12.4 Basic filtration
mechanism in a baghouse/
fabric filter. Modified from
emis (2019)
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12.3.4.1 Parameters Affecting Efficiency of a Baghouse Filter

The collection efficiency of a fabric filter depends on three parameters, namely
gas-to-cloth ratio, pressure drop, and material of the filter.

• Gas-to-Cloth ratio (G/C):

It is the ratio of volume of gas flowing in a filter to the total filter cloth area in the
collector. G/C ratio is used to calculate required size of a baghouse filter (Mycock
et al. 1995).

G
C
¼ Total inlet volume þ cleaning volume

Total area of filter cloth in the collector
ð12:11Þ

Also, as G/C increases, the pressure drop in a baghouse increases too. Thus, it
influences collection efficiency of the filter.

• Pressure drop (DP):

To determine the efficiency of a fabric filter, usually single fiber efficiency model is
applied (Chang 2019; Chen et al. 2014; Bahk et al. 2013; Sen and Otani 2013).
Pressure drop for an operating fabric filter with accumulated dust cake is predicted
by using basic Darcy equation (Mycock et al. 1995):

DP ¼ SEV þK2CiV
2 ð12:12Þ

where DP = pressure drop (in H2O); SE = effective residual drag (in H2O);
V = velocity (fpm); K2 = specific cake coefficient; t = time period.

The first part of the pressure drop equation (Eq. 12.12) is due to the velocity of
the particles through the filter, and the latter is the contribution of filter cake
deposited on filter surface. Coefficient is calculated by using the equation (Cheng
and Tsai 1998):

K2 ¼ 18l
qPD

2
VSC

2k 1� eð Þ
e3

ð12:13Þ

where k is an empirical constant = 4.8 (for spherical particles) = 5.0 (for irregular
particles) and, DVS = volume–surface mean diameter or Sauter diameter,
e = specific dust cake resistance coefficient, µ = gas viscosity, qP = particle den-
sity, C = Cunningham slip correction factor.

This equation describes the pressure drop after some period through a definite
area of fabric. Area can be distributed across many compartments, and these
compartments are arranged in a parallel fashion. This type of filter is called mul-
ticompartment baghouse.
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• Material of the filter:

Selection of filter medium is another important parameter which decides the effi-
ciency of a baghouse filter. The choice of filter is further dependent on various
parameters such as operating temperature, tensile strength of the fabric, resistance to
certain chemicals and cost. All these parameters are considered while designing a
baghouse filter.

Other important parameters that affect the removal efficiency of a baghouse filter
are cleaning frequency and intensity (EPA 1999). If the cleaning is too frequent or
too intense, it will decrease removal efficiency due to cleaning of the dust cake. On
the other hand, pressure drop of the baghouse will be very high if the cleaning is too
infrequent, which will increase operational cost. Cleaning of baghouse filters can be
done by mechanical shaking, reverse air cleaning, sonic horns, and reverse-jet
cleaning methods (Mycock et al. 1995; EPA 1999). Mechanical shaking is the
oldest method used to clean filters by subjecting filters to high mechanical load. But
cleaning efficiency of this method is not at par, and it increases operational cost. For
this reason, other cleaning methods were developed such as reverse air cleaning and
compressed air cleaning or reverse-jet cleaning methods in which rinsing air is
allowed to flow in the opposite direction inside the filter. The mechanical load
applied on the filter is less in these methods due to low air pressure applied in
reverse blowing, hence making them more efficient (EPA 1998; Mycock et al.
1995; Emis 2019).

Baghouse filters have few key advantages over other control devices. They have
high efficiency, high flexibility for different particle sizes and can operate at very
low-pressure drops. But they are not very efficient in filtering dry gas streams and
maintenance of fabric is costly. However, optimum choice of fabric for a certain
requirement can minimize cost. Recent developments in filtration by using elec-
trically augmented filters have shown promising results in controlling particle
pollutants from industrial stacks. Vanosdell et al. (1985) and Ouari et al. (2019)
have investigated electrically augmented filters proving that corona charging
improves particle collection efficiency of the filter medium (Vanosdell 1985; Ouari
et al. 2019). More data and investigation are required to effectively employ such
filters for industrial use.

12.3.5 Wet Scrubbers

Wet scrubbers are control devices which collect particles by spraying them with
water or any other liquid (Boamah et al. 2012; Woodard and Curran 2006). Their
basic principle of collection is inertial impaction and Brownian motion (Vallero
2019). Particle-laden gas stream moving in a scrubber is sprayed with a liquid,
wetting the particles which are removed by a collecting surface which can be either
a bed or a wetter surface (Vallero 2019; EPA 1982). Wet scrubbers are of various
types such as venturi scrubbers, orifice scrubbers, and spray-tower scrubbers.
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Venturi scrubbers are the most efficient among the wet scrubbers with an efficiency
of 98% for particles of size 0.5 lm (Boamah et al. 2012). Venturi scrubbers can be
used for simultaneous removal of gaseous as well as particle pollutants. They work
extensively on inertial impaction mechanism for PM removal and sorption for gas
removal (Mycock et al. 1995). Figure 12.5 shows components and basic principle
of working of a wet scrubber (modified from Rogoff and Screve 2011).

Collection efficiency for a venturi scrubber can be calculated as a function of
penetration of particles of a given size. It assumes that inertial impaction is the
dominant mechanism of the removal of particles in a venturi scrubber (Calvert et al.
1972). Overall penetration can be calculated as (Peirce et al. 2006):

Fig. 12.5 Components of a wet scrubber. Modified from Rogoff and Screve (2011)
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P0 ¼ ZL

0

Pd

L
dL ð12:14Þ

where P0 = Overall penetration; Pd = particle penetration of size dp; L = Total dust
loading.

Another important parameter which is considered while designing a venturi
scrubber is the pressure drop. Pressure drop for a large venturi scrubber used for
industry is given by (Peirce et al. 2006; Calvert et al. 1972; Mohebbi et al. 2003):

DP ¼ 2qLV
2
G

QL

QG

� �
1� X2 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X4 � X2

p� �
ð12:15Þ

where DP = pressure loss (N/m2); VG = gas velocity (m/s); qL = density of the
liquid (kg/m3); X = throat length (dimensionless).

and,

X ¼ 3ItCDqG
16ddqL

þ 1 ð12:16Þ

where It = venturi throat length (m); CD = drag coefficient.
Wet scrubbers have advantages for industries which handle flammable particu-

lates. Collection of dust can be achieved in a single unit; thus, space requirement for
scrubbers is less as compared to other technologies. But rusting of scrubbers due to
corrosive particles increases their maintenance cost (EPA 1982; Peirce et al. 2006).
They are used in various industries such as coal power plants and cement industries.

The above discussion on existing air pollution control technologies implies that
selection of air pollution control devices must be made case by case basis as the
particulate characteristics will vary significantly in air stream coming from different
applications. Particle characteristics that will influence the selection are corrosivity,
reactivity, shape, density, and size and size distribution. The air stream character-
istics that should be considered are pressure, temperature, viscosity, flow rate, and
removal efficiency requirements. Based on the technology employed, efficient PM
control technologies require higher investment and higher operational costs.
However, stringent regulations and improving emission standards will be the
driving force implementing these technologies within the industry. With increasing
urbanization and transport sector, air pollution caused by multiple pollutants has
become a leading concern around the globe. Serious actions have to be taken by the
authorities to improve air quality by decreasing pollution emission load below a
permissible range.
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12.4 Particulate Matter Emissions from Industries

For effective air quality management, it is important to understand the pollutant
emission and quantify the emission from various sectors contributing to pollution
and projected emissions under current scenarios. A detailed emission inventory
studies estimated the emissions from various sectors and projected the emissions
quantitatively up to 2050 (Venkataraman et al. 2015; Sadavarte and Venkataraman
2014). The major sources contributing to PM come from mainly three sources:
residential biomass fuel use, coal burning in power generation and heavy industry,
and (iii) open burning of agricultural residue. Many coal burning power plants and
industry emit significant amount of particulate matter. For understanding of the
particulate emission and control devices used in industry, three industries have been
chosen for discussion mainly coal-fired plants, cement industry, and iron and steel
industry.

12.4.1 Cement Industry

Cement industry has undergone an immense development since nineteenth century
majorly in countries like China and India (Schneider et al. 2011). It is a direct
indication of increased emission of pollutants from cement production which
include particulate matter (PM), SOx, NOx, CO2, and others. The process flow
diagram in Fig. 12.6 shows the steps at which PM is generated in a cement industry
(modified from Huntzinger and Eatmon 2009).

The largest emission source of PM within cement plants is the pyro-processing
system which is due to the kiln and clinker cooler. Particulate control devices are

Fig. 12.6 Process flowchart: cement manufacturing process. Modified from Huntzinger and
Eatmon (2009)
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installed within the preheater and kiln systems to collect unburned and partially
burned particles (EPA 1994). These collected particulates are called cement kiln
dust (CKD), and it imparts damage to central nervous system, respiratory tract,
cardiovascular tissues, skin, and digestive system (Raffetti et al. 2019). Decline in
lung functioning has also been observed in workers upon long-term exposure to
dust in cement production plants (Nordby et al. 2016).

As the process of cement production has evolved, particulate production has also
increased due to processes like crushing and grinding of raw materials under dry
conditions. Thermal processing which includes preheating and sintering in a rotary
kiln also plays a major role in emission of particulates. Particulates are emitted in
large amount every year from cement production units. Total amount of PM pro-
duction from cement plants in China was reported as 1.95 million tons in 2014
(Tang et al. 2018). The generated particles have different size based on the process
involved. For instance, processes like dry kiln, raw mill, and kiln by-pass produce
large particles of size greater than 50 lm. On the other hand, clinker cooler pro-
duces particles in the submicron range (less than 5 µm) in the form of CKD (Bapat
2001). Apart from their size, the chemical composition of these particles is also
different based on factors like temperature, humidity, and the process in which they
are formed. In general, PM generated from kiln stacks has iron and calcium in
higher quantities followed by nitrate and sulfate. Other metals found in clinker dust
that are a concern to environment are arsenic, cadmium, chromium, and nickel
(Gupta et al. 2012). Their varying size and composition make it difficult to control
them at the point of emission (Table 12.1).

These are unabated emission factors so it can be inferred that the emission range
of these particulates from a standard cement production plant is close to the cal-
culated EF range (Lei et al. 2011). With increasing concern toward the environment
and human health, incorporating control technologies to meet the effluent standards
is necessary (Bapat 2001).

Control technologies including cyclones, wet scrubbers, ESPs, and baghouses
are used to control PM emissions in cement industry. Each of these technologies is
used at different point of emission based on the size and chemical nature of particles
emitted. Table 12.2 shows control technologies used to control particulates emitted
from different processes in the production of cement (EPA 1983).

Use of hybrid technologies has been observed and proved to be useful in con-
trolling PM emissions in cement production units. Electrostatic precipitators and

Table 12.1 PM emission factors (EF) for cement production in China (unit: g kg−1 cement) (Lei
et al. 2011)

Emission sources Total PM PM2.5 PM2.5–10 PM>10 EF range

Kilns-Pre-calciner kilns
Other rotary kilns
Shaft kilns

105 18.9 25.2 60.9 58.2–317.9

98 14.0 21.0 63.0 24–330

30 3.3 6.0 20.7 13.4–91.2

Other sources as a whole 140 9.5 23.8 107.7 63–235
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fabric filter (ESP-FF) combination is reported in a typical Indian cement plant, and
it is being used for processes like raw grinding and blending, coal grinding and
cement grinding (Bapat 2001). This is because, most of the dust particles are
collected in first few stages of the ESP; however, it is inefficient to control very fine
particles. Reportedly, first two ESP fields collect more than 98% of the dust par-
ticles. On the other hand, fabric filters (FF) are used to collect remaining fine
particles since their collection efficiency depends on the fiber element. Their
combination has proved to be useful in large cement plants (having production
of >106 tonnes/year) and has been able to achieve an efficiency of 100%, accounted
by the size of ESP to treat the large gas volumes (Bapat 2001).

12.4.2 Iron and Steel Industry

Iron and steel industry is one of major contributors to the development of human
civilization. Iron and steel industry consumes large quantities of fossil fuels and
other raw materials. Due to rapid economic expansion of this industry, it has
become one of the highest pollutant emission industries which includes PM, SO2,
NOX, TSP, and VOCs (Zhao et al. 2011). According to the International Iron and
Steel Institute (2011), India is the largest producer of sponge iron and second largest
producer of crude iron in the world (Fletcher 2001). Figure 12.7 shows process
flow diagram of iron and steel production and sources of PM emissions in the
process (modified from Wang et al. 2019).

It is important to identify emission sources so that suitable control devices can be
used. In typical iron and steel production plant, technologies like cyclones, ESPs,
wet ESPs, and baghouse filters are most frequently used. It is evident from
Fig. 12.7 that there are five major processes which cause PM emissions: sintering,
pelletizing, blast furnace (BF), basic oxygen furnace (BOF), and electric arc furnace

Table 12.2 Use of control technologies at different point of emissions in a cement production
plant (EPA 1983)

Process Control technology used

Crushing and grinding Baghouse filters

Raw material storage Baghouse filters

Integral preheater and kiln Mechanical collectors (to meet opacity requirements)
Baghouse filters/ESPs

Kiln Mechanical collectors (as pre-cleaners)
Baghouse filters/ESPs

Clinker cooler Mechanical collectors (as pre-cleaners)
Baghouse filters/ESPs

Finish grinding Baghouse filters or ESPs (for large mills)

Finished material storage Baghouse filters

Packaging and shipping Baghouse filters
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Fig. 12.7 Schematic diagram of iron and steel production and sources of PM emissions of PM,
SO2 and NOX. Modified from Wang et al. (2019)

Table 12.3 Unabated emission factors of PM2.5, PM10 and PM>10 for iron and steel sector (unit:
gm kg−1 product) (Wang et al. 2010)

Process Emission source PM2.5 PM10 PM>10

Sintering Total 1.76 2.99 26.98

Raw material preparation 0.26 0.35 3.40

Sinter machine head (wind-box exhaust) 0.63 1.24 10.66

Sinter machine tail (unloading off gas) 0.39 0.76 6.52

Size stabilization system 0.49 0.64 6.41

Pelletizing Total 0.48 0.94 8.08

BF Total 4.69 2.88 14.27

Coal mill system 1.29 0.82 0.05

Load and unload material system 0.51 0.32 0.02

Casting 2.35 1.41 11.53

Tap-hole opening/closing 0.54 0.33 2.66

BOF Total 16.89 6.77 10.55

Hot metal pre-treatment 0.06 0.04 0.45

Hot metal turnover 0.10 0.04 0.45

Primary BOF off gas 11.35 4.54 6.81

Secondary BOF off gas 5.38 2.15 3.23

EAF Total 8.92 3.11 8.70

Primary EAF off gas 6.35 2.21 6.19

Secondary EAF off gas 2.57 0.90 2.51
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(EAF). Table 12.3 shows unabated emission factors of PM2.5, PM10 and PM>10

(Wang et al. 2010).
Table 12.3 shows that coarse particle mass concentration (PM>10), and fine is the

highest in the sintering process; however, fine particle (PM10) and very fine particle
mass concentration (PM2.5) are highest in the basic oxygen furnace (BOF) (Jia et al.
2017). Particulate control technologies are used in the plant based on particle size to
be collected in a process and working conditions. In a Chinese iron and steel
production unit, efficiency of control devices to capture PM was calculated. For
processes like sintering and pelletizing, particulate emissions were best controlled
by ESPs with a capturing efficiency of 90% for PM2.5, 94% for PM10, and 98.5%
for PM>10. On the other hand, baghouse filters were most efficient in controlling
PM emitted from other sources with a capturing efficiency range between 85–99%
for PM2.5, 87.5–99.5% for PM10 and 97.3–99.9% for PM>10 particles (Wang et al.
2010) (Table 12.4).

Thus, it can be concluded that different control technologies are used at different
steps in an iron and steel production unit. This is because of the particle charac-
teristics which are inherent due to the process involved. These characteristics which
include temperature, viscosity, chemical nature, size and charge play a key role in
deciding the use of these devices in an industry. However, it has been observed that
ESP and fabric filters in particular are used in almost all industries to achieve
maximum removal of generated particles at different steps of the process.

Table 12.4 Control technologies used to control particulates emitted from different processes in
the production of steel (EPA 1983)

Process Control technology used

Blast Furnace
• Blast furnace gas
• Cast house emissions

Cyclone followed by Wet scrubber
Cyclone followed by ESP
Baghouse filters at the exhaust

Coke oven
• Combustion stack
• Charging
• Pushing

ESPs or Baghouse filters
Emissions control is not applied
Scrubber/ESP/Baghouse filter

Basic oxygen furnace (BOF)
• Oxygen blow period
• Tapping or charging
• Reladling stations

Scrubber or ESP
Scrubber/ESP/Baghouse filter
Baghouse filters

Electric furnace
• Melt period
• Charging and tapping

Scrubber/ESP/Baghouse filter
Baghouse filters

Sinter plant
• Wind-box
• Coolers

Baghouse filters
ESPs
Wet Scrubbers
Gravel-bed filter
Scrubber
Baghouse filters
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12.4.3 Coal-Fired Power Plants

Coal-fired power plants are one of the major sources of fine particulate matter with
size less than 3 lm which cause several respiratory problems (Wang et al. 2016;
Liu et al. 1990. The flue gas generated from coal-fired power plants contains a
mixture of particles such as PM2.5, PM10, condensable PM (CPM), and filterable
PM (FPM) (Lu et al. 2010). Additionally, combustion of coal release pollutants
such as VOCs, CO, NOx, and SOx, mercury and other heavy metals (Guttikunda
and Jawahar 2014). According to some reports, coal combustion in power plants is
the major source of airborne mercury emissions in developed countries such as
USA and China (Zhang et al. 2012; Srivastava et al. 2006; Wang et al. 2012). Ash
generated by combustion of coal contains 10–20% bottom ash and nearly 90% fly
ash (Meij et al. 2011). Coal fly ash is incombustible and may cause asthma and
chronic bronchitis (Grahame and Schlesinger 2007). These particles are generated
at the flue gas desulfurization (FGD) unit and stack of the power plant. In India,
coal is the primary fuel choice in thermal power plants and accounts for 50–55% of
power generation (Mittal 2010; Chikkatur et al. 2011). Thermal power plants
account for 15% of the total PM2.5, 30% of NOx and 50% of SO2 emissions
annually in India (Guttikunda and Jawahar 2014). For a typical coal-fired power
plant, it was found that filterable PMs are the highest emissions at FGD inlet and
stack (Lu et al. 2010). Figure 12.8 shows process flow diagram of a DB Riley
design low-emission boiler system used for commercial purpose (modified from
Spath et al. 1999).

It is also evident from the literature that control technologies such as ESPs, fabric
filters, and scrubbers are most widely used in coal-fired power plants for particulate

Fig. 12.8 Process flow diagram of a DB Riley design low-emission boiler system used for
commercial purpose. Modified from Spath et al. (1999)
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control (Lu et al. 2010; Baig et al. 2017; Bandyopadhyay and Mandal 2015)
(Table 12.5).

It has been reported that often cyclones are used as pre-cleaners in these power
plants before subjecting flue gas to baghouse filters or ESPs (Bandyopadhyay and
Mandal 2015). Existing technologies are efficient in controlling particles generated
from power plants. ESPs have efficiency greater than 99.5% for fine particles but
fabric filters are found better in controlling very fine particles of fly ash (Lu et al.
2010).

An overview of particulate control technologies in mentioned industries indi-
cates that conventional control devices are most frequently used in industrial sector
to meet emission standards. Devices like mechanical separators are used to control
coarse particles, while sophisticated devices such as ESPs, baghouse filters, and
scrubbers are used to control fine particles. Use of these devices is based on a
number of parameters, most important of which are particle size distribution,
chemical nature of particles and cost involved.

12.5 Emerging Technologies to Control Particulate Matter

Conventional control technologies have been proved to be inefficient for fine and
ultrafine particles. In many instances, combination of technologies is used to
effectively capture smaller particles such a combination of baghouse filter and
ESP. Most of the cases, separate process/devices are used for capturing gaseous
pollutants. Simultaneous removal of gaseous and particle pollutants is not possible
using conventional devices. Additionally, any hybrid system with combination of
various mechanisms has been used. Some of the emerging technologies developed
for effective removal of particulate matter is discussed.

Table 12.5 Uncontrolled emission factors for PM from different type of furnaces used for coal
combustion (Li 2009)

Furnace Uncontrolled emission,
g/kg coal (wt%)

Boiler category Heat input
106 kcal/hr

Type Particulate matter

Utility or large
Industrial

>25 Pulverized
Cyclone

8
1

Commercial
or industrial

2.5–25 Underfeed and
cross-feed
Overfeed

2.5
6.5

Small commercial
or domestic

<2.5 Overfeed
Hand fired

1
20
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12.5.1 Self-priming Venturi Scrubbers

Gaseous and particle pollutants are usually emitted from industries in association
with one-another. Their individual effects are severe as pollutants but in the pres-
ence of particulate pollutants, gaseous pollutants are synergistically modified, and
their combined effects are much severe (Meikap and Biswas 2004). So, simulta-
neous removal of particulate and gaseous pollutants in industries is very imperative.
Self-priming venturi scrubbers are devices which can be used for this purpose. The
self-priming method is based on the pressure difference between hydrostatic pres-
sure applied by liquid in the tank and static pressure of gas in the scrubber (Ali et al.
2013). The liquid in the venturi scrubber captures the particles and absorbs gaseous
pollutants. Figure 12.9 shows self-priming working method of a venturi scrubber
(modified from Ahmed et al. 2018). Earlier, multistage bubble column scrubbers
which remove particulate and gaseous pollutants sequentially were also in practice
(Meikap and Biswas 2004). However, this technique is not useful for industrial use
as sequential removal technique cannot be used to treat particle-laden gas stream
(Bal et al. 2019).

A self-priming venturi scrubber was developed for simultaneous removal of HCl
gas and gas-borne particulates from the flue gas. They have reported maximum
fly-ash removal to be 99.91% at 60 m/s of gas velocity at the throat, 0.77 m of
water height, 500 ppm of HCL and 0.3 � 10−3 of fly-ash concentration. Also,
maximum HCL removal at same working condition was found to be 98.3%. It was
also reported that efficiency fly-ash removal increases due to scrubbing of HCl gas.
This is because when HCl gas is scrubbed with a scrubbing liquid, it adsorbs on the
surface of fly-ash particles (Bal et al. 2019).

Another study shows variation of aerosol removal efficiency in a self-priming
venturi scrubber under different operating conditions (Ali et al. 2020). Removal
efficiency of venturi scrubber is directly proportional to inlet gas velocity and
available head of liquid. Scrubbing liquid is injected in the venturi throat as tiny
droplets and encapsulate particulates. Gaseous pollutants like I2, SO2, Ch3I and HCl

Fig. 12.9 Self-priming
working method of a venturi
scrubber. Modified from
Ahmed et al. (2018)
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are adsorbed by scrubbing liquid. Aerosols in the size range 0.1–100 lm can be
removed using venturi scrubbers (Rust and Tfinnler 1993). Many investigations
have also been done for simultaneous removal of SO2 gas and particulates from a
particle-laden gas stream using wet scrubbers. It was also reported that nearly 100%
removal efficiency of SO2 from a particle-laden flue gas was achieved in a modified
venturi scrubber under certain operating conditions (Bandyopadhyay 2009). These
types of scrubbers are not commonly used in industries, and they are effective
devices for controlling gaseous and particle pollutants (Bal et al. 2019).

12.5.2 Wet Electrostatic Scrubbers

Conventional ESPs and other technologies which remove particles by precipitation
are not able to remove very fine particles with high efficiencies (Jaworek et al.
2007). Hybrid technologies can be adopted to control very fine particles with high
efficiencies. Wet electrostatic scrubber is a hybrid device made by combination of
electrostatic precipitator and wet scrubber. It is one of the most effective hybrid
technologies to control fine particulate (Carotenuto et al. 2010). Figure 12.10 shows
an experimental setup of a WES (modified from Jaworek et al. 2006). The basic

Fig. 12.10 Parts of a wet electroscrubber. Modified from Jaworek et al. (2006)
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principle of WES is spraying a charged liquid in the flue gas stream to attract
particles of opposite charge (Carotenuto et al. 2010).

WES can remove combustion particles finer than 500 nm. Under certain oper-
ating conditions, their removal efficiency was observed to be 91% for particles
smaller than 300 nm and as high as 95% for particles coarser than 300 nm (Di
Natale et al. 2015). Use of WES has also been extended to control bioaerosols
including potentially harmful bacteria and virus (Di Natale et al. 2017). Besides,
they are also useful to remove gaseous pollutants like SO2 (Di Natale et al. 2016).
Earlier experiments show removal efficiency of WES in capturing a bacterium in
500-1500 nm range to be as high as 99% under certain operating conditions (Di
Natale et al. 2017).

12.5.3 Wet Electrostatic Precipitators (WESP)

Electrostatic precipitator is a control device which utilizes the principle of electrical
charging to capture particles. Dry ESPs are not able to capture very fine with high
efficiency (typically less than 90%). Since they operate at high temperature, it is not
possible to capture condensable PM in a dry ESP. Therefore, their application is
limited to capture filterable particulate matter (PM10) like fly ash (Seetharama et al.
2013). Back corona and particle re-entrainment are other factors that decrease their
efficiency (Sobczyk et al. 2017). Additionally, in ESP when resistive power is high,
particle capture is reduced due to re-entrainment of particles at the time of particle
removal from collection plates. In such cases, wet ESPs can be used to overcome
these drawbacks. In WESP, the removal of particles from collecting plates is done
by a flushing liquid which avoids re-entrainment of particles due to high degree of
adhesion between water and particles. Washing the collected particles prevents
back corona since the resistive particles are constantly being washed off (Bayless
et al. 2012). Particle agglomeration and condensation play an important role in
improving efficiency of a WESP. These two processes result in enlargement of
particle size and thus increase the particle capturing efficiency (Najafabadi et al.
2014; Yang et al. 2018). Another advantage of using a WESP is that the particle
capturing efficiency does not vary much over a long period of operation. On the
other hand, collection efficiency dry ESP decreases gradually when operated even
for short period of time (Darcovich et al. 1997). Figure 12.11 shows plan view of a
WESP schematic (modified from Chen et al. 2014).

WESP has higher particle collection efficiency as compared to dry ESP. In a
typical case, the efficiency of a dry ESP in collecting fly-ash particles emitted from
a coal-fired power plant was found to be 93.75%. However, under same working
conditions, the efficiency of a WESP in controlling the same particles was 97.86%,
which means that only by changing the removal mechanism of particles from the
collection plate, the particle capturing efficiency varied by 4.11% (Yang et al.
2017). Also, WESP has proved to be useful in capturing filterable (PM2.5) and
condensable particles. They have demonstrated efficiency greater than 99% in
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cleaning flue gas containing PM2.5 particles, droplets of H2SO4, and mercury
(Seetharama et al. 2013).

12.5.4 High-Efficiency Particulate Air (HEPA) Filters

As the health threats posed by fine aerosols are increasing, new filter materials are
also being developed. Direct filtration of fine aerosol particles (PM2.5) is one of the
most effective ways to control them. Filtration mechanism is being used in many
places including nuclear power plants, pharmaceutical processing units, aircraft
cabins and indoor environment (Lee et al. 2020; Barn et al. 2018; Lencioni et al.
1997; Rosenberger et al. 2018. The performance of a filter depends on two factors,
namely filtration efficiency and pressure drop. High filtration efficiency and

Fig. 12.11 Plan view of a wet electrostatic precipitator. Modified from Chen et al. (2014)
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low-pressure drop are the desired combination of an ideal filter. But usually, these
two parameters are not found in a filter because in order to achieve high filtration
efficiency, high pressure drop is also required (Chen 1955).

According to standards set by US Department of Energy (DOE), a
high-efficiency particulate air (HEPA) filter must have minimum efficiency of
99.97% for capturing particles of size 0.3 lm (USDOE 2015). They are particularly
used in places where capturing of fine and ultrafine aerosols is required. Over the
past few years, many new materials have been used to make HEPA filters including
nanofibers and carbon nanotubes (CNTs). Small fibers (in submicron range) are
known to have higher filtration efficiency as compared to large fibers at the same
pressure drop. But in case of nanofibers, there is another factor that comes into
picture which is the effect of slip at fiber surface. They have a larger surface area
available as compared to microfibers due to which the velocity becomes practically
zero at the fiber surface due to slip (Shou et al. 2014). Despite these advantages,
nanotubes-based HEPA filters are considered better since air filtration can occur in
the free-molecular flow regime; i.e., the disturbance of CNTs is negligible on flow
pattern (Shou et al. 2014; Zhang et al. 2017).

HEPA filters are used in many industries to control fine and ultrafine particles.
They are used in nuclear power plants to capture radioactive particles with effi-
ciency as high as 99.85% for high particle-laden gas (Lee et al. 2020). HEPA filters
can also be used in industries which treat flue gas at high temperatures. In phar-
maceutical industry, HEPA filters have been proved to capture fine particles (0.2–
1.0 µm) with efficiency greater than 99% at 300 °C (Lencioni et al. 1997). A case
study was conducted using charcoal equipped HEPA filters in aircrafts to improve
air quality. They have been proved to improve air quality and efficiently capture
pollutants such as aldehydes, volatile organic compounds (VOCs), and oligomeric
proanthocyanidin complexes (OPCs) (Rosenberger 2018).

12.5.5 Electrostatically Assisted Fabric Filtration

Electrically stimulated fabric filtration is another hybrid system that combines the
efficiency of filtration and low-pressure drop concept of ESP. In this method, a high
voltage electrode is co-axially placed inside the filtration system to establish electric
filed just between centra electrode and the outer bag surface of filter (Thorpe and
Brown 2003; Tomitatsu et al. 2014; Dutta 2019). It combines the efficiency of fabric
filters and low-pressure drop of an ESP. By using this approach, the deposition
pattern of particulate is altered compared to normal filtration process, results in
lower pressure drop compared to conventional filtration process. Because of this,
the bags can be operated at higher air flow rate. Similar modification applying the
electric filed on the fabric surface can help accumulate the particles on the surface.
Numerous attempts have been made to use electrostatic charge effects to improve
the filtration, and results show varying degree of performance of filters (Vanosdell
et al. 1985). Vanosdell et al. (1985) employed this strategy in pilot plant and found
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that baghouse could be operated at twice face velocity compared to conventional
baghouse. Several other studies also reported that electrically charge-assisted
deposition is beneficial in achieving lower pressure drop due to a tendency forming
dendritic structures as the particles collect and result in lower power consumption
(Thorpe and Brown 2003; Tomitatsu et al. 2014; Dutta 2019). It also helps in
providing better cake formation on the surface that can be easily be dislodged
during cleaning, resulting lesser load on filter media and improve the filter life
(Tomitatsu et al. 2014; Dutta 2019). These results look very promising and need
further research to translate to use this in industrial scale.

Stringent regulations and emission standards imposed by the government; it will
become the driving force for implementing these technologies within industries.
The case studies conducted using these emerging technologies have shown
promising annd result in capturing fine particles and gaseous pollutants. In future,
ambient air quality and stringent standards of emission can only be met by using
these technologies.

12.6 Current Emerging Air Pollution Challenges

Apart from various existing issues and challenges associated with air pollution
management, several new air pollution problems are emerging. Currently, few
major additional challenges are (a) Indoor air pollution due to inappropriate
cooking technologies. (b) Outdoor air pollution, in many cities and urban areas are
deteriorating (c) Bioaerosol pandemic, like COVID-19. New strategies and tech-
nologies and mixed bag of intervention strategies may be effective to reduce the
pollution. The technologies discussed in this chapter are used traditionally in var-
ious industries to control the emission of pollutants. Some of these technologies
after appropriate modification or in combination can be used in current situation to
address these new challenges which need further research and development.

12.6.1 Indoor Air Pollution

Several studies have reported that the major emissions of PM originate from indoor
are residential biomass fuel use (cooking and heating) (Venkataraman et al. 2015;
Sadavarte and Venkataraman 2014) from inappropriate stove technologies used.
Sahu et al. (2011) investigated the emissions from various types of stoves in rural
India and compared the emissions and found that the emission of pollutants
depends on the stage of combustion and mixing in the combustion chamber and
ventilation. Also reports indicate that in many scenarios although the PM2.5

emission is significantly less, ultrafine particle emitted are in large numbers which
accounts less to PM2.5 concentration. Particle emitted from various combustion
scenarios will have different physicochemical properties
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Several approaches haven been adopted such as improved stove technologies,
shifting to high-quality fuel such as LPG, biogas. However, implementation and
sustainability of new technologies have been difficult. In many instances, many
indoor air cleaners are used to reduce the exposure to particulate in indoor envi-
ronment, which are mostly based on filtration-based and ionization-based tech-
nology with the concept similar to technologies used for industrial pollution
control. However, there I considerable scope for further improvement and devel-
opment of new technologies to address indoor air pollution. Overall, there is a need
to develop technologies to reduce and control indoor particulate exposure.

12.6.2 Outdoor Air Pollution

Outdoor air pollution is becoming a big concern in many countries and also in
India. Currently, 129 non-attainment cities are declared by Central Pollution
Control Board (CPCB) India. Again, this does not include cities having smaller
population less than 10 lakh people. It means there will be many more cities around
India which need significant attention to control air pollution. Most of the
non-attainment declaration are also based on data from only few sampling loca-
tions. Many of cities in India do not have continuous sampling stations to under-
stand the existing level of pollution. There are several places across the world
experience smog events every year. For example, Delhi experience significant smog
hanging over the cities in winter during Oct–Dec period and poor air flow and
dispersion allows to build up the pollutants. Exposure to outdoor air pollution is
associated with various diseases discussed earlier in the chapters. During these
episodic events, many susceptible individuals undergo increased medical attention
and admission to hospital.

Various control strategies required to address for mitigating these concerns.
Development of technologies for outdoor pollution is researched recently. Only in
China, a large cleaning tower is demonstrated to be used to control air pollutants
around the surrounding (Cao et al. 2018a, b) in addition to control measures from
sources and policy changes. More research and technology development required in
this area as outdoor air pollution may continue to rise as economic growth
increases.

12.6.3 Biological Aerosols

Of greater concern recently has been modern type of pollution in today’s envi-
ronments, which are indiscernible such as viruses, bacteria, and other toxins in the
air but manifests in chronic health effects. In recent years highly, transmissible
biological aerosols emerged that has caused significant epidemics leading to
morality and disease globally. For example, recent COVID-19 pandemic, aerosol
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transmission is considered to be one pathway for spreading. Airborne transmission
is mainly occurred by respiratory activity or medical procedures and once released
may travel longer distances and remain airborne longer. The current strategy has
been using of fitted personal protective mask (PPE) to reduce the exposure.
Additionally, the virus is predominantly spread by droplet and contact routes. Since
the airborne transmission for particles (<5 lm), it remains in the air for prolonged
periods and is most likely to penetrate deeply into the lung and cause health hazard,
and it creates significant risk to healthcare workers.

Currently, there is no control strategy available to control aerosol transmission
apart from using face masks. These type of bioaerosol pollution will be significant
in hospitals. The transition dynamics of these types of aerosols are not clearly know
yet. A study by Santarpia et al. (2020) by taking air samples at different places in
hospitals, where COVID-19 patients are treated indicates that SARS-CoV-2 can
shed to the environment as expired particles. They also mentioned that stated that
disease can spread by both direct contact (person to person and droplet) and indirect
contact though contaminated objects and airborne transmission. This rapid emer-
gence poses a threat to global health and environment. It is very critical to
understand transmission dynamics of bioaerosols such as SARS-CoV-2 and
implementing effective control strategies to protect healthcare workers. Control
technology in terms of spraying disinfectant and wide deployment of facemask and
their effectiveness to all these viruses are still under research. Some of the previous
control technologies which has been described earlier can be redesigned and cus-
tomized to address such bioaerosol capture and control in future.

12.7 Conclusion

This book chapter compressively reviewed various types of air pollution control
devices used in industries. Various control technologies and approaches used in few
selected industries that contributes significantly to PM emissions is discussed.
Additionally, the chapter discusses various types of advanced technologies and also
highlights the current emerging air pollution problems such as indoor pollution,
outdoor pollution, and biological aerosols, for which control method needed to be
developed and research should be pursued. The selection of control devices and
approaches needed for PM control are dependent on the types of particles, size,
shape, and physicochemical composition. In many cases, pretreatments are neces-
sary to remove the larger particle followed by high-efficiency ESP and filtration to
control the PM emissions. Particle emission from different industries varies greatly
in their size, composition, shape that dictates type of control devices and control
strategies requirement. The review clearly indicates that in order to reduce the
pollutant emissions, a combination of control strategies needs to be implemented
and more research and technology development are essential to address the current
emerging issues of air pollution.
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