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Preface

In order to understand the meaning and to communicate successfully in groups, it is
necessary to have complete knowledge about a particular problem. The main
objective of the present edited book is also to provide a holistic view of every aspect
of the topic entitled “Water Pollution and Management Practices”. The concen-
trations of pollutants are increasing in the water system day by day. These pollutants
include organic contaminants such as pesticides, solvents, and petroleum products
and inorganic pollutants such as heavy metals, nonmetals, metalloids, and simple
soluble salts. Water pollutants have both natural (fires, volcano eruptions, soil or
rock erosion, biodegradation) as well as anthropogenic (air and soil pollution,
herbicides) origins. Above safe limits, these pollutants may have a toxic impact on
aquatic systems, including various life forms, and upon transfer to terrestrial sys-
tems, they can negatively affect biotic and abiotic components of the ecosystems. In
plants, pollutants not only affect the biochemical and physiological activities but
also disturb the signalling pathway.

The book gives comprehensive and concise knowledge about water pollutants
and recent advancements in the field of sustainable technologies to reduce the level
of pollutants as well as to reduce the burden on human health. The major water
pollutants dealt in this book are water-borne microbial contaminants, nitrogenous
wastes, industrial effluents, textile wastes, agricultural runoff, dyes, and antibiotics
and their consequent effects on aquatic and terrestrial ecosystems. Microbial con-
tamination of drinking water is suggested to be one of the most important issues of
human health risk during present times. Further, to monitor the groundwater con-
taminants, an application of artificial intelligence is discussed in detail, which can
help in developing prediction models for globally concerning contaminants, includ-
ing arsenic, fluoride and nitrate. Hybrid ML–DL models, could be especially useful
under the many-dimensional nature of environmental data and can be used as a
decision-support system to create proactive environmental-management policies.
The expansion of urban and cultivated areas has been found to cause evident
alterations in the natural landscape and natural processes that interfere with hydro-
logical cycles and influence the fluxes of discharge and runoff on various scales and
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thus affect the quality of water adversely. For reducing river pollution, the role of
riparian ecotone in scrubbing the pollutants, mainly sediments, nitrogen and phos-
phorus, was found to be significant; therefore, extensive riparian ecotone–based
studies are recommended so that riparian ecotone can be used as mean to manage the
degrading rivers. There are multiform determinants such as transparent
exopolymeric particles (TEP), diatom-dominance-diversity linkages, microbial
extracellular enzymes (EE), ecological response index (ERI) and ecosystem feed-
backs. They can be used as novel tools to assess the impact of human activities on
ecological functioning and assimilation capacity of the river.

Few of the chapters also deliberated upon the current scenario of wastewater
application and its consequences on agricultural system. The control measures to
reduce contaminants in water, which reduce their utility in agriculture, are discussed
in detail to find out sustainable solutions. In this regard, several physico-chemical
and biological methods and their limitations are discussed. Some of the important
low-cost and easy control methods include precipitation, adsorption, membrane
based filters, etc. The biological control methods including bioremediation and
phytoremediation have also been discussed particularly for reducing arsenic con-
tamination. For heavy metals, which are major components of industrial waste water,
technologies using nanoparticles, ion-exchange, adsorption, membrane filtration,
chemical precipitation, coagulation–flocculation and electrochemical treatments
have been suggested. Adsorption on biomass-derived bio-sorbents can provide the
capability to treat wastewater on a large scale and has been detailed in this book.
Various issues discussed in the book set the stage for understanding and assessing
the current and possible future scenarios of management of river pollution.

Overall, the information compiled in this book has covered the in-depth knowl-
edge about advanced technologies to sort out the problem of water pollution
sustainably in the future. Finally, the book is in its present form only because of
the concerted efforts of the contributors, who are experts from India and the other
parts of the world in their respective fields.

Varanasi, India Anita Singh
M. Agrawal

S. B. Agrawal
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Chapter 1
Microbial Contamination of Drinking
Water

Shakti Rath

1.1 Introduction

Water is one of the most essential components of our life and the availability of
freshwater is limited on earth. In the last three decades, there has been a continuous
decline in the availability of potable water all over the world due to increasing water
pollution and global warming (Bi et al. 2018). The “Safe Drinking Water Act”
coined the term “contaminant” which means any type of waste substance in the
physical, chemical, or biological form found in the drinking water (Allaire et al.
2018). Drinking water is never 100% free from impurities. It naturally contains
contaminants, mostly chemicals and microorganisms due to anthropogenic activities
(Fawell and Nieuwenhuijsen 2003). However, if the level of the contaminants
increases above the safe limit, then the water becomes unfit for drinking. It has
also been well established that water has always remained a major source of
infection and morbidity among mankind from time immemorial (Edokpayi et al.
2018).

1.1.1 Types of Drinking Water Contaminants

Water contaminants can be classified into four major categories,
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1.1.1.1 Physical Contaminants

These waste products hamper the appearance of the water and alter its physical
properties. For example, human and animal feces, household sediments in the lakes,
soil erosion from the rivers and small streams (Fawell and Nieuwenhuijsen 2003).

1.1.1.2 Chemical Contaminants

These waste products occur naturally or are human-made such as industrial wastes,
bleaching agents, insecticides, and pesticides used in farming and pharmaceutical
drugs (Barrett 2014).

1.1.1.3 Biological Contaminants

These waste products mainly comprise microbes such as viruses, protozoa, parasites,
bacteria, and their byproducts (Fawell and Nieuwenhuijsen 2003).

1.1.1.4 Radiological Contaminants

These are the harmful waste products formed from the protons and neutrons of an
unstable atom which emits harmful ionizing radiation like uranium and plutonium
(Fawell and Nieuwenhuijsen 2003).

1.2 The Problem Scenario

For any nation, the most significant aspect, as well as a considerable successful
public health practice, is the delivery of safe drinking water to its citizens. However,
lack of knowledge about water contamination, risk factors, and incompetent staff
working in the drinking water supply systems cause unavoidable outbreaks of
waterborne diseases in many countries worldwide (Bain et al. 2014). There is an
increase in concern about the old drinking water supply systems that are more prone
to the damage and intrusion of pathogenic microorganisms from various sources
(Ashbolt 2015). Additionally, the improper industrial waste disposal and sanitation
system increase the intrusion of unwanted contaminants to the water bodies that
increases the rates of life-threatening waterborne infections/disease. There are sev-
eral types of waterborne diseases (Fig. 1.1). Further, water bodies, quality of
drinking water, and sanitation systems are also seriously affected by droughts and
floods. For example, flooding can directly spread fecal contaminants which can lead
to an outbreak of diseases like waterborne diarrhea, cholera, and hepatitis (Luby
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et al. 2015). Usually, even in urban regions, cases of gastrointestinal diseases due to
drinking water are not well quantified, reasons being surveillance insensitivities and
lack of specific epidemiology studies (Levallois and Villanueva 2019).

A WHO report says that the most waterborne pathogens get introduced into the
human body through drinking water and start infecting the gastrointestinal tract. In
most underdeveloped and developing countries, 75% of the total diseases originated
from water contamination and among them waterborne diarrhea and malaria being
the topmost killers. Currently, approximately 1.1 billion people across the world are
devoid of safe drinking water. Nearly 2.5 billion people live in unhygienic condi-
tions with improper sanitation. Every year nearly 2.2 million deaths occur due to lack
of water hygiene and sanitation-related issues with a yearly loss of more than
80 million years of life expectancy “Disability Adjusted Life Years (DALY’s)”
(WHO 2012).

Waterborne diarrhea accounts for 2195 deaths of children in 1 day which is much
higher than deaths occurring due to AIDS, malaria, and measles collectively. It
accounts for 1 in 9 child deaths worldwide, which makes it the 2nd largest killer of
children worldwide. By the end of 2017, nearly 8% of children (under the age of
5 years) were killed by diarrhea (UNICEF 2019). In India, waterborne infections like
diarrhea, cholera, typhoid, malaria, and hepatitis have accounted for 10,738 deaths
in-between 2012–2017 (UNICEF 2019). Of this, acute diarrhea leads the chart
followed by hepatitis, typhoid, and cholera. According to the World Health Organi-
zation (WHO) 2017, data, around the world, at least 219 million cases of malaria
were recorded from 87 countries. More than four million people die every year
because of malaria and the majority of them of children below the age of 5, mainly
belonging to the countries of Africa. India accounts for 4% of the total global malaria
cases. Further, soil-transmitted helminth infestations are one of the most common
diseases worldwide which mostly affect the people living in slums and unhygienic
conditions. Water and soil contamination occur by helminth egg present in human
feces. Few major species are the hookworms (Ancylostoma duodenale and Necator
americanus), the whipworm (Trichuris trichiura), and the roundworm (Asca-
ris lumbricoides). Nearly one-fourth populations of worldwide are infected with
soil-transmitted helminth. Mostly, the people of tropics and subtropics are affected.
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Fig. 1.1 Classification of
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Over 267 million preschool-age children and over 568 million school-age children
live in areas where these parasites are intensively transmitted (WHO 2017).

1.3 Waterborne Pathogens

1.3.1 Different Microorganisms Causing Diseases

There are over 500 waterborne pathogens of potential concern that have been
identified by various regulatory authorities. They belong to various groups of
microorganisms such as bacteria, viruses, fungi, and parasitic protozoa. WHO
conducts repeated epidemiological studies in almost all the countries with the help
of the local government and non-governmental organizations (NGOs) and estimates
the risk factors, diseases, and organisms. The major waterborne enteric pathogens
consist of Gram-negative bacteria such as Escherichia coli, Salmonella sp., Shigella
sp., Enterobacter sp., and Vibrio sp., which are spread through the orofecal route,
mainly in regions where sanitation facilities and sewage disposal are poor. This also
leads to foodborne diseases through pathogenic bacterial species of Campylobacter,
Salmonella, Arcobacter, Helicobacter, and Yersinia (Pandey et al. 2014; Ramirez-
Castillo 2015). Some of the most important waterborne pathogens identified in
WHO surveillance are listed in Table 1.1.

1.3.2 Major Bacterial Pathogens

Escherichia coli It is one of the major microorganisms found in the gut region of
almost all warm-blooded animals causing no harm in normal conditions. However,
strains like “verocytotoxin-producing E. coli (VTEC), Shiga toxin-producing E. coli
(STEC), or enterohemorrhagic E. coli (EHEC)” are the pathogens that lead to severe
diarrhea and they are released into the water bodies through feces. Transmission
through contact and water is well established and recorded in many articles (Falup-
Pecurariu et al. 2019; Pires et al. 2019).

Salmonella Salmonella generally does not multiply in the environment but they can
survive in different environmental conditions. Salmonella infection (salmonellosis)
is a general bacterial disease that affects the human gastrointestinal tract. These
bacteria colonize animal and human guts and are shed through feces to the environ-
ment. They are generally transmitted through contaminated water and food. The
other severe forms of Salmonella infections are typhoid (enteric fever) and paraty-
phoid (Mu et al. 2019; Zha et al. 2019).

Yersinia enterocolitica It is another pathogenic bacterium affecting humans
through water contaminated with swine manure. Both Salmonella and Yersinia are
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Table 1.1 Waterborne pathogens and their significance in water supplies

Pathogen
Health
significance

Persistence in
water
supplies

Resistance
to chlorine

Relative
infectivity

Important
animal
source

Bacteria

Burkholderia
pseudomallei

H May multiply Low Low No

Campylobacter jejuni,
C. coli

H Moderate Low Moderate Yes

Escherichia coli –
Pathogenic

H Moderate Low Low Yes

E. coli –
Enterohemorrhagic

H Moderate Low High Yes

Legionella sp. H May multiply Low Moderate No

Non-tuberculous
mycobacteria

L May multiply High Low No

Pseudomonas
aeruginosa

Moderate May multiply Moderate Low No

Salmonella typhi High Moderate Low Low No

Other salmonellae High May multiply Low Low Yes

Shigella sp. High Short Low High No

Vibrio cholerae High Short to long Low Low No

Yersinia enterocolitica High Long Low Low Yes

Viruses

Adenoviruses High Long Moderate High No

Enteroviruses High Long Moderate High No

Astroviruses High Long Moderate High No

Hepatitis viruses High Long Moderate High No

Hepatitis E viruses High Long Moderate High Potentially

Noroviruses High Long Moderate High Potentially

Sapoviruses High Long Moderate High Potentially

Rotavirus High Long Moderate High No

Protozoa

Acanthamoeba sp. High May multiply Low High No

Cryptosporidium
parvum

High Long High High Yes

Cyclosporacayetanensis High Long High High No

Entamoebahistolytica High Moderate High High No

Giardia intestinalis High Moderate High High Yes

Naegleriafowleri High May multiply Low Moderate No

Toxoplasma gondii High Long High High Yes

Helminths

Dracunculusmedinensis High Moderate Moderate High No

Schistosoma sp. High Short Moderate High Yes

Table Source: https://www.who.int/water_sanitation_health/gdwqrevision/watpathogens.pdf
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often shed by apparently healthy animals and are capable of causing severe disease
in humans (Strydom et al. 2019; Younis et al. 2019).

Vibrio cholera It causes cholera, which is a gastrointestinal infection of the
intestine. The major symptoms are watery diarrhea, vomiting, and leg cramps.
Rapid loss of body fluids leads to dehydration and shock in affected patients. Lack
of medical attention can lead to death within hours of infection. V. cholerae enters
the human body via contaminated drinking water or by eating contaminated seafood.
The contamination of food or water occurs when untreated sewage is released into
the supply water system, affecting the potable water or any food washed in that
water. There are many reports on outbreaks and epidemics of cholera across the
world and it is a major killer in areas with unhygienic conditions and improper
sanitation (Hsueh and Waters 2019; Rijal et al. 2019). Shigella causes infectious
disease Shigellosis. Patients with shigellosis have diarrhea, fever, and stomach
cramps from the inception of the infection. Shigellosis does not last more than a
week. Infected persons may remain asymptomatic, but can still act as carriers. The
spread of Shigella can be reduced by proper handwashing techniques and
maintaining proper hygiene (Carias et al. 2019; Williams and Berkley 2018).

Viruses are host-dependent and their transmission via water and other environ-
mental routes is scientifically established. The viruses transmitted via water are shed
with feces and infect through the mouth (Lodder et al. 2010). Each virus has a
specific recipient cell in the host body, which helps in its replication and infection.
These viruses can spread from the intestinal cell to other parts of the body and can
cause serious complications other than diarrhea. To date, no major outbreak or
epidemic has been recorded for water-transmitted viruses, but they have the potential
of rapid spread and causing an epidemic. For example, adenoviruses, enteroviruses,
astroviruses, hepatitis A and E viruses, noroviruses, sapoviruses, and rotavirus (Gall
et al. 2015; Bonadonna and La Rosa 2019).

1.3.3 Protozoa

Numerous protozoan pathogens, like microsporidia, amoebae, ciliates, flagellates,
and apicomplexans, originating in human or animal feces are frequently found in
waterbodies worldwide. The major protozoa causing waterborne infections are
species of microsporidia, the amoeba, Entamoeba histolytica, Giardia duodenalis
(G. lamblia), Toxoplasma gondii, and Cryptosporidium species (Shanan et al. 2015).
Most of these protozoa, in contrast to microorganisms and viruses that multiply
rapidly, need a living host for its lifecycle and generally, the incubation period is
2–3 weeks long. Accurate diagnosis of these protozoans remains a concern. Higher
molecular techniques may be employed for their identification, which will enable the
scientists to conduct epidemiological research relating these organisms and to come
up with a strategy for their prevention and management (Omarova et al. 2018).
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1.3.4 Helminths

Major helminths causing waterborne infestations are nematodes which include
ascarids, pinworms, hookworms, strongylids, angiostrongylids, capillarids and
guinea worms, flukes which include schistosomes and liver flukes, tapeworms
together with the beef, red meat and fish tapeworms as well as cystic and alveolar
hydatid tapeworms. Improper sanitation and contaminated water facilitate the trans-
mission of these helminths both among animals and humans (Strunz et al. 2014). The
lifecycles of the maximum of these helminths are very established and they can be
easily controlled by breaking these cycles. Recent studies suggest that waterborne
helminth infestations have increased due to global warming and change in the global
rain cycle (Ribas et al. 2017). Temperature and rainfall primarily determine the
seasonal prevalence and human infestations cycle of these helminthes. However,
they are more prevalent in rainy season or areas with heavy rainfall. Contaminated
water used for irrigation, washing ingredients, and drinks are the major sources of
the infestations (Ribas et al. 2017).

1.4 Waterborne Infections and Diseases

1.4.1 Transmission of Waterborne Diseases

The major sources of water-borne diseases are contaminated drinking water supply
systems that contain several contaminants (Fig. 1.2). Unprotected water bodies or
groundwater are often contaminated by human or animal feces or agricultural
effluents. Piped water sources are also contaminated from a variety of pollutants
(Hartemann et al. 1986). Moreover, due to lack of maintenance, supply pipes can
consume chlorine residues, making the decontamination process ineffective. Broken
pipes or crossed connections with sewage pipes also add contaminants into a water
system, creating an efficient pathway for pathogen transmission. Further, during the
power cuts, a negative pressure is created in the supply system which pulls the
contaminants into the water system from the outer environment. Concealed networks
(holes made in existing water pipes by persons) create openings in water pipes that
also allow entry of contaminants into the water system. These microorganisms reach
to human system through the orofecal route (Hatami 2013). There have been
numerous reports on outbreaks of orofecal diseases such as typhoid or cholera.
There are several other ways, where fecal material can reach to the human digestive
system through contaminated food. The microorganisms in feces can spread rapidly
and cause an outbreak in a very short period (Rooney et al. 2004; Pons et al. 2015;
Mari et al. 2019). Some of the most prominent water-borne diseases are listed in
Table 1.2.

1 Microbial Contamination of Drinking Water 7



1.4.2 Biofilms in Water Distribution Systems

The existence of microbial biofilms is another major challenge encountered by
authorities. Biofilms are microbial colonies with a layer of extracellular polymeric
material protecting the biomass through environmental and shear tensions. Biofilms
are a potential source of bacterial contamination and also affect the flavor and odor of
the water and facilitate the corrosion of pipes (Chan et al. 2019). The biofilm
contains bacterial colonies enveloped inside a polymeric slime that confirms adhe-
sion to the particular pipe surface. Gradually, they become resistant to various
disinfectants and antibiotics. Biofilms are found within pipes, tanks, business
cooling towers, heat exchangers, hospital plumbing system, filtration media, etc.
Because of their complex architecture, firm attachment, and their capacity to adapt to
the environmental conditions, they may be very difficult to get rid of. These resistant
bacteria could be an essential source of water contamination and, subsequently,
leading food poisoning, diarrhea, and other outbreaks (Maes et al. 2019).

The newer technologies are mainly focusing on in situ differentiation of biomass
and biofilms present in the water pipelines. In order to manage the biofilm formation
in water distribution systems, their physiochemical structure must be correctly
analyzed and appropriate chemical agents must be used to break the biofilm network.
Present methods employed to control and remove biofilm include chlorine-
chloramine disinfection, flushing involving water supply systems, and nutrient
removal (Douterelo et al. 2016; Fish and Boxall 2018).

Fig. 1.2 Flowchart representing the source and transmission of water pollutants and pathogens
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1.5 Antibiotic-Resistant Bacteria in Water

1.5.1 Occurrence of Antibiotic-Resistant Bacteria
in Wastewater

The spread of antibiotic-resistant bacteria (ARB) has been described as a global
public health problem due to release of the antibiotics from hospital discharge. Every
individual is at risk of getting infected with ARB bacteria, but some populations are
at higher risk such as children, elderly people, and immune-compromised patients. If
antibiotics become ineffective then most modern treatment procedures will become
useless. In the last few decades, water bodies are detected harboring ARB and
antibiotic-resistant genes (ARGs) in treated and untreated drinking water (Xi et al.
2009). ARB and ARGs are a serious medical concern as they are capable of
transferring the ARGs to the human beings. As per the Center for Disease Control
(CDC), US report, each year two million people get infected with ARB and nearly
25,000 people die of it. A large amount of antibiotics ARBs and ARGs have been
repeatedly isolated from water bodies, animal wastes and manure, agricultural
runoff, surface waters and sediments, municipal wastewaters, and even from treated
drinking water (Chen et al. 2017). Hence, their presence becomes ubiquitous in the
aquatic environment. The potential impact of the environmental presence ARB and
ARGs in water bodies and water distribution systems is still not clear, but there is an
increasing concern throughout the world regarding the rapid spread of ARB and
ARGs in through water system (Fuentes et al. 2019).

Antibiotics and decontamination provide essential individual and public health
protection, respectively, from water, sanitation, and health (WaSH)-related diseases
ranging from dysentery to cholera. But there are growing concerns that even trace
levels of antibiotics and intact DNA remnants from cell debris can promote antibiotic
resistance by gene transfer to “downstream” bacterial populations, including patho-
gens (Khan et al. 2019). A recent European Commission review concluded that there
is need of general safety measures to improve the effectiveness of wastewater
treatment processes and efforts to control the use of antibiotics in animal husbandry
and in human medical practices. It can reduce the spread of ARB (Pärnänen et al.
2019). A 2018 review by the Global Water Pathogen Project (GWPP) found that
ARGs can be passed on and taken up by virtually all bacteria, so it is important to
reduce general loads of bacteria as well as pathogens to reduce the potential spread of
antimicrobial resistance. The GWPP chapter further concludes the known benefits of
pathogen reduction through disinfection processes to balance the risk index (https://
www.waterpathogens.org/).
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1.5.2 Drinking Water and Antibiotic Resistance

For more than a century, microbial quality testing of drinking water has focused on
the use of indicators for detecting waterborne pathogens. Adequate drinking water
disinfection destroys or inactivates pathogenic and non-pathogenic bacteria, includ-
ing ARB, most viruses, and degrades some antibiotics (Rath and Patra 2018).
Compared to the wastewater, knowledge about the presence and public health
significance of ARB, ARGs, and antibiotics in drinking water, including treatment
plants, distribution systems, as well as the role of biofilms, is very less. Studies
reported that ARB and ARG levels were higher in tap water than the source waters,
indicating that there was regrowth of bacteria in drinking water during their distri-
bution time. The investigators have hypothesized that chemical purification of water
increases the chances of bacteria to be antibiotic-resistant and further leads to spread
through drinking water supply systems. Such supply systems further turn into major
reservoirs for these ABR bacteria as they form biofilms in the inner surface of the
supply pipelines (Li and Gu 2019).

1.6 Intervening to Reduce Risk Caused Due to Water
Contamination

Almost all the countries are working to formulate a standardized protocol to elim-
inate these organisms and to make a regulatory body to monitor the strict imple-
mentation of these protocols. However, only a few nations have been successful in
achieving this target. Water Health Organization (WHO) has recommended risk-free
preventive approaches to minimize the exposure of pathogenic microorganisms to
the drinking water. Hence risk assessment becomes very essential in the formulation
and implementation of treatment guidelines, supply, and safety of drinking water
(Malik et al. 2012). Many such approaches are followed throughout the world,
ranging from “risk scoring in sanitary inspections” and “risk matrices to quantitative
microbial risk assessment (QMRA)” (Schijven et al. 2015). WHO needs to educate
different countries regarding QMRA to facilitate its proper implementation for the
supply of safe drinking water, its reuse, and even water recreation parks to effec-
tively manage the risks linked with fecal pathogen-contaminated water. QMRA
describes a four-step method for water disinfection, its reuse in domestic, industrial
and recreational parks and lays out a clear guideline for controlling waterborne
infections across the world (Ramírez-Castillo et al. 2015; Brouwer et al. 2018).
Preventing diseases through reducing water contamination is a necessary interven-
tion which could be made at every level of transmission, which includes:
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• Prevention of contamination at the origin of water-basic level.
• Prevention of contamination while transmission using a proper filter and treating

while it gets transported to the household.
• Treatment (chlorination) of storage tanks at home and prevention of further

contamination during storage, such as from flies, wastes, and rainwater.
• Preventing while transportation of water through household pipes by using proper

filters and purifiers.
• Boiling, purification, and filtration before consumption.
• Maintaining proper hygiene is also one of the most important components of

prevention from the further transmission of diseases.
• More studies into the concentrations and removal of ARB and ARG are needed.

When it comes to understanding the presence and human health significance of
antimicrobial resistance in waterborne pathogens in environmental and treated
waters, there are far more questions and research needs than there are answers.
The GWPP and European Commission reviews both call for expanded science-
based information and risk assessments into the relationships between aquatic
antibiotic concentrations, the spread of antimicrobial resistance, and public health
protection, all of which seems prudent.

1.7 Actions Taken by WHO and Other Organizations

According to the “Millennium Development Goal” target for drinking water, there
was a plan of supplying 50% of the world population with safe drinking water. Till
1990, 76% of the total world population had access to safe drinking water, which
increased to 89% in 2012. However, this distribution across the world is highly
uneven (Fig. 1.3). By 2012, only 56% of the total world population had the highest
level of access, supplied water facilities in their home. In 2004, WHO initiated
“Water Safety Plans (WSPs)” that presents the guidelines for estimating the quality

Fig. 1.3 Global coverage of improved drinking water 2012. (Source: https://apps.who.int/iris/
bitstream/handle/10665/150112/9789241564823_eng.pdf?sequence¼1)
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of potable water. WSP was the most effective method for the evaluation and
distribution of safe drinking water. But WSPs still require major support from the
local governments for its effective implementation, monitoring, and data collection.
WHO provides guidance and support to regulators and water suppliers with the help
of local NGOs to effectively implement WSP, risk assessment, and monitoring the
prevalence of waterborne infections/diseases. Currently, more than 50 countries
have a national strategy established to scale up WSP implementation (WHO
2012). Figure 1.3 shows global coverage of improved drinking water. In 2015,
WHO released a worldwide plan on antimicrobial resistance. ARBs and ARGs are
a group of unusual and major contaminants of fecal wastes and water. The primary
objective was to understand the role of water in transmission and increase of ARBs
and ARGs and to take necessary steps to eliminate it. The plan was to highlight
WASH and antimicrobial resistance and propose new directions for their threat
evaluation control and management. Proper sanitation, hygiene, and safe water
distribution in households, educational institutions, and health centers remain a
priority; however, ensuring a check on the spread of ARBs and ARGs is also a
concern for the regulatory authorities (Chen et al. 2017).

1.8 Conclusions

Microbial contamination of drinking water is one of the significant threats in
developing countries and even in the most developed countries. Recently, it has
been evident that there is an association between disinfection by-products and
adverse health effects. It is essential to treat upcoming threats of diseases from
contaminated water at the basic supply level, through proper sanitation and scientific
waste management. Well-designed epidemiological data and studies are also needed
so that microbes responsible for contamination can be identified. A major change is
required in the current system of risk analysis and management of water safety and
waterborne diseases. The existing water safety rules have lot of drawbacks, which
make the implementation of newer WSPs difficult and prevents to assess the risk
factors and to conduct an epidemiological study. Recently, the approach is practiced
globally using principles from the food industry’s Hazard Analysis Critical Control
Point, described by the WHO as WSPs. Scientific and correct disposal of household,
industrial, agricultural, and hospital wastes along with a proper sanitation system can
increase the water safety levels, consequently decreasing the outbreak of waterborne
diseases. By following the rules and regulations as well as by self-control, the risk
from water contaminants can be reduced up to certain levels.
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Chapter 2
Landscape Perspective to River Pollution: A
Case Study of Bentong River, Malaysia

Nor Rohaizah Jamil and Zakariya Nafi Shehab

2.1 Introduction

Up to March 2012, the global population surpassed 7 billion people, a double of
what it was less than 50 years ago (United States Census Bureau 2012). United
Nations (UN 2018) estimated that 55% of the people live in urbanized cities, and it
was predicted that by 2030, 68% of people will live in urbanized zones, and even
reach 75% by 2050. If this trend of population growth and urban expansion
continues at a rapid pace, the risks and dangers posed to the availability of natural
resources and the quality of life will greatly escalate (McGrane 2016).

Water perhaps is the most threatened and vulnerable medium by this uncontrolled
growth. With the expansion of population growth, now water is becoming a scarce
commodity. By 2030, according to a recent United Nations report (UN 2018), more
than 700 million people may be forced to migrate to urban areas, due to intense water
shortage. The quality of water plays an important role, as it affects the health of soil,
crops, animals, human beings, and all surrounding environment (McGrane 2016).

Surface water quality is dependent upon natural processes as well as anthropo-
genic activities, either collectively or separately. Particularly, the human interference
has deteriorated the water quality through point and non-point pollution sources in
both urban and rural areas (Khatri and Tyagi 2015). For their benefits, they have
utilized the natural resources so badly that affect the setting of landscape and other
environmental components. With the landscape changes, the sediment load, nitro-
gen, phosphorus, and organic matter of streams and rivers get distributed (Rosso and
Cirelli 2013). The human beings have utilized the natural resources including
landscape for the need of their houses, food, and for the development of other
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infrastructures. These practices increase the impervious surface such as roads,
sidewalks, rooftops and parking lots and that lead to more transportation of the
pollutants from landscape into the water bodies (Wilson and Weng 2010). Along
with this, agricultural runoff also discharges extra amount of nutrients, pesticides,
and herbicides into the nearest water bodies. These changes lead to eutrophication of
water bodies and create suitable conditions for algal bloom and phytoplankton
biomass, that consequently impair odor and taste of water (Tsegaye et al. 2006;
Zhang et al. 2013). The higher content of suspended solids increases the turbidity of
water, which lessen penetration of light and affects the growth of fish and other
aquatic animals (Giri 2013).

Land use patterns in certain areas influence river water systems through non-point
pollutants, which pose a significant risk to water quality, particularly in residential
areas (Jia et al. 2013). Furthermore, natural landscapes have been fragmented and
transformed into impervious areas, which often lead to a surge in surface runoff.
These continuous transformations alter the hydrological processes and increase the
load of pollutants to the river bodies (Barbosa et al. 2012). Water quality variables
have been strongly related to the configuration and proportion of land uses inside the
multiple areas, due to variations in the types of pollutants released (Schoonover and
Lockaby 2006).

Similarly, the relation between landscape patterns and water quality deterioration
is considered a pattern-process relationship, in which energy, nutrients, and material
in a landscape are influenced by permeability, connectivity, aggregation, and con-
figuration (Mitchell et al. 2013). Several studies have highlighted the impact of
landscape patterns on water chemistry and quality variation, and the significance of
landscape features on stream health (Beckert et al. 2011; Zhang et al. 2013; Griffith
2002; Rothwell et al. 2010). Griffith (2002) even mentioned that the association
between landscapes and water quality is area-specific and non-stationary and above
all complex; still, there has been a notable correlation among water quality variables
and landscape metrics within watersheds (Buck et al. 2004). The spatial structure of
landscapes in particular is essential for assessing the connection between landscape
and water quality at different scales (Alberti et al. 2007). Furthermore, landscape
composition and configuration might be a key factor that has some impacts on
hydrological processes, chemical cycles, energy flows, and natural habitats (Mitchell
et al. 2013).

2.2 Impact of Urban and Agricultural Runoff
on River Water

Urban areas occupy only a small percentage of the earth’s surface. Still, they are
home to well over half of the world’s population (UN 2018). The surge in urban
growth prompted scientists to study the impacts of landscape change on hydrological
dynamics. Researchers focused on evaluating catchment response to urban
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development in an attempt to identify and quantify the impacts of this development
on surrounding water or downstream water (Rodriguez et al. 2013). However, the
dynamics of urban development strategies vary throughout the world. In developing
countries, urban growth takes place along large-scale areas which include entire
cities built in very short time periods such as new projects to develop cities in China.
Contrarily, urban growth in developed countries is often locally scaled, with con-
struction of single house estates or individual buildings in a spatial vicinity with the
help of modern monitoring technologies that offer perspective regarding the sur-
rounding environment (Blocken et al. 2013). In spite of that, having a comprehen-
sive metrics for evaluating urban expansion is rather tricky; however, several studies
tackling this issue have considered several approaches such as population density,
growth rate, spatial geometry, total impervious areas, accessibility, and aesthetics
(Bowyer 2015).

Urban landscape has a noticeable influence on hydrological and meteorological
processes. Urban expansion increases artificial drainage systems that alter signifi-
cantly the amount and route of runoff generated from certain vicinity (Dams et al.
2013). The increase in particulate matter and artificial thermal characteristics from
urban areas affects the rainfall pattern and may lead to convective summer thunder-
storms and downwind precipitation (Jin and Shepherd 2005). Moreover, sewage
treatment facilities and sewerage conveyance system discharge huge quantities of
pollutants into the water bodies that alter the natural composition of water and
change the dynamic of the aquatic ecosystem (Leung and Jiao 2006).

The implications of urban expansion on water quality have been the focus of
several researches, in order to find out some mitigation strategies to reduce the risk of
water quality of rivers and streams. Effluents from point sources and runoff from
non-point sources increase the pollution load in rivers with diverse contaminants
including heavy metals, major nutrients, and organic matter. Recently, efforts have
shifted to address more urgent and crucial issues such as synthetic chemicals, nano
pollutants in rivers, and the fate and transport of pollutants in general (McGrane
2016). In developed countries, steps are being taken to treat storm water and runoff
as a renewable resource. Sustainable management strategies are being implemented
to make use of this resource and at the same time reduce its dire effects on river
water, which would help to restore and enhance river water quality (Blocken et al.
2013). In Canada, urban ponds are being used increasingly to retain storm water
runoff to protect water systems and reduce downstream flooding. This has become a
prominent feature in many parts of Canada including Ontario and Toronto, which
has about 500 ponds within its realm. Moreover, samples taken from some of these
ponds indicated that they could improve water quality downstream by retaining
pollutants; also the in-pond vegetation can help in reducing nutrient content (Drake
et al. 2016).

Agricultural practices like excessive use of fertilizers to obtain high product yield,
use of herbicides and pesticides, and impractical irrigation practices also lead to
surface water contamination. These applications increase the flux of sediment,
nutrients, pathogens, and various chemical compounds, which alter the composition
of river water and affect the aquatic ecosystem.
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Overall, the pressure of agriculture on river water quality has slightly eased since
early 1990s due to the reduction in fertilizers and pesticides use in light of the
environmental movement. However, despite this minor improvement, pollutions
from agricultural practices remain significant and substantial. In comparison to the
point source the agricultural runoff (non-point pollution) contributes more in the
degradation of water quality and that can be controlled only up to certain stage (Giri
and Qiu 2016). Fertilizers having high concentration of nitrogen, phosphorous, and
other compounds are constantly added to the soil without following any
recommended dose. Therefore, the surplus amount of these compounds often
remains in the soil get leached into the ground as well washed off to the water
bodies. The enhanced concentrations of nutrients in river water decrease the oxygen
level and lead to toxic conditions by producing more algal boom (Evans et al. 2019).

Furthermore, in most developing countries, the decline in forest and woodlands is
attributed largely to land transformation, especially the expansion of agricultural
fields for crop production. Various studies also alluded that these structural changes
are influenced by political and economic policies (FAO 2018).

Unfortunately, these perpetual transformations in natural landscapes occasionally
invoke unexpected problems that sometimes extent to the other regions also. For
example, the algae bloom phenomenon that is attributed to Sargassum seaweed on
the Caribbean coast of Mexico can spread to the entire tropical Atlantic Ocean. This
area is named as Great Atlantic Sargassum Belt (GASB) known for largest
macroalgal bloom in the world. The major reasons for the propagation of algal
bloom are deforestation and use of fertilizers in the Amazon forest that steadily
increased nutrient runoff. The aggregations of macroalgae in coastal waters deplete
oxygen and affect the other aquatic organism. At excess level, they may produce
rotten egg smells that consequently affect the number of tourists as well as to the
local fisheries. So, the landscape alteration can affect the whole water systems
(Wang et al. 2019).

2.3 Landscape Influence on Water Quality: A Case Study
in Bentong River

Landscape patterns and ecological processes interact with one another. By
establishing relationships between the two, we can take further steps to comprehend
the influence of landscape on water quality and assess more information that
strengthen our grasp of landscape ecology. Hence, it has become very imperative
to identify and describe the relationships among water parameters and land use
patterns and landscape metrics in order to implement sustainable water management
strategies (Crosa et al. 2006). Lately, studies have started to focus on spatial
configuration of land uses and on different landscape metrics in an attempt to further
understand the association and interconnection between land use patterns and water
characteristics of watersheds. Incorporating advanced statistical analysis and spatial
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analysis techniques have made a notable progress in these studies (Ierodiaconou
et al. 2005).

Therefore, a case study of Bentong River basin in Pahang state, Malaysia has
been analyzed to illustrate the effects and significance of spatial land uses and
landscape patterns on water quality. Normally, it is somewhat difficult to assert
and clarify these relationships in rivers, due to the continuous inputs from upstream.
Nevertheless, this study utilized the basic concept that surface settings and spatial
composition will categorically change water quality in adjacent water systems.

Bentong River is constituted of multiple tributaries with Kelau River, Semantan
River, Benus River, and Telemung River representing the major ones. Bentong
catchment is located in the western part of Pahang State, Malaysia with an estimated
area of 3401 km2. The average annual total rainfall received in Bentong catchment
area is approximately 1855 mm, the mean rainfall distribution throughout the year,
according to the previous rainfall records of the past 35 years (Malaysian Meteoro-
logical Department 2019). The river basin contains various agricultural and indus-
trial areas with a vast dispersion of forests. Wastewaters are discharged into the
middle and lower reaches of the river. Large-scale development projects in the entire
state, including Bentong, have resulted in the clearing of hundreds of square miles of
land for oil palm and rubber plantations, and the resettling of several hundred
thousand people in new villages under the federal agencies and institutions like the
Federal Land Development Authority (FELDA), Federal Land Consolidation and
Rehabilitation Authority (FELCRA), and Rubber Industry Smallholders Develop-
ment Authority (RISDA) has also affected the quality of river basin.

With the help of Fig. 2.1, a Digital elevation model (12.5 resolution) data and
maps interpreted from 2011 ASFs (Vertex) images used to delineate and extract the
stream network within the Bentong watershed and land use and cover composition
map are observed by using ArcGIS 10.2 techniques (Shehab et al. 2020). Depending
upon the types of land uses, seven different zones are categorized and further
reclassified into four major categories based upon their significance level. These
major categories are: (1) forests; (2) agricultural land; (3) residential areas; and
(4) facilities and industrial areas (Fig. 2.1B). Shehab et al. (2020) have divided the
study area into seven zones to better understand and quantify the impacts of certain
land types or landscape patterns on water quality and to compare their relationships
with water characteristics. Composition percentage of land use types for seven
different zones is illustrated in (Fig. 2.2. The classification is largely based on stream
network and sampling sites.

Furthermore, several landscape metrics are selected to determine the impact of
landscape structure on water quality. FRAGSTATS 4.1 software, which is a spatial
pattern analysis program for quantifying the structure of landscapes, is used to
calculate these metrics using the land use data in the study area. The applied metrics
are patch density (PD), edge density (ED), Shannon’s diversity index (SHDI),
Contagion (CONTAG), largest patch index (LPI), cohesion index (COHE), shape
index (SHMN), aggregation index (AI), and mean Euclidean nearest neighbor index
(ENNMN). These metrics have been established based on landscape, class, and
patch scale, all of which differ in definition and measurement. Here, the indices will
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Fig. 2.1 (a) Water sampling sites in Bentong basin, the digital elevation model (DEM) and the
drainage system, and (b) land use patterns and basin zones
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Fig. 2.2 Composition percentage of land use types for seven different zones in Bentong basin
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separately quantify the spatial distribution and pattern of a single patch or land cover
type in the landscape, which is more suitable to characterize each zone indepen-
dently (Shen et al. 2014). It is discussed in detail later on (Fig. 2.3).
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Fig. 2.3 Landscape pattern metrics in different zones in Bentong basin
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2.4 Understanding the Relationship Between Landscape
Patterns and Water Characteristics

Shehab et al. (2020) have analyzed the Pearson correlation that showed significant
relationships between water parameters and land use types in both the normal and
wet season (Table 2.1). During normal season, forest areas of various zones classi-
fied in this study area are found to be positively correlated with DO and pH and
negatively correlated with E. coli, sulfate, E.C, phosphate, and ammoniacal nitrogen.
Agricultural lands are positively related to nutrients, COD, E.C, and temperature,
and negatively related to DO and pH values. Residential lands showed positive
correlation with BOD, TSS, E.C, E. coli, and nutrient variables, and are negatively
correlated with pH and dissolved oxygen. Facilities and industrial lands showed
negative relation with DO, but positive correlation with phosphate, E.C, COD, TSS,
TDS, and ammoniacal nitrogen (Shehab et al. 2020).

For the wet season, forests are also positively correlated with DO and pH, but
showed a negative correlation with BOD, COD, E.C, TDS, E. coli, and the nutrient
variables. In contrast, agricultural lands are positively correlated with most of the
parameters except with DO and pH values. Residential lands showed positive
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Fig. 2.3 (continued)
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correlation with turbidity, BOD, COD, TSS, E.C, E. coli, and phosphate, while it has
negative correlation with DO. Facilities and industrial lands are also negatively
related to DO only, but positively correlated with sulfate, E.C, COD, TDS, and
ammoniacal nitrogen. There is a noticeable pattern observed by Pearson correlation
analysis, that forest areas have a positive effect on water quality in both seasons,
whereas the other land uses have an adverse impact on the river quality throughout
the area (Neary et al. 2009).

Along with this, calculated landscape metric values have demonstrated large
variations among different study areas (Fig. 2.3). In landscape ecology, the principal

Table 2.1 Pearson correlation coefficients between land uses and water quality variables in both
seasons

Forest Agriculture Residential Facilities & industrial

Normal season

pH 0.147* �0.498* �0.193* �0.207

Temperature 0.197 0.602* 0.359* 0.172

DO 0.453* �0.506* �0.196* �0.189*

BOD 0.145 �0.004 0.390* 0.302*

COD 0.030 0.160* 0.047 0.096*

TSS 0.232 0.315 0.423* 0.391*

TDS �0.201 0.173 0.235 0.354

E.C �0.087* 0.359* 0.482* 0.321

Turbidity 0.407 0.402 0.235 0.237*

E. coli �0.337* 0.90 0.342* 0.183

Ammoniacal nitrogen �0.385* 0.333* 0.145* 0.223*

Nitrate �0.219 0.200 0.082 0.091

Phosphate �0.324* 0.130* 0.130* 0.276*

Sulfate �0.208* 0.411* 0.271* 0.091

Wet season

pH 0.115* �0.417* �0.134 0.195

Temperature �0.125 0.304* �0.203 �0.463

DO 0.057* �0.228* �0.044* �0.217*

BOD �0.084* 0.154 0.126* 0.043

COD �0.61* 0.088* 0.206* 0.305*

TSS �0.008 0.347 0.234* 0.305

TDS 0.312* 0.345* 0.176 0.150*

E.C �0.113* 0.315* 0.197* 0.068*

Turbidity 0.108 0.442* 0.321* 0.097

E. coli �0.512* 0.179 0.294* �0.178

Ammoniacal nitrogen �0.427* 0.311* 0.384 0.083*

Nitrate �0.154 0.254* �0.238 0.068

Phosphate �0.154* 0.395* 0.294* 0.053*

Sulfate 0.120 0.427* 0.235 0.022*

*p < 0.05; **p < 0.01 (DO dissolved oxygen, BOD biological oxygen demand, COD chemical
oxygen demand, TSS total suspended solid, TDS total dissolved solid, EC electrical conductivity)
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approach to illustrate landscape patterns and measure spatial heterogeneity is via
landscape metric analysis (Yu et al. 2019). These metrics function as indicators of
structural composition and spatial configuration of landscapes. The highest values of
CONTAG (86.34%), AI (99.2%), COHE (99.74), SHMN (1.77), and LPI (93.75%)
and the lowest values of SHDI (0.27), PD (0.052/100 ha), and ED (1.92 m/ha) were
all recorded in zone 7. While the highest values of SHDI (1.25), ED (12.95 m/ha),
and PD (0.28/100 ha) were recorded in zone 5. Whereas, zone 1 had displayed the
lowest values of ENNMN (488.4 m), SHMN (1.55), and LPI (40.1%). There were
clear differences with correlations between these metrics and water quality param-
eters in both seasons, which highlight the sensitivity toward seasonality and hydro-
logical changes.

By using cluster analysis, these zones are further categorized into 22 sampling
sites based upon pollution load, i.e., signified slight pollution, moderate pollution,
and high pollution load to analyze the seasonal variations (Fig. 2.4). During the
normal season, cluster 1 included sites 4, 13, and 14. These sites are located at the
brinks or on the perimeter of Bentong River and are mainly surrounded with forest
cover and limited population. Naturally, they should be much less polluted than the
other sites. Cluster 2 comprised of sites 3, 6, 7, 9, 11, and 22; and cluster 3 covered
the rest of the sites. Clusters 2 and 3 are somewhat similar but vary in pollution
severity; both are represented by mostly residential and agricultural areas. Still, the
sites in cluster 3 are located in areas that contain more industrial activities, infra-
structure, and business practices besides the residential and agricultural parts. There-
fore, these sites are subjected to more wastewater discharge and much more
contaminated runoff.

During the wet season, cluster 1 included sites 1, 2, 3, 5, 6, 7, 8, 9, 10, 12, 14, 15,
and 21. While cluster 2 contained sites 4, 13, and 22. Interestingly, most of the
sampling sites in cluster 1 from the normal season shifted to cluster 2 in the wet
season, which is significantly different. The reason could be attributed to runoff
resulting from rainfalls, which carries various pollutants and compounds from
nearby and surrounding areas, especially agricultural lands, and deposit them in
waterways. Cluster 3 comprised sites 11, 16, 17, 18, 19, and 20, which are primarily
positioned in zone 4. These sites, particularly sites 16 and 17, are located down-
stream of the study area, thus the generated runoff passing through various areas
would ultimately worsen the water quality downstream as cited by (Absalon and
Matysik (2007)). Additionally, Ravichandran (2003)) stated that the confluence of
rivers sometimes leads to water quality deterioration due to different water chemical
composition and the alterations in hydrology.
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B

Fig. 2.4 Dendogram of the cluster analysis, (a) in the normal season and (b) in the wet season
according to the 22 sampling sites in Bentong basin
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2.5 Landscape Impact on Water Characteristics

Generally, tropical areas are distinguished by having substantial seasonality in
climate with distinct dry and wet seasons (Ferreira et al. 2017). Furthermore, in
humid tropics, hydrological processes have higher energy inputs and are subjected to
quick changes, basically related to human intervention (Wohl et al. 2012). Surface
runoff that affects water quality is itself affected by climate and land uses in the area
(Singh et al. 2004). Several researchers have reported that forest and grass areas
normally have a positive impact on water quality (Lee et al. 2009; Walker et al.
2009), while residential and agricultural areas have a negative influence on the
quality of water (Bu et al. 2014; Namugize Jean et al. 2018). Shehab et al. (2020)
have also found that forest cover is normally related to good water quality and plays
a considerable role in enhancing water quality in different watersheds worldwide
(Oliveira et al. 2016). Forest areas are found to be negatively related to numerous
water quality characteristics in each season. This result reinforces the idea that forest
and grass areas have a fixation and absorption impact on pollutants in river systems
(Bu et al. 2018). In addition, forest cover functions as a filter or a sieve that screens
and reduces the contaminants and sediments conveyed with the runoff (Ding et al.
2013). Furthermore, grass acts as a retaining agent that lessens the amount of surface
runoff (Ouyang et al. 2010).

Several studies have illustrated that mostly, urban and agricultural lands have
adverse effects on water quality (Ou et al. 2016; Huang et al. 2016). Excessive use of
fertilizers and soil erosion can result in higher deposition of nutrients, organic matter,
and sediments in water (Poudel 2016). Additionally, the level of negative impact of
agricultural lands on water quality is highly influenced by the geographic location as
well as farming techniques and habits (Jeon et al. 2004). Comparably, the surge in
wastewater discharge and effluent from residential areas as well as contaminants
buildup on impervious tops leads to decline in water quality (Ding et al. 2016). It is a
well-known fact that residential areas contribute primarily to water quality degrada-
tion (White and Greer 2006), even with relatively small percentage of urban domain,
the effects that it exerts on water quality are exceptionally strong and significant
(Zhou et al. 2012). Residential areas are found to be positively related to most
variables in both seasons (Shehab et al. 2020).

In addition to the spatial effect on water quality, there is an obvious temporal
impact related to seasonal changes. Huang et al. (2016) stated that seasonal varia-
tions in hydrological processes like precipitation, runoff, interception, and abstrac-
tion have a major influence on the river flow, which lead to different levels of
sediments and nutrients from one season to another. However, Woli et al. (2004)
mentioned that during the normal season, agricultural applications should not be
used to determine the nutrients variability in spite of the fertilizer usage. Therefore,
river quality deterioration would have to be attributed to other sources. In this case,
the residential and industrial areas, which are also heavily correlated with most water
quality parameters in the normal season, become the main suspect. The sewerage
points that are normally scattered in the populated areas as well as the industrial
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effluents affect water quality immensely, particularly where the population density is
substantial.

Conversely, the strong correlation of water variables with agricultural lands in the
wet season cannot be overlooked. Runoff resulting from rainfall carries fertilizer
ingredients and eroded soil into waterways, which worsen the water quality in the
river. Still, the impact of residential areas, which are also strongly correlated with
most water parameters, should be counted since the input or effluent from residential
areas is relatively consistent regardless of the season albeit with different quantities
(Namugize Jean et al. 2018). Moreover, residential areas tend to increase inorganic
nitrogen concentrations in river water, which would also explain the high correlation
with nutrients especially NH3-N (Foley et al. 2005). Although Oliveira et al. (2016)
mentioned that in areas with distinctive rainy seasons (like Malaysia), non-point
pollution sources typically have a reduced impact on water characteristics due to the
drop in runoff rate in the dry and normal seasons. Thus, attentions to hydrological
and temporal data are necessary to illustrate precisely the effects of land uses on
water quality.

Moreover, Yu et al. (2013)) stated that converting natural lands and forests into
residential areas alters the soil surface conditions, and elevates the imperviousness
levels in the area and ultimately runoff with rainstorms (White and Greer 2006).
Thus, pollution and changes in water characteristics tend to increase in these areas.
Other researchers also observed that water quality deterioration is directly linked
with increasing residential areas, along with agricultural and cultivated lands (Zhao
et al. 2015; Wan et al. 2014; Du Plessis et al. 2014). Similarly, transforming forest
areas into cultivated lands might change and raise water and sediment connectivity,
consequently affecting water quality (Masselink et al. 2017). From the correlation
results, it is evident that most water quality variables are significantly related more to
agricultural lands than to forests. Thus, land use types had a significant influence not
merely on the correlation coefficients with water parameters but also on the extent of
effect that land use itself had on every water quality parameter (Yu et al. 2016). Still,
using Pearson correlation analysis to support the presumption that land uses are in
fact the main driver of water quality changes must be taken cautiously (Ferreira et al.
2017).

2.6 Landscape Metrics Relationship with Water Quality

Landscape configuration signifies the physical distribution or spatial makeup of
patches within a class or landscape (Mcgarigal et al. 2002). Landscape metrics
have been established to measure and quantify land use patterns and to better
comprehend the landscape configuration and spatial diverseness (Griffith 2002).
Understanding the influence of landscapes and human interference with land com-
position on water quality is required, in order to implement protection and rehabil-
itation practices on water bodies (Tudesque et al. 2014). It has been found that
landscape metrics might be important parameters in predicting water quality at
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different sites exposed to mine wastes (Xiao and Ji 2007). In fact, several studies
have demonstrated that landscape metrics are notable factors that illustrate the
association between land uses and water quality and its effect on the hydrological
processes (Shen et al. 2014).

Landscape impact on water characteristics varies over seasons (Pratt and Chang
2012), and is mainly reliant on scale (Zhou et al. 2012). Correlations of landscape
metrics with water quality parameters are shown in Table 2.2. SHMN is considered
as an indicator of the complexity of land use shapes. This index is found to be
positively correlated with DO (p < 0.01) during the normal season and showed a
significant negative correlation with BOD, turbidity, and ammoniacal nitrogen,
which implies that more complexity in land use shapes that may result in a better
water quality (Lee et al. 2009). SHDI reflects the number of land uses in the area and
the proportion of change in land shapes. The presence of numerous different land use
types in a certain area leads to higher SHDI values (McGarigal et al. 2002). This
metric is positively correlated with almost all the variables and negatively with DO,
which signifies that water quality tends to decline with high intersperse of different
land use types as well as high spatial occupancy (Lee et al. 2009). Furthermore, this
consequently alters water purification functions due to the constant changes in the
natural environment (Xia et al. 2012). CONTAG percentage echoes the aggregated
proportion or dispersion of land use patterns that are present in a certain area, which
tends to be high when there is a low level of land use dispersion (Bu et al. 2014).
During both seasons, CONTAG correlated negatively with almost all of the vari-
ables (significantly with E.C, turbidity, pH, temperature, DO, and TSS), this would
indicate that water deterioration typically happens in landscapes that have a high
level of dispersion and are greatly fragmented and uneven (Uuemaa et al. 2005).
Likewise, ED and PD metrics are considered as pointers to the unevenness and
fragmentation of a landscape (Fichera et al. 2012). McGarigal and Marks (1995)
observed that PD and ED values would rise, while LPI value would drop when there
are numerous small spots and patches of land covers in the area. These metrics are
positively correlated with most water quality parameters in the normal season. This
could mean that large populace concentration in areas near water bodies would
relatively increase pollution levels (Shen et al. 2015). In addition, PD & ED are
positively correlated with nutrients in the wet season, which indicates problems with
runoff and soil erosion (Griffith 2002).

Since it has been reported that forests and natural areas contribute to better water
characteristics (Tong and Chen 2002), it is more probable that point source pollution
in the area is degrading the water quality more than non-point sources. LPI gives an
indication to the largest cover or use inside a certain area (Ding et al. 2016). Forests
are the dominant landscape in this case study area and most of the water quality
variables are negatively correlated with this metric. This result is compatible with the
findings of Lee et al. (2009)), and indicates that extensive forests cover could
enhance water quality to some degree (Shen et al. 2014). Moreover, this reinforces
the previous suggestion that non-point sources had a lesser effect on the variables
than point source pollution. AI &COHE echo the physical and structural linkage and
connectedness of a particular land cover or use inside an area, and consequently,
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reflects the impacts of landscape dissemination or dispersal on variables (Ding et al.
2016). The connectivity theme of landscapes is clearly noticeable in Bentong basin
with some separations in few areas. Most of the variables are negatively relatedto
these metrics, which may indicate that a more separated landscape can lead to a
worse water quality. ENNMN is normally applied to measure patch separation and
seclusion in an area. The high values of ENNMN in the different zones are probably
attributed to large proportion of one land use or cover with a small number of
different patches (Zhou et al. 2012).

Occasionally, landscape metrics can be used to characterize water quality in
certain water bodies. Land use or cover types have a measurable and definitive
impact on water quality by affecting the runoff composition and process. Following
rainfalls, the runoff conveys substances and pollutants from different lands into a
water system. These spatial patterns of the area exemplify the influence of land uses
on the water quality (Galbraith and Burns 2007).

2.7 Conclusion

Fresh water is a precious resource as it constitutes only 0.3% of total water resources
across the globe. Availability of water is subjected to natural influences and anthro-
pogenic activities. However, anthropogenic influences on water quality have the
major impact on life. Undoubtedly changes in land use and land cover pattern lead to
a decline in river water quality. In any given area, selected landscape pattern metrics
that are correlated with river water characteristics may be used as indicators to assist
with the monitoring and management of river systems.

Furthermore, river monitoring and restoration practices must consider land use
and land cover patterns on multiple scales, ranging from buffer zones, catchments,
sub-watersheds to the entire watershed. Focusing only on smaller regions often leads
to a failure of river management. Future management plans must consider multiple
scales and landscape planning at the sub-watershed and watershed scales seems vital
in particular. The case study yielded relationships that enabled us to interpret and
describe the effects of multiple factors such as spatial and temporal changes and
landscape patterns on water variables. Understanding these relationships provides
information and valuable data regarding water quality conditions and helps to outline
suitable water management practices.

Moreover, in order to curtail or limit landscape effects on river water, urbaniza
tion must be restricted in and around the riparian areas of rivers. As this case study
demonstrated, urbanization is a key factor affecting the river water quality. Future
river restoration or management efforts should be focused to plan more sustainable
urban landscapes around rivers that control expansion of urban land, and minimize
pollution load. Additionally, river restoration entails interdisciplinary collaborations
and engagement with policy makers. In spite of the importance of natural environ-
mental settings, anthropogenic factors play a dominant role in influencing the flow
and water quality of rivers everywhere. Consequently, this requires natural and
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social scientists to work together in order to fully comprehend and successfully
restore degraded river systems.
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Chapter 3
Existence of Antibiotics in Wastewater
as a Pollution Indicator

Halah H. Al-Haideri, Fikrat M. Hassan, and Saja H. Abdul-Ameer

3.1 Introduction

Antibiotics are the most successful and fast innovations of human health sector
worldwide, which are used extensively to improve human health by killing or
inhibiting the growth of bacteria. Antibiotics are antimicrobial drugs that are also
used to treat animals and plant infections and for limiting the spread of potential
diseases of multidrug infections, as well as promoting growth in animal farming. In
recent decades, due to their wide-spectrum advantages, antibiotics have been widely
and effectively used in veterinary sector as well as in aquaculture, agriculture,
bee-keeping, and livestock as growth potentials (Smith et al. 2002; Singer et al.
2003; Pruden et al. 2013; Gothwal and Shashidhar 2014).

Literally, antibiotic is a term refers to “antibiosis,” which practically means “anti-
life,” and thus define as an organic compound released by one microorganism and
being toxic to other microorganisms or can inhibit the growth of or even kill other
microorganisms even at low concentrations (Russell 2004); however, recently, the
definition has been changed to include those substances as antibiotics that are
genuinely produced partially or completely by microorganisms via specific ways.
Based upon the type of microorganism, they can be antibacterial, antifungal, and
antiviral (Walsh 2003; Russell 2004; Brooks et al. 2004). Antibacterial drugs can act
as bactericidal when completely kill the bacteria or bacteriostatic when only inhibit
the bacteria. Bacteriostatic drugs can be changed into bactericidal by changing
certain conditions such as poor nutrition, temperature variations, toxic proteolytic
compounds, or antibodies (Choquet-Kastylevsky et al. 2002; Slatore and Tilles
2004).
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Antibiotics as chemotherapeutic agents are released in large quantities in natural
ecosystems and exist at low concentrations in the environment due to the stability of
antibiotic precursors or their metabolic compounds which readily pass through water
treatment systems and leak into the ecosystem (Singer et al. 2002; Ferber 2003;
Jjemba 2006; Sarmah et al. 2006; Kümmerer 2009). Antibiotics are administered in
the treatment of human-infectious diseases as well as prophylactically to enhance
yield in the livestock farming, or non-target organisms, such as degradation of
pollutants and nutrient cycling (Flaherty and Dodson 2005). The native organisms
can interact with the antibiotics that entered the aquatic ecosystems and can then alter
and modify the microbial community genetically and structurally (Singer et al.
2016). The extensive use of chemotherapeutic drugs and the continuous exposure
of environment to these drugs can boost the selection of potentially resistant
pathogens, in other words, some species that are not directly affected by antibiotics
can be affected by antibiotic-indirect cascade effect, when feed on microorganisms
(Kümmerer 2004; Cabello 2006). Most notably, the environmental microorganisms
produce several antibiotics, whereas antibiotic resistance genes come from patho-
genic bacteria via horizontal gene transfer (HGT) from environmental microorgan-
isms as well; however, treatment of infections may generate a strong pressure for
antibiotic selectivity (Kümmerer 2004). The prevalence and persistence of bacteria
in the presence of antibiotics is due to the selective pressure that modifies their
genetic requirements and generates antibiotic-resistant bacteria (ARB), which act as
an ultimate threat for public health. ARBe not only have the action for proliferation,
but also have the ability to transfer resistance genes to sensitive bacteria (Martinez
et al. 2007). Antimicrobial-resistant bacteria possess several mechanisms to get rid
of the effect of these drugs such as secretion of enzymes that are able to degrade the
antibiotics, efflux pumps which are able to repel the drugs out of the bacterial cells,
modify bacteria cell wall to prevent the electrostatic interaction of antibiotics with
host cell wall, and downregulation of porins which in turn prevent antibiotics from
cross the cell, etc. (Bird et al. 2019).

Generally, antibiotics can be classified according to many different aspects such
as the mode of action, chemical structure, and the way of entrance (by injection, oral
and/or topical); however, the mechanism of action and activity spectrum are con-
sidered to be the most common ways to classify antibiotics to β-lactams,
carbapenem, aminoglycoside, macrolides, sulfonamides, quinolones, tetracycline,
glycopeptides, and fluoroquinolone (Calderon and Sabundayo 2007; Vila et al.
2007; van Hoek et al. 2011; Frank and Tacconelli 2012). According to WHO
classification (2019), antibiotics are further classified based on the importance of
their appropriate use, and to be used as a tool to better support antibiotic monitoring
and activities management in countries. Table 3.1 represents the WHO classification
of antibiotics and their mode of action in some details (Adzitey 2015).

The β-lactam antibiotics activity is restricted in their 3-carbon and 1-nitrogen ring
in the chemical structure, by which are able to destroy the bacterial cell wall by
interfering with proteins during peptidoglycan synthesis. The modification of beta-
lactam drugs side chain increases the ability to evade the degradative capacity of
enzymes produced by some bacterial species and make the movement of antibiotics
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Table 3.1 WHO AWaRe antibiotic classification for monitoring and evaluation, and their mode of
action

No.
Class of
antibiotic Representative drug Mechanism of action

1 β-lactam Amoxicillin, Ampicillin,
Azlocillin, Bacampicillin,
Benzathinebenzylpenicillin,
Benzylpenicillin, Clometocillin,
Cloxacillin, Dicloxacillin,
Flucloxacillin, Nafcillin, Oxacillin,
Phenoxymethylpenicillin,
Penamecillin, Pheneticillin,
Piperacillin, Pivampicillin,
Pivmecillinam, Procaine
benzylpenicillin, Sulbenicillin

Inhibitors for cell wall synthesis
and murine assembly

2 Aminoglycosides Amikacin, Arbekacin, Dibekacin,
Gentamicin, Isepamicin, Kanamy-
cin, Micronomicin, Neomycin,
Netilmicin, Netilmicin,
Ribostamycin, Sisomicin, Strepto-
mycin, Tobramycin

Inhibitors of protein synthesis
(Translation)

3 Macrolides Azithromycin, Clarithromycin,
Dirithromycin, Erythromycin,
Josamycin, Lincomycin,
Midecamycin, Oleandomycin,
Roxithromycin, Spiramycin,
Telithromycin

Protein synthesis inhibitors
(Translation)

4 First Generation
of
Cephalosporins

Cefacetrile, Cefadroxil, Cefalexin,
Cefalotin, Cefapirin, Cefatrizine,
Cefazedone, Cefazolin

Inhibition of the growth of
Gram-negative bacteria by
binding to penicillin-binding
proteins (PBPs)

Second Genera-
tion of
Cephalosporins

Cefaclor, Cefamandole,
Cefbuperazone, Cefmetazole,
Cefminox, Cefonicid, Ceforanide

Third Generation
of
Cephalosporins

Cefcapenepivoxil, Cefdinir,
Cefditorenpivoxil, Cefixime,
Cefmenoxime, Cefodizime

5 Monobactams Aztreonam Cell wall inhibitors

6 Lincosamides Clindamycin Protein synthesis inhibitors

7 Tetracyclines Tetracyclines, Doxycycline,
Eravacycline, Lymecycline,
Metacycline, Minocycline (IV),
Minocycline (oral), Omadacycline

Protein synthesis inhibitors

8 Amphenicols Chloramphenicol Protein synthesis inhibitors

9 Fluoroquinolones Ciprofloxacin, Enoxacin,
Delafloxacin, Fleroxacin,
Flumequine, Garenoxacin,
Gatifloxacin, Gemifloxacin,
Levofloxacin, Lomefloxacin,
Moxifloxacin, Norfloxacin,

DNA replication inhibitors

(continued)
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across the outer membrane more easier (Poirel et al. 2005). Cephalosporins are
similar to beta-lactam with semi-synthetically side chains (3,6-dihydro-2
H-1,3-thiazane) rings, which enable them to be resistant to penicillinase by binding
to different penicillin-binding proteins (PBPs) in the cell wall, as well as to invade
the blood-brain barrier (Etebul and Arikekpar 2016). Unlike beta-lactams,
macrolides characterized with unique macrocyclic lactose ring contains l-cladinose
and D-desosamine sugars, which increase their spectrum activity (Moore 2015).
Macrolides are able to kill or inhibit bacterial protein synthesis by binding to
ribosomes and preventing the addition of amino acids to polypeptide chains (Kapoor
et al. 2017). Teteracyclines and doxycycline are firstly semi-synthetic derivatives,
which target protein synthesis processes (Yoneyama and Katsumata 2006). Further-
more, other pharmaceuticals target the DNA replication and transcription processes
by interfering with DNA gyrase such as quinolones and nalidixic acids (Higgins
et al. 2003). The wide-spectrum activity and high efficiency of quinolones are due to
their chemical structure with two rings in their side chains, with additional ring in the
recent generation (Etebul and Arikekpar 2016). The unusual structure of
aminoglycoside with 3-amino glycans joined by glycosidic bonds stands behind
the wide-spectrum activity against microorganisms. Protein synthesis inhibition is
the main target of aminoglycoside (Peterson 2008). The scope of this review is to
outline the presence, dissemination, and impact of macropollutants in different
environmental compartments around the world, and the ways by which these
drugs are delivered to the surface water. In addition, the review has pointed out
the mode action of most detectable antibiotics and the rate of detection in the
environment.

Table 3.1 (continued)

No.
Class of
antibiotic Representative drug Mechanism of action

Ofloxacin, Pazufloxacin,
Pefloxacin, Sitafloxacin,
Sparfloxacin, Tosufloxacin

10 Glycopeptides Dalbavancin, Oritavancin,
Telavancin, Teicoplanin, Vanco-
mycin (IV), Vancomycin (oral)

Inhibitors for murine synthesis
and assembly

11 Trimethoprim Trimethoprim Beta-lactamase inhibitors

12 Carbapenems Biapenem, Doripenem, Imipenem/
cilastatin, Ertapenem, Meropenem,
Meropenem-vaborbactam,
Panipenem

Peptidoglycan inhibitors

13 Rifamycins Rifaximin, Rifamycin, Rifampicin,
Rifabutin

Bacterial DNA polymerase
inhibitors

Adzitey (2015) and WHO (2019)
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3.2 The Source, Release, and Fate of Antibiotics

After the discovery of ampicillin in 1928 by Alexander Fleming (English Bacteri-
ologist), from a soil fungus Pencillium notatum, it was widely used in human clinical
treatment in 1940 (Schlegel 2003; Russell 2004; Etebul and Arikekpar 2016). The
continuous uses of ampicillin in human health care system have propagated to
develop and transform the management for bacterial infections disease treatment
(Aminov 2010), as well as, for promoting faster growth of livestock (White and Cox
2013). The additional use of antibiotics in intensive fish farming and infected plants
leads to the discharge of these compounds either to sewage treatment plants or
directly into water and soil. The concentration of drugs used in agriculture is low
compared to that used in human, veterinary care, and animal production (Cabello
2006; Dolliver and Gupta 2008).

According to the basic structure, antibiotics are either natural, which are produced
by bacteria and fungi, to kill or inhibit other competitive microorganisms with
bacteriostatic or bactericidal effect, such as penicillin that is easily degraded, or
semisynthetic/synthetic compounds that are chemically modified to increase the
efficiency by insertion of additives to their active site (Piorel et al 2005). Thus
would be more stable, less degradable, and accumulate to higher concentrations,
such as fluoroquinolones and tetracyclines (Kümmerer 2009). After administration
and release of these compounds into different environmental compartments, they are
not fully metabolized and a large quantity (30-90 %) are exerted as active com-
pounds through urine and feces (McManus et al. 2002; Jjemba 2006; Lienert et al.
2007); therefore, antibiotics from human use can enter to the wastewater treatment
plants (WWTPs) (Kemper 2008). The WWTPs are considered to be one of the major
pathways for occurrence and existence of antibiotics in different aquacultures,
because all WWTPs are not fully designed to remove antibiotic residues, resulting
in a direct release to the receiving environment (Louvet et al. 2010). In megacities
with well-developed sewage infrastructure, antibiotics enter the aqueous environ-
ment via sewage.

Antibiotics are released to the water stream as a natural product with their
metabolites in their partially metabolized forms, and thus the concentration becomes
lower. However, within treatment plants, microbial communities may expose to
higher concentration of selected antibiotics. Around 50–80% of total natural com-
pounds are released to the sludge via urine and partially through feces as a complex
of metabolite-binding compounds, if not completely eliminated and accumulate in
the sludge and reach the farmlands and receiving surface water (McManus et al.
2002; Jjemba 2006; Singer et al. 2008). In some cases, antibiotic contamination can
be delivered in non-routine pathway like breakage in sewer or industrial effluent
pipe, or mixing of storm water with un-treated effluent (Zuccato et al. 2010).
Antibiotics can also reach the groundwater, surface drainage systems, and soils by
application of municipal biosolids on land. The pharmaceutical industries and
hospitals allow the direct discharge of discarded or unused or expired antibiotics
into sludge or waste bins and later into wastewater treatment plants and landfills
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(Peng et al. 2009). Use of sludge in place of fertilizers is another source of antibiotics
in soil, and along with water irrigation can reach in the soil (Park et al. 2007), which
might cause allergy or toxic reaction, and develop antibiotic resistance in human
(Reddersen et al. 2002).

In general, antibiotic exposure routes are different particularly when drugs are
used for animal purpose rather than for human, as these drugs are discharged directly
to the soils or lands. Nevertheless, the concentration of antibiotics in manure or
dropping-amended soil is significantly higher than those in aquatic ecosystem,
although, some of these drugs are removed or eliminated rapidly over time by
microbial activity in the soil, while others might persist for many years (Sarmah
et al. 2006). Similarly, in sewage sludge, antibiotics exhibit robust interaction with
particles, and merely a small portion of the total amount is being active, but is still a
major issue (Kumar et al. 2005). In another way, antibiotics can be removed or
eliminated from water that comes from soil or sediment, due to ability of these
antibiotics to bind with soil particles, although this binding might delay their
degradation (Boxall et al. 2012).

3.3 Antibiotics Existing in the Environment

It is known that the increasing consumption of antibiotics in the world resulted in
their presence in detectable concentrations in many environmental areas, such as
surface water, groundwater, drinking water, domestic sewage, sediment, soil, agri-
cultural ecosystem, etc. (Christian et al. 2003; Pei et al. 2006; Roberts and Thomas
2006; Baquero et al. 2008; Standley et al. 2008; Fick et al. 2009; Lindberg et al.
2010; Teijon et al. 2010; Zhang et al. 2011; López-Serna et al. 2013; Li et al. 2014).
The concentration of detected antibiotics in natural environment is variable and
ranges from few nanograms to hundreds of nanograms based on their behavior in the
nature like adsorption, biodegradation, and photodegradation, as well as on their
usage and environmental parameters (Table 3.1) (Göbel et al. 2005; Verlicchi et al.
2015). For example, ciprofloxacin was detected in high quantities (50–80 %),
followed by tetracyclin (80–90 %), clarithromycin (25%), and sulfamethazole
(15–30 %), whereas, erythromycin was detected in very low amount (5–10 %)
(Mompelat et al. 2009; Al Aukidy et al. 2012; Orya et al. 2016). However, the
most detectable antibiotics in water are trimethoprim, quinolones, and sulfonamides
(Blackwell et al. 2005). These were detected from sewage treatment plant and flow
through of receiving river in China, while in the secondary effluents in the rivers also
contained high concentrations of these antibiotics ranged 195, 2001, and 3866 ng
L�1, respectively (Carvalho and Santos 2016). In Shanghai, animal manures and
agricultural soils appeared to have chloramphenicol, sulfonamides, and tetracycline
with concentrations of 3.27–17.85, 5.85–33.37, and 4.54–24.66 mg kg�1, respec-
tively (Xu et al. 2015). On the other hand, fluoroquinolone has predominantly
appeared in sewage sludge, whereas sulfonamides are selectively present in the
wastewater (Giger et al. 2003; Ji et al. 2012).
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In another study, it was found that ofloxacin and ciprofloxacin were present in
hospital effluent close to the Terriver in Spain (Heise et al. 2006). In addition,
erythromycin and ciprofloxacin were also noted in both receiving sewage water
and treated effluent in Sweden with concentrations 0.47 μg L�1 and 1.41 μg L�1 and
0.35 μg L�1and 0.06 μg L�1, respectively (Rodriguez-Mozaz et al. 2015; Östman
et al. 2017).

3.4 Existence in Water

3.4.1 Occurrence in Drinking Water

Natural and fresh aquatic environment is threatened by the presence of pharmaceu-
tical compounds and raises the attention for risk assessment and distribution of
antibiotic-resistance microorganisms (Eguchi et al. 2004; Xu et al. 2007). The
high-quality drinking water and tap water became a big issue and far from trust
from contamination by antibiotic residues. For instance, macrolides, erythromycin,
and clarithromycin were detected in tap water in Madrid, and norfloxacin, ciproflox-
acin, lomefloxacin, and enrofloxacin, belonging to fluoroquinolone, were reported in
tap water with concentration ranged from 1.0–679.7 ng L�1 to 2.0–37 ng L�1,
respectively, in China (Yiruhan et al. 2010; Valcarcel et al. 2011). Drinking water
contamination by antibiotics is not restricted due to the improper discarded drugs in
the water supply worldwide.

Many countries have been found to have the presence of several classes of
antibiotics like lincomycin, erythromycin, and roxithromycin in different drinking
water sources (Stackelberg et al. 2007; Benotti et al. 2009; Huerta-Fontela et al.
2011), such as USA, Canada, and many European countries (Focazio et al. 2008;
Benotti et al. 2009; Mompelat et al. 2011; DeJongh et al. 2012; Zhang et al. 2015).
Mahmood et al. (2019) reported that fluoroquinolones and β-lactams were the most
abundant drugs among other antibiotics in drinking water in Baghdad, Iraq; how-
ever, their concentrations varied according to water treatment management. In raw
and finished water, ciprofloxacin was detected with relatively high concentration of
1.344 and 1.312 μg L�1, respectively, whereas both levofloxacin and amoxicillin
were detected in raw water at 0.414 μg L�1 and 1.50 μg L�1, respectively. The
presence of high concentration of ciprofloxacin and erythromycin in drinking water
is mainly attributed to the human consumption and the influence of wastewater
discharge, thus the possibility and extent of pollution from animal sources should not
be underestimated, where enrofloxacin is usually used for animal treatment only, but
could be metabolized to ciprofloxacin under certain conditions (USP 2003; Zhengqi
et al. 2004). Another study showed that macrolid antibiotic like tylosin was found in
drinking water in UK, Germany, and Italy, at concentrations of 10, 6, and
1.7 ng L�1, respectively (Waggot 1981). In China, several antibiotics like
sulfapyridine, sulfamethoxazole, ciprofloxacine, enrofloxacin, levofloxacin
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chloramphenicol, and doxycycline were detected in drinking water with concentra-
tions ranging from 0.5 to 21.4 ng L�1 (Hannaa et al. 2018).

3.4.2 Surface Water, Streams, and Lakes

Rivers and lakes are another place where antibiotics could be directly discharged
from human consumption or veterinary use. In Spain, five rivers were claimed to be
contaminated by antibiotics, ciprofloxacin, clarithromycin, erythromycin, metroni-
dazole, norfloxacin, ofloxacin, sulfamethoxazole, tetracyclin, and trimethoprim with
mean concentration of 3, 235, 320.5, 1195.5, 10, 179, 179, 326, 23, and 424 ng L�1,
respectively (Valcarcel et al. 2011). Many studies from South Korea, Italy, USA,
France, Taiwan, and Sweden also reported the presence of similar types of antibi-
otics in the rivers. Furthermore, a cluster of antibiotics, sulfapyridine, sulfamethox-
azole, ciprofloxacin, enrofloxacin, levofloxacin chloramphenicol, and doxycycline
were investigated in Shandong river in China, with the relative concentration
ranging from 0.3 to 3.9 ng L�1 (Hannaa et al. 2018). In another study in China,
four rivers were shown to be contaminated by norfloxacin, ofloxacin, ciprofloxacin,
and oxytetracycline with concentrations of 5770, 1290, 653, and 652 ng g�1, respec-
tively (Peng et al. 2008, 2011).

The distribution of antibiotics residues in surface water in North America is due to
not only processing, but also due to discarding of treated water, which resulted in a
good media for a complex of bacteria to be exposed to several antibiotics and
dissemination of antibiotics rapidly (Rodriguez-Rojas et al. 2013). Using liquid
chromatography-mass spectrometry (LC-MS) to analyze and measure the concen-
tration of antibiotics in surface water, many antibiotics appeared to be over the limits
of quantification, for example, the concentration of sulfapyridine and sulfamethox-
azole were above 10 μg L�1 in Europe (Díaz-Cruz et al. 2008; Ginebreda et al.
2010). In the USA, the concentration of some detected antibiotics was less than
2 μg L�1, whereas sulfadimethoxine was 15 μg L�1(Lindsey et al. 2001). However,
ciprofloxacin and nalidixic acid were present in such high concentration up to
14 μg L�1 and 23 μg L�1, respectively, in rivers and streams in South Africa
(Agunbiade and Moodley 2016). Lack of good sanitation facilities and well-
designed wastewater treatment approaches in low-income countries in particular is
another cause of increase in the concentration of antibiotic residues in fresh and
surface water. It was found that the mean concentration of antibiotics in contami-
nated fresh water in Asia-Pacific and Africa ranged between 17.7 μg L�1 to
11.3 μg L�1, respectively, and 0.9 μg L�1 to 0.4 μg L�1 in America and Europe,
respectively, unlike other high-income countries, where the consumption rate of
antibiotics is high (Segura et al. 2015; Klein et al. 2018). However, a very small
amount of several antibiotics was also detected in surface water in these countries
such as Saudi Arabia, with less than 1 μg L�1(Alidina et al. 2014).
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3.4.3 Wastewater Treatment Plant

Antibiotics have a main role in the environmental pollution through wastewater
treatment processes. Some of these pharmaceuticals may be eliminated from waste-
water by adsorption onto solids; however, these can be released into the groundwater
by sludge application to land, landfill, or soil erosion, thus the removal of these
compounds are variable and depend mainly on the complexity of the environmental
matrices and the properties of individual compound, in terms of the ability of this
compound to be accumulated or degraded, and of the treatment unit in sludge
treatment plants (STPs), leading to removal of the individual drugs at any step of
treatment stages (Meakins et al. 1994; Diaz-Cruz et al. 2003). Several medicinal
compounds are degraded by biodegradation at both aerobic and anaerobic pathway,
in the presence of intra or/and extracellular enzymes excreted by bacterial cells
(Meakins et al. 1994). However, this process completely depends on the chemical
properties of these drugs. When a compound is composed of molecules with long,
highly branched side chain then biodegradation is not easy compared to those with
unbranched, short side chain. In addition, the biodegradation of aromatic and
saturated aliphatic compounds are less accessible than that of unsaturated and simple
aromatic compounds (Voulvoulis et al. 2016). For instance, in Germany, four
iodinated compounds (diatrizoate, iopamidol, iopromide, and iomeprol) were
detected in raw sewage as parent compounds, in aqueous phase, as these will not
be degraded or absorbed through the sewage treatment processes. The concentration
of these compounds is usually more than 1 μg L�1 in raw sewage and final effluents,
except for iopamidol with concentration of 15 μg L�1 (Voulvoulis et al. 2016). In
STP, the microbial community may adapt gradually to particular compounds like
clofibric acid, ibuprofen, and diclofenac and may degrade them efficiently over time;
however, clofibric acid shows more persistence and is highly mobile in sewage
treatment plant (Zwiener and Frimmel 2003). In conventional STPs, many factors
affect the removal of these compounds, i.e., sludge retention time (SRT), hydrolic
retention time (HRT), and temperature (Suarez et al. 2008).

In conventional wastewater treatment, after primary sedimentation, biological
treatment by activated sludge and trickling filters are used to eliminate drugs, similar
to that used to remove organic micropollutants by adsorption and biodegradation or
chemical degradation, and biotransformation. However, it was found that removal of
drugs by activated sludge is much greater than that of percolating filter, which is due
to the high efficient activity of bacteria in activated sludge. Nevertheless, WWTPs
are not fully designed to eliminate a very small amount of organic compounds;
therefore, activated sludge should have more attention for removal of biological
nutrients and pharmaceuticals.

Generally, the influent of contaminated water that enters the conventional munic-
ipal STPs undergoes three main treatment stages: preliminary, primary, and second-
ary steps; which then come out with final effluent that passes to the surface water
body to be reused indirectly for agricultural purposes; although some of chemical or
drug compounds usually exist at low concentrations ranging from 10�3 to
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10�2 μg L�1 or higher in raw influent, not all of them are completely removed by
STPs. The total removal varied for different compounds, which depends mainly on
the chemical and physical properties of these substances and the environmental
conditions where the treatment occurs, such as pH, temperature, oxygen availability,
and type of reactors. As a consequence, final effluent from secondary treatment step
may contain trace amounts of pharmaceuticals that would probably be discharged to
the surface water and creates a high-acute risk medium for aquatic environment
(Voulvoulis et al. 2016). Similarly, all other compounds that show low environmen-
tal risk would probably exert a negative impact on aquatic biota, due to their
discharge at massive daily mass loads and their chronic toxicity in the long term
(Verlicchi et al. 2012). In the UK, several analytical approaches were used to detect
the existence of some pharmaceuticals in the influent of six sewage treatment plants.
It was found that ibuprofen was present in both influent and effluent samples, which
suggested that the ibuprofen was removed by 80–100 % by different STPs, whereas
the efficiency of STPs to remove ibuprofen was low up 14.4–44 % (Kanda et al.
2003). Another study found the occurrence of several pharmaceuticals (ibuprofen,
paracetamol, salbutamol, propranolol HCl, and mefenamic acid) in the STPs at a
concentration of ng L�1 in the UK (Jones et al. 2002). Most notably some pharma-
ceuticals are highly eliminated like ibuprofen, oxybenzone, chloroxylenol, whereas
galaxolide and others are removed by biological process at low level, which means
that some hydrophobic and recalcitrant compounds are eliminated from the aqueous
phase but would be accumulated in the biosolids.

Some compounds are not totally removed via oxidative and biological process
and resulted in transformation products (Khan and Ongerth 2002). Based on some
researchers (Ternes and Joss 2006; Yasojima et al. 2006; Watkinson et al. 2007), the
efficient removal of pharmaceuticals via preliminary and primary treatment pro-
cesses is poor and in some cases, the presence of human metabolites lead to release
these compounds in raw influents during the process (Carballa et al. 2004; Göbel
et al. 2007). For instance, ibuprofen and naproxen were not remarkably reduced
through pre-treatment and sedimentation, which indicated their poor sorption onto
sludge probably because of their acidic structure with very low solid-phase partition
coefficient Kd value (Kd ˂ 500 l Kg�1or log Kd ˂ 2.7) (Yasojima et al. 2006).

Furthermore, different behavior of all pharmaceuticals found in wastewater
during treatment processes makes their removal not possible during initial treatment
stage and may also be related to conditions varying in different seasons (Jones et al.
2002; Lindberg et al. 2006. In conventional STPs, both hospital and domestic wastes
are treated together and then discharged to the environment; however, the removal
efficiency of some pharmaceuticals from both sources ranged from 10 to 90% due to
their resistance to conventional treatments (Pauwels and Verstraete 2006). In Spain,
a significant concentration (13 μg L�1) of ofloxacin and ciprofloxacin has been
detected in the hospital effluents near to the Ter river (Rodriguez-Mozaz et al. 2015),
whereas erythromycin and ciprofloxacin were both detected in influent sewage water
(0.47 and 1.14 μg L�1) and in the final effluent (0.35 and 0.06 μg L�1), respectively,
in Sweden (Östman et al. 2017). In Germany, the persistence of triclosan in the
influent and sludge and effluent of wastewater treatment plant was established

50 H. H. Al-Haideri et al.



(Bester 2003). It was noted that the concentration of triclosan (100 ng L�1) in the
influent was reduced by 30% and only about 5% of all discharged influent was found
in the effluent. This reflects the weak adsorption of triclosan onto sludge and also
impose that these compounds will not recover as a parent form and may transform
with other metabolic substances. Similarly, the fate and behavior of triclosan in
wastewater treatment plant was also reported (Singer et al. 2002), where about 79%
of overall concentration of triclosan was removed by biological degradation; 15% by
adsorption on to sludge and 6% released to the surface water, and the concentration
was estimated in the range of 42–213 ng L�1 in wastewater effluent and
11–98 ng L�1 in the receiving surface water. In a study, Cha et al. (2006) reported
that the concentration of antibiotics oxacillin and ampicillin in the effluents of
WWTPs toward cache la Poudre river is 95 μg L�1and 86 μg L�1, respectively, in
Colorado, whereas their concentration from WWTPs effluent to Msunduzi river in
South Africa was about 27 μg L�1 and 9 μg L�1, respectively (Matongo et al. 2015).

The tendency of some pharmaceuticals in the secondary effluent of STPs varies.
The most detectable antibiotics in Italy is tramadol, with a concentration of
57 μg L�1, followed by ibuprofen (48 μg L�1), diclofenac (11 μg L�1), trimethoprim
(6.7 μg L�1), erythromycin (6.3 μg L�1), ciprofloxacin (5.7 μg L�1), sulfamethox-
azole and roxithromycin (5 μg L�1) (Verlicchi et al. 2013). The effluent of WWTPs
from industrial area act as a massive mass of accumulated antibiotics that would be
much more alarming to threat the aquatic environment, even at low concentration.
For instance, ciprofloxacin and ofloxacin were detected at high level (31,000 μg L�1
and 160 μg L�1, respectively) in the effluent WWTPs of well-known industrial city
in India (Larsson et al. 2007; Larsson 2014). The dissemination of pharmaceuticals
is not limited in the effluent from WWTPs only, but may reach to far areas found in
the study of Li et al. (2008), where oxytetracycline was detected 20 km downstream
from WWTPs effluent in Xiao River in Asia, with a relative high concentration of
484 μg L�1.

Several studies have shown the presence of pharmaceutical compounds in the
effluent from WWTPs universally. Sulfamethazine was detected in wastewater
treatment plant in Vietnam at a concentration of 19 μg L�1 (Managaki et al.
2007), whereas sulfamethoxazole; another form of sulfamethazine; and ofloxacin
were found in Latin America with concentrations of 14.3 μg L�1 and 17.7 μg L�1,
respectively (aus der Beek et al. 2016). The concentration of sulfamethoxazole was
significantly high in Kenya and Mozambique, with estimated concentration of
38.9 μg L�1 and 53.8 μg L�1, respectively (Lindsey et al. 2001; Madikizela et al.
2017. Quinolones, sulfonamide, and macrolides were also administered in municipal
wastewater plant in Beijing, with the mean concentration of 4916, 2916, and
356 ng L�1, respectively (Li et al. 2013).

The fate and presence of quinolones and fluoroquinolones in municipal waste-
water treatment plants were studied during anaerobic, anoxic, and aerobic treatment
processes. All antibiotics showed to bind with biosolids and being in contact with
microbial mass, which then create a medium to transfer genetic material through
horizontal transfer, therefore WWTPs are considered as a prominent place for
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antibiotic-resistance bacteria (Jia et al. 2012; Michael et al. 2013; Rizzo et al. 2013).
In South China, the removal efficiency of eleven classes of pharmaceutical com-
pounds in WWTPs in Guangdong varied and ranged from 21 to 100% (Zhou et al.
2013). Furthermore, sulfonamide has gained more attention due to its distribution
pattern between water and sediments. Although it was detected significantly in
sludge and wastewater, many studies refer to its occurrence in the outlet of sediment
and agriculture. This is due to low water distribution coefficient (Kd), which poses
the low sorption affinity to water and sediment particles (Thiele-Bruhn 2003). In
China, the most common antibiotic used for human and animal body is
fluoroquinolones, which can enter the aquatic system via urine and ultimately the
environment though wastewater (Renew and Huang 2004). The massive consump-
tion of fluoroquinolones resulted in development of fluoroquinolone-resistance
bacteria initiated from livestock to wastewater and from municipal STPs, hospitals,
and rivers to effluent and sewage sludge (Reinthaler et al. 2003; Polk et al. 2004; Hu
et al. 2008; Taylor et al. 2008).

In WWTPs, the combined sewage from hospitals and other places is subjected to
several biological and physicochemical processes for biodegradation, where the
number of pathogens is reduced, and nitrogen and phosphorous are removed prior
to discharge in surface water; however, sewage acting as a special nutrient-rich
environment, with high bacterial density, antibiotics, boosts the antibiotic resistance
in bacteria, and antibiotic-resistance genes (Szczepanowski et al. 2009; Ju et al.
2019). As a consequence, sewage is considered as an initiator for development,
recombination, and distribution of antibiotic resistance (Rizzo et al. 2013). Further-
more, WWTPs are not particularly designed to eliminate antibiotic-resistance genes,
although the biomass of pathogens is decreased through WWTPs, and strong
selection for antibiotics may occur during treatment processes, which may eventu-
ally increase the fraction of resistant pathogens (Hocquet et al. 2016; Bürgmann et al.
2018). The richness of antibiotic-resistance bacteria and antibiotic-resistance genes
is highly reduced in the water portion of sewage, whereas their abundance is more in
biosolids used as a fertilizer for crops (Munir et al. 2011; Chen and Zhang 2013;
Yang et al. 2014). Most notably the different kinds of sewage treatments employed
in WWTPs, such as anaerobic digestion, drying, and application to agricultural soils,
may limit the abundance of antibiotic-resistance genes in both effluent and biosolids
to some extent (Diehl and Lapara 2010).

3.4.4 Occurrence in Groundwater

The ground water bodies are exposed to antibiotic contamination by artificial
man-made activities. Soil acts as a natural barrier to curb the contaminant into the
subsurface water; however, if the contamination occurs, it is difficult to suppress its
impact. Pollutants could be administered to the groundwater by many sources, such
as infiltration of wastewater, natural bank filtration, water supply pipes, and rainfall.
In Spain, chemical pollutant in the aquifers of rural and urban area was examined
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(Fick et al. 2009) and 72 chemical compounds and 23 transformation products were
present in the groundwater; all were from the WWTPs influent. Among pharmaceu-
ticals, ciprofloxacin was detected with high relative concentration of 32.75 ng L�1,
probably from agricultural purposes or/and insufficient water treatment (Cabeza
et al. 2008). On the other side in Catalonia, 18 types of sulfonamide were detected
with concentration ranging from 0.01 to 3460.57 ng L�1, mainly from livestock
fertilizer (Garcia-Galan et al. 2010; Jurado et al. 2012).

Many studies have reported that groundwater contains not only antibiotics, but
also pesticides, hormones, industrial compounds, and some personal care products,
with much lower concentrations than found in WWTPs and rivers (Barnes et al.
2008; Cabeza et al. 2008; Garcia-Galan et al. 2010; Hu et al. 2010; Lapworth et al.
2012). The occurrence of pharmaceutical compounds in groundwater is reported by
many researchers, and contamination is probably from landfill, insufficient treatment
of wastewater, and to incorrect disposal of wastes from pharmaceutical factories and
hospitals (Schwarzbauer et al. 2002; Asano and Cotruvo 2004). Some of the
pharmaceutical compounds including antibiotics released into the water bodies and
develop resistance power in the microorganism against other antimicrobial drugs
(Voulvoulis et al. 2013; Sui et al. 2015). The physicochemical properties of some
pharmaceutical compounds as well as the ecological properties of different water
bodies controlled the persistence and occurrence of some pharmaceuticals (Gurr and
Reinhard 2006; Liu et al. 2011). Some medicinal compounds need long time to be
degraded by metabolic action within a patient, which suggests the potential accu-
mulation of such compounds in animal tissue. Therefore, the bioaccumulation of
pharmaceuticals and their potential is another factor for aquifers contamination (Lai
et al. 2002).

Some of but not all pharmaceutical compounds discharged into the groundwater
and get adsorbed into a solid phase like biota, sediments, or suspended solid
particles, but the adsorption rate depends upon chemical properties of these com-
pounds (Lai et al. 2000; Jones et al. 2002). A summary of some classes of antibiotics
present in different environmental compartments is listed in Table 3.2.

3.4.5 Existence in Plant and Aquatic Animals

The pharmaceutical compounds from water compartment move to crops, vegetables,
aquatic plants, and animals (Eggen et al. 2011; Dong et al. 2012; Na et al. 2013). In
Napoli, ciprofloxacin was found to be accumulated in root of carrot (Daucus spp.)
and barley (Hordeum vulgare), with bioaccumulation factor ˂1 higher than that of
leaf (Eggen et al. 2011). The uptake ability of plant compartment is different from
part to part. In a study, Hu et al. (2010) reported the sequence of accumulation factor
of antibiotics as root ˂ stem˂ leaf, and also attributed this variation to seasonal
changes. In winter, bioaccumulation of antibiotics is more than summer. For
instance, oxytetracycline, tetracycline, and chlortetracycline were bioaccumulated
in coriander leaves at very high level in winter, with relative concentration ranges
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Table 3.2 Distribution of different classes of antibiotics in the environmental compartments

Class and antibiotics Concentration Environmental compartments Reference

Sulfonamides
(Sulfamethazine)

0.005–50 μM Marine sediment slurry Hou et al.
(2015)

Sulfonamides
(Sulfamethazine)

20–100 mg L�1 Soil treated with poultry
manure

Awad et al.
(2016)

Sulfonamides
(Sulfadiazine)

0–100 mg kg�1

with liquid
manure

Soil treated with or without
pig liquid manure

Hammesfahr
et al. (2011)

Quinolones and
Fluoroquinolones
(Ciprofloxacin)

5 and 50 mg kg�1 Soil microcosms Cui et al.
(2014)

Tetracyclines (Tylosin) N50 mg kg�1 Soil Demoling
et al. (2009)

β-Lactams (Amoxicillin) 10–100 mg kg�1 Soil treated with manure Binh et al.
(2007)

β-Lactams (PenicillinG)
and Tetracyclines
(Oxytetracycline)

80 μg mL�1 River bacterial community
under long term antibiotic
stresses by treated wastewater
from two antibiotic producing
facilities

Li et al.
(2011)

Glycopeptides
(Vancomycin)

1–1000 mg L�1 River sediments sampled
10 m upstream and 10 m
downstream from a WWTP

Laverman
et al. (2015)

Lincosamides
(Lincomycin)

0.05–
500 mg kg�1

Two forest soils with different
pH and clay content

Cermak et al.
(2008)

Macrolides (Natamycin) 50–200 mg L�1 Soil treated with manure Hammesfahr
et al. (2008)

Quinolones and
Fluoroquinolones
(Ciprofloxacin)

0–200 μg mL�1 Salt marsh sediment Cordova-
Kreylos and
Scow (2007)

Quinolones and
Fluoroquinolones
(Ciprofloxacin)

0.2–2 mg L�1 Marine sediment with cipro-
floxacin in the overlying
water

Naslund et al.
(2008)

Tetracyclines (Tylosin) 2000 mg kg�1 Sandy soil Muller et al.
(2002)

Tetracyclines
(Chlortetracycline)

0–100 mg kg�1 Soil spiked with DOM
extracted from pig manure

Liu et al.
(2015)

Tetracyclines
(Chlortetracycline)

1, 10, and
100 mg kg�1

Soil microcosms Yang et al.
(2009)

Tetracyclines
(Oxytetracycline)

10 mg kg�1 Wheat rhizosphere soil Liu et al.
(2012)

Tetracyclines
(Oxytetracycline)

5–200 mg kg�1 Grass and agroforestry soils Unger et al.
(2013)

Tetracyclines
(Oxytetracycline)

200 ppm Agricultural soil spiked with
swine manure

ECDC (2015)

Sulfonamides
(Sulfadiazine)

10–100 mg kg�1 Soil amended with glucose Schauss et al.
(2009)

(continued)
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Table 3.2 (continued)

Class and antibiotics Concentration Environmental compartments Reference

Sulfonamides
(Sulfadiazine)

10 and 100 μg g�1 Soil amended with pig
manure

Schauss et al.
(2009)

Sulfonamides
(Sulfadiazine)

1–50 mg kg�1 Soil amended with glucose Underwood
et al. (2011)

Sulfonamides
(Sulfamethoxazole)

0.005–50 μM Enrichment culture with
groundwater from pristine
zone of a sandy drinking-
water aquifer (anaerobic and
heterotrophic media)

Hund-Rinke
et al. (2004)

Sulfonamides
(Sulfamethoxazole)

240–520 μg L�1 Microbial communities from
an oligotrophic aquifer

Haack et al.
(2012)

mixture of Sulfamethoxa-
zole Erythromycin and
Ciprofloxacin

0.33–3.33 μg L�1 Pristine aquifer microbial
community

Schauss et al.
(2009)

Sulfonamides
(Sulfadiazine)

10 and
100 mg g�1

Bulk soil Underwood
et al. (2011)

A mixture of 16 antibi-
otics (Sulfonamides,
Quinolones, Macrolides,
Tetracycline)

0–1500 ng L�1 Biofilms exposed to river
waters from downstream sites

Proia et al.
(2013)

Sulfonamides
(Sulfamethoxazole)

20–500 mg kg�1 Soil amended with manure
from alfalfa or antibiotic-
treated pig

Binh et al.
(2007)

Sulfonamides
(Sulfapyridine)

100–
1000 mg kg�1

Topsoil Sengelov
et al. (2003)
and Schmitt
et al. (2005)

Tetracyclines
(Tetracycline)

5–500 mg kg�1 Soil treated with pig manure Brandt et al.
(2009)

Tetracyclines
(Oxytetracycline)

100–
1000 mg kg�1

Pristine topsoil amended with
milled maize straw or glucose

Reddersen
et al. (2002)

Macrolides (Natamycin) 50–200 mg L�1 Bulk soil and rhizosphere soil
suspensions on agar medium

Naslund et al.
(2008)

Sulfonamides
(Sulfamethoxazole)

20–500 mg kg�1 Soil amended or non-
amended with manure from
alfalfa or antibiotic-treated
pig

Binh et al.
(2007)

Sulfonamides
(Sulfachloropyridazine)

100 mg kg�1 Soil amended with fresh pig
slurry or with alfalfa manure

Demoling and
Baath (2008)

Sulfonamides
(Sulfadiazine)

1–100 mg kg�1 Soil Demoling and
Baath (2008)

Tetracyclines (Tylosin) 50–
1500 mg kg�1

Soil with or without alfalfa Demoling and
Baath (2008)

Sulfonamides
(Sulfadiazine)

10–100 mg kg�1 Soil amended with Manure Heuer et al.
(2008)

(continued)
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from 78–330, 1.9–5.6, and 92–481 μg kg�1, respectively. The bioaccumulation
range of sulfadoxine, sulfachloropyridazine, chloramphenicol, and sulfamethoxa-
zole in radish leaves was found between 0.2–0.6, 0.1–0.5, 8–30, and 0.9–2.7 μg kg�1,
respectively. In addition, concentrations ranged from 1.7–3.6, 1.1, and 5–-
20 μg kg�1in celery leaves for ofloxacin, pefloxacin, and lincomycin, respectively.
Quinolones were also predominantly occurred in aquatic plants and aquatic animals
with the corresponding concentrations ranged from 8.37–6532 μg kg�1 and 17.8–-
167 μg kg�1, respectively. Similarly, macrolides were also detected at a
non-detectable level of 182 μg kg�1in China (Li et al. 2013). Contaminants from

Table 3.2 (continued)

Class and antibiotics Concentration Environmental compartments Reference

Quinolones and
Fluoroquinolones
(Ciprofloxacin)

Quinolones and
Fluoroquinolones
(Ciprofloxacin)

Interstitial water samples of
wetlands

Heuer et al.
(2008)

Aminoglycosides
(Streptomycin)

400 mg L�1 Activated sludge Weber et al.
(2014)

Sulfonamides
(Sulfadiazine)

10–100 mg kg�1 Soil amended with Manure Tomlinson
et al. (1966)

Sulfonamides
(Sulfadimethoxine)

50–200 mg kg�1 Soil Kotzerke et al.
(2008)

Tetracyclines
(Oxytetracycline)

12.5–75 mg L�1 Plus active cultures of the
nitrifying bacteria
Nitrosomonas and
Nitrobacter

Toth et al.
(2011)

Tetracyclines
(Chlortetracycline)

50–200 μg kg�1

in poultry manure
Soil Klaver and

Matthews
(1994)

Tetracyclines
(Chlortetracycline)

1 mg L�1 Groundwater Ahmad et al.
(2014)

Ciprofloxacin 0.16–
21.74 μg kg�1

River sediments Hannaa et al.
(2018)

Enrofloxacin 0.16–
24.42 μg kg�

Levofloxacin 0.82–
2.89 μg kg�1

Norfloxacin 0.14–
2.20 μg kg�1

Chloramphenicol 0.98–
1.53 μg kg�1

β-lactam (Amoxycillin) 0–16.7 ng L�1 Rivers Grenni et al.
(2018)Macrolide

(Clarithromycin)
8.3–
149.0 ng L�1

Sulfonamide
(Sulfamrthoxazole)

950 ng L�1 Groundwater Adler et al.
(2018)

Tetracyclines 100 mg kg�1 Slurry and fermentation
residues

Adler et al.
(2018)
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sludge amended soils are transferred to the plant through uptake by root, retention by
root, leaves uptake, translocation, and animal intake. Many scientists showed the
adverse effect of antibiotics on plant activities like growth rate, nitrogen, fixation,
heterocyst formation, and bioaccumulation (Forni et al. 2002; Migliore et al. 2003).
From the plants they reach to animals and get accumulated into their body tissues
and consequently lead to food chain contamination. Soil characteristics such as
sorption kinetics, pH, and organic matter affect accumulation of pharmaceutical
compound in the soil (Jjemba 2002). The leaching of pharmaceuticals to the
groundwater can be prevented by sorption, and may reduce the effect of antibiotics
on soil microbes (Kotzerke et al. 2008; Bialk-Bielinska et al. 2012), as well as, it
plays an important role in drug plant uptake, which is determined upon the hydro-
ponic conditions (Wu et al. 2015). Organic content of soli is another factor affection
pharmaceuticals uptake by plants. The uptake ability is decreased when the organic
component of soil is increased; however, under normal farming conditions, the
potential uptake is low (Holling et al. 2012).

Chemical substances used in aquaculture may directly release to the surface
water, whereas veterinary drugs in soil may have the potential to discharge to surface
water or reach the aquifers (Tarazona and Vega 2002). The exposure route of
pharmaceuticals and veterinary medicines in aquacultures are variable, one possible
source is the food chain of animals that accumulate drugs in their tissues. Another
possible route is the crop with significant levels of accumulated medicines from
manure or soil; fish with accumulated drugs used for aquaculture treatment purposes
and the main source is contaminated ground and wastewater. In a study, Guo et al.
(2016) reported that tetracyclines are common veterinary medicines in livestocks in
China, where it was found in animal manure with very high concentration of about
5775.6 mg kg�1, indicating that the livestock is the main source of contamination of
aquatic culture.

3.5 The Hazardous Impact of Antibiotics
in the Environment

The presence and occurrence of pharmaceuticals in the environment have been
shown through many studies. The rate of entrance in to the environment is more
than the rate of removal and antibiotics are considered to be persistent of pseudo-
persistent (Mackay et al. 2014). The toxic effect of antibiotics involves all biotic
compartments including microbial community, animal, plant and humans (Madden
et al. 2009). Generally, the sequences of the negative action of antibiotics occur at
the molecular level firstly, then to the cellular levels, organism level, individual
level, population level, community level, and finally at ecosystem level. The sensi-
tivity at the DNA level is considered as the most accurate and effective bioindicator
for toxicity of pollution in the soil. The genotoxicity and antibiotic stress could be
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determined by DNA damage and alteration in enzyme activities in various organisms
(Halling-Sorensen 2000; Stuart et al. 2012).

In farmland soil, many metabolic processes in microorganisms could be affected
or disrupted by antibiotics, such as nitrogen fixation and nutrients fluxes (Larsson
2014). The microorganisms in wastewater treatment plants showed a pattern of
flexibility to overcome antibiotic hazards, mostly by horizontal gene transfer and
their ability to accumulate mutations, because the concentration of residual drugs
and their exposure route is quite different (Larsson 2014). The most important issue
about the risk of antibiotics in the environment is the development of antibiotic
resistance of pathogens in human and animals (Kümmerer 2004). Antibiotic resis-
tance bacteria confer their resistance mainly from the environment rather than other
sources, as the external environment creates a reservoir for resistance genes and
provides a chance for genetic recombination other than in the pathogens inside the
body. Misuse of antibiotics, wrong disposal through the aquatic environment,
insufficient treatment of wastewater and sludge make the dissemination of resistance
genes more frequent (Ashbolt et al. 2013). The occurrence of antibiotics in the
environment is likely to have a toxic effect on the biota, for example, ciprofloxacin
and ofloxacin were showed to be in fresh water with high concentration and can have
most potent effect even at low concentration (Feitosa-Felizzola and Chiron 2009;
Bengtsson-Palme and Larsson 2016).

Ciprofloxacin in fresh water with concentration of 5 μg L�1 inhibited the growth
of cyanobacteria Mycrocystisaeruginosa (Robinson et al. 2005) and Vibrio fischeri
and the algae Psuedokirchunellasubcapitataat concentrations of 0.9 μg L�1 and
4.47 μg L�1, respectively. To some extent, some antibiotics target the intracellular
components of plant cells, as tetracycline, fluoroquinolones, and macrolides target
the chloroplast and inhibit the mitochondrial protein synthesis (Brain et al. 2008);
fluoroquinolones, in particular, have a negative effect on the morphology and
photosynthesis in plant (Aritstilde et al. 2010). Tetracycline is able to cause chro-
mosomal aberration and has toxic effect on photosynthesis and growth (Xie et al.
2011). Similarly, β-lactam antibiotics have slightly affected on plants such as rice
(Oryzasativa L), carrot (Daucuscarota L.), and Chainese cabbage (B. chinesis L.)
(Grewal et al. 2006; Grzebelus and Skop 2014; Meng et al. 2014). Furthermore, the
reductions in photosynthetic pigments, carotenoid, and chlorophylls were also
caused by tetracyclin, erythromycin, and ciprofloxacin (Pomati et al. 2004; Quanten
et al. 2007; Yaronskaya et al. 2007; Hillis et al. 2011). Ciprofloxacin strongly
inhibits the net assimilation rate of foliage (Triticum aestivum) (Opris et al. 2013).

3.6 Conclusions

Pharmaceutical compounds are known to be important for human life and welfare
and economy in modern communities, but contamination by antibiotics has been
detected worldwide in natural environment (aquatic, soil, animal, and plant). How-
ever, antibiotics play a role in evolving the biological effects, which were estimated
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on all biota. Not all antibiotics are present in the environment at high levels to cause
remarkable effects but low concentration is sometimes enough to cause effects on
animals and plants. The biological and physicochemical properties and persistence
decide the chronic and long-term effects of pharmaceuticals on the environment.
Some of the pharmaceuticals are able to biodegrade easily, while others need more
time to degrade and thus the probability of causing negative effects also varies.
Likewise, the exposure route, dose of residues, time of exposure, and kinetic
mechanisms are factors responsible for antibiotic-induced effects.

Antibiotics can reach the surface water, drinking water, groundwater, seawater,
soil, plants, and aquatic organisms by variety of ways, but WWTPs are considered as
the most significant source for dissemination of antibiotics. Pharmaceutical
manufacturing plant, hospital effluent, and application of livestock manures are
other means for antibiotic discharge. Landfill application of WWTPs sludge, sew-
age, and fertilizer are shown to be important sources for antibiotics entrance into the
food chain through animals and agriculture practices. Several processes contribute to
eliminate antibiotics in conventional and advanced WWTPs such as sorption,
biodegradation, photodegradation, and oxidation; however, the efficiency of antibi-
otic removal in WWTPs is variable due to the ability of some pharmaceuticals for
sorption onto biosolids or to be remaining at their aqueous phase. Many questions
have risen regarding the identification of parent antibiotics or their transformation
products with other toxic organic and inorganic substances, as the mixtures and their
compositions. The presence of such mixtures with other toxic compounds in waste-
water treatment plants has another effect on non-target organisms. The development
of antibiotics and antibiotic resistance genes in the environment is gaining a great
concern over the time, and their impact on ecosystem needs fast pace to understand
the interaction of these compounds with the environmental constituents.
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Chapter 4
Application of Artificial Intelligence
in Predicting Groundwater Contaminants

Sushant K. Singh, Ataollah Shirzadi, and Binh Thai Pham

4.1 Introduction

Groundwater constitutes 95% of all global freshwater, and more than 7 billion
individuals depend on it for their domestic needs (NGWA 2020). Groundwater is
naturally characterized by certain physical, chemical, and biological properties. Its
major chemical constituents, whose concentrations may range between 1 mg/L and
1000 mg/L, are sodium, calcium, magnesium, bicarbonate, sulfate, chloride, and
silica (Chapman 1996; Şen 2014). Secondary and elemental constituents of ground-
water include iron, aluminum, potassium, carbonate, nitrate, fluoride, boron, and
selenium, which may be found in concentrations between 0.01 mg/L and 10 mg/L
(Chapman 1996). Several other elements occur in slight levels (0.0001 mg/L to
0.1 mg/L) and form the minor elemental constituents of groundwater; these include
arsenic, barium, bromide, cadmium, chromium, cobalt, copper, iodide, lead, lithium,
manganese, nickel, phosphate, strontium, uranium, and zinc (Chapman 1996;
Schwarzenbach et al. 2010; Şen 2014). These natural groundwater constituents
may be altered by processes that are physical (dispersion and filtration), geochemical
(complexation, ionic strength, acid-base, oxidation–reduction, precipitation solu-
tion, and adsorption–desorption), or biochemical (decay, respiration, and cell syn-
thesis) (Chapman 1996; Schwarzenbach et al. 2010). These processes are influenced
by a variety of anthropogenic activities that lead to groundwater pollution, including
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industrial, agricultural, and mining development, as well as urbanization and
groundwater-resource management (Chapman 1996; Schwarzenbach et al. 2010).
Among these activities, unsewered sanitation, wellhead contamination, accidental
spillage, agrochemicals, irrigation, and saline intrusion have serious impacts on the
quality of groundwater used for drinking purposes (Chapman 1996, Schwarzenbach
et al. 2010). Other activities responsible for groundwater contamination are land and
stream discharge of sewage and effluent, sewage oxidation of lagoons, sewer
leakage, landfilling, solid-waste disposal, highway drainage soak-away, process
water/effluent lakes, tank and pipeline leakage, well-disposal effluent, aerial fallout,
sludge and slurry disposal, wastewater irrigation, mine-drainage discharge, process
water/sludge lagoons, solid mine tailings, oilfield brine disposal, hydraulic distur-
bance, and recovering water levels (Chapman 1996; Schwarzenbach et al. 2010).

These activities can be triggered by a number of social, economic, environmental,
and political actions, as well as by variations in climate and socioeconomic level
(Singh 2017; Vörösmarty et al. 2000; Alcamo et al. 2007). It has been consistently
documented that anthropogenic activities are the major contributors to groundwater
pollution; for example, human-created compounds (such as Aldrin, Chlordane,
DDT, Dieldrin, Dioxins, Endrin, Furans, Heptachlor, Hexachlorobenzene, Mirex,
PCBs, and Toxaphene, popularly known as the “Dirty Dozen”) were particularly
targeted by the 2004 Stockholm Convention on Persistent Organic Pollutants
(Schweitzer and Noblet 2018). According to the World Health Organization
(WHO), nearly 11% of the global population still lacks a primary drinking-water
service, and approximately 29% of the worldwide population relies on unsafe
drinking water, which led to the loss of 1.2 million lives (WHO 2017; Ritchie and
Roser 2019). According to the International Agency for Research on Cancer
(IARC), both anthropogenically and naturally occurring chemicals in groundwater
are categorized according to their possible carcinogenic effects on humans into either
Group 1 (carcinogenic), Group 2A (probably carcinogenic), Group 2B (possibly
carcinogenic), Group 3 (not carcinogenic), or Group 4 (probably not carcinogenic)
(WHO 2017). Arsenic and fluoride are the two most common naturally occurring
chemicals. Nitrate (in both its NO3

� and NO2
�forms) is one of the agriculturally

produced compounds posing a significant threat to human health (WHO 2017).
Groundwater contamination is a global public health challenge, and the prediction
of groundwater contaminant presence would help in creating proactive mitigation
policies (Burri et al. 2019; Singh 2018). In the United States (U.S.) alone, more than
100,000 lifetime cancer cases may be linked to carcinogenic chemicals in drinking
water (Evans et al. 2019).

The use of various machine learning (ML), deep learning (DL), and artificial
intelligence (AI) techniques in developing prediction models based on
environmental data is highly trusted among scientists (Singh et al. 2018). However,
the application of these techniques to the development of groundwater contaminant-
prediction models is still in its rudimentary stages. Considering the great expense of
environmental data collection and laboratory analysis, ML, DL, and AI techniques
could be extremely useful for developing systems supportive of decision-making in
environmental-contamination monitoring. For example, it would cost nearly
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$40,000 to collect 100 groundwater samples, and the mean cost per sample to
analyze metals would be around $260 (USEPA 1997). A detailed description of
possible challenges in the collection and analysis of water-quality data can be found
here (Crocker and Bartram 2014). Additionally, the Environmental Protection
Agency provides comprehensive guidance on the possible costs associated with
collection, monitoring, and testing of water samples. Costs may vary according to
the instruments and laboratory facilities used, but even so, they may continue to be
an obstacle to conducting such research in low-income regions where groundwater
contamination is a severe problem.

This chapter focuses only on arsenic, fluoride, and nitrate because of their serious
human health impacts and global presence in groundwater. Considering the obsta-
cles mentioned in the previous section, the chapter is structured in three sections, the
first of which highlights the prevalence of these groundwater contaminants and their
health impacts. The second section covers the application of various AI techniques to
the prediction of arsenic, fluoride, and nitrate contamination of groundwater. The
final section entails a discussion of the advantages of certain techniques and con-
cludes by recommending future directions of exploration and practical application.

4.2 Groundwater Contamination

4.2.1 Arsenic

Arsenic, a metalloid and the world’s most 53rd-most abundant element, occupies
just 0.0001% of the earth’s crust and occurs in unpolluted groundwater in concen-
trations below 10 μg/L (Braman 1975). Out of arsenic’s five valence states, its
inorganic form, arsenite, is the most toxic; in groundwater, however, the organic
form of arsenic, arsenate, predominates (Braman 1975; Oremland and Stolz 2003).
Because of its adverse health effects on human beings, the Environmental Protection
Agency has categorized arsenic as a “Group A” element. Currently, more than
100 countries are experiencing geogenic arsenic contamination of groundwater,
and more than 296 million individuals’ lives are at risk (Fig. 4.1) (Chakraborti
et al. 2017).

Approximately 66% of European, 59% of Asian, 37% of American, 24% of
African, and 1% of Oceanian countries are impacted by arsenic contamination of
groundwater (Singh 2017; Murcott 2012). It has been more than two centuries since
arsenic contamination was first testified to in Germany in 1885 and more than one
since arsenic-induced health effects were discovered in 1917 in the province of
Cordoba, Argentina (Chakraborti et al. 2017; Murcott 2012; Nordstrom 2002). Over
time, advancements in arsenic research confirmed that prolonged exposure to arsenic
in water, food, soil, or air could lead to a variety of health problems, including both
carcinogenic and non-carcinogenic diseases (Chakraborti et al. 2017; Mazumder
2008; Chakraborti et al. 2003; Bhattacharya et al. 2010). These health issues are
summarized in Table 4.1.
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Table 4.1 A summary of the signs and symptoms of arsenic poisoning

Effects Symptoms Reference

Dermal Acute signs and symptoms Chakraborti et al. (2017), Tchounwou
et al. (2019), Mitra et al. (2020),
Chakraborti et al. (2018), Sinha and
Prasad (2020)

Delayed appearance of Mee’s lines
in nail beds

Dermatitis

Melanosis

Vesiculation

Chronic signs and symptoms
Hyperpigmentation

Pigment changes on the face, neck,
and back—“Raindrop” appearance

Skin lesions

Hyperkeratosis

Desquamation

Gastrointestinal Acute signs and symptoms Chakraborti et al. (2017), Tchounwou
et al. (2019), Mitra et al. (2020),
Chakraborti et al. (2018) and Sinha
and Prasad (2020)

Garlic odor on breath

Severe abdominal pain

Nausea and vomiting

Thirst

Dehydration

Anorexia

Heartburn

Bloody or rice-water diarrhea

Dysphagia

Chronic signs and symptoms
Esophagitis

Gastritis

Colitis

Abdominal discomfort

Anorexia

Malabsorption

Weight loss

Cardiovascular Acute signs and symptoms Chakraborti et al. (2017), Tchounwou
et al. (2019), Mitra et al. (2020),
Chakraborti et al. (2018) and Sinha
and Prasad (2020)

Hypotension

Shock

Ventricular arrhythmia

Congestive heart failure

Irregular pulse

T-wave inversion

Persistent prolongation of QT
interval

Chronic signs and symptoms
Arrhythmia

Pericarditis

(continued)
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Table 4.1 (continued)

Effects Symptoms Reference

Blackfoot disease (gangrene with
spontaneous amputation)

Raynaud’s syndrome

Acrocyanosis (intermittent)

Ischemic heart disease

Cerebral infarction

Carotid atherosclerosis

Hypertension

Microcirculation abnormalities

Respiratory Acute signs and symptoms
Irritation of nasal mucosa
Pharynx, larynx, and bronchi
Pulmonary edema
Tracheobronchitis
Bronchial pneumonia
Nasal septum perforation
Chronic signs and symptoms
Rhino-pharyngo-laryngitis
Tracheobronchitis
Pulmonary insufficiency (emphyse-
matous lesions)
Chronic restrictive/obstructive
diseases

Chakraborti et al. (2017), Tchounwou
et al. (2019), Mitra et al. (2020),
Chakraborti et al. (2018) and Sinha
and Prasad (2020)

Neurological Acute signs and symptoms Chakraborti et al. (2017), Tchounwou
et al. (2019), Mitra et al. (2020),
Chakraborti et al. (2018) and Sinha
and Prasad (2020)

Sensorimotor peripheral axonal
neuropathy (paresthesia, hyperes-
thesia, neuralgia)

Neuritis

Autonomic neuropathy with unsta-
ble blood pressure, anhidrosis,
sweating, and flushing

Leg/muscular cramps

Lightheadedness

Headache

Weakness

Lethargy

Delirium

Encephalopathy

Hyperpyrexia

Tremors

Disorientation

Seizure

Stupor

Paralysis

Coma

(continued)
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Table 4.1 (continued)

Effects Symptoms Reference

Chronic signs and symptoms

Neuropathy

Polyneuritis and motor paralysis

Hearing loss

Mental retardation

Encephalopathy, symmetrical
peripheral polyneuropathy (sensori-
motor, resembling Landry–
Guillain–Barre syndrome)

Electromyography abnormalities

Peripheral neuropathy of sensory
and motor neurons

Hepatic Acute signs and symptoms Chakraborti et al. (2017), Tchounwou
et al. (2019), Mitra et al. (2020),
Chakraborti et al. (2018) and Sinha
and Prasad (2020)

Elevated liver enzyme levels

Fatty infiltration

Congestion

Central necrosis

Cholangitis

Cholecystitis

Chronic signs and symptoms
Enlarged, tender liver

Elevated hepatic enzyme levels

Cirrhosis

Portal hypertension without
cirrhosis

Fatty degeneration

Renal Acute signs and symptoms Chakraborti et al. (2017), Tchounwou
et al. (2019), Mitra et al. (2020),
Chakraborti et al. (2018) and Sinha
and Prasad (2020)

Hematuria

Oliguria

Proteinuria

Leukocyturia

Glycosuria

Uremia

Acute tubular necrosis

Renal cortical necrosis

Hematological Acute signs and symptoms Chakraborti et al. (2017), Tchounwou
et al. (2019), Mitra et al. (2020),
Chakraborti et al. (2018) and Sinha
and Prasad (2020)

Anemia

Leukopenia

Thrombocytopenia

Bone marrow suppression

Disseminated intravascular
coagulation

Chronic signs and symptoms

(continued)
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4.2.2 Fluoride

Fluoride, the world’s 13th most abundant element, occupies 0.06–0.09% of the
earth’s crust. Being highly reactive, it changes its elemental form rapidly and is
converted into both organic and inorganic compounds. In groundwater, it is present
in concentrations lower than 1 mg/L. At the 1.5 mg/L level, fluoride improves bone
growth and helps protect against dental caries (cavities). Around the world, over
200 million individuals across 84 countries are at risk due to fluoride-contaminated
drinking water (Fig. 4.2) (Jha et al. 2013; Ali et al. 2016).

Ironically, human beings require a low concentration of fluoride, for example,
between 0.5 and 1.5 mg/L, to strengthen bones and teeth. However, higher doses of
fluoride, imbibed through water, air, food, or any other source, can lead to a variety

Table 4.1 (continued)

Effects Symptoms Reference

Bone marrow hypoplasia

Anemia

Aplastic anemia

Leukopenia

Thrombocytopenia

Impaired folate metabolism

Karyorrhexis

Endocrinological Chronic signs and symptoms Chakraborti et al. (2017), Mitra et al.
(2020), Chakraborti et al. (2018) and
Sinha and Prasad (2020)

Diabetes mellitus

Other Acute sign and symptoms Chakraborti et al. (2017), Chakraborti
et al. (2018) and Sinha and Prasad
(2020)

Rhabdomyolysis

Conjunctivitis

Chronic signs and symptoms
Lens opacity

Carcinogenic Bladder cancer Chakraborti et al. (2017), Tchounwou
et al. (2019), Mitra et al. (2020),
Chakraborti et al. (2018) and Sinha
and Prasad (2020)

Lung cancer

Kidney cancer

Liver cancer

Skin cancer

Reproductive
and
developmental

Fetal growth Chakraborti et al. (2017), Mitra et al.
(2020), Chakraborti et al. (2018) and
Sinha and Prasad (2020)

Fetal death

Pregnancy complications

Premature delivery

Gonadal dysfunction

Reduction of testosterone and
gonadotrophins

Apoptosis and necrosis
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Table 4.2 A summary of the sign and symptoms of fluoride poisoning

Effects Symptoms Reference

Fluorosis Fluoride concentrations lower than
0.5 mg/L promote dental caries

Ali et al. (2016), Ozsvath (2009),
Kabir et al. (2020) and Nayak
et al. (2009)Fluoride concentrations between 1.5

and 4.0 mg/L can cause dental fluorosis

Fluoride concentrations above 4.0 mg/L
can lead to dental and skeletal fluorosis

Fluoride concentrations higher than
10 mg/L promote cancer and crippling
skeletal fluorosis

Reproductive
system

Reduced fertility rate in females Yadav et al. (2019), Ozsvath
(2009), Kabir et al. (2020) and
Nayak et al. (2009)

Reduced quantity of testosterone,
follicle-stimulating hormones (FSH),
and inhibin-B

Alterations of structure and mobility of
sperm

Neurobehavioral
effects

Reduction in intelligent quotient
(IQ) and thinking ability

Yadav et al. (2019), Ozsvath
(2009), Kabir et al. (2020) and
Nayak et al. (2009)Changes to children’s mental capacity

Neurotoxic to developing brains of
children

Interference with the glycolysis cycle,
ultimately affecting the energy require-
ments of the central nervous system

Interference with enzymatic function,
protein structure, and brain function,
including impairing cognition and
memory

Cognitive effects, mental and physio-
logical changes, dementia

Affects biochemical activities and
visuospatial abilities

Cardiovascular
system

Oxidative stress, which promotes
inflammation, atherosclerosis, vascular
stiffness, myocardial cell damage, bra-
dycardia, abnormal heart rhythms,
reduced myocardial function, hypothy-
roidism, diabetes mellitus, and obesity

Yadav et al. (2019), Ozsvath
(2009), Kabir et al. (2020) and
Nayak et al. (2009)

Hypocalcemia

Gastrointestinal
effects

Loss of the mucus layer, hyperanemia,
edema, hemorrhage, and rupture of the
stomach lining

Yadav et al. (2019), Ozsvath
(2009), Kabir et al. (2020) and
Nayak et al. (2009)

Nausea, vomiting, diarrhea, and gastric
pain

(continued)
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of health issues, as summarized in Table 4.2 (Chakraborti et al. 2016; Grandjean
2019; Kabir et al. 2020).

4.2.3 Nitrate

Nitrate—used here to refer to the complete class of compounds known as nitrates—
is a naturally occurring salt. Nitrate is highly soluble, part of the nitrogen cycle, and
an essential component of fertilizers and explosives (Gamble 2019). Fertilizers are
the primary source of nitrate contamination, introducing it to groundwater via
agricultural runoff (Zhou 2015; Keeney 1989). The WHO sets the maximum level
of nitrate contamination of groundwater at 50 mg/L for NO3

� and 11.3 mg/L for
NO3

�N (Ward et al. 2018; Ward et al. 2005). High groundwater concentrations of
nitrate can adversely impact both human health and environmental health (Zhou

Table 4.2 (continued)

Effects Symptoms Reference

Endocrine
system

Structural changes and dysfunctions in
the thyroid gland

Yadav et al. (2019), Ozsvath
(2009), Kabir et al. (2020) and
Nayak et al. (2009)Increased parathyroid and calcitonin

activity, secondary hyperparathyroid-
ism, and impaired glucose tolerance

Urinary/renal
system

Increased risk of kidney stones and
non-carcinogenic effects on kidney

Yadav et al. (2019), Ozsvath
(2009), Kabir et al. (2020) and
Nayak et al. (2009)Metabolic, histopathological, and path-

ological changes in the glomeruli

Other Damage of human soft tissues, muscles,
erythrocytes, gastrointestinal mucosa,
ligaments, spermatozoa, and thyroid
glands

Kabir et al. (2020)

Brittle bones

Stunted growth

Alzheimer’s disease

Encumbered movement due to bony and
dental lesions

Decreased secretion of the pituitary
lactotrophic hormone

Alterations in levels of volatile fatty
acids

Loss of appetite and body weight

Delays in postpartum estrus

Muscle weakness and associated muscle
loss

Increased respiration and heart rates in
animals

Decreased milk and wool production in
livestock
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2015; Sousa et al. 2014). Nitrate contamination has been detected in nearly 60 coun-
tries (Fig. 4.3).

Newly born babies (those of less than 6 months of age) are the primary victims of
nitrate pollution. They may suffer from methemoglobinemia, popularly known as
“blue baby syndrome,” if they consume water with a nitrate concentration greater
than 10 mg/L. The adverse human health impacts of nitrate first surfaced in 1945
(Zhou 2015) and are summarized in Table 4.3.

4.3 Application of Artificial Intelligence in Groundwater
Contaminant Prediction

Artificial intelligence (AI), a subset of machine learning (ML), has been used to
identify and resolve an array of challenges across various domains, including
information technology, business, banking, retail, pharmacy, healthcare, insurance,
and life sciences, among others. However, the application of AI to the identification,
prediction, and monitoring of environmental problems is a recent phenomenon.
Environmental research is challenged by a lack of ground data, i.e., collected from
fields through surveys and laboratory analysis; therefore, it depends heavily on
remote sensing images. Geographical information system (GIS) tools are used to
extract information from these remote sensing images, simulate the imaged areas,
and develop prediction models. Machine learning, deep learning, and reinforcement
learning (RL) help simulate human knowledge of a specific domain and assist in
developing intelligent systems that can learn from historical data and predict patterns
in unseen data (Chau 2006). Various basic and advanced AI techniques have been
used to develop prediction models of landslide susceptibility and groundwater
potentiality (Pham et al. 2019; Pham et al. 2018; Phong et al. 2019; Rizeei et al.
2019; Chen et al. 2019; Sameen et al. 2019, 2020), for example. The application of
AI techniques in predicting groundwater contaminants, in contrast, is still at a
primitive level. The handful of studies that are available on the application of
these techniques in predicting groundwater contamination by arsenic, fluoride, and
nitrate are summarized below in Tables 4.4, 4.5, and 4.6, respectively.

4.4 Application of AI in Predicting Arsenic Contamination
of Groundwater

Data-analysis techniques for predicting groundwater contamination of arsenic were
first reported in 2006, when researchers developed a probabilistic statistical model to
predict the probability that arsenic concentrations would exceed the level of 5 μg/L
in the drinking-water wells of the New England of the USA (Ayotte et al. 2006). A
logistic regression model of geologic and anthropogenic sources of arsenic,
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geochemical processes, and hydrogeologic and land-use factors associated with
2470 groundwater samples was developed (Table 4.4) (Ayotte et al. 2006). Out of
50 variables considered, the authors found that specific rock types, and certain
geochemical, hydrologic, and landscape variables were found to be the most impor-
tant predictors of arsenic in groundwater (Ayotte et al. 2006).

Winkel et al. (2008) developed a groundwater-arsenic prediction model for south
Asian countries using geological and surface soil parameters for 1756 aggregated
and geo-referenced groundwater data points collected from the Bengal, Red River,
and Mekong deltas (Winkel et al. 2008). The authors used a logistic regression
method to develop the prediction model. They found deltaic deposits, organic-rich
deposits, alluvial deposits, floodplain deposits, fine-textured soils, and silt in subsoil
to be the most critical predictors of arsenic in groundwater in these regions
(Table 4.4) (Winkel et al. 2008). Also in 2008, Amini et al. reported a stepwise
regression- and adaptive neuro-fuzzy inference system (ANFIS)-based statistical
prediction model for groundwater arsenic contamination in Southeast and Northwest
China, Central Australia, New Zealand, Northern Afghanistan, Northern Mali, and
Zambia (Amini et al. 2008a). The authors used details on the climate, geology,
hydrology, soil properties, land use, and elevation of 20,000 groundwater samples
across the studied regions and found that in those regions, evapotranspiration,
temperature, precipitation, distance from volcanoes, drainage code, subsoil silt
content, topsoil silt content, distance from volcanic rocks, subsoil carbon-to-nitrogen

Table 4.3 A summary of the sign and symptoms of nitrate poisoning

Effects Symptoms Reference

Methemoglobinemia Red blood cells become unable to carry
oxygen from the lungs. Can arise hastily,
leading to loss of breath and blueness of
the skin.

Zhou (2015), Ward et al.
(2005) and WHO (2011)

Gastric problems Continued consumption of high concentra-
tions of nitrate may lead to the formations of
nitrosamines that cause gastric
abnormalities.

Zhou (2015) and WHO
(2011)

Pregnancy Intake of nitrate-contaminated drinking
water during early pregnancy can cause
congenital disabilities such as neural tube
defects and cleft palates.

Bundy et al. (1994), Ward
et al. (2018) and WHO
(2011)

Congenital heart defects.

Limb deficiencies.

Nitrate can also cross the placenta, poten-
tially increasing methemoglobin levels in
the developing fetus.

Cancer Ovarian cancer Ward et al. (2018) and
WHO (2011)Bladder cancer

Thyroid cancer

Colon cancer

Colorectal cancer
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Table 4.4 Artificial intelligence techniques used to predict arsenic contamination of groundwater

Case
study Predictors Method Reference

1 Avalon belt Logistic regression Ayotte
et al.
(2006)

Bronson Hill belt

Eugeosyncline sequence

Mesozoic basin

Waits River basin

Pelitic rocks (Bronson Hill)

Peraluminous granite (New Hampshire
Maine sequence)

Mafic rocks (Narragansett Basin)

Concord granite (Dc1m, granite)

Madrid Fm. (DSm, metamorphic)

Rindgemere Fm., lower member (DSrb,
metamorphic)

Berwick Fm., calcareous member (SObc,
Calcpelite)

Eliot Fm., Calef member (SOec,
metamorphic)

Kittery Fm. (SOk, metamorphic)

Perry Mountain Fm. (Sp, metamorphic)

Rangeley Fm., lower part, (Srl,
metamorphic)

Sangerville Fm. (Sspm, metamorphic)

Waterville Fm. (Sw, metamorphic)

Kittery Fm. (SZk, metamorphic)

Massabesic gneiss complex (Zmz, granite)

Stream sediment arsenic, (ln) mg kg�1

Pleistocene marine inundation intrusive
granitic pluton category (within 3 km of
pluton)

Developed land flag (cut point of 33%)
elevation (1:24,000 scale DEM, m)

Population density (person km�2)

Precipitation, mm year�1

Water bodies (% area in 1000 m radius
buffer)

2 Easting Regression-kriging Lado et al.
(2008)Northing

Depth

Arsenic

NH4
+ (ammonium cation)

Fe (Iron)

Mn (manganese)

Pb (Lead)

(continued)
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Table 4.4 (continued)

Case
study Predictors Method Reference

Alkalinity

Digital elevation model

Slope

Topographic wetness index

Hydrologic flux index

Topographic convergence index

Geological formation

3 Elevation Logistic regression Winkel
et al.
(2008)

Slope

Distance to rivers

Evapotranspiration

Precipitation

Runoff

Temperature

Irrigated areas

Topsoil clay content

Topsoil silt content

Topsoil sand content

Subsoil clay content

Subsoil silt content

Subsoil sand content

Subsoil cation exchange capacity

Soil drainage code

Coarse textured soils

Medium textured soils

Fine-textured soils

Subsoil nitrogen content

Subsoil organic carbon content

Subsoil pH

Pre-Holocene deposits

Organic-rich deposits

Other Holocene deposits

Tidal deposits

Deltaic deposits

Flood plain deposits

Alluvial deposits

4 Elevation Regression analysis Amini
et al.
(2008a)

Slope Adaptive neuro-fuzzy
inferencingGeology age

Evapotranspiration

Precipitation

(continued)
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Table 4.4 (continued)

Case
study Predictors Method Reference

Runoff

Temperature

Irrigated areas

Topsoil C/N ratio

To soil clay content

Topsoil silt content

Topsoil sand content

Subsoil C/N ratio

Subsoil clay content

Subsoil silt content

Subsoil sand content

Subsoil cation exchange capacity

Soil drainage code

Subsoil nitrogen content

Subsoil organic carbon content

Subsoil pH

Distance from volcanoes

Distance from volcanic rocks

Distance to rivers

5 pH Multiple linear regression Cho et al.
(2011)Electrical conductivity Principal component

analysis

Total dissolved solids Artificial neural network

Temperature Principal component anal-
ysis and artificial network
analysis

Redox potential

6 Pre-Holocene deposits Logistic regression Yang et al.
(2014)Deltaic deposits

Organic-rich deposits

Alluvial deposits

Tidal deposits

Coarse-textured soil

Medium-textured soil

Fine-textured soil

Sand content

Silt content

Clay content

Slope

Topographic wetness index

Density of rivers

Distance to rivers

(continued)
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Table 4.4 (continued)

Case
study Predictors Method Reference

7 pH Back-propagation artificial
neural network

Park et al.
(2016)

Electrical conductivity Support vector machine

Total dissolved solids

Temperature

Redox potential

Well depths

8 Distance to river ganga Regression Singh
et al.
(2016)

Distance to river Sone

Depth of hand pumps

Elevation of hand pumps

Surface elevation

Slope

Flow direction

Flow accumulation

Distance to a drainage point

Latitude

Longitude

9 Volcano-sedimentary schist (Birimian) Logistic regression Bretzler
et al.
(2017)

Volcanite: Basalt, andesite, rhyolite
(Birimian)

Orthogneiss (Birimian)

Granite

Tonalite

Distance to faults

Distance to mineral deposits (metal ores)

Distance to granitoid rocks

Drainage direction

Flow accumulation

10 pH Logistic regression Podgorski
et al.
(2017)

Depth

Aridity

Fluvisols

Irrigated area

Slope

Holocene fluvial sediments

Soil organic carbon

Soil pH

Slope

(continued)
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Table 4.4 (continued)

Case
study Predictors Method Reference

11 Casing diameter Boosted regression tree Erickson
et al.
(2018)

Type of aquiferin which well is located

Stratigraphic unit at the top of the open
interval

Stratigraphic unit at the bottom of the open
interval

Percent of excessively well-drained soil

Percent of moderately well-drained soil

Percent of poorly drained soil

Percent of somewhat excessively drained
soil

Percent of somewhat poorly drained soil

Percent of very poorly drained soil within

Percent of well-drained soil within

Percent of soil classified as hydrologic
group AD

Percent of soil classified as hydrologic
group B

Percent of soil classified as hydrologic
group BD

Percent of soil classified as hydrologic
group C

Percent of soil classified as hydrologic
group CD

Percent of soil classified as hydrologic
group D

Nearest major river

Estimated mean annual recharge

Depth to the water table, meters below land
surface

Aluminum content in soil C horizon, weight
percent

Barium content in soil C horizon, mg/kg

Beryllium content in soil C horizon, mg/kg

Strontium content in soil C horizon, mg/kg

Thorium content in soil C horizon, mg/kg

Thallium content in soil C horizon, mg/kg

Uranium content in soil C horizon, mg/kg

Lanthanum content in soil C horizon, mg/kg

Cadmium content in soil C horizon, mg/kg

Cobalt content in soil C horizon, mg/kg

Tungsten content in soil C horizon, mg/kg

Zinc content in soil C horizon, mg/kg

Sodium content in soil C horizon, weight
percent

(continued)
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Table 4.4 (continued)

Case
study Predictors Method Reference

Phosphorus content in soil C horizon, mg/kg

Rubidium content in soil C horizon, mg/kg

Total clay content in soil C horizon, weight
percent

Lead content in soil C horizon, mg/kg

Nickel content in soil C horizon, mg/kg

Top bedrock unit

Stream order number of the closest stream
to well

Distance to nearest stream indicated by a
stream order number, meters

Calculated distance from screened interval
to clay layer, meters

Land surface elevation, meters (point data
used for initial model development)

Land surface elevation, meters (point data
used for predictive map development)

Completed well depth, meters

Casing depth, meters

Length of the screened interval, meters

Eastward-measured distance

Northward-measured distance

Calculated elevation at the bottom well,
meters

Area- and depth-weighted average percent
of sand

Area- and depth-weighted average percent
of silt

Area- and depth-weighted average percent
of clay

Percent of soil classified as hydrologic
group A

Land use code

Distance to the nearest major river, meters

Bismuth content in soil C horizon, mg/kg

Calcium content in soil C horizon, weight
percent

Iron content in soil C horizon, weight
percent

Potassium content in soil C horizon, weight
percent

Lithium content in soil C horizon, mg/kg

(continued)
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ratio, subsoil pH, topsoil clay content, and subsoil clay content were the strongest
predictors of arsenic in groundwater (Amini et al. 2008a). Cho et al. (2011) have
developed multiple linear regression, principal component regression, and artificial
neural network models, as well as models based on a combination of principal
components and artificial neural networks, using just 141 groundwater samples
collected from Cambodia, Laos, and Thailand. The significance of the geochemical
parameters used to develop these ML models varied between each model; however,
all variables were found to predict arsenic in the studied groundwater (Cho et al.
2011). In a relatively recent study, the authors utilized the conductivity, temperature,
redox, pH, well depth, and TDS of 350 groundwater samples collected from
Cambodia, Laos, and Thailand and to develop artificial neural network (ANN) and
support vector machine (SVM) ML models (Park et al. 2016). In another study, the
authors developed logistic regression and boosted regression tree models using

Table 4.4 (continued)

Case
study Predictors Method Reference

Magnesium content in soil C horizon,
weight percent

Dolomite content in soil C horizon, weight
percent

Copper content in soil C horizon, mg/kg

Manganese content in soil C horizon, mg/kg

Molybdenum content in soil C horizon,
mg/kg

Total thickness of glacial deposits, meters

Thickness of coarse-grained sediment
within the glacial deposits, meters

Calculated thickness of fine-grained sedi-
ment within the glacial deposits, meters

Texture-based estimated equivalent vertical
hydraulic conductivity of the glacial
deposits, meters per day

Texture-based estimated equivalent trans-
missivity of the glacial deposits, square
meters per day

Texture-based estimated equivalent hori-
zontal hydraulic conductivity of the glacial
deposits, meters per day

Specific-capacity-based transmissivity of
coarse-grained sediment within the glacial
deposits, square meters per day

Specific-capacity-based horizontal hydrau-
lic conductivity of coarse-grained sediment
within the glacial deposits, meters per day

Predicted nitrate concentration, mg/L
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Table 4.5 Artificial intelligence techniques used to predict fluoride contamination of groundwater

Case
Study Predictors Method Reference

1 Actual evapotranspiration Logistic regression Podgorski et al.
(2018)Calcisols

Cropland

Felsic igneous rocks

Mafic igneous rocks

Noncarb, sedimentary
rocks

Potential
evapotranspiration

Precipitation

Sand fraction

Silt fraction

Slope

2 Elevation Multiple linear regression Amini et al.
(2008b)Slope Adaptive neuro-fuzzy inference

systemEvapotranspiration

Precipitation

Temperature

Runoff

Irrigation

Topsoil clay content

Topsoil silt content

Topsoil sand content

Topsoil C/N ratio

Subsoil clay content

Subsoil silt content

Subsoil sand content

Subsoil C/N ratio

Subsoil cation exchange
capacity

Soil drainage code

Subsoil nitrogen content

Subsoil organic carbon
content

Subsoil pH

Distance from felsic vol-
canic rocks

Distance from mafic vol-
canic rocks

Distance from other vol-
canic rocks

Distance from intrusive
felsic rocks

(continued)
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Table 4.5 (continued)

Case
Study Predictors Method Reference

Distance from intrusive
mafic rocks

Distance from metamor-
phic rocks

Sedimentary rocks

Distance from normal
faults

Distance from rivers

3 Electrical conductivity Multilayer perceptron Barzegar et al.
(2017)pH Support vector machine

Ca2+ Extreme learning machine

Mg2+

Na+

K+

HCO3
�

CO3
2�

Cl�

SO2�
4

F�

4 Electrical conductivity Fuzzy logic Nadiri et al.
(2013)pH Artificial neural network

Ca2+ Neuro-fuzzy

Mg2+ Committee machine with artificial
intelligenceNa+

K+

HCO3
�

CO3
2�

Cl�

SO4
2�

F�

SiO2

5 Ca2+ Instance-based k-nearest neighbors Khosravi et al.
(2019)Mg2+ Locally weighted learning

Na+ K-star algorithm

K+ Regression by discretization

HCO3
�

CO3
2�

Cl�

SO4
2�

F�
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Table 4.6 Artificial intelligence techniques used to predict nitrate contamination of groundwater

Case
Study Predictors Method Reference

1 Urban land Multiple linear
regression

Knoll et al.
(2019)

Arable land Classification
and regression
trees

Grassland Random forest

Forest Boosted regres-
sion treesSpecial crops

N-surplus on agricultural land

Hydrogeological units

Seepage water rate

Groundwater recharge rate

Nitrate concentration in seepage water

Nitrate concentration in groundwater recharge

Soil groups

Field capacity

Humus content in topsoil

2 Surface water flow direction Classification and
regression trees

Rodriguez-
Galiano et al.
(2018)Drop raster Random forest

Groundwater table depth Support vector
machinesVadose zone thickness

Transmissivity

Module of hydraulic gradient

Maximum level of photosynthetic activity in
canopy

Time of maximum photosynthesis in canopy

Cumulated NDVI for the post-maximum month

Overall population (based on census)

Distance from population centroids

Land cover reclassified according to its potential
impact on nitrate pollution

Distance to irrigation canals with water-quality
problems

Distance to cemeteries

Density of industries and facilities, extended to a
radius of 1 km

Density of industries and facilities, extended to a
radius of 3 km

Density of industries and facilities, extended to a
radius of 5 km

Livestock density within 1 km radius of the
livestock farms

(continued)
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Table 4.6 (continued)

Case
Study Predictors Method Reference

Livestock density within 3 km radius of the
livestock farms

Livestock density within 5 km radius of the
livestock farms

3 Depth of groundwater Boosted regres-
sion trees

Sajedi-Hosseini
et al. (2018)

Net recharge Multivariate dis-
criminant
analysis

Aquifer media Support vector
machineSoil media

Topography

Impact of vadose zone

Hydraulic conductivity

Topographic wetness index

Distance to river

Slope percent

Drainage density

Soil type

Elevation

Land use

Lithology

4 Calendar year of sample Censored ML
regression

Messier et al.
(2019)

Calendar month of sample Random forest

Longitude value of well location

Latitude value of well location

Log of modeled mean well depth

Standard deviation of modeled well depth

Geometric mean of modeled well depth

Back log-transformed mean of modeled well
depth

Back log-transformed variance of modeled well
depth

Proportion of 1992 agricultural lands within the
well buffer

Annual county-level nitrogen fertilizer appor-
tioned in 1992 to agrarian lands within the well
buffer

Physiographic region of well

pH

Hydrologic soil group A

Hydrologic soil group B

(continued)
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domestic and public supply data from 5219 water sources and incorporated 76 vari-
ables, including hydrologic, geologic, meteorological, geochemical, and land-use
factors (Ayotte et al. 2016). In a regional study in rural India, the authors developed a
simple regression model from 88 groundwater samples using hydrogeological and
topographic features (Singh et al. 2016). They found that the depth of tube wells,
flow direction of surface water, distance to rivers, and distance to drainage point
were the most important predictors of arsenic in groundwater (Singh et al. 2016).
The authors of another study developed a logistic regression model using ten
geohydrological and topographic features of 1498 water-sample collection points
in rural Burkina Faso (Bretzler et al. 2017). They found that volcanic-sedimentary

Table 4.6 (continued)

Case
Study Predictors Method Reference

Hydrologic soil group C

Hydrologic soil group D

Available water capacity

Histosol soil type

Topographic wetness index

Slope

Nitrogen load

Septic system density

Decaying contribution of nitrate from wastewa-
ter treatment plants

Decaying contribution of nitrate from cattle

Decaying contribution of nitrate from poultry

Decaying contribution of nitrate from lagoons

Decaying contribution of nitrate from wastewa-
ter treatment residual

National land cover

STATSGO-based mean water table depth

5 Land cover/land use Multiple linear
regression

Ouedraogo
et al. (2019)

Population density Random forest
regressionNitrogen application

Climate class

Type of region

Rainfall class

Depth to groundwater

Aquifer type

Soil type

Unsaturated zone

Topography/slope

Recharge

Hydraulic conductivity
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schist (Birimian), volcanite (basalt, andesite, rhyolite (Birimian)), granite, distance
to mineral deposits, and distance to granitoid rocks were the most important arsenic-
contamination predictors in the studied region (Bretzler et al. 2017). Podgorski and
his colleagues have developed a logistic regression model using 12 geochemical
predictors and 1200 groundwater samples in Pakistan (Podgorski et al. 2017). They
found that in there, potential evapotranspiration, precipitation, aridity, irrigated area,
slope, soil organic carbon, soil pH, and Holocene fluvial sediments were the most
important predictors of arsenic presence (Podgorski et al. 2017). In a recent study,
the authors developed a boosted regression tree machine learning model using
74 features of physical or geochemical triggers of arsenic contamination from
3283 water samples in the north-central USA (Erickson et al. 2018). They found
that 33 of the 74 variables served as essential arsenic predictors in the model
(Erickson et al. 2018).

It is apparent from this collection of studies and models that hydrogeological and
topographic factors play significant roles in predicting groundwater arsenic contam-
ination and that logistic regression has been a preferred method of developing
arsenic-prediction models.

4.5 Application of AI in Predicting Fluoride Contamination
of Groundwater

Amini et al. (2008a, b) developed the first global model of fluoride contamination of
groundwater. The model is based on 60,000 groundwater samples collected from
25 countries around the world. Thirty-one variables were used to develop probabi-
listic models, applying linear regression and adaptive neuro-fuzzy inference system
(ANFIS) techniques (Table 4.5) (Amini et al. 2008b).

Nadiri et al. (2013), using a minimal dataset of the hydro-chemical properties of
132 groundwater samples collected over 4 years (2004–2008), developed ML
models: a Sugenofuzzylogic, a Mamdanifuzzylogic, an ANN, a neuro-fuzzy, and a
committee machine with artificial intelligence (CMAI) model (Nadiri et al. 2013). In
2017, Barzegar et al. (2017) incorporated additional samples into the same dataset to
develop extreme learning machine (ELM), multilayer perceptron (MLP), and SVM
models. Recently, Podgorski et al. (2018) have developed multinomial logistic
regression and random forest models based on geological, climatic, and soil features
of 12,600 groundwater samples collected from all over India. They found 15 of
25 variables to be the most crucial fluoride predictors in the studied area (Podgorski
et al. 2018). In another recent study, the authors developed instance-based k-nearest
neighbors, locally weighted learning, M5P, and regression-by-discretization models
on a small dataset of 143 groundwater samples using hydro-chemical properties of
the water samples (Khosravi et al. 2019).

It is readily apparent that all of these models except for one are based on a
minimal dataset (Barzegar et al. 2017; Khosravi et al. 2019; Nadiri et al. 2013) and
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on the hydro-chemical properties alone of collected water samples. Considering the
numerical predictors, it is also evident that various linear regression machine learn-
ing techniques were applied. However, when it comes to a multidimensional case
(Podgorski et al. 2018), the preferred method is logistic regression, a binary classi-
fication technique.

4.6 Application of AI in Predicting Nitrate Contamination
of Groundwater

Only a few studies on prediction of nitrate contamination of groundwater use AI
techniques (Table 4.6). In one such study, Sajedi-Hosseini et al. (2018) developed
boosted regression tree, multivariate discriminant analysis, and support vector
machine models based on the hydrologic and topographic parameters of 102 water
samples collected from Iran.

In a recent study, the authors developed random forest, classification and regres-
sion trees, and support vector machine models using hydrogeological, hydrological,
census, and Normalized Difference Vegetation Index (NDVI) data extracted from
remote sensing images for 110 water samples collected in Spain (Rodriguez-Galiano
et al. 2018). In another, the authors developed a random forest regression model
examining the land use, soil type, hydrogeology, topography, climatology, type of
region, and nitrogen fertilizer application factors of 250 groundwater samples
collected in Africa (Ouedraogo et al. 2019). Comparatively, more comprehensive
fluoride prediction models have been developed by Messier et al. (2019); these apply
random forest, gradient boosted machine, support vector machine, neural network,
and kriging techniques to a larger dataset of 22,000 samples collected from private
wells in the U.S. state of North Carolina, and they consider nearly 120 variables
(Table 4.5). Additionally, Knoll et al. (2019) have developed multiple linear regres-
sion, classification and regression trees, random forest, and boosted regression tree
models on 1890 groundwater samples collected from the German state of Hesse. The
authors employed the hydrogeological, hydrologic, land use, and soil properties of
the sampled sites (Knoll et al. 2019).

It is evident that nitrate prediction models have been developed using various
hydrogeologic, land use, and topographic properties, and that the random forest
method has been the most preferable option.

4.7 Discussion and Conclusions

According to the best of the knowledge gained from the literature review, certain
artificial intelligence algorithms have been suggested and developed for classifica-
tion tasks related to the mapping of environmental problems. According to their

98 S. K. Singh et al.



distribution-probability functions, the developed algorithms can be classified into
three categories: (i) Bayes-based algorithms (e.g., naïve Bayes and Bayes net),
(ii) functional algorithms (e.g., logistic regression, artificial neural network, support
vector machine), and (iii) decision-tree algorithms (e.g., random forest). The diver-
sity of these algorithms is referred to as their applicability in classification problems.
Spatial prediction of environmental issues is related to two issues, which are
(i) model selection and (ii) factor/predictor selection and conditioning. In model
selection, users peruse existing models in search of one that is fitted to a training
dataset. There are neither standards or guidelines to clarify the optimal model for a
given task (Svetnik et al. 2003). This means that users may need to find the
applicable model through a trial-and-error approach, tuning parameters and running
algorithms on the training dataset and then comparing results to select the best fit.
What variables are appropriate to consider as predictors may vary according to data
availability, and differences in selected variables may create uncertainties during the
modeling process (Shirzadi et al. 2019). For example, a given LR model may return
different results in one case study than it would in another. This difference depends
on the fact that the variables defined in each case study are different, causing the
results to differ as well (Bui et al. 2018; Tien Bui et al. 2019).

Moreover, for a given case study, two models may return unlike results because
of differences in their probability-distribution functions. An LR model, for example,
might be fitted to the training dataset while an RF model might not. In other words,
the variables in a single studied area will be constant for all applied models, but in
this situation, the models would return different results. For this reason, a model’s
capacity to accurately predict is simply referred to as its ability to explain causal
processes, and there is enough room within the discipline for both standards of
evaluation (Shmueli 2010).

As per the above discussion and literature review, although some algorithms have
been developed for the classification task, few have been proposed or used for
groundwater contamination, including that of arsenic, fluoride, and nitrate. As we
have mentioned, the LR model has been more heavily relied upon for mapping
arsenic and fluoride contamination of groundwater. Although LR was employed as a
statistical machine learning technique in the 1990s to assess groundwater nitrate
vulnerability (Eckhardt and Stackelberg 1995; Tesoriero and Voss 1997), it has been
more recently used to map arsenic (Twarakavi and Kaluarachchi 2005;
Venkataraman 2010; Winkel et al. 2008) and fluoride-contamination resources
(Barzegar et al. 2017; Podgorski et al. 2018; Singh et al. 2013). The applicability
and usability of the LR model that makes it a promising alternative solution to the
mapping of groundwater contamination is derived from several advantages, includ-
ing the ability to mathematically compute empirical weights for each variable, to
statistically remove the variables that lack predictive ability (via multi collinearity
tests), and to consider which variables most significantly affecting the results (at a
95% confidence interval) (Focazio 2002). Additionally, the obtained weights, which
are computed based on observed data, lead to the production of a reasonable, reliable
vulnerability map that can be used as an appropriate tool by water-resource managers
(Mair and El-Kadi 2013). The LR model has been considered a benchmark soft
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computing model (Chapi et al. 2017; Miraki et al. 2019; Tien Bui et al. 2019) whose
performance has been confirmed in studies of groundwater-potential mapping (Elío
et al. 2017; Mair and El-Kadi 2013; Ozdemir 2011; Rizeei et al. 2018).

The current study also concludes that for mapping nitrate contamination of
groundwater, among the applied machine learning algorithms of recent years, the
random forest approach has predominated. The RF is a tree-based algorithm that is
extremely flexible (Muchlinski et al. 2016). It exchanges a high degree of variance
between each tree for a low bias in predicting the outcome variable. If the assump-
tions of the modeling process, including linearity of variables, collinearity, and
homoscedasticity, are not remarkable, other methods that are not regression-based
may provide better estimations. However, if the training dataset of an event is rare
and crucial, the flexibility of algorithms such as RF can outperform LR models
(Muchlinski et al. 2016). A study carried out by Rodriguez-Galiano et al. (2014)
indicated that the RF model had superior goodness-of-fit and prediction accuracy,
when compared with the LR model, for nitrate vulnerability mapping of the Vega de
Granada aquifer in the southern part of Iberia (southeast of Granada City). The
authors stated that the application of RF models is simple and that their results are
interpretable. Eventually, they summarized the advantages of the RF model for
nitrate vulnerability mapping and groundwater studies as follows:

• It can learn the complicated, nonlinear relationship between the independent and
dependent variables.

• The different types of variables can be incorporated for analysis because the RF
model does not need any assumption, whereas the LR model does.

• A large number of training datasets can be efficiently handled by the RF model
without variable deletion.

• It can estimate the predictive power of variables.
• It can produce an internal unbiased estimate of the prediction (out-of-bag) error.
• It is partly robust and sturdily resistant to outliers and spurious datasets.
• The computation time of RF model is lower than that of other machine learning

methods, including ANN or SVM. In other words, it is a high-predictive-accuracy
algorithm.

• Concerning noise, it is most robust than other machine learning models.

According to the above, it can be claimed that AI techniques for classification
tasks are diverse, and that therefore, they should be tested on a given groundwater-
contamination dataset and their results compared. The application of various AI
techniques in predicting the presence of groundwater contaminants is a promising
approach but a recent phenomenon. Groundwater contamination can be triggered by
a myriad of environmental as well as anthropogenic processes. Geographic,
hydrogeologic, geological, hydrochemical, land use, and socioeconomic factors at
play in areas with contaminated water have vital roles in inducing the release of
specific contaminants into the groundwater. The above review also shows that
contamination is a regional phenomenon, so global prediction models may not be
appropriate for most groundwater contaminants. An array of ML techniques, includ-
ing but not limited to regression and classification algorithms has been used to
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develop such prediction models. However, there still exists a gap in the selection of
appropriate algorithms. It is also apparent that many such prediction models were
developed from miniscule sample sizes. Larger sample sizes will be required in the
development of robust prediction models. Studies also suggest that since environ-
mental data are highly nonlinearly correlated and multidimensional, it would be
advantageous to explore nonlinear classifiers and hybrid machine learning models.
Accurate and robust prediction models would help in predicting potentially contam-
inated areas, obviating costly expenditures on laboratory analytical water testing.
Furthermore, environmental managers, policymakers, and local administrations
could use these models to develop proactive mitigation strategies. These models
will empower us to save millions of human lives by preventing their exposure to
these contaminants, especially arsenic and nitrate, in the first place.
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Chapter 5
Arsenic Contamination of Groundwater
and Its Mitigation Strategies

Surabhi Awasthi, Reshu Chauhan, Sanjay Dwivedi, Sudhakar Srivastava,
and Rudra Deo Tripathi

5.1 Introduction

Contamination of arsenic (As) in groundwater and their resources globally affects
human health. The problem of As contamination is becoming more worsen due to
day by day increasing concentration of As and discovery of new As-contaminated
areas. In recent years, many As-contaminated regions have been identified, but still
systematic evaluation and monitoring of some areas that are at high risk remains to
be carried out. Contamination of groundwater through geogenic and anthropogenic
activities is the main concern for environment and human health (Fig. 5.1). Across
the world in several countries including India, millions of people are using
As-contaminated water beyond the permissible limit (10 μg/L). Many countries
such as Bangladesh, Hungary, Taiwan, Argentina, China, Chile, Mexico, USA,
Nepal, and India have crossed the safe limit of As in drinking water guided by
WHO (IWA 2016; Singh 2017). Various standards of As have been accepted in
several countries ranging from 5 mg/L in the United States to 50 mg/L in most
developing countries (Ahmed 2003; Singh and Stern 2017). Ravenscroft et al.
(2009) reported that millions of inhabitants are consuming contaminated drinking
water having As more than the permissible limit, i.e., 10 μg/L.

Arsenic is a naturally occurring toxic metalloid with atomic number 33, atomic
mass 75, and four oxidation states (�3, 0, +3, and + 5) (Awasthi et al. 2017). Arsenic
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exists in >200 mineral forms, including arsenites, arsenates, arsenides, sulfides,
sulfosalts, metal alloys, and native elements. Among these, arsenate minerals are
scorodite, beudantite, yukonite, and sulfide viz., arsenopyrite, pyrite, loellingite, and
realgar (Srivastava et al. 2015). Arsenite (AsIII) and arsenate (AsV) are the most
prevalent and more toxic inorganic forms, while monomethylarsine (MMA),
dimethylarsine (DMA), and trimethylarsine (TMA) are less toxic organic forms of
As (Srivastava et al. 2015; Awasthi et al. 2017). Other organic forms of As include
arsenosugars, arsenobetaine, and arsenocholine, which are less toxic or non-toxic
and also found in seafood (Srivastava et al. 2015). Drinking of As-polluted water and
its utilization for cooking and irrigation of crops poses severe threat to public health.
Long-term human exposure of As from food and drinking water resulted in several
skin diseases, diabetes, increased blood pressure, and cancer of lung, skin, bladder,
and kidney (WHO 2011; USEPA 2013; Santra et al. 2013). To avoid the human
exposure of As contamination, the hand pumps polluted with >50 mg/L of As were
colored red in India and Bangladesh and the hand pumps with less contamination
>50 μg/L were colored blue in India and with green color in Bangladesh (Nickson
et al. 2007; Milton et al. 2007). Besides this precaution, several people still have to
depend on As-contaminated drinking water (red-painted hand pumps) because of the
water scarcity (Singh and Vedwan 2015; Singh and Stern 2017). The concentration

Fig. 5.1 Geogenic and anthropogenic contamination of arsenic in groundwater and its mitigation
strategies
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of As is also increasing in groundwater due to the geochemical and physical
conditions of aquifers and the water–rock interactions for the mobilization and
accumulation of As in water. The order of As minerals dissolution in groundwater
observed in the series of arsenics
>arsenolite>orpiment>realgar>arsenopyrite>tennantite (Islam et al. 2013). The
present chapter summarizes the possible sources of As contamination in groundwa-
ter and presents an overview of strategies for mitigation of As toxicity and to reduce
the As level in drinking water and groundwater.

5.2 Global Arsenic Contamination of Groundwater

Contamination of As in groundwater and drinking water is a public health issue and
adversely affects millions of people globally. This leads to a marked increase in
cancer risk (Chakraborti et al. 2017). The International Agency for Research on
Cancer (IARC) and the US Environmental Protection Agency (EPA) declared As
and its compounds as class 1 human carcinogen (WHO 2004). The Agency of Toxic
Substances and Disease Registry (ATSDR) marked As at number 1 position among
20 top hazardous substances. The Joint FAO/WHO Expert Committee on Food
Additives (JECFA) analyzed the impact of As on human health and reported
exceeded concentration of As (50–100 μg/L) in drinking water of many regions of
the world (WHO 2019). Across the world, highly As-contaminated areas have been
reported mainly in large deltas, e.g., Bengal delta (Chakraborti et al. 2010) and along
river basins (Table 5.1) such as Duero Cenozoic Basin in Spain, Danube river basin
in Hungry, Zenne river basin in Belgium Hetao river basin in Mongolia, Tulare Lake
in the USA, and Paraiba do Sul delta in Brazil (Gómez et al. 2006; Nriagu et al.
2007; Khan and Ho 2011; Cutler et al. 2013; Mirlean et al. 2014). For technical and
financial support in many states, a large number of National Rural Drinking Water
Programmes (NRDWP) have been sponsored by the government (Ministry of
Drinking Water and Sanitation) for safe drinking water. Up to 67% of fund was
provided under NRDWP with priority to As- and fluoride-contaminated areas to
tackle water quality problems. Advances have been made to the reduction of As
exposure, e.g., by removal of As from drinking water and by providing residents
with other resource of drinking water.

5.3 Sources of As and Its Impact on Human Health

Several geogenic and anthropogenic activities are being reported for increased As
pollution in groundwater. Himalayan mountains and Shillong plateau are considered
as main sources of As contamination in Gangetic river basin and delta sediments.
Additionally, the Gondwana coal region, Bihar mica belt, the pyrite-bearing region
in Vindhyan range, Sone river valley gold belt, and sulfide regions of eastern
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Himalayas are other geological sources for groundwater As contamination (Acharya
et al. 1999; Bhattacharya et al. 2013). Mining, manufacturing, and processing of
metallic ores using As-containing sulfides are main anthropogenic activities that
contribute to groundwater As contamination. Anthropogenic activities that lead to
As contamination affect the quality of surface water and discharge and runoff of
groundwater (Khatri and Tyagi 2015). The excess As in groundwater is due to
predominating sulfidic minerals of As such as pyrite and arsenopyrite and their
association with other ore deposits (Borba et al. 2003). As-containing mineral,
arsenopyrite (FeAsS), abundantly exists in anaerobic environments and in the
other rock-forming minerals such as carbonate, phosphate, sulfide, silicate, and
oxide (Smedley and Kinniburgh 2002). Arsenic in groundwater is attributed to
many geochemical processes, including desorption of As from oxide and hydrox-
ides, oxidation of As-bearing sulfides, dissolution of As (reductive)-bearing oxides
and hydroxides, release of As from geothermal water as well as leaching of As.
According to McArthur et al. (2001), the reductive dissolution of As-containing iron
minerals in aquifer sediments chemically or with the help of microbes is the major
cause of As release.

Drinking water contaminated with As severely affects human health and is a
major environmental cause of cancer (Tripathi et al. 2007). In 1980, the International
Agency for Research on Cancer (IARC) has listed As as a human carcinogen.
Chronic exposure to As causes severe harm to internal organs such as digestive,

Table 5.1 Arsenic contamination of groundwater in different countries

Country
As concentration (μg/
L) References

Bangladesh �1-5500 Ahmad et al. (2018)

Vietnam 1-3050 Rahman et al. (2009)

Thailand 1-5000 Jones et al. (2009)

Chile 1-900 Ferreccio and Sancha (2006)

Afghanistan 10-500 Nriagu et al. (2007)

West Bengal, India
West Bengal, India
Chhattisgarh, India

10-3200
> 3600

> 4500

� Chakraborti et al. (2010)
Mishra et al. (2016)

Mekong Delta,
Cambodia

1-900 Sthiannopkao et al. (2008)

Brazil 0.4-350 Khan and Ho, (2011)

China 52-4440 Rahman et al. (2009)

Pakistan �906 Mukherjee et al. (2006), Khan and Ho
(2011)

Taiwan 10-1820 Nriagu et al. (2007)

USA 10-2600 Cutler et al.(2013)

Argentina 4-5300 Smedley et al. (2005)

Nepal 10-2620 Shrestha (2012)
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respiratory, neural, circulatory, and renal systems (ATSDR 2000; WHO/IPCS 2001)
(Table 5.2). Ferreccio et al. (2000) reported the positive correlation between inges-
tion of inorganic As and lung cancer in humans in Chile. Besides the exposure of
As-contaminated water, the dietary consumption of As-contaminated crops, vegeta-
bles, and spices are another major source of As exposure (Upadhyay et al. 2018).
Among As-contaminated cereal crops, rice is the widely consumed and staple food
for the large population of the world. Rice accumulates relatively high amount of As
than other cereals (Mitra et al. 2017). People regularly exposed to As for more than
5 years may suffer with cancers of the hepatic, pulmonary, hematological, cardio-
vascular, renal, immunological, and neurological systems (Mazumder 2000;
Chakraborti et al. 2017). Exposure of As may also cause spontaneous abortion in
pregnant women (Chakraborti et al. 2016, 2017) and infants as well as children are
more sensitive for the adverse effects of As (Das et al. 2009).

5.4 Mitigation Strategies of Arsenic

The mitigation measures for As removal are ranging from decreasing the level of As
within the aquifer and dilution of the As contaminants by artificial recharge, blend-
ing with As free water, etc. Installation of As treatment unit and other resources of
As free water are the two major means for As mitigation in hotspots of As contam-
ination (Bundschuh et al. 2010). The common strategies adopted for As removal are
based on the principles of co-precipitation, adsorption, oxidation, coagulation,
flocculation, and filtration (Bundschuh et al. 2010). Sorghum biomass, sedges,
cellulose, milled bones, keratin-rich biomass lettuce biomass, and cysteine-rich
biomass are also used for As removal. Pond sand filters and sono filters are cost-
effective household technologies that have been developed for As removal.

Table 5.2 Impact of arsenic on human health

Symptoms References

Respiratory Laryngitis, tracheal bronchitis, rhinitis, pharyngitis,
shortness of breath, perforation of nasal septum

Chakraborti et al.
(2017)

Gastrointestinal Heartburn, nausea, abdominal pain Jain et al. (2016)

Dermal Hyperpigmentation, abnormal skin thickening,
narrowing of small arteries leading to numbness
(Raynaud’s disease), squamous and basal-cell cancer

Banerjee et al.
(2011); Jain et al.
(2016)

Cardiovascular Heart attack, cardiac arrhythmias, thickening of blood
vessels, loss of circulation leading to gangrene of
extremities, hypertension

Wade et al. (2015)

Hematological Anemia, low white-blood-cell count (leucopenia) Correia et al. (2009)

Renal Hematuria, proteinuria, shock, dehydration, cortical
necrosis, cancer of kidneys and bladder

Zheng et al. (2014)

Reproductive Spontaneous abortions, still-births, congenital
malformations of fetus, low birth weight

Jain et al. (2016)
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Advanced technologies such as phytoremediation, bioremediation, and artificially
constructed wetlands are also effective strategies for As remediation (Bundschuh
et al. 2010). Apart from this, deep tube wells, artificial groundwater recharge, surface
water sources, rainwater harvesting systems, and digging of wells gained a marked
degree of success in As amelioration technologies (Kabir and Howard 2007;
Shibasaki et al. 2007; Shafiquzzaman et al. 2009; Bundschuh et al. 2010; Mosler
et al. 2010). In southern parts of Bangladesh and many states of India, the rainwater
harvesting is still a common practice. In Mizoram, almost 90% households use
rainwater for drinking and cooking as a potential strategy to minimize arsenic
toxicity. Government agencies such as Central Groundwater Board-Mid Eastern
Region (CGWB-MER), Public Health Engineering Department (PHED) as well as
UNICEF have started As mitigation programs (CGWB and NIH 2010).

Government of India (GoI) initiated As mitigation technologies include arsenic
removal plants (ARP), new hand pumps (NHP), arsenic treatment units (ATU), and
new tube wells with stand post (NTWSP) (CGWB and NIH 2010).
Phytoremediation is also an effective strategy for As and fluoride removal. Plants
have evolved an extraordinary potential to remediate As through strategies including
uptake, repression, sequestration into vacuoles or extrusion. Arsenic removal plants
will not be effective until they are not managed and maintained properly and there is
an urgent need of political and people’s participation. These proposed arsenic
mitigation interventions will benefit millions of people, whether directly or indirectly
(CGWB and NIH 2010).

5.4.1 Precipitation Processes

For As removal, precipitation is an effective method. Precipitation involves coagu-
lation, coagulation-assisted microfiltration, filtration, and enhanced lime softening.
Coagulation of As with salts of iron and aluminum and softening with lime is the
most effective treatment. Adsorption co-precipitation with hydrolyzing metals such
as iron and aluminum is the effective technique for groundwater As removal.
Sedimentation is followed by rapid sand filtration or microfiltration to remove the
precipitates (Mishra et al. 2016). In this method of As removal, oxidation of AsIII to
AsV is necessary to improve the efficiency of this method. Hypochlorite and
permanganate are commonly used for the oxidation of As. The examples of major
techniques used for As removal based on precipitation process are fill and draw
treatment unit, bucket treatment unit, iron As treatment unit, and tube well-attached
As treatment.

5.4.1.1 Fill and Draw Units

This treatment unit is based on the precipitation method. Fill and draw treatment unit
has good capacity to store water with slightly tapered bottom. The water
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contaminated with As is filled in the container along with addition of oxidant and
coagulant. The water is mixed with the help of a manually operable mixer and then
the unit is left overnight for sedimentation of precipitated As to occur. Then, next
day settled water is taken out with the help of a pipe near bottom and is passed
through sand bed before using this as drinking water (Ahmed 2001).

5.4.1.2 Bucket Treatment Unit

The bucket treatment unit operates on the principle of coagulation, co-precipitation,
and adsorption. In this technique, one bucket serves the purpose of mixing
As-contaminated water with chemicals like potassium permanganate and aluminum
sulfate, and coagulation is promoted to enhance the sedimentation rate. The second
bucket collects settled water. The water is finally filtered with a cloth and passed
through another bucket containing sand filters and water is then used for drinking
(Tahura et al. 2001).

5.4.1.3 Iron As Treatment Unit

This process involves the oxidation of soluble As forms into the insoluble forms
followed by removal through filtration. Arsenic, which is usually present in reduced
arsenite (As+3) form, is oxidized to arsenate (As+5) along with the oxidation of
ferrous ions to ferric ions. The As+5 is adsorbed onto iron hydroxide and the
precipitated As is then removed from the water through filteration (Akhter et al.
2015).

5.4.1.4 Tube Well-Attached As Treatment Unit

In this method, the arsenic removal plant is attached directly to the tube well. Arsenic
removal in this technique utilizes principles of coagulation, sedimentation, and
filtration. For the coagulation and sedimentation, sodium hypochlorite and alumi-
num alum are commonly used. This method has been found to remove As up to
about 90% in the villages of West Bengal, India.

5.4.2 Adsorptive Processes

Adsorption involves the removal of As by surface chemical reaction that includes
passage of water through a contact bed. In India and Bangladesh where the problem
of groundwater As contamination is severe, sorptive media based on activated
alumina are being extensively used for adsorption process for water treatment of
As. In adsorption treatment no chemicals are used and the process based solely

5 Arsenic Contamination of Groundwater and Its Mitigation Strategies 113



adsorption on the active surface of the media. The removal of As from natural water
by adsorption method, and the use of granular ferric hydroxide as an adsorbent are
highly effective (Mohan and Pittman 2007). Sono 3-Kolshi filter containing sand,
brick chips, zero valent iron fillings, and wood coke are also good example of
adsorbent used for As removal.

5.4.3 Membrane Processes

Membrane processes for As removal include nano-filtration, ultra-filtration, electro-
dialysis, and reverse osmosis which use synthetic membranes for removal of many
contaminants including As. The dramatic improvement in membrane technologies
for water purification and treatment is due to its low energy cost, ease of scaling up,
and high efficiency and stability over the past two decades. Membranes remove As
through electric repulsion, filtration, and adsorption of arsenic-bearing compounds.
Several cost-effective As removal filters have been developed by different national
research organizations of India. The Indian Institute of Technology, Bombay (IITB)
has developed a cost-effective, robust, iron-based As removal filter. Defence
Research and Development Organization (DRDO) developed an As removal filter
based on co-precipitation and adsorption. The Indian Institute of Technology,
Kharagpur has developed a laterite-based As filter which is eco-friendly and ultra-
low cost-effective. Agharkar Research Institute (ARI), Pune has developed a plant
for As treatment. These As removal tools are efficient for As removal in lab
conditions as well as in As-contaminated fields (Mishra et al. 2016). The use of
membranes for the removal of contaminant like As has attracted attention as this
possesses potential to be easily applicable even at personal home level. The mem-
branes can also utilize biological functional components like specific transporter
proteins to enhance the rate and efficiency of filtration (Werber et al. 2016; Ling
et al. 2017).

5.4.4 Phytoremediation

The biological methods that include phytoremediation and bioremediation are
ecofriendly and cost-effective for protecting human health and environment from
toxic metal contamination. Phytoremediation involves the use of green plants for
removal of contaminants. In phytoremediation, plant removes heavy metals by using
one of these mechanisms, such as phytodegradation, phytoextraction, rhizofiltration,
phytostabilization, and phytovolatilization (Kumar et al. 2020). There is an immense
natural diversity in the As response among different plant species. Few plant species
have a great potential of phytoremediation strategies as they are enriched with
mechanisms for As detoxification and hyperaccumulation. A plant species is recog-
nized as As hyperaccumulator if it accumulates more than 1000 μg/g As. Several
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aquatic macrophytes and wetland plants grown in As-contaminated areas are
reported to hyperaccumulate As (Robinson et al. 2006). Pteris vittata is an excellent
As hyperaccumulator and reported to accumulate As up to 22,630 μg g�1in 6 weeks
(Ye et al. 2011). Aldrich et al. (2007) reported that mesquite plant is a potential
candidate for the phytoremediation of As-contaminated regions.

5.4.5 Bioremediation

Potential of living organisms to mitigate As contamination is known as bioremedi-
ation. Microorganisms have ability to grow and survive in the heavy metal (As)-
contaminated areas. Some autotrophs and heterotrophs are reported to use As as their
source of energy (Oremland 2009). Microbes methylate or biotransform the toxic
form of As into less toxic form of As and thus can be used to amelioration of As from
the contaminated environments. That microorganisms play an important role in the
biogeochemical cycling of metal(oid) in the aquatic environment and have potential
applications in bioremediation. It is also hypothesized that microorganisms are able
to produce As-containing minerals or arsenosugars and thus can transform As into its
less toxic form. Another important strategy of As removal includes plant-microbe
interaction (Awasthi et al. 2018). The rhizospheric As-resistant microbes have been
reported to play a vital role in plant growth promotion and phytoextraction of As
from contaminated sites. Additionally, the ecological and socio-behavioral factors of
As-affected areas, awareness about As-induced toxicity, and health risks should be
of prime concern before design and implementation of any As mitigation proposals/
policies. We must understand that so far there is no available treatment for As
toxicity. The only solution to this ailment is non-As-contaminated drinking water,
food, and essential vitamins and minerals. People living in the villages should be
encouraged to include fresh fruits and vegetables in their diets due to their high
nutritive value. They should be aware about the right cooking methods as over
cooking can demolish essential nutrients in fruits and vegetables. In this reference,
government should recruit food technologists, nutritionist, or medical personnel to
aware villagers.

5.5 Conclusions and Future Prospects

Day by day, the addition of new As-affected areas due to the geogenic and anthro-
pogenic activities has changed the present scenario of groundwater As contamina-
tion in India. Thus, it is of prime concern to explore the real picture of As
contamination and its mitigation strategies to overcome the problem. In recent
years, several As removal devices have been developed by different organizations
that are proved to be efficient tools for As removal from groundwater. Deeper
aquifers with no future risk of As contamination are helpful to supply As-free
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groundwater, thus exploration of deeper aquifers can provide a sound solution.
Training and awareness program for As hazards and use of As removal tools to
the user community would be helpful to minimize the exposure of As to human
health. Considering the severity of the problem on a global scale, the awareness of
population and implementation of facilities by setting proper guidelines is important
for maintenance and mitigation of As problem. The government should monitor
industrial and agriculture activities which contribute majorly in As pollution.
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Chapter 6
Wastewater Reuse in Peri-Urban
Agriculture Ecosystem: Current Scenario,
Consequences, and Control Measures

Prince Kumar Singh and Rajesh Kumar Sharma

6.1 Introduction

India is now the second most populated country in the world that sustains more than
16% of the world’s population with only around 4% of the world’s freshwater (The
World Bank Group 2016). In India, the agriculture sector has been the largest
consumer of water, although in next two decades share of water allocated to
irrigation will be lowered to 10–15% (CWC 2000). Water is a vital natural resource
that is an essential requirement for sustaining the life. It is investigated that 2.4 billion
people in the world are unable to assess clean water, while 946 million of people are
compelled to drink contaminated water and have unsafe sanitary practices (WHO
2014). The first evidence of wastewater reuse was found among the ancient Greeks,
where flushed wastewater from public toilets was stored in several storage chambers
through a sewerage line system (Jaramillo and Restrepo 2017).

Industrial or municipal wastewater reuse in agriculture is a common practice in
suburban areas of developing countries (Urie 1986; Jeong et al. 2016; Jaramillo and
Restrepo 2017), including India (Singh et al. 2004; Sharma et al. 2007; Kumar and
Tortajada 2020). In this changing scenario, reutilization of domestic and industrial
wastewater in agriculture for irrigating the plants such as crops, vegetables, etc.,
appears to be a valuable option. Besides being the source of irrigation, wastewater
contains appreciable amounts of many plant nutrients such as macronutrients,
micronutrients, organic matters, etc., but along with this it also contains harmful
contents such as heavy metals and different emerging contaminants such as phar-
maceuticals and personal care products, etc., which pose health risk to the living
organisms (Kibuye et al. 2019). Heavy metals are more toxic due to its prevalence,
non-biodegradable, and persistent nature.
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Overpopulation, industrialization, rapid urbanization, unplanned land use pattern,
overexploitation of groundwater, chemical spills, storage tank leakage, unmanaged
transportation, overuse, and surface runoff of agriculture fertilizers, etc., are the main
cause of wastewater generation (Xia et al. 2017). Only one-tenth part of total
generated sewage is treated and only one-third part of total urban household are
connected to closed sewerage system (Sugam and Ghosh 2013). Most of the
industries are not capable to treat wastewater due to their higher cost of operation
and conventional chemicals. According to CPCB (2013), the total amount of sewage
generation from 35 metropolitan cities (population one million and above) is 15,644
MLD and the treatment capacity is for 8040 MLD, i.e., only 51%.

Reuse of wastewater increased in the developed countries than developing
countries due to the availability of more resources or facilities, e.g., in Europe and
United States wastewater reuse increased 10–29% per year, and in Australia it
increased up to 41% per year (Aziz and Farissi 2014).

For treatment of wastewater, types of sustainable infrastructure continuously
increase by using several approaches such as physico-chemical approaches (sedi-
mentation, chemical precipitation, adsorption, ion exchange, coagulation, catalytic
removal, and nanotechnology) and biological or green approaches (different types of
bioreactors, trickling filters and rotating biological contactor). By emphasizing these
several techniques, we are expected to understand that how the wastewater is easily
collected through drainage system, well treated, discharged, and reutilized. But
unfortunately, in present time progress toward these several sustainable approaches
is not well evenly distributed among all the nations (Rarasati et al. 2017).

There are several factors which affect the wastewater irrigation in agriculture
field, e.g., chances of availability of freshwater or groundwater through tube well or
canals for irrigation at affordable rates, consistency and reliability of wastewater
generation through drainage system, level of nutrients in wastewater, acidity, alka-
linity or salinity level of wastewater, contamination level of industrial effluents in
wastewater, etc. Instead of freshwater irrigation, agriculture field irrigated by waste-
water due to freshwater scarcity lead to food chain contamination, i.e., heavy metals
transfer from soil to food plants (Fig. 6.1). Mobility of heavy metal depends upon its
bioavailability in soil (present in different chemical forms) as well as its translocation
and distribution varies by the species and population of plants (Liu et al. 2007;
Sharma et al. 2020a).

Knowledge of the long-term impact of wastewater irrigation on metal or metal-
loid dynamics in soil-plant system should be improved for maximizing the benefits
of wastewater irrigation as a viable source. Muchuweti et al. (2006) suggested drip
irrigation method as a suitable and eco-friendly approach for mitigating the negative
effect of wastewater irrigation on soil properties whereas flood irrigation in agricul-
ture field badly affected the soil qualities. In present time, it becomes necessary to
think about the existing urban wastewater disposal infrastructure, wastewater agri-
culture practices, quality of water consumed and its health implications, and the level
of institutional awareness on wastewater-related issues (Rutkowski et al. 2007). By
re-engineering the whole treatment plant structure, energy can be saved in waste-
water treatment plants for increasing its reliability and efficiency. Combined heat
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and power techniques (CHP) play an important role as a source of energy, which use
its own energy in the form of heat and electricity. Waste materials released from the
treatment plant can be used for generation of biogas and energy using CHP
techniques.

With the above context, the present chapter is concerned with the different
aspects of wastewater reuse both at national and international level. The chapter
further gives comprehensive accounts on the impact of wastewater irrigation on soil
and groundwater quality which adversely affect food chain. Moreover, this chapter
also proposes several control measures for wastewater treatment and management
strategies to minimize the human health risks associated with the reuse of
wastewater.

6.2 Current Scenario of Wastewater Reuse

Treatment of wastewater and its reuse is not a new concept. Several decades ago,
untreated domestic wastewater was applied in agriculture but as time passes different
technologies evolved and treatment of wastewater becomes possible. Present knowl-
edge of wastewater treatment continued up to twentieth century in the USA,
Australia, Europe, and other parts of the world without taking serious public health
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Fig. 6.1 Threats to food chain due to wastewater irrigation in agriculture field. (Modified from
Khalid et al. 2018)
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concerns and negative environmental impacts. However, in the present time these
treatment systems are not commonly accepted due to their drawbacks like require-
ment of large area, problems in field operation, high cost, and difficult to achieve the
higher hygiene standards (Tzanakakis et al. 2014).

6.2.1 International Scenario

Wastewater reuse for agricultural irrigation is more important in water-scarce coun-
tries. For irrigational purposes, quality and nature of wastewater reuse vary among
different countries. Antwi-Agyei et al. (2016) interviewed 490 respondents of Accra,
Ghana during two cropping seasons and found that awareness about the sources of
wastewater in consumers and street food vendors was low as compared to market
vendors. In terms of health risk awareness, it was generally low among the farmers
and high among consumers and salespersons. This study promoted the intervention
that directly benefits farmers, vendors, and consumers along with improvement in
the knowledge of food safety and hygiene. Thebo et al. (2017) reported that at global
level, approximately 11% of urban and peri-urban agriculture field area was irrigated
with untreated wastewater. They concluded that the consumers, who depend on
wastewater irrigated crops, must be assured for food safety by estimating the level of
contaminants.

Moussaoui et al. (2017) reported that urban untreated wastewater is reused in
agro-forestry sectors of Marrakesh city in a sustainable way. Local climatic condi-
tion of this city is an ultimate challenge for conserving the quality of wastewater
resources, due to the degradation of organic matter, i.e., foul smell and availability of
pathogenic microbes which had negative impact on soil quality in terms of fertility as
well as its productivity. To face this problem treated wastewater irrigation becomes
reliable and sustainable strategy, which enhanced soil fertility and combating water
scarcity. Rezapour et al. (2019) studied Cd accumulation in wheat grain cultivated in
the wastewater irrigated agriculture field of Western Azerbaijan Province, north-
western Iran. The accumulation of Cd and its translocation and carcinogenic health
risk were estimated through food chain contamination that ultimately affect the
human life. Cadmium (Cd) is non-biodegradable and highly persistent in nature.
Translocation factor for Cd through root to grain ranged from 0.18–0.24 and its
carcinogenic health risk was found to be low to moderate risk category (Rezapour
et al. 2019). Wastewater irrigation from outlet of electroplating factory threatened
the agriculture quality (Xiao et al. 2019). Soil pH as well as concentrations of total
and secondary phase fraction, i.e., bioavailable fraction (acid-soluble, reducible,
oxidizable, and residual fraction) of heavy metals lowered down as the distance
increased from electroplating factories. Redundancy analysis and stepwise regres-
sion analysis showed that soil pH, silt content, amorphous Fe oxides, and Mn oxides
affected the Secondary Phase Fraction. Concentration of heavy metal concentration
in soil and varied up to 68.8% and 43.5%, respectively.
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6.2.2 National Scenario

Wastewater reuse for irrigation in Indian agriculture field is in practice from several
decades. The treated or untreated forms of wastewater are widely used for irrigation
in urban and peri-urban areas. Although there are no certain comprehensive data for
total wastewater used for irrigating agriculture lands, some studies reported its
considerable use. One of the studies from the International Water Management
Institute by Amerasinghe et al. (2013) has reported that about 50,000 ha land was
irrigated by urban wastewater. In peri-urban areas, a variety of crops were grown
under wastewater irrigation, most commonly being vegetables for local urban
markets. Vegetables are important dietary constituents of human food, which fulfil
various needs of nutritional components. Sharma et al. (2007) found that farmers of
suburban areas of Varanasi irrigated their vegetables like palak (Beta vulgaris L. var.
All green H1) with wastewater. This vegetable was grown due to its short growth
period, number of harvested times in single cropping, required low agriculture area,
low labor cost, etc. Analyses of heavy metal in irrigational water, soil and vegetables
in both summer and winter seasons had shown that concentrations of Cu, Zn, Pb, Cr,
Mn, and Ni in irrigational water and soil were below the recommended limit, except
Cd which was higher in winter than summer. However, in edible part of palak Cd
concentration was higher during summer; but, Pb and Ni contamination were higher
in both the seasons.

Municipalities at Bhavnagar, Rajkot, Gujarat put some charges for irrigating the
agricultural lands with wastewater like municipal corporation of Bhavnagar and
Rajkot charges Rs. 750/ha and Rs. 2500–3000/ha, respectively (Palrecha et al.
2012). Farmers of peri-urban area of Hyderabad use wastewater for irrigation and
prefer to pay charges which help the industries to treat their wastewater and this
information is also valuable for planning small on-site wastewater treatment systems
which help in improving livelihood in risky environment (Saldías et al. 2017).

Sahay et al. (2019) analyzed the effect of wastewater irrigation on growth,
physiological characteristics, and productivity of different Brassica species. In this
experiment, wastewater irrigation was done along with the amendment of NPK at
two different doses (N60 P30 K30 and N80 P45 K45). The amendment of NPK with
80:45:45 did not show significant effect; however with 60:30:30 dose, the crop
showed more production due to the reduction of Ni, Cd, Cr, Pb, and Cu accumula-
tion in plant parts. Radhika and Kulkarni (2019) studied in Hubli-Dharwad, twin
cities (Karnataka), second largest populated city after Bangalore, where sewage flow
rate rapidly increased by 12 times with 1.07% per annum growth rate. This trend of
sewage flow with growth rate creates a challenging task for government to manage
sanitation problem and its utilization.

Heavy metals content in soil from Dankaur and Kasna villages, Greater Noida,
UP (India) irrigated with treated wastewater released from 137 MLD sewage
treatment plant was analyzed by Hussain et al. (2019). A pot experiment performed
by Sharma and Agrawal (2006) has reported that the vegetables such as spinach
(Spinacea oleracea), radish (Raphanus sativus), and carrot (Daucus carota Sub
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sp. sativus) showed more accumulation of Cd, Cu, Zn, Co, and Mn in their leaves.
Treated wastewater irrigated soil showed variations in enrichment factors with
decreasing trend like Zn > Ni > Pb > Cr > Cu > Co > Mn > Cd (Hussain et al.
2019).

6.3 Composition of Wastewater

On the basis of sources, wastewater can be categorized into three types, i.e., (i) storm
runoff, mainly natural causes, (ii) industrial wastewater, released through several
industries, and (iii) domestic wastewater, released through households. Domestic
wastewater is categorized into two parts: (i) black wastewater and (ii) grey waste-
water. Black wastewater contains higher amount of organic materials than the
greywater. Storm runoff water dilutes the wastewater and diluted wastewater has
also higher concentrations of organic material than storm runoff water. Detailed
classification of wastewater is given in Fig. 6.2.

Concentration of wastewater can be estimated by the addition of pollution load in
a particular amount of water or vice versa. Pollution load analysis on a daily,
monthly, or yearly basis is a good indicator of the composition of wastewater.
Composition of wastewater is influenced by both the location and time as all places
do not have similar types of pollution sources, i.e., either domestic or industrial
sources (Mohan et al. 2014). Seasonal variation in wastewater contaminants is also
ascribed to dilution process, e.g., in rainy season more dilution of wastewater leads
to lower concentration of contaminants. Wastewater contains different types of
contaminants such as different chemical compounds (inorganic, organic, and differ-
ent emerging contaminants) and harmful microbial populations.

Fig. 6.2 Classification of wastewater. (Modified from Boutin and Eme 2016)
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6.3.1 Chemical Compounds in Wastewater

6.3.1.1 Inorganic and Organic Chemicals

In wastewater, different types of inorganic constituents occur such as heavy metals,
different salts, oxyhalides (bromate, chlorate, and perchlorate), and types of
nanomaterials whose concentration depends upon their source and degree of treat-
ments received. National (Bureau of Indian Standard) and International agencies
(FAO/WHO) set guidelines for industrial discharge of wastewater to reduce health
risk. These guidelines set limit for the standards for metals and metalloids in the
sewage discharge. Heavy metals and oxyhalides are bioaccumulative in nature and
highly persistent in nature. Due to long-term wastewater irrigation in agriculture
field, the contaminants get rapidly accumulated in soil and cause an adverse effect on
living organisms through food chain contamination. Macronutrients such as nitrogen
and phosphorous also present in excess amount in wastewater stream. These excess
occurrences of macronutrients cause eutrophication in water body due to more algal
growth.

Sources of organic components in wastewater include household wastes (liquid
waste, humic substances, fecal materials through toilets), types of industrial waste,
fats, greases, and oils, etc. Wastewater irrigation of soil is low-cost resource of
macronutrients and organic matter content. These strategies can be successfully
applied in restoration of degraded croplands, eroded soil in hilly areas, or arid and
semi-arid areas (Chatzistathis and Koutsos 2017). Organic materials act as a source
of carbon for microbial growth and also sometimes lead to clogging which promote
growth of microorganism in wastewater. In wastewater treatment process, secondary
treatment is done for organic matter removal through microbial population. Organic
materials present in the wastewater are beneficial for agricultural purpose as it
contain not only organic carbon but also macronutrients, which help in enhancing
the fertility of irrigated soil.

6.3.1.2 Emerging Contaminants

The emerging contaminants (EC) are newly identified compounds, organic in nature,
and released into the environment by anthropogenic activities (Yankui et al. 2019).
The pharmaceutical companies of personal care products, pesticides synthesizer,
household chemicals, transformation products, etc., are mostly responsible for their
generation. ECs include different natural or synthetic hormones, pharmaceutical
products, endocrine disrupting compounds, artificial sweetener, etc. These contam-
inants are new in the origin, have alternate route to human exposure. A sequence of
biological treatment coupled with advanced tertiary treatment such as activated
carbon adsorption or chemical oxidation is used to remove such trace chemicals
from wastewater.
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Tran et al. (2019) reported 31 ECs in untreated wastewater, treated wastewater,
urban storm runoff, agricultural runoff, and in freshwater which frequently influence
the quality of urban surface water. For identifying and characterizing the origin of
diffuse source in urban wastewater, selected ECs are developed as a marker. Twenty-
one target ECs were detected 100% in the collected raw wastewater, samples with
median concentrations ranging from 49.6 to 77,721 ng/L, while only 13 compounds
were found with detection frequency > 50% in freshwater bodies. The median
concentration of the majority of detected ECs was below 100 ng/L in freshwater
samples. Thus, analysis of ECs such as acesulfame, acetaminophen, cyclamate, and
saccharine may serve as a suitable marker of diffuse source in surface water.

6.4 Impacts of Wastewater on Natural Ecosystem

Water is necessary for survival of living organisms as it is susceptible in quality and
limited in quantity or availability (Khan et al. 2018). Due to the increasing demand
of freshwater or potable water for different purposes in different sectors like agri-
culture, industries, domestic, etc., threaten its sustainable use. Wastewater irrigation
appears to be a good alternative source to enhance the availability of potable water
for various purposes. However, wastewater also contains several chemical toxicants
and harmful microbes. Long-term uses of untreated or treated wastewater in agri-
culture field considerably enhance the potential toxic metal content in soil and
growing plants. These toxicants may further threaten food chain because of several
human health hazardous effects (Dogan et al. 2014). Suitable strategies for proper
foretelling of heavy metal uptake by food crops will help in appropriate risk
assessment of wastewater irrigated soils. Soil, groundwater, or surface water and
growing plants are impacted by long-term wastewater irrigation which is summa-
rized as below.

6.4.1 Soil Characteristics

6.4.1.1 pH and Electrical Conductivity

Wastewater irrigation affects the physicochemical properties of soil such as pH,
electrical conductivity, soil temperature, organic matter, cation exchange capacity,
bulk density, soil porosity, soil hydraulic conductivity, and infiltration rate. Several
studies have shown that soil pH lowered down by wastewater irrigation due to
oxidation of participating cations (Khalid et al. 2018). Solubility of heavy metals
increases at lower pH and causes an increase in heavy metal bioavailability in the soil
which can be easily taken up by the growing plants (Zhao et al. 2015). Net negative
charge, i.e., cation exchange capacity increases at higher pH and positive charge, i.e.,
anion exchange capacity increases at lower pH. Adsorption of metals is also affected
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by soil pH due to the change in surface charge (Bhargava et al. 2012). Electrical
conductivity of soil increases more due to wastewater irrigation than groundwater
irrigation. Ashraf et al. (2013) reported that electrical conductivity of wastewater
reduced the yield of tomato by enhancing the salinity of soil.

6.4.1.2 Soil Organic Matter

Organic matter is the major component to maintain the productivity of soil. The
organic matter content in soil increases due to wastewater irrigation that enhanced
the fertility of soil. Organic matter in soil is mainly in the form of humic substances
or humus and non-humic substances. Major components of humus are humic acids
and fulvic acids. At lower pH, high molecular weight organic acid, i.e., humic acids
are not soluble in the soil solution and removed via precipitation. In case of fulvic
acids, a low molecular weight organic acid is easily soluble at all pH and has more
active sites than humic acid (Gupta et al. 2019a).

6.4.1.3 Soil Temperature and Redox Potential

Temperatures of soil play an important role in the mobility and availability of metals
in the soil and also affect the soil microbial health which helps in regulation of soil
fertility. Soil temperature may be elevated through wastewater irrigation due to
decomposition of soil organic matter which increases the availability of metals in
soil. Cornu et al. (2016) reported that transfer of Cd and Zn from soil to plant
increases at high soil temperature. Several metals are present in soil solution in
oxidized forms or reduced forms and their mobility depends on its redox state, i.e.,
acceptance or removal of electrons from soil solution determined by its redox
potential (Sheoran et al. 2016; Khalid et al. 2018).

6.4.1.4 Some Other Characteristics

Soil bulk density is determined by the mass of undisturbed soil per unit volume and
is represented as g cm�3. Soil bulk density is always lower than the particle density
due to occurrence of pore space. If, the bulk density of soil increases its porosity
always decreases. Long-term wastewater irrigation changes the soil bulk density and
porosity which depends on the quality of wastewater, i.e., concentrations of
dissolved and particulate constituents in the wastewater. Shariot-Ullah (2019) stud-
ied that the effluents from the North Bengal Sugar Mill in Bangladesh affected
agriculture soil properties, e.g., bulk density reduced from 1.44 to 1.42 g/cm3 and
porosity of soil increased approximately 2.17%.

The hydraulic conductivity and infiltration rate of soil is altered by wastewater
irrigation. The factors such as types of soil, clay content, CaCO3 amount, soil
humidity, and types of wastewater are responsible for the alteration of hydraulic
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conductivity and infiltration rate of soil (Lado et al. 2005). Infiltration rate of
wastewater irrigated soil is mainly affected by duration of the wastewater irrigation.
Gharaibeh et al. (2007) observed that wastewater irrigation of soil up to 5 years
significantly lowered down the infiltration rate, although irrigation period extends to
15 years, increased the infiltration rate due to the large cracks formation.

6.4.2 Water Resources

The long-term wastewater irrigation not only affect the soil properties, i.e., alkalin-
ity, salinity, nitrates, presence of potential contaminants, pathogenic threats, etc., but
also lead to deterioration of groundwater quality due to the presence of excess salt,
nitrates, and other toxic pollutants. Groundwater shares the largest portion of
freshwater on earth, which is continuously overexploited by the various anthropo-
genic activities such as agriculture, industries, and also in domestic sectors, etc. Any
substance which is soluble in nature, easily penetrate to groundwater and deteriorate
its quality, e.g., wastewater contain water-soluble complexes with organic ligands
which are easily leached down into different soil layer and ultimately mixed with the
groundwater. Freshwater resources like surface water vary with different climatic
conditions but groundwater is not directly affected by such conditions. Groundwater
contamination is increasing day to day, unfortunately it is contaminated with several
potential toxic pollutants which become extremely dangerous for the living stocks.
Treatment of groundwater is very costly because it requires expensive operation
systems or other facilities. According to Agrawal et al. (2016), there is an urgent
need for consistent monitoring of the risk assessment and proper management of
groundwater to reduce the pollutant loads.

Madhav et al. (2018) reported the groundwater pollution in Bhadohi district of
Uttar Pradesh due to massive industrialization of carpet sectors, 40% groundwater
samples of this area have nitrate content above the permissible limit (>50 mg/l),
which cause harmful effect on human health, especially in children cause methemo-
globinemia (blue baby syndrome) which leads to create hypoxic condition. Gupta
et al. (2019b) studied different villages area of Jajmau, Kanpur, Uttar Pradesh to
assess the groundwater quality which is badly affected by rapid industrialization.
Kanpur city is hub of various industries mainly for tannery industries, approximately
more than 800 in number. Industrial discharge containing different types of contam-
inants caused serious health problems to local people. These contaminants not only
affect the surface water but groundwater also gets contaminated due to leaching
processes. Results of this study showed that groundwater contains higher amounts of
TDS ranged between 2835 mg/l – 2581 mg/l, and heavy metal, mainly chromium
concentration (0.004–0.13 mg/l), exceeded its permissible limit. Cr is carcinogenic
in nature and also its hexavalent form is more dangerous than the trivalent form.
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6.4.3 Food Chain Contamination

Wastewater irrigation affects human health in both aspects either positively or
negatively. Positive aspect of wastewater irrigation is related to food security of
the water-scarce zone and negative aspect of wastewater is based upon the presence
of different toxic potential contaminants and pathogens, etc., above their permissible
limits. Among all the wastewater irrigated food plants, vegetables are the major food
crops, consumed at a global level. Vegetables accumulated the toxicants in their
edible parts. Approximately 90% of total metals enter to the human body via intake
by vegetables and other edible crops as it is the major component of the human diet
and the remaining 10% metal through inhalation of dust and dermal contacts
(Martorell et al. 2011; Khan et al. 2014; Gupta et al. 2019a). Heavy metals nega-
tively affect the nutritional value of the foods. The plants irrigated with wastewater
were found nutrient deficient due to antagonistic interaction between metal and
nutrient such as Cd suppress the uptake of Zn due to same carrier transporter protein
(Salgare and Acharekar 1992; Sharma and Agrawal 2006).

For security of human health and food safety, it is important to characterize the
sources and concentration of heavy metals in wastewater, irrigated soil, and growing
plants in order to establish quality standards (Sun et al. 2013). Because of higher
demands of food in the recent decades, food safety has become one of the burning
issues with respect to human health. This context provokes researchers and scientist
to work on food chain contamination by heavy metals and its associated health risks.
The concentration of heavy metal (mg/kg) in wheat grain irrigated with wastewater
varied between 0.1–0.9, 0.3–0.5, 0.7–1.4, 0.8–1.6, 0.6–0.9, 1.2–1.6, and 0.06–0.2
for Zn, Cr, Cu, Mn, Ni, Cd, and Pb, respectively. Cd concentration exceeded
permissible limit (0.2 mg/kg) set by FAO/WHO. Similarly, vegetables and other
crops as well as milk produced under wastewater irrigation regimes were also found
contaminated with potentially toxic heavy metals (Sharma et al. 2007; Gupta et al.
2019a).

6.5 Control Measures for Wastewater Reuse

Due to the rapid growth in industrialization, the level of contaminants is increasing
day by day in industrial discharge, so, for healthy and safe environment their
removal from wastewater is very important. Generally, conventional wastewater
treatment approach is the combined form of different physical, chemical, and
biological processes for the removal of contaminants including different hazardous
metals, organic materials, colloids, and types of emerging contaminants from waste-
water. Each treatment process has its own advantages and disadvantages in terms of
cost, labor requirement, efficiency, reliability, practicability, feasibility, ecofriendly
nature, operation process, energy cost, and quality of byproducts, etc. Treatment
approaches also depend on the source and types of wastewater. Various physical and
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chemical processes applied for the removal of contaminants suffer from several
limitations due to higher cost, energy requirements, basic properties alteration, and
its residual byproducts (Crini and Lichtfouse 2019). For resolving such challenges,
several types of green and sustainable approaches are developed by perceiving them
as an ecofriendly approach. These techniques require less energy cost-effective,
reliable, efficient, and highly accepted by the public. The different kinds of
approaches used for removing the contaminants from wastewater are discussed as
below:

6.5.1 Physicochemical Approach

Researchers are using different types of the physicochemical methods such as
gravity sedimentation process, coagulation, ion exchange, chemical precipitation,
adsorption through abiotic materials, catalytic removal and nanotechnology, etc., to
remove the toxic pollutants from the wastewater since many years.

6.5.1.1 Gravity Sedimentation Process

Sedimentation is a physical wastewater treatment process as well as also a part of
primary wastewater treatment process, in which gravity plays an important role in
the removal of suspended solids from the wastewater. Settlement ponds are used for
the removal of higher weight suspended particles from wastewater with the help of
sedimentation process. Clarifiers are built with mechanical means for consistent
removal of suspended solids from the wastewater. In sedimentation process, removal
of suspended solids is affected by its size and specific gravity (Demirbas et al. 2017).

6.5.1.2 Coagulation

In wastewater treatment, suspended materials of wastewater can be removed simply
through settling process, but for the removal of smaller particles especially for
colloidal particles, coagulation process plays an important role. Coagulation is a
chemical process and it is achieved through the use of different coagulants, e.g.,
aluminum chloride (AlCl3.6H2O), sodium aluminates (NaAlO2), alum, ferrous sul-
fate, etc. Due to the use of coagulants, aggregation of destabilize particles, and
sedimentation substances form a larger particle called “Floc” and the process is
called flocculation. The advantage of these flocs due to higher weight can easily be
removed by sedimentation and filtration (Ebeling et al. 2003). Farhan (2019) ana-
lyzed the efficiency of different coagulants such as alum, ferrous sulfate and ferric
chloride, etc., with the addition of different organic coagulants, e.g., polyethylene
glycol, polyacrylamide, and inorganic, e.g., bentonite for removing higher and lower
turbidity of the wastewater. Optimal dose of coagulants is also determined for higher
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removal of suspended solids and leaves less turbidity. Removal capacity of turbidity
from the wastewater by alum, ferrous sulfate, ferric chloride, and calcium oxides was
found to be 99.59%, 98.26%, 98.66%, and 92.18%, respectively (Farhan 2019).

6.5.1.3 Ion Exchange

Ion exchange process is a physical approach for removing heavy metals from the
wastewater. In this process, ions are reversibly interchanged between the solid, i.e.,
natural or synthetic solid resin and liquid phase. Resins uptake ions from electrolytic
solution and release ions which are similar in charge or chemically equivalent
(Cavaco et al. 2007).

6.5.1.4 Through Adsorption Process

Adsorption process is a widely accepted physicochemical technique. It is based on
the exchange of mass between liquid phase, i.e., wastewater and solid phase, i.e.,
adsorbent. Adsorption process is completed in several steps, first of all, contaminants
move from wastewater to the surface of adsorbent, in the second step contaminants
lock or adsorbed on adsorbent surface, and in the final step penetration of contam-
inants to the adsorbent structure. Adsorption process has been done in both, natural
byproducts, e.g., rubber, cotton, rice husk, jute fiber, etc., and synthetic byproducts,
e.g., zeolite, activated carbon, fly ash, iron slag, etc. (Salam et al. 2011). Huang et al.
(2018) reported the removal of heavy metal (Pb, Cu, etc.) from wastewater through
two types of zeolite, i.e., ZIF-8 and ZIF-67. ZIF-8 synthesized by addition of
2-methylimidazole and zinc nitrate hexahydrate (Zn (NO3)2�6H2O) in solvent
of N, N-dimethylformamide (DMF). ZIF-67 synthesized by addition of
2-methylimidazole and cobalt nitrate hexahydrate (Co(NO3)2�6H2O) in a DMF
solvent. Zeolite is highly porous material, which helps in improving the adsorption
capacity. Adsorption capacity of ZIF-8 and ZIF-67 was 1119.80 and 1348.42 mg/g
for Pb, and 454.72 and 617.51 mg/g for Cu, respectively. Adsorption capacity of
such types of zeolite was very higher, take few minutes to reach adsorption equilib-
rium. These characteristics proved that ZIF-8 and ZIF-67 have good adsorption
capacity for the removal of heavy metals from wastewater (Huang et al. 2018). De
Abreu Domingos and da Fonseca (2018) performed a comparative study for the
treatment of petroleum refinery wastewater by an adsorption process using activated
carbon and ion exchange process through resins (styrene–divinylbenzene). The
study verified the feasibility and reliability of both the processes and showed that
the removal of contaminants from petroleum refinery wastewater through adsorption
by activated carbon was 55% higher than the ion exchange process.
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6.5.1.5 Catalytic Removal

Now a day’s catalytic removal of toxicants from the wastewater is a promising
technology. Removal of non-biodegradable contaminants from the wastewater is
achieved in presence of a catalyst through process of oxidation, rate of enhanced
degradation. In the wastewater treatment process, oxidation of dissolved organic
carbon in liquid phase is achieved in the presence of catalysts at lower temperature
and pressure. Catalysts should be cost-effective, reliable, feasible, and have numer-
ous active sites in its surface for improving its remediation capacity (Levec and
Pintar 2007). For catalytic activity, noble metals, e.g., platinum, ruthenium, rho-
dium, palladium, etc., are used for abatement of contaminants from wastewater.
Catalyst activities also depend on several factors such as wastewater pH, types and
quality of wastewater, concentration of contaminants, etc. In corrosive environment,
catalysts should be stable and mechanically strong after several run for higher
oxidation and complete mineralization of organic components (Matatov-Meytal
and Sheintuch 1998; Monteoliva et al. 2020). Yin and Zhu (2019) suggested use
of solar energy in photocatalytic oxidation technology for the treatment of the
wastewater from printing and dyeing chemical industries. Wastewater became
more hazardous due to the presence of methylene blue dye effluents. For degradation
of methylene blue dye effluents, a highly effective catalysts, Ag+ nodes with 1,3,5-
trimesic acid linker by the process of hydrothermal reaction were constructed.
During the process of photocatalytic degradation, Ag+ oxidized and become Ag2+

and degradation mechanism completed in multistep phenomenon. At pH 3 and
20 min contact time, Ag+ catalyst photocatalytically degrade 99.8% methylene
blue of wastewater from the printing and dying chemical industries.

6.5.1.6 Use of Nanotechnology

The availability of clean and affordable water for human need is a great challenge
during the present time. Therefore, there is need of some innovational technologies
for wastewater treatment. Nanotechnologies provide good potential for removing the
toxicants from the wastewater and create an opportunity for advanced wastewater
treatment technology. There are several properties of nanomaterials which improve
its contaminants removal capacity such as large surface area, strong sorption capac-
ity, higher fast dissolution rate, highly reactive, super magnetism, etc. There are
some limitations of nanotechnology, e.g., higher cost, high quality of nanomaterials,
technical proficiency, etc. Collaboration between industries, research centers, gov-
ernment, etc., is needed for avoiding these challenges and to improve the efficiency,
reliability, and feasibility of nanotechnology (Qu et al. 2013). Hassan and Mahmood
(2019) analyzed the efficiency of iron oxide (Fe2O3) nanoparticles for abatement of
cadmium from sewage water of Medical City, Baghdad. The best conditions for
maximum Cd removal, i.e., 96.9% are at pH 5.5, for 95.8 min contact time and with
20.77 mg/L of iron oxide nanoparticles (Hassan and Mahmood 2019).
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6.5.2 Biological Approaches

Physicochemical approaches have certain drawbacks like higher cost, high energy
input, changes in water quality, and disturbance in native flora communities. There-
fore, recently biological or green approaches come into practices that are cost-
effective, require less energy, more reliable, feasible, and eco-friendly. In this,
different microorganisms such as bacteria, fungus, algae, etc., are used to degrade
wastewater contaminants. Microorganisms are used in different engineering set up
such as trickling filter, activated sludge process, membrane bioreactors, rotating
biological contactors, etc., for wastewater treatment. Several sustainable and green
approaches used for wastewater treatment are given in Table 6.1 and discussed as
below.

6.5.2.1 Bacterial Biodegradation

In wastewater treatment technology, the use of bacterial community in different
engineered systems such as trickling filter, rotating biological contactor, activated
sludge process, etc., or as a biosorbent is highly considerable. The metabolic rate of
bacteria determines its effectiveness in wastewater treatment. Microbial communi-
ties rich in species degrade a wider range of substrates than its pure culture.
Biosynthesis of extra cellular polymeric substances by microbial aggregates through
generated by cell lysis, secretion, released materials from cell surfaces are necessary
for maintaining biomass structure and protects bacterial cells against various con-
taminants. Biological wastewater treatment system has been designed by consider-
ing three aspects, such as engineering, ecological, and microbial. With design and
operation of wastewater treatment plants, integration of theoretical ecology allow
better prediction of microbial population, variations in communities structure and
function with changes in environmental conditions (Cydzik-Kwiatkowska and
Zielińska 2016). Investigation of microbial communities is important for degrada-
tion of wastewater released from pharmaceutical, petroleum refineries, textiles,
paper pulp industries, etc. (Ma et al. 2015).

Ajaz et al. (2019) reported that Alcaligenes aquatilis was used to decolorize 82%
synazol red 6HBN from wastewater at pH 7 after incubation of 4 days at 37 �C.
Under static conditions, maximum decolorization of wastewater by A. aquatilis was
achieved in the presence of sawdust and yeast extract as a source of carbon and
nitrogen, respectively. Results further showed that the maximum wastewater decol-
orization, i.e., approximately 86% of multiple dyes was found in 5 days incubation.
A. aquatilis not only potentially decolorize wastewater but also transformed azo dyes
into different useful end products applied in the environmental biotechnology.
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Table 6.1 List of sustainable and green approaches for removal of contaminants from wastewater

S.
N. Sustainable process Description References

1. Application of aerobic upflow sub-
merged attached growth reactor

Clear away ammonia, thiocyanate,
and cyanate from gold mine
wastewater

Di Biase
et al. (2020)

2. Application of zooplankton (Daph-
nia sp.)-based reactor

Removed organic matter and heavy
metal Cu from wastewater

Pous et al.
(2020)

3. Use of microalgal consortia for
treatment of municipal wastewater

Removed organic carbon and Cu,
Cr, Pb, and Cd from sewage
wastewater

Sharma et al.
(2020b)

4. Use of Enhanced Biological Phos-
phorus Removal (EBPR)

Chemical precipitation with evi-
dence of phosphate accumulating
bacterial population

Meza et al.
(2020)

5. Use of microbial community
structure

Removed COD, terephthalic acid,
para-toluic acid, benzoic acid, and
acetic acid from wastewater

Ma et al.
(2020)

6. Application of biological aerated
filter

Removed ammonia, nitrate and
phosphorus from wastewater

Li et al.
(2020)

7. Use of aerobic granular sludge
reactor

Clear away naphthalene,
acenaphthylene, and acenaphthene
from wastewater

Ofman et al.
(2020)

8. Fenton’s treatment followed by
subsequent biological treatment

Reduced BOD and COD of phar-
maceuticals wastewater

Changotra
et al. (2019)

9. Integrated bio-oxidation and
adsorptive filtration reactor

Removed arsenic from different
industrial effluents

Kamde et al.
(2019)

10. Integrated biofilter, i.e., biofilm,
clam (Tegillarca granosa), and
macrophytes (Spartina anglica)

Bio-filters significantly influenced
the biodegradability and
resolvability of particulate organic
matter and control dissolve oxygen,
water temperature, and nitrogen

Lukwambe
et al. (2019)

11. Use of hybrid membrane
photobioreactor and membrane
photobioreactor

Removed atrazine (2-chloro-4-
ethylamino-6-isopropylamino-s-tri-
azine) and CNP from wastewater

Derakhshan
et al. (2019)

12. Use of indigenous microalgae
(Dictyosphaerium sp. strain MM-
IR2)

Improved sulfate removal from the
power plant wastewater

Mohammadi
et al. (2019)

13. Application of rotating biological
contactors

Abatement of pharmaceuticals and
personal care products contaminants
from domestic wastewater

Delgado
et al. (2019)

14. Biodegradation through halophilic
Halomonas strain Gb bacterium

Toluidine red biodegradation in a
synthetic wastewater

Amini et al.
(2019)

15. Used filamentous microalgae
Tribonema sp. culture

Removed COD, total N, total P and
organic contaminants from petro-
chemical wastewater

Huo et al.
(2019)

16. Use of moving biological bed reac-
tors (MBBR) and sequencing batch
reactors (SBR)

Shortening the level of COD, BOD,
ammonium, and phosphate ion from
fish processing wastewater

Nowak et al.
(2019)

(continued)
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6.5.2.2 Fungal Biodegradation

The fungal communities play an important role as a biological agent in degradation
of toxicants from wastewater. Fungi can grow at a higher rate, produce much tolerant
spores, enzymes, and have capability to degrade toxicants and they are ecologically
safe in nature (Williams et al. 2003; Uniyal et al. 2019). Most of the fungal species
commonly grow in soil, root, and foliar parts of plants, partially decomposed organic
materials. It has high resistance capacity against potential toxic compounds such as
heavy metals, emerging contaminants, pathogens as well as antibiotics. Different
types of fungi like basidiomycetes and ascomycetes have been used in decoloriza-
tion of natural and synthetic melanoidins from distillery wastewater and at the same
time also generate fungal protein-enriched biomass for animal feed as a valuable
product (Pant and Adholeya 2007).

Arikan et al. (2019) reported the contaminant removal capacity of two filamen-
tous fungal species namely, Aspergillus carbonariusM333 and Penicillium glabrum
Pg1 immobilized in macroporous polymeric support from textile wastewater. They
studied the removal efficiency of color and chemical oxygen demand (COD) tested
in two set up, i.e., batch experiments and continuously operated upflow packed bed
bioreactor. The optimized pH was found 5.5 (4.5 to 6.0) for its higher removal

Table 6.1 (continued)

S.
N. Sustainable process Description References

17. Use of bioaugmented multistage
biofilter

Deactivation of pathogenic micro-
organisms from municipal
wastewater

Ibrahim et al.
(2020)

18. Application of aerobic and anaero-
bic membrane bioreactors

Abatement of 15 trace organic con-
taminants from synthetic wastewater

Liu et al.
(2020)

19. Application of anaerobic moving
bed biofilm reactors

Removed BOD and COD from oil-
contaminated wastewater

Morgan-
Sagastume
et al. (2019)

20. Biofilm-membrane bioreactor (BF-
MBR)

Use of biomarkers in Mytilus
galloprovincialis in an integrated
bioremediation approach for reme-
diation of oily wastewater

Pirrone et al.
(2018)

21. Use of biofilm Removed hydrocarbons from pol-
luted industrial wastewater

Rodríguez-
Calvo et al.
(2018)

22. Use of cocoa pod husks Removed Congo red (CR) dye from
industrial effluents

Olakunle
et al. (2018)

23. Use of Marsileaq uadrifolia as a
bioremediating agent

Removed BOD, COD, soluble
phosphorous, total N, and heavy
metal Zn

Abbasi et al.
(2018)

24. Application of trickling biofilter
(TBF) system

Reduction of BOD, COD, TDS, EC,
phosphate, sulfate, and total nitro-
gen from domestic wastewater

Rasool et al.
(2018)
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potency to color and COD of wastewater. Results further indicated that color and
COD removal efficiency from wastewater was found 98.2% and 69.8% for batch
experiment and 78.8% and 67.7% for upflow packed bed bioreactor, respectively.

6.5.2.3 Algal Biodegradation

Removal of potentially toxic substances from the wastewater by algal species termed
as phycoremediation. Phycoremediation is a promising, efficient, eco-friendly, cost-
effective technology. Generally, contaminants removal from wastewater works on
the principle of adsorption and absorption; cell surface adsorption is independent on
cell metabolism but in case of absorption or intracellular uptake depends on cell
metabolism. The capability of algal species for the adsorption and absorption of
contaminants depends on large surface area, higher metal binding affinity on their
cell surface, feasible in metal uptake and storage systems (Ahmad et al. 2020).
Natural ability of alga for uptake of nutrients and heavy metals, and degradation of
organic contaminants is possible via symbiotic association with aerobic bacteria.
Algae showed higher photosynthetic activity due to the presence of pigments and
become greater source of oxygen in an aquatic ecosystem. They can also enhance the
degradation of organic compounds in aerobic condition and helpful in biofuel
production (Majumder et al. 2014; Gupta et al. 2020).

Ali et al. (2018) used Scenedesmus obliquus isolated from phytoplankton com-
munity of Nile River for the removal of pharmaceutical compounds from industrial
effluents. Pharmaceutical residues are also considered as an emerging pollutant and
have potential negative impacts on environment. Algal biomass was modified using
alkaline solution and used for biosorption of different pharmaceuticals compounds
namely cefadroxil, paracetamol, ibuprofen, ciprofloxacin, etc. At natural pH, 0.5 g/L
of modified algal biomass has adsorption capacities for cefadroxil, paracetamol,
ibuprofen, and ciprofloxacin as 68 mg/g, 58 mg/g, 42 mg/g, and 39 mg/g, respec-
tively. Results further showed reusability of modified algal biomass for biosorption
of different pharmaceutical compounds; its efficiency is decreased by 4.5% after
three uses. However, there is a need to explore various algal remediation techniques
as an eco-friendly alternatives for a better environmental condition.

6.5.2.4 Integrated Aerobic-Anaerobic Biodegradation

Assessment of some important factors like composition and concentration of con-
taminants in wastewater, volume generation, cost-effectiveness, treatment suscepti-
bility, environmental impacts, etc., is necessary for the selection of the best
wastewater treatment technology. Wastewater treatments by a combination of aer-
obic and anaerobic degradation in an individual bioreactor have higher removal
efficiency. Different engineering setups such as rotating biological contactor, mem-
brane bioreactor, trickling filter, sequential batch reactor, etc., are used for aerobic
degradation of contaminant. Upflow anaerobic film, membrane anaerobic reactor
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system, etc., are used for anaerobic degradation of contaminants in wastewater.
Generally, these integrated approaches have been applied for removing higher
level of organic matters from the wastewater. In the present time, awareness about
these integrated approaches rapidly improved due to number of advantages, e.g., low
chemicals requirement, less sludge production, higher resource recovery potential,
less equipment requirement, and easy handling. Some disadvantages are also found
related to this integrated approach such as membrane fouling, equipment
malfunctions, and need of higher proficiency for its operation, but overall perfor-
mance of these integrated approach is impressive (Goli et al. 2019).

Fazal et al. (2019) investigated the simultaneous removal of COD, nitrate, and
sulfate from the wastewater using aerobic and anaerobic biodegradation approach.
Medium properties, i.e., pH was the main determining factor for biodegradation of
COD, nitrate, and sulfate. In aerobic treatment process, COD was degraded
completely in CO2 and H2O, nitrate removal efficiency ranged from 83% to 90%
in cellular metabolism. However, anaerobic process removes from 68% to 80%
COD via methanogenesis process, nitrate removal efficiency ranged between 93%
and 98%, sulfate changed into elemental sulfur from 85% to 97%. In anaerobic
process, COD conversion rate was also found lower than those of the aerobic
process. More studies are still required for integrated approach to enhance its
contaminants removal efficiency, energy production as well as for reducing its
operational cost and negative environmental impacts.

6.5.3 Molecular Approach

Conventional microbial techniques for wastewater treatment are mainly based on
pure culture isolation. The morphological, physiological, and biochemical assay of
microbes extensively provided information of microbial biodiversity in natural and
engineered systems. However, improving the efficiency of conventional wastewater
treatment techniques using molecular approaches is very important. Molecular
docking is important bioinformatics modelings in which contaminants bind with
other substances and stabilized it (Liu et al. 2018). Molecular techniques such as
cloning and gene library generation, fluorescent in-situ hybridization with DNA
probes (FISH), and denaturant gradient gel electrophoresis (DGGE), etc., are also
used in wastewater treatment. Although cloning and gene library generation are
time-consuming processes they provide very significant taxonomical information.
For identification of microbes at any desired taxonomic level, FISH techniques are
used depending on the used probe specificity. DGGE is a simple and quick method
for characterizing band patterns of different samples and sample profiling rapidly but
genetic analysis is analyzed by particular band sequencing (Sanz and Köchling
2007).

Zahedi et al. (2019) assessed the eukaryotic waterborne pathogens in wastewater
treatment plants (WWTPs) responsible for public health threat. In this study, they
identified fecal pathogenic eukaryotes including Cryptosporidium sp., at different
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stages of treatment (initial or influents, intermediate and discharge, or effluents) in
samples collected from 4 WWTPs in Western Australia, in which 3 WWTPs were
used as stabilization ponds and one WWTP was used as activated sludge treatment
technology. For next-generation sequencing (NGS), 18s rRNA of eukaryotic path-
ogen from wastewater as well as the mammalian blocking primer were used for
reducing mammalian DNA amplification in wastewater. With the help of bioinfor-
matics, 49 eukaryotic phyla were detected in wastewater samples, in which 3 phyla
of human intestinal parasites, which were primarily detected in raw wastewater. Six
subtypes of Blastocystis sp. and 4 Entamoeba sp. were identified by 18s NGS, but
Giardia sp. and Cryptosporodium sp. were not detected. Real-time polymerase chain
reaction was failed to detect Giardia sp. but detected Cryptosporidium sp. in
WWTPs with the help of specific NGS. NGS is a more specific and reliable approach
for detection of pathogen in wastewater and could be used in assessment of waste-
water pathogen in future.

6.6 Conclusions

Rapid growth in population, urbanization, industrialization, and socio-economic
development enlarge the gap between water availability and demand, particularly
in semi-arid and arid area. Such problem can be avoided by enhancing water use
efficiency or use of wastewater, i.e., domestic wastewater, storm runoff, and indus-
trial effluents as an alternative water source. Long-term wastewater irrigation neg-
atively affects the soil quality, e.g., salinization, reduced porosity, infiltration and
hydraulic conductivity of soil, water repellency, reduced high bulk density, heavy
metal contamination, and groundwater pollution. Agriculture sector is the major
consumer of wastewater and considered not only as a valuable water resource but
also has nutritive value. However, in the current scenario, safe use of wastewater is a
matter of major concern as it is contaminated with potentially toxic elements. There
should be development of suitable strategies for efficient and reliable use of waste-
water and for reducing its negative impact on ecosystems, especially for water-
scarce areas. In this chapter, wastewater availability and reuse at global and regional
levels are briefly summarized and composition and characterization of wastewater
are also highlighted. Long-term wastewater irrigation can adversely affect the
physicochemical and biological properties of soil and pose risk to safety and quality
of food through food chain contamination. Different control measures, i.e., physical,
biological, and molecular for removing contaminants from wastewater are also
discussed in brief. Abatement of contaminants in the wastewater irrigated soil
using inorganic and organic amendments, bacterial inoculants, and cycling with
qualitative water can provide a future research direction for developing eco-friendly,
economically, and efficient management strategies for sustainable use of wastewater
in agriculture. Success of sustainable wastewater reuse in different sectors of society
mostly depends on public acceptance, public-private partnership model, and aware-
ness spread by government and non-government organizations.
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Chapter 7
Nitrogenous Wastes and Its Efficient
Treatment in Wastewater

Parmita Chawley, Krishna Yadav, and Sheeja Jagadevan

7.1 Introduction

Overgrowing population, luxurious lifestyle, and rapid industrialization demand
huge supply of both potable and non-potable water. The above mentioned develop-
ment and lifestyle lead to a scarcity of freshwater supply. Growing imbalance
between freshwater availability and consumption by all living organisms necessi-
tates recycling and reuse of wastewater. The need for adequate treatment of waste-
water which enters the aquatic ecosystem due to anthropogenic activities from rural
and urban sectors is therefore essential. Among various pollutants such as
polyaromatic hydrocarbons, polychlorobiphenyls, sulfonamides, pyridine, ammo-
nia, peptides, nitrogenous wastes and phosphates which destabilize the quality of
natural water bodies, nitrogenous wastes are of main concern. Inorganic and bio-
available forms of nitrogen such as NO�

3 , NH
þ
4 , and NO�

2 and the presence of
organic nitrogen (urea, protein hydrolysates) originating from decomposition of
nitrogenous wastes serve as nutrients in the environment. These are some of the
major causes of eutrophication of lakes, ponds, streams, rivers, and other surface
water bodies (Kumari et al. 2019). Advances in wastewater treatment (WWT)
technologies are crucial for the improvement of environmental quality. Moreover,
it is imperative to limit the entry of point sources of chemical contaminants such as
industrial discharges into surface waters.

Several kinds of physical, chemical, and biological treatment of wastewater for
removal of nitrogenous wastes are in practice. Physical treatment processes, such as
membrane filtration, electrodialysis, etc., are the conventionally employed wastewa-
ter treatment technologies. Chemical treatment technologies including conventional
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oxidation processes such as Fenton oxidation, ozonation, photolysis, and advanced
oxidation processes (AOPs) are commonly applied. Additionally, biological nitro-
gen removal techniques involving nitrification, denitrification, anammox, and
comammox processes have been found to be suitable (Li et al. 2018; Wang et al.
2018; Capodici et al. 2019; Yan et al. 2019; Cotto et al. 2020). However, there are
advantages and disadvantages for every treatment technology, as enlisted in
Table 7.1.

Until recently, not only nutrient (nitrogen, phosphorous, etc.) removal processes
but also removal of micropollutants, polyaromatic hydrocarbons, etc. have gained
much attention. Micropollutants are synthetic organic chemicals found in concen-
tration range from few nanograms per liter to a few hundred micrograms per liter and
include pharmaceutical organic contaminants, personal care products, and
endocrine-disrupting compounds (Men et al. 2017). Biological treatment processes
used for removal of nitrogenous pollutants have a good correlation with removal of
these micropollutants and aromatic hydrocarbons (Fernandez-Fontaina et al. 2012;
Buitrón et al. 2015; Wang et al. 2019a; Zhou et al. 2019). Simultaneous removal of
NHþ

4 � N with micropollutants and organic aromatic pollutants has been reported
by ammonia-oxidizing bacteria (AOB), which are responsible for nitrification. AOB
are involved in the first step of nitrification wherein it catalyzes the oxidation of NHþ

4
into NO�

2 which is further oxidized into NO�
3 by nitrite-oxidizing bacteria. The first

step performed by AOB is regarded as the rate-limiting step of nitrification and, thus,
grabs considerable attention in treatment of nitrogenous waste.

This chapter henceforth summarizes various physical, chemical, and biological
treatment processes for removal of nitrogenous waste from wastewater. In addition,
AOB have been given emphasis on biological removal of nitrogen along with
removal of micropollutants and aromatics from wastewater. Apart from the
multifunctional role of AOB in wastewater treatment, they have been further recog-
nized with their bio-valorization potential in biofuel production.

7.2 Sources of Nitrogenous Waste in Water

7.2.1 Organic Wastes

Wastewater from food processing industries primarily contributes toward organic
nitrogen wastes into wastewater. Fish processing industries mainly liberate proteins,
peptides, and volatile amines as nitrogenous wastes (Chowdhury et al. 2010).
Mushroom production industries release proteinaceous wastes, carbohydrates, and
fats and generate spent mushroom substrate as a byproduct, which is also rich in
protein, carbohydrate, and fat (Lou et al. 2017; Meng et al. 2017). In addition,
organic nitrogenous wastes are also generated from beverage industries such as dairy
processing units and corn steep liquor manufacturing industries. Corn steep liquor
contains only 2% protein, but corn gluten water obtained from separation of corn

148 P. Chawley et al.



Table 7.1 Various methods for removal of nitrogenous wastes

Treatment
process Advantages Challenges References

Physical

Reverse osmosis
(wind driven)

Capable of removing
organic chemicals, protein,
and ions from brackish
water and seawater

Reduced permeability due to
precipitation of salts such as
calcium sulfate and calcium
chloride, which are respon-
sible for fouling

Afonso et al.
(2004) and
Tang et al.
(2020)

Ion exchange Removal of other anions
along with nitrogenous
waste such as nitrate

Extra operational cost to this
process

Shrimali and
Singh (2001)
and Karanasios
et al. (2010)

Electrodialysis Does not need osmotic
pressure and has low
investment for the certain
feed and energy

Only removes ions, not
harmful microorganisms and
organic compounds

Strathmann
(2010)

Chemical

Fenton
oxidation

Degrade the contaminates Unintended consumption of
produced hydroxyl radical

de Luna et al.
(2012)

Photocatalysts
(TiO2)

Aqueous medium utiliza-
tion, mostly as amine
neutralization

Low technology readiness
level, currently not viable
for commercial application

Ghayur et al.
(2019)

Ozonation Showed strong affinity
toward emerging contami-
nates in hydrogen peroxide

Needs 40–50% extra energy
demand over conventional
wastewater treatment plant

Deegan et al.
(2011)

Electrochemical
conversion

Aqueous medium utiliza-
tion, mostly as amine
neutralization

High catalyst cost, low
technology readiness level

Ghayur et al.
(2019) and
Meng et al.
(2020)

Conventional

Biological acti-
vated carbon

Removal of contaminants
from wastewater with less
toxic products

Regeneration and disposal
of sludge, high operational
cost

Rivera-Utrilla
et al. (2013)

Microalgae
reactor

No acute toxicity, recovery
of algal biomass as
resource

Cold season has negative
impact and reduced removal
efficiency

Matamoros
et al. (2015)

Activated sludge Environmentally friendly
and have low operational
cost

Low removal efficiency for
contaminants derived from
pharmaceutical waste

Sreekanth et al.
(2009)

Nonconventional

Membrane
bioreactor

Suitable for removal of
bio-recalcitrant

Consumption of energy and
aeration cost were found
high, problems with fouling

Deegan et al.
(2011)

Constructed
wetland

Low operational and main-
tenance cost, effective for
removal of pathogens and
pesticides

Dependency on the seasons,
clogging, solid entrapment,
growth of biofilms, required
huge land area

Töre et al.
(2012)
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starch milk is predominantly proteinaceous (Wang et al. 2016). Moreover, nitroge-
nous sources exist in the form of hazardous heterocyclic aromatic nitrogen com-
pounds, such as pyridine, quinoline, etc. (Padoley et al. 2008). Coal processing
industries generate appreciable fraction of pyridine and quinoline as its derivatives
(Shi et al. 2019).

7.2.2 Inorganic Wastes

Manure originating from poultry farming and cattle rearing contributes ammonia in
wastewater (Wang et al. 2014). Similarly, aquaculture wastewater also carries
nitrogen in the form of NH3, NO

�
2 , and NO

�
3 coming out from the excreta of fisheries

and from decomposition of dead fishes (Yin et al. 2018;Li et al. 2019). Some fish
processing industries also reported the presence of ammonia in fishery wastewater
(Technical Report Series FREMP 1994). Agro-based industries and olive mill
wastewater contribute to significant amount of total nitrogen in wastewater (van
der Wiel et al. 2019; Achak et al. 2019). Coke oven wastewater generated from steel
industries is also rich in ammonia, in addition to toxic pollutants such as phenol and
cyanide (Tyagi et al. 2018).

7.3 Conventional Processes for Removal
of Nitrogenous Waste

Finding an appropriate technique for removal of nitrogenous waste produced from
wastewater has become a key concern across the world. When these compounds
reach water bodies, it leads to eutrophication and inhibits growth of microorganisms.
Therefore, there is need to explore cost-effective removal techniques for these
nitrogenous wastes.

7.3.1 Physical Processes

Nitrogenous waste present in water and wastewater can be removed by physical,
chemical, and biological processes. Physical processes include filtration techniques
such as reverse osmosis (Afonso et al. 2004), ion exchange (Karanasios et al. 2010),
and electrodialysis (Strathmann 2010; Abdel-Shafy et al. 2016; Quist-Jensen et al.
2017). The aforementioned processes involve transfer of nitrogenous contaminants
from one phase to another without undergoing any conversion or decomposition of
the parent material. Physical processes are applicable to low molecular weight
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nitrogenous wastes, and allows the pollutant or material to be recovered (Sohni et al.
2018).

7.3.1.1 Reverse Osmosis

To meet the increasing demands of water supply, people all around the world are
looking for utilization of wastewater by improving the quality of water through
reverse osmosis (RO). Reverse osmosis offers a great capacity to remove organic
nitrogen (Merlo et al. 2012), proteins, and ions from brackish water and seawater
(Afonso et al. 2004). However, this process produces RO concentrate (ROC),
containing several contaminants and nutrients. Nearly, 30–50% of RO input is left
as ROC in municipal reclamation system (Dialynas et al. 2008), since ROC derived
from municipal wastewater contains nitrogen as the primary nutrient. In spite of
direct disposal of ROC, zero liquid discharge (recovery of feed water up to 95–98%)
could be one suitable approach to reduce volume of wastewater. A typical ROC with
high amount of total nitrogen (TN) and low C/N ratio was utilized in membrane-
aerated reactor to check the nitrogen removal efficiency. Results showed that TN
removal percentage was 79.2 with 5.8 C/N ratio, 24-h retention time, and 0.02 MPa
aeration pressure (Quan et al. 2018).

RO was performed for removal of nitrogen (TN) from domestic wastewater and
in combination with industrial wastewater by tubular and spiral-wound membrane
elements. The separation efficiency of total nitrogen from domestic wastewater
through RO approach (tubular membrane) was found to be 95% (Bilstad 1995).
Tubular membrane did not require any pretreatment, while spiral membrane element
necessitated an additional 25–200 micrometer cartridge filter as pretreatment
(Bilstad 1995). In another study, higher concentration of nitrate-nitrogen
(35–75 mg/L) in water was reduced to level of potable water having concentration
less than 10 mg/L with the help of reverse osmosis. In this study, two sets of initial
concentration of nitrate-nitrogen were investigated: (i) low to medium (35–43 mg/L)
and (ii) medium to high (54–72 mg/L). Better removal was reported in the first
condition with initial concentration of nitrate-nitrogen reduced to 1.4–5.5 mg/L,
while in the second case, it was found to be 12–17 mg/L in treated water (Schoeman
2009).

The intrinsic properties such as high efficiency of membrane in selective mineral
rejection, permeability to water, and ease of operation at room temperature make it a
suitable choice for WWT (López-Ramírez et al. 2006). However, the operational
cost for reverse osmosis is found to be high owing to its high energy consumption for
huge project. This problem can be resolved by introducing renewable energy sources
such as solar, wind, and wave energy (Liu et al. 2002, 2007). Studies have reported
wind-driven reverse osmosis system to be capable of removing nitrogen from
aquaculture wastewater (Liu et al. 2007). The nitrate removed by such process
however gets accumulated in the brine system, thus defeating the purpose for
installation of such a hybrid process (Matos et al. 2009). In addition, permeability
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of the membrane is compromised due to precipitation of salts (calcium sulfate and
calcium chloride), thereby leading to fouling (Hasson et al. 2001).

7.3.1.2 Ion Exchange

During ion-exchange process, reversible interchange of ions between two phases,
i.e., solid and liquid, takes place in which moving ions of ion-exchange membrane
get exchanged with the adjacent medium (Bashir et al. 2010). Ion-exchange resins
have been used for treatment of wastewater consisting of different functional groups
and ions. When nitrogenous waste derived from landfill leachate was passed through
natural zeolite, Dowex 50W-X8, and Purolite MN 500 resin beads, enhanced
ammonium ion uptake was observed on addition of Na+ ion and citric acid
(Jorgensen and Weatherley 2003). Results indicated that the uptake of ammonium
was highest with Dowex 50W-X8 followed by Purolite MN 500 and lowest in case
of natural zeolite (Jorgensen and Weatherley 2003). This process can also remove
sulfate along with nitrate ions, prevalently found in fertilizer wastewater (Leaković
et al. 2000). Furthermore, exhausted resin can be regenerated with NaCl by
displacing negatively charged ions to chloride ions (Roquebert et al. 2000). How-
ever, the discharge of toxic ions such as calcium, phosphate, magnesium, and
fluoride should be taken into account, as it contributes to extra operational cost in
this process (Shrimali and Singh 2001; Karanasios et al. 2010).

7.3.1.3 Electrodialysis

Electrodialysis (ED) is a membrane technique used to separate charged ions from
aqueous solution in the presence of electric potential gradient, which provides
driving force to separate the ions. Electrodialysis has been employed in large scale
(>20,000 m3 d�1) and found to be the most suitable technique for desalination and
demineralization of brackish and industrial process water (Strathmann 2010).
Ammonia-nitrogen-containing wastewater was applied to electrodialysis system,
and the performance of the system was evaluated through different factorially
designed experiments (Song et al. 2012). The experimental results showed that
optimum condition for ED, i.e., operation voltage and concentration ratio of two
cells, were obtained as 12 V and 1:3, respectively. In addition, removal of ammonia-
nitrogen was also influenced by higher feed concentration of stream (Song et al.
2012). Electrodialysis can be a suitable option for low to high concentration of
nitrate-nitrogen in rural area, but maintenance and operation of electrodialysis are
difficult tasks (Schoeman 2009).

Electrodialysis can also be used in nutrient recovery from municipal wastewater.
The total concentration of ammonia-nitrogen was found to be 7100 � 300 mg/L
from concentrated product derived from wastewater dilute feed stream to product
stream (Ward et al. 2018). In another study, electrodialysis was employed to treat
university sewage water. The study was conducted to monitor the behavior of
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membrane with respect to ammoniacal nitrogen. Results regarding removal of
ammoniacal nitrogen and total nitrogen were found to be 95–98% and 80–99%,
respectively (Albornoz et al. 2019). Additionally, electrodialysis requires very few
pretreatments to reduce fouling of membrane as compared to reverse osmosis and
thus owing to reverse polarity operation (Strathmann 2010). This technique does not
need osmotic pressure and has low investment in terms of feed and energy. The main
drawback of this method is that it removes only ions and is not effective against
microorganisms and organic compounds which have been produced during this
process. In addition, when the salt concentration of effluent is increased, it involves
high energy investment.

7.3.2 Chemical Processes

Chemical methods involve complete mineralization and degradation of the nitroge-
nous waste and hence are deemed to be robust, reliable, and effective. Methods such
as advanced oxidation processes (AOPs) are increasingly becoming popular these
days. Chemical species such as ozone, chlorine, and hydrogen peroxide are com-
monly employed as an oxidant, and AOPs such as Fenton oxidation and electro-
chemical oxidation involve a combination of one or more of these oxidants with
transition metals or metal oxide. The primary goal of chemical oxidation process is
to mineralize the contaminants and convert it into water, nitrogen, and other min-
erals. To run the oxidation processes, energy source such as electric current, gamma
radiation, ultrasonic, and UV-Vis radiation is needed (Ikehata et al. 2008). The
aforementioned processes are commonly used for the treatment of wastewater.

7.3.2.1 Fenton Oxidation

Contaminants derived from pharmaceutical, pesticide, tannery, and textile industries
are having ample amount of ammoniacal nitrogen, which can be effectively
transformed to nitrogen and nitrate with the help of the Fenton process (Dantas
et al. 2003). Ammoniacal nitrogen is one of the primary pollutants present in tannery
wastewater and its concentration in untreated effluent is higher than 100 mg/L
(Wang et al. 2012). Fenton oxidation is an oxidation process involving the formation
of hydroxyl radical from a reaction between iron and hydrogen peroxide, in which
ferrous can be regenerated as depicted by Eqs. 7.1 and 7.2 (Shemer et al. 2006).
Reaction (7.2) being very slow results in the accumulation of ferric (Fe3+) in the
solution, which further precipitates as Fe(OH)3 (de Luna et al. 2012). This inherently
leads to reduction in the treatment efficiency due to the removal of iron from the
solution. Moreover, it entails significant amount of addition of the reagent, resulting
in enhanced operational cost.
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Fe2þ þ H2O2 ! Fe3þOH • þ OH� ð7:1Þ
Fe3þ þ H2O2 ! Fe2þ þ O2H

• þ Hþ ð7:2Þ

Unintended consumption of hydroxyl radicals by ferrous ions and hydrogen
peroxide (Eqs. 7.3 and 7.4) could be another limitation of the Fenton process.

OH • þ Fe2þ ! Fe3þ þ OH� ð7:3Þ
OH • þ H2O2 ! H2Oþ O2H

• ð7:4Þ

Additionally, the efficiency of the Fenton process could also be hindered at higher
reagent concentrations due to the presence of weaker O2H

• as compared to OH•

radical.

7.3.2.2 Ozonation

Ozonation is a form of advanced oxidation process, which includes direct reaction of
the contaminants with ozone and a secondary oxidant (hydroxy radical) in aqueous
medium (Maldonado et al. 2006; Esplugas et al. 2007). Ozonation has been a major
tool in enhancing biodegradability and efficiency of oxidation process. This process
can remove all kinds of emerging contaminants up to 90–100%. Production of ozone
requires huge energy, sometimes 40–50% extra energy over conventional wastewa-
ter treatment methods, thus making it an economically nonviable method (Deegan
et al. 2011). In this method, low concentrated ammonia can be converted to nitrate
with the help of ozonation; the reaction can be represented as:

NH3 þ 4O3 ! Hþ þ NO3 þ H2Oþ 4O2 ð7:5Þ

Since the lifetime of ozone in water is very short, its rate of reaction with
ammonia is also very slow (Capodaglio et al. 2015). An advanced oxidation process
consisting of two oxidants, i.e., ozone and hydrogen peroxide, was found suitable for
removal of ammonia from wastewaters, and it was observed that ozone molecules
were involved in ammonia oxidation through direct oxidation (Kuo et al. 1997).
Furthermore, the kinetics for the hybrid treatment (ozone and hydrogen peroxide) in
alkaline condition was observed to be of second order.

Another study showed enhanced removal efficiency of ammonia during ozona-
tion process (Khuntia et al. 2013). In this process, the ozonation unit is assembled
with microbubbles which provide high gas–liquid interfacial area and longer persis-
tence, and lesser amount of ozone is required because hydroxyl radical is also
engaged in pollutant oxidation (Khuntia et al. 2013). Generation of hydroxyl radical
in acidic condition was also reported by Li et al. 2009, which facilitated enhanced
oxidation of ammonia owing to the presence of these radicals. Moreover, ammonia
could be effectively oxidized even at low concentration in alkaline conditions too.
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Hence, microbubble-added ozonation process can be employed to treat wastewater
at large scale because this process is fast and suitable and can be used for a wide
range of pH. Lastly, after completion of ozonation, ozone self-decomposes to
oxygen without adding any other pollutant to water.

7.3.2.3 Electrochemical Oxidation

Electrochemical oxidation, also called as anodic oxidation, is a versatile technique to
remove contaminants from industrial wastewater due to its ease in operation, lack of
secondary contaminant generation, and better treatment efficiency (Song et al.
2019). Prime benefits of this technique include the following: (i) no requirement
of extraneous addition of chemicals, (ii) can take place in a simple electrochemical
cell, and (iii) at ambient temperature and pressure conditions. Several recent studies
have reported electrochemical oxidation of model pollutants from synthetic waste-
water (Panizza and Cerisola 2008; Lizhang et al. 2016; Cotillas et al. 2018).
Additionally, this technique has been employed to treat real wastewater which
consists of multiple contaminants and complex compounds.

Electrochemical oxidation degrades pollutants either through direct or indirect
oxidation (Garcia-Segura et al. 2018). In case of direct oxidation process, pollutants
oxidize at the surface of electrode through electron transfer mode, while indirect
oxidation involves oxidizing agents such as hydroxyl radicals, produced during
electrolysis. Through electrochemical oxidation process, ammonia can be converted
into other forms of nitrogen either by direct or indirect oxidation as presented in
Eqs. 7.6, 7.7, and 7.8.

2NH3 aqð Þ þ 6OH� ! N2 þ 6H2Oþ 6e� Anode reactionð Þ ð7:6Þ
6H2Oþ 6e� ! 3H2 þ 6OH� Cathode reactionð Þ ð7:7Þ

2NH3 aqð Þ ! N2 þ 3H2 Overall reactionð Þ ð7:8Þ

From the above equations, it was found that direct oxidation has many advantages
but application of this process at large scale can reduce the performance of the
system. On the other hand, indirect oxidation process involves production of strong
oxidizing agents such as HClO, H2O2, and OH

• during electrochemical reaction (Liu
et al. 2019), which act as scavenger of ammonia (Xiao et al. 2009; Capodaglio et al.
2015).

Another study has reported enhanced removal of NH4
+-N ions from lead smelting

wastewater via electrochemical oxidation coupled with coagulation-flocculation
technique by employing a low-cost graphite anode (Meng et al. 2020). The results
indicated reduced concentration of NH4

+-N ions by converting ammoniacal nitrogen
to nitrogen and organic carbon to carbon dioxide, thereby meeting the emission
standard of wastewater. Furthermore, removal of organic and ammonium-nitrogen
from swine wastewater was carried out using the aforementioned technique. Results
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suggested that removal of ammonium-nitrogen was favored in the presence of
sodium chloride and retarded in the absence of sodium chloride (Huang et al. 2018).

7.4 Biological Treatment Processes

7.4.1 Anammox

Anammox is a chemoautotrophic biological process which involves conversion of
ammonium (NH4

+) into dinitrogen (N2) gas by anaerobic ammonia-oxidizing bac-
teria by utilizing nitrite (NO2

�) as the electron acceptor, as indicated in Eq. (7.9)
(Qi et al. 2018).

NH4
þ þ 1:32NO2 þ 0:066HCO3 þ 0:13Hþ → 1:02N2 þ 0:26NO3

þ 0:066H2CO0:5N0:15 þ 2:03H2O ð7:9Þ

Anammox chemolithotrophy is performed within specialized organelle called as
anammoxosome. Anammox process is becoming an attractive technique in waste-
water treatment, as it simultaneously removes ammonia and nitrite with no or limited
generation of greenhouse gas such as N2O and exerts lower oxygen demand and
negligible sludge generation (Li et al. 2018). Anammox bacteria show nitrogen
removal activity at varied temperature range 10–35 �C (Wang et al. 2018). For the
enriched anammox biomass, a specific activity of 30–44 mg N/gram of volatile
solids of sludge/day was obtained when the reactor was fed with 61 mg (NH4

+ +
NO2

�)-N/L, at 10 �C containing Candidatus Brocadia fulgida as the dominant
species (Hendrickx et al. 2014). It has been mostly studied in treatment of
nitrogen-rich saline wastewater. Saline wastewater generated from sea food
processing, underground brine wastewater from gas field, mustard pickling industry,
etc. is rich in nitrogen (Shinohara et al. 2009; Chen et al. 2015; Picos-Benítez et al.
2019). Anammox bacteria are enriched from two sources: brackish or marine
sediments called marine anammox bacteria (MAB) and freshwater-derived
anammox bacteria (FAB). MAB could survive under a salinity significantly greater
than 30 g/L and able to produce N2 from nitrogen removal up to 70% (Li et al. 2018).
FAB was found to be inefficient in nitrogen removal at lower temperatures and high
saline conditions than MAB (Kawagoshi et al. 2012; Zhu et al. 2017). High nitrogen
removal rate (NRR, 10.7 kg N/(m3.d)) was acquired with MAB (Yokota et al. 2018).
Several reactors such as sequencing batch reactor (SBR), upflow anaerobic sludge
blanket reactor (UASB), and fixed bed biofilm reactor (FBBR) have been used for
enrichment of FAB and MAB to achieve nitrogen removal from saline wastewater
(Li et al. 2018). Several limitations such as high sensitivity to external environment,
weak tolerance capacity to substrate concentration, long doubling time, lesser cell
yield, and difficulty to maintain anoxic environment pose hindrance toward further
application of anammox process (Li et al. 2018; Qi et al. 2018).
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7.4.2 Nitrification

Biological nitrification is a two-step oxidation process. The first step is the oxidation
of ammonia into nitrite by ammonia-oxidizing bacteria (AOB), and the second step
involves oxidation of nitrite into nitrate by nitrite-oxidizing bacteria (NOB).

NH3 þ 1:5O2 →NO2
2 þ H2Oþ Hþ AOBð Þ ð7:10Þ

NO2 þ 0:5O2 →NO3
2 NOBð Þ ð7:11Þ

Oxidation of ammonia into nitrite by AOB is also called as partial nitrification
(PN). Ammonia removal from wastewater through PN process has been successfully
achieved for wastewater treatment containing high nitrogen concentration or low
carbon/nitrogen (C/N) ratio, such as municipal wastewater, landfill leachate, anaer-
obic sludge digester liquor, etc. (Wang et al. 2010; Ge et al. 2014; Zhang et al. 2016;
Capodici et al. 2019). Several factors such as dissolved oxygen (DO), pH value, free
ammonia, and free nitrous acid affect the PN process (Wei et al. 2015). Up to
1400 mg/L ammonium was efficiently removed by an air lift reactor through PN
system (Chai et al. 2015). Ammonia removal has been also achieved at temperature
as low as 14 �C when 65 mg/L ammonia was present in activated sludge (Zhang
et al. 2016). However, removal of nitrogen compound in conventional WWT
process is limited by slow growth of nitrifying bacteria on suspended systems. As
compared to suspended growth of AOB, biofilm system is more stable and protects
slow-growing nitrifying bacteria from washout in its competition with heterotrophic
bacteria. Therefore, various biofilm systems such as sequencing batch reactor
(SBBR), moving bed biofilm reactor (MBBR), and fixed bed biofilm reactor
(FBBR) have been applied for treatment of nitrogen-rich wastewater (Cruvellier
et al. 2017; Wei et al. 2017; Zheng et al. 2019; Ashkanani et al. 2019). An average
ammonia removal efficiency of 98.2% was achieved in SBBR through PN process
when 600 mg/L ammonia was present (Wei et al. 2017). MBBRs are also effective in
treatment of ammonia-rich wastewater under different working conditions and a
wide range of temperatures (1–21 �C) (Ashkanani et al. 2019). Ammonia concen-
tration as high as 676 � 195 mg/L was treated in an MBBR pilot-scale plant for
211 days, accounting for 38.6 � 14.8% ammonia removal (Abzazou et al. 2016). A
combination of SBR and MBBR has also been employed to remove total nitrogen
from wastewater, with 50–93% removal efficiency (Ferrentino et al. 2018). Pure
culture of AOB such as Nitrosomonas europaea and Nitrobacter winogradskyi has
been employed for removal of ammonia load up to 2.5 kgN/m3.d in a fixed bed
bioreactor (Cruvellier et al. 2017).

A hybrid treatment system of a combination of partial nitrification with anammox
process has been investigated for the removal of nitrogenous wastes (Ma et al. 2019;
Zhang et al. 2019). This combined system was able to remove NH3-N without
organic carbon consumption and consumes less oxygen and causes less production
of CO2, N2O and sludge than the traditional process.
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7.4.3 Denitrification

Biological denitrification removes NO�
3 -N from polluted water. It is performed by

heterotrophic facultative microorganisms that follow sequential reduction of NO�
3 to

N2, with NO�
2 , NO and N2O being the most common intermediates, in an anaerobic

environment (Eqs. 7.12, 7.13, 7.14, and 7.15).

NO�
3 þ 2e� þ 2Hþ nitrate reductase���������! NO�

2 þ H2O ð7:12Þ

2NO�
2 þ 2e� þ 4Hþ nitrite reductase���������! 2NOþ 2H2O ð7:13Þ

2NOþ 2e� þ 2Hþ nitric oxide reductase������������! N2Oþ H2O ð7:14Þ

N2Oþ 2e� þ 2Hþ nitrous oxide reductase�������������! N2 þ H2O ð7:15Þ

Denitrification is dependent on three basic factors – dissolved organic carbon, pH,
and temperature. This biochemical process also requires availability of electron
donors which is supplied by oxidation of carbon source. Dissolved organic carbon
sources provide electron donors that get consumed during sequential reduction of
nitrate to N2 gas. The optimal pH and temperature for biological denitrification are
7–9 and 20–30 �C, respectively (Lu et al. 2014). Complete denitrification with
reduced nitrite formation and reduction in emission of N2O gas presents a challeng-
ing task to be addressed in the future. For efficient removal of nitrogen from
wastewater, a combination of nitrification, denitrification, and anammox process is
employed in WWT plants.

Simultaneous nitrification and denitrification (SND) is an efficient technique for
treatment of wastewater with low C/N ratio. It allows both processes to occur in the
same compartment which is facilitated by growth of both nitrifying and denitrifying
bacteria along an oxygen gradient in biofilm structures or dissolved oxygen levels.
This process is able to maintain neutral pH as alkalinity is consumed during
nitrification and produced during denitrification. It eliminates sludge recycling and
also abolishes the need to add carbon supply for denitrification process to occur. It is
therefore an economical option for removal of NHþ

4 -N from wastewater. SND
systems have been successfully used for treatment of ammonia-rich wastewater,
though the exact mechanism of this system is not fully understood. The removal
efficiencies of NH4

+-N and total nitrogen in an SBR have been reported to be
97.91� 2.04% and 72.28� 2.23%, respectively, by maintaining low DO (dissolved
oxygen) levels (0.7 � 0.1 mg/L) (Yan et al. 2019). Pure culture of novel isolated
bacteriumOchrobactrum anthropic LJ81 has been found to be capable of converting
80% of NH4

+-N into N2 gas through SND process (Lei et al. 2019).
Nowadays, partial nitrification is being coupled with anammox process to

enhance nitrogen removal efficiency (Ma et al. 2019). This combined system is
particularly useful for nitrogen removal at places where denitrification is not possible
due to the presence of lower biodegradable organic matters. In order to allow
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denitrification to occur at such places, external carbon supply would be needed
which is not economically feasible. Coupled partial nitrification and anammox
process have been successfully used for nitrogen removal from mature landfill
leachates as it contains less biodegradable organic matters (Sun et al. 2016; Wen
et al. 2016). This system also helps to promote enrichment of anammox microor-
ganisms by the activity of AOB. Nitrite produced by AOB during partial nitrification
is used up by anammox microbial communities and thus further helps to enhance
anammox bacterial activity (Miao et al. 2020).

Hybrid treatment strategies, where advanced oxidation processes have been
coupled with anammox system, have also been studied to enhance nitrogen removal
efficiency. In a mature landfill leachate site, ozonation and photo-Fenton oxidation
process coupled with anammox system was found to be capable of removing
nitrogen with 87% efficiency (Anfruns et al. 2013). In another study, nano zero-
valent iron (nZVI) and ferroferric oxide (Fe3O4) have been found to enhance
formation of anammox granulation and facilitate anammox biofilm formation (Gao
et al. 2014). Low dose of nZVI promotes anammox activity by dissolved oxygen
depletion, but nZVI at 75 mg/L concentration has been found to be inhibitory to
anammox activity (Yan et al. 2019). Free Fe2+/Fe3+ released from corrosion of nZVI
regulate intracellular Fenton oxidation reaction. Furthermore, they are important
components of heme-containing enzymes such as cytochrome c proteins, which play
a key role in anammox catabolism.

7.5 Ammonia-Oxidizing Bacteria: The First-Stage
Nitrifying Microorganism

In nature, ammonia-oxidizing bacteria (AOB), ammonia-oxidizing archaea (AOA),
anammox (anaerobic ammonia oxidizer), and comammox (complete ammonia oxi-
dizer) microorganisms are known to oxidize NH3. Among these microorganisms,
several strains of AOB have been isolated and cultured as pure cultures, for example,
Nitrosomonas europaea, Nitrosomonas eutropha, Nitrosospira multiformis, etc.
Only recently, a pure culture of comammox has been isolated, namely, Nitrospira
inopinata (Kits et al. 2019). Though several ammonia oxidizers occur in nature, an
understanding of biochemical reactions of ammonia oxidation is known only for
AOB. Out of several known pure culture of AOB, N. europaea is the most widely
studied. They are predominantly chemolithotrophic bacteria, obtaining energy from
inorganic source (NH3) and assimilate carbon from CO2. However, growth on
organic carbon has been found in N. europaea in the presence of fructose and
pyruvate (Hommes et al. 2003). AOB are very slow growing, with doubling time
of 7–24 h (Thandar et al. 2016). Morphologically, they bear extensively thick
intracytoplasmic membrane (ICM) which is stacked in layers (Fig. 7.1). These
thick ICM layers harbor the enzyme responsible for ammonia oxidation, i.e.,
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ammonia monooxygenase (AMO) (Suzuki et al. 1974). The basic catabolic reaction
carried out by AOB is represented in Eqs. 7.16, 7.17, 7.18, and 7.19.

NH3 þ O2 þ 2Hþ þ 2e� !AMO
NH2OHþ H2O ð7:16Þ

NH2OHþ H2O !HAO NO�
2 þ 5Hþ þ 4e� ð7:17Þ

HCO�
3 þ xe� ! Biomass ð7:18Þ

0:5O2 þ 2Hþ þ 2� xe�ð Þ ! H2O ð7:19Þ

The first step in nitrification is catalyzed by AMO enzyme which oxidizes
ammonia into hydroxylamine (NH2OH) with the requirement of two reducing
equivalents and concomitant reduction of one mole of O2 into H2O. The second
step is catalyzed by hydroxylamine oxidoreductase (HAO) enzyme which oxidizes
hydroxylamine formed in the first step to nitrite, with the release of four electrons.
This reaction catalyzed by HAO is the only known source of generation of electrons
in AOB cellular biochemical reactions. HAO is a homotrimeric multi-subunit
periplasmic enzyme which requires eight c-type hemes (Arp et al. 2002). Out of
four electrons released by HAO, two electrons flow back to AMO, x electrons are
utilized during autotrophic biomass accumulation, and (2�xe�) electrons further

Fig. 7.1 Transmission electron microscope image of Nitrosomonas europaea (Wu et al. 2018)
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reduce 0.5 mole of O2 into H2O. Thus, 1 mole of oxidation of NH3 consumes
1.5 moles of O2 to produce 1 mole of NO�

2 (Eq. 7.20).

NH3 þ 1:5O2 ! NO�
2 þ H2Oþ Hþ ð7:20Þ

AOB have been found to be dominant ammonia-oxidizing microorganisms in
agricultural soil (Ouyang et al. 2016; Norman and Barrett 2016). There exists a
strong relationship between soil pH and availability of NH3 (Eq. 7.21). pH strongly
affects the ionization of NHþ

4 /NH3, thereby affecting the availability of NH3 as
described by Eq. 7.21 (a modification of the Henderson-Hasselbalch equation that
assumes a pKa value of 9.25 for the ionization of NHþ

4 /NH3) (Norman and Barrett
2016):

NH3½ � ¼ NHþ
4

� �
10 soil pH�9:25ð Þ
h i

ð7:21Þ

AOB find importance in the treatment of nitrogen-rich wastewater because they
are the only group of culturable microorganisms that performs the first and rate-
limiting step in nitrification. AOB are abundantly found in domestic wastewater at
high dissolved oxygen and influent ammonium concentration of 36.1–422.3 mg/L
nitrogen (Kim et al. 2013). Though several studies have reported existence of both
AOB and AOA in wastewater treatment plants, AOB have been found to be the
major contributor to ammonia oxidation in highly aerated activated sludge system
(Liu et al. 2016; Islam et al. 2019). They are also valuable in the treatment of swine
wastewater which is rich in NHþ

4 (Zhang et al. 2017). Ninety-eight percent NHþ
4

removal and 96% total nitrogen removal efficiency has been achieved from swine
wastewater in integrated constructed wetland on account of microbial action of both
AOB and AOA.

Biological WWT system further allows energy generation and resource recovery
from wastewater. BES (bioelectrochemical systems) associated with oxidation-
reduction reactions in microorganisms are an effective way to produce energy
while simultaneously consuming organic carbon in wastewater. Microbial fuel cell
is one such technology which helps to treat wastewater and simultaneously generate
electricity out of organic materials present in it (Das et al. 2018; Das and Ghangrekar
2019). Some research evidences have shown nitrogen removal coupled with elec-
tricity production using AOB as well as anammox microorganisms (He et al. 2009;
Di Domenico et al. 2015). Nutrient recovery from wastewater is another feasible
option available along with biological WWT. Approximately, 20% phosphorous is
present in domestic wastewater (Batstone et al. 2015). Swine wastewater is rich in
both nitrogen and phosphorous, the later can be found in the range of 100–1400 mg/
L phosphorous, which has been recovered with 97.69% efficiency in the form of
struvite (Wang et al. 2019b).
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7.6 Role of Ammonia-Oxidizing Bacteria (AOB)
in Wastewater Treatment

7.6.1 Removal of Micropollutants

Micropollutants (MPs) are toxic compounds that are present in nanogram to micro-
gram per liter range in an engineered system. AOB are capable of removal of MP by
the action of ammonia monooxygenase enzyme via co-metabolism. Co-metabolism
involves simultaneous transformation of a nongrowth substrate as well as growth
substrate by the same enzyme, wherein the growth substrate further enters in the
metabolic pathway to produce energy. The removal of MP (nongrowth substrate) by
AOB is thus dependent on energy produced by the growth substrate (–NH3). Low
substrate specificity and broad substrate spectrum allow co-metabolism of MPs by
AMO (Rasche et al. 1991). Simultaneous oxidation of both growth and nongrowth
substrate by AMO results in competitive inhibition of the primary growth substrate,
i.e., NH3. Biotransformation of MPs by AMO causes toxicity to cells, resulting in
loss of AMO activity. The removal of MPs therefore depends on the extent of
competitive inhibition to ammonia oxidation and the ability of cells to overcome
toxic effects of MPs (Yang et al. 1999).

The biotransformation of MPs follows either first-order or pseudo first-order
kinetics, and the transformation was found to increase with addition of nitrogen
load to nitrifying sludge (Fernandez-Fontaina et al. 2012; Dawas-Massalha et al.
2014; Xu et al. 2016; Zhou et al. 2019). However, extremely higher ammonia
concentrations competitively inhibit biotransformation until all ammonia gets
depleted (Dawas-Massalha et al. 2014). A particular ratio of NH3/MP is therefore
necessary to be maintained to bring about the removal of MP. Table 7.2 lists
micropollutants which have been biologically transformed or removed by the activ-
ity of AOB.

7.6.2 Removal of Aromatic Pollutants

Removal of aromatic pollutants through AOB has been achieved due to the broad-
spectrum specificity nature of AMO enzyme, although co-oxidation of aromatic
compounds and ammonia by AMO inhibits ammonia oxidation by varying extent.
Inhibition in ammonia oxidation arises possibly because of competition between
ammonia and other compounds for reactive oxygen species, availability of reducing
power, and other growth medium constituents. However, ammonia oxidation activ-
ity has been found to be restored to normal levels when pure culture of AOB such as
N. europaea cells were resuspended in fresh culture medium without aromatics
(Keener and Arp 1994). N. europaea has been extensively studied for its ability to
transform benzene and substituted benzenes such as ethylbenzene, styrene,
halobenzenes, pyridine, phenol, p-cresol, o-cresol, etc. (Keener and Arp 1994).
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Nitrosomonas eutropha C91 was shown to degrade p-cresol (Kjeldal et al. 2014),
and N. europaea cells have been shown to transform a wide range of polycyclic
aromatic hydrocarbons such as naphthalene, 2-methylnaphthalene, acenaphthalene,
acenaphthene, fluorene, anthracene, and phenanthrene (Chang et al. 2002).

In WWT process, a mixed nitrifying culture was reported to remove p-cresol
along with ammonium oxidation (Beristain-Cardoso et al. 2011). Efficient consump-
tion of toluene at concentration of 20 mg/L has been reported upon long-term
exposure to nitrifying sludge (Youssef et al. 2013). Biodegradation of
p-nonylphenol has been achieved through nitrifying sludge in a bioreactor which
showed that p-nonylphenol biodegradation is related to ammonium oxidation activ-
ity (Buitrón et al. 2015). Consumption of 2-chlorophenol by nitrifying consortium
was also reported in WWT process (Martínez-Jardines et al. 2018).

7.6.3 Production of Alternative Liquid Fuel

Apart from utility in wastewater treatment, AOB find application in the production
of alternative liquid fuel (methanol) by virtue of its bio-valorization potential. In
nature, two groups of bacteria are capable of producing methanol: (i) aerobic

Table 7.2 Lists of micropollutants biologically degraded by activity of ammonia-oxidizing
bacteria

Micropollutant Degraded by References

Sulfonamides: sulfadiazine, sulfamethazine,
sulfamethoxazole, sulfadoxine,
sulfamerazine, sulfamonomethoxine,
sulfathiazole

Nitrosomonas nitrosa
Nm90, nitrifying
sludge

Zhou et al. (2019)

Sulfamethoxazole Nitrifying activated
sludge, enriched AOB

Men et al. (2017) and
Kassotaki et al.
(2016)

Cephalexin Enriched nitrifying
sludge

Wang et al. (2019a)

Diclofenac Enriched nitrifying
sludge

Wu et al. (2019)

Atenolol Enriched nitrifying
sludge

Xu et al. (2017)

17α-Ethinylestradiol, estriol, 17-estradiol Nitrosomonas
europaea

Khunjar et al. (2011)
and Shi et al. (2004)

Carbamazepine, iopromide, trimethoprim Nitrifying biomass Khunjar and Love
(2011)

Tetracyclines Nitrosifying sludge Sheng et al. (2018)

Quinoline Ammonia-oxidizing
bacteria

Fu and Zhao (2015)

Triclosan, bisphenol A Nitrosomonas
europaea

Roh et al. (2009)
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methanotrophic bacteria, which uses CH4 as their source of carbon and energy,
thereby oxidizing methane into methanol by methane monooxygenase (MMO)
enzyme (Jagadevan and Semrau 2013), and (ii) ammonia-oxidizing bacteria,
which can partially oxidize CH4 to methanol by using ammonia as an energy source
(Taher and Chandran 2013). Besides these, some methane-oxidizing archaea are also
found to carry out anaerobic oxidation of methane (AOM) (Hanson and Hanson
1996; Boetius et al. 2000; Beal et al. 2009; Ge et al. 2014).

Ammonia monooxygenase (AMO) encoded by ammonia-oxidizing bacteria
(AOB) is another enzyme that can oxidize methane to methanol. Both MMO and
AMO enzyme are evolutionary related (Tavormina et al. 2011; Lawton et al. 2014).
AMO enzyme possesses a broad range specificity of substrates such as methane,
methanol, ethylene, methyl bromide, etc. (Taher and Chandran 2013). Hence, AOB
are capable to produce alternative liquid fuel (methanol) from methane oxidation,
while using NH3 as energy source. The requirement of reducing power is essential
for this conversion. The pioneering work for methane as an alternative substrate for
AOB has been reported by Hyman and Wood (1983). They reported that CH4

inhibits ammonia consumption by Nitrosomonas europaea with inhibition constant
of 2 mM. In addition, methane oxidation by pure culture of AOB such as
Nitrosomonas europaea and Nitrosomonas oceanus have been studied previously
(Jones and Morita 1983; Hyman and Wood 1983). N. europaea resists the inhibitory
effect of CH4 up to 1 mM concentration, whereas N. oceanus was inhibited by less
than 0.1 mM CH4 (Jones and Morita 1983).

N. europaea was investigated in the production of methanol in biofilm system
with maximum yield of 0.09 mg methanol/mg biomass (VS)/d (Thorn 2006). There
have been some evidences of oxidation of methane by nitrifying bacteria consisting
of Nitrosomonas spp. in a mixed consortium. For example, Nitrosomonas species
have been found in plastic waste biodegradation site where synthetic biogas has been
artificially pumped to promote methane oxidation (Muenmee et al. 2015).
Nitrosomonas and Nitrosospira species have been found in oxidation of dissolved
methane which is produced from anaerobic digestion of wastewater (Hatamoto et al.
2011). In a recent work, a maximum of 1.6 � 0.15 mg-COD CH3OH L�1 was
reported to be produced in a continuous stirred tank reactor (CSTR) at hydraulic
retention time of 7 h by AOB (Su et al. 2019). However, the maximum yield of
methanol of 59.89 � 1.12 mg-COD CH3OH L�1 was obtained from a mixed
nitrifying enrichment culture (Taher and Chandran 2013).

7.7 Inhibitors of AOB

Despite several functional capabilities of AOB, nitrification process in industrial
wastewater treatment plants is inhibited due to the presence of various toxic
chemicals. Heavy metals (e.g., zinc, copper, arsenic, etc.) are one of the major
contributors toward nitrification inhibition. Inhibitors of nitrification are classified
as chemical and biological inhibitors which are discussed in the following sections.
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7.7.1 Chemical Inhibitors

In the past decade, ionic liquids (ILs) have gained considerable attention as alterna-
tive to commonly used volatile organic compounds (VOCs). These are organic salts
consisting of inorganic anions such as Cl�, BF4

�, Br�, PF6
�, (CN)2N

�, CNS�,
AlCl4

�, etc. which make weak coordination bond with organic cations (Thamke
et al. 2019). They are employed in organic synthesis as solvents and catalysts,
metallic nanoparticle synthesis, biocatalysis, separation of azeotropic mixtures,
CO2 capture, extractions, etc. (Tzani et al. 2019). Discharge from industries that
manufacture or utilize ILs creates environmental risks. Imidazolium bromide ILs
such as (C4mim)Br, (C6mim)Br, and (C10mim)Br have been found to reduce micro-
bial abundance in soil including AOB and AOA (Cheng et al. 2019).

7.7.2 Biological Inhibitors

Some plant root extracts have been found to act as potential inhibitors of
nitrification.

Brachiaria humidicola grasses are found to possess highest biological nitrifica-
tion inhibition (BNI) capacity (Subbarao et al. 2017). Root exudates from rice and
Leymus racemosus, which is a family of wheat, also show BNI potential (Sun et al.
2016; Lu et al. 2019). Biological nitrification inhibitors such as 1,9-decanediol,
methyl 3-(4-hydroxyphenyl) propionate (MHPP), and α-linolenic acid (LN) have
been found to inhibit both AOB and AOA population (Lu et al. 2019). However,
different chemical compounds from root extract of same plant produce differing
action on nitrification. For example, sorgoleone, a hydrophobic BNI from sorghum
root extract, causes significant suppression in nitrification, but sakuranetin
(a hydrophilic BNI) also extracted from sorghum root has no nitrification inhibition
potential (Subbarao et al. 2013). Although these compounds play inhibitory role in
nitrification, they find importance in preservation of NHþ

4 -N in agricultural soil.
AOB and AOA population are also naturally present in terrestrial environments.
Application of nitrogenous fertilizers for crop improvement promotes growth of
AOB, but increase in AOB population alleviates nitrogen from soil and makes it less
available for plants.

7.8 Conclusions

Conventional wastewater treatment processes such as reverse osmosis, electrodial-
ysis, ion exchange, etc. were used way back in the 1990s. Considering the loopholes
in such physical methods, there came a paradigm shift in WWT technologies toward
advanced oxidation processes such as ozonation, electrochemical oxidation, etc. To
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expand this technology, more endeavors are required in the development of novel
catalysts and regulatory mechanism in the amount of hydroxyl radical produced in
advanced oxidation processes. Presently, biological treatment processes are com-
monly applied for removal of nitrogen wastes. These processes do not require
expensive chemical catalysts and thus come across as a cost-effective technique.
Furthermore, incorporation of hybrid systems in conjunction with anammox process
or partial nitrification-denitrification can be an effective way for removal of nitrogen
from wastewater. However, good regulatory control over dissolved oxygen and
biodegradable organic matter is necessary for easy running of biological treatment
processes. This approach also allows energy and resource recovery from wastewater
and thus conceptualizes existence of circular economy.
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Chapter 8
Application of Wastewater in Irrigation
and Its Regulation with Special Reference
to Agriculture Residues

Monika, Rajeev Pratap Singh, Pooja Singh, Richa Kothari,
Kaushik Gautam, and Anita Singh

8.1 Introduction

About 70% of global freshwater is currently used for irrigation and cultivation practices
(World Bank Report 2017). The demand for freshwater will go high to feed a projected
9.7 billion population in 2050 (UN 2019). As per the UN-Water Annual Report (2016),
population explosion and climate change synergistically affect the availability of
freshwater. These situations impose a risk on freshwater for agricultural production
and induce societies to switch over another alternative option for continuous supply in
agriculture (De Fraiture and Wichelns 2010; Ahmad et al. 2020a, b). Many scientists
and their studies recommend wastewater as a viable option in water-scarce nations
(Hanjra et al. 2012). According to the International Water Association, Wastewater
Report (2018), change is necessary to apprehend the target 6.3 of the Sustainable
Development Goals (SDGs), as this commits governments to halve the ratio of
untreated wastewater and substantially encourages recycling and safe reuse by 2030.

Wastewater is the constituent of liquid waste discharged from households
(excreta, urine, and gray water) and commercial and industrial establishments,
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which could also be mixed with stormwater (Aryal et al. 2011). Every day, around
2 million tons of sewage, agricultural, and industrial wastewater are released into the
world’s water, the equivalent of the weight of the entire human population of
6.8 billion people. The UN estimates that the amount of wastewater produced
annually is about 1500 km3, approximately six times more water than exists in all
the rivers of the globe (UN WWAP 2003; World Water Quality Facts And Statistics
2013).

Wastewater utilization for irrigational purposes is one of the emerging perspec-
tives particularly in water-scanty places in the world. Zhang and Shen (2017)
reported that wastewater is very advantageous for farming activities because it
provides continuous water supply in the duration of the irrigation period and
decreases the risk of income losses and crop failure. Wastewater use in agriculture
is a reliable supply of water; its supply is irrespective of weather variability and
seasonal drought and reduces the dependability on climate or weather conditions for
rainwater which is frequently seen in many developing countries (Mateo-Sagasta
et al. 2013; Magwaza et al. 2020). In agriculture, crop growth required a mixture of
biodegradable organic material (carbon and nitrogen), as well as most of the mineral
nutrients (e.g., phosphorous, potassium, magnesium, boron, molybdenum, selenium,
and copper); all do present in enough quantity in wastewater (Durán-Álvarez and
Jiménez-Cisneros 2015).

Heavy metal is an inevitable element in the wastewater, and they get accumulated
in the soil and plants, when irrigated by wastewater. Several techniques and tech-
nologies emerged to get rid of trace metals. There are mainly three types of treatment
processes: physical, chemical, and biological; these include ion exchange, chemical
precipitation, flocculation, membrane filtration, floatation, co-precipitation, electro-
chemical treatment, and adsorption (Bolisetty et al. 2019). These techniques are not
techno-efficient or cost-effective methods. But some techniques like physical
adsorption are highly effective and feasible for the elimination of heavy metal
from waste stream; it includes activated carbon use as adsorbent in the water and
wastewater treatment plants (Ahmad et al. 2020a, b). But activated charcoal is not an
economically effective method. After the extensive research, the most cost-effective
alternative has come out, i.e., the use of low-cost agricultural and horticultural
by-products such as sugarcane bagasse, rice husk, sawdust, coconut husk, oil palm
shell, neem bark, etc. for the removal of trace metals from the wastewater, and it has
been investigated successfully (Sharma et al. 2013; Castillo-Monroy et al. 2020;
Tandon et al. 2020). This quality of wastewater promotes the number of researches
and studies globally. The reuse of wastewater in agriculture investigations and their
report states that judicious and rationale use will enhance the properties of soil,
promote plant growth, and appreciate the bacterial activity. But unjustifiable and
irrational use will create plenty of other issues.

With the above context, the present chapter has all the detailed information
regarding the status of wastewater generation and their treatment. The consequent
effect of wastewater irrigation on soil and plant health is also discussed with a short
description on the most cost-effective technique, i.e., the use of agricultural residues
to mitigate the problem of metal toxicity up to a certain extent. It will definitely
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provide crisp information to all the researchers globally, to solve the different issues
related to wastewater irrigation as well as how to enhance their beneficial role for
irrigational purpose.

8.2 Global Framework on the Utilization of Wastewater

Currently, over 80% of the wastewater generated globally flows back into the
ecosystem without being treated or reused (WWAP 2017). Untreated wastewater-
irrigated land is ten times larger than the area using treated wastewater (Drechsel and
Evans 2010). According to Chopra and Pathak (2015), global wastewater discharge
is 400 billion m3/year, and it pollutes ~5500 billion m3 of water per year. The
wastewater disposal is done by utilizing it in agriculture for centuries in many cities
such as Milan, London, Paris, and Berlin (AATSE 2004). However, this type of
wastewater disposal is more important in water-scarce region. According to
FAO-AQUASTAT (2012), 11.37 km3/year wastewater was treated in the year
1993 in Japan, whereas according to World Bank (2012) estimation, wastewater
treatment in Japan had increased upto14.65 km3/year. Nyachhyon (2006) found that
0.351 km3/year volume of wastewater was generated in Nepal but only 2.01 per ha
area has been irrigated with untreated water (AQUASTAT 2012). According to
UNMIK (2003) report, 167,000 m3/year of raw sewage was recorded in Kosova. In
Spain 3.16 km3/year was treated, but only 0.368 km3/year was used (National
Statistics Institute, Spain 2012). Out of the total national vegetable production,
26% was irrigated with wastewater in Pakistan (Ensink et al. 2002). In Hanoi,
Vietnam, a total of 80% of vegetables is grown by using wastewater from urban
and peri-urban areas (Lai 2000a, b). Keraita and Drechsel (2004) estimated
11,500 ha area is irrigated with diluted wastewater in Ghana. In Mexico, about
260,000 ha were irrigated with untreated wastewater (Mexico CAN 2004). The
World Health Organization declared that around 20 million hectares of area are
irrigated using untreated wastewater throughout the globe (WHO 2006). In Mexico,
China, India, and Pakistan, for instance, large areas exist where untreated wastewater
recycles in agricultural irrigation from a considerable time (Jimenez and Asano
2008). India is a country with a large population, so it discharges a significant
amount of wastewater and stands in the queue of those nations who reuse the
water in agriculture.

India is moving toward the deepwater crisis, and it is an alarming situation for the
nation (UNICEF FAO 2013). Now time is knocking our door to take a few steps
urgently for remediating this miserable situation. The World Bank (2019) predicts a
terrific water crisis across many parts of this country by 2050. India would start
battling for a withdrawal of 40% of the renewable surface water resources. The rapid
expansion of cities and the discharge of gray/wastewater grow up in the same
proportion. The Central Public Health and Environmental Engineering Organization
estimated that out of the total water supplied for domestic use about 70–80% gets
generated as wastewater. As per CPCB (2016), about 61,754 million liters per day
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(MLD) of wastewater are generated by the urban population, and 38,791 MLD rest
untreated. The per capita wastewater generation by the class I cities and class II
towns, representing 72% of the urban population in India, has been estimated to be
around 98 liters per capita per day (lpcd). The Central Public Health and Environ-
mental Engineering Organization estimated that out of the total water supplied for
domestic use, a major portion (70–80%) is discharged as wastewater. According to
the CPCB (2007) report, Maharashtra, Delhi, Uttar Pradesh, West Bengal, and
Gujarat are the major contributors of 63% wastewater generation. As per the
study, only 3.42 billion cubic meter (BCM) industrial wastewater was utilized for
agricultural productivity in India, and this estimation is 1/30 of Japan and Republic
of Korea utilization (Van-Rooijen et al. 2008). Bhardwaj (2005) projection for 2050
revealed 48.2 BCM (132 billion per day) wastewater would be generated. Thus, in
the coming years, due to increased population and industrialization, there will be
major problems of reduced freshwater availability as well as increased wastewater
generation (Boretti and Rosa 2019).

The unprocessed and non-treated urban and domestic wastewater loaded with
organic and bacterial contamination is responsible for the degraded condition of both
surface and groundwater (Durán–Álvarez and Jiménez–Cisneros 2014). Wastewater
is a cocktail of both essential and nonessential nutrients, microbes, heavy metals, and
many emerging pollutants. Its properties are derived by many factors, place of
generation, surroundings, environment, climatic factor, etc. Many countries have
their agency to recommend the limits of irrigational water quality criteria and
monitor the quality of effluent from sources.

8.3 Physicochemical and Biological Properties
of Wastewater

Properties of wastewater are shaped by the result of its inputs. Inputs depend on
multiple anthropogenic activities, which produce wastewater in different means
either in the form of domestic or commercial and industrial. Several factors extrap-
olate the quantity, characterization, and composition of urban wastewater such as
levels of domestic and industrial effluents and sewer system as well as treatment
systems. The lifestyle of inhabitants and standard of living also affect the character-
istics of wastewater (Henze and Comeau 2008).

Physicochemical characterization of wastewater evaluation is based on numerous
parameters, for instance, pH, electrical conductivity (EC), turbidity, dissolved solids,
suspended solids (SS), salinity, sodium absorption rate (SAR), biological oxygen
demand, chemical oxygen demand, sodium, potassium, total nitrogen, and total
phosphorus. Standard parameters that are not restricted in wastewater reuse for
irrigation are as follows: pH 6.0–9.0 (US EPA 2012), suspended solids 30 mg/L
(US EPA 2012), maximum sodium absorption ratio is 26 (CPCB 2011), BOD
10 mg/L (US EPA 2012), fecal coliform restricted till 2 � 102 CFU/100 mL
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(US EPA 2012), Escherichia coli maximum value is 10 CFU/100 mL (WHO 2006),
and nematode eggs less than or equal to 1 (WHO 2006). The raw effluent is generally
disposed of on agricultural lands within urban and peri-urban areas to grow vegeta-
bles even though it contains a range of contaminants such as metal ions (Siebe 1998;
Bouwer 2000; Qadir et al. 2000; Elgallal et al. 2016). Wastewater has several
benefits, but an excessive amount of heavy metals is the inevitable part of wastewa-
ter. India’s maximum value of iron and zinc is 7.74 and 3.24, respectively, in
wastewater. Wastewater reuse in irrigation has some regulations and standards that
have been recommended by many countries and international agencies (CPCB,
FAO, WHO, US EPA).

Biological characteristics are an important factor in wastewater. According to
Sarkar et al. (2018), the main concerns of the microorganism group in wastewater are
bacteria, fungi, algae, protozoa, viruses, and pathogenic microorganisms. Some
important bacteria are Pseudomonas sp., which reduces NO3 to NO2, and
Acinetobacter sp., which stores large amounts of phosphates under aerobic condi-
tions and releases it under an anaerobic condition (Jin et al. 2015a, b). Wastewater
also contains several fungal species, which mainly help in decomposing the complex
organic matter to its simple forms. The microbial population of wastewater also
includes different types of algal species, which execute eutrophication phenomenon
and oxidation of ponds; protozoa, which mainly feed on bacteria and help in the
purification of treated wastewater; and viruses (Szymanski and Patterson 2003;
Sarkar et al. 2018) (Table 8.1).

8.4 Effect of Wastewater Irrigation

8.4.1 On Physicochemical Properties of Soil

The response of irrigating soils with wastewater has been extensively studied
(Kayikcioglu 2012; Durán–Álvarez and Jiménez–Cisneros 2014). Wastewater is a
repository of nutrients and improves soil properties. Irrigating soil with wastewater
is an attractive option because it can improve the physical, chemical, biological, and
biochemical properties of soil (Pomares et al. 1984; Kiziloglu et al. 2008). Physical
properties are found to be improved such as electrical conductivity (EC), organic
matter, cation exchange capacity, and water-holding capacity (Aydin et al. 2015),
and it also maintains the stability of the soil aggregates and soil porosity (Durán–
Álvarez and Jiménez–Cisneros 2014). Wastewater-irrigated soils showed slightly
lower pH values compared to non-wastewater-irrigated, probably due to the high
organic matter content of irrigation water (Nayak et al. 2007; Mosse et al. 2011).
Kulandaivelu and Bhat (2012) amended coffee processing wastewater (CPW) at
different loading rates such as 25, 50, 75, and 100 L per 1 m2 at 0–15 cm soil depth.
The application of higher rate of CPW, leads to significant increase in the bulk
density (BD) and water-holding capacity (WHC), as well reduced the soil
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pH. Consequently, acidic nature in the soil further reduces the soil microbial
activities (Herpin et al. 2007; Dhananjaya et al. 2009; Selvamurugan et al. 2010).

Several researches proved that wastewater has fertilizer value; it has all necessary
minerals which induce soil health and plant growth. Irrigation with untreated
wastewater may increase soil organic matter, nitrogen, and concentrations of
Na, K, and Ca (Siebe 1998; Angin et al. 2005; Lucho-Constantino et al. 2005;
Mapanda et al. 2005). Singh et al. (2012) reported that adding wastewater to arable
land increased organic matter many folds as compared to control treatment
(Rutkowski et al. 2007). Microbial species and its population help in monitoring
the environment or ecosystem health. Microbial activities are acting as biological
indicators. Biological indicators are assigned to represent the living soil and its
environment. Microbial activities in soil were escalated under sewage effluent
irrigation (Meli et al. 2002; Ramirez-Fuentes et al. 2002; Chaerun et al. 2011).
Soil contains consortia of all major groups of microorganisms, i.e., bacteria, actino-
mycetes, fungi, and algae. These microorganisms convert toxic organic and inor-
ganic compounds to harmless products, often carbon dioxide, water, etc. They also
affect the microbiological and biological properties of soil like microbial biomass
carbon (MBC) and respiratory rate of the total microbial population. Both short- and
long-term effects of wastewater on soil quality can be monitored by the microbial
metabolic quotient (qCO2) and enzymatic activities (Gianfreda et al. 2005; Adrover
et al. 2012).

However, the long-term application of untreated wastewater in irrigation could
lead to inevitable heavy metal accumulation and a resultant loss of soil character
(Singh et al. 2005; Mapanda et al. 2005; Sharma and De 2007; Jin et al. 2008; Singh
et al. 2012). Mobility and retention of heavy metals are strongly affecting the soil
texture; high clay structure of the soil blocks infiltration of pollutants and causes

Table 8.1 Comparison between treated wastewater and untreated wastewater

Parameter
Treated
wastewatera

Untreated
wastewatera

Recommended
standards

pH 8.13 7.50 6.5–8.4

Electrical
Conductivity

1225 μScm�1. 1032 μScm�1 0–3000 μScm�1

Total Dissolved solid 624 ppm 560 ppm 0–2000 ppm

Total nitrogen 61.6 ppm 78.4 ppm 0–10 ppm*

BOD 30 mg/ L 650 mg/L 100 mg/l**

COD 145 mg/L 964 mg/L –

Sodium 60 ppm 48 ppm 0–40 ppm

Potassium 20 ppm 24 ppm 0–2 ppm
aData source: Alghobar and Suresha (2015)
*Laboratory determinations needed to evaluate common irrigation water quality problems (FAO
1985)
**Standard shall be applicable for industries, operations, or processes other than those industries,
operations, or processes for which standards have been specified in Schedule of the Environmental
Protection Rules, 1989
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accumulation in the top layer (Christou et al. 2017). Guédron et al. (2014) conveyed
via application of untreated wastewater in irrigated land of Mezquital Valley,
Mexico City, the presence of high concentrations of metals such as methylmercury
and lead. Addition of non-reclaimed wastewater for 10 years in the agricultural land
of Harare, Zimbabwe, had exceeded the heavy metals more than acceptable limits
(Mapanda et al. 2005). Furthermore, increased soil salinization, alkalinization/acid-
ification, and structural deterioration had observed reduced soil productivity (Klay
et al. 2010). Wastewater promotes a continuous supply of organic matter and
microorganisms with the help of information and stability of soil aggregates
(Durán–Álvarez and Jiménez–Cisneros et al. 2014). Saha et al. (2010) reported
that untreated sewage irrigation for 5 years has significantly increased the number
of fungi and actinomycete population in the surface soil by, respectively, about
125% and 75%. But ratios of bacteria to fungi and actinomycetes to fungi decreased
considerably in both the layers due to sewage irrigation for 5 years. This indicates
that an increase in the fungal population was more than the proportional increase in
bacteria and actinomycete population, which may be due to the influx of active C
through untreated sewage water.

Chaerun et al. (2011) have compared the CO2-C evolution between controlled
and industrial wastewater irrigated land. Even after, 31 years of irrigation, the
contaminated soil showed higher CO2-C evolution in waste water irrigated soils
and has consistent with the exceeded levels of extractable total DNA and higher
levels of microbial biomass. The high CO2 respiration activity in polluted soil was
indicative of higher utilization of organic matters by the microbial community,
consistent with its high organic C availability (Yang et al. 2019).

To investigate the health of soil microorganisms in response to wastewater
application, different soil enzymes are analyzed such as dehydrogenase, urease,
alkaline phosphatase, catalase, and glucosidase. Among all the enzymes, dehydro-
genase activity depicts the metabolic status of the soil and can act as an important
indicator of microbial activity (Nannipieri et al. 2003). The activity of the dehydro-
genase enzyme is usually higher in wastewater-irrigated land and strongly depends
on concentrations of wastewater (Garcıa-Gil et al. 2000; Arif et al. 2016). Moreover,
activities of soil enzymes are very sensitive to the concentrations of toxic substances
such as salts and heavy metals. Xian et al. (2015) reported that higher concentrations
of heavy metals in wastewater inhibited the activities of soil enzyme and microbial
metabolism. Table 8.2 shows numerous studies that have reported positive or
negative effects of wastewater on soil properties and ultimately on soil health
(Rutkowski et al. 2007; Mosse et al. 2011; Morugán-Coronado et al. 2013).

8.4.2 On Plant Characteristics

Agricultural use of wastewater is a sustainable approach, but this technique is
followed up from ancient time, or we can say “old wine in a new bottle.”Wastewater
is a continuous and good source of nutrients and provides adequate moisture
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required for crop growth. A significant number of researchers investigated irrigating
plants with wastewater (Saravanamoorthy and Kumari 2007; Gassama et al. 2015).
Application of untreated municipal wastewater at different concentrations (0, 2.5,
5, 10, 25, 50, and 100%) on rice variety (MR220) showed that maximum germina-
tion percentage and seedling vigor were recorded at 25% concentration with 92%
germination rate. Lower concentration of wastewater could be able to improve the
seed germination, while higher wastewater concentrations showed reducing effect
on the rice variety (Gassama et al. 2015). Wastewater satisfies the need of NPK and
reduces the cost of chemical fertilizers. Moreover, those crops, grown in peri-urban
agriculture, require specific amounts of NPK for yield; it fulfills the need. Crop
productivity may be enhanced due to reducing of chemical fertilization requirement
with the supply of nutrient contents in the wastewater (Vergine et al. 2017).
Kiziloglu et al. (2008) compared the uptake/enrichment values of various nutrients
and trace elements in red cabbage and cauliflower plants irrigated by untreated
wastewater (UTWW), treated wastewater, and control. Results depicted that waste-
water irrigation positively affected cauliflower and cabbage yields. The highest
yields of cauliflower (28,534 kg/ ha) and red cabbage (46,865 kg /ha) were obtained
with UTWW. But with numerous benefits, once the nutrient level of NPK exceeded
from standard recommended limits, crop growth and yield may negatively be
affected. Gassama et al. (2015) investigated the concentration of macronutrient
(N, P, K, Ca, Mg) increased at certain concentrations irrigated with untreated
wastewater. Untreated municipal wastewater applications might be influencing the
physiological process that leads to an increase in growth (Abbas et al. 2007).
Brunetti et al. 2007 investigated and found elevation in the yield of maize in olive

Table 8.2 Physicochemical and biological responses of soil amended with wastewater

Research area Soil properties Effects References

Island of Mallorca, Spain pH Decreased Adrover et al.
(2012)

North Coorg, Karnataka, India Electrical conductivity Increased Kulandaivelu and
Bhat (2012)

Rohtak, Haryana, India Organic carbon Increased Rana et al. (2010)

El Gabal El Asfar farm, Cairo gov-
ernorate, Egypt

Soil organic matter Increased Mohammed et al.
(2018)

North Coorg, Karnataka, India Available nitrogen
and phosphorus

Decreased Kulandaivelu and
Bhat (2012)

Island of Mallorca, Spain Heavy metals (Zn, Mn,
Fe, Cu)

Increased Adrover et al.
(2012)

Barossa Valley and the McLaren
Vale regions, Australia

Macronutrient (K, Ca,
Na)

Increased Mosse et al. (2011)

University of California, Riverside,
United States

Microbial
communities

Increased Ibekwe et al.
(2018)

Island of Mallorca, Spain Soil enzymes (DHA,
urease, FDA)

Decreased Adrover et al.
(2012)
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mill wastewater-amended soil than control soil. It is possibly because of both
humified and non-humified soil organic carbon.

The quantity below the prescribed limit with an adequate level of minerals in
wastewater improves plant health. Along the plant growth, it has several benefits
such as promoting yield, increasing farmer’s income, and reducing the cost of
chemical fertilizer. Lower concentration of wastewater does not express a toxic
response on seed growth; it even has some beneficial effect on the growth and
development of the crops in certain concentrations of wastewater (Medhi et al.
2011). There are many experiments and researches done which verify that the
minimal concentration of wastewater nourishes the plant properties and improves
seed length and root surface and high concentration becomes a risk for the ecosystem
(Dash 2012; Fendri et al. 2013; Kaliyamoorthy et al. 2013). Dash (2012) has
reported that when 75% of sewage is used then there was decline in seedling length
but when treated with 25–50% wastewater concentration then the seedling lengths
were increased in both rice and wheat plant. The lower concentrations of effluents
provide nitrates and sulfates to the soil that stimulate the protein production and
other organic molecules in order to increase the length and growth of plant seedlings
(Yousaf et al. 2010).

Although, wastewater irrigation shows positive effects up to a certain concentra-
tion, beyond the threshold value, it is perilous for the plant health. Saravanamoorthy
and Kumari (2007) applied textile wastewater for seed germination and reported
seed germination reduced at 100% concentration. The decrease may be due to the
adverse effect of the high toxicity of the wastewater at a higher concentration (Fendri
et al. 2013). Daud et al. (2015) clarify in a way that a significant reduction of nutrient
uptake under high concentrated effluents might be due to a decrease in water uptake
at a higher level of salinity because of the toxicity of high osmotic pressure due to
high soluble salts. In some industrial wastewater quality dominated by enormous
hazardous chemical pollutants, such contaminants biomagnifies with each upgraded
trophic level (Akhtar et al. 2018). Entered elements in the food chain promote
various diseases in plants and humans. On the other hand, the dominance of
domestic wastewater may result in high salinity levels that may affect the yield of
salt-sensitive crops (IWMI 2002). An experiment was conducted in Xinxiang city in
China by Ma Shou et al. (2015); this study involves the application of mine
wastewater on winter wheat 9023 variety. The study illustrates that mine wastewater
has enriched chromium (Cr) and lead (Pb); so it the root physiological system and
hampers photosynthetic, biochemical activities in the flowering stage. Heavy metal
impedes soil enzymes; it reduces the rate of decomposition and transformation of
soil organic matters, synthesis of humus, release, and various redox reactions of soil
nutrients, which causes negative effects on plant growth and grain yield.

Vaverková et al. (2019) investigated on seed germination of hemp seed variants
in 100% wastewater; the color of the root turned brown after germination resulting in
mortality because heavy metal accumulation is known to be a decline for plants
affecting ribonuclease, amylase, and protease enzyme activity, thus hindering seed
growth and germination (Ahmad and Ashraf 2012). Garg et al. (2006) observed that
excessive salt in textile effluent has inhibited root surface area. It might be because of
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the immense salt concentration in wastewater (Paliwal et al. 1998; Fendri et al.
2013). A study performed by Gupta et al. (2011) in Burdwan, West Bengal,
amended mixture of industrial wastewater from Tamla drain water. This mixture
integrated with wastewater of steel plants, thermal power plants, alloy steel plants,
and also untreated sewage; it is applied to irrigation of mustard (Brassica nigra),
radish (Raphanus sativus), and Colocasia (Colocasia esculenta). As per experiment
plants respond negatively with wastewater. Amino acid content lowers in the shoot
and root of Colocasia, Brassica, and the root of Raphanus. Studies have shown that
stress induces the decline in insoluble protein and total chlorophyll contents in plants
(Hsu and Kao 2003; Rong Guo et al. 2007). The results show a slight increase in
phenol content in all three plants. An increase in phenol concentration was observed
in either stress condition or a favorable environment (Dučić et al. 2008). The other
biochemical parameter, i.e., ascorbic acid, is found to increase marginally in all
wastewater-irrigated plants than control. Ascorbic acid as an antioxidant plays an
important role in the protection against physiological stress (Guo et al. 2005).
Reactive oxygen species (ROS) are produced in plants in response to the damaging
effects of environmental stresses, and plants have evolved a variety of antioxidant
defense mechanisms in response to stress (Chow et al. 2017, 2018). An experiment
was performed at Morocco in a 3 m � 2 m plot amended with 10 L crude olive mill
wastewater/m2 for maize production. The result concluded that the release of
phenolic compound and secretion of total peroxidase activity in plants deliver an
evidence of their protective role against the physiological stress-induced treatment of
olive mill wastewater (Belaqziz et al. 2016). Thus, heavy metal accumulation shows
an increase in ascorbic acid content. The effect of toxicants varies from species to
species depending upon several factors (Singh et al. 2010) (Fig. 8.1).

8.5 Use of Agricultural Residues to Reduce Metal
Contamination

With the above discussion, it is now clear that the major challenge in using
wastewater for irrigating the agricultural fields is heavy metal contamination. Par-
ticularly, contamination of heavy metals of soil and plant system is one of the major
environmental concerns in the world due to its impact on human health
(Nkwunonwo et al. 2020). In order to reduce this problem, various remediation
options are in practice like pneumatic fracturing, vitrification, chemical reduction/
oxidation, and electrokinetics, but they are not found to be very cost-effective and
thus not environmentally sustainable techniques. Over to these techniques, there are
other cost-effective and less disturbing techniques, which can be easily applied in
metal-contaminated system to reduce heavy metal availability. For reducing the
availability, many amendments have been used such as addition of lime (Rinklebe
et al. 2015), phosphate (Shaheen et al. 2017), and organic and inorganic fertilizers.
These amendments lead to the changes in physicochemical properties of the soil
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such as pH, organic matter, etc., which affect the solubility and thus the availability
of heavy metals to the plants (Palansooriyaa et al. 2020).

Along with these amendments, now applications of the agricultural residues are
also studied to observe their role in reducing the availability of heavy metals. The
agricultural residues are the organic materials produced as by-products of the
harvesting and processing of agricultural crops such as wheat straw, rice husk,
wood fiber, and sugarcane bagasse (Tran et al. 2015). They are preferred because
of their low cost, bouncy source, fast recovery period, chemical stability, inexhaust-
ible process, and renewable energy and are environmentally friendly (Alalwan et al.
2020). Such substances have high porosity and higher surface area that make them
effective adsorbents for removing toxic heavy metals from the soil and other system.
The straw is generated from sugarcane, rice, wheat, cotton, and corn. The generated
by-products have been applied as an adsorbent for reducing availability of heavy
metals. Agricultural residues mainly consist of compounds such as cellulose, lignin,
and hemicelluloses. The composition of such agricultural residues is varied and
depends on the forms of the residues and their local environmental situation. The
polar functional groups present over these substances such as aldehyde, ketones,
alcohol, ether, phenolic, and carboxylic groups are capable of adsorbing heavy
metals from the metal-contaminated soils and aqueous system (Fig. 8.2).

Changes Physico-
chemical Properties of 
Soil and increases the 
Heavy metal content 

Uptake of metals 
from roots to 
aerial parts.

Irrigating agricultural 
soil with Wastewater

Affects Plant 
Yields, 
Physiological and 
Biochemical 
Characteristics

Metal 
accumulation 
leads to food chain 
contamination

Fig. 8.1 Schematic diagram of reuse of wastewater in agriculture
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Many of the agricultural residues include rice husk, peels, wheat waste, and
bagasses and are commonly used to remove heavy metals from soil. Using agricul-
tural residues in metal immobilization and other uses is strongly encouraged in order
to reduce the rate of air pollution and for sustainable agriculture.

Rice husk, sawdust, coconut husk, and other agricultural residues are used for
extracting the metal ion from metal-contaminated system. They have several reasons
to be good adsorption materials for reducing availability of heavy metals such as low
cost, easy to avail, can be reused, easy to separate, and high adsorption capacities
with high removal efficiency (Aydin and Aksoy 2009). In recent years, the use of
agricultural residues to remove toxic heavy metals has increased to a great extent.

8.5.1 Use of Rice Husk

Rice husk is produced in large quantities as a by-product in rice milling industry. It
consists of 35% cellulose, 25% hemicelluloses, 20% lignin, 17% ash (including
silica), and 3% crude protein.

These compounds are associated with many chelating ligands and functional
groups that help in the fixation of metal ions. The ash produced by the burning of
rice husk can also be used as a good adsorptive material and has been reported for the
removal of metal ions (Srivastava et al. 2006). Tawwab et al. (2017) have applied
rice straw, sugarcane bagasse, and maize stalks in metal (Pb, Cd, Cu, Zn)-

Fig. 8.2 Schematic representation to show the adsorption of metals by the functional group present
over the surface of agricultural residue particle
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contaminated aquarium and found that among all agricultural residues, rice straw is
found to be best for reducing the metals in the polluted aquarium water and
consequently reducing their accumulation in the fish body. Lu et al. (2017) have
applied bamboo and rice straw biochars in metal-contaminated paddy soil; they are
capable of reducing the availability of Cd, Cu, Pb, and Zn by increasing the soil pH.

Shu et al. (2016) applied different forms (dry straw, composted straw, straw
biochar, and straw ash) of rice straw to immobilize Hg in soils by forming methyl-Hg
compound by binding with organic matter present in amended rice straw. Zhang
et al. (2018) have also observed that by incorporating rice straw, there was 28%–

136% enhancement in methyl-Hg levels in contaminated soil by reducing their
availability to the plants. With the enhancement in the level of methyl-Hg in soils,
the microbial activity and dissolved organic matter get increased that consequently
induce the formation of Hg-S-DOM complexes to reduce the phyto-availability of
Hg (Shu et al. 2016; Zhu et al. 2015). Through batch adsorption technique, Akhtar
et al. (2010) have removed Pb(II), Cd(II), Zn(II), and Cu(II) divalent metal ions from
aqueous solutions with the help of rice husk (RHA) after chemical and thermal
activation with 0.1 M HNO3 and 1 M K2CO3 at 473 K.

Srivastava et al. (2008) have used rice husk ash (RHA) to remove Cd and Zn and
reported the competitive adsorptive removal of Cd(II) and Zn(II) ions from binary
systems using rice husk ash (RHA). A rice husk after some modification has been
used for adsorption of nine heavy metals by Krishnani et al. (2008). Rice husk was
treated with 1.5% alkaline solution and autoclaved at 121 �C for 30 min to remove
the lignin (low molecular weight) compounds. The characterization through scan-
ning electron microscope and Fourier transform infrared spectroscopy showed that,
particularly, the calcium and magnesium available at the surface of biomatrix are
responsible for adsorption of heavy metals through ion exchange mechanism. The
adsorption capacity of different heavy metals showed increasing trend having the
order Ni(II)< Zn(II)< Cd(II)<Mn(II)< Co(II)< Cu(II) Hg(II)< Pb(II)< Cr(III).
This treated rice husk has higher adsorption capacity than other kinds of sorbents
(Krishnani et al. 2008). Hegazi (2013) have treated rice husk (20 g) with 13 M
sulfuric acid (100 ml) and heated at 175–180 �C for 20 min with stirring at regular
interval. The mixture obtained was black in color. It was filtered and allowed to cool
and finally filtered under vacuum with the help of the Buchner funnel. This treated
sorbent can be used to eliminate up to 20–60 mg/l Fe(II), Pb(II), Ni(II), Cd(II), and
Cu(II) from wastewater of electroplating industries. Elham et al. (2010) reported that
adsorption of Pb and Zn by rice husk is also based upon the amount of adsorbent,
contact time, and pH value of wastewater, which were the factors influencing Zn
(II) and Pb(II) ion sorption.

8.5.2 Use of Sawdust

Along with the rice husk, for removing heavy metals from metal-contaminated
system, sawdust is also used as an attractive low-cost adsorbent. Witek-Krowiak
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(2013) has used untreated beech sawdust to adsorb Cu(II) and Cr(III) from water
system. It adsorb about 30.22 mg.g�1 and 41.86 mg.g�1 of Cu(II) and Cr(III),
respectively. With some modification, Samarghandi et al. (2011) have used holly
sawdust to remove Ni(II) from aqueous solutions. At pH 7, the maximum adsorption
capacity was found to be 22.47 mg.g�1. Sawdust obtained from Acacia
leucocephala has been applied to reduce the level of Cu(II), Cd(II), and Pb(II) at
different pH, i.e., 6.0, 5.0, and 4.0. The adsorption capacity was found to be
147.1 mg.g�1, 167.7 mg.g�1, and 185.2 mg.g�1, at respective pH (Munagapati
et al. 2010). Kapur and Mondal (2013) used the sawdust from Mangifera indica to
remove Cr(VI) with the efficiency of 99.99% at pH 2.0. Larous et al. (2005) has
confirmed that untreated sawdust can also be used as adsorbent to remove the heavy
metals from wastewater. By converting into activated carbon, Hevea brasiliensis
sawdust is used to reduce the level of Cr from wastewater (Karthikeyan et al. 2005).
Nordine et al. (2016) have used sawdust obtained from pine, beech, and fir tree to
reduce the Pb content of metal-contaminated effluents. By analyzing through
Freundlich and Langmuir isotherms, the adsorption capacity of maple sawdust was
reported to be 1.79 mg.g�1 for Cu and 3.19 mg.g�1 for Pb (Yu et al. 2001).

Several factors are responsible for adsorption capacity of sawdust and other
adsorbent such as time of contact, pH, concentration of adsorbent, initial metal
concentrations, adsorbate concentration, temperature, adsorbent particle size, etc.
(Park et al. 2010). To understand the principle and mechanism behind the adsorp-
tion, different models are done such as Langmuir, Freundlich, Dubinin–
Radushkevich isotherm models, etc. (Shukla et al. 2002). They give ideas about
sorption capacity, sorption intensity, and energy adsorption. Pretreatment of sawdust
and other adsorbent can enhance their adsorption efficiency by increasing the
adsorption site amount and exchange properties that favor the metal removal.

Sawdusts of poplar, willow, fir, oak, and black locust wood have been applied for
the removal of Cu, Zn, Cd, and Ni from aqueous solutions; along with this, effects of
contact time, pH, and particle size have also been investigated. Cu was maximally
removed followed by Ni > Zn > Cd. The adsorption of metals increased with
decreasing the particle size of sawdust (Sciban and Kasnja 2004).

8.5.3 Use of Other Agricultural Residues
and Characterization Process

Other agricultural residues include sugarcane bagasse that is found to be one of the
most lucrative sorbents, especially available in tropical regions (Sarker et al. 2017).
It is produced as a by-product of the sugar and bioethanol mills in large quantities
and can significantly remove a wide range of heavy metal from contaminated system
(do Carmo Ramos et al. 2016). Fibrous residue of sugarcane bagasse contains
several functional groups that bind with the metals (Abdelhafez and Li 2016). Just
like sawdust and rice husk, the sorption efficiency of sugarcane bagasse is also
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dependent upon pH, temperature, contact time, and the size of sorbent’s particle. It
has been observed that 96% of Cd can be removed by sugarcane baggage with
25 min of contact time from aqueous solution having pH 7.0 (Moubarik and Grimi
2015). The pretreated sugarcane bagasse can adsorb 92.6, 149.0, and 333.0 mg g�1

of Cu, Cd, and Pb, respectively (Karnitz et al. 2010). Esfandiar et al. (2014) have
reported that the adsorption efficiency can be increased by increasing adsorbent
dosage. Coconut waste can also be used as adsorption material. It can adsorb about
263 and 285 mg g�1 of Pb and Cd, respectively. Black oak bark and wheat bran can
also adsorb 400 mg g�1 and 310 mgg�1 of Hg and Cr, respectively (Alalwan et al.
2020).

To determine the physical and chemical properties and to get the information
about active sites involved in metal adsorption, the characterization process is
performed. It is done by several conventional methods, such as X-ray powder
diffraction (XRD), X-ray photoelectron spectroscopy (XPS), X-ray fluorescence
(XRF), scanning electron microscope (SEM), energy dispersive X-ray analysis
(EDAX), Fourier transform infrared spectroscopy (FTIR), and nuclear magnetic
resonance (NMR) (Park et al. 2010). SEM is an efficient technique that can be
used for morphological analysis of adsorbent’s surface before and after the adsorp-
tion of metals (Almendros et al. 2015). Along with this, EDAX technique gives an
idea about elemental analysis and characterization of chemical compounds at the
surface of the adsorbent (Habib-ur-Rehman et al. 2006). For further study, FTIR
spectroscopy can be performed to know about the sorbent functional groups respon-
sible for the adsorption of metal ions. Surface chemistry of materials can be assessed
by XPS, i.e., a quantitative technique. It gives the detailed information about the
composition of element, empirical formula, and material’s electronic state (Michalak
et al. 2013). With the help of different characterization techniques, the whole
information about the heavy metals adsorption phenomenon can be obtained. So,
by using a combination of techniques, the adsorption mechanisms can be explored
significantly.

8.6 Conclusions

Wastewater use in agriculture enhances the soil properties such as its aggregation,
moisture, and nutrient that consequently enhance the growth and yield of the plants.
Wastewater irrigation has multifaceted benefits in sustainable agriculture: (i) reduces
the cost of synthetic fertilizers, (ii) improves farmer’s income, (iii) continuous water
supply in water-deficient regions, (iv) curtails the dependency on the weather for
water supply, and (v) upgrades livelihood for poor households, although several
risks are also conjugate with the use such as salinization, alkalization, and heavy
metal contamination. The irrational and non-judicious use of wastewater recycling in
agriculture could provoke change in properties of soils and plants; lastly it shows
toxicological response on human health. Several researches do prove that heavy
metal enters in the food chain and biomagnifies in every trophic level. Hence,
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wastewater irrigation should be monitored regularly with irrigation water standards
and applied cautiously, in accordance with optimal irrigation-fertilization policies, to
decrease leaching and combine with different methods, to decrease salinity and other
pollutants. Application of several strategies should be promoted to reduce the metal
level in wastewater in order to enhance its beneficial aspects. Among all, the use of
agricultural residues is found to be best for reducing the metal availability. With the
pretreatment, the adsorption efficiency of different adsorbent can be increased, so
future research in this field should be focused in order to find out the best way of
reducing the main culprit of wastewater, i.e., heavy metal.
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Chapter 9
Riparian Ecotones: An Important
Derivative for Managing River Pollution

Shikha Sharma, Madhoolika Agrawal, and Arijit Roy

9.1 Introduction

The rivers around the world have been attempted with technological know how
while addressing the issues of water pollution. Recently, Rowinski et al. (2018)
suggested for nature-based solutions (NBS), a solution which mimics nature while
restoring the degrading rivers. The NBS emphasises over the role and importance of
riparian vegetation in improving the water quality. The importance of establishing
the riparian ecotones for maintaining the water quality has been emphasised since the
1980s (Roberts and Krishnaswami 1982; Sirenko 1981).

The word “riparian” has been defined variedly in the literature and has been
associated with variable suffixes. However, riparian vegetation in most simplistic
manner designates to the vegetation flanking the riverbank. These vegetation are the
diversified ecosystem encompassing the distinct biological diversity, capable of
bringing physiochemical and biological changes in the environment (Tabacchi
et al. 2000) and are also proving to be efficient solutions for scrubbing harmful
pollutants entering the river (Rowinski et al. 2018).

Several researchers via both field and laboratory experiments have established
that vegetation along the riverbank has shown equal or better performance than grey
infrastructure employed for improving the river water quality (Rowinski et al. 2018;
Liquete et al. 2016; Gonzalez et al. 2015). On the broad scale, the vegetation in the
riparian ecotone reduces the impact of pollutants on the river environment by acting
as a barrier trapping and breaking down the pollutants or sometimes even processing
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them into other less toxic compounds within the ecotone before the runoff reaches
the water body (Rowinski et al. 2018). These systems have been explored in terms of
the removal efficiency of pollutants such as nitrogen (N), phosphorus (P) and
sediment. Most of the researches pertaining to the role of riparian vegetation in
reducing pollutants from river water are confined to the countries of Europe and
North America (Vidon et al. 2019) with minimal work being reported from India.

The present scenario of rivers in India demands a research outlook to the role of
riparian vegetation as NBS for Indian rivers, as these systems lie at the crossroads of
the biosphere, hydrosphere, lithosphere, atmosphere and anthrosphere and are an
important part of riverine systems, serving multiple socioecological functions
(Dufour et al. 2019; Naiman et al. 2005).

9.2 Defining the Word “Riparian”

The word riparian has a lingual derivation from the Latin word “riparius,” meaning
from “bank” (https://www.merriam-webster.com/). The origin of this word dates
back to the mid-nineteenth century. The initial usage of the term was notably legal
rather than scientific. The legal usage of the term dates back to the 1800s confined to
political boundaries of the USA for describing the property of citizens adjacent to
stream or river (Klett 2002; Baker 2002). However, on the scientific background, it is
difficult to trace as to when did the scientists first adopted the term “riparian”. Baker
(2002) states that this term started appearing in scientific literature since the 1970s.
Later during the 1980s, several scientists, agencies and the public were seen man-
aging the riparian areas; thus it was during this decade which an effort was made to
define this term; consequently, this decade was seen with conceptualising what
“riparian” actually is, and the year 1985 was termed as “the year of the riparian”
(Anderson 1987).

In literature the word “riparian” has not been defined as a single entity but in
association with various suffixes such as riparian area, riparian zone, riparian
reserve, riparian system, riparian ecosystem, riparian corridor and riparian ecotone.
Verry et al. (2004) stated that the meanings of all the suffixes are more or less similar.
Among the suffixes used, the most common ones are riparian zone and riparian
buffer zone. Both of these suffixes have been intermittently used by the researchers,
Wegner (1999) puts forth the difference between these two words, explaining that
“buffer” is used with riparian as suffix during measurement of the important function
of this transition zone, i.e. to shield the rivers/streams from the anthropogenic
influences. The differentiation of Wegner (1999) points towards the importance of
these areas/zones. Other than these suffixes, the word “riparian zone” has also been
synonymously used as stream corridor, river corridor, ribbons of life, riparian
woodlands, riparian forests, riparian buffer zones, riparian strips, riparian zones,
alluvial floodplains, etc. (Zaimes et al. 2010). This addition of varied suffixes and
synonymous usage of the word “riparian” perplexes the researcher as to what to add
to riparian while defining it in river science. To make it a little simpler, Ilhardt et al.
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(2000) and Verry et al. (2004) suggested to add the term “ecotone” with riparian,
because it is not an ecosystem rather a part of the two ecosystems. Thus, it can be
stated that in the legacy of the use of varied suffixes the suffix “ecotone” goes much
in compliance.

Along with the variability related to the use of suffixes and synonyms against the
word riparian, a large amount of variability can also be seen in defining the word
“riparian”. There is no universally accepted definition of the term riparian by the
scientific or regulatory community (Zaimes et al. 2007). The term “riparian” has
been defined like a tailor-made approach by the researchers of varied disciplines so
far, with each of them emphasising according to their disciplines.

9.2.1 Criteria of Defining “Riparian” in Literature so Far

The definition of the word “riparian” has seen a progression from legal aspect to
scientific; since the 1980s, several researchers have added different aspects of varied
scientific disciplines subsequently seeing a progression.

1. Legal – The term has been used by the US government, in policy and regulations
related to water law. The term was used basically to protect the area near the water
bodies from anthropogenic activities. Further these zones were considered both
hydrologically and ecologically important (FEMAT 1993; Parrott et al. 1997;
NRCS 2002).

2. Hydrologic – The authors have defined riparian zone in connection with the river
flows indicating towards an area close to the river (Bren 1993; Malanson 1993;
Osterkamp 2008; Lovett and Price 1999).

3. Ecology (vegetation) – The word “riparian” has been used over the years by
several ecologists to define the vegetated strip near the river (Narumalani et al.
1997; Gregory et al. 1991; Martin et al. 1999).

4. Edaphic – The scientists used an approach defining riparian areas on the basis of
soil water availability (Naiman et al. 1993; Naiman and Decamps 1997; Ledesma
et al. 2018).

Over the period of time, several authors have attempted to comprehensively
discuss the progression and variability in defining the riparian areas. To be men-
tioned are review papers by Verry et al. (2004), Naiman et al. (2005), Clerici et al.
(2011) and Dufour et al. (2019). Baker (2002) asserted that no one definition satisfies
more than two to three disciplines, as every researcher emphasises the subject matter
while defining the riparian. According to Verry et al. (2004) “the concept of riparian
must tie definition, delineation and resource data aggregation together into a logical
sequence”, and defining “riparian” must include geomorphology, ecology and
species association (Verry et al. 2004; Dufour et al. 2019).

The vast array of riparian definitions ranges from simplest to complex, further to
structural and functional type. The simplest form of defining the word riparian is
considering it as a transition zone, while complexity arises when considering it as the
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ecotone, wherein the biotic and abiotic interactions are taking place. The simplest
definition of riparian comes from Gregory (1991) “as the transition zone, an interface
between terrestrial aquatic ecosystems”. However, much before Gregory et al.
(1991), Lowrance et al. (1985) included organisms while defining riparian and
defined riparian as an ecosystem having the complex assemblage of organisms and
their environment existing adjacent to and near flowing water. Adding to the
definition of riparian was the water extension, which led Naiman and Decamps
(1997) to define riparian as a stream channel between the low and high water marks
and that portion of the terrestrial landscape from the high water mark towards the
upland where vegetation may be influenced by elevated water tables or flooding and
by the ability of the soils to hold water. Adding to it is the recent definition by a soil
scientist Ledesma et al. (2018) who defined riparian as “the area between the edge of
the stream and characteristic transition between organic and mineral soils”. The most
complicated definition comes by Ilhardt et al. (2000) as 3D ecotones wherein
interaction between terrestrial and aquatic ecosystems exists; this area extends
from groundwater to over the canopy top, beyond the floodplains, near to the slopes,
draining water also having lateral connections with terrestrial ecosystem along the
water course, and the width of the zone may vary accordingly.

A review by Dufour et al. (2019) comprehensively categorises riparian definition
into functional and structural type. The structural definition defines the riparian from
topographical perspectives, whereas functional approach defines considering the
interactions between two systems, viz. aquatic and terrestrial, in terms of hydrolog-
ical, morphological, chemical and biological processes. The authors suggest that
most of the definitions of riparian use a functional approach. Defining the riparian
areas from structural perspective puts forth the geomorphological perspective of
riparian zone which deals with various fluvial features and landforms formed by
river deposits (Dufour et al. 2019). Dufour et al. (2019) emphasised that structural
approach is more used in delineating the riparian extent.

The diversified definition and suffixes of the word riparian still perplex
researchers, so it is important to come on one common note, thus accepting ecotone
as suffix to the word riparian and definition by Ilhardt et al. (2000), which not only
considers the biotic and abiotic interactions but also gives the spatial dimension to
the riparian ecotone, thus defining it completely. So further in the chapter, the
authors will be referring to riparian areas as riparian ecotone.

9.3 Components and Characteristics of Riparian Ecotone

Riparian ecotone, being the transition zone between the terrestrial and aquatic
ecosystems, comprises of the two important components, viz. land and water.
Further, talking in terms of ecology, this transition zones contain both abiotic (soil
and water) and biotic (organisms from microscopic to macroscopic fauna and flora)
components. These are thus the basic components of riparian areas; however, each
river has its unique riparian ecotone with their distinct geomorphology and ecology.
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However, in the literature, the riparian ecotone has mostly been discussed in terms of
vegetation type, and it is the vegetation which is of importance and mainly
researched and discussed. However, Zaimes et al. (2010) ascertain that the riparian
ecotone possesses the following common characteristics:

1. The land along the river or fluvial system comprising of distinct vegetation type
influencing and being influenced by the various physicochemical and biological
interactions between the vegetation, land and water.

2. This ecotone sometime is encompassed within the floodplain or sometime may
extend beyond it. However, Ilhardt (2000) stated that the frequency of designat-
ing an area to be riparian decreases with distance from the fluvial system
(Fig. 9.1).

3. These are the areas through which surface and subsurface hydrology connects
water bodies with their adjacent uplands.

4. These areas are distinguished from upland areas via distinct physicochemical,
biological and ecological processes and biota.

5. These areas have a distinct mosaic of vegetated patches having different physi-
ognomy, structure and composition.

6. These areas are characterised by varied land use features changing in accordance
to the human population.

7. These areas witness local variability in the physical conditions such as flow
velocity (flood and drought), water level, etc.

The important thing to note is that areas cannot be categorised or undergo zonation
or have similar characteristics at global level because their characteristic features can
change in accordance with the region.

Fig. 9.1 Probability of area to be a riparian ecotone. (Source Ilhardt et al. 2000)
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9.4 Functions of Riparian Ecotone

Though having characteristics and distinct features, the riparian ecotone delivers an
important role in both the terrestrial and aquatic ecosystems, which remains homog-
enous across the globe. These ecotones play an important role in physical, biological
and ecological functions (Klapproth and Johnson 2009), adding to the importance of
interactions taking place in this zone between soil, water and biotic communities.
The functions of riparian ecotone are dependent on the land use features comprising
the riparian ecotone. All over the globe, these regions are experiencing the transfor-
mation from natural vegetation to agriculture and subsequently to human habitations
(Sharma et al. 2016). However, the role, importance or function of riparian ecotone
is discussed and researched mostly in terms of natural vegetation. Certain basic
functions of riparian areas are as stated below.

9.4.1 Bank Stabilisation

The vegetation cover over soil has already been known to hold the soil, thus playing
the prominent role in the conservation of the top soil. A similar kind of role has been
reported long back during the 1980s for establishing the importance of vegetation
near rivers towards riverbank stabilisation (Omernik et al. 1981; Smith 1992;
Arthington et al. 1997; Townsend and Douglas 2000). Riparian vegetation has
shown to play an important role in protecting the river shorelines from damage
caused to soil during heavy flows such as runoff from upland or downpours (EPA
2010). Riparian vegetation mediates their input by armouring stream banks against
erosion, storing runoff, trapping sediment and transforming nutrients (Omernik et al.
1981; Smith 1992; Osborne and Kovacic 1993; Arthington et al. 1997; Townsend
and Douglas 2000) (Fig. 9.2).

The mechanism by which riparian area does is slowing the flow of water, thus
ensuring that sediments settle out before they reach the water course (Montgomery
et al., 1996). In a naturally vegetated riparian ecotone, floodwater overshoots from
the bank and spreads out the broad floodplain, thus reducing the energy of the water
(https://www.nrcs.usda.gov/). As floodwater flows through a vegetated area, the
plants resist the flow and dissipate the energy, increasing the time available for
water to infiltrate into the soil and be stored for use by plants (https://www.nrcs.usda.
gov/). The roots of the plants increase the riverbank cohesiveness adding a tensile
strength which enables the riverbank soil to resists shear stresses (Castelle and
Johnson 2000). Thus, de-voiding the fluvial system from its natural vegetation can
have adverse effects on the stability of its bank (Fig. 9.2).
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9.4.2 Filtration

The riparian ecotone acts as filter for the river; Pinay et al. (2018) have termed it as a
“skin for the river”. The water draining downwards via riparian ecotone undergoes
natural filtration process for the absorption and adsorption of sediments, pollutants,
etc. The process of filtration takes place by the vegetation (Luke et al. 2007) and
microbial fauna present in the riparian ecotone (Silvan et al. 2002; Palviainen et al.
2004). The vegetation present in the riparian ecotone decreases the export of
suspended solids by reducing the velocity of overland flow and thus enhancing
water infiltration into soil leading to particle sedimentation (Gundersen et al. 2010).
The sedimentation rate depends on flow velocity, particle size and particle density
(Gundersen et al. 2010) (Fig. 9.2).

The pollutants such as compounds of nitrogen, phosphorus, potassium, calcium,
magnesium, etc. are adsorbed by the plant root system and used as source of
nutrients for growth (Mayer et al. 2007). Recently riparian ecotones have also
been reported as the carbon pool (Forster et al. 2007). The soil C concentration is
largely dependent on soil moisture, and riparian ecotone having high moisture
content serves to hold greater carbon per unit area as compared to upland forests
(Forster et al. 2007). Thus riparian ecotone comprising of vegetation acts as nutrient
sink and sediment entrapment owing to the uptake and sorption processes, thus
playing an important role in the protection of river water quality (Fig. 9.2).

Fig. 9.2 Functions of riparian ecotone
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9.4.3 Flow Regulation and Groundwater Recharge

The riparian vegetation affects the river flow and is termed as safety valve of the
watershed (gov.mb.ca). The reason for designating riparian ecotone as safety valve is
the vegetation, which slows the water flow, thus reducing the intensity of flood
further downstream of the river channel. This not only controls flood but also the
upland water flow into the river, thus maintaining the river flow. Hydrologically,
riparian ecotones are considered as discharge areas through which water flows
before reaching surface water (Gundersen et al. 2010) (Fig. 9.2).

These areas are often characterised by a high groundwater table and superficial
subsurface flow created by groundwater exfiltration (Gundersen et al. 2010). As the
vegetation slows down the water velocity, it in turn increases the retention time of
water in this zone enhancing the groundwater potential of that region (Swanson et al.
2017). The reduction in the speed of water allows increase in absorption of water into
the soil, thus replenishing groundwater reserves (Swanson et al. 2017). The perco-
lation down into the ground is also dependent on soil types of the region. The silt
texture of the soil acts as a sponge to aid in groundwater recharge and underground
storage. Not only this, the water stored in the ground seeps into the river through
lateral connectivity during lean season, thus maintaining river flow throughout the
season (https://www.nrcs.usda.gov/). Riparian vegetation in the riparian ecotone is
thus important to maintain the river flow, prevent flood and recharge the groundwa-
ter (Fig. 9.2).

9.4.4 Maintaining River Channel Environment

The riparian vegetation has proved to play a crucial role in maintaining the river
environment, viz. river water temperature and organic-inorganic inputs into the river.
The types of vegetation affect the intensity of light reaching the river water; the
dense canopy lowers the river water, whereas the open canopy raises the river water
(Garner et al. 2017) (Fig. 9.2).

Maintaining the river temperature is essential to prevent the faster rate of chem-
ical speciation subsequently leading to rise in pollutant levels in the river water. The
temperature also influences the dissolved oxygen content of the river. The optimised
temperature of river water is also essential for the biological activity of the river
diversity. The autochthonous input from the vegetation near the river plays an
essential role in the river biotic life. Organic matter from riparian ecotones, such
as leaves, twigs, logs and stems that fall from the buffer into the water, are the main
source of food for aquatic macroinvertebrates (Mayer et al. 2006). The debris or
wood from vegetation traps additional leaf litter and wood. Macroinvertebrates use
the wood as habitat, living inside the wood, under residual bark and on surfaces that
protrude out of the water (Mayer et al. 2006) (Fig. 9.2).
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9.5 Riparian Vegetation as Pollutants Scrubber

9.5.1 Ecology of Vegetation

Plant ecology is a wholesome branch of ecological sciences studying how plants
interact with their abiotic and biotic environment. These interactions vary in terms of
type of species dominating a particular region. The riparian plants acquiring a
different physical habitat have altogether different ecological attributes. In order to
understand how riparian plants maintain the water quality of the river, it is very
important to understand the riparian plant ecology. The likelihood that a particular
riparian vegetation type will occur in a given watershed depends on the ecological
tolerances of the component plant species and their adaptations for specific
hydrogeomorphic conditions, along with water availability, anaerobic soils, surface
characteristics and flood disturbance regimes (Steiger et al. 2005). The functionality
of riparian vegetation in controlling the water pollutant is dependent over the
structural physiological traits of vegetation such as size, form, growth rate, longevity
and litter quality (Dosskey et al. 2010). Not only the type but age of vegetation can
also play an important role in pollutant removal as the efficiency of the plants
declines with age.

The riparian plants vary from region to region so is the ecology; thus, it becomes
essential to study the kind of riparian vegetation harbouring the bank of the rivers
(Fig. 9.3). Internationally there have been numerous studies both in field and in
laboratory to analyse the riparian vegetation for their composition and potency to
remove pollutants. The vegetation types analysed are grass riparian ecotone and
forested riparian ecotone. Parkyn (2004) reported that most of the researchers have
studied the efficiencies of vegetated filter strips of rank paddock grasses. However,
in Indian context, the riparian vegetation is studied mostly in terms of determining
floristic composition of the species, and very few emphasised their role in removing
pollutants. The riparian vegetation reported is diversified across the rivers from plain
to mountains (Fig. 9.3). The species reported from plains are Prosopis sp., Acacia
sp., Azadirachta sp. and Jatropha sp., along the river Yamuna in the floodplain (Jha
et al. 2010), whereas Rhododendron sp., Quercus sp., Woodfordia sp., Oxalis sp.,
Tridax sp., etc. have been reported from Bhilangna River (tributary of river
Bhagirathi) of the Himalayan region.

9.5.2 Mechanism of Pollutant Removal

The plants have their own mechanism and processes for removal of the pollutants,
and both above and below ground biomass structure determine the effects of
vegetation on river water quality (Dosskey et al. 2010). The riparian vegetation is
a community with high productivity resulting in higher nutrient uptake from soil and
groundwater via its own growth. Long back in 1985, it has been established that the
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vegetation near the river or in a watershed spreads and divides the upland flow, thus
reducing the velocity (Clinnick 1985) and consequently enhancing the infiltration
(Norris 1993). Osborne and Kovacic (1993) explained that major mechanisms
involved in the removal of pollutants in the riparian ecotones are physical retention,
plant uptake, dilution and chemical transformation.

The riparian vegetation both directly and indirectly improves the water quality
(Tabacchi et al. 2000). The shoots and plant litter (above ground biomass) have
direct interactions with precipitation and surface runoff in riparian zone (Dosskey
et al. 2010), whereas the root systems have indirect interactions with water seeping
inside the soil as groundwater (Dosskey et al. 2010). The plants also supplement
food in the form of organic matter to autotrophs, which play an important role in
transforming the substance dissolved in upland flow, thus contributing in enhancing
water quality of the region (Tabacchi et al. 2000).

The stems and litter in the vegetated strip provide resistance to flow of river water
via increasing hydraulic roughness (Parkyn 2004; Dosskey et al. 2010). This
hydraulic roughness lowers the flow velocity and sediment transport capacity of
surface runoff, thus increasing the contact time of water (Parkyn 2004) leading to
enhancement of deposition and infiltration of particulates (Gharabaghi et al. 2002).
The pollutants which are soluble infiltrate into the ground, and those insoluble
deposit above ground (Gharabaghi et al. 2002). Along with this, the root activity,

Fig. 9.3 Ecology of riparian vegetation in different regions of Indian river basins. (a) Dense
vegetation of river Bhagirathi in the hills. (b) Dense vegetation of river Ganga in foothills. (c)
Agricultural practice in the riparian ecotone of river Ganga in plains. (d) Human habitation
harbouring the riparian ecotone of river Ganga in plains
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viz. growth and decay, followed by the activity of plant microfauna also increases
the soil permeability by creating pores via which water carrying pollutants percolate
down (Cardoso et al. 2013). Thus, the more the hydraulic roughness of the riparian
ecotone, more will be the infiltration, and less will be the tendency of the surface
runoff to input sediments and pollutants into the river.

Among the varied processes of pollutant removal, the absorption by the roots is
predominantly researched. The plant roots have been associated with supplying the
majority of nutrients to the shoots mostly phosphorus (P), potassium (K), calcium
(Ca), magnesium (Mg), sulphur (S) and some other non-nutrients such as Cd, Cr,
Hg, Ni, Pb, As, Se, B, Cs and Sr (White and Brown 2010). Many researchers have
also reported plants as the important contributors in solubilising pesticides, volatile
organic compounds (benzene, trichloroethylene and toluene) and selenium and
organo-mercury compounds (Lin et al. 2008; Juraske et al. 2008). But in the water
quality studies, the chemical entities of much concern are N and P, K and metals. Not
only plant roots but shoots too play an important role in nutrient management. The
plant leaves and foliage intercept and evaporate the considerable amount of rainfall
and prevent it from reaching the soil (Tabacchi et al. 2000), thus working at canopy
level. Further several researchers have established that vegetation increases evapo-
transpiration from watersheds (Trimble et al. 1987) and riparian zones (Cleverly
et al. 2006; Kellogg et al. 2008).

Other than the role of live plant parts, litter too plays an important role in pollutant
scrubbing. The plant litter being rich in organic matter retains the pollutants
dissolved in percolating water via processes such as ionic attraction, hydrogen-
ligand bonding, etc. (Dosskey et al. 2010). There have been report that agricultural
pesticides and endocrine disruptors have high binding affinity to soil organic matter
and undergo immobilisation (Yamamoto et al. 2003) which can be further degraded
by soil microbial fauna. Further the indirect form of pollutant removal by plant is
also done by activating the microbes, which switch to alternative electron acceptors
such as nitrate, sulphate and oxidised iron and manganese compounds during limited
supply of oxygen, thus supporting further decomposition of these compounds (Hill
2000). The riparian soil is often reported with limited oxygen conditions because the
decomposition of plant detritus consumes the limited supply of oxygen in wet and
saturated soil (Zaimes et al. 2007). The second indirect role includes the activity of
organisms such as mycorrhizal fungi or root symbiotic sites. The symbiotic associ-
ation in plants is associated with increase in the nutrient uptake efficiency by
enhancing the volume and surface interaction between the plant and physical
environment (Tabacchi et al. 2000).
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9.5.3 Types of Riparian Vegetation and Their Pollutant
Removal Capacity

There are two most prominent types of vegetation studied in the riparian ecotone,
viz. grasses and forest, with their type varying from region to region. The two
predominant vegetation types have different roles in the pollutant removal. The
grass riparian ecotones are capable of filtering sediments and pollutants associated
with sediments such as phosphorus and nitrogen (Parkyn 2004). Further there are
reports that grass riparian ecotones are less effective in the removal of soluble
nutrients such as nitrate, ammonia and dissolved phosphorus and nitrate removal
is greater in forested buffers compared to grasses (Parkyn 2004).

The role of riparian buffer strips in relation to nitrogen has been well studied
(Peterjohn and Correll 1984; Daniels and Gilliam 1996). There is a large variability
in the removal efficiency of N ranging from 20 to 100% (Valkama et al. 2019). The
removal of N and P via vegetation in the riparian ecotone varies widely, and it is
difficult to predict (Hoffmann et al. 2009) as the hydrological regimes controlling the
biogeochemical processes in the riparian zone change along the river continuum
(Hoffmann et al. 2009). None of the riparian ecotone vegetation types, viz. grass or
forested, are much effective in reducing concentration of dissolved phosphorus
(Parkyn 2004). In most of the research monitoring, the effectiveness of buffer
zones for their pollutant removal capacity has focused on vegetated filter strips
(VFS) (Parkyn 2004).

Riparian forest reduces the nitrate input into the river via the uptake by plant roots
(Silvan et al. 2002; Palviainen et al. 2004), retention to soil and utilisation by the
microbes (Silvan et al. 2002; Palviainen et al. 2004), also via gaseous N fluxes from
soil to the atmosphere (Silvan et al. 2002). The different fractions of nitrogen, viz.
ammonium, nitrate and dissolved organic nitrogen, undergo transformation in the
soil for their effective utilisation and assimilation. The riparian forest decreases the
concentration of ammonium and dissolved organic nitrogen in surface runoff more
than nitrate (Kokkonen et al. 2006).

During the 1980s and 1990s, the mechanism of phosphorus removal by riparian
buffers has been studied by several researchers. The mechanisms explained are
deposition of phosphorus attached with sediment, settling of particulate phosphorus
and adsorption of dissolved phosphorus by clay particles in particular clay
containing high levels of aluminium and iron (Reddy et al. 1999). Further there
are reports of phosphorus reduction via uptake from understory vegetation and
microorganisms (Silvan et al. 2004).
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9.6 Other Attributes of Riparian Ecotone Affecting
the Pollutant Removal Efficiency

The knowledge of the hydrogeomorphic regimes has been ascertained as the key
limitation in the management and restoration of degraded riparian ecotones (Shaw
and Cooper 2008). The study of riparian system as a whole requires an understand-
ing of the geomorphic structures and processes that form the bed sediments and
maintain flow pathways through them. Further Engelhardt et al. (2012) suggested
that it is important to ascertain the relationship between watershed lithology, geo-
morphology and riparian vegetation for the development, management and restora-
tion of riparian vegetation. Thus, the hydrogeomorphology of the watershed also
plays an important role in the pollutant removal activities of the riparian ecotones.

9.6.1 Geomorphology of the Riparian Ecotone

There are various geomorphological attributes associated with riparian ecotone.
Morphologically the riparian ecotones differ from other upland features as they
receive drainage from large contributing areas, characterised by shallow groundwa-
ter table and relatively low slope gradients. The literature suggests that geomorpho-
logical attributes affect the pollutant removal functionality of riparian ecotone in two
ways: (1) direct and (2) indirect. Certain features, viz. sediment size, sediment load,
slope, soil structure, subsurface drainage pattern, etc., of the riparian ecotone affect
the pollutant removal, posing direct affect. Indirect effects include the structure, type
and distribution of riparian vegetation, which in turn are determined by the geomor-
phological traits of the region.

The geomorphology of the watershed regulates the movement of both water and
sediment, through watershed into the channel and via channel network (Engelhardt
et al. 2012). The capacity of riparian ecotone to remove pollutants increases if the
flow across the watershed is not canalised rather distributed across wide areas
(Polyakov et al. 2005). Further, the slope of the zone is also an important determi-
nant of pollutant trapping efficiency of the ecotone (Jin and Römkens 2001).
Another topographic feature of importance in determining the buffering capacity
of riparian ecotone is convergence factor, which is the ratio of active area of the
riparian buffer to the total area (Polykov et al. 2005). Active area of the riparian
buffer according to Polykov et al. 2005 “is the portion of buffer through which
runoff flow from the upslope occurs”. A low convergence value is indicative of
dissected relief, gully and steep valley floors, and higher values (value close to 1)
indicate towards plain conditions (Polykov et al. 2005).

The riparian soil-holding capacity, soil type, soil water content, soil particle size
and soil aggregate density affect the pollutant removal capacity of the buffer
(Munoz-Carpena et al. 1999). The properties of riparian ecotone to trap sediment
decrease with reduction in sediment size (Lee et al. 2003). If the riparian ecotone is
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formed of coarse-grained alluvial sediments, it allows complex microbial assem-
blage and metazoan biota (Huggenberger et al. 1998). It is the three processes, viz.
erosion, transportation and deposition, which determine the structure of fluvial forms
and hydrogeological properties, thus governing the connectivity between surround-
ing landscape to the drainage network (Huggenberger et al. 1998). The morpholog-
ical attributes, viz. length, gradient and shape of the runoff area and that of upstream
of riparian ecotone, affect the pollutant removal capacity (Norris 1993). For exam-
ple, in a convex slope, the upland flow is faster than the concave slope (Norris 1993).

Recently, Pinay et al. (2018) stated that along the river continuum, we could
determine three distinct geomorphic characteristics, viz. in the headwater, in the
middle reaches and in the lower reaches. These physical or geologic features control
the distribution of grain sizes as well as successional dynamics and structure of
vegetation communities along the river continuum (Gregory et al. 1991). The
headwaters, which are steep, have constrained valleys with high erosional rate and
less formation of geological features resulting in minimal riparian vegetation devel-
opment; in the middle reaches, the slope is comparatively less steep and transports
minimum sediment leading to formation of river island and sediment deposition
offering sites for generation of riparian vegetation (Pinay et al. 2018). Depositional
reaches in the lowland valleys with very fine unstable sediment deposits are impor-
tant for the development of riparian vegetation (Pinay et al. 2018) (Fig. 9.4).

Several basin properties influence vegetation types because they pose a direct
influence on flood regime and water availability. In a study conducted by
Engelhardt et al. (2012) in 18 upland watersheds of central Nevada, USA, the
following morphometric parameters were studied, viz. watershed area, watershed
length, total stream length, drainage density, Shreve magnitude, relief, ruggedness,
relief ration, relative stream power, watershed shape and hypsometric integral.
Engelhardt et al. (2012) ascertained that composition of riparian ecotone is a
function of those geomorphological characteristics of watershed which influence
flood regimes, sediment transport and water availability also inclusive of hypsomet-
ric integral, relative stream power and topographic relief. It was observed that
riparian vegetation distribution and composition were determined by both geologic

Fig. 9.4 Development of river island of the river Ganga (geomorphological feature) and variations
in ecology of riparian vegetation
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and morphometric variables. Bedrock lithology is also an important feature deter-
mining the riparian vegetation composition.

9.6.2 Hydrology of the Riparian Ecotone

Among the several abiotic (e.g. water chemistry, light and wind) and biotic
(e.g. competition, invasive species; see in the succeeding paragraphs) factors that
influence riparian vegetation processes, fluvial hydrodynamics (i.e. flow and flood
regime and related processes) plays a significant role in all plant life stages,
i.e. dispersal, colonisation, recruitment, growth, succession and mortality (Solari
et al. 2016). Successful riparian plants often adopt a combination of adaptive
strategies during different life stages in order to ensure their survival (e.g. high
dispersal rates, adaptations to resist stress and vegetative reproduction; Camporeale
et al. 2013).

Norris, 1993, stated that “effectiveness of riparian buffer ecotone depends upon
the rate of flow of surface water, hydraulic conductivity and holding capacity of the
buffer zone soil”. The water or upland flow which passes through the watershed via
riparian ecotone exhibits variable random forcing over the vegetation among which
the important one is flow variability (Vesipa et al. 2017). The river stage and velocity
affect the riparian environment. The variability in the flow regime of the river affects
the riparian vegetation from its establishment to its death. The river flow of ample
magnitude is needed to remove the vegetation already harbouring the riverbank
(Holanda et al. 2005) and further depositing the fresh sediments for the recruitment
of new seeds of plants.

The rivers also are known to be associated with the phenomenon of hydrochory.
For hydrochory to take place, it is essential that the river shows fluctuations in its
flows (Greet et al. 2011). The rise and fall of the river are essential for collection and
deposition of seeds (Vesipa et al. 2017). Certain hydraulic conditions such as
Froude, Reynolds and Shield number associated with river hydrographs determine
the number of seeds scoured or deposited. Other than the recruitment of seeds, the
flow of the river also plays an important role in determining whether the seed will
germinate and grow into an adult (Fraaije et al. 2015). Both the sudden decline and
sudden rise in river water affect the growth of the seedling.

These river flows are also associated with effects on the adult vegetation in their
life stage (Garssen et al. 2015). The river flow affects the age and spatial distribution
of populations (Mosner et al. 2011). River flow fluctuations affect the stratigraphy of
riverbanks (Merritt et al. 2010). The variability in river flow is also responsible for
transport of nutrients and salts which are required for the sustenance of vegetation
(Asaeda and Rashid 2014). Thus, river flow is the important driver of riparian
vegetation.
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9.7 Conclusions

The riparian vegetation is turning as one of the natural means of maintaining the river
water quality with recently their importance being more emphasised over technical
solutions of combating river pollution. The word “riparian” and the suffixes used
with it have been associated with the inherent variability. The literature suggests the
inherent variability in definitions of the word “riparian” and the suffixes used. The
definition of the term and its usage have evolved from legal to scientific, with each
branch of science defining it in its own way. The author suggests that the definition
given by Ilhardt et al. (2000) is more complete and should be universally used
henceforth; further, the most appropriate suffix to explain the functionality of
riparian areas is “ecotone,” given by Ilhardt et al. (2000).

These areas are to be looked as of utmost importance because of their important
role in maintaining the fluvial landscape. The researchers have emphasised over their
role in stabilising the riverbank, in filtering the pollutants, in regulating the river flow
and groundwater recharge and also for maintaining the river ecosystem. These
functions of riparian ecotone are dependent on the type of vegetation harbouring
the riverbank. Most of the researches have been done to see the effectiveness of grass
and forest riparian ecotone with sediments, nitrate and phosphorus as pollutants. The
literature suggests a few studies from India being cited in the context of laying the
importance of riparian ecotone, thus requiring directives to research the Indian river
from riparian ecotone perspective and including it in river management plans.
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Chapter 10
Ecosystem Responses to Pollution
in the Ganga River: Key Issues to Address
River Management

Deepa Jaiswal, Usha Pandey, and Jitendra Pandey

10.1 Introduction

During the recent few decades, the anthropogenic activities have dramatically altered
the water quality of the Ganga River and its tributaries. Point and nonpoint source-
driven inputs contain a variety of organic and inorganic substances including
nutrients, dissolved and particulate organic carbon, and metal toxicants. Nutrient
enrichment enhances productivity (autochthonous carbon), and this together with
atmospheric, terrigenous, and anthropogenic carbon (allochthonous carbon) input
causes C eutrophication (Pandey et al. 2014a). The coupled effects of eutrophy and
metal pollution are expected to cause long-term consequences, higher in the order of
magnitude than could be predicted from short-term, small-scale studies. Despite this,
most of the studies conducted on the river Ganges focus generally on eutrophication
and some on metal pollution. Accordingly, most of the water treatment technologies
consider removal of biological oxygen demand (BOD), i.e., removal of carbon load
only. However, recent studies show that eutrophication and metal pollution in the
Ganga River most often occur simultaneously (Jaiswal and Pandey 2019a). For
instance, sewage-associated inputs contain large amount of carbon and nutrients
leading to eutrophication, whereas industrial effluents add quantifiable amount of
metals and other pollutants causing toxic effects.

The average population density in the Ganges basin is 712 persons/km2 as
compared to 382 persons/km2 for India. The river along its 2525 km course flows
through 29 megacities, 23 small cities, and 48 townships and receives massive fluxes
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of nutrients and other pollutants. The total wastewater generation in the basin is
~8250 million liters per day (MLD), out of which, 2538 MLD is discharged directly
into the river, 4491 MLD into tributaries, and 1220 MLD on land or low-lying areas
(CPCB 2013). The Assi drain at Varanasi discharges over 66 MLD of sewage
leading to ~156 mg L�1 chemical oxygen demand (COD) and 4060 kg day�1

biological oxygen demand (BOD) load to the river in this region. Additionally, the
drain adds over 535 tons of dissolved inorganic nitrogen (DIN) and 133 tons of
dissolved reactive phosphorus (DRP) annually (Yadav and Pandey 2017a). In
addition to point sources, the nonpoint sources, such as agricultural runoff from
73.44% agricultural land of the basin containing residues of ~10 million tons of
fertilizers and 9000 tons of pesticides, add a sizable amount of nutrients and
pesticide to the river. A sub-watershed-scale study by Yadav and Pandey (2017a)
shows that the river in Varanasi region alone receives ~289.69 tons of DIN, 47.1 tons
of DRP, and 1421.55 tons of dissolved organic carbon (DOC) through surface runoff
and ~15.23 tons of DIN and 1.19 tons of DRP through atmospheric deposition
(AD) annually. A watershed-scale study by Pandey et al. (2016a) shows that the
Ganges basin receives ~3.32 Tg reactive nitrogen (NO3

� + NH4
+) and ~173.20 Gg

phosphorus (PO4
3�) annually, and the inputs were relatively higher in the middle

segment which is considered as the most polluted stretch of the river (CPCB 2013).
All these sources add large amount of oxygen-demanding substances and pollutants
into the river throughout the year creating tremendous pressure on water quality and
ecosystem services such as drinking water supply, recreation, and fisheries (Pandey
et al. 2017; Jaiswal and Pandey 2019b; Siddiqui et al. 2019a).

Studies conducted on the Ganga River generally select parameters bifurcating
eutrophy and metal pollution and even without considering ecosystem-level conse-
quences. For instance, to address trophic state, biological oxygen demand is gener-
ally considered where the sampling is restricted to the upper water column only. The
issues such as stratification of dissolved oxygen in the water column, sediment
oxygen demand (SOD), dissolved oxygen deficit (DOD), nature of oxygen-
demanding substances (ODS), benthic hypoxia, and ecosystem feedbacks have
been altogether ignored for this major river system of India. Similarly, for metal
pollution, the analysis of pelagic water and freshly deposited sediments are generally
considered (Siddiqui and Pandey 2019a). Some of the studies conducted in earth
sciences context have taken into account the deep sediment analysis (Verma and
Pandey 2019). Studies considering the factors of in situ metal release and its
bioavailability are altogether lacking. In particular, no data so far, except few studies
conducted in our laboratory, are available on changing state of ecosystem functions
coupling feedbacks and ecological assimilation capacity of the Ganga River. The
present review is an effort to make a critical analysis on the need for understanding
ecosystem responses coupling eutrophy and metal pollution in the Ganga River. This
has relevance because our multi-temporal, multi-scale studies suggest the need for
identifying the determinants of ecosystem responses to metal pollution and eutrophy
for integrated management of the Ganga River (Jaiswal and Pandey 2019a, c).
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10.2 Causes of Pollution and Eutrophy in Ganga River

10.2.1 Metal Pollution

The heavy metal pollution is gaining global attention because of their abundance,
toxicity, nonbiodegradable nature, and persistence in the environment (Fu et al.
2014). The unprecedented increase in urbanization, industrialization, and economic
development enhances the addition of heavy metals to water bodies worldwide. Both
the natural and anthropogenic sources, including rock weathering, soil erosion,
domestic and industrial effluents, agricultural leachate, coal burning, etc., contribute
to water pollution (Singh and Pandey 2014; Alvarez-Vazquez et al. 2017). Both
point and nonpoint sources contribute to metal pollution in the Ganga River (Yadav
and Pandey 2017a).

In the Ganges basin, ~2500 MLD industrial waste is generated (Trivedi 2010),
and the middle segment (from Kannauj to Varanasi) adds the largest amount of
industrial effluents to the river. The industrial sectors, including tannery, battery, and
electroplating and heavy duty in Kannauj and Kanpur city; engineering in Allaha-
bad; and locomotives and carpet industries in Varanasi city, are considered to be
main sources of metal pollution. Tanneries alone constitute ~58% of grossly pollut-
ing industries in the middle stretch of the Ganga River. Besides this, a large amount
of metals are added through tributaries in the main river. For example, over
359 industries add their effluents to the Yamuna tributary which is finally released
to the Ganga River (CPCB 2016). Recent studies conducted in our laboratory show
long-distance atmospheric transport as well as deposition of metals in the Ganga
River (Pandey and Pandey 2009; Pandey et al. 2010). A recent study (Pandey et al.
2010) shows that the Ganga River receives 0.78–18.65 g ha�1 year�1Cd, 0.48–-
6.28 g ha�1 year�1 Cr, and 152.7–447.50 g ha�1 year�1 Zn in Varanasi region only
through atmospheric deposition. A basin-scale study by Siddiqui and Pandey
(2019a) shows that only ~44.44% samples of Cr and 33.33% of Cd are below
their respective permissible limits of 50 and 3.0 μg L�1 (Bureau of Indian Standards,
BIS 2012). Similarly, ~54.63% samples of Cu, ~ 66.66% of Pb, ~44.44% of Mn,
~66.66% of Fe, and ~33.33% of Ni samples along the basin have exceeded their
permissible limits.

The overall concentrations of metals in the river are influenced by multiple factors
such as the magnitude of external loading, source partitioning, chemical composi-
tion, adsorption, and episodic events driven by fluctuating river flow, sediment
delivery, and urban-industrial discharge (Yadav and Pandey 2017a; Jaiswal and
Pandey 2018). The sediment composition, redox potential, pH, and cation exchange
capacity of the system are the major determinants that regulate dissolution, precip-
itation, absorption, and complexation of metals in the sediment and, consequently,
their bioavailability, associated toxicity to aquatic organisms, and impact on the food
web (Jaiswal and Pandey 2018, 2019d; Siddiqui and Pandey 2019a; Verma and
Pandey 2019).
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10.2.2 Nutrient Loading

Nitrogen (N) and phosphorus (P) are considered as most critical nutrients because
their demand to supply ratios generally lie at unity or below. Because of this reason,
they become limiting nutrients for phytoplankton growth. Excessive input of these
nutrients, although increases food production and stimulates plant growth, causes
detrimental effects on surface waters including rivers. Rivers receive nutrients from
the airshed, in the form of atmospheric deposition (AD), and watershed in the form
of leaching and runoff (Pandey et al. 2014a; Bellmore et al. 2018). A global-scale
study has shown that during the period of 1860–2005, the reactive N (Nr) deposition
has increased from �15 Tg to 187 Tg which could be doubled by 2050 (Galloway
et al. 2008). Further, AD adds over 3.7 Tg of P annually at global scale (Tipping
et al. 2014). Studies show AD-N input range between 1.54 and 40 kg ha�1 year�1 in
inland water bodies of the world (Edokpa et al. 2015; Bellmore et al. 2018) and
between 12 and 38 kg ha�1 year�1 in many parts of India (Pandey 2011; Pandey and
Pandey 2013; Siddiqui et al. 2019b). It varies between 9.72 and 42.85 kg ha�1 year�1

in the Ganga River, an amount high enough to change the Ganga River ecology
(Singh and Pandey 2019). Basin-scale extrapolation of a recent study shows that
through AD, �2.77 Tg DIN and �0.13 Tg DRP are deposited in the basin
and ~ 5.31 Gg DIN and 0.37 Gg DRP are added directly on the Ganga River surface
annually (Singh and Pandey 2019). Additionally, the river receives a large amount of
nutrients from tributaries and sub-tributaries (Mishra et al. 2016; Yadav and Pandey
2017a).

In Ganges basin, over 2723 MLD municipal sewage is generated, out of which
only ~1200 MLD is flushed to the river after treatment. These urban effluents add
~13.28 Gg DIN and 5.29 Gg of DRP annually into the river. Surface runoff also adds
huge amount of nutrient to surface waters. A sub-watershed-scale estimation in
Varanasi region shows that agricultural land adds ~403, 186, and 24 Gg year�1;
woodland adds ~67, 30, and 19 Gg year�1; and built-up area adds ~11, 55, and
34 Gg year�1of NO3

�, NH4
+, and DRP, respectively, through surface runoff. The

basin-scale extrapolation of these data shows that the river receives ~193 to 1181 Gg
DIN and ~59 to 218 Gg DRP annually through surface runoff. The river transports
~31.58 Gg of DIN and 3.97 Gg of DRP annually to the Bay of Bengal (Singh and
Pandey 2019). These overall quantitative estimations show that, along with the point
sources, the nonpoint sources also add a large amount of nutrients to the Ganga River
across its length which needs proper attention and management.

10.2.3 Carbon Enrichment

Along with point sources, the atmospheric deposition and surface runoff are impor-
tant regulators of autochthonous and allochthonous C pool in the Ganga River
(Pandey et al. 2014a, 2015a; Siddiqui et al. 2019b; Siddiqui and Pandey 2019b).
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In Varanasi region, the autochthonous carbon varies between 256.6 and 567.8 kg C
ha�1. Across the river length, the autochthonous input contributes �102.58 Gg of
organic C annually (Singh and Pandey 2019). Comparative studies of Goldstein and
Galbally (2007) and Hallquist et al. (2009) show that, at global scale, the total
organic carbon (TOC) deposition increased from 305–645 to 950 Tg over a period
of only 2 years. The Ganga River in Varanasi region receives ~110.8–558.6 tons
organic carbon through atmospheric deposition, ~1421.55 tons DOC through sur-
face runoff, and 364.0–1456.3 tons organic carbon through Assi drain (Yadav and
Pandey 2017a). Basin-scale extrapolation showed that the basin receives �1.81 Tg
TOC each year through atmospheric deposition of which�4.26 Gg is added directly
on to the river surface (Singh and Pandey 2019). Surface runoff exports 16.16 to
26.90 Tg TOC and 9.19 to 16.46 Tg DOC, whereas the point sources add over
110 Gg of TOC to the river annually (Singh and Pandey 2019).

Studies show that a large amount of carbon in rivers and streams comes from
terrigenous sources (Pandey et al. 2014a; Siddiqui et al. 2019b). Because nonpoint
source C of terrestrial origin is flushed mainly through monsoon season runoff, this
C is largely transported to the sea. The Ganga River leads to a burial of
~1.1 � 1012 mol sediment-driven organic carbon each year in the Bengal Fan
which is �10% of the global organic carbon burial flux in the continental margins
(France-Lanord and Derry 1997). At global scale, rivers export �611 Tg carbon per
year (Cole et al. 2007) from which the contribution from South Asian rivers alone is
�7% (42.9 Tg year�1) (Patra et al. 2013). The Ganga-Brahmaputra with �7 Tg C
year�1 contributes the largest share in global DOC export to the oceans (361 Tg
year�1) (Patra et al. 2013).

10.3 Ecosystem Responses to Pollution and Eutrophy

10.3.1 Shifts in Microbial Enzyme Activity

The riverbed sediments, an important component of riverine ecosystem, are a
biologically active and comparatively stable zone and support benthic communities
which play an important role in ecosystem functions including biogeochemical
cycling, secondary production, carbon metabolism, and sedimentation of carbon,
nutrients, and heavy metals (Covitch et al. 2004). Recent studies have established
that sediment microbial extracellular enzymes (EEs) can be used as an indicator of
carbon and nutrient limitation/acquisition and to uncover the influence of regional-
scale anthropogenic stressors (Sinsabaugh et al. 2009; Yadav and Pandey 2017b;
Jaiswal and Pandey 2018, 2019e). The substrate-specific nature of EEs makes them
important tools to investigate the functional profile of microbial communities as
influenced by human-induced alterations (Sinsabaugh and Linkins 1990). The EE
activities show quantifiable and instantaneous response (for instance, toward sub-
strates and toxicants) even to small alterations in the ecosystems (Paerl et al. 2003).
As the microbes play vital role in mediating the biogeochemical cycles and
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regulating the ecosystem structure and functioning, these have been proved to be the
most suitable parameters for quantification of shift in ecosystem responses toward
alteration in organic matter (substrate) and heavy metals (inhibitors) (Sinsabaugh
et al. 2008; Jaiswal and Pandey 2018). Long-term sustainability and stability of an
ecosystem depends, in a major way, on functionally active microbial communities,
and such measurements provide the actual picture of health condition of an ecosys-
tem. Further, because they constitute the key node connecting detritus trophic chain,
any change in their metabolism affects the whole ecosystem processes including
organic matter decomposition, nutrient cycling, and food web. Measurement of
enzyme activities requires a small quantity of sample, generally proved to be simple,
accurate, cost-effective, and rapid. Studies have shown that EE activities can be used
as an index of microbiological functional diversity and integration of these with
other physical and chemical measurements can provide important information on
which ecosystem management strategies can be keyed (Jaiswal and Pandey 2019a).

As the microbial functional diversity involves various metabolic processes, a
representative set of enzymes that control the key metabolic pathways/processes can
be used to assess the microbial response to changing carbon, nutrients, and heavy
metal concentrations. The extracellular enzyme β-D-glucosidase can be used as a
measure of C acquisition (Sinsabaugh et al. 2009) and alkaline phosphatase (AP) as a
proxy of P starvation (Duhamel et al. 2010), while protease can be used as an
indicator of N mineralization (Rejsek et al. 2008). Further, because the fluorescein
diacetate hydrolytic bioassay (FDAase) involves three major groups of enzymes
(lipases, esterases, and proteases), which contribute to organic matter decomposi-
tion, it can be used as an indicator of total microbial activity (Schnürer and Rosswall
1982). The FDAase can directly be correlated with biomass and ATP content
(Fontvieille et al. 1992). The microbial metabolic quotient (ratio of basal respiration
to substrate-induced respiration) is used as an index to measure adversities in
environmental conditions for soil microbes (Wardle 1993).

The microbial structure and functioning in aquatic ecosystems are generally
influenced by episodic events driven by stormwater and intermittent flushing of
urban-industrial effluents. Anthropogenic input of nutrients increases the autochtho-
nous C which, along with the allochthonous C, induces EE activities. Studies have
shown that EE activities can be used as a better substitute of sediment and water
quality variables because of their direct linkages with carbon and nutrients as well as
with the concentration of toxicants in water and sediments (Hill et al. 2006; Jaiswal
and Pandey 2018). In addition to carbon and nutrients, rivers receive huge amount of
metals from natural and anthropogenic sources, a large fraction of which is deposited
in the bed sediments. Heavy metals are potentially toxic to microbial community and
influence the overall ecological structure and functioning (Jaiswal and Pandey 2018,
2019e). Organic carbon in sediment forms complex with metals and often buffers
their bioavailability and, consequently, the toxicity (Jaiswal and Pandey 2019e).
Thus, the investigations on relationships between EE activities, substrate (carbon),
and total and bioavailable metal concentration (toxicants) can provide important
cues through which the state of river health and ecotoxicological implications can be
appropriately assessed. In a recent study, we found positive correlations of EE
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activities (FDAase, β-D-glucosidase, protease) with C, N, and P and negative
correlations with heavy metals (Jaiswal and Pandey 2018, 2019e). Earlier studies
show significant positive correlations of heavy metals with microbial metabolic
quotient (qCO2) indicating further that heavy metals are major stressors affecting
microbial activity (Wardle 1993).

These results suggest that EE activities in the riverbed sediment can be a sensitive
indicator of C, N, and P status in the river. Further, the metals accumulated in the
sediment inhibit EE activities, although C-rich sediment can reduce the toxic effects
probably by reducing the bioavailability (Jaiswal and Pandey 2018). A recent study
conducted in the Ganga River has shown that when total heavy metal concentration
(ƩTHM; a sum of six most common heavy metals (Cd, Cr, Cu, Ni, Pb, and Zn) of
human-impacted riverine systems) exceeds 347.44 μg g�1, it becomes detrimental to
EE activities. However, if a site has very high concentration of TOC, this limit may
reach 472.53 μg g�1 indicating a modulatory effect of TOC in metal toxicity (Jaiswal
and Pandey 2019a). The study further shows that the stimulatory effect of substrate
on EE activities declines when ƩTHM exceeds 284.73 μg g�1 (Jaiswal and Pandey
2019e). Thus, the EE activities can be a good indicator of river response toward
metal pollution and C eutrophy in large rivers, and the accuracy has displayed to be
higher than other biological variables (Pandey and Yadav 2017; Jaiswal and Pandey
2018, 2019e).

10.3.2 Shift in Aquatic Diversity

One of the major impacts of human-induced environmental change is the loss of
biodiversity and altered ecosystem processes. A recent global-scale study by Hooper
et al. (2012) reveals that biodiversity loss can be considered as one of the major
drivers of ecosystem change. Accordingly systematic database on interaction among
biodiversity loss, environmental change, and associated impacts on ecosystem
functioning is necessary. The Ganga River, which is under strong influence of
anthropogenic perturbations, has been identified as a system with a massive shift
in aquatic diversity and abundance. The Ganges dolphin has been an indicator
species of this river, but due to increasing pollution load, this species is now at the
boundary of extinction (Bashir et al. 2010). Dolphins are now found in some
restricted locations of the upper stretch, and even there they are under threat due to
increasing pollution and decreasing deepwater pools (Bashir et al. 2010). A sharp
decline in abundance of major carp and spawn has been reported due to massive
exploitation, habitat fragmentation, water abstraction, and increasing pollution load
(Jhingran and Ghosh 1978). Besides this, large-scale reduction in clupeid fisheries
has been reported due to increasing pollution in the river. This has increased the
pressure on other commercially important fishes, such as Aorichthys seenghala
(Sykes) and Aorichthys aor (Ham.), causing a threat to these species as well (Seth
and Katiha 2003). A study conducted by Singh and Sharma (1998) reported 14 abun-
dant, 7 vulnerable, 15 low-risk, 1 data-deficient, and 2 endangered fish species in
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Alaknanda of upper Ganges. The exotic species are comparatively stronger, cause
habitat modification, and generate competition for food, light, and other resources.
Singh et al. (2010) have reported that abundance of exotic fishes such as Cyprinus
carpio and Oreochromis niloticus in the Ganga River has negatively influenced the
economically important indigenous fishes such as Catla, Labeo rohita, and
Cirrhinus mrigala. Khanna et al. (2007) have reported that prolonged exposure of
fishes to deteriorated environmental conditions causes severe irreversible damage to
scale circuli and lepidonts resulting in loosening of scales.

The excessive inputs of nutrients promote phytoplankton growth. Although they
are the basis of food chain, they can be harmful to human and other vertebrates as
they release toxic substances (Ariyadej et al. 2004). At Kanpur (Jajmau),
Phormidium, Aphanocapsa, and Oscillatoria have been reported in abundance
(Singh et al. 2014). These species generally occur at places with high concentration
of nutrients. A study conducted in Varanasi region has reported negative relationship
between benthic algal biomass and DOC and a positive correlation with Secchi depth
suggesting the role of water transparency (Pandey 2013). Furthermore, large bio-
mass of Phormidium uncinatum was reported in high DOC region. The study
suggests that the increasing DOC concentration is changing the light climate and
fate of benthic producers in the Ganga River (Pandey 2013). A point source-linked
study at Bijnor (UP) has reported the prevalence of pollution-tolerant species
Synedra, Cocconeis, Spirulina, Botryococcus, and Chlamydomonas. Sensitive spe-
cies such as Cladophora and Euglena disappeared from these sites (Negi and Rajput
2013). In another study of Kanpur region, abundance of Chlorococcales members
such as Microcystis aeruginosa, M. flos-aquae, Chroococcus minutus, C. varius,
C. minor, Aphanocapsa grevillei, A. montana, Aphanothece microscopica, and
Coelosphaerium kuetzingianum has been reported (Singh et al. 2014). The preva-
lence of these species indicates conditions less conducive for sensitive species.

A shift in microbial diversity, in response to human perturbations, has also been
reported in the Ganga River (Singh et al. 2013; Reddy et al. 2019). For example,
multiple drug resistance has been observed in coliform, fecal coliform, fecal strep-
tococci, and E. coli between Fatehgarh and Kannauj (Malik et al. 1995). A large
number of multiple antimicrobial-resistant, Shiga toxin and enterotoxin-producing
E. coli and virulence traits of Enterococci have been reported in the Ganga River
near Kanpur city between Bithoor to Shuklaganj region (Lata et al. 2009). Due to
increasing human intervention, a large number of harmful bacterial species including
Bacillus, Escherichia coli, Staphylococcus aureus, Pseudomonas aeruginosa, and
Salmonella typhi have been reported in the most polluted stretch of the river between
Kanpur and Varanasi (Singh et al. 2013).

10.3.3 Shifts in Diatom Diversity

Being fast growing, phytoplankton responds quickly to nutrient, temperature, and
light regimes. Because light and temperature do not generally observe as limiting in
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tropics, nutrients are considered as the principal determinants. For this reason,
phytoplankton is considered as an indicator of nutrient pollution and eutrophy.
Nutrients influence phytoplankton growth in terms of absolute concentration and
in specific elemental ratios. The specific stoichiometric ratio (Redfield ratio) of N, P,
and Si (16:1:16) is important for the balanced growth of phytoplankton specifically
for diatoms (Turner et al. 2003). Recent studies have reported a shift in this ratio due
to disproportionate input of nutrients in lakes and rivers (Pandey et al. 2014b,
2016b). This shift in stoichiometry would alter the ecosystem structure and func-
tioning in due course of time with long-term irrecoverable consequences (Pandey
et al. 2014b). The shifts in nutrient stoichiometry affect a diverse group of primary
producers, specifically diatoms which are R-strategic (high reproductive potential)
phytoplankton and show rapid change in their growth with changes in aquatic
ecosystems. Besides nutrient stoichiometry, the changes in ionic strength, pH,
light penetration, and temperature also affect the diversity and abundance of diatoms
(Potapova and Charles 2003).

Benthic diatoms are an important group of protists that show niche specialization
against nutrient pollution and light regime shifts. Because this group grows by
attaching to certain substrate, they can be used as a selected group to assess
responses especially in lotic systems. In response to atmospheric deposition of N
in oligotrophic alpine lakes and P enrichment in temperate lakes, species such as
Asterionella and Fragilaria have been reported to constitute the dominant group
(Saros et al. 2005). The Ganga River receives, along with point and nonpoint
sources, huge amount of N and P through atmospheric deposition (Pandey et al.
2013, 2014a, 2016a) suggesting that these inputs will also have strong effect on the
distribution of diatoms. In an earlier study conducted along 268 km stretch from
Allahabad to Varanasi downstream, we found a significant shift in diatom abundance
and diversity in concordance with the changing state of carbon and nutrient pollution
(Pandey et al. 2017). A significant decline in species diversity was observed with
decreasing N/P stoichiometry, and, except for a few species which are adapted to
high nutrient concentrations, the sites with nutrient-rich condition showed less
overall diversity of diatoms. Species adapted to nutrient pollution, especially to P
pollution, are accommodated in heterogeneous habitats through dominance trans-
ference (Fig. 10.1 and Table 10.1), which helps in the restoration of ecosystem
functioning under adverse conditions (Pandey et al. 2017). Using an appropriate
statistical tool, P-loving species can easily be grouped in one cluster (Fig. 10.2).

The N- and Si-limiting condition could shift the diatom assemblages from
P-sensitive to P-tolerant species. The freshwater diatom species have high content
of Si compared to the marine species (Conley et al. 1989). Thus, the relative
availability of dissolved silica (DSi) regulates the proportion of siliceous diatoms
in freshwater bodies (Conley 1997). Centric diatom bloom farmer, Cyclotella, a
highly silicified diatom, is of growing concern in eutrophied rivers (Tavernini et al.
2011) and is reported to enhance the export of biogenic silica and C to the river
sediment (Pandey et al. 2015a, b). The shift in environmental variables such as light
and nutrients changes diatom species composition (Bere and Tundisi 2011). A study
conducted in Varanasi region has shown increasing abundance of Cocconeis,
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Cyclotella, Hyalodiscus, and Aulacoseira and declining abundance of Diatoma
(Pandey et al. 2015b). Species such as Achnanthidium, Amphipleura, Asterionella,
Craticula, and Cyclotella were found to be more abundant at highly polluted
downstream sites; and nutrients and DOC were found to be the major regulator of
abundance variabilities. At high N/P and Si/P stoichiometric ratios, species such as
Hyalodiscus, Navicula, Nitzschia, etc. have been found in abundance (Pandey et al.
2015b).

Further, the abundance of Aulacoseira has been shown to correlate with high P
loading (Walsh and Wepener 2009), while that of Synedra and Cocconeis has been
linked with P-limiting condition (Walsh and Wepener 2009). The species such as
Pinnularia and Diatoma are able to tolerate mesotrophic to eutrophic conditions
(Muscio 2002; Walsh and Wepener 2009), and Gomphonema can tolerate eutrophic
to hypereutrophic condition (Walsh and Wepener 2009). Ponader and Potapova
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Fig. 10.1 Dominance-diversity curve of benthic diatoms at four study sites (I, Yamuna; II, Assi;
III, Varuna; and IV, Gomti confluences with the Ganga River). (*Reprinted from Pandey et al.
2017, with permission from Current Science)
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(2007) have reported high growth of Achnanthidium in polluted water including
those affected by acid mine drainage. Similarly, studies have reported high growth of
Surirella, Amphipleura, and Craticula at sites affected with urban discharge and are
known to be tolerant to high concentration of nutrients (Muscio 2002). Studies on
heavy metal-diatom responses are limited. Species such as Nitzschia has been shown
to grow under metal contamination if coupled with nutrient-rich condition (Trobajo
et al. 2013).

10.4 Dissolved Oxygen Deficit and Ecosystem Feedbacks

One of the most general ways of aquatic ecosystems to respond to increasing
anthropogenic perturbations is the reduction in dissolved oxygen (DO) level. Devel-
opment of hypoxic/anoxic zones in aquatic ecosystems is among the most wide-
spread and deleterious effects of anthropogenic influences on global scale (Diaz and
Rosenberg 2008). High input of oxygen-demanding substances (ODS) increases the
rate of decomposition to an extent greater than the rate of oxygen supply (Rabalais
et al. 2010) leading to dissolved oxygen deficit (DOD) in the system. Besides this,

Table 10.1 Explanation of
abbreviations used in
Figs. 10.1 and 10.2

Abbreviation Full form

Aexi Achnanthes exigua

Amin Achnanthidium minutissimum

Afor Asterionella formosa

Agra Aulacoseira granulata

Cped Cocconeis pediculus

Cpla Cocconeis placentula var. lineata

Chal Craticula halophila

Cmen Cyclotella meneghiniana

Caff Cymbella affinis

Dvul Diatoma vulgare

Eexi Eunotia exigua

Ealp Eunotia alpine

Fint Fragilaria intermedia

Gpar Gomphonema parvulum

Gacu Gyrosigma acuminatum

Mvar Melosira varians Agardh

Nlan Navicula lanceolata

Nsim Navicula simplex

Namp Nitzschia amphibia

Npal Nitzschia palea

Pvir Pinnularia viridis

Sele Surirella elegans

Suln Synedra ulna
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increasing autochthonous carbon and temperature coupled with reduced flow also
contribute to oxygen depletion in riverine ecosystems (Jaiswal and Pandey 2019b;
Pandey et al. 2019). Accordingly, the variations in DO and associated shift in DOD
can be used to get insight into the human-induced alterations in biological and
chemical processes operating in river ecosystems. Studies have shown that the
riverbed sediment consumes a large amount of DO from the overlying water leading
to increased dissolved oxygen deficit at sediment-water interface (DODsw) (Jaiswal
and Pandey 2019b). Benthic hypoxia/anoxia has been reported in the Gulf of Mexico
(Rabalais et al. 2001), in the St. Lawrence River (Gilbert et al. 2005), and in the
Arabian Sea and the Bay of Bengal (McCreary et al. 2013). The DODsw affects
microhabitats (Mackenzie et al. 2000) and biogeochemical processes controlling
nutrient cycling (Diaz and Rosenberg 2008) and causes habitat fragmentation
leading to a shift in the benthic community and trophic cascade (Rabalais et al.
2001). At low DO (<2.0 mg L�1), benthic organisms start showing abnormal
behavior, and mass mortality and a shift in community structure can be observed
if the level below 0.5 mg L�1 persists for a longer time (Diaz and Rosenberg 2008).

Most of the studies conducted so far on the Ganga River consider only biological
oxygen demand (BOD) and chemical oxygen demand (COD) to describe oxygen

Fig. 10.2 The CCA bi-plot showing diatom species and environmental variables in the ordination
space of four different quadrants. (*Reprinted from Pandey et al. 2017, with permission from
Current Science)
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linkages and measure the organic pollution load and health status of the river (Tare
et al. 2003; Dwivedi et al. 2018). The sediment oxygen demand (SOD) has been
reported to share >50% of total oxygen demand (MacPherson et al. 2007) but is a
more neglected cause of increasing DOD in the Ganga River. The SOD has two
components: biological sediment oxygen demand (BSOD), which is associated with
benthic respiration and microbial decomposition of organic matter, and chemical
sediment oxygen demand (CSOD), the oxygen consumed in the oxidation of Fe, Mn,
and NH4

+ (Higashino et al. 2004). A study conducted along a 518-km-long segment
of the middle stretch of the Ganga River and downstream of two point sources
showed high SOD and DODsw and development of hypoxia/anoxia at many loca-
tions of the river (Jaiswal and Pandey 2019b). This merits attention because waste-
water treatment technologies generally address removal of BOD only. The
increasing load of other chemicals in the river is also causing a greater risk to DO
and needs proper management.

Episodic development of hypoxic/anoxic zones is considered as a signal of
critical health of an aquatic ecosystem as the DO less than 2 mg L�1 can cause
lethal to sublethal effects on benthic organisms and fish (Diaz and Rosenberg 2008).
Hypoxia/anoxia-induced ecosystem consequences include loss of biodiversity,
changes in organic matter processing and nutrient cycling, decreased resistance to
invasion and ecosystem functioning, and ultimately reduced resistance to natural and
human perturbations (Solan et al. 2004; Carstensen et al. 2014). Further, the hyp-
oxic/anoxic conditions affect secondary production which ultimately influences the
food web (Carstensen et al. 2014). These conditions lead to ~75% reduction in
burrow productions which reduces the sediment oxygenation exacerbating the
problem further (Middelburg and Levin 2009).

The benthic hypoxia/anoxia generates positive feedbacks such as sediment-P
release, sediment-metal release, and denitrification (Conley et al. 2002; Eyre and
Ferguson 2009) which result in massive alteration in nutrient and metal cycling
(Hu et al. 2001; Villnäs et al. 2012). In a study conducted in the Ganga River, we
found a high rate of sediment-P release at sites with high dissolved oxygen deficit
(Jaiswal and Pandey 2019b; Pandey et al. 2019). The phosphate bounded to iron
oxides in oxygenated sediments is released to the overlying waters when the oxides
are reduced under hypoxic/anoxic condition (Middelburg and Levin 2009). The
increased flux of P from bed sediment alleviates P limitation (Conley et al. 2002)
and propels phytoplankton production (Cardinale 2011) leading to DOD which
delays the recovery further (Jaiswal and Pandey 2019b). The oxygen deficit in the
benthic region accelerates denitrification (Eyre and Ferguson 2009). Studies have
reported severe hypoxia/anoxia at the Bay of Bengal, and it has been urged that even
a small change in oxygen level will lead to a drastic change in nitrogen balance
(Bristow et al. 2017). We have reported a high rate of denitrification downstream of
point sources and tributary confluences at sites where DOsw was below 2.0 mg L�1

(Jaiswal and Pandey 2019f; Pandey et al. 2019). The study sites with high denitri-
fication also have high concentrations of total organic carbon (TOC), nitrate, and
total nitrogen (TN) which are known to enhance the rate of denitrification (Piña-
Ochoa and Alvarez-Cobelas 2006). The organic carbon concentration affects
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denitrification as it generates electron source for denitrifying enzymes (Dodla et al.
2008). The increase in NH4

+ efflux ultimately stimulates phytoplankton growth and
in turn increases hypoxia/anoxia at sediment-water interface making the recovery of
ecosystem even more difficult (Middelburg and Levin 2009).

About 85% of metal inputs to the river deposit in the bed sediments (Zhang et al.
2016). However, the benthic hypoxic/anoxic condition leads to enhanced efflux of
metals from sediment to overlying waters (Jaiswal and Pandey 2019d). The hypoxia/
anoxia affects the redox condition of sediments and in turn provides positive
feedback to sediment-metal release (Jaiswal and Pandey 2019d). The metals in the
sediment are adsorbed onto organic carbon, iron, and manganese oxides and clay
particles (Eggleton and Thomas 2004) in different ways such as occlusion in
amorphous materials, absorption at the surface of oxy-hydroxides of Fe and Mn,
complexation with organic matter, and incorporation with sulfides (Zhang et al.
2014). A high DODsw causes reduction of nitrate and oxy-hydroxides of iron and
manganese leading to increased release of metals from riverbed sediment (Eggleton
and Thomas 2004). We found a high rate of sediment-metal release in the Ganga
River at sites associated with hypoxia/anoxia such as the locations close to drain
mouth, tributary confluences, and sites downstream of cities (Jaiswal and Pandey
2019d). Significant increase in Fe and Mn releases at DO < 2.0 mg L�1 has been
reported by Banks et al. (2012) in an incubation experiment, by Fu et al. (2014) for
Jialu River, and by Liu et al. (2019) in microcosm experiments. Banks et al. (2012)
found increased dissolved fraction of Zn, Pb, Cd, and Cu from contaminated
sediments even at very short-time hypoxic conditions. Liu et al. (2019) have reported
significant increase in bioavailability of Zn, Pb, Cd, Cu, and Cr under severe hypoxic
condition (DO, 0–2.0 mg/l). For the Ganga River, an increase in benthic metal
bioavailability has been reported at locations with DOsw < 2.0 mg L�1 (Jaiswal
and Pandey 2019d).

Enhanced release of metals at sediment-water interface has toxicological impli-
cations. Different forms of the metals show different degree of mobility, chemical
interactions, biological availability, and toxicity (Xu et al. 2017). The mobile and
bioavailable fractions of metals cause greater toxicity to aquatic organisms (Eggleton
and Thomas 2004). Thus, assessing the bioavailable fractions and the factors
affecting their concentration and release can be helpful in understanding transfor-
mations, transport, and impact of metals in the aquatic environment (Morelli and
Gasparon 2014). Various studies have shown the impact of metal toxicity on benthic
ecosystems in terms of increased mortality and biodiversity loss (Stark et al. 2004),
effect on colonization and dispersal (Stark et al. 2004), and reduced reproduction rate
and population growth (Vicente-Martorell et al. 2009). Increased fraction of bio-
available metals have been shown to cause more negative impacts on epibenthic and
pelagic invertebrates and fishes (Vicente-Martorell et al. 2009). Given that the
Ganga River is the home of a diversity of economically important fisheries (Rao
2001) and other aquatic organisms, a decrease in DO, development of hypoxic
zones, and consequent release of bioavailable metals will lead to death of these
organisms, influencing trophic cascade and the nutritional and livelihood security to
human consumers.
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10.5 Shifts in Carbon Sequestration

Although freshwater ecosystems cover relatively less geographical area (less than
4% of the Earth’s surface), they play a critical role in the global carbon cycle because
of the high rate of respiration and carbon sequestration (Cole et al. 2007). The inland
water bodies transport huge amounts of carbon from land to the ocean and perform a
major role in carbon transit. Recent studies have shown that the inland water bodies
emit the carbon in the amount close to those absorbed by organisms on Earth’s land
surface and in oceans (Raymond et al. 2013). Further, in freshwater bodies, more
carbon is buried each year than those in vast oceanic floor (Aufdenkampe et al.
2011). Global studies have shown that every year about 2.7 billion metric tons of
carbon reaches to the inland water bodies through different sources (Raymond et al.
2013). Half of this carbon is respired and returned back to the atmosphere as CO2

(Bastviken et al. 2011; Raymond et al. 2013), ~0.4 billion tons of carbon is buried in
bed sediments, and ~0.9 billion tons is exported to oceans (Aufdenkampe et al.
2011). Human interference such as land use change is dramatically affecting the
carbon cycle in freshwater bodies. Nutrient input to freshwater bodies increases the
algal blooms which absorb carbon from the atmosphere and increase the carbon
sequestration (Pacheco et al. 2013). However, on decomposition and respiration, this
carbon is released to the atmosphere and the cycle goes on (Bastviken et al. 2011;
Borges et al. 2015).

A worldwide study by Cole et al. (2007) reveals that ~87% of the lakes are CO2-
supersaturated and the average pCO2 is about three times higher than the overlying
atmosphere. Thus, due to increasing human pressure, the surface waters may become
a source rather than a sink of atmospheric CO2. Recent studies have established that
this CO2 flux from rivers and stream is enough to affect the regional C budget at
landscape scale (Raymond et al. 2013; Jaiswal et al. 2018). Amazonian rivers, for
instance, have been reported to emit CO2 more than ten times of the amount of C
exported to the ocean (Richey et al. 2002). One of the main reason of high CO2

efflux from rivers is in situ breakdown of young organic matter (Richey et al. 2002).
Recent studies have indicated that the human-impacted Ganga River is receiving an
increasingly high amount of carbon from terrestrial sources (Pandey et al. 2014a). In
an earlier study, conducted at land-water interface (LWI) of the Ganga River, we
found that the LWI is outgassing a huge amount of CO2 into the atmosphere
indicating that due to increasing human perturbations many parts of the Ganga
River are now converted into a source of CO2 (Jaiswal et al. 2018; Jaiswal and
Pandey 2019e).

The organic matter degradation and carbon cycling are controlled by microbial
extracellular enzyme (EE) activities (Sinsabaugh et al. 2009). The anthropogenic
input of carbon (allochthonous C) causes a shift in microbial community structure
and functioning, including organic matter degradation and carbon cycle. The EE
activity is influenced by human inputs such as carbon, nutrients, and heavy metals
(Pandey and Yadav 2017; Jaiswal and Pandey 2018). Carbon and nutrients act as
substrate and enhance the EE activities, while heavy metals act as toxicant and thus
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reduce the EE activities. As most of the human-impacted rivers receive a high
amount of toxicants along with carbon and nutrients (Jaiswal and Pandey 2019a),
a deviation has also been reported regarding the carbon sequestration in these rivers.
Studies have reported a reduced rate of decomposition and C mineralization even at
low concentration of metals (Nwachukwu and Pulford 2011). In a study, we found a
contrasting result regarding the carbon decomposition and sequestration along the
middle stretch of the Ganga River (Verma et al. 2019). In the sites rich in carbon and
nutrients and where metal concentrations did not exceed the toxic threshold
(ƩTHM < 360 μg g�1), an increase in CO2 emission was observed. These sites
were also reported with high EE activities as organic C enhances microbial activity.
However, at sites with high metal concentration (ƩTHM> 360 μg g�1), a significant
reduction in CO2 emission was recorded (Jaiswal and Pandey 2019e). This could be
linked with the fact that increased metal concentration negatively influences the
microbial activity and carbon degrading enzymes (β-D-glucosidase and FDAase)
leading to reduction in microbial ability to metabolize carbon sources (Jaiswal and
Pandey 2018). A high C/N ratio was also reported at these sites, further indicating
higher accumulation of C relative to release (Verma et al. 2019). Overall, our studies
with the Ganga River clearly indicate that metal pollution in eutrophic lotic systems
enhances C storage relative to flux (Jaiswal and Pandey 2019e; Verma et al. 2019).

These results indicate that the metals cause physiological constraints in carbon
breakdown and consequently enhance C accumulation. If the heavy metal concen-
tration continues to increase, as expected in future, the CO2 emission and C
degradation may not be proportionate to the amount of carbon the human-impacted
rivers are receiving. This will lead to enhanced C accumulation relative to flux in
anthropogenically impacted large rivers.

10.6 Alternative Alert Systems

10.6.1 Extracellular Enzymes

Biomonitors play an important role in identifying shifts in ecosystem structure and
functioning, recognizing the causal factors, and understanding the consequences.
Unlike terrestrial ecosystems, where most of the shifts are quantitatively detectable
(Oliver et al. 2015), scientists often face a number of limitations in identifying
specific and universal biomonitors for changes in water quality and trophic status
of riverine ecosystems (Lafont 2001). The major challenges for lotic ecosystems are
the recurrence of variable and multiple anthropogenic perturbations, climate change,
hydrological forcing, and connectivity with other domains such as watershed and
airshed, which influence the universality and specificity of a biomonitoring tool
(Pearson et al. 2016).

Studies generally use variables such as biological oxygen demand (BOD), chlo-
rophyll a biomass (Gholizadeh et al. 2016), phycocyanin (Ahn et al. 2007),
microinvertebrates (Turley et al. 2016), and diatom indices (Potapova et al. 2004;
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Rimet and Bouchez 2012) as biomonitoring tools for assessment of water quality in
different parts of world. The benthic diatoms have been established as a more stable
predictor of trophic state and human perturbations as they respond directly to
nutrient and carbon inputs (Pan et al. 1996). This merits attention because benthic
diatoms grow attached to a certain substrate and thereby are less influenced by lotic
forces of river ecosystems (Pandey et al. 2017). Wide distribution of diatoms
supports the suitability and universality of diatom indices to be an indicator of
eutrophy. However, such indices have been reported to be less suitable in geograph-
ical regions other than those where these were actually developed reducing the
universal applicability of diatom-based tools across the globe. Other biomonitoring
tools that have been generally used in the assessment of human impact on river
waters are biological measures of eutrophication such as algal growth and pigments
(Potapova et al. 2004). However, the relationships of algal community, chlorophyll
a, biomass, and nutrient concentrations are often influenced by environmental
factors such as climate, upstream basin size, river width, and flow (Pan et al.
1996) which question the applicability of these determinants in lotic ecosystems.
The suitability of animal organisms as biomonitor also is hampered by factors such
as mobility, feeding behavior, and position in trophic state (Rimet and Bouchez
2012).

The riverbed sediments, an important component of riverine ecosystems, are a
biologically active and comparatively stable zone, which plays an important role in
ecosystem functions including biogeochemical cycling, carbon metabolism and
sedimentation, secondary production, and nutrient and heavy metal removal from
the water column (Covitch et al. 2004). Because microbial community constitutes
the key component of detritus system and any change in their metabolism affects the
whole ecosystem processes including organic matter decomposition and nutrient
cycling, their functional and structural attributes provide an actual picture of the
health condition of an ecosystem. Studies have shown that enzyme activities can be
used as an index of microbiological functional diversity and combining enzyme
activities with other physical and chemical measurements can provide important
information regarding ecosystem stability (Nannipieri et al. 2002). The sediment-
based determinants such as the extracellular enzymes have been proved to be the
most suitable parameter for quantification of shift in ecosystem responses toward
alteration in organic matter (substrate) and heavy metals (inhibitors) (Sinsabaugh
et al. 2008; Jaiswal and Pandey 2018, 2019a).

The extracellular enzymes β-D-glucosidase, alkaline phosphatase, and protease
are used as indicator of C acquisition, P starvation, and N mineralization, respec-
tively (Rejsek et al. 2008; Sinsabaugh et al. 2009; Duhamel et al. 2010). Similarly
the fluorescein diacetate hydrolytic essay (FDAase) is used as an indicator of overall
microbial activities (Schnürer and Rosswall 1982). The latter involves all the three
major group of enzymes (lipases, esterases, and proteases) that mediate organic
matter decomposition (Fontvieille et al. 1992). The substrate such as carbon and
nutrients cause stimulatory effect, while toxicants such as heavy metal inhibit the
activities (Sinsabaugh et al. 2008). Our multi-year and multi-scale studies confirm
these relationships validating them for the riverbed sediment of the Ganga River
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(Yadav and Pandey 2017b; Jaiswal and Pandey 2018, 2019a) indicating that extra-
cellular enzymes can be used as an alternative alert system against increasing human
pressure.

10.6.2 Elemental Stoichiometry

Elemental stoichiometry, the mass balance of key elements (C, N, P, and Si) in an
ecosystem (Elser et al. 2009), has a central role in the theory of resource ratio
competition between alga (Makulla and Sommer 1993), consumer-driven nutrient
recycling (Elser et al. 2009), and food chain efficiency (Sterner et al. 1998). The N/P/
Si Redfield ratio (16:1:16) is essential for balanced growth of phytoplankton specif-
ically for diatoms (Turner et al. 2003). The changes in relative proportion of these
nutrients define which nutrient to limit phytoplankton growth (Elser et al. 2009). A
major factor to influence this ratio in the Ganga River is the increasing use of N and P
fertilizers to meet the demand of food of overpopulated Ganges basin. About
10 million tons of chemical fertilizers are applied in the Ganges basin, which
represent 45% of India’s total annual fertilizer consumption. These N and P fertil-
izers reach to the river through atmospheric deposition, leaching, and runoff in the
form of highly mobile NO3

� and PO4
3� ions. Unlike human-induced increases in

the concentration of N and P at global scale, the Si concentration in most cases is
either stable or declining. Hydrologic shifts in the watershed may reduce Si concen-
tration by as much as 50% (Correll et al. 2000). A shift in this ratio causes cellular
nutrient imbalances and induces a change in phytoplankton composition, biogeo-
chemical cycles, carbon sequestration, biological diversity, and trophic cascades
(Elser et al. 2009; Pandey and Yadav 2015). Therefore, the N/P/Si ratio is considered
as a sensitive indicator of aquatic health and food web structure. The absolute
concentration of nutrients and their stoichiometric ratios can be used together as a
comprehensive predictor of eutrophy across broad landscapes as represented by
large rivers.

Studies show that the disproportionate nutrient loading and management efforts
have changed the canonical N/P stoichiometric ratios in many aquatic ecosystems of
the world including India (Pandey and Yadav 2015; Pandey et al. 2016a). The
anthropogenic causations that enhance N and P input do not generally lead to a
proportionate increase in the concentration of Si in rivers. Indeed, some of the
anthropogenic activities such as river damming decrease the amount of Si reaching
to the coast. Further, low flow season induced increase in riverine primary produc-
tivity and nutrient uptake, and subsequently the sedimentation of diatoms leads to
loss of adsorbed silicate from the water column (Conley 1997). Since Si is essential
for the growth of diatoms, a deviation in the supply of Si may change the magnitude
of diatom-driven C sequestration. Studies have shown that a decrease in N/P ratio
causes a shift in the dominance in phytoplankton assemblage toward diazotrophic
cyanobacteria (Elser et al. 2000; Pandey et al. 2017). A shift in N/P ratio toward
<16:1 changes the phytoplankton community and promotes P-favored taxa.
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Similarly, the Si/N ratio below 1 leads to reducing the proportion of diatoms/
siliceous algae in the phytoplankton assemblage and consequently causes a shift in
the higher trophic levels (Gilpin et al. 2004). Further, the Si-limiting condition leads
to enhance non-diatom algal growth (Pandey et al. 2017). The excessively higher
concentration of N and P compared to Si is causing a dramatic shift in the phyto-
plankton composition, changing the pattern of community dominance toward green
or blue-green algae (Teubner and Dokulil 2002) including those in the Ganga River
as indicated also by high concentration of phycocyanin at nutrient-rich sites (Pandey
et al. 2016b). Further, as the system moves toward eutrophy, feedbacks at sediment-
water interface may increase P supply and consequently promote the growth of
P-favored harmful algal species (Pandey et al. 2017). Thus, the changing pattern of
nutrient limitation and the resulting competition for resources in phytoplankton
would decrease the proportion of less adapted algal species, increasing the share of
non-siliceous diatoms in the community and consequently decreasing the C seques-
tration and compromising the ecological assimilation capacity of the river.

The atmospheric deposition (AD) of N and P has increased tremendously in
various parts of the world (Galloway et al. 2008) and is continuing to rise in the
Ganges basin (Siddiqui et al. 2019b). Since N and P are the major component of AD,
a potential shift in AD-N/P ratio will alter N/P ratios of surface waters which would
shift phytoplankton composition. Many of the temperate European and North
American lakes have been reported to be suffering with this problem (Bergstrom
and Jansson 2006). As the Ganga River receives large but disproportionate input of
nutrients through point and nonpoint sources including atmospheric deposition, at
many locations, the river experiences shifts in N/P/Si stoichiometry and the propor-
tion of specific nutrient availability (Pandey et al. 2016b). A watershed-scale study
from Devprayag to Ganga Sagar (Pandey et al. 2016a) has reported that at polluted
sites, the ratio of N/P remained below 16:1 indicating that P is no more a limiting
nutrient in the river and concordantly the abundance of dominant diatom genera has
also changed. Diatom species such as Diatoma vulgaris, Fragilaria intermedia, and
Gomphonema parvulum were found abundantly at sites characterized by high P,
whereas species such as Cocconeis placentula, Cyclotella meneghiniana, and
Cymbella affinis were found at sites with low phosphorus concentration (Pandey
et al. 2017). The results further revealed a relatively lower proportion of Si
(Si/P < 16:1) in the Ganga River than the required ratio to meet cellular Si for
diatoms. A higher N/Si ratio shows that if this condition is continued, it will lead to
Si limitation in the long-term future (Pandey et al. 2016a).

A study of Mississippi River has shown that excessive N and P input as compared
to Si is causing severe eutrophication in the river (Turner et al. 2003). Shifts in
stoichiometric ratios affect the quantity as well as quality of primary production.
With increasing N input, an increase in the cellular N/P ratio of terrestrial and aquatic
plants has been reported (Elser et al. 2009). This change in cellular N/P ratio affects
various metabolic processes ultimately leading to a cascade of effects ranging from
shift in growth of individual organism to alteration in species composition and
community functioning (Pandey et al. 2017). A classic example of this type of
ecosystem response is the shift in population ofDaphnia (a freshwater zooplankton).
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Daphnia enjoys a P-rich lifestyle and encounters potential P deficiency when cellular
P declines (Elser et al. 2000). Thus, the population ofDaphnia, which can be used as
an indicator of P eutrophy, will decline sharply under N-rich condition. These
studies have led to conclude that the shifts in nutrient stoichiometry can be used as
an alternative response indicator of shifting ecosystem structure and functioning
driven by increasing natural and anthropogenic perturbations.

10.6.3 Diatom-TEP Linkages

Diatoms, a highly diverse group of photosynthetic protists and widely used indica-
tors of environmental shifts, are producers of transparent exopolymeric particles
(TEP). The diversity and abundance of these primary producers are affected by
absolute nutrient concentrations, stoichiometry, ionic strength, pH, light penetration,
and temperature (Potapova and Charles 2003). The abundance of diatoms is often
negatively influenced by high concentrations of nutrients because only some species
can grow in nutrient-rich condition. The species adapted to high nutrient concentra-
tions remain generally accommodative to heterogeneous habitats by dominance
transference (Pandey et al. 2017). As already mentioned, the N/P/Si ratio is the
most important factor that drives the diatoms diversity and abundance. The decrease
in N/P ratio decreases the species diversity although P-loving diatoms proliferate
rapidly (Pandey et al. 2017). Increased N/Si ratio leads to Si limitation with potential
effects on the quantity (cell number and biomass) as well as quality (composition of
biomass) of diatom assemblages (Davidson and Gurney 1999). Alterations in the
abundance of specific diatom species, assemblage, and cellular metabolic states
affect the microbial trophic transfer and population of meso-zooplankton (Miralto
et al. 1999) with overall effects on carbon export and biogeochemical cycling.

Diatoms produce acidic polysaccharides in the form of transparent exopolymeric
particles (TEP). The size of TEP ranges from >0.4 μm to <200 μm and is stained
with the Alcian blue. Diatoms with C4 photosynthetic pathway are prolific in carbon
capture and storage under excess N supply and may accumulate excessive carbon
(Riebesell et al. 2007). To maintain a normal physiological state (C/N ratio, for
instance), the excessive carbon is excreted in the form of acidic polysaccharides
which are ultimately converted into TEP. Because of their ability to form coagulates
and aggregates, the TEP play an important role in the regulation of DOC-POC pump
and carbon sequestration. Additionally, high-density particles such as heavy metals
get aggregated enhancing the density of TEP and consequent sedimentation of
nutrients, metals, and pathogens (Passow et al. 2001). The results of a recent study
(Pandey et al. 2017) reveal that to cope up with changing nutrient concentrations and
their stoichiometric ratio, the diatoms increase the production of TEP which
enhances the sedimentation and removal of turbidity and other harmful components.
This is an important mechanism responsible for high self-purification capacity of the
Ganga River (Pandey et al. 2017). The study further shows that to compensate the
reduction in TEP under excessive human pressure, the diatom tends to accommodate
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through dominance transference. The low-profile guilds representing species such as
Cocconeis placentula, Cymbella affinis, Cyclotella meneghiniana, and Synedra ulna
were found abundantly at P-poor sites, and high-profile guilds representing species
such as Diatoma vulgaris, Gomphonema parvulum, and Fragilaria intermedia were
present at P-rich sites (Pandey et al. 2017).

The excessive nutrient loading alters the diatom dominance pattern (Fig. 10.1 and
Table 10.1), and a marked skewness in diatom dominance-diversity linkages has
been observed in the Ganga River (Pandey et al. 2017). The synchrony between
skewness and altered water quality shows the ability of diatoms to cope with nutrient
stressors and disturbances. Among the TEP producers, species such as Cocconeis
placentula, Cyclotella meneghiniana, and Cymbella affinis have been reported to
flourish at nutrient-poor sites, while Aulacoseira granulata, Diatoma vulgaris,
Melosira varians, and Fragilaria intermedia show extensive growth in nutrient-
rich condition (Pandey et al. 2017; Fig. 10.2). These results indicate that the diatom
ecological guilds can be used as holistic and alternative indicators of short-term
changes or disturbances in the aquatic environment. Additionally, the dependence of
TEP on Chl a biomass and N/P stoichiometry makes it an indicator of trophic status
and nutrient pollution. Because the TEP production is maintained partly by changes
in diatom dominance-diversity linkages despite variable ecological conditions and
human perturbations, the TEP coupled diatom dominance transference can be used
as a key node to cue nutrient pollution and ecological assimilation capacity of
anthropogenically impacted large rivers.

10.6.4 Ecological Response Index

Quantitative estimation of ecosystem responses against increasing human perturba-
tions has become a growing research area in aquatic pollution control. Despite urgent
need, only few studies so far are available, providing a universal index to quantify
holistic changes in the water quality (Satyamurthy 2017). For a universal applica-
bility, an index should have intricate links with ecosystem structure and functioning
(Peterson and Stevenson 1992). Sediment-based biomonitoring tools are now being
suggested to be more accurate in designing empirical relationships to uncover the
ecosystem responses and magnitude of degradation (Turley et al. 2016; Pandey and
Yadav 2017).

For lotic ecosystems, where hydrologic forcing drives unpredictability, selecting
a suitable response variable is difficult. There is no study so far available, except
Jaiswal and Pandey (2019a), linking simultaneously the carbon-heavy metal-eco-
system responses to quantitatively predict the human-driven alterations in large
rivers (Table 10.2). The indices developed so far for the assessment of pollution
load, toxicity, and trophic status, such as enrichment factor (Buat-Menard and
Chesselet 1979), trophic state index (Carlson 1977), potential ecological risk index
(Håkanson 1980), pollution load index (Tomilson et al. 1980), pollution index
(Nemerow 1991), and geoaccumulation index (Müller 1969), consider the
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concentration of individual variable/metal pollutant at a time. These indices gener-
ally address the “status” and not the functionality of how the ecosystem is exactly
responding to human perturbations (Table 10.2). Further, the versatility of these
indices is influenced by hydrological factors, sediment load, and sensitivity of the
chosen determinants. The natural ecosystem receives a number of toxicants so the
effect should be governed by their cumulative concentration (Håkanson 1980). Also,
the organic carbon in a water body may reduce the toxic effect of metals making it

Table 10.2 Indicators/indices of eutrophy and metal pollution used in water quality assessment

Index/indicator Water body References

FDAase Ganga River Jaiswal and Pandey (2019a)

Dissolved oxygen deficit Ganga River Jaiswal and Pandey (2019b)

CO2 emission coupled extracellu-
lar enzyme activities

Ganga River Jaiswal and Pandey (2019e)

N/P/Si ratio Oceans Redfield (1958)

Diatom indices Rivers Potapova et al. (2004) and Rimet
and Bouchez (2012)

Transparent exopolymeric parti-
cles (TEP)

Ganga River Pandey et al. (2017)

Daphnia Freshwater systems Elser et al. (2000)

Phormidium uncinatum Ganga River Pandey (2013)

Microinvertebrates Rivers and streams Turley et al. (2016)

Chlorophyll a biomass Ganga River, lake Tare et al. (2003) and Pandey and
Pandey (2013)

Phycocyanin Rivers Ahn et al. (2007)

Light penetration Ganga River Pandey (2013)

Alkaline phosphatase Ganga River Pandey and Yadav (2017)

Water quality index Inland water bodies Brown et al. (1972)

Diatom dominance transference Ganga River Pandey et al. (2017)

Biological oxygen demand Ganga River Dwivedi et al. (2018)

Diatom pollution tolerance index Freshwater systems Muscio (2002)

Trophic state index Lake Carlson (1977)

Enrichment factor Tropical North Atlan-
tic Ocean

Buat-Menard and Chesselet (1979)

Potential ecological risk index Lakes and other lim-
netic systems

Håkanson (1980)

Pollution load index Estuaries Tomilson et al. (1980)

Pollution index Inland water bodies Nemerow (1991)

Geoaccumulation index Rhine River Müller (1969)

Modified pollution index Estuarine and marine
environment

Brady et al. (2015)

Contamination factor Lakes and other lim-
netic systems

Håkanson (1980)

Modified ecological risk index Brisbane River Duodu et al. (2016)

Ecological response indexa Ganga River Jaiswal and Pandey (2019a)
aFirst index that simultaneously predicts C eutrophy and metal pollution in large rivers
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difficult to establish a linear dose-response relationship under in situ condition
(Håkanson 1980). In human-impacted rivers, eutrophication and metal pollution
generally occur simultaneously. Thus, for an accurate measurement of river health,
it is important to understand how the ecosystem responds toward human
perturbations.

As a solution of this problem, Jaiswal and Pandey (2019a) developed an “eco-
logical response index (ERI)” which is able to quantitatively predict ecosystem
response to C eutrophication and metal pollution in large rivers. The index was
developed using carbon and its response determinant (fluorescein diacetate hydro-
lytic assay, FDAase) and a sum of six heavy metal concentrations in an empirical
relationship as below (Jaiswal and Pandey 2019a):

Ecological Response Index ¼ FDAase� qM
Pn

i¼1
Mið Þ

where FDAase ¼ fluorescein diacetate hydrolytic activity; qM ¼microbial quotient;
and (Mi) ¼ concentration of ith metal.

The ERI, as a quantitative predictor of eutrophy and metal pollution, was
validated using Carlson’s trophic state index (TSI) (Carlson 1977), Håkanson’s
risk index (RI) (Håkanson 1980), and Duodu’s modified ecological risk index
(MRI) (Duodu et al. 2016). Strong relationships among these indices indicated that
the ERI is highly appropriate for quantitative prediction of metal pollution and
trophic state of lotic ecosystems. Based on ERI, Jaiswal and Pandey (2019a)
concluded that the ERI between 0 and 24 represents extreme metal pollution (toxic
condition), between 25 and 38 indicates combination of eutrophy and metal pollu-
tion, 39 to 77 represents hypereutrophic condition and low metal pollution, 78 to
155 indicates eutrophic condition, and 156 to 320 represents the oligotrophic state of
the river ecosystem. The ERI can be used as an alternative ecological tool for
appropriately addressing concordant changes in ecological functioning with stronger
mechanistic linkages between the causal factor and associated responses. Besides
this, it is stable, widely applicable, and cost-effective in addressing the impact of
multiple human stressors on functional shifts in riverine ecosystems.

10.6.5 Ecosystem Feedbacks

A positive feedback in an ecosystem begins when a driving force is likely to cause a
transitional shift (Jaiswal and Pandey 2019f). Positive feedbacks are self-enhancing
and are among the most prominent signature of transitional shift where the changes
in ecosystem processes are expected to lead to development of alternative stable
states (Scheffer et al. 2001). It occurs in a feedback loop leading to enhance the
magnitude of even small perturbations. Positive feedbacks are widespread in nature
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ranging from cellular- to system-level processes and may lead to ecosystem-level
consequences if it persists for longer duration (Dai et al. 2013). These nonlinear
responses of ecosystems to environmental changes cause destabilization of nutrient
cycling and other ecosystem processes leading to delay in the recovery from
disturbances. Although various studies have emphasized the importance and rele-
vance of understanding these processes in ecosystem restoration (Scheffer et al.
2001), identification and quantification of positive feedbacks for riverine ecosystems
are very difficult.

High input of oxygen-demanding substances leads to development of hypoxic/
anoxic zones which trigger positive feedbacks in aquatic environments. The
dissolved oxygen (DO) plays the most important regulatory role in aquatic ecosys-
tem structure and functioning. The oxygen deficiency causes dramatic changes in
benthic communities and thus leads to noticeable changes on ecosystem functioning,
species richness, and abundance, ultimately leading to development of alternative
stable states. Some of the important feedbacks associated with benthic hypoxia/
anoxia include the denitrification, sediment-P release, and sediment-metal releases.
These functional shifts coupled with increased dissolved oxygen deficit (DOD) lead
the system toward alternate stable states and development of fragmented patches
with varying species composition, nutrient and metal concentrations, and shift in
trophic state and food webs (Scheffer et al. 2001; Pandey et al. 2019).

Studies conducted by Jaiswal and Pandey (2019d, 2019f) reveal a high rate of
denitrification, sediment-P release, and sediment-metal release at sites downstream
of point sources, tributary confluences, and downstream cities along the Ganga
River. These locations did show DOsw below 1.5 mg L�1 indicating that the benthic
hypoxia has generated positive feedbacks leading to the release of sediment-bound
nutrients and metals to the overlying water. The release of nutrients and metals from
the sediment accelerates eutrophication enhancing the DOD further. Also, the
ecological communities and ecosystems respond to human perturbations in different
ways. For instance, some processes are enhanced but respond smoothly and gradu-
ally to changes in environmental conditions, whereas some variables show instan-
taneous response and others may remain inert until a threshold condition is reached
at which the ecosystem responds abruptly (Scheffer et al. 2009). Studies show that
the extracellular enzymes can be used as a suitable predictor of ecosystem responses
toward carbon, nutrient, and metal enrichment (Sinsabaugh et al. 2009; Jaiswal and
Pandey 2019a). Because, the carbon and nutrients stimulate microbial activities, a
concordant increase in the enzyme activity can be used as an indicator of eutrophy.
Opposite to this, the heavy metal pollution causes toxic effects leading to a sudden
decrease in the enzyme activity even in the presence of high concentration of carbon
and nutrients (Jaiswal and Pandey 2018, 2019a). Because the carbon chelates metals
leading to a reduction in toxicity, in ecosystems with prevalence of toxicants and
stimulants, the toxic impact is reduced to a certain extent. The shifts in these
responses can be used as alternative alert systems for understanding the health and
level of deterioration of human-impacted riverine ecosystems.
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10.7 Conclusions and Suggestions

Quantitative estimation of ecosystem-level responses against increasing human
perturbations has become a growing research area in aquatic pollution control.
However, despite urgent need, only few studies so far are available providing a
universal index able to quantify holistic changes in the water quality. Studies
conducted on the Ganga River generally consider parameters bifurcating eutrophy
and metal pollution and, in most cases, without considering ecosystem-level conse-
quences. A critical analysis of available studies/data and emerging trends leads to the
following conclusions/suggestions to cue management strategies on the Ganga
River:

1. Future research needs to focus on the changing state of ecosystem functions
coupling human perturbations with ecosystem feedbacks such as denitrification,
sediment-P and sediment-metal release, and ecological assimilation capacity of
the Ganga River.

2. Because in human-impacted rivers eutrophication and metal pollution generally
occur simultaneously, multi-temporal and multi-scale data base is needed for
understanding ecosystem responses coupling eutrophy and metal pollution in the
river.

3. The wastewater treatment technologies, available so far, generally address
removal of biological oxygen demand (BOD) only. Because the increasing load
of other oxygen-demanding substances (ODS) is contributing substantially to
dissolved oxygen deficit (DOD) causing a greater pressure on overall dissolved
oxygen (DO) levels, these need proper control and management. Also, advance
metal removal technologies are needed because metal pollution in the river is
continuing to rise.

4. Because sediment-based biomonitors are relatively stable and because microbial
extracellular enzymes (EE) respond concordantly to carbon and metal enrich-
ment, the EE activities such as β-D-glucosidase and FDAase can be a good
indicator of river responses toward metal pollution and C eutrophy.

5. Shifts in nutrient stoichiometry can be used as an alternative response indicator of
shifting ecosystem structure and functioning, driven by increasing anthropogenic
perturbations. Diatom ecological guilds, rather than individual species, can be
used as a holistic indicator of short-term disturbances in the aquatic environment.
Initiatives can be taken to enhance micro-niches to increase the diversity of
diatoms, the most important water purifiers in the Ganga River. Furthermore,
because the production of transparent exopolymeric particles (TEP) is maintained
partly by changes in diatom dominance-diversity linkages, the TEP coupled
diatom dominance transference can be used as a key node to cue nutrient
pollution and ecological assimilation capacity of the river.
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Chapter 11
An Overview on Heavy Metal
Contamination of Water System
and Sustainable Approach for Remediation

Indrani Mukherjee, Umesh Kumar Singh, and Rajeev Pratap Singh

11.1 Introduction

Contamination of freshwater systems with toxic heavy metal(loid)s (HMs) is a major
global issue owing to its adverse impact on human health, dependent ecology/
aquatic habitats, and agriculture. Certain HMs such as zinc (Zn), boron (B), molyb-
denum (Mo), copper (Cu), iron (Fe), and cobalt (Co) at their lower concentrations act
as cofactors in various metabolic and other biological processes, whereas several
HMs such as arsenic (As), cadmium (Cd), chromium (Cr), lead (Pb), mercury (Hg),
and selenium (Se) are found to be nonessential and deleterious for humans, animals,
and plants, even at their trace levels (Edelstein and Ben-Hur 2018; Kim et al. 2019).
Freshwater systems can be perturbed by the HMs at varying degree from both natural
and human-induced activities. Industrial activities such as thermal power plants,
coal/mineral mines, electroplating, metal smelting, textiles, leather, e-waste
processing, and chemical industries discharge several HMs into the environment
such as soil, atmosphere, surface water courses, and eventually groundwater systems
through atmospheric deposition and leaching during subsequent groundwater
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recharge (Mukherjee et al. 2020). Inadequately treated industrial, domestic, and
agricultural wastewater contains higher concentrations of HMs, which are usually
discharged into the river water in many developing countries (Das Gupta 2008; Liu
et al. 2011, 2012; Barsova et al. 2019). Such practices contaminate the river water
and the groundwater systems of the river discharge zones. Chemical weathering of
HM(s)-containing minerals in soils, igneous, and sedimentary rocks (basalt, granite,
shales, clays, and sandstones) and abiotic redox processes can mobilize the HMs into
the environment (Caporale and Violante 2016; Edelstein and Ben-Hur 2018). HMs
can also be released from the soil layers by biogeochemical processes to the surface
water systems through soil runoff and groundwater systems through leaching and
percolation (Haferburg and Kothe 2012). Humans, animals, and aquatic habitants are
exposed to the water HMs through ingestion, dermal contact, and inhalation path-
ways which can cause several carcinogenic and noncarcinogenic diseases (Singh and
Kumar 2017; Mukherjee et al. 2019; Mukherjee and Singh 2020). Exposure to the
HMs through water may cause tremors; headaches; mental fogginess; anxiety and
depression; infertility; deteriorating eye health; memory losses; kidney dysfunction;
digestive problems; tingling sensations in the hands, feet, and/or around the mouth;
poor immune function; recurrent infections; skin diseases; infertility; or even cancers
to humans. Therefore, it is necessary to remove those contaminants in order to
produce relatively safe water. Several technologies are available for HM removal/
recovery from water which include ion exchange, adsorption, membrane filtration,
chemical precipitation, coagulation-flocculation, and electrochemical treatment.
Several researchers have explored phytoremediation for removal of the toxic HMs.
The objectives of the present chapter are to emphasize (a) the sources, mobility, and
fate of the HMs into the water systems and (b) sustainable remediation approaches of
the HMs.

11.2 Sources of Heavy Metal(loid)s in Water Systems

Heavy metal contaminations in water systems of several regions are primarily
affected by the anthropogenic activities. However, these elements may also get
released from the natural sources.

11.2.1 Natural Sources

Heavy metals (HMs) and metalloids are the naturally occurring elements in the
earth’s crust (Ahmad and Bhattacharya 2019; Barsova et al. 2019). HMs are present
in the constituent matrix of several minerals of the soils and several rocks.
HM-containing minerals undergo dissolution caused by chemical weathering due
to rock-water interaction and continually release HMs into the water systems and
other environments at various degrees and concentrations. Mining process releases
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HMs by the pounding of ore and gangue materials, which may further distribute into
the other systems of environment though chemical weathering like dissolution,
oxidation, hydrolysis, acidolysis, and alcalinolysis. Oxidation of sulfide minerals
present in the heavy metal(loid) ore deposits increases the acidity of the water
systems which further accelerates the mobility of the HMs in potentially bioavailable
forms (Cravotta 1993; Jambor et al. 2000; Revan et al. 2014; Shengo et al. 2019), as
expressed by following Eqs. (11.1, 11.2, 11.3, and 11.4):

FeS2
pyriteð Þ

þ 7
2
O2 þ H2O ! Feþ2 þ 2Hþ þ 2SO�2

4 ð11:1Þ

CuFeS
chalcopyriteð Þ

þ 4O2 ! Cuþ2 þ Feþ2 þ 2SO�2
4 ð11:2Þ

ZnS
sphaleriteð Þ

þ 2O2 ! Znþ2 þ SO�2
4 ð11:3Þ

PbS
galenað Þ

þ 2O2 ! Pbþ2 þ SO�2
4 ð11:4Þ

Clay and sediments can adsorb/desorb the HMs significantly depending upon the
phyllosilicate properties, clay minerals, available organic matters, binding energies,
and microorganisms. Sorption capacity of the clay minerals and sediments is highly
controlled by the pH values of water systems and increases with higher pH values.
Furthermore, surface coverage, ionic strength, nature of the sorbent, and residence
time also control the mobility/immobility of the HMs from the clay minerals and
sediments to the circulating water (Caporale and Violante 2016).

Arsenic occurs within the chemical structure of several minerals such as
clinoclase [Cu3(AsO4)(OH)3], adelite [CaMgAsO4(OH)], hoernesite
[Mg3(AsO4)2�8H2O], chalcophyllite [Cu18Al2(AsO4)3(SO4)3(OH)24�36H2O],
scorodite [FeAsO4�2H2O]), duftite [CuPb(AsO4)(OH)], ecdemite [Pb6As2O7Cl4],
armangite [Mn26(As18O50)(OH)4CO3], paulmooreite [Pb2As2O5], finnemanite
[Pb5(AsO3)3Cl], trippkeite [CuAs2O4], trigonite [Pb3Mn(AsO3)2(AsO2)(OH)],
lautite [CuAsS], and arsenopyrite [FeAsS] (Brown et al. 1999; Craw et al. 2003;
DeSisto et al. 2017; Walker et al. 2006). Chemical weathering of the Fe and As
sulfides releases As(III) into the water system as illustrated by Eqs. (11.5, 11.6 and
11.7), which can be further oxidized to As(V) as expressed by Eqs. (11.8 and 11.9):

FeAsS
arsenopyriteð Þ

þ 7H2O ! Feþ2 þ H3AsO3
arsenous acidð Þ

þ 11Hþ þ 11e�

þ SO�2
4 at pH ¼ 4 to 10ð Þ ð11:5Þ

FeAsO4 ∙ 2H2O
scoroditeð Þ

þ 3Hþ ! Feþ3 þ H3AsO4
arsenic acidð Þ

þ 2H2O ð11:6Þ
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FeAsO4 ∙ 2H2O
scoroditeð Þ

þ H2O ! Fe OHð Þ3 þ H2AsO
�
4

dihydrogen arsorateð Þ
þ Hþ ð11:7Þ

2H3AsO3
arsenous acidð Þ

þ O2 ! 2HAsO�2
4

hydrogen arsenateð Þ
þ 4Hþ ð11:8Þ

2H3AsO3
arsenous acidð Þ

þ O2 ! 2H2AsO
�
4

dihydrogen arsorateð Þ
þ 2Hþ ð11:9Þ

Lead can occur in several minerals such as pyromorphite [Pb5(PO4)3(Cl, OH, F)],
Pb-bearing apatites and jarosites, anglesite (PbSO4), galena (PbS), and cerussite
(PbCO3). Lead can be mobilized into the water systems from these minerals. Fe(III)
and Mn(III/IV) oxides and hydroxides are abundant in most soils which are efficient
sorbents of lead. A number of studies have demonstrated that Mn oxides in particular
are very efficient sorbents of Pb. The presence of such minerals in aquifer or soil can
adsorb the lead from the water and can control its mobility. Selenium is present in
several minerals, including molybdomenite (PbSeO3), olsacherite [Pb2(SeO4)
(SO4)], chalcomenite (CuSeO3�2H2O), sofiite [Zn2SeO3Cl2], umangite [Cu3Se2],
schmiederite [Pb2Cu

(II)
2(Se

(IV)O3)Se
(VI)O4(OH)4]), berzelianite [Cu2Se], and

hannebachite [Ca2(SeO3)2�H2O], and mobile in the aqueous systems in oxidized
forms.

In Mekong Delta region, Vietnam, reductive dissolution of sediment minerals and
release of surface-bound arsenic and phosphate from the anoxic aquifers were
reported as the principal source of dissolved arsenic in groundwater system where
lower dissolved arsenic was detected in the groundwater with higher manganese as
As is less mobile under Mn-reducing conditions (Buschmann et al. 2008). Occur-
rences of Ba, Cd, Pb, Se, and Ni at trace levels in the groundwater system of the
region have been also reported by geogenic activities (Buschmann et al. 2008).
Cobalt (Co) and Cr in surface water and groundwater systems were reported to occur
predominantly by the natural processes at Patancheru region of Medak district,
Andhra Pradesh, India (Krishna et al. 2009). Groundwater of the semiarid Birbhum
district, West Bengal, India, was also found to be contaminated by Cd, Cr, Cu, Fe,
Mn, Ni, Pb, Sr, and Zn due to geogenic sources such as with lateritic and laterite
soils, sedimentary and clay, and granitic gneiss-dominated terrains (Mukherjee et al.
2020). The concentrations of trace elements in groundwater of the granitic gneiss
region were higher through the several deep-seated faults, folds, and lineaments, but
their occurrence was higher at the sedimentary formations of the region where ion
exchange and sorption/desorption processes play important roles to control the HM
levels. Mixing of long and deep-circulating hot spring water (Bakreswar hot springs)
with the local groundwater, longer residence time of the circulating water in the
aquifer, and mixing of the meteoric fresh water with deep groundwater also attrib-
uted certain HMs to the local groundwater systems. Occurrences of Zn, Cu, Mn, Cd,
Pb, and As were also reported in the groundwater systems of Kamrup district,
Assam, India (Chakrabarty and Sarma 2011). In another study, Khdary and Gassim
(2014) reported the occurrences of Ba, Se, Cr, As, Co, Cu, Hg, Pb, and Cd in
groundwater of Mecca city, Saudi Arabia, due to geogenic sources.
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11.2.2 Anthropogenic Sources

Water systems at global scale are largely contaminated with the HMs due to
anthropogenic activities. Livestock manure, atmospheric deposition, usage of waste-
water and polluted water for irrigation, use of sewage sludge-based amendments,
HM-containing pesticides or herbicides, and phosphate-based fertilizers in the
irrigation fields contribute several HMs to the soil and irrigation land significantly
which further contaminate the water systems through runoff and leaching (Elgallal
et al. 2016; Mukherjee and Singh 2018a). Furthermore, HMs are ubiquitous in the
sludge produced from the chemical textile, tannery, distilleries, and electroplating
industries (Chowdhary et al. 2018; Kumar and Chandra 2020). Coal-fired industries
such as thermal power plants and vehicles (burning of fossil fuels) emit heavy metal-
containing particulates into the environment which ultimately accumulate on the
topsoil through atmospheric deposition during subsequent rainfall, which eventually
can contaminate the subsurface water through leaching and percolation. Groundwa-
ter contamination with HMs due to the combustion residues of the thermal power
plant and unscientific dumping has been reported by several studies (Sushil and
Batra 2006; Gaikwad et al. 2009; Mukherjee et al. 2020). Surface water bodies of the
Ranipet industrial area of Tamil Nadu, India, were found to be contaminated with
elevated Cd, Cr, Cu, Ni, Pb, and Zn due to the industrial activities such as tannery
and ceramic factories, refractory, boiler auxiliary plant, and chromium chemicals
(Srinivasa Gowd and Govil 2007). Furthermore, landfill leachate is usually enriched
with several HMs, and its inadequate management practices can contaminate the
groundwater and surface water bodies. Such incidents were reported in groundwater
of several Indian cities such as Ahmedabad, Bangalore, Chennai, Dehradun, Kol-
kata, and Delhi (Rawat et al. 2008); Nakhon Si Thammarat, Songkha, and
Phatthalung provinces of southern Thailand (Decharat 2016); near Oti landfill site
of Kumasi, southern Ghana (Boateng et al. 2019); Bulawayo, Zimbabwe (Teta and
Hikwa 2017); Vientiane, Laos (Vongdala et al. 2019); and Warsaw, Poland (Koda
et al. 2018). Occurrences of Fe, Mn, Pb, Ni, Cr, Zn, Cu, Co, and Cd in surface water
of River Nile distributaries of Dakahlia Governorate, Egypt, were reported to
originate from the steel, plastic, and battery industries (Mandour and Azab 2011).
Direct disposal of the industrial and agricultural wastes into the waterways and
massive use of pesticides and fertilizers were reported as primary sources of elevated
As and Sr in the groundwater of the Sindh and Punjab provinces of Pakistan (Ali
et al. 2019). Paint and cement industries have also been reported as the sources of Zn,
Cu, Pb, and Cd in river water (Singh and Kumar 2017; Kumar and Singh 2018).
Contamination of the surface and groundwater systems by the HMs due to mineral
and coal mining have been widely reported at different parts of the world (Liang
et al. 2011; Demková et al. 2017; Gabrielyan et al. 2018; Wei et al. 2018). The
contaminated mine tailing water can be leached to more than 10 km from its source
and might impact on the soil and water bodies of neighboring area due to leaching
process, increased permeability caused by excavation of aquifer materials, and
extensional fracturing induced by blasting (Singh et al. 2018).
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Several studies reported the occurrences and sources of different HMs in water
systems as illustrated in Table 11.1. The sources of As in water systems were mainly
geogenic and associated with natural anoxic conditions in the aquifers and subsur-
face contamination due to floodplain deposits. Furthermore, Cd, Cr, Cu, Fe, Hg, Ni,
and Pb are primarily released from agricultural and industrial activities, domestic and
tannery effluents, corrosion of coolers, water tanks, pipes and pipe coatings, waste-
water, mining, and incineration.

11.3 Toxicity of the HMs due to Their Exposures in Water

Carcinogenicity of arsenic has been reported by several studies (Smith et al. 2000;
Litter et al. 2019). Chronic exposure to arsenic through ingestion route may lead to
lung, bladder, and kidney cancers. It was estimated that about 20 � 104 to 27 � 104

deaths from cancer were associated with As exposure via drinking water in
Bangladesh (Chowdhury et al. 2016). Acute toxicity of As via drinking water
exhibits excess risks of gastrointestinal symptoms, severe disturbances of the car-
diovascular and central nervous systems, hypertension, bone marrow depression,
hemolysis, hepatomegaly, melanosis, polyneuropathy, encephalopathy and periph-
eral vascular disease with gangrenous changes (known as black foot disease),
diabetes, and reproductive and neurological effects (Fowler et al. 2007, 2015).
Furthermore, dermal exposure to arsenic in water poses an increased risk of skin
lesions such as hyperkeratosis and pigmentation changes and skin cancer (WHO
2001). Long-term exposure to Cd at higher level via ingestion may cause renal
tubular dysfunction, kidney malfunction bronchitis, anemia, skeletal damage (itai-
itai disease, which is a permutation of osteoporosis and osteomalacia), and fractures
(Järup 2003; Wu et al. 2016; Mukherjee et al. 2020). Animal and human studies
reported higher risks of cardiovascular disease (CVD) due to Cd exposure in water
(Alissa and Ferns 2011; Tellez-Plaza et al. 2013; Hudson et al. 2019). The cancer
risks associated with Cd in drinking water is relatively insignificant compared to its
occupational exposure on humans (WHO 2010; Nordberg et al. 2018). The oral
exposure of Cr can affect the gastrointestinal, immune, kidney, and liver systems
(Saha et al. 2011). The exposure may also induce hematological effects such as
decreasing total red blood cell count and mean corpuscular hemoglobin (MCH) and
microcytic anemia to the vulnerable populations (Mohammed et al. 2011; Ray
2016). Dermal exposure of Cr causes skin ulcers, increased skin sensitivity, and
dermatitis. The exposure of Pb may cause damages to the central and peripheral
nervous systems resulting in anxiety, depression, and increased aggression; gastro-
intestinal and urinary tracks resulting in bloody urine; dysfunctions in the cardio-
vascular, reproductive, and endocrine systems and kidneys and joints; or even
neurological disorder and brain damage to the vulnerable populations (Mohammed
et al. 2011; Wang et al. 2017). Development (stunted growth), behavioral (such as
inattentiveness, hyperactivity, and irritability), and emotional problems can also be
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Table 11.1 Heavy metal(loid) concentration in water systems and sources at different parts of the
globe

S. no. Location Water system Source(s)
Concentrations
(μg/L)

Reference
(s)

1 Cairo and Giza,
Egypt

Harvested
rainwater

Air pollution
caused by indus-
trial activities

Al: 3.95–4.95
Cr: 0.23–0.96
Mn: 0.16–0.27
Ni: 0.60–0.63
Cu: 0.74–3.52
Zn: 15.1–39.2
As: 0.23–0.71
Cd: 0.05–0.06
Hg: 0.02–0.15
Pb: 0.03–0.04

Saleh et al.
(2001)

2 Northern Greece Surface
water/drink-
ing water

Heavy metal
activities
Soil leaching
Industrial efflu-
ents
Domestic waste-
waters
Agricultural run-
off
Animal
husbandry

Cu: 2.0–7.0
Cr: 1.0–18.0
Ni: 2.0–12.0
Mn: 45.0–
291.0
Fe: 113.0–
833.0
Pb: 1.0–16.0
Zn: 20.0–157.0
Cd: 0.1–0.6
Ag: 1.0–3.0

Simeonov
et al. (2003)

3 Southern Viet-
nam and neigh-
boring
Cambodia

Groundwater/
drinking
water

Geogenic activi-
ties and caused by
natural anoxic
conditions in the
aquifers

Cd: BDL–5.0
Co: BDL–44.0
Cr: BDL–10.0
Cu: 0.1–480.0
Ni: 0.1–53.0
Se: BDL–64.0
Fe: BDL–56.0
Mn: BDL–34.0

Buschmann
et al. (2008)

4 Adyar River,
South India

Domestic and
industrial sewage
Surface water
Urban runoff
Atmospheric
depositions
Weathering of
rocks

Cu: 11.0–98.0
Co: 2.0–74.0
Zn: 5.0-250.0
Fe: 65.0–
4618.0
Pb: 8.0–618.0
Cr: 12.0–650.0

Venugopal
et al. (2008)

5 Meghna flood-
plain aquifer,
southeastern
Bangladesh

Groundwater Microbial oxida-
tion of organic
matter
Reductive disso-
lution of Fe and
Mn oxyhydroxide
Natural geochem-
ical processes
Agricultural
activity

Al: BDL–104.0
As: 2.0–585.0
Ba: BDL–
354.0
B: 51.0–465.0
Co: BDL–1.0
Cr: BDL–12.0
Cu: BDL–11.0
Fe: 590.0–
13100.0

Zahid et al.
(2008)

(continued)
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Table 11.1 (continued)

S. no. Location Water system Source(s)
Concentrations
(μg/L)

Reference
(s)

Mn: 19.0–
1060.0
Mo: 0.5–1.8
Ni: BDL–33.0
Pb: BDL–11.0
Zn: 27.0–
1379.0

6 Sirajdikhan
Upazila,
Munshiganj dis-
trict,
Bangladesh

Groundwater Fe-Mn
oxyhydroxides
with microbially
mediated degra-
dation of organic
matter
Weathering of
sulfide minerals
like arsenopyrite

As: 6.0–461.0
Fe: 570.0–
5725.0
Mn: 51.0–
1125.0

Halim et al.
(2009)

7 Amik plain,
Hatay, southern
Turkey

Groundwater Geogenic and
agricultural
activities

Cd: 3.30–19.40
Co: 8.10–21.10
Cr: 2.70–
353.60
Cu: 1.10–54.90
Fe: 0.50–
657.10
Mn: 14.4–
1026.1
Ni: 3.50–
161.80
Zn: BDL–
193.90

Ağca et al.
(2014)

8 Southern Hunan
province, China

Groundwater Airborne volatile
particulates
Mineral
processing
Mining activities
Wastewater of
smelters
Leakage of tail-
ings and waste
residues
Natural geologic
sources

Pb: 17.0–365.0
Zn: 12.0–
4170.0
As: BDL–36.0
Cd: BDL–21.0
Cr: BDL–4.0
Cu: BDL–25.0

Gong et al.
(2014)

9 Al Hasa Oasis,
Saudi Arabia

Groundwater Phosphate fertil-
izer
Wastewater
mixing
Industrial and
domestic
activities

Mn: 63.0–
151.0
Fe: 101.0–
145.0
Cu: 11.0–17.0
Zn: 10.0–18.0

Assubaie
(2015)

(continued)
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Table 11.1 (continued)

S. no. Location Water system Source(s)
Concentrations
(μg/L)

Reference
(s)

Cd: 9.0–13.0
Pb: 5.0–8.0

10 Faridpur district,
central
Bangladesh

Groundwater Rock-water inter-
action
Surface runoff
Agriculture
fertilizers

As: 8.00–
1460.0
Fe: 52.0–
19600.0
Mn: 0.04–4.23
Ni: 1.10–18.80
Pb: 0.02–28.60
Zn: 2.0–58.0

Bodrud-
Doza et al.
(2016)

11 Langmaoshan,
Wohushan,
Jinxiuchuan,
Queshan, and
Yuqing reser-
voirs, northern
China

Surface water Atmospheric sed-
imentation
Coal burning
Domestic dis-
charge
Agricultural
activities

As: 0.10–5.40
Hg: 0.02–0.50
Cd: 0.30–0.60
Cr: 2.00–34.00
Se: 0.10–0.90
Pb: 0.50–2.50

Hou et al.
(2016)

12 Nile River,
Egypt

Surface water Agricultural run-
off
Industrial and
municipal wastes

Fe: 199.0–
2211.0
Mn: 30.0–
298.0
Zn: 10.0–115.0
Ni: 1.0–33.10
Cu: 10.0–50.5
Pb: 5.0–51.40
Cd: 0.20–7.90

Abdel-Satar
et al. (2017)

13 Aksu River and
tributaries,
Antalya basin,
southwest
Turkey

Surface water Water-rock inter-
action
Wastewater dis-
charge from the
leather industry
and marble facto-
ries
Domestic waste-
water
Agricultural
runoff

Pb: 1.0–3.4
Cr: 1.0–19.2
Mn: 2.0–143.8

Şener et al.
(2017)

14 Huaihe River,
Anhui, China

Surface water Anthropogenic
activities and
industrial wastes
Coal combustion
Vehicle exhaust
Agrochemicals
Weathered rocks
and crustal
materials

Cu: 1.07–
315.11
Pb: 3.25–
1165.42
Zn: 1.36–
183529.44
Ni: 2.01–
199.08
Co: 2.00–
170.92
Cr: 1.13–

Wang et al.
(2017)

(continued)
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Table 11.1 (continued)

S. no. Location Water system Source(s)
Concentrations
(μg/L)

Reference
(s)

187.91
Cd: 4.69–
300.02
B: 1.77–840.93
Mn: 0.03–
224.51
Fe: 19.17–
3903.02
Al: 1.53–
9965.87
Ba: 14.84–
455.87
Mg: 271.84–
35273.45

15 Ain Azel plain,
Algeria

Groundwater Polymetallic
mines
Agricultural
activities
Rock-water
interaction

Al: 10–90
Cd: 9–165
Cu: 56–430
Fe: 55–499
Pb: 17–292
Zn: 45–276

Belkhiri
et al. (2017)

16 Kalpakkam,
Tamil Nadu,
India

Groundwater Seawater intru-
sion
Corrosion of pip-
ings and fittings
Dissolution of
minerals
Agricultural
sources

Fe: BDL–89.9
Cu: BDL–11.4
Ni: BDL–16.6
Zn: 1.8–245.6
Mn: BDL–
587.3

Samantara
et al. (2017)

17 Northern part of
Vojvodina,
northern Serbia

Groundwater Landfill leachate Fe: 50.0–740.0
Mn: 13.25–
181.0
Zn: 9.7–332.0
Cr: 0.31–1.40
Cu: 0.31–5.66
Pb: 10.60–133
As: 0.97–87.60

Krčmar
et al. (2018)

18 Muledane area
of Vhembe dis-
trict, Limpopo
province,
South Africa

Groundwater Agricultural run-
off
Atmospheric
deposition
Agricultural and
domestic sewage

Cr: 5.0–150.0
Fe: 150.0–
1860.0
Mn: 10.0–
1220.0
Cu: 10.0–410.0
Pb: 2.0–26.0

Edokpayi
et al. (2018)

19 Qareh-Ziaeddin
plain, Iran

Groundwater Absorption and
release by clays
Weathering of
volcanic forma-
tions

Fe: 18.3–191.0
Pb: 0.5–13.0
Cd: 2.0–4.7
Zn: 9.0–160.0
Mn: 2.9–14.6

Esmaeili
et al. (2018)

(continued)
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Table 11.1 (continued)

S. no. Location Water system Source(s)
Concentrations
(μg/L)

Reference
(s)

Agricultural
sources

Cr: 5.8–26.4
Al: 61.0–26.0
As: 32–2

20 Subarnarekha
River basin,
India

Groundwater Mining activities
Discharge of
industrial and
domestic effluents

Fe: 118.37–
3721.28
Mn: 3.96–
1691.03
As: 0.04–59.92
Zn: 9.22–
12966.36
Cu: 0.28–15.43
Cr: 0.37–6.72
Ni: 2.9–20.43
Se: 0.02–2.99
Al: 4.54–
686.39
Ba: 4.06–263.2

Chaturvedi
et al. (2018,
2019)

21 Ije-ododo,
Lagos state,
Nigeria

Groundwater
and surface
water

Oil spill
Natural geochem-
ical sources

Cr: 3.0–170.0
Cd: 1.0–130.0
Pb: 1.0–180.0
Zn: 10.0–2650
Cu: 10.0–670.0
Mn: 50.0–
350.0
Ni: 10.0–2850
V: 20.0–910.0

Ogunlaja
et al. (2019)

22 Neyshabur
plain, Ravazi
Khorasan prov-
ince, Iran

Drinking
water

Storm runoff and
metal disposal
Infiltration of
water and leach-
ates from landfill
and dumpsites
Dissolution of
iron minerals due
to nitrate leaching
in groundwater,
oxidation, and a
decrease in pH
Chromite mines
and bedrocks
hosting chromite
deposits

Cr: BDL–20.0
As: BDL–9.86
Pb: 1.0–12.0
Zn: BDL–
11.38
Cu: 1.15–53.81
Fe: 1.09–29.70

Saleh et al.
(2019)

23 Bazman basin,
southeastern
Iran

Groundwater Chemical
weathering of
parent materials
and ion exchange
Arsenical pesti-
cides

As: 1.9–74.60
Ba: 7.0–103.0
Cr: 5.0–17.0
Cu: 0.05–2.8
Fe: 5.0–50.0
Mn: 0.025–20

Rezaei et al.
(2019)

(continued)
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observed in the exposed infant and children population along with reduced IQ level
due to Pb exposure (Evens et al. 2015; Reuben et al. 2017).

11.4 Remediation of the HMs in Water Systems

Safe water is a global concern for better public health, environment, and healthy
ecosystems as threatened by the several geogenic sources and man-made activities
(Mukherjee and Singh 2018b). Avoiding release of the poorly treated effluent and
sewage sludge into the river bodies or environment can considerably decrease the
HM contamination of the surface and groundwater systems. Similarly, scientific
waste management practices with leachate collection technique can reduce the HM
pollution to the surrounding water environments. Adequate management of the

Table 11.1 (continued)

S. no. Location Water system Source(s)
Concentrations
(μg/L)

Reference
(s)

Wastewater efflu-
ents, irrigation
Fertilizer applica-
tion
Groundwater
abstraction

Ni: 0.60–32.3
Se: 0.25–15.7
Zn: 0.25–11.3

24 Emilio Portes
Gil, Ocoyucan,
Puebla, Mexico

Well water Geogenic sources Al: BDL–156.0
Fe: BDL–9.0
Zn: BDL–
111.0
Ni: BDL–89.0
Pb: BDL–56.0
Cr: BDL–11.0
Cu: BDL–89.0

Castresana
et al. (2019)

25 Semiarid region
of Birbhum dis-
trict, East India

Groundwater/
drinking
water

Weathering sedi-
mentary rocks
Adsorption/
desorption of
HMs at clay layer
Extensive agricul-
tural activities
Leaching of HMs
from the laterite
and lateritic soil
layers
Combustion resi-
dues of the ther-
mal power plant
Weathering of
minerals.

Cd: BDL–64.0
Cr: BDL–
1500.0
Cu: BDL–
394.0
Mn: 5.0–
1352.0
Ni: BDL–156.0
Pb: BDL–580.0
Zn: BDL–
3249.0
Fe: BDL–
4665.0
Sr: 25–1538.0

Mukherjee
et al. (2020)

BDL below detection limit
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residual combustion and avoiding unscientific bottom fly ash dumping at the thermal
power plant sites could result in less water pollution with HMs. Furthermore, air
quality management could result in less particulate deposition on the soil and reduce
the contamination of the water systems. However, these are basically source reduc-
tion approaches, and several countries, especially the developing countries, are
facing challenges to adopt proper management practices of the wastes/emissions
caused by these sectors. Therefore, it is necessary to remove the HMs from water
using removal techniques. HMs in water can be mitigated from water through
several physical, chemical, biological, and ecological approaches. Among the HM
treatment methods such as chemical precipitation, physical separation, ion exchange,
membrane filtration, membrane distillation, and hybrid methods, adsorption-based
methods are economic and extensively used.

11.4.1 Membrane Processes

Membrane processes are dependent on hydrostatic pressure which is used to remove
suspended particles and high molecular weight solutes and allow water and low
molecular weight solutes to pass through. Retention of pollutants is determined by
membrane materials, membrane characteristics (such as pore size, surface charge,
and hydrophobicity), specific micropollutant characteristics, and membrane fouling.
Montmorillonite, kaolin, tobermorite, magnetite, silica gel, and alumina-based
nanofilter membrane can remove up to 97% of Cd(II); chitosan-coated magnetic
nanoparticles modified with α-ketoglutaric acid can remove 99.9% Cu(II); poly-
meric cation exchanger containing nano-Zr(HPO3-S)2 can remove up to 84% of Pb
(II); acid-modified carbon can remove up to 93% of As(V); and polonite can remove
up to 98% of Mn(II) (Khulbe and Matsuura 2018). Forward osmosis (FO) uses a
semipermeable membrane and a highly concentrated draw solution (relative to that
of the feed solution) to filter dissolved contaminants from the water. Osmotic
pressure gradient is used as driving force for this separation. The draw solution
induces a net flow of water through the membrane into the draw solution, thus
effectively separating the water from its solutes. Reverse osmosis (RO) uses a high
hydraulic pressure which is applied on the treating water, and a high-pressure-
resistant membrane is used to filter the dissolved solutes. RO has a greater efficiency
as it can remove particles as small as 10 Å (angstroms) and colloidal particles.
Khulbe and Matsuura (2018) have proposed a FO process consisting of a thin-film
composite (TFC) FO membrane made from interfacial polymerization on a macro
void-free polyimide support and a novel bulky hydro-acid complex Na4[Co
(C6H4O7)2].2H2O (Na–Co–CA) which can remove Cr, As, Pb, Cd, Cu, and Hg
from water. Moradi et al. (2020) analyzed the HM removal using the PES/B-Cur
membranes prepared by integrating boehmite nanoparticles functionalized with
curcumin (B-Cur) into PES membrane and observed an increased removal capabil-
ity. The membrane showed the maximum adsorption capacity of 35.01 mg/g for Pb,
32.20 mg/g for Ni, 31.12 mg/g for Cu, 29.08 mg/g for Fe, 27.08 mg/g for Zn, and

11 An Overview on Heavy Metal Contamination of Water System and Sustainable. . . 267



25.32 mg/g for Mn. In another study, Zareei and Hosseini (2019) reported an
increased performance of polyethersulfone-based nanofiltration membranes that
were prepared by composite CoFe2O4/CuO nanoparticles for Ni, Pb, and Cu
removal.

11.4.2 Nanotechnology

Nanoparticles (NPs), nanomaterials (NMs), or nano-adsorbents (NAs) including
nanofilms, nanowires, quantum dots, nanotubes, and various colloids are now
gaining popularity in in situ and ex situ HM water treatment. HMs can be removed
by adopting nanotechnologies where nanoscale biosensors detect the HMs in surface
and groundwater and accelerate the efficiency of the chemical and photocatalytic
processes. NMs such as nanomembranes, nanocatalysts, nanoscale metal oxides,
graphenes, carbon nanotubes, nanobiological processes and iron oxides (FeO,
Fe2O3, and Fe3O4), aluminum oxide (Al2O3), titanium dioxide (TiO2), and silicon
dioxide (SiO2) are used to remediate the HMs from contaminated water systems.
Several NAs such as clay materials, activated carbon, metal oxides, nano-titanates,
silica, magnetic iron oxide nanoparticles (MNPs), and alginate biopolymer have also
been employed to eliminate the HMs toxicity (Kumar et al. 2019).
Nanomaterial-induced phytoremediation techniques have also been studied to
decontaminate the water systems where co-uptake of the NMs and the HMs occur
by the particular plants and NMs enhance the accumulation capability of the plants
by enhancing the cell wall permeability, regulating the transporter gene expression,
and co-transportation. For example, graphene oxide NM can enhance the As uptake
capability of Triticum aestivum (Hu et al. 2014), and TiO2NPs can improve the Cd
uptake capability of Glycine max (Singh and Lee 2016). A recent experiment by
Arshad et al. (2019) reported that 1 gram of polyethylenimine-modified graphene
oxide hydrogel composite (functionalized GOCA) can remove up to 602 mg of Pb,
374 mg of Hg, and 181 mg of Cd from wastewater at 25 �C. Li et al. (2015) reported
maximum adsorption capacity of chitosan/sulfhydryl-functionalized graphene oxide
composites for Pb, Cd, Cu, and Mn as 568.18 mg/g, 253.81 mg/g, 68.68 mg/g, and
18.29 mg/g. Amino siloxane oligomer-modified graphene oxide composite also
exhibited the maximum adsorption capacity of 310.63 mg/g for U and 243.90 mg/
g for Eu in aqueous solution (Zhao et al. 2017). In another study Najafi et al. (2012)
reported the maximum adsorption capacity of amino-functionalized silica
nanohollow sphere (NH2-SNHS) as 96.79 mg/g for Pb, 40.73 mg/g for Cd, and
31.29 mg/g for Ni.
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11.4.3 Phytoremediation

Phytoremediation has also been identified as one of the economic and effective
techniques to remove/degrade the toxic HMs from water systems, and several
invasive plants have been used for this purpose. Hyperaccumulators or
hyperaccumulating plants can accumulate higher quantities of HMs in their above-
ground tissues and are not sensitive to the HM toxicity and, therefore, used
phytoremediation to treat contaminated water bodies. Water hyacinth (Eichhornia
crassipes) is the commonly tested plant for phytoremediation to uptake several HMs
from water bodies (Schneider et al. 1995). In a study, Goswami and Das (2018)
reported 55–57% of Cu removal from the contaminated water by this plant. In a
laboratory study conducted by Odjegba and Fasidi (2007), they observed the
effective removal of Ag, Cd, Cr, Cu, Hg, Ni, Pb, and Zn from the contaminated
water using water hyacinth. Alshaal et al. (2013) reported removal of Cd and Zn
from water using giant reed (Arundo donax). Bulrush (Typha latifolia) was also
reported to remove Fe, Mn, As, Au, Cu, Hg, and Zn from water (Newete et al. 2016).
Pb from water can also be effectively removed by the water spinach (Ipomoea
aquatica) plant (Bedabati Chanu and Gupta 2016), and Co can be removed by the
Canadian pondweed (Elodea canadensis) plant (Mosoarca et al. 2018). Furthermore,
frogbit (Hydrocharis morsus-ranae) can uptake and accumulate Co, Cu, Hg, K, Mn,
and Ni from water (Polechońska and Samecka-Cymerman 2016).

11.4.4 Microbe-Assisted Bioremediation

Microbe-assisted bioremediation techniques are also adopted to reduce, degrade, or
detoxify the toxic HMs from the contaminated water using different bacteria, fungi,
and algae. Certain bacterial species are tolerant to HMs, and their cells can grow
even at higher concentration of the toxic HMs. Such bacterial cells can uptake heavy
metals by both ATP-dependent and ATP-independent processes and accumulate the
HMs on cell wall, intra- as well as extracellular entrapment or through formation of
complexes and redox reactions (Ahemad 2012). It has been reported that HM
accumulation capability of the gram-positive bacteria is comparatively higher than
the gram-negative bacteria (Rani and Goel 2009). Staphylococcus aureus and
Escherichia coli bacteria can reduce As(V) to As(III) (Rosen 2002). Cyanobacteria
can be used to remove cadmium from wastewater as it is tolerant to cadmium toxicity
(Xu et al. 2018). Furthermore, Pseudomonas (Pepi et al. 2011), Escherichia coli
(Bae et al. 2001; Deng and Wilson 2001; de Luca Rebello et al. 2013; LaVoie and
Summers 2018), and Staphylococcus aureus (Monecke et al. 2016) are resistant to
mercury and can be used to remove mercury from wastewater. Moreover, Pseudo-
monas stutzeri bacteria can also remove mercury from water systems. In a study,
Zheng et al. (2018) reported that the marine bacterium Pseudomonas stutzeri 273 is
resistant to 50 μM Hg+2 and removed ~94% Hg+2 from culture. Escherichia coli
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(Stoppel et al. 1995; Chen et al. 2009; Mengoni et al. 2010; Gallo et al. 2018) and
Klebsiella oxytoca (Mulrooney and Hausinger 2003; Freeman et al. 2005) can
uptake nickel from contaminated water systems. Several bacteria such as Bacillus
subtilis, Bacillus cereus, Bacillus licheniformis, Bacillus subtilis, Thiobacillus
thiooxidans, Geobacillus thermodenitrificans, Geobacillus themocatenulatus,
Staphylococcus sp., Enterobacter sp., Enterobacter cloacae, Pseudomonas sp.,
Pseudomonas aeruginosa, Pseudomonas putida, and Staphylococcus saprophyticus
are resistant to Cu and can be used for Cu-contaminated water treatment (Nanda
et al. 2019).

Certain HMs from water can also be removed using electrocoagulation,
photocatalysts, clays/layered double hydroxides (LDHs), ion exchange, and acti-
vated carbons. However, their performance is dependent on several factors such as
pH and the presence of other ions in the treating water.

11.5 Conclusions

Occurrence of the toxic heavy metal(loid)s in water system is a threat to the public
health, aquatic living organism, and dependent ecosystems. The water systems can
be contaminated with the HMs due to geogenic processes, such as weathering of
HM-containing minerals, sorption/desorption processes, and ion exchange process,
and anthropogenic activities such as agricultural runoff, contaminated soil runoff,
atmospheric deposition, release of the poorly treated industrial effluents, etc. Such
contamination may cause several adverse effects to human health and other living
organisms. Therefore, sustainable remediation methods need to be adopted to
overcome the HM toxicity. Apart from adsorbent-based removal methods,
phytoremediation and microbe-assisted bioremediation techniques are also effective,
environment friendly, and economic. However, ion exchange, adsorption, mem-
brane filtration, chemical precipitation, coagulation-flocculation, and electrochemi-
cal treatment methods can also be applied to treat the contaminated water up to a
certain level.
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Chapter 12
An Overview of Sustainability of Textile
Wastewater Management in Textile Sectors

Punyasloka Pattnaik and G. S. Dangayach

12.1 Introduction

In India, the textile sector is one of the oldest sectors for revenue generation as well
as one of the most significant service providers. Most of the ancillary organizations
are directly or indirectly dependent on this sector in the form of raw materials or
semi-finished products, starting from the fashion industry to aerospace manufactur-
ing organizations. Hence, the textile sector is the only sector where the production
rate is quite higher as compared with other leading sectors (annual report on Ministry
of Textiles 2017). Due to the availability of a sufficient quantity of raw materials and
higher consumption rate, the production rate has grown significantly in the last few
decades (Cohn 2000). With the increase in the production rate of textile products all
over the world, the textile effluents also proportionally increased, which directly
affect the soil, air, as well as water (Khan and Malik 2014). Nowadays, dyes are
seriously being used for the development of textile products through different
treatment techniques (Siddique et al. 2017). These chemicals are discharged to
drain water, rivers, and dumping yards or, most of the time, evaporated to the
open environment. These chemicals seriously affect human beings because of their
toxic nature. Therefore, a sustainable waste management system is needed to
improve the performance output of the sector. This may be brought through tech-
nology advancement, which in turn would reduce waste textile effluent generation
during the fabrication of textile products. Hence, in the present day, it is a challeng-
ing task for the policymakers, who need to define the waste collection procedure as
well as its uses in some other applications, simultaneously preparing a stringent
regulatory document to help the textile manufacturers (Fischedick et al. 2014).
Corsten et al. (2013) discussed sustainable solid waste management for municipality
solid waste on how to improve energy uses, reuse products and materials, and reduce

P. Pattnaik (*) · G. S. Dangayach
Department of Management Studies, MNIT Jaipur, Jaipur, Rajasthan, India

© Springer Nature Singapore Pte Ltd. 2021
A. Singh et al. (eds.), Water Pollution and Management Practices,
https://doi.org/10.1007/978-981-15-8358-2_12

279

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-8358-2_12&domain=pdf
https://doi.org/10.1007/978-981-15-8358-2_12#DOI


greenhouse emission in the Netherlands and, finally, recommended integrated waste
management policies to improve high-quality recycling methodology.

12.2 Literature Review on Sustainable Development
of Management System

The literature review on sustainable development of the management system is
mainly focused on the current waste management scenario across different countries,
assessment of present technologies and strategic innovations, decision-making
approaches in STWWM, feasible approaches for sustainable recycling and utiliza-
tion of solid wastes, sustainable consumption impact in textile sectors, innovation
activities in textile wastewater management, operational capabilities for service in
textile wastewater sectors, relationship between eco-innovations and the impact on
business performance, identifying the role of MCDM approach, and nanotechnology
applicability in industrial wastewater treatment, respectively. The major detailed
criteria along with sub-criteria are tabulated in Table 12.1 for further development of
the conceptual framework.

12.3 Conceptual Framework and Hypotheses

The proposed conceptual framework of sustainable development of the management
system is to achieve sustainability in the textile sectors as shown in Fig. 12.1. In the
subsequent stages, a hypothesis is developed that shows a better relationship among
SDMS practices and output performances.

12.3.1 Current Waste Management Scenario Across
Different Countries

In the last few decades, waste management scenarios across different countries
played a significant role in improving the performance of the textile sector as well
as the development of new technology to reduce the wastes obtained from the textile
sectors, as the textile sector is one of the oldest sectors that support the improvement
of economic condition in a country as well as create job opportunity, which balances
the national economic growth. For most of the environment-related issues, specifi-
cally the sectors generating huge quantities of solid wastes, life cycle assessment
(LCA) is the only potential tool to identify the real cause. Parkes et al. (2015) studied
the life cycle assessment of ten integrated textile waste management systems to
evaluate the effect of the emissions of municipal wastes during the treatment process.
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Table 12.1 Categorization of sustainability of textile wastewater management system

Sl.
no. Major criteria Sub-criteria References

1. Current waste manage-
ment scenario across
different countries

Integrated waste management
systems are considered for
each legacy scenario

Corsten et al. (2013)

Energy-from-waste plant Corsten et al. (2013) and
Yılmaz and Abdulvahitoğlu
(2019)

Advanced thermal treatment
process

Maqhuzu et al. (2019)

Policymakers with crucial
information required for the
long-term planning of waste
management solutions

Corsten et al. (2013),
Horodytska et al. (2018),
Heggelund et al. (2016), and
Fuldauer et al. (2019)

Implementation of modeling
approaches instead of analyti-
cal techniques

Parkes et al. 2015 and Xiong
et al. (2019)

Estimation of the region-
specific waste management of
individual waste material
fractions

Hossain et al. (2017), Landi
et al. (2018), and Wigger
et al. (2015)

2. Assessment of present
technologies and strate-
gic innovations

Use of renewable energy
technologies, development of
pollution prevention systems,
organic agriculture

Zhao and Lin (2019)

Creation of green investment
of funds and carbon emission
technologies

Vajnhandl and Valh (2014)

Development of innovative
technologies to solve the
environmental and social
impacts of the textile industry

Tseng et al. (2019) and
Prajogo (2016)

Companies should adopt a
comprehensive approach to
the development and imple-
mentation of eco-innovation
programs

de Oliveira Brasil et al.
(2016)

3. Policymaking
approaches in STWWM

Analyzing the existing global
emission of greenhouse gas
evaluation indicators and
developing new criteria and
strategies to complement the
connotation of the corporate
management

Zhu et al. (2018) and Aydiner
et al. (2016)

Proving effectiveness of the
system by assessing the rela-
tionship between existing
performance

Shiwanthi et al. (2018) and
Yukseler et al. (2017)

(continued)
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Table 12.1 (continued)

Sl.
no. Major criteria Sub-criteria References

Methods for quantifying and
identifying microplastics

Henry et al. (2019)

Measurement and sampling
protocols

Shiwanthi et al. (2018)

4. Feasible approaches for
sustainable recycling
and utilization of solid
wastes

Sustainable water use in
chemical, paper, textile, and
food industry

Harijani et al. (2017)

Possible waste stream separa-
tion and segregation concepts
to increase wastewater treat-
ability and reuse options

Zhang et al. (2019)

Verifying applicability of
small-scale tailor-made treat-
ment technologies and their
combinations

Kroll and Hoyer (2019) and
Wang et al. (2019)

Guidelines proposed within
this project were validated
through numerous laboratory
scales

Das et al. (2019) and
Ferronato et al. (2019)

5. Sustainable consump-
tion impact in textile
sectors

Product choice Niinimäki and Hassi (2011)

Financial problems Desore and Narula (2018)

Product quality Austgulen (2016) and Kang
et al. (2013)

Product benefits Stål and Jansson (2017)

6. Innovation activities in
textile wastewater
management

Product and service
innovations

Vlyssides et al. (2000) and
Cinperi et al. (2019)

Management innovations Bilińska et al. (2017) and Ye
et al. (2020)

Marketing innovations Hubadillah et al. (2020)

7. Operational capabilities
for service in textile
wastewater sectors

Service innovation
competitiveness

Liu et al. (2020)

Application of innovative
knowledge

Wu et al. (2019)

Number of new products/ser-
vices applications

Pan et al. (2019)

Self-generated innovative
products/services

Ndubisi et al. (2019)

8. Relationship between
eco-innovations and the
impact on business
performance

Adopt a comprehensive
approach to the development
and implementation

de Oliveira Brasil et al.
(2016)

Socio-technical systems Cheng et al. (2014)

Culture and the organization
management designs

Bossle et al. (2016) and
Przychodzen and
Przychodzen (2015)

Social and technological
aspects

Hojnik and Ruzzier (2016)

(continued)
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They concluded that with the implementation of advanced technology, the rate of
emission becomes reduced that directly affects the global warming potential.
Hossain et al. (2017) also concluded that both off-site sorting and direct landfilling
had shown a significant impact on the environment. Similarly, Landi et al. (2018)
discussed the LCA technique to measure the reusing of textile fibers that directly
benefit the environment. They maturely studied the textile material characterization
in order to determine the technical feasibility to obtain a clean and compact fiber for
further reuse instead of landfilling of the fiber. Horodytska et al. (2018) discussed

Table 12.1 (continued)

Sl.
no. Major criteria Sub-criteria References

9. Identifying the role of
MCDM approach

Elimination or reduction of
barriers to the growth of textile
sector

Aragonés-Beltrán et al.
(2009)

Challenges to sustainable
development in the textile and
apparel sector

Ozturk and Cinperi (2018)

Barriers to the sustainable
development

Çelikbilek and Tüysüz (2016)

Identifying the cause-effect
relationship among the evalu-
ation criteria

Cebeci (2009)

Business development needs Nayagam et al. (2011)

Lack of support from indus-
trial bodies and work
associations

Çelikbilek and Tüysüz (2016)

Governmental support Ozturk and Cinperi (2018)

10. Nanotechnology appli-
cability in industrial
wastewater treatment

Efficient treatment technolo-
gies to reach the standards for
discharging the effluents

Babaei et al. (2017)

Potential to recover
by-products

Soltani et al. (2016)

Treatment of wastewater using
nanomaterials which assessed
as acceptable

Hassanzadeh et al. (2017)

Improvement of economic sit-
uation and treatment of indus-
trial effluents using
nanotechnology

Jorfi et al. (2016)

The large-scale production of
the nanomaterials, transporta-
tion and application of
nanomaterials in the treatment
process may produce new job
opportunities

Babaei et al. (2017), Jorfi
et al. (2016), Soltani et al.
(2016) and Hassanzadeh et al.
(2017)
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postindustrial wastes as well as postconsumer of plastic film waste management
technologies. They mainly differentiate between these two methods to analyze
quality and uses of recycled materials. Waste management concerning engineered
materials is a big issue across the globe in recent years. Although the bulk materials
can be disposed of, the nano-sized engineered materials are a potential threat to the
environment. To observe this, Heggelund et al. (2016) followed four steps to recover
the nanoengineered materials from consumer products, across the markets of
Europe, Denmark, and the United Kingdom. It was analyzed that silver and plastic
are the two engineered nanomaterials which are commonly found in a variety of
consumer goods. Wigger et al. (2015) have extracted silver from engineered
nanomaterials used in textile industries and observed that the use of silver
nanoparticles in the textile industry has been increased up to 350%. Although
nanomaterials obtained from industries can be recycled, precautionary measure-
ments should be undertaken before they are disposed into the environment.

Similarly municipal solid waste can also be recycled into different forms of
energy (Maqhuzu et al. 2019). It was analyzed that 0.289 kg of fuel can be obtained
from household waste, and with this process, the generation of SOx and greenhouse
gases can be reduced up to 2.2–4.2%, respectively. Converting solid waste could
also serve the purpose of alternative fuel production to minimize the usage of fossil

Current waste
management

scenario across
different countries

Assess present
technologies and

strategic innovations

Decision making
approaches in

Sustainability of
textile wastewater

management
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Fig. 12.1 A proposed conceptual framework for sustainable development of management system
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fuels. Also, the waste from the household can be converted to carbon-free solid
waste and is ready to be used directly in existing power plants that consequently
reduced the usage of conventional coal by 18% annually. The authors also claimed
that 289.3 gigagram (Gg) of alternative fuel can be saved annually from
1051.7 � 270.7 Gg solid wastes collected from urban areas of Zimbabwe alone.

While the key issues associated with solid waste management pertaining to
Turkey is invoked by Yılmaz et al. (2019) in their study, solid waste treatment in a
country with a huge population seems to be a challenging issue with the prospect of
economic growth and environmental and technological aspects. Improper solid
waste management leads not only to shut down of plants and capital inflow but
also becomes a severe threat due to uncontrolled gas emissions. A theoretical model
was proposed in this study based on the energy recovery method adopted in Turkey.
The theoretical model highlights the subsequent carbon mitigation as well as the
financial strategies to follow European standards. The model presented in this article
projected the electricity generation with the amount of solid waste generated from
each city of Turkey for the next four decades through statistical analysis. The
estimated electricity generation will be assumed up to 437–2236 TWh (terawatt
hour) with the solid waste generated from 2023 to 2043 years. Besides, it was also
about 35.2–66.7 billion dollars that can be saved with this proposed model of waste
management.

Waste management in island developing states becomes the most significant
challenge because of high investment, narrow resources, etc.; also, the framework
considered in island developing states fails to cater to the needs of sustainable waste
management. One such study on waste management in island developing states was
carried out by Fuldauer et al. (2019). This study was in regard to the model
developed to manage waste upon the guidelines of the United Nations on island
developing states. The strategy to reuse the product, the importance of waste, and
effective utilization of population within islands based on socioeconomic systems
have been reported.

Toxic elements generated from solid waste necessitate the use of waste manage-
ment around the globe. The impact of these toxic elements on humans and the
environment is hazardous; special care needs to be taken during disposal, especially.
Therefore, the study by Xiong et al. (2019) highlights an overview of efficient and
effective methods to immobilize toxic elements by taking into consideration vital
patterns of geographical distribution. The authors suggested that the use of the user-
friendly practice to recover metals and rare elements from solid waste will benefit
sustainability compared to conventional extraction of ore.

Hypothesis H1: Current waste management scenario across different countries is
positively related to firm performance.
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12.3.2 Assessment of Present Technologies and Strategic
Innovations

An empirical survey was conducted by de Oliveira Brasil et al. (2016) to develop
interrelationship among process, product, and organizational resource-based con-
cept. The concept was started with data of 70 samples collected from different textile
industries to expand business performance on the eco-innovation principle.
Eco-innovation is the method that helps to develop its attributes and determinants
to enhance performance. The results demonstrated that adopting the eco-innovation
process helps in organizational and technological goals with ease. The important
aspect of the firms working under product service relies on customer satisfaction.
The best possible business strategy enables the firms having limited resources and
helps not only in economic growth but also in social well-being. By keeping in mind
the concept of sustainable product service for local firms, Tseng et al. (2019)
proposed a model based on the fuzzy Delphi method. This model enables complex
interrelationship between the supply chain and the business interest by considering
four characteristic features such as sustainable consumption, followed by an advan-
tage in collaboration and innovation in activities with innovation in services. It was
also suggested that firms should maintain equilibrium between economic growth and
high-quality products in business synergy.

Vajnhandl and Valh (2014) reported an in-depth survey taking into consideration
the European textiles on wastewater treatment and management. Most commonly
small- and medium-scale firms dominate the processing of fabric (fabric cutting and
stitching) in the textile finishing industry. Adopting sustainable features for such
small- and medium-scale firms becomes a severe issue as they have less resource.
Ten years of data was carefully evaluated to frame the guidelines for reusing the
wastewater (Vajnhandl and Valh 2014). In total, four sectors were targeted; they
were textile, food, paper, and chemical industries; among them textile industry has
the highest impact on the environment by discharging polluted water, having
chemicals with coloring and other toxic agents. Reusing of such wastewater having
tons of effluents becomes not feasible. Therefore, the reports highlight to use a
separate treatment before it is discharged into the environment by using effective
conventional methodologies.

Zhao and Lin (2019) investigated the methods to improve the energy efficiency of
textile industries situated in china. The work was focused on implementing new
policies to enhance the energy efficiency of industries. A regression model was
adopted to draw the baseline, and it was expanded to identify factors associated with
enhancing the energy efficiency of industrial agglomeration. The results were
analyzed in three steps, the agglomeration to be affected as the value reaches the
limit of the threshold; after that, the value moves toward the positive sign indicating
its development related to economic growth, R&D, and drop in prices. In the third,
the regression model enables to develop a nonlinear relationship connecting agglom-
eration and efficiency. Innovation is greatly affected by the organization’s culture,
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human resources, and technological capabilities. This suggests that innovation is an
internal activity of the firm and the management controls it.

On the contrary, the impact of innovation considering the external factors is a
lesser known subject. A report by Prajogo (2016) examined the role dynamism and
competitiveness in innovation. This report was based on the data obtained by nearly
207 firms in Australia. These reports suggest that dynamism helps in innovation,
which in turn helps business performance. Besides, competitiveness weakens the
product innovation but, on the other hand, strengthens the process innovation.
Dynamism helps in establishing strategic fit, while competitiveness builds strategic
mismatch.

Hypothesis H2: Assessment of present technologies and strategic innovations is
positively related to production performance.

12.3.3 Decision-Making Approaches in Sustainability
of Textile Wastewater Management

The rapid change in climatic conditions in the twenty-first century has been a
challenge for mankind. This change accounts for the increased emission of green-
house gases, such as CO2, N2O, HFC5, etc., and was also witnessed by the Inter-
governmental Panel on Climate Change. Emission of greenhouse gas (GHG) has an
adverse effect not only on human life but also on food production. Of note, textile
industries contribute 10% of the total GHG annually. Therefore, it is necessary to
have an appraisal system to counter the challenges of GHG. Zhu et al. (2018)
proposed a management system to counter greenhouse gas emissions from textile
industries based in China. The evaluation methodology was divided into four steps.
The first pertains to the policies and commitment, the second involves the imple-
mentation of program, the third is the expert review followed by a site visit, and
finally the fourth was analyzing the data based on the Monte Carlo method. The
methodology adopted by the team has led to draw accurate estimation of greenhouse
gas emissions and its prevention.

In recent years, petroleum-based organic polymer dominates the textile industry.
At least two-thirds of the item used in textiles has been switched over to polyamide,
acrylic plastic, whose thickness varies from 100 nm to 5 mm. Plastic waste has
become a potential threat to global warming and greenhouse gas. It was estimated
that 35% of waste accumulated in the marine environment is of plastic, and a major
portion can be seen in the coastal region. A critical review has been done by Henry
et al. (2019) on factors that need to be focused on to control the discharge of fabric
from textile industries. The report would provide an interim indication of sustainable
management and strategies by adopting suitable analytical methods.

It is known that water is available abundantly in nature. Despite abundant
availability, only <1% can be used directly due to the harsh discharge of effluents,
rapid industrialization, and population. In a report, the current status of the water
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quality, as well as the necessary precautions to be taken in future, was studied by
Kamali et al. (2019). The study was focused on the available treatments; further
changes necessary to improvise the treatment methods have been discussed. The
study was divided into three parts, namely, laboratory tests, pilot testing, and full-
scale implementation. The initial stage of laboratory tests has been conducted, and it
was in the stage to implement practically in industry. The sustainability treatment of
nanoengineered materials was carried out using the conventional fuzzy Delphi
method. The result is shown to be affected in the fields of economic, technological,
social, and environmental segments.

Shiwanthi et al. (2018) in their study investigated the effect of textile industries
(situated in Biyagama zone, Sri Lanka) on the environment. The study was started
with an analysis for the cause of environmental pollution, wherein it was noticed that
textile industries seem to be fifth in contributing CO2 emissions. The growth of the
textile market increased substantially from 7.8% in 2013 to 8.5% in 2014, and a total
of 16% GDP of the Sri Lankan economy is based on textile industries. This increase
in GDP is helpful for the economic growth of the country, but the emissions have an
adverse effect on mankind as well as the environment, which has been depicted. The
energy required, the quantity of material exported, and water consumption were
regarded as input factors and emission and wastewater were regarded as output
factors for a 5-year period that was considered in the study. The report also suggests
that adopting eco-friendly treatment measures not only influences the revenue level
but also can reduce the environmental burden.

Wastewaters generated from dairy plants contribute equally to emission as by the
textile industries. An innovative sustainable approach in treating wastewater from
dairy has been studied by Aydiner et al. (2016). The authors have evoked different
MCDM approaches such as membrane distillation followed by forward osmosis. In
this study, a total of five techniques were used to reclaim and reuse dairy wastewater.
The results showed that the membrane distillation technique had been the most
preferable novel solution for the treatment of wastewater from dairy. Further, the
heat generated by such techniques can be utilized for other purposes; thereby, the
process becomes cost-effective as well as an eco-innovative approach.

Yukseler et al. (2017), in an attempt, studied the best available techniques to reuse
wastewater from textile industries present in Turkey. The study was undertaken not
only to treat the wastewater but also to reduce the water consumption as requested by
the textile mill. Before the pilot-scale implementation was processed, the best
possible reuse opportunities were identified from the leading textile tycoon of
denim mills. It was identified that wastewater from the dyeing and finishing process
contributes more to environmental pollution by discharging rich effluents. Among
the best available techniques, the membrane process was selected to reuse the
wastewater, to recover the fabric discharged after the finishing process, and finally
to reduce water consumption in dyeing as well as in finishing process.

Hypothesis H3: Decision-making approaches in STWWM are positively related to
economic performance.
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12.3.4 Feasible Approaches for Sustainable Recycling
and Utilization of Solid Wastes

It was estimated that around 6.6 gigatons of cement was consumed in China alone
from 2011 to 2013. The consumption was 4.5 gigatons more compared to the United
States in nearly 100 years between 1901 and 2000, which took nearly 100 years to
generate the same CO2 by the United States, while China could generate the same
amount from 2011 to 2013, respectively. This necessitates using more recycled
materials in the construction industry to avoid depletion of the ozone layer and
global warming. A combined Taguchi–response surface methodology (RSM) tech-
nique was adopted by Zhang et al. (2019) to synthesize the extracted recycled
aggregates to be used in the construction industry. The study was focused on the
recycling of different proportions of more elegant and coarse aggregates to be
reused. It was noticed that 35% of recycled aggregates with 6% of finer aggregates
can be combined in stringent conditions. On the other hand, 70% of recycled
aggregates can be blended with 30% of finer aggregates in non-stringent conditions.
The study also revealed that adopting such techniques would yield revenue of
12 billion dollars in 10 years and can reduce CO2 emission up to 50.1 � 106 kg.

A study reveals not only the method to be adopted to recycle the municipal solid
waste but also an innovative method for its disposal by utilizing an integrated
network that would also earn a profit. A case study was carried out by Harijani
et al. (2017) in Tehran regarding the disposal of solid waste by effectively utilizing
innovative methods. The disposal of these solid wastes became necessary to avoid
contamination of resources of water, soil, as well as air. A model based on mixed-
integer programming was used ineffectively (i) to understand the capacity of each
location, (ii) to allocate the solid waste according to their capacity, and (iii) to
distribute solid waste based on capacity, followed by recycling. This model has
been implemented in the city of Tehran, Iran, and it was estimated to earn a profit of
43.49 million USD in 5 years. The results of the model were also compared to
analyze sustainability. The model 1 selected for comparison resulted in a loss of
308.6 USD, followed by 362.80 USD for model 2.

Kroll and Hoyer (2019) developed an in-house recycling machine having inno-
vative technology. Sustainability can be implemented in those areas where waste
product is available in abundance. However, waste product out of technical elasto-
mers is nearly 20%; adopting such technology in the recycling of fewer waste
products seems to be noneconomic. In-house recycling machine, renamed as
Reaktruder, was based on the intense redesign of existing machines, and it is capable
of converting a least 60% of waste into a reusable product with reduced power
consumption. According to the authors, Reaktruder is best suitable for small- and
medium-scale enterprises and has been installed across Europe. With the decreased
investment, Reaktruder can bring profit in about 1500 h, as said by authors.

An article reported by Wang et al. (2019) highlights the recycling treatment
involved in waste generated from the construction and demolition sector to trans-
form that into ultrahigh-performance concrete. A technique based on Andreasen and
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Andreasen was first used to the packed structure of ultrahigh-performance concrete,
followed by aggregates that were prepared by using construction waste. Preparing
aggregates out of ultrahigh-performance concrete is essential as it will reduce the
negative impact on the packed structure. The results showed that heat accumulation
during the process of concrete preparation had been reduced, in turn the shrinkage
factor. Besides, consumption of energy was seen to be very low, and the best results
were obtained for 50% of cement with around 19% of aggregates.

A project assisted by the World Bank in 2012 estimated that around 1.3 million
tons of solid waste has been produced globally, and this will be doubled by the year
2025. Most commonly found solid waste was noticed to be plastic, paper, and
organic waste. Therefore, innovative sustainable approaches would be useful and
practical to be implemented to turn solid waste into a reusable product. Based upon
the above discussion, Das et al. (2019) identified key objectives in their review
that mainly focused on present scenario of technologies, innovations, and tools,
methodologies adopted in different countries respectively. At the end, they analyzed
the characteristic features of life cycle assessment tools and cumulative impact of all
the above discussion that leads to recycling method according to the present sce-
nario. This review describes the necessity of LCA models to facilitate future work
among organizations with the help of algorithms.

The recent years have witnessed a solid waste management system employed in
developing countries, seen to be a profitable organization, and the burden on the
environment has also been significantly reduced. The scenario of waste management
system of one such city of a developing country has been highlighted by Ferronato
et al. (2019). This article presents the quantitative and qualitative approach of waste
management effectively implemented in La Paz city of Bolivia, where no data of
management systems were available. A total of six mega plans were carefully
understood with the view of environmental, financial, transportation, and disposal
methods and implemented in La Paz city by focusing on collecting organic waste to
reduce global warming and to improve sanitary landfills.

Hypothesis H4: Feasible approaches for sustainable recycling and utilization of
solid wastes are positively related to economic performance.

12.3.5 Sustainable Consumption Impact in Textile Sectors

The main strategy of the business is to change the design according to the trend that
provides quick profit. The emphasis of recent textile industries has been to keep the
final product as low as possible and improve the efficiency of production. Niinimäki
and Hassi (2011) presented a report in which strategies adopted in the textile and
clothing industry have been addressed. The author presented the concept of rethink
and redesigns with the prospective to not compromise the production value. Further,
the authors also proposed a new design concept that was based upon the adoption of
sustainable concepts in niche markets.
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The worth of textile industries across the globe is estimated to be 1 trillion USD,
35 million workers are associated with it, and 7% of the world’s total export is from
the clothing industry. Substantial increase in production is based on the demand
from the western countries that have raised the concern of employment. Despite the
considerable employment from the clothing industry, it is regarded to be the most
polluting industry worldwide as it is based on the consumption of fuel, a variety of
chemicals, and water. An article by Desore and Narula (2018) discusses the barrier,
responses from the clothing industry to adopt sustainability in production, and final
processing. The article highlights the significant gaps from the past literature that
was to be addressed essentially to incorporate sustainability. Besides, the authors
also suggest that the managerial unit should consider a few monetary steps.

An article reported by Stål and Jansson (2017) focused on analyzing the actual
perception of the firms to adopt sustainability in practice. The authors considered
case studies to find the gap among the Swedish firms. The report focused on pointing
out two important aspects. Firstly, it is solely the producer who constructs the field of
sustainability to satisfy their own needs, and consumers’ perception of sustainability
could not be considered. Secondly, the clothing industry focuses more on purchases
and profit, while much attention has not been paid in recycling and disposal. The
report also says that although the customer’s choice should preferentially be satis-
fied, the gap between the attitude of the customer and the behavior of the producers
obscures the business.

The ever-increasing concerns on environmental issues and sustainable consump-
tion have been confined to the field of food, textile, electricity, and apparel. The past
literature has enlightened the characteristic features of a consumer group to show-
case its environmentally friendly nature. The products developed on a sustainability
basis have been targeting a group of consumers only, and the major population has
been left out. A report that focuses on customer behavior, their perception, and
intentions toward the sustainable product has been comprehensively analyzed by
Kang et al. (2013). The response of a group of 701 students among the universities in
China, South Korea, and the United States has been analyzed. The response, as well
as their behavior on sustainable products, was studied using a modeling approach.
The results showed that consumers perceived knowledge, followed by personal
relevance, and norms can significantly affect the interest of young consumers in
purchasing sustainable textiles and apparel.

Hypothesis H5: Sustainable consumption impact in textile sectors is positively
related to firm performance.

12.3.6 Innovation Activities in Textile Wastewater
Management

The processing of wastewater, including dye, needs serious attention as it contains
high pH with strong color, and it has low biodegradability in nature. The dyes used
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in recent years seem to be very stable in all weather conditions, and processing such
dye is more complicated. The methods to treat dye that are in practice these days
seem to be conventional, namely, biological oxidation, adsorption, and coagulation
by iron salts. Sometimes a more effective conventional technique of ozonation has
been used. However, reducing all the effluents from wastewater is a difficult task for
any method. An innovative method of treating the early-stage dye and finishing-
stage dye separately using a cellulosic reactive azo process was done by Vlyssides
et al. (2000). They reported that electrolytic method gave satisfactory results after
reduction of the organic load and the color of the effluent. At the end, they concluded
that color reduction is of most importance factor for the textile industries. The results
showed that chemical oxygen demand (COD), as well as biochemical oxygen
demand (BOD), were substantially reduced.

A study by Bilinska et al. (2017) adopted the most advanced and innovative
oxidation process to treat highly contaminated wastewater. An investigation was
carried out on a simulated mixture that was prepared by blending the highly reactive
agents of RY145, RR195, and RB221 at specific proportions. A variety of ozone-
based advanced oxidation processes (AOPs) was compared with conventional tech-
niques and assessed. Besides, the effect of hydrogen peroxide and UV during the
process has also been investigated. As the mixture was composed of several dyes,
the evaluation was carried out using the UV-Vis spectra technique. The addition of
such coloring agents has turned to the decolorization of wastewater very rapidly. It
was noticed that only 10% of decolorization was left behind after treatment for
10 min. Therefore, AOPs seem to be a promising technique and can readily be used
in such a harsh environment very effectively.

A membrane modification technique with polydopamine (PDA) coating was used
in the infiltration process by Ye et al. (2020) in their study. This modification
technique has gained huge interest among researchers due to its intrinsic adhesion
nature. Tight ultrafiltration membranes having a molecular weight between 1000 and
5000 Da were coated with polyethyleneimine ammonium persulfate. The use of
ammonium persulfate is to oxidize the polydopamine rapidly along the surface of the
substrate through a Schiff base reaction. By depositing such highly oxidizing
polydopamine in ammonium persulfate atmosphere for nearly 1.5 h, a defect-free
polydopamine with membranes of 1700 Da can be expected, which is capable of
desalinating up to 99.95% and yielding 99.2% dye recovery. The results indicated
that membrane modification using polydopamine is a better choice in dye desalina-
tion and recovery.

With an idea to find opportunities to reuse the separate streams of wastewater or
composite wastewater from mill, Cinperi et al. (2019) prepared three separate
wastewater streams. Moreover, five different concentrations of water were also
characterized. A pilot-scale study was carried out using membrane bioreactor,
nanofiltration, and reverse osmosis techniques. The addition of coloring agents in
separate streams has resulted in peaks and oscillations depicting the mixing effects.
After the membrane bioreactor test, the content of COD was 70%, while BOD was
74%, with TSS to be 86%, TN estimated to be 28%, and TP to be 43%. As the
combined membrane bioreactor and nanofiltration resulted in 40–99% removal
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efficiency, whereas, 52–99% removal efficiency for membrane bioreactor with
reverse osmosis technique. However, the combination of membrane bioreactors
with nanofiltration and UV effluents had a great effect on product quality.

Another study by Hubadillaha et al. (2020) investigated the hollow fiber mem-
branes made up of hydroxyapatite ceramic using the sintering technique. The
properties of the membrane were analyzed to be significantly varied after using
hydroxyapatite content. With the resulting least micro-sized pores (0.013 μm), it was
capable of reducing 99.9% of color, 80.1% of COD, and 99.4% of turbidity followed
by 30.1% of conductivity using sintered hydroxyapatite. It was also noticed that the
sintering at a temperature range between 1000 and 1200 � C demonstrated the
capability to remove 100% metals.

Hypothesis H6: Innovation activities in textile wastewater management are posi-
tively related to firm performance.

12.3.7 Operational Capabilities for Service in Textile
Wastewater Sectors

Product design is not only based on to look after the new design systems to attract
consumers instead, it also establishing a design concept within the specific domain
that is commonly termed to be facelift design, which is currently the scope of
researchers worldwide for development of new design. To support this, cross-
domain knowledge is essentially an influencing factor in innovative product design
based on recombination and transformation technologies. Besides, knowledge of
patent will also help in developing the conceptual design. In such a scenario, Liu
et al. (2020) in their report depicted retrieving cross-domain patents and its impor-
tance to develop a retrieval tool based on patent knowledge necessary for innovative
products. The report highlights a website that serves as a service provider in which
technical terms and patent classification are extracted to provide a knowledge space.
The specially built algorithms were used to transform technical terms to a specific
function to which it has been extracted to define. The selected patent will then be
offered to trigger the designers.

The issue of environmental concern arises when the firms pursue fast growth by
ignoring environmental protection. As the environmental concern has risen, the
firms have been forced to maintain a balance between profitability and economic
responsibility. Wu et al. (2019) explored the opportunity to study whether innovative
knowledge as well as firm’s transparency acts to be an asset in building sustainability
practices. This study was pertaining to the firms registered in China from 2006 to
2015. Both innovative knowledge and firm transparency have contributed to a
positive impact on friendly practices of sustainability. Pan et al. (2019) reported
that the firms work under the supply chain, and solutions have been falling toward
collaboration and intelligence to meet the demands of consumers. A smart product
service-based study was carried out especially to measure interoperability and

12 An Overview of Sustainability of Textile Wastewater Management in Textile. . . 293



sustainability. These product service-based tools are integrated in such a way that
information would be processed autonomously with self-decision taking ability. A
practical example of the physical Internet was also considered in this study. It was
noticed that using smart product-service system (PSS) in association with physical
Internet (PI) could be beneficial to address issues related to design and business
models.

Service innovation also contributes to the economic growth of a country. It was
estimated that the contribution of the service sector was around 48% in 1997 and has
been increased to 57% by the year 2015, even among the countries having average
and moderate income compared to countries with high income. It is because firms
nowadays are not dependent on the resources as they have the opportunity to build a
network between suppliers and consumers. Ndubisi et al. (2019) carried out intense
research on firms’ joint innovation capabilities, which are situated in the UAE. This
work was based on the 302 responses collected from 151 firms across UAE that have
been analyzed. This report also provides the gap between the knowledge and
innovation capabilities required. It was also reported that the mediation effect in
establishing a bridge between knowledge and service innovation is positive. Besides,
the intensity of competitiveness to meet the demands of uncertainty has also been
highlighted.

Hypothesis H7: Operational capabilities for service in textile wastewater sectors are
positively related to operational performance.

12.3.8 Relationship Between Eco-innovations and the Impact
on Business Performance

Firms with differentiated, innovative capabilities would have varied resources (het-
erogeneous and immobile) and are very difficult to imitate. Innovation in sustain-
ability arises as a result of the confluence of discussion to meet the demands of a
global society based on the conception of eco-innovation. Adapting to rapid changes
in market strategies based on innovation would result in something new, reduce the
burden on the environment, as well as influence factors such as social, cultural, and
institutional values. A survey was carried out by de Oliveira Brasil et al. (2016) to
build a relationship between eco-innovation and business performance based on data
of 70 samples obtained from different companies. They analyzed that eco-innovation
can influence the bridge between process and product. Every eco-innovation method
has a different role in finding determinants, attributes, and contributions to expand
the business. However, if a study is confined to the textile sector, eco-innovation
should be based on holistic view and operation capabilities.

In recent years, the regulations imposed on textile industries to adopt innovative
programs to reduce and reuse concept have brought down the burden on the
environment. Eco-innovation refers to production, service, and business strategy,
which are novel to the firms resulting in reduced pollution, environmental risk, and
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negative impact on the resources used. It has now become an integral part of the
industries to adopt eco-innovation after government and environmental effects.
Varied types of eco-innovation can be witnessed, such as innovation in product,
innovation in process, innovation in organizational values, innovation in marketing
with a different set of attributes, and contribution to reducing burden. Cheng et al.
(2014) studied to create a link between eco-innovation and business, in which
authors used structural modeling by considering almost 121 samples from TEMA
(Taiwan Environmental Management Association). They noticed that the concept of
eco-innovation has a strong influence on business performance. Besides, innovation
in process and product conciliates organizational innovation. The three factors, such
as eco-process, product, and organizational innovations, directly or indirectly affect
business.

Bossle et al. (2016) reviewed the steps to be followed to integrate innovation
based on sustainability. The highlights that were mentioned pertain to influencing
factors and motivation necessary for the industries to adopt to eco-innovation
systems. It was concluded that specific action would be necessary to make compa-
nies adopt such revolutionary changes in eco-innovation. Besides, the authors also
recommend that the focus of companies to make a profit after sales should be
diverted to adopt eco-innovations, which also results in profit. In finding out the
driving force necessary to adopt eco-innovation in Slovenia, Hojnik and Ruzzier
(2016) depict that variation in the economy of a particular country affects global
trade and production. The same is true in the perception of pollution, management,
and environmental phenomena. All of these have the potential to affect across
geographic borders. Thus, the concept of sustainability shared by countries will
also influence the others to adopt globally, because increasing population and limited
resources become salient issues to be addressed. The study was focused on bringing
a solution to technological and nontechnological issues in reducing the consumption
of energy and material. Data of almost 223 companies across Slovenia was collected
and analyzed. The study revealed that there are specific key issues that need to be
deployed as they are conducive to eco-innovation. Empirical evidence revealed that
competitive pressure is one such key factor that acts to be a driving force in
eco-innovation. They concluded that eco-innovation results in growth and profit-
ability and brings competitive culture, while profit has zero impact.

The analysis carried out by Przychodzen and Przychodzen (2015) enabled to
provide a link between eco-innovation and financial aspects based on the company’s
public trading between 2006 and 2013 situated in Poland and Hungary, as the
relationship between these two in central and western European companies remained
unanswered. The work was to find the gaps in product and process innovation,
followed by market and supply systems. The results indicated that eco-innovation
was characterized by retention on low earnings, equity, and higher returns. Besides,
it was noticed that more substantial companies could accommodate the concept of
eco-innovation, as these companies possess lower financial risk compared to con-
ventional firms. It was concluded that financial capabilities become relevant in the
development of eco-innovative culture in an organization.

12 An Overview of Sustainability of Textile Wastewater Management in Textile. . . 295



Hypothesis H8: Relationship between eco-innovations and the impact on business
performance is positively related to firm performance.

12.3.9 Identifying the Role of MCDM Approach

Wastewater from the textile industry needs careful physical and chemical treatments
as it is composed of industrial effluents. Treatment of such wastewater can yield
70–95% efficiency in removing solid suspension and COD, respectively. There are
various treatment methods such as membrane distillation, hydrolysis, Fenton oxida-
tion, and jar test. The difficulty lies in the optimum selection of chemical ratio as the
solid suspension and organic matter in wastewater demand for optimal condition.
Hence, multi-criteria decision tools help in better solving the design of treatment
ratio. These MCDMs are based on a set of techniques that seem to help in making out
the best decision. Beltran et al. (2009) selected a jar test to find the optimal chemical
composition to treat wastewater. Jar test seems to be more efficient in the removal of
suspended solids as well as organic matter. Despite the efficient MCDM technique
used, coagulant selection is not an easy task as each coagulant shows different
properties for the removal of solid suspension.

In recent years, the use of enterprise resource planning (ERP) systems is becom-
ing more popular to introduce competitiveness in any organization. This acts to be
the backbone of the firm, which can integrate and automate all business-related
issues. The criticality remains in the selection of suitable ERP systems for a
particular organization. Cebeci (2009) studied the suitability of ERP systems in
association with the fuzzy AHP MCDM technique for the textile industry. As the
textile industry involves a variety in production, products, as well as workers, it
makes the implementation of ERP more complex. The results show that the ERP
system’s successful implementation needs initial screening based on analyzing the
companies’ vision and strategy. Once the specific requirements do not meet, then
such ERP systems can be eliminated. After the screening phase, the methodology
provides a recommendation before an ERP is selected, and then the suitable ERP
systems that best fit to cater to the needs can be deployed in practice.

A different concept of fuzzy sets was proposed in 1965, while the generalization
took place in 1983. Fuzzy sets are commonly employed in the field of decision-
making and artificial intelligence, and in recent times, it is being tested in the
socioeconomic system. The intuitionistic fuzzy set method was used to measure
the interval value in the study by Nayagam et al. (2011). The reports illustrate the
numerical examples, and analysis was done by comparing it with alternative
methods as well. Based on the results, an innovative MCDM based on intuitionistic
fuzzy sets has been used for the criterion of the values. The authors also claim that
the proposed MCDM method provides substantially better results than the existing
methods used in the real world. The energy sector is one of the fastest-growing
economies and has a vital role in everyone’s life, and improving such a domain has
been a countries agenda all around the globe. Fossil fuel-based power accounts for
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almost 81% of total production. The demand for energy has been increasing by 1.8%
every year. Different platforms are available to produce energy such as hydro and
wind power, geothermal, and solar, and biomass contributes only 19% of the total
energy production due to a lack of planning and failure to identify the appropriate
energy sources. One such study depicts planning and identifying the most appropri-
ate energy source by using MCDM technique of gray regression analysis. The study
was focused on analyzing the appropriate source in the renewable sector. The
MCDM selected was integrated into three steps, the process of analytical network,
followed by optimization, and at the end solution based on compromisation. Ini-
tially, gray regression method was used to highlight the criteria, and then the
obtained results were evaluated by formulating a network structure. A case study
was also conducted to measure the effectiveness as well as the applicability by
Çelikbilek and Tüysüz (2016).

The past studies so far that have been carried out were confined to reduce the
effluents discharged to the environment, while the amount of wastewater generation
and contamination loads were not depicted. Ozturk and Cinperi (2018) in their study
used techno-economical minimization techniques to determine wastewater amount,
including the pollutants in it, and also to reduce the water usage significantly in a
woolen textile mill. The generation of wastewater, as well as water consumption for
a specific application, was calculated during the on-site visit. Clean and wastewater
samples have been collected at different periods and were analyzed to measure the
specific pollutant. The reuse capability of the mill was then estimated. Also, to
compare, reduction potentials of other mills were examined. MCDM technique was
used to identify and evaluate a total of 82 such minimization techniques. Only 9 out
of 82 decided to implement based on the results. Thus, a reduction of 41–69% in
water consumption, 48–75% of wastewater reuse, and 28–63% of chemicals has
been removed. It was also claimed that the potential payback period would be
between 24 and 60 months.

Hypothesis H9: Identifying the role of MCDM approach is positively related to firm
performance.

12.3.10 Nanotechnology Applicability in Industrial
Wastewater Treatment

Dyes and pigments are the most commonly used organic compounds in the textile
industry. It was estimated that around 7 � 105 tons of dyes were produced annually
to meet the demand of the clothing industry worldwide. This shows the ever-
increasing demand for apparel in the world market. It was also estimated that around
15–20% of these organic compounds are discharged in the effluents during dyeing
operation. This will not only raise environmental pollution but also lead to
nanoesthetic pollution. It was also noticed that dyes of nanoparticles in the waste
body do not allow the sunrays to fall deep inside the water and, in turn, result in
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reduced photosynthesis. Despite having an eco-innovative process of water treat-
ment, degradation of synthetic dyes from wastewater seems to be not amenable.
Babaei et al. (2017) used nanoparticles of carbon to treat wastewater by enhancing
adsorption and oxidation process. The results showed that effective adsorption was
achieved when treated with H2O2 after screening through UV Fenton, US Fenton,
and simple Fenton. It was observed that 94.8% of dye was removed by iron leaching.

Jorfi et al. (2016) synthesized MgO nanoparticles as a catalyst to treat the textile
wastewater, especially to remove the acid red 73 dye. During the process, pH played
an important role. Dyes were reduced to a greater extent from 200 to 31 mg/L, when
pH and coagulants were set to 6 and 200 mg/L. The results also showed complete
removal of acid 73 dye by using MgO nanoparticles with a concentration of 0.8 g/L
with pH factor of 5 with reaction time of 60 mins.

While Soltani et al. (2016) studied the effect of ZnO nanoparticles in the removal
of basic red 46 dyes from textile wastewater on catalytic decolorization, the results
were compared between the ZnO nanoparticles in a suspended state with bentonite
carrying ZnO nanoparticles. In the ZnO, when carried by bentonite, the size would
vary between 5 and 40 nm (surface area, 80.6 m2/g) compared to suspended particles
of size 20–120 nm (surface area, 42.2 m2/g). RSM technique with the central
composite design was used, and the decolorization efficiency was achieved to be
89.92% when the initial dye concentration was 6 mg/L for 0.3 ZnO, and bentonite
ratio and dosage were limited to 2.5 g/L. The by-product produced during decolor-
ization was also studied.

It is necessary to treat with a high level of chemicals to address the wastewater
issue from the woolen industry, as depicted by Hassanzadeh et al. (2017). The
addition of chemicals to such extent yields another concern of high sludge produc-
tion. FeSO4 as coagulant with a concentration range between 400 and 800 mg/L
having pH value of 6–10 was used to reduce the COD to 200 mg/L and tributary to
25 NTU, respectively. A nanofiltration process with embedded polyamide nanofiber
was used to reduce effluents from wastewater. Operating parameters were studied by
using RSM technique. The optimal condition was obtained for pH, 8, and FeSO4,
600 mg/L, in the nanofiltration process. The increase in pressure and pH could yield
removal efficiency to 98%. While with the addition of color concentration in the
process, the efficiency decreased up to 90%.

Hypothesis H10:Nanotechnology applicability in industrial wastewater treatment is
positively related to production performance.

12.4 Conclusions

The conceptual framework produces a benchmark to the textile manufacturing
sectors and creates awareness for general consumers, for society, as well as for
policymakers, respectively. The following significant points evolved to develop
clean environment:
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1. Current waste management scenarios across different countries try to adopt the
proposed conceptual framework to improve the textile manufacturing technique.

2. Adopt the new technology for the development of better textile products, simul-
taneously to reduce waste effluents.

3. The decision-making approach is also one of the major criteria to implement as
early as possible in a different part of the textile sectors.

4. A standard feasible approach may be required to develop an effective utilization
of recycled wastewater as well as raw materials in the same textile processing
applications or different sector applications.

5. The proposed ten criteria can also play a significant role in obtaining sustainable
management policy and manufactures as well as improve the socioeconomic
conditions.
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Chapter 13
Role of Coagulation/Flocculation
Technology for the Treatment of Dye
Wastewater: Trend and Future Aspects

Sonalika Sonal and Brijesh Kumar Mishra

13.1 Introduction

The word “coagulation” has been derived from the Latin word “coagulare” meaning
to drive together and is known to be a process of destabilization of colloidal
suspended particles along with some dissolved organic matters (Sawyer et al.
2003; Masters and Ela 2008). In the coagulation process, a coagulant is added
along with rapid mixing to destabilize the non-settleable particles and to initiate
their aggregation by neutralizing their electrostatic repulsive forces. Whereas floc-
culation is the process of aggregation of destabilized particles, through gentle
agitation that leads to the formation of larger particles called flocs (Amuda and
Amoo 2007; Fu and Wang 2011). The flocs formed as a result of the collision
between the destabilized particles are transported through the flocculation process
and get separated from liquid phase through settling or filtration (Masters and Ela
2008; Tchobanoglous et al. 2003). These two processes are generally encountered as
an intact process in primary treatment process and, thus, referred as the most
common treatment strategies used to remove colloidal particles and a portion of
dissolved organic matter, in a combination form of coagulation/flocculation (Holkar
et al. 2016; Patel and Vashi 2015; Renault et al. 2009).

Coagulation/flocculation is widely used primary treatment method in the waste-
water treatment plant of the textile industry (Patel and Vashi 2015). Primary
treatment includes the process of settlement of floating and suspended solid particles,
present in the water, by either gravity or mechanical means. This system comprises
of a grit chamber having fine screens that separate the large-sized particle pollutant
and the sedimentation tank. The process of coagulation/flocculation occurs in a
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sedimentation tank where chemical coagulant is added to the water to facilitate the
settling of suspended particles having a diameter of less than 50 μm (Baker 1948).
The primary treatment will be beneficial in enhancing the efficiency of any treatment
plant as it reduces the significant amount of pollutant prior to reaching the secondary
treatment. The primary treatment generally reduces 90–98% of settleable solids and
60–80% of suspended solids along with 30–50% oxygen demand from the waste and
hence reduces the load of other treatment subunits (Peavy et al. 1985). Coagulation
is invariably achieved by using different metal salts that hydrolyses in water. These
metal salts adsorb the colloidal particles and form larger flocs. These flocs, therefore,
can easily be settled down after becoming larger particles under the effect of gravity
and later known as settled sludge. However, the settling of these colloidal particles is
not a facile task as they carry a net surface charge that causes to repel the particles.
Thus, before understanding the coagulation/flocculation process, it is required to
understand the colloids and their characteristics.

13.2 Colloidal Stability and Its Removal

Colloidal particles are an aggregate form of atoms/ions or molecules having density
close to the water with a smaller diameter that prevents them not to settle down under
the effect of gravity (Ghernaout et al. 2015). Thus, they are stable in nature if they are
suspended and do not agglomerate naturally as their stable phase possesses random-
ness showing Brownian movement (Peavy et al. 1985). The most critical factors
responsible for the stability of colloidal suspensions are surface charges and their
excessive large surface to volume ratio resulting from their minute size (Sawyer et al.
2003). The surface charge plays a primary contribution to particle stability as surface
phenomenon overruled mass phenomena. The surface phenomenon encompasses
the accumulation of electrical charges around the particle surface (Peavy et al. 1985).
These charges developed as a result of either the molecular arrangements within
crystals or the loss of atoms due to abrasion of the surfaces or other different factors
such as ionic strength of the surrounding medium, etc. Surface waters mostly possess
negatively charged colloidal particles on their surface. The charged particles present
in the solution phase cannot have a net charge, so the ions present in vicinity of the
particles in solution will affect the surface charge of the particles. The particle
charged must be counterbalanced by ions of opposite charge present in the solution.
This electroneutrality results in the formation of an electrical double layer. The
counter ions must be possibly configured as it is shown in Fig. 13.1.

The electrical double layer comprises of (1) a fixed or bound layer that contains
oppositely charged ions to attract the negatively charged surfaces and (2) a diffuse
layer, consisting of a mixture of charged ions as shown in Fig. 13.1. In between these
two layers, a thin layer, named Shear surface, is present that separates the two layers.
This arrangement of charged particles produces an electric potential between the
surface of the colloidal particles and the bulk of the solution, which is stronger at the
Stern layer and decreases exponentially with increase in distance from the colloids
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(Peavy et al. 1985; Asano et al. 2006; Crittenden et al. 2012). The counter ions in the
bound layer are attracted electrostatically, but they might be loosely held and diffuse
away or replaced by other ions in response to the thermal agitation.

When two similar charged particles come in close proximity, their electrical
double layer begins to interact as a result, and two opposite forces act on them. As
the two particles come closer, the electrostatic potential created by the halo of
counter ions around the particles reacts to repel the particles, thus preventing
aggregation of the particles. When the particles of similar charges come closer,
then the repulsive forces will be stronger. The second force, an intermolecular
attractive force called van der Waals force, supports attraction between the particles
(Crittenden et al. 2012). This attractive force is possessed by all the molecules and
colloidal particles regardless of their charge and composition. The magnitude of van
der Waals force is inversely proportional to the sixth power of the distance between
the particles and also decays exponentially with the distance (Sawyer et al. 2003,
Mihelcic and Zimmerman 2014). Although this force decreases more rapidly than

Fig. 13.1 Electrical potential around negatively charged colloidal particle. (Modified from Peavy
et al. 1985; Sawyer et al. 2003; Ghernaout et al. 2015)
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electrostatic potential, it is a stronger force at close distances. Figure 13.2a, b
illustrates the sum of these two forces as the two colloidal particles come in close
proximity to one another. As two similar charged particles come closer, the repulsive
electrostatic forces increase to keep them apart. However, this repulsive force
becomes attractive only if the particles can be brought sufficiently close together
to get pass through maximum net repulsive force, called the energy barrier. If the
particles do not surpass this energy barrier, then the colloidal particles remain stable
and suspended in the solution. Once the particles pass the energy barrier, the
attractive van der Waals force becomes a predominated one, and particles get
attached.

If it is desired to destabilize and coagulate the colloidal particles, then a means for
overcoming the energy barrier must be required or else the energy barrier must be
lowered by some other means. Sometimes, Brownian movement, the random motion
of colloidal particles because of molecular bombardment or mechanical agitation of
the water, may produce enough momentum for particles to overcome the energy
barrier and thus leads to collision. But these processes are too slow to occur;
therefore, other means of agglomeration is used in water purification (Crittenden
et al. 2012). This stable behaviour of colloidal particles due to attractive and
repulsive forces was first examined by Derjagin, Landau, Verwey and Overbeek
and is termed as DLVO theory after their work. Though their studies appear
adequate to explain the colloidal stability, some recent work has shown that it
does not sufficiently explain the kinetics of chemical destabilization of colloidal
particles (Melia 1990; Elimelech and Melia 1990). To understand the colloidal
stability-destability phenomenon, it is useful to know the different mechanisms of
the coagulation/flocculation process that regulate the phenomenon, as explained in
the next subsections below.

Fig. 13.2 Effect of interparticle forces on the stability of a colloidal system. (a) Stable system (b)
Unstable system. (Modified from Peavy et al. 1985; Sawyer et al. 2003)
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13.3 Mechanism of Coagulation/Flocculation Process

Although the coagulation/flocculation process follows a complicated method to be
accomplished, four mechanisms have been found to more appropriately describe the
whole process (Nharingo and Moyo 2016). These four mechanisms are as follows:

1. Electrical double layer (EDL) compression. The EDL plays an important role in
the settling of the colloidal particles, primarily when the ionic strength of the
solution is raised. The EDL constitutes a layer of cations bound around the
negative charge particle surface and a diffuse layer encompassing a set of cations
and anions that extend out into the solution. The ionic strength in surrounding
water affects the decay function of the electrostatic potential (Sawyer et al. 2003).
In other words, it can be inferred that high ionic concentration in surrounding
water compresses the diffuse layer towards the surface of the colloid. As a result,
the diffused layer is sufficiently compressed, and the net attractive force, van der
Waals force, will predominantly prevail across the entire area of influence, and no
energy barrier will exist. This ionic layer compression occurs in nature when
water containing high turbidity increases the ionic content and thereby resulting
in the settling of the particles (Ghernaout et al. 2015). Formation of delta around
the oceans represents an excellent example of ionic compression occurring in
nature (Miller et al. 2008).

2. Neutralization of charge and adsorption. Since most colloidal particles of surface
water are negatively charged, the process of charge neutralization occurs by
adsorption of positively charged cations or polymers. The metal salts or cationic
organic polymers get ionized in water and produce cationic ions that interact with
the negatively charged surface of the particles and neutralize them, leading to
destabilization of the particles (Ghernaout et al. 2015). Here, the dose of the
metallic coagulants and cationic polymers plays an essential role in the destabi-
lization of colloidal particles. With the properly optimized dose, the particles
come together, but if the dose exceeds the optimum level, the particles, instead of
being neutralized, will attain the re-stabilization state (Sawyer et al. 2003).

3. Interparticle bridging. When non-ionic polymers or long-chain low-surface
charge polymers are added alone or in addition with metallic salts, they dissociate
and form larger molecules. These polymers might have a linear or branched
structure having high surface reactivity. Thus, a particle gets adsorbed on the
chain of one polymer, and other available active surface sites of other particulates
may adsorb on the remainder of the polymers. As a result, the polymer-colloid
groups may form enmeshment, leading into the formation of the bridge between
the particles (Duan and Gregory 2003) and, thus, make the particles heavier that
settles down the flocs. Again, the dose of the polymers plays a key role in the
formation of the enmeshed polymer matrix. Overdosing of polymers may further
lead to re-stabilization of the colloidal particles. Aggressive mixing or extended
agitation can also break the interparticle bridging of polymer-colloid matrix and
leads to re-stabilization of the colloids.
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4. Entrapment of particles in the precipitate (sweep coagulation). When a high dose
of metallic salts is added to the solution, they form heavier amorphous gelatinous
flocs. These gelatinous flocs entrapped the particulate matters within themselves
or enmeshed them by their sticky surface and swept them out from the water
along with the settling flocs (Duan and Gregory 2003). This process of enmeshing
and sweeping out of colloidal particles from the suspension is generally termed as
sweep coagulation (Peavy et al. 1985). For this process, a high dose of metallic
salts and neutral pH are required. Besides these, the presence of various anions in
water and the higher concentration of colloidal particles enhance this coagulation
mechanism.

13.4 Dyes and Its Classification

Dyes are synthetic complex aromatic and heterocyclic molecules that comprise of
two groups, i.e. auxochrome (colour intensifier) and chromophores (colour-
imparting compounds) (Sonal et al. 2018; Patel and Vashi; 2015; Verma et al.
2012). These aromatic compounds are more stable and difficult to biodegrade. The
aromatic rings of dyes contain de-located electrons along with different functional
groups (Ding et al. 2010). Their auxochrome groups are electron donor or with-
drawing groups and are responsible for dyeing capacity of any dye, while colour-
imparting group, chromogen-chromophores are electron acceptor. The chromogens
are composed of cyclic aromatic structures such as benzene rings, anthracene or
naphthalene which adhere to the chromophore radicals containing double-
conjugated bonds with de-located electrons. The chromophore groups are ethenyl
(–C�C–), carbonyl (–C¼O), imino (–C�N–), nitro (–NO2), azo group (–N¼N–),
ethylene group (–C¼C–), methine group (–C¼H), carbon-nitrogen (¼C¼NH; –
CH¼N–), carbon-sulphur (¼C¼S; �CS–S–C�), nitro (–NO2; –NO–OH), nitroso
(–N¼O; ¼N–OH) or quinoid groups, while auxochrome groups are amino (–NH2),
carboxylic (–COOH), sulphonyl (–SO3H) and hydroxyl (–OH) group (Carmen and
Daniela 2012; Welham 2000).

The textile dyes are classified in various ways depending on different criteria of
origin, nature or reactivity (Fig. 13.3). On a general basis, the dyes are classified as
natural and synthetic textile dyes. Since the beginning of 2600 BC, natural textile
dyes extracted from vegetable and animal resources were used in textile processing
units in China (Carmen and Daniela 2012). During the fifteenth century, Phoenicians
used Tyrian purple produced from crushed sea snail’s species, and since 3000 BC, an
indigo dye extracted from the indigo plant was also used. Besides this, several other
naturally derived dyes such as saffron (natural yellow 6) extracted from the stigmata
of Crocus sativus and hematein (natural black 1) obtained from the heartwood of a
tree, etc. were discovered and commonly used (Carmen and Daniela 2012).

In 1856, the first synthetic dye named “mauve dye” (aniline), a brilliant fuchsia
colour, was first discovered by W.H. Perkin (UK), followed by some azo dyes
synthesized by diazotization reaction discovered in 1958 by P. Gries (Germany)
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(Welham 2000). Among all classes of dyes, azo class of dyes is the most widely used
followed by anthraquinone and accounts for 65–75% of the total textile dye (Verma
et al. 2012). The azo dyes comprise of characteristic reactive groups such as –OH, –
NH or –SH that form covalent bonds with the fibres. These are commonly used for
yellow, orange or red colours. Apart from this, about 60–70% of azo dyes are toxic
and carcinogenic and are resistant to degradation. Due to this reason, in India, the
MoEF has announced that the handling of 112 dyes (including 42 benzidine-based
dyes and 70 azo dyes) that are capable of releasing harmful amines is prohibited
(Nadigera 2001). After azo, the second most important class of textile dyes is
anthraquinone group that are used for violet, blue and green colours mostly. Anthra-
quinone dyes are resistant to degradation due to fused aromatic ring structure
(Fontenot et al. 2003). Based on general structure, the dyes are categorized into
anionic (e.g. reactive, acid dyes, etc.), cationic (e.g. basic dyes) and non-ionic dyes
(e.g. disperse dyes). Reactive dyes are one of the most popular classes of dyes that
are abundantly used in textile industries to adhere colour on cotton, wool or nylon
fibres. Their bright, vibrant gamut of colours, easy application and availability make
them more acceptable for the use in textile industries (Robinson et al. 2001; Sonal
et al. 2020). But its high solubility with water and high remains of unutilized dyes
make this class of dye more problematic to treat. These dyes are released in copious
amount along with wastewater containing several types of pollutants such as salts,
acids, alkalis, dispersants, levelling agents, carriers, suspended solids and heavy
metals that make the effluent more harmful and pernicious. The dyes possess toxicity
and are likely known to be a carcinogen because of benzidine and other aromatic
compounds they constitute off (Sonal et al. 2020). Dyes can potentially harm the
aquatic as well as human life. The release of colour affects the photosynthesis
function in plants and algae that impacts the aquatic life because of low light
penetration and oxygen consumption. Metals and chlorine or other inorganic

Fig. 13.3 Classification of dyes on different basis
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component are also found to be more lethal to specific forms of marine life.
Suspended particles released along with the dye wastewater can choke fish gills
and kill them (Wang et al. 2005). Dyes can also influence directly or indirectly
human life, causing various abnormalities in the form of tumours, cancers and
allergies (Carmen and Daniela 2012). The presence of these pollutants is also
aesthetically undesirable and consequently alters the self-purification ability of
streams and rivers. Hence, the decontamination of these dyes molecules from dye
wastewater effluent has become of utmost importance to protect both the aquatic and
terrestrial environment.

13.5 Characteristics of Dye Wastewater

The textile industries are one of the most growing sectors as industrialization and
modern fashion world proliferate. These industries are considered as one of the
biggest polluter industries demanding plenty of water and various complex
chemicals during the processing stages. The textile industries are classified as dry
processing mills and wet processing mills based on waste and effluent generation
(Verma et al. 2012). The dry processing unit generates dry fabric rejects, while wet
processing units generate a considerable amount of effluent because of different
processing stages that are required for the production of textile fibres. The wet
processing unit has been accomplished by various stages of sizing, de-sizing,
scouring, bleaching, mercerizing, drying, printing and finishing stages. All these
different stages generate distinct wastewater depending on the process and the
chemical used. Dye wastewater released during these operational units in textile
industries needs critical attention during coagulation because of the toxic/organic
nature of colloids present in dye wastewater. Table 13.1 represents the various stages
of wet processing unit and characteristics of effluents generated from them.

Consequently, the water discharge from the textile industries has a high environ-
mental impact because of the tremendous amount of water requirement among other
industries, globally, and each subunit effluent is highly polluted (Sonal and Mishra
2019). An average-sized textile industry consumes approximately 200 L per kg of
fabric produced per day (Kant 2012). It has been estimated by the World Bank that
textile dyeing and finishing treatment given to a fabric generate around 17–20% of
total industrial wastewater (Kant 2012). In India, approximately 80% of the total
production of 1,30,000 tons of dyestuff are consumed by the textile industry, due to
high demand for cotton and polyester, globally (Naik et al. 2013).

On the whole, the dye wastewater released from textile and dyestuff industries is
very complex and arduous to treat (Fewson 1988). The effluent discharged from the
industry contains high biological and chemical oxygen demand, besides acids,
alkalis, dyes, hydrogen peroxide, starch, surfactants, dispersing agents and soaps
of metals (Paul et al. 2012). Still, the most notable consideration has been given to
the dyes. These dyes are released in high concentration and are persistent even in low
concentration. During manufacturing and textile dyeing-printing, complete
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utilization of the dyes does not occur, and some of them release into the environ-
ment. Notably, about 10% of dyes used by textile industries are discharged into the
environment (Bazin et al. 2012).

Stringent environmental rules and regulation have grown up these days and
awaken the textile industries to treat their effluents efficiently before discharge.
For textile industries, aside from the degradation of dyes or its waste, the colour
removal from water is also essential. The presence of colour in water even in low
concentration will profoundly affect the aquatic ecosystem and bring aesthetically
unpleasing view (Yagub et al. 2014). Different treatment techniques have been used
to treat dye from wastewater such as coagulation/flocculation, adsorption, ion
exchange, chemical reduction, advanced chemical oxidation, incineration,

Table 13.1 Textile processing stages of the wet processing unit and generated wastewater

Stages Process Effluent characteristics

Sizing First step that provides strength to the
fibres and minimizes their breakage.
Sizing agents such as polyvinyl alcohol
(PVA), carboxymethyl cellulose and
starch are added

Contains pH of 4–5, high biological
oxygen demand (BOD) (range of
300–450 ppm) and medium chemical
oxygen demand (COD), starch,
enzymes and waxes

De-sizing Process of removing sizing material
before weaving

Effluents have a high temperature
(70–80 �C), BOD and COD

Scouring Impurities from the fibres such as fats,
waxes, surfactant and natural oil and
suspended contaminants in the scour-
ing bath have been removed by using
alkali (NaOH) solution

Oil, fats, high pH, alkali, temperature
and strong colour

Bleaching The unwanted colour from the fabric
was removed by using bleaching
agents such as peracetic acid and
hydrogen peroxide

High pH, TDS, organic stabilizer and
other organic compounds

Mercerization It is the process of giving shine to the
fabrics and enhances its dye uptake and
absorbance. The process is carried by
treating fabrics with high concentration
of NaOH

High BOD content, TDS and pH

Dyeing and
printing

In this process, fabrics or yarn is treated
with dye, which requires a large vol-
ume of water typically not only in dye
bath but also during the rinsing step.
Other chemicals such as salts, surfac-
tants, organic processing aids, etc. are
added to improve dye adsorption
depending on the dyeing process

High toxicity, pH, dissolved solids,
metal concentration, BOD, COD and
strong colour

Finishing The process is used to improve the
definite characteristics of the fabric.
Specific features like softening, water-
proofing, antibacterial and UV protec-
tion, etc. are imparted to the fabric

Low alkalinity, low BOD, high toxic-
ity, solvents and softeners

Modified from Verma et al. (2011) and Patel and Vashi (2015)

13 Role of Coagulation/Flocculation Technology for the Treatment of Dye. . . 311



electrochemical treatment, membrane filtration, nanofiltration, biological degrada-
tion (aerobic, anaerobic) and ultrasonic mineralization. But among them, coagula-
tion/flocculation gained more popularity because of its low cost, relatively simple
operation and potential decolourization of the wastewater without degradation and
by-product formation of dyes (Chen et al. 2010; Freitas et al. 2015). Coagulation/
flocculation also favours the removal of colour from the dye bath but not by partial
decomposition of dyes that results into formation of potentially more toxic and
harmful aromatic compounds (Golob et al. 2005).

However, selection of appropriate coagulant needs a detailed investigation,
including wastewater characteristics, the quantum of pollutant load and operational
conditions during the coagulation process. A comprehensive list of different coag-
ulant’s performance for various dye molecules and the factors affecting the perfor-
mance of selected coagulants has been described in the next sections.

13.6 Classified Coagulants and Its Application in Dye
Wastewater (Current Trends)

Different chemicals have been used to fasten the natural destabilization process of
colloidal particles along with some dissolved organic matter for accomplishing the
process of coagulation/flocculation. Earlier, the most commonly practised method of
coagulation was the addition of an adequate amount of electrolytes that sufficiently
compresses the electrical double layer resulting in the settling of the flocs (Peavy
et al. 1985). Later it has been noticed that the salts having trivalent ions of opposite
charges are found more effective than divalent metallic salts. This significant relation
between ionic charge and precipitating capacity of the metallic salts has been first
established by Schulze and verified by Hardy. Thus, on their name, this finding is
usually named as Schulze-Hardy rule. This rule states that “the coagulation of
colloidal particles is effected by that ion of electrolytes that has a charge opposite
in sign to that of the colloidal particles and the effect of such ion increases
remarkably with the number of charges over these ions” (Jarvis et al. 2012; Peavy
et al. 1985). Concomitantly, trivalent metallic salts such as alum, iron-based, tita-
nium tetrachloride and zirconium oxychloride have been used for coagulation/
flocculation process for removal of different organic compound such as natural
organic matter (NOM), dyes, etc. (Jarvis et al. 2012; Hussain et al. 2014; Sonal
et al. 2018).

Accordingly, in dye wastewater, these coagulants have been extensively used to
remove the inorganic and organic components. In dye wastewater, various chemical
and natural coagulants have been used to remove the targeted dye molecules, which
are further classified in different groups, as shown in Fig. 13.4.

Some conventional alum and iron-based coagulants were practised widely, since
a long time back (Gao et al. 2007a, b). But as the industries grow, new dyes are
introduced, so these days some coagulant aid or synthetic/natural polymers have also
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been used along with different inorganic and organic coagulants, to treat the dye
wastewater (Xue et al. 2018; Sanghi et al. 2006). Table 13.2 summarizes the
effectiveness of different coagulants/coagulant aid for the treatment of dye waste-
water. The chemistry of coagulants, when hydrolysed in solution, is quite
multifaced. When aluminium or iron-based coagulants are added to the water, the
pH is depressed due to the release of hydrogen ions, and they form aqua-metal
complexes (Jarvis et al. 2012). The coagulation reactions comprise of an interaction
between the hydrolysis product of metal salt and colloidal particles. Initially, metal
salts come in contact with the solution; hydrolysis occurs followed by a series of
hydrolytic reactions, where hydroxide ions from water molecules replace water
molecules bound to the metals (Jarvis et al. 2012). This leads to a reduction in net
charge that finally leads to the formation of monomeric then polymeric species that
are responsible for the destabilization of colloidal particles. Likewise, other metals
such as titanium tetrachloride and zirconium oxychloride also hydrolysed and
formed polymeric species causing settling of colloidal particles and dye (Priya
et al. 2017; Sonal et al. 2018). Thus, metallic coagulants are extensively used in
the treatment plants based on their availability and performance.

Although the iron- and aluminium-based coagulants have been used commonly,
some disadvantages urge the demand of new coagulant. Recent epidemiological,
neuropathological and biochemical studies suggest that there is a possible link
between the pathogenesis of Alzheimer’s disease and neurotoxicity of aluminium
(Banks et al. 2006; Polizzi et al. 2002). Also, iron-based coagulants are costly, and
the residual iron may cause unpleasant taste, odour, colour, corrosion, staining or
foaming (Li et al. 2008).

As an alternative, synthetic/natural organic polymers (such as starch, chitosan,
polyethyleneimine, polyacrylamide, etc.) or pre-hydrolysed salts [such as

Fig. 13.4 Coagulants used in dye wastewater. (Modified from Verma et al. 2011)
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polyaluminium chloride (PAC) or polyferric sulphate (PFS)] have also been assessed
as a coagulant aid to assist the conventional coagulants and to overcome their
residual toxicity and dose requirement (Huang et al. 2015; Rong et al. 2014). The
pre-hydrolysed salts assist the traditional additives as they get hydrolysed during the
coagulant preparation, thus resulting into more control experimental conditions and
very less impact on pH of the treated water (Renault et al. 2009). They also help in
the formation of larger flocs as compared to alum (Huang et al. 2015). Despite this,
their mode of action of floc formation, mechanism of targeting dye molecules, health
and environmental safety of effluent are still lacking (Jeon et al. 2009). Unlike
pre-hydrolysed salts, organic polymers are categorized as natural and synthetic
polymers, having a large number of similar chemical units bonded together by
covalent bonds. Natural polymers have advantages of non-toxicity and biodegrad-
ability but are not that effective as synthetic polymers (Zahrim et al. 2011). Also,
their biodegradability influences their long storage life hence confined their appli-
cations (Dragan and Dinu 2008).

In contrast, synthetic polymers own more controlling specific properties of
molecular weight and charge functionalities (Bratby 2006). Cationic polymers are
found to be more effective for dye removal than anionic and non-ionic polymers
(Salamone 1998). Despite this, these polymers are not found more effective in the
removal of more diverse class of dyes, thus limiting their use (Table 13.2). Also, it
was found in a study that the non-reactive monomers, such as acrylamide of
synthetic polymers, are toxic and have carcinogenic potentials (Bratby 2006).
Surmounting toxicity of chemical coagulants, natural coagulants (including plant-
and animal-based coagulant) such as Moringa seeds (Tie et al. 2015), chitosan
(Szyguła et al. 2008), okra mucilage (Freitas et al. 2015) and several other naturally
derived polymers were also used for dye wastewater treatment, because of their
advantages of no toxicity and bioavailability, over other chemical coagulants or
polymers. Nevertheless, their use in practical treatment technology is still restricted
because of short self-storage life (Dragan and Dinu 2008) and limited working pH
range (Renault et al. 2009). Also, the extraction process of these natural coagulants
varies because of their properties and thereby affects the coagulation/flocculation
process (Renault et al. 2009; Guibal 2004) and rebuts their uses in industries.
Moreover, one microorganism derived-coagulant named xanthan gum has been
also observed. It is a high molecular weight polysaccharide derived from
Xanthomonas campestris bacterial coat. But its use in the textile industry’s waste-
water has not been reported yet in the literature (Davidson 1980; Cohan 2010), might
be because of its complex structure and higher molecular weight as compared to guar
gum (Verma et al. 2011).

The current trends for the dye wastewater treatment clearly remark about the
subsequent advancement in the use of metallic, inorganic and natural coagulants in
the treatment process. It has been observed that initially alum and iron-based
coagulants were extensively used, but as the dye developed, new coagulants have
been introduced to overcome the limitations of the existing one. Different coagulant
combinations and various coagulant aids have also been used for amelioration of the

318 S. Sonal and B. K. Mishra



dye treatment process. Nevertheless, selection of these combinations is still an
intricate task as many factors are responsible, which is discussed in the next section.

13.7 Selection Criteria for Coagulants

Selection of any specific coagulant used for the treatment of any target pollutants
solely depends upon the characteristics of the coagulants, their hydrolysing proper-
ties, working pH range and several other factors. Thus, the factors responsible for
coagulant selection are as follows.

13.7.1 Properties of the Coagulants

These properties include the hydrolysing characteristics of the coagulant and their
flocs formation capacity in specific working pH. For example, alum, iron-based
coagulant and zirconium oxychloride were more preferably used in coagulation/
flocculation process over divalent metallic salts as they follow the Schulze-Hardy
rule that says the higher the valence state of metal-based counter ions, higher will be
the hydrolysis products, and more efficient will be destabilization of colloidal
particles (Jarvis et al. 2012; Sonal et al. 2018).

13.7.2 Concentration and Type of Colloidal Particles

The presence of hydrophilic colloidal particles in water is found to be more chal-
lenging to precipitate as compared to that of hydrophobic particles. Hydrophilic
particles form hydrogen bonding with the water molecules resulting in more dose
requirement. The presence of turbidity sometimes plays a decisive role in the
coagulation of colloidal particles (Peavy et al. 1985). Sufficient amount of colloidal
particles promotes entrapment of particles in the precipitate during the coagulation
process.

13.7.3 Quality of the Polluted Water

Pollutant quality also decides the coagulant and dose of the coagulant. The effluent
characteristics such as pH, alkalinity, turbidity, presence of organic matters, etc. play
an essential role in coagulant selection. For example, effective pH for alum is 6.5 to
8.5 only; beyond this pH, there must be an addition of external alkalis salts, thus
rendering the overall cost of treatment. Similarly, the effective pH for ferric sulphate
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is in the range of 4 to 7 and above 9, whereas for ferric chloride, effective pH range is
3.5 to 6.5 and above 8.5 (Garg 2013).

13.7.4 Water Temperature

Higher temperature may lead to more collision of colloidal particle resulting in
overcoming of electrostatic repulsive force by van der Waals force of attraction.
This attractive force makes the colloidal particles to aggregate and settle down more
quickly.

13.7.5 Cost and Availability

For the dye industry, treatment of effluent is a challenging task if stringent rules and
cost of treatment have been considered in combination. Any coagulant can be used
commercially only if that is readily available at low cost and efficient for target
pollutants (Verma et al. 2011).

13.7.6 Dewatering Characteristics of the Solids that Are
Produced

The flocs formed and settled down to form solid sludge. The treatment of sludge also
requires huge economy and energy. So the dewatering capacity of sludge also
impacts the use of any efficient coagulant.

The selection of coagulants and coagulant aids plays an important role in curbing
the dye pollution load. Sometimes the use of these coagulants gets affected by
various factors that govern their use in treating dyes and also makes them more
specific for the particular pollutant (Fig. 13.5).

All these aforementioned parameters highly influence the selection of the coag-
ulant for commencement of coagulation/flocculation. Along with the types of
coagulants, other factors also affect the coagulation/flocculation process that are
explained in detail by the following section.
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13.8 Factors Affecting Coagulation/Flocculation Practices
in Dye Wastewater

The following discussion covers about the factors that affect the process of coagu-
lation/flocculation in dye wastewater.

13.8.1 Alkalinity

Alkalinity refers to the acid neutralization capacity of water. In other words, it
indicates the water buffering capacity. For agglomeration of colloidal particles, the
alkalinity must be present in the medium. When the metallic salts get hydrolysed in
water, the released hydrogen ions neutralize the alkalinity. If there is low alkalinity
initially, further reduction in alkalinity will destroy its buffering capacity and leads to
dropping down of pH (Wang et al. 2005). The latter may influence the floc formation
as for specific coagulant optimum pH is required. Low alkalinity waters must be
artificially buffered by addition of lime or soda ash (Sawyer et al. 2003).

Fig. 13.5 Schematic representation for understanding the factors governing the coagulant selection
and coagulation process
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13.8.2 pH Value

pH value plays a vital role in the coagulation/flocculation process as, at optimum pH
only, the coagulant gets hydrolysed and the coagulation takes place. pH also affects
the charge of NOM functional group and dissolved organic matter, the charge of
dissolved-phase coagulant species and the surface charge of colloids and floc
particles (Letterman 1999). In dye wastewater, the optimum pH is highly
recommended for decolourization of the dyes as pH may change the charge of
dissolved organics.

13.8.3 Coagulant Dose

The amount of coagulant addition is an essential factor, and the effectiveness of
colloidal destabilization is highly correlated. An optimum dose is required for
specific water chemistry. A lower dose of coagulant may cause insufficient destabi-
lization of colloidal particles leading to cloudy sample with no flocs, while an
overdose of coagulant results into re-stabilization of colloidal particles as the
concentration of counter ions increases (Melia 1990; Elimelech and Melia 1990).
Thus, an optimum dose of the coagulant is required to produce good flocs, and this
can be determined by using the jar test apparatus.

13.8.4 Turbidity

The higher concentration of colloidal particles provides an ample chance for contact
and building of good flocs and vice versa will occur if the colloidal concentration is
low. For both cases, an optimum dose, pH and coagulant aid should be determined
(Peavy et al. 1985).

13.8.5 Zeta Potential

The zeta potential measures the net charge of colloidal particles and is used to assess
the stability of the suspension. The more negative the charge, the higher the zeta
potential. As zeta potential increases, the repulsive forces between colloidal particles
increase, and the colloidal suspension becomes more stable (Wang et al. 2005).
While as the zeta potential approaches zero, the charge on the surface becomes so
low that attractive forces overcome the repulsive force and destabilization take
places. The magnitude of the zeta potential is measured by electrophoretic measure-
ment of particles mobility in an electric field.
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13.8.6 The Affinity of Colloids for Water

In turbid water usually, a mixture of hydrophilic-hydrophobic colloidal particles is
present. Hydrophilic (water-loving) colloids seem very stable as their hydration shell
prevents chemicals to readily replace the sorbed water molecules, thus inhibiting
their destabilization from the suspension. The stability of hydrophilic colloidal
particles mainly depends on their strong interaction with the water molecules than
on their electrostatic charge (Hammer 1986). Dye molecules primarily are reactive,
and soluble dyes have more affinity with the water molecules, thus rendering
difficulties in the destabilization of the molecules (Patel and Vashi 2015). To settle
down such particles, usually 10–20 times more coagulant dose has been required.
Contrarily, hydrophobic (e.g. metal oxides) particles can be easily destabilized and
coagulated.

13.8.7 Temperature

Lower temperature adversely affects the process of coagulation by altering the
coagulant solubility. The lower temperature also increases the water viscosity,
thereby hindering the kinetics of hydrolysis reactions and particle flocculation
(Morris and Knocke 1984) and, thus, affects the sedimentation process. In contrast,
higher temperature increases the rate and effectiveness of the process, (i) by increas-
ing the kinetic energy of the molecules and rate of chemical reactions and (ii) by
decreasing viscosity of water and altering the structure of the flocs, resulting in larger
agglomerations.

13.8.8 Ionic Concentration and Composition (Cations
and Anions in Solution)

The presence of higher ionic strength in the solution will enhance the destabilization
behaviour of the colloidal particles. The presence of anions such as sulphate, silicate
and phosphate suppressed the occurrence of charge reversal and re-stabilization of
colloids (Boisvert et al. 1997). And the presence of divalent cations such as Ca2+ and
Mg2+ also plays beneficial effects on coagulation of negatively charged particles by
compressing the colloidal double layer and minimizing the repulsive potential
(Black et al. 1965).
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13.9 Merit and Demerits of Coagulation/Flocculation (C/F)
in Dye Wastewater Treatment

The significant popularity of coagulation/flocculation process in dye wastewater
treatment is because of its simple design and operational procedure. Apart from
this, the process has the following advantages that make it an extensively used
method for dye wastewater treatment.

13.9.1 Merits of the Coagulation/Flocculation Process

1. Provoke the destabilization of colloidal and dissolved particles. The coagulation
process with the help of coagulant initiates the destabilization of colloidal parti-
cles which are difficult to settle under the effect of gravity (Baker 1948). Thus,
this process fastens the natural settling of colloidal particles using coagulant/
flocculants.

2. Reduces the turbidity of the water. The coagulation/flocculation process com-
prises of primary treatment that eliminates 90% of settleable particles, along with
other dissolved and suspended particles (Peavy et al. 1985). As these particles
sink down, the turbidity and dissolved organic compounds get significantly
reduced.

3. Reduces the oxygen demand of water. The process substantially reduces the
colloidal particles and dissolved organic compounds, thereby significantly
curtailing the BOD and some COD of the wastewater.

4. Enhances the functioning of secondary and tertiary treatment units. This process
carries a significant amount of organic and inorganic pollutants along with the
settled colloidal particles and hence reduces the over-functioning of other sec-
ondary treatment by reducing maximum pollutants initially.

5. Curtail the total treatment cost. The coagulation/flocculation process is the cost-
effective, simple and potential treatment process for decolourization of dyes
(Chen et al. 2010). Hence this process reduces the total cost of treatment as
compared to other advanced treatment methods used alone.

6. Prevent the formation of harmful by-products. Other advance oxidation processes
such as photocatalytic oxidation, ozonation, etc. are used for the treatment of dye
wastewater from toxic by-products that seem to be potential carcinogens. But the
coagulation/flocculation process has advantage over them, as this process
removes the colour but not by partial decomposition (Golob et al. 2005).

The efficiency of the primary treatment solely depends on the performance of other
secondary treatment methods. Being the part of primary treatment, the coagulation/
flocculation process, besides having some advantages, faces some flaws also which
are described as follows.

324 S. Sonal and B. K. Mishra



13.9.2 Demerits of the Coagulation/Flocculation Process

1. Optimization of dose. For efficient C/F process, the dose of coagulant should be
optimized regularly. A lower dose of coagulant may cause insufficient destabili-
zation, while an overdose of coagulant results into re-stabilization of colloidal
particles (Melia 1990; Elimelech and Melia 1990).

2. Regular monitoring on pH and metal solubility. The theoretical minimum solu-
bility of different metals occurs at different pH. The solubility of metals must be
controlled in a mixture of metals. Also, pH may vary with the variation in dose
and characteristics of effluent. Thus, both of the parameters must be checked
regularly on fixed intervals.

3. Massive sludge generation. Many coagulants such as alum, ferric chloride, etc.
result in the generation of a tremendous amount of sludge that further requires
another treatment before disposal. Also, the dewatering of sludge and its diges-
tion require additional space and cost.

4. Cost and availability of coagulants. The cost of the coagulant and its easy
availability are still a limiting factor on total treatment cost (Verma et al. 2011).

5. Residual impacts. If sulphide is present in the coagulant, scaling and corrosive-
ness will occur to the pipelines or tank accessories. Also, the concentration of
alum in the effluent or sludge will cause Alzheimer’s or other neurological
diseases to human beings (Banks et al. 2006, Polizzi et al. 2002). Similarly,
iron-based coagulant requires more skill as they are corrosive and deliquescent
(Li et al. 2008).

13.10 Compatibility of the Coagulation/Flocculation
Process with Other Treatment Options

To overcome the limitation of the coagulation/flocculation process for the treatment
of dye wastewater, a number of researchers have investigated the combination of two
different processes to reduce the demerits of the two processes and avail their
advantages. The dye released from textile industries is recalcitrant and resistant to
degradation; therefore, a single treatment process is not much reliable and econom-
ical to meet the regulatory discharge limits of the industries. Nowadays, combined or
hybrid system (Fig. 13.6) has been developed to efficiently curb the environmental
pollutants such as heavy metals or dyes (Su et al. 2016; Man et al. 2012; Lin and Lin
1993).

The combined treatment process includes sequential treatment method in which
one process ends and another process starts simultaneously. In this process, the
sequence of the treatment process is the same as written. Contrary to this, a hybrid
method is the process of fusion of two or more treatment process into a single
operation. Consequently, researchers have reported the performance and advantages
of the combined or hybrid treatment process for dye wastewater, as summarized in
Table 13.3.
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Fig. 13.6 Schematic representation of the combined treatment process along with coagulation/
flocculation process

Table 13.3 Advantages of the combined treatment process to treat dye wastewater

Combined process Advantages/remarks References

Coagulation/flocculation
and adsorption

Low sludge generation and low coagulant
dose requirement

Papić et al. (2004)

Thermolysis and coagu-
lation/flocculation

Able to decompose dyes and less sludge gen-
eration occurs

Kumar et al. (2008)
and Verma et al.
(2011)

Coagulation/flocculation
and sequential batch
reactor

Complete reduction of COD and BOD after
the combined process

Lu et al. (2009)

Adsorption and coagula-
tion/flocculation

Efficiently treat non-biodegradable dyes Yang et al. (2007)

Coagulation/flocculation
and nanofiltration

Less sludge generation, a low dose of coagu-
lant and flocculant required, applicable to both
anionic and cationic dyes. The NF treatment
can altogether remove the intense colour left
in CF treated dye solutions

Liang et al. (2014)

Membrane fouling is abated and NF perme-
ate flux is increased by applying the CF pro-
cess as a pretreatment

Coagulation/flocculation
and Photocatalytic
oxidation

Efficient treatment of textile dyes Jorfi et al. (2016)

Less sludge generation

Minimization of cost of the photocatalyst

Forward osmosis
(FO) and coagulation/
flocculation

High water flux and recovery rate, well-
controlled membrane fouling, high efficiency
and minimal environmental impact

Han et al. (2016)

Coagulation/flocculation
and ultrafiltration (UF)

Improve permeate fluxes and keep fouling of
membrane at low levels

Beluci et al. (2019)
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It has been suggested that for dye wastewater, single treatment restricts the
effluent to meet the permissible regulatory limits. Thus, the combined treatment
process overcomes the limitations of the advanced treatment process or secondary
treatment, along with conventional coagulation/flocculation treatment.

13.11 Conclusion and Future Aspects

The stubborn and stable nature of organic dyes creates a problem during the
treatment process, particularly when present in the form of complex matrix. The
process of coagulation/flocculation plays a significant role in reducing the colour
component of dye wastewater along with other pollutants. This process of treatment
has been widely explored since years back, and subsequently, new technologies also
came into existence. But the coagulation process is favoured because it does not
form any toxic by-products after removal of dyes. However, the efficient working of
this process depends on various factors that govern its functioning. The coagulant
used in this process is highly selective concerning the targeting pollutant. Besides
this, the process has some flaws also such as massive sludge generation, residual
effects, etc., but these can be overcome by exploring new coagulants/coagulant aid
combinations. Altogether, the process is still an efficient primary treatment method
for the treatment of massively loaded dyeing unit effluent discharge. Further, the
limitations of the process can be cured by fulfilling the following gaps in future.

The following points should be considered for coagulation/flocculation process in
dye wastewater treatment:

1. As the textile industries grow, new emerging dyes and chemicals are introduced
in the effluent discharge. So, the development of new efficient coagulants must be
considered that will altogether overcome the availability, cost and toxicity
problem.

2. Combined or hybrid technologies should be developed on a pilot-scale basis for
better understanding and their practical use.

3. Reuse of coagulants should be focussed more.
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