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Preface

Energy demand has been rising remarkably due to increasing population and
urbanization. Global economy and society are significantly dependent on the energy
availability because it touches every facet of human life and its activities.
Transportation and power generation are major examples of energy. Without the
transportation by millions of personalized and mass transport vehicles and avail-
ability of 24 � 7 power, human civilization would not have reached contemporary
living standards. The first international conference on ‘Sustainable Energy and
Environmental Challenges’ (SEEC-2017) was organized under the auspices of
‘International Society for Energy and Environmental Sustainability’ (ISEES) by the
‘Center of Innovative and Applied Bioprocessing’ (CIAB), Mohali, from February
26 to 28, 2017. ISEES was founded at IIT Kanpur in January 2014 with the aim of
spreading knowledge in the fields of energy, environment, sustainability and
combustion. The society’s goal is to contribute to the development of clean,
affordable and secure energy resources and a sustainable environment for the
society and to spread knowledge in the above-mentioned areas and awareness about
the environmental challenges, which the world is facing today. ISEES is involved in
various activities such as conducting workshops, seminars and conferences in the
domains of its interest. The society also recognizes the outstanding works done by
the young scientists and engineers for their contributions in these fields by con-
ferring them awards under various categories.

This conference provided a platform for discussions between eminent scientists
and engineers from various countries including India, USA, South Korea, Norway,
Malaysia and Australia. In this conference, eminent speakers from all over the
world presented their views related to different aspects of energy, combustion,
emissions and alternative energy resource for sustainable development and cleaner
environment. The conference started with four mini-symposiums on very topical
themes, which included (i) New Fuels and Advanced Engine Combustion,
(ii) Sustainable Energy, (iii) Experimental and Numerical Combustion and
(iv) Environmental Remediation and Rail Road Transport. The conference had 14
technical sessions on topics related to energy and environmental sustainability and a
panel discussion on ‘Challenges, Opportunities and Directions of Technical
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Education & Research in the Area of Energy, Environment and Sustainability’ to
wrap up the three-day technical extravaganza. The conference included 2 plenary
talks, 12 keynote talks, 42 invited talks from prominent scientists, 49 contributed
talks and 120 posters. A total of 234 participants and speakers attended this
three-day conference, which hosted Dr. V. K. Saraswat, Member, NITI Aayog,
India, as a chief guest for the award ceremony of ISEES. This conference laid out
the road map for technology development, opportunities and challenges in this
technology domain. The technical sessions in the conference included Advances in
IC Engines and Fuels; Conversion of Biomass to Biofuels; Combustion Processes;
Renewable Energy: Prospects and Technologies; Waste to Wealth—Chemicals and
Fuels; Energy Conversion Systems; Numerical Simulation of Combustion
Processes; Alternate Fuels for IC Engines; Sprays and Heterogeneous Combustion
of Coal/ Biomass; Biomass Conversion to Fuels & Chemicals—Thermochemical
Processes; Utilization of Biofuels; and Environmental Protection and Health. All
these topics are very relevant for the country and the world in the present context.
The society is grateful to Prof. Ashok Pandey for organizing and hosting this
conference, which led to germination of this series of monographs, which included
16 books related to different aspects of energy, environment and sustainability. This
is the first time that such a voluminous and high-quality outcome has been achieved
by any society in India from one conference.

The editors would like to express their sincere gratitude to the authors for sub-
mitting their work in a timely manner and revising it appropriately at short notice.
We would like to express our special thanks to Prof. Akhilendra Bhushan Gupta,
Prof. Ankur Gupta, Mr. Pankaj Singh Chauhan, Dr. Rishikant and Prof. Shantanu
Bhattacharya who reviewed various chapters of this monograph and provided their
valuable suggestions to improve the manuscripts. We gratefully acknowledge the
support received from various funding agencies and organizations for successfully
conducting of the first ISEES conference SEEC-2017, where these monographs
germinated. These include Department of Science and Technology, Government of
India (special thanks to Dr. Sanjay Bajpai); TSI, India (special thanks to Dr. Deepak
Sharma); Tesscorn, India (special thanks to Sh. Satyanarayana); AVL, India; Horiba,
India; Springer (special thanks to Swati Mehershi); CIAB (special thanks to
Dr. Sangwan).

At this stage of technology development, environmental pollution has become
the greatest threat to the mother nature with rising level of pollutants in air, water
and soil specifically due to industrial growth and increasing population. A signif-
icant amount of contaminants are being discharged into the environment and major
percentage of this is discharged into water every day, causing a grave danger to all
the water inhabitants and dependent living entities. The industrial effluents are
discharged into the water streams of different rivers, ponds and canals instead of
strict legal enforcement and directives, and this forms a major polluting source for
the existing water resources. The water is being used for different industrial pur-
poses like cooling, processing, transportation and heat treatment. The water gets
mixed with various harmful chemicals, organic and inorganic compounds, acids,
etc., during these processes and forms a highly contaminated effluent which is
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directly discharged into water streams by industrial houses. The wastewater con-
taminates the groundwater and also the inland water resources and soil and affects
in a major way human, animal and plant life on a large scale. This critical issue
compels the researchers to use technical and scientific skills in the field of
wastewater treatment/remediation.

The current monograph is intended to spread knowledge to readers regarding the
issue related to water pollution in recent times. This book describes various
physical, chemical and biological methods, which are being utilized to provide a
complete remediation or remediation to an extent where wastewater could be dis-
charged safely into inland waterbodies or could be possibly reused for agriculture or
other purposes. The main objective of this monograph is to provide the complete
explanation of all the reasons, difficulties and processes to counter the water crisis
with their advantages as well as disadvantages.

Kanpur, India Shantanu Bhattacharya
Jaipur, India Akhilendra Bhushan Gupta
Bhubaneswar, India Ankur Gupta
Mohali, India Ashok Pandey
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Chapter 1
Introduction to Water Remediation:
Importance and Methods

Shantanu Bhattacharya, Akhilendra Bhushan Gupta, Ankur Gupta
and Ashok Pandey

Abstract Water has always been one of the most essential entities for survival of
living systems almost since the evolution of life form. It is pertinent to study water
systems in respect of enhancing the quality of water as it can be a significant source
affecting the living systems in a direct or indirect manner. Nowadays, increased level
of water consumption and correspondingly high levels of pollution have generated a
prominent need for managing the water quality by maintaining safe levels for the
water to be used in specific applications. In this respect, water remediation methods
have taken a forward thrust in order to increase the water quality of potable water as
well as that of industrial grade water in order to prevent contamination of natural
water resources due to the discharge of industrial effluents. Several methods of water
remediation such as physical, chemical, electrochemical and biological are discussed
and worked out worldwide. This monograph gives a review of the importance of
water remediation, various methods that are employed to remediate and some auto-
mated techniques which have been breakthroughs in the field of water quality control.

Keywords Water remediation � Wastewater � Industrial effluents
Photocatalysis � Organic contaminants
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Water is an essential part of every living entity, and it is required to fulfil different
types of needs in every phase of the life cycle. Apart from drinking, water is used
for cleaning, food processing, industrial operations and agricultural work. There is
no substitute of water at present on the earth’s crust. Although the water is available
in plenty in oceans, such water is not useful for daily use. Only, 0.3% of total water
present on the earth’s crust is useful for the mankind. The other 99.7% is in oceans,
soil, icebergs or floating in atmosphere in vaporized or aerosol form. Hence, the
available water that is directly usable for sustenance should be wisely used and also
should be protected from against contamination. Hence, it is the need and necessity
of the day to rapidly find out ways and means to firstly conserve water and then also
try and safeguard water and remediate water in case it is contaminated so that it can
be reused to serve the nutrient transport needs of living organisms. Unfortunately,
with an increase in population, industries and climate changes, the situation arisen
poses a major challenge to usable water. Rising pollution in rivers and other water
bodies due to effluent discharge from various industries is identified as a major
source of contamination. Surface water can be easily contaminated in comparison
with groundwater due to higher accessibility. Water which is contaminated can be
remediated/retreated to some extent for reuse. Different types of contaminants can
be removed from water by using traditional as well as modern approaches
depending upon the requirements. In the traditional approach, the water can be
filtered by passing through a column of bed and bank material. This type of
filtration technique provides a great alternative to water supply and treatment. Apart
from filtration, riverbank filtration systems also provide protection against organic
matter, thus modulating the biochemical oxygen demand levels. Some of the
common subsurface processes available naturally on the earth’s crust such as
Leaching, hydrolysis, precipitation, oxidation and reduction also help in the nat-
uralized treatment of water. Similarly, for surface water remediation, decentralized
in-stream ecological wastewater treatment approach can be deployed. These
in-stream methods of treatment are perhaps cheaper involving an overall low
maintenance cost. These methods provide a good self-purification capability nat-
urally provided to water streams and other waterways providing naturally available
good-quality potable water. The current monograph discusses all such aspects
related to water and its remediation.

A very important environmental challenge that is posed by contamination of
water is the presence of emerging organic contaminants (EOCs), which reduce the
quality of drinking water drastically. Some of the products which are readily used
by human beings such as medicines, pharmaceutical products, pesticides, and
industrial chemicals contribute directly as emerging organic contaminants. Such
EOCs are gaining a significant importance in today’s water remediation scenario
and are primarily involved in drawing the water technology road map primarily
because they possess complex molecular nature and are very hard to detect and
remove. Most of the wastewater treatment plants (WWTP) are not designed to
remove such contaminants, and water technology is increasingly prompting the
generation of domain knowledge in this new area and also prompting the creation
of new technologies. There is always a huge possibility that these compounds and
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their metabolites may escape from the WWTPs and enter the aquatic environment
through the treatment plant discharge and also through the sewage. Many of these
chemicals are designated as health hazards, may have endocrine disruptive prop-
erties (EDCs) degenerating the hormone upregulation within living systems and
may have deleterious consequences to the directly affected aquatic and terrestrial
life form. Physico-chemical and biological properties govern the fate of EOCs
during wastewater treatment, and subsequent discharge of the untreatable con-
stituents may pose the health challenges discussed above. Therefore, it becomes
essential to improve treatment technologies in context of ability to remove EOCs
and thus pose overall less environmental risk. The use of physical, chemical and
biological methods such as adsorption, ultrafiltration, electrodialysis, Fenton reac-
tion, and photocatalysis has been extensively studied as new domain in this area,
and such techniques are effective in removing some of the EOCs from wastewater
although there are engineering requirements which are worked upon to make some
of these techniques scalable with industrial effluent treatments.

Of significant mention is the Photocatalysis which is one of the most explored
phenomena to obtain potable water in spite of organic contamination in ground-
water reserves due to the leaching of fertilizer products and other organic species.
The term photocatalysis is understood as a chemical reaction that is caused by
photoabsorption behaviour of a material which is commonly known as a photo-
catalyst. Water molecules absorbed over the surface of photocatalysts in normal
environments are used to participate in an electron transfer reaction which breaks
down the molecules absorbed along with water over the surface of such catalyst.
This carried out a direct breakdown of higher organic molecular species into lower
molecular sizes, and such size reduction may enable selective absorbtion of these
smaller molecules over suitable surfaces. The higher-sized molecules although
adsorbed over such surfaces may quickly create stearic hindrance and may allow
the diffusional migration process of other unabsorbed species to slow down.
A suitable class of catalysts which are efficacious to perform photocatalysis are the
semiconductor materials with reasonable band gap which may furnish electron
transport through short levels of irradiation. Further, it is very much possible to
tailor the band gap as a function of structure, and morphology is the structuring
scale that is suitably shifted to the mesoscale. In this event, creation of high-density
defect states within the mesostructures may allow the electron transport process to
be very fast even with visible light irradiation. There are two distinct sources of
energy extensively utilized in the photocatalytic applications in water treatment:
solar energy and artificial ultraviolet (UV) light.

The monologue further describes how water splitting can help to generate a
hydrogen economy which is the dream of several nations across the globe. Water
splitting—more specifically known as electrolysis of water into oxygen and
hydrogen if carried out in an efficient manner—would be a key technological
component of a hydrogen economy. Reaching the goal of economical photoelec-
trochemical (PEC) water splitting may likely involve one to combine the physics of
efficient solar absorbers with high-activity electrocatalysts for the hydrogen and
oxygen evolution reactions (HER and OER). Water splitting processes coupled to
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energy storage systems can also be another way of converting waste to energy and
may provide an indirect route to remediate the environmental challenges associated
with wastewater.

Bioelectrochemical systems (BESs) also provide an energy-efficient pathway for
wastewater treatment and have attracted the attention of many people in the past
decade. A BES is a bioreactor that converts chemical energy from chemical bonds
of the organic compounds into electrical energy through catalytic reactions that are
brought in by microorganisms under anaerobic conditions. The recent energy crisis
has reinvigorated a high level of interest in BESs among the research community as
a way to generate electric power or hydrogen from biomass without a net carbon
emission into the ecosystem. BESs can also be used in wastewater treatment
facilities to break down organic matters and recover valuable products. Soluble
organic matter such as monosaccharide, acetate derivatives, alcohols and others,
present in wastewater, are oxidized by electrochemically active bacteria (EAB) in
the anodic chambers, and electrons and protons are produced that may be stored and
harnessed in future applications.

Drinking water needs to follow technical specifications with all the components
allowed in some permissible limits. The halides are another class of species which
make it necessary for filtration processes to exist. For fluorides, the permissible
limit is <1.5 mg/L in drinking water samples which is a sacrosanct standard. If limit
of fluoride increases beyond this limit, it imposes significant effects to teeth and
bones like dental fluorosis and/or skeletal fluorosis. Besides fluorosis, excessive
intake of fluoride also causes muscle fibre degeneration, low haemoglobin levels,
thyroid, gastrointestinal problems, abdominal pain, reduced immunity, etc. The
alternative solution to this problem can be either to use alternative water resources
(like surface water, rainwater and low-fluoride groundwater) or dilution, but these
solutions alone cannot cater the high demand of potable drinking water due to its
insufficiency. So de-fluoridation of drinking water is the only practical option to
overcome the problem of high fluoride in drinking water. Hence, it is very nec-
essary to bring down the fluoride level to permissible limits from our water
resources. The fluoride remediation can be basically carried out using three basic
strategies, precipitation and coagulation-based remediation techniques,
membrane-based filtration techniques (reverse osmosis, nano-filtration, dialysis and
electrodialysis) and adsorption-based remediation techniques (using adsorbents like
alumina/aluminium-based materials, clays and soils, calcium-based minerals, syn-
thetic compounds and carbon-based materials). The new advancements in the
fluoride remedial methods are also emerging and have been discussed in this
monograph.

Large-scale water remediation studies are these days possible due to recent
advancements in the field of remote sensing and geographic information systems
(GIS). Remote sensing-based techniques have been found to assist with water
quality monitoring and management; however, GIS is what makes it possible to
seamlessly link water quality monitoring in space and time with remediation
strategies at reduced costs. GIS has also facilitated the collection of data and
communication of water quality hazards in real time, through display maps. Water
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quality parameters such as chlorophyll-a, algae bloom, turbidity, suspended sedi-
ments and mineral content in water bodies (both surface and groundwater) have
been studied using improved spectral and spatial resolution sensors and geospatial
modelling techniques at low cost and with greater accuracy. High-resolution
mapping of contamination zones through some of these rapid and accurate moni-
toring techniques helps in allocating remediation efforts to the critically affected
areas quickly.

The entry of nanotechnology into the wastewater treatment engineering exem-
plified a noteworthy advancement, and as such, nanoparticles (NPs) have been
exhaustively studied for possible remediation applications. Although NPs have a
challenge related to their low levels of identifiability as foreign bodies by living
systems, they do possess a high level of adsorption kinetics necessitating their
increased usage in water remediation. The wastewater treatment with dispersed NP
suspensions is still a fledgling area for new knowledge generation and to some
extent antagonistic on grounds related to health and environmental safety. NPs may
pose challenges related to ecotoxicity which may be a retrograde in their overuse.
Theoretically, porous nanocomposites containing nanoparticles trapped within
nanopockets is architectures which people do exploit heavily to utilize both the best
of surface area and less mobility of nanoparticles. A range of carbon nanocom-
posites containing NP of semiconductor photocatalysts has worked very well in the
field of UV and visible-light-induced photocatalysis of wastewater. Various
carbon-based nanocomposites which are commonly used for water remediation are
carbon–ZnO, graphene–SiO2/Cu2O, graphdiyne–ZnO, carbon nanoparticles, gold
and platinum nanoparticles, carbon nanotubes–TiO2 nanotubes, carbon aerogel–
TiO2, vertically aligned multiwalled carbon nanotube array–TiO2, graphene nano-
platelets–SiO2, multiwalled carbon nanotubes, metal-doped ZnO nanohybrid,
multiwalled carbon nanotubes–TiO2–SiO2, carbon nanofibres–Ag–TiO2, carbon
nanotube–Ag3PO4 in Pickering emulsions, carbon nitrogen-doped TiO2–SiO2,
carbon–Ag–TiO2, etc. Different nanocomposites have a common benefit of effec-
tively degrading the organic effluents in that the application of photocatalysis is
directed to efficient and whole degradation and formed simple products that are
environmentally safe; however, partial mineralization could have resulted in the
formation of toxic by-products.

Carbonaceous material-based adsorption is further widely adopted as a method
for dye wastewater treatment. Dye is introduced through textile, leather, paper,
plastic and cosmetics industry effluents. The commonly adopted methods such as
adsorption using activated carbon and filtration cause generation of a large amount
of sludge and solid waste leading to high treatment cost. In recent years, incor-
poration of microwave (MW) with the carbon compounds to attain compounds such
as granular activated carbon has served as a next-gen technology in the adsorptive
removal/degradation of dye from wastewater. Such an area also is very novel and as
such explored in this monograph as a novel future direction to water remediation.

This research monograph presents both fundamental science and applied inno-
vations on several keys and emerging technologies for water remediation. Specific
topics that are covered in the current monograph include:
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• Water pollution, human health and remediation
• Water remediation through natural filtration
• Remediation of contaminated urban streams: a decentralized ecological

wastewater treatment approach
• Treatment technologies for emerging organic contaminants removal from

wastewater
• Role of photocatalysis in water remediation
• Water splitting by using electrochemical properties of material
• New age of wastewater treatment employing bioelectrochemical systems
• Remediation of industrial effluents
• Recent advancement in bioaugmentation strategies for process industries

wastewater (PIWW) treatment
• Fluoride remediation from drinking water
• Applications of remote sensing and GIS in water quality monitoring and

remediation: a state of the art review
• Recent advances in carbon–semiconductor nanocomposites for water

remediation
• Dye wastewater treatment using carbonaceous materials by microwave-assisted

methods

The topics are organized into five different sections: (i) general, (ii) water
remediation: basics and natural water remediation, (iii) various techniques of water
remediation, (iv) use of carbon-based composites for water remediation with a hope
that such an assembly of various domains of water remediation will help to generate
awareness of the latest technology trends in the water technology industry.
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Chapter 2
Water Pollution, Human Health
and Remediation

Komal Jayaswal, Veerendra Sahu and B. R. Gurjar

Abstract Water is considered as the most essential source of life and important
part of our natural resources. Due to rapid industrialization, urbanization and lack of
awareness among people to consider water as a crucial commodity, around 80% of
the world population is now facing water supply and security threat. In fact, about
2% of planet water is fresh and only 0.036% of water is accessible for use, rest
1.96% is present in polar ice caps, underground wells and aquifers. Furthermore,
freshwater resources are progressively becoming unavailable due to huge amount of
pollution in drinking water sources and also due to ignorance by human or
industries and government authorities. The increasing water contamination by
discharging untreated effluent is major problem faced by humanity worldwide. For
this, government authorities and other organizations concerned about water con-
servation, awareness among people, strict laws about water security, sustainable
and cost-effective wastewater treatment technology to overcome water pollution
and water shortage problem for humans and biodiversity.

Keywords Water pollution � Wastewater treatment � Bioremediation
Ecology

2.1 Introduction

Water is the most vital among all natural resources and considered as the most
important for life. Due to rapid industrialization, urbanization and lack of awareness
among people to consider water as a crucial commodity, around 80% of the world
population is now facing problem related to water supply and security (Vorosmarty
et al. 2010). While planet earth is mostly covered with water, however, only about
2% of water can be considered for use and rest 98% is seawater that is unsuitable
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for drinking due to presence of salts. In fact from 2% of fresh water only 0.036% is
accessible for use, rest 1.96% is present in polar ice caps, underground wells and
aquifers. Furthermore, freshwater resources are progressively becoming unavailable
due to huge amount of pollution in drinking water resources due to ignorance by
human or industrial and government authorities (Kumar Reddy and Lee 2012).

Due to ignorance a large number of water resources get contaminated and
become unsuitable for drinking and other purpose. Moreover, remaining freshwater
resources gets progressively polluted due to discharge of untreated pollutants,
chemicals and hazardous waste from thousands of industry directly into water body.
Evolving industrialization and rapid population growth lead to more water demand
that definitely marks water as a precious and fundamental commodity (Vorosmarty
et al. 2010).

Emergent pollutants that are entering in water supply systems are pesticides,
synthetic fertilizers, chemical compounds like dyes, heavy metals, hormones, per-
sonal care products, detergents, pharmaceuticals product that directly or indirectly
may enter into the aquatic system and finally affect human health. Apart from this,
waterborne pathogenic microbes enter the water system from research laboratory,
hospitals, untreated sewage, septic tanks and various tanneries, food processing and
meat packaging industries (Schwarzenbach et al. 2010). Pollutants have direct effect
on human health and ecosystem. Apart from anthropogenic sources, other natural
factors that strongly affect water quality are floods, storm, volcanic eruptions,
earthquakes, etc. Major water pollutants have been shown in Fig. 2.1. New tech-
niques have to be developed in coming years, for clean water supply otherwise
water scarcity may lead to water wars and insecurity at social and political levels.

Fig. 2.1 Sources of water contamination (Kumar Reddy and Lee 2012)
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Without any proper strict regulation by government authorities and concerned
organizations, this severity of problem cannot be controlled. Lawmakers must
impose strict policy for industries, organization and people for proper waste
management, treatment of discharge effluent, proper working of treatment plant and
strictly follow the effluent discharge standard. The increasing water contamination
by discharging untreated effluent is major problem faced by humanity worldwide.
In fact, in developing country like India even though facilities are available but due
to mishandling practices and lack of sanitation awareness, water resources are not
properly utilized. In India, this problem is related to both rural and urban areas, for
example in most of the Indian city collection of household drinking water is
dependent on season and infrequent supply results in storage of water. During
storage of water, there is a chance of contamination and level of contamination
increases by number of factors like quality of container used, place of storage, water
collection site and handling practices (Brick et al. 2004). To overcome this problem,
government authorities and other organization have to issue strict laws about water
regulation and security and also develop cost effective and sustainable wastewater
treatment technology to overcome water pollution and water shortage problem for
humans and biodiversity. Apart from this awareness campaigns must launch to
make people aware about importance of water (Kumar Reddy and Lee 2012;
Vorosmarty et al. 2010).

2.2 Background

In twenty-first century, major problems faced by human society are interrelated to
water quality and quantity issues. Furthermore, in coming decades these problems
are going to be intensified in wider sense due to climate change that will result in
melting of glaciers, rise in water level and temperature and change in water cycle
pattern that is going to increase more frequent floods and droughts. A warmer
climate can hold more moisture, causing 7% increase in water vapour with rise in
every degree centigrade of temperature. Water vapour acts as greenhouse gas that
drives earth’s hydrological cycle and change in climate (http://earthobservatory.
nasa.gov/Features/Water/). Lack of proper sanitation has directly related to lack of
safe drinking water which affects human health, for example, untreated excreta
enters into the food chain causing severe health issues. Other major problems
related to water security are contamination of water source by pathogenic
microorganisms and toxic chemicals which further lead to bioaccumulation in
aquatic water plants and other living organisms including seafood and fish.
Pollutants from domestic, agricultural and industrial sources merge to freshwater
sources like rivers, lakes and groundwater aquifers without proper treatment. These
pollutants cause physical, chemical and biological pollution of natural water
resource, and it has become public concern in all parts of the world (Schwarzenbach
et al. 2010).
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Nutrients and natural organic constituents like nitrogen and phosphorus are
present in relatively small amounts such as in milligram per litre, generally con-
sidered as macropollutants. The primary source of these pollutants is from agri-
culture by excessive use of fertilizers and animal manure, from fossils fuel used in
industry, power and transportation sector which increases amount of nitrogen in air.
Other sources of nutrients are from sewer system. The effects of these pollutants are
generally well known, but the major challenges are in developing a sustainable
treatment system, as high amount of nutrients can lead to generation of biomass
concentration, eutrophication in lake and oxygen depletion. (Lohse et al. 2009;
Heisler et al. 2008). Due to high concentration of salt in water, it becomes unfit for
drinking and also inhibits the growth of agricultural crops. This condition is present
near coastal areas in India and China. Intrusion of excessive marine salt into
groundwater near coastal area due to overexploitation of aquifers which lead to
inhibition of agricultural crops and direct mixing in fresh water makes it unfit for
use (Kaushal et al. 2005; Kumar et al. 2015; Schwarzenbach et al. 2006).

Sometimes, even small concentration of synthetic and natural pollutants may
exert adverse effect when present in mixtures, and accumulation of these pollutants
causes acute and chronic effects on human health. For example, total inorganic
nitrogen total phosphorus discharged into river worldwide is 21 and 5.6 (106 tons
per year), respectively. Similarly, around 0.3–1 (106 tons per year) heavy metals
like zinc, chromium, nickel, mercury, cadmium, lead get discharged into the river
(Schwarzenbach et al. 2006). Apart from macropollutants, acute health effect may
also be generated due to pathogenic microbes present in polluted water, so to
control the effect of micropollutants on human health and aquatic life, appropriate
and sustainable water treatment technology must be applied for preventing pollu-
tants to enter water supply system (Schwarzenbach et al. 2010). Different treatment
system has been evolved, but to select an appropriate treatment system based on
type of pollutant entering in water system, proper maintenance and efficient
removal have to be considered. However, selection method often signifies a chal-
lenge not only in the sense of technology but also for economic, social and political
viewpoints (Filippelli 2008). Local needs, preferences and practice of local people
govern the social issues for planning and development of overall technology
framework. Apart from this, well-framed law and clear jurisdiction owned by
government body control the implementation of technology (Massoud et al. 2009).

Globally, about 30% of available freshwater is consumed by industries and
municipal corporation (Cosgrove and Rijsberman 2000) that generate a large
amount of wastewater containing pollutants with different concentration. In
majority, wastewater is discharged in natural water system without treatment or
undergoes treatment that does not effectively eradicate most of the pollutants. Other
sources are also responsible for micropollutants, these are runoff of million tons of
pesticide from agricultural land, other from oil and gas spills worldwide
(Eliopoulou and Papanikolaou 2007) and also from human-driven toxic chemicals
such as heavy metals, metalloids and alloy.

Additional natural micropollutants are incorporated from biological sources,
which produce taste and odour in water, and these are not a major toxicological
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problem, but it leads to great aesthetical concern. There are also a large number of
hazardous waste sites, for example abandoned industrial and previous military sites,
from where toxic pollutants may find their way directly into natural water system,
such as groundwater. In India, hazardous waste sites is present in states like West
Bengal, Uttar Pradesh, Gujarat, Kerala, Madhya Pradesh, Orissa, Maharashtra and
Karnataka, having heavy metal and aromatic hydrocarbon in high concentration
(http://www.cpcb.nic.in/LIST_OF_HW_CONTAMINATED_SITES.pdf).

Report shows that around 100,000 toxic chemicals have been registered, most of
them are in daily use (Schwarzman and Wilson 2009), so there are numerous
passages by which these chemicals may enter freshwater system like industrial
discharge directly into water body, toxic chemicals from agricultural fields and also
from biological production of toxins and malodorous compounds (Schwarzenbach
et al. 2006). In this chapter, we attempt to focus on worldwide water pollution
problem, different types of natural and synthetic water pollutants present in natural
water body and their sources, effects on human health, biodiversity and their
remediation.

2.3 Agricultural Water Demand, Its Uses and Effects

A large number of chemicals are used to maintain crop production and to increase
agricultural growth rate every year. Other than this, several tons of pesticides are
consumed to control pests, weeds, insects and other microorganisms. These pesti-
cides and other chemicals generally contain hundred different types of active
ingredients that directly impart toxicity to humans and other biota. These chemicals
not only pollute soil, water resource, biota and ecosystem but also it stretches its
effect to farmers and consumers (Galt 2008; European Commission 1991), and
these contamination due to their continuous exposure to living organisms are of
great concern.

Very high concentrations of pesticides and their intermediate products such as
triazines and chloroacetanilides are detected in US rivers, and due to their high
permissible range, it can effect nontarget organisms in soils and whole aquatic
systems and also affect the quality of surface and groundwater (Gilliom 2007).
Pesticides like dichlorodiphenyltrichloroethane (DDT), hexachlorocyclohexane
(HCH), aldrin and dieldrin which are organochlorine in nature are commonly used
in developing countries like India due to low cost and effectiveness among several
pests. Use of pesticides like HCH, DDT, endosulfan, phorate are common in some
parts of India like Punjab, Maharashtra, Karnataka, Gujarat and Andhra Pradesh
(Abhilash and Singh 2009). These pesticides are used for crops like cotton, veg-
etables, sugarcane rice.

Effective mitigation measures have to be designed to prevent pesticides and
others chemicals to reach surface and groundwater. Pesticides runoff is dependent
on hydrological properties of soil like water flow patterns, permeability, topogra-
phy, meteorological conditions and absorption behaviour of chemical composition
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of pesticides (Leu et al. 2004). Pesticides applied to crop at first were degraded by
soil microbes and chemical reactions, further it also absorbs in organic matter
present in soil. It transforms into other metabolites but does not completely degrade.
The final pathway of pesticides in environment takes place through volatilization in
atmosphere, runoff in dissolved and particulate form to surface water bodies like
river and mixing in groundwater through leaching process (National Research
Council 1993).

Water contamination takes place through runoff of pesticides containing rain-
water from roofs and roads in urban areas, which lead to pollution in drainage and
sewer system. Pesticides application in agricultural practice causes direct exposure
and health risk for workers, and extensive use of pesticides leads to water and soil
pollution. In the area prone to high pesticides concentration, effective mitigation
measures have to be applied by replacing or restricting extensive use of pesticides
(Leu et al. 2004a; b). To maintain ecological balance and biodiversity, extensive
use of pesticides in agricultural land has to be controlled and further direct exposure
of pesticide chemicals to workers and farmers has to be regulated. Report shows
that due to accidental exposure of pesticides, poisoning of 3 million people and
20,000 accidental deaths takes place per year in developing countries (United
Nations Environment Programme 2007). The main role of the agricultural practices
in most developing countries is to attain and sustain food security issues for the
emerging populations, also keeping in mind about type of agricultural practices,
pesticides and agrochemicals usage and their effect on human and other living
being. With increasing trends in urbanization and industrialization, development in
agricultural practices also increases which lead to water usage and quality issues.
Due to extensive pesticides usage per hectare of agricultural land in developing
countries, their concentration monitoring and effect assessment for human and
plants health are often limited and implementation of regulations for maintaining
pesticide concentrations are limited (Menezes and Heller 2008; Agrawal 1999).

2.4 Groundwater Contamination, Sources and Effects

2.4.1 Groundwater Contamination by Geogenic Sources

Aquifers geological composition generally causes leaching of toxic elements in
water supply. Arsenic, fluoride, iron, chromium and selenium are main elements
concerned with groundwater contamination. Arsenic among all these contaminants
has caused extreme health effects and risk to the life of people in different countries.
In Bangladesh, about 95% of the total population uses groundwater from 10 million
tube wells. From this, around 60% underground water wells near Ganga and
Brahmaputra river system contain arsenic beyond permissible limit as reported by
World Health Organization (WHO) (Ahmed et al. 2004). High concentration of
arsenic is due to weathering of arsenic-containing rocks in mountain ranges,
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deposition of organics in floodplains of rivers and due to high residence times of
water in groundwater aquifers which cause anoxic condition for release of arsenic in
water. Other factors that affect groundwater with arsenic contamination are mobi-
lization of arsenic at high pH with oxygen-rich groundwater; this phenomenon
occurs in arid areas such as US Midwest, eastern Australia and central Asia (Amini
et al. 2008). Health effects caused due to high arsenic concentration are high blood
pressure, neurological dysfunctions and pigmentation in limbs that lead to keratosis
by accumulation in the skin, hair and nails (Chen et al. 2009). Chronic effect of
arsenic leads to skin, lungs and internal organ cancer. It has been reported that
carcinogenic effect of arsenic is caused due to contamination level greater than
50 lg As/L (Smith et al. 2002). Different technologies have been developed like
membrane filtration, adsorption for treatment of arsenic contaminated water, but
due to high cost of treatment, these methods cannot be used at places with alarming
situations, so there is a need to develop cost effective, feasible and alternative
techniques like rainwater harvesting, water sources from deep aquifers for rural
areas in developing countries. For developing countries simple, effective and eco-
nomical treatment technology is required. Furthermore, alternative methods like
rainwater harvesting and adsorption techniques have to be implemented to improve
water quality.

2.4.2 Groundwater Contamination by Anthropogenic
Sources

Groundwater contamination is related to geological formation of aquifers, where
pollutants enter into underground water table and pollutants transported to other
stretch of drinking water source. Groundwater contamination results from munic-
ipal solid waste landfills sites, nuclear waste site, hazardous waste sites, accidental
spills, runoff from agricultural land and waste discharge from industry. Many
abandoned sites where illegal dumping and discharge of waste materials take place
can result in groundwater pollution. Around 100 million tons of waste gets dis-
carded that contains radioactive and hazardous water which enters groundwater
table through leaching by contaminated landfills (United States Environmental
Protection Agency 2008). Some of the contaminated sites are under maintenance
and control conditions but most of them are expected to release toxic waste to
environment. In addition, thousand tons of oil, petroleum and other chemical spills
take place every year which resulted in pollution of water during storage and
transportation process. Types of toxic chemicals that fluxes from contaminated site
are fuel hydrocarbon, chlorinated ethane, pesticides, radio nuclear waste from
nuclear weapon testing sites, explosive chemicals from ammunition plants,
heterogeneous and non-categorized disposed waste and wastewater
(Schwarzenbach et al. 2010). In fact, leachate composition at landfill sites is
heterogeneous and complex as only few contaminant species are identified, so if
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there is need to monitor type of waste dispose at these sites, continuous monitoring
of leachate material and groundwater is needed. Groundwater is directly used for
drinking, and these persistence contaminants took several decades to decompose, so
monitoring and assessment are necessary to check health risk and exposure of
chemicals on human body. For this implementation of cost effective, reliable and
sustainable approach is needed.

Groundwater contamination quantification and treatment approaches are phy-
toremediation, site excavation, pump-and-treat procedures and permeable reactive
barriers (Salt et al. 1998). However, most of the remediation methods are very
expensive and also more time is required for decay process. Treatment methods
include removal of contamination source, catalytic reaction to immobilization of
metals and conversion to biodegradable (organic) materials. Nowadays, remedia-
tion strategies include microbial or abiotic degradation processes. Presence of high
amount of carbon source along with microbes at contaminated site leads to anoxic
conditions, which further proliferates the growth of different microbial community
at site which helps in degradation of certain types of waste materials. Anoxic
condition helps in growth of metal reducing microbes which transforms organic and
inorganic pollutants. Thus, for elimination of waste, proper assessment and
understanding of type of contaminant along with its reactivity and mobility with
other contaminants, geographical conditions of landfill site are required. Analytical
tools such as stable isotopes analysis method provide information about specific
compound, its transportation and transformation behaviour in groundwater during
pollution and accidental spills conditions (Hofstetter et al. 2008).

2.5 Surface Water Contamination, Sources and Effects

Mining operations trigger in large amount of waste deposits which cause significant
environmental problems. Generally, these generated wastes get oxidized by air and
weathering by precipitation which further contaminates water resources. Mining
activities result in large amount of waste to finally yield significant end products.
Around 1,000 tons of waste materials are produced per kilogram of pure metal,
during extraction of rare metals like gold, copper and nickel. Ores of iron, coal and
copper contain large amount of sulphide, which further oxidizes in presence of air
and water and forms sulphuric acid by acid mine drainage (Blodau 2006). It has
been estimated that worldwide about 20,000 km of river stretch and 70,000 ha of
lake and reservoir area are effected by acid mine effluent (Johnson and Hallberg
2005). Further, mining of precious metals uses large amount of synthetic chemicals,
power supply and water that lead to environmental pollution and risks.
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For example, during mining operation of gold, chemical extraction method is
used that requires toxic elements like mercury and cyanide that directly affect
human and environment. This chemical extraction process consists of mercury
amalgamation and cyanide extraction process (Schwarzenbach et al. 2010). In
above methods, gold traces are mixed with liquid mercury, which is further
extracted by heating and evaporation in atmosphere. While heating process, this
mercury gets released to atmosphere and local people and workers are directly
exposed to neurotoxic metals. Biomagnification of mercury takes place during its
discharge in surface water which causes health risk problem to aquatic system,
organisms and human populations. On the other hand, at lower gold concentration
and larger volume, cyanide method is used. In this method, oxidative leaching of
gold takes place, which forms complex in aqueous solution, after that adsorption
takes place and recycling of cyanide solution takes place. In general, for extraction
of 1 kg of gold, around 700 tons of water and 140 kg of cyanide are required
(kg) (Mudd 2007). Health issues related to cyanide are that it blocks enzyme
function in respiratory chain process in higher organisms that cause sudden death.
For adult human, 100 mg of cyanide is highly toxic while for fishes a much lower
concentration that is 0.05 mg/L in water also causes death (Schwarzenbach et al.
2010).

Improved extraction processes should be implemented for gold extraction, for
this toxic element like mercury and cyanide need to be replaced by less toxic
extraction chemicals like halogens and thiourea (Dudka and Adriano 1997; Akcil
2003). Apart from this, upgraded sustainable processes and safety methods are
needed to be adapted for extraction process. Enforcement of strict law should be
there for health and environmental risks related to mining operations.

2.6 Pharmaceuticals and Personal Care Products
in Wastewater and Drinking Water

Municipal wastewater significantly contributes to micropollutants in the form of
organic pollutant into the environment; mostly consist of pharmaceutical and per-
sonal care product. Pharmaceuticals products include hormone regulator, sedative,
contraceptives, lipid regulators, antibiotics, painkiller, anti-inflammatory,
anti-depressants and others medicines. Every year, new pharmaceuticals products
are launched in market. In fact, every year pharmaceuticals products contribute 8%
of total research and development expenses. It can be extrapolated with this data
that 300 new pharmaceuticals compounds hit market every year. The world-level
market of pharmaceuticals compounds was 100,000 tons per year that were worth
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of US$773 billion, with the highest per capita sales in the USA with US$676
(Schwarzenbach et al. 2010; Kummerer 2013).

These products are highly bioactive and their concentrations are generally in
nanograms to micrograms per litre of water and wastewater system. In municipal
raw sewage, the range of pharmaceutical products is in micrograms per litre which
confirms that sewer lines are main path for pharmaceutical discharge in water
bodies. At present, pharmaceutical compounds are separated from wastewater
system by biodegradation and absorption from sludge generated in system
(Schwarzenbach et al. 2010). Due to formation of metabolites, complete mineral-
ization of compounds does not take place during biodegradation process. Therefore,
from ecotoxicological point of view, toxic effect of the compound is not only due to
parent compound but also transformed metabolites need to be considered. As such
in case of iopromide, during an iodinated X-ray contrast medium process, 12
metabolites were identified, that are equally toxic in nature as parent compound
(Schulz et al. 2008). In pharmaceutical compounds, toxicological effects are not
only due to parent compound but also due to their transformed metabolite in
wastewater system.

Studies show that metabolites having more number of hydrophilic metabolites
have less toxic effect as compared to more hydrophobic compounds present in their
parent compounds. Moreover, the main issues related to pharmaceutical compounds
are their ecotoxicological effect, as this water is used directly or indirectly for
drinking and other purposes. Filtration of pharmaceutical compounds and their
metabolites takes place through riverbank infiltration in the aquifers
(Schwarzenbach et al. 2010). In previous study, it is shown that out of 19 antibiotic
present in surface water, only one has been identified in the bank filtrate (Heberer
et al. 2008). Some reports also suggested that complete removal of all potential
pharmaceuticals compounds cannot be certain through riverbank filtration. Due to
toxicological effect, pharmaceutical compounds and their transformed metabolites
products are carefully tested. Moreover, from toxicological point of view, phar-
maceutical compounds are carefully tested. Development of a new pharmaceutical
compound requires proper details of drug kinetics, pharmacology and toxicology
such as genotoxicity, carcinogenicity, reproductive and development toxicity. The
final phase before launching of pharmaceutical products is clinical trial. Final phase
is the clinical trial before launching (Schwarzenbach et al. 2010). On the basis of
above context, risk of toxicity to the consumers seems quite low. However, studies
are conducted for evaluation of long-term effect of these products on human and
environmental health. As wastewater is the main source for pharmaceuticals, so
different wastewater technology has been evolved, such as ozonation, polishing
pond and activated carbon. Ozonation process has high treatment efficiency, and it
has feasible operation and maintenance cost (Hollender et al. 2009). Other process
such as polishing treatment of effluent helps in treatment of endocrine disrupting
compounds. Alternatively, activated carbon in granular or powdered form along
with oxidation and nanofiltration and reverse osmosis can be used as a promising
technique for removal of these compounds (Schwarzenbach et al. 2010).
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2.7 Contamination by Waterborne Viruses and Microbial
Pathogens

Problems related to sanitation, hygiene and waterborne pathogen are of the major
concern in developing countries. As in developed countries, maintenance of water
supply infrastructure related to sanitation is already installed. Unfortunately, in
developing countries where large amount of sewage is discharged into water body
without treatment, so improvement in basic sanitation facility and treatment tech-
nology is necessary; moreover, access to safe drinking water is the primary
requirement. It is the current estimation that 67% of the population in developing
countries may not be able to have a proper sewerage system till 2030
(Schwarzenbach et al. 2010). Currently, in developing countries, there is an
imbalance between urban and rural areas for proper sanitation and access to safe
drinking water. Report shows that nearly 1.1 billion people across the world lacks
potable water and 2.6 billion people have no proper sanitation facility.

Lack of proper sanitation and limited access to safe water causes 1.6 million
deaths per year worldwide and from this most of cases are of developing countries,
and the main cause of disease related to drinking water in developing countries is
pathogenic viruses, bacteria, protozoa and insects developing on contaminated
water. One of the reports predicted that contaminated water is responsible for 15–
30% of gastrointestinal diseases. Other diseases caused by consumption of unsafe
water are diarrhoea, cholera, stomach infection, skin problem, nausea, typhoid fever
and legionellosis. Most increasing waterborne disease is typhoid fever that is caused
by Salmonella typhi and Salmonella paratyphi, respectively. Even acute viral dis-
eases like hepatitis A and E, rotaviruses and the other protozoa-related diseases
caused by Giardia lamblia are often found related to inadequate supply of safe water
and sanitation practices (Schwarzenbach et al. 2010). Pathogens like
Cryptosporidium parvum, Campylobacter jejuni, enterotoxigenic and enteropatho-
genic Escherichia coli, Shigella spp., or Vibrio cholera cause most of the chronic
health diseases (Albert et al. 1999). Pathogenic microorganisms such as E. coli and
cryptosporidiosis generally cause outbreak of diseases in developed countries, due
to microbial distribution in warm water supplies and air condition from houses,
complexes and hospitals.

Due to discharge of untreated sewage in water supply system or other natural
water body, nowadays, health-related problems are linked to both wastewater and
drinking water supply. Moreover, issues related to sanitation, proper access to safe
water, wastewater treatment and enforcement of strict regulation for water safety
and conservation are given low priority and low number of funds is allocated for
this purpose. Improved sanitation, proper and safe water supply, linked sewerage
line to every house, proper treatment and management of waste can help to erad-
icate these health-related issues. World health organization (WHO) along with the
United Nations Children’s Fund has launched as a millennium development goal
(MDG) to help people with access to safe drinking water and basic sanitation
facility by 2015 (World Health Organization UNICEF 2006).
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2.8 Wastewater Treatment Technology for Municipal
Sewage: A Self-sustainable Option

To improve sanitation and to maintain human health and ecosystem, it is necessary
to develop a sustainable and effective wastewater treatment system. The main aim
of municipal wastewater treatment is to eliminate organic matter in the form of
biological oxygen demand (BOD) and chemical oxygen demand (COD), and
nutrients such as nitrogen and phosphorus and pathogenic microorganisms.
Removal of nutrients from wastewater effluent causes decrease in eutrophication
phenomenon that leads to proper growth of aquatic organization and high dissolved
oxygen (DO) in water. It has been estimated that in developed countries, 50–95% of
wastewater gets treated while in developing countries about 80% of effluents is
discharged in river and lakes without prior treatment (Kumar Reddy and Lee 2012).
Wastewater from industries not only leads to organic pollutant but also it is a source
of heavy metals, synthetic dyes and organic compounds.

Treatment processes such as advanced oxidation, membrane bioreactor, neu-
tralization of acid and base in effluent, resource recovery within system and acti-
vated carbon processes help to reduce these pollutants very efficiently, but
unfortunately, these processes are not implemented in developing countries. Now
it’s high time to develop effective mitigation measure for wastewater treatment, as
due to increase in water scarcity, treated wastewater is not only used in agriculture
and recreational work but also for drinking purpose. For example, wastewater is
recycled in Windhoek, Namibia since 1973 for obtaining drinking water
(Schwarzenbach et al. 2010). In any country for selection of sewage treatment
system, economy is first priority. Many sewage treatment systems such as activated
sludge process (ASP), membrane bioreactor (MBR) are very efficient for organic
and nutrient removal, but due to high cost of construction, operation and mainte-
nance either it is not preferred or are not being maintained properly due to lack of
understanding of system. For developing country like India, economical aspects are
a major thing to be considered for development of sewage treatment plant.

Apart from this in developing countries, sewage treatment and other environ-
mental issues are of low preference in comparison to other developmental issues
such as food availability, health, education and industrial development as it does not
have direct economical significance. So installation of highly advance and costly
treatment technology is not preferable for developing countries. Now it is a time to
develop sustainable, cost effective and appropriate sewage treatment system which
is techno-economically feasible. Sometimes for developing countries, it is very
tough to define about appropriate treatment technology as there is a serious concern
about selection, because low cost is not only the criteria but removal efficiency, low
operation and maintenance, low sludge withdrawal of the system are the criteria that
are to be considered. So under these circumstances, a combination of
anaerobic-aerobic system has to be considered as appropriate wastewater treatment
system for developing countries.
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In this context, a combination of up-flow anaerobic sludge blanket (UASB) reactor
and down-flow hanging sponge (DHS) reactor is considered as an appropriate sewage
treatment technology for developing countries (Tandukar et al. 2005, 2006). Combination
of anaerobic–aerobic system for wastewater not only provides better removal efficiency
but also can provide high removal efficiency at minimum operation control.

DHS reactor was developed as a novel, effective and low-cost post-treatment for
UASB effluent to meet desired effluent standard. The principle of this system is
based on conventional trickling filter process, in which media is replaced with
polyurethane for high sludge retention in the reactor. This high sludge retention is
due to the presence of more than 90% of the void space resulting in high biomass
entrapment in packing media, which finally leads to long solid retention time
(SRT). Moreover, DHS rector generates less sludge due to longer SRT which
provides enough time for mineralization of sludge in system itself. Due to presence
of natural ventilation, there is no requirement of external aeration or any other
energy source. Oxygen present in the atmosphere gets incorporate to wastewater,
while effluent moves downwards in the reactor and finally gives high DO in
resultant effluent (Tandukar et al. 2005). UASB–DHS system not only provides
better removal efficiency in terms of organic matter and nitrogen removal but
removes pathogenic microorganisms.

2.9 UASB-DHS System as a Novel, Cost-Effective
Treatment Technology for Municipal Wastewater

Various studies have been conducted by using different generation of DHS sponge
media on bench and pilot scale reactor. These reactors have shown an excellent
ability to polish the quality of UASB effluent in terms of organic matter, ammonium
nitrogen, and suspended solids and pathogens removal to meet the desired effluent
standards. Full-scale study on DHS system was conducted in India, and experi-
mental results showed that DHS reactor is efficient and can be taken as viable
option as post-treatment method for UASB effluent (Okubo et al. 2015).

Water quality parameter of 15 different UASB-FPU-based STPs in India were
investigated and analyzed and found out that this system is not efficient to remove
organic matter, ammonium nitrogen and pathogens to meet desired Indian effluent
discharge standards. So to understand the practical approach of DHS as a post
treatment of UASB water quality profiles and retained sludge need to be investi-
gated (Sato et al. 2006). Organic matter removal takes place in DHS reactor due to
anaerobic and aerobic biological degradation and also due to adsorption in sponge
media. At first, organic removal takes place due to proliferation of heterotrophic
bacteria as dominant-microorganisms. After removal of organic matter, ammonia
nitrogen removal takes place by autotrophic bacteria. Maximum removal of NH3–N
takes place in the lower half of reactor due to presence of nitrifiers that convert
NH3–N to NO3–N in the presence of oxygen. Higher biomass concentration in
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sponge media results in better organic and nitrogen removal. Apart from this,
pathogenic microorganism gets removed due to adsorption in sponge media, preda-
tion by higher form of microorganisms, competition of space and food allows growth
of certain microorganisms. High amount of active biomass retained in the sponge of
DHS and corresponding longer SRT ensures a high degree of treatment at minimum
operational control. These properties are important to hedge against any hydraulic or
organic overload to the system during the real operation as well as to reduce sludge
production (Mahmoud et al. 2009). The performance of reactor was attributed to its
distinctive characteristics like high DO uptake, dense sludge retention and adequate
sludge activity in sponge media. The results verified the practical-scale applicability
of DHS reactor to developing countries for effective treatment.

2.10 Conclusions

To overcome global water pollution problems, it is required to develop an effective
approach that fits at technological, sustainable, economical and within policies limit
to meet desired treatment standard. Hazardous compounds, volatile chemicals,
synthetic and toxic compounds should not be allowed to enter food chain or other
sources of human and ecological biodiversity area or treated onsite in a closed
system. Human food production areas like agricultural sector require protection
from compounds that have bioaccumulation property. Globally, agricultural sector
faces problem related to higher production yield and water shortage, and at the same
time, environmental safeguards and contamination in food chain should be secured.
Geogenic and anthropogenic sources must be identified, and different approaches
should be developed to prevent water sources from these contaminants. To provide
proper sanitation and to fulfil water demand, efforts have to be taken to develop
sustainable and cost-effective wastewater treatment system. Household-centred
sanitation system needs to be developed for proper sanitation facility. To meet
water crises and cleaning, large-scale water pollution UASB-DHS system can be
considered as a novel approach for wastewater treatment.

2.11 Way Forward

• In spite of advanced wastewater treatment process, efforts have to be designed to
reduce mixing of toxic and hazardous chemicals into aquatic water body. This
can be accomplished either by onsite treatment of these waste before discharge
or to substitute these chemicals with less harmful chemicals.

• Industry should emphasize on designing new chemicals that have less envi-
ronmental effect. In addition to this, improved and advance wastewater treat-
ment systems should be introduced.
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• Mining activities lead to surface and groundwater pollution, so proper mitiga-
tion approach should be developed to improve and develop effective removal
techniques.

• Decentralized wastewater treatment system should be preferred over high-cost
centralized system to allow reuse of water and other nutrients locally.

• Development of fast, cost effective and reliable detection technique for
micropollutants and pathogens should be developed for wastewater and water
quality assessment.

• Interlinking rivers is one of the approaches to overcome freshwater demand in
future.
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Chapter 3
Remediation of Contaminated Urban
Streams: A Decentralized Ecological
Wastewater Treatment Approach

Priyanka Jamwal

Abstract India is going through a period of rapid economic change leading to
unplanned urbanization that has impacted the quality of the available water
resources in cities and towns. The quality of water in most river stretches within
cities and towns fall below category E often rendering river water unfit for any use.
These rivers are mostly fed by open storm drains and streams that carry untreated
and partially treated sewage and run off from urban and rural landscapes. According
to the latest report by Central Pollution Control Board (CPCB), around 50% of the
total sewage generated in India flows untreated into various rivers and water bodies.
At most places, these water bodies are used as sources for irrigation posing a
serious risk to the human health. Given the rapid pace of population growth in cities
and the inability of centralized wastewater treatment infrastructure to keep pace
with the exponentially increasing wastewater treatment demand, it is important to
devise long-term sustainable water treatment and reclamation solutions that can be
deployed at a catchment scale. In this context, decentralized in-stream water
reclamation technologies present itself as an emerging low-cost, sustainable, and
effective solution. These technologies employ ecological processes for the recla-
mation of a surface water body. In this chapter, we will present (a) a brief overview
of the current state of Indian rivers in urban areas, (b) the role of pollution control
boards in regulating the surface water quality, and (c) an approach for the
deployment of decentralized in-stream treatment technologies for water
reclamation.
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3.1 Introduction

An explosive urban growth throughout India continues to exert extreme pressure on
urban water bodies impacting human health, natural ecosystems, and livelihoods.
Use of contaminated surface water for irrigation is widespread especially in
peri-urban areas that receive round the year flows of wastewater generated in
urbanized areas. Many studies have shown that the long-term exposure of soil to
contaminated wastewater causes loss of soil fertility and has a direct impact on the
livelihoods of farmers (Mara et al. 2007). Studies have also shown that crops
irrigated with contaminated wastewater tend to accumulate heavy metals thereby
posing risk to human health (Chary et al. 2008). In addition, long-term exposure to
contaminated water leads to the loss of aquatic biodiversity.

A recent report on the status of the water quality of Indian rivers stated that
urban stretches of major Indian rivers are heavily polluted. These stretches are
majorly located in the urban and peri-urban areas of Indian cities. The water quality
of these rivers was tested for 29 parameters. Both the organic and inorganic con-
taminants such as biochemical oxygen demand (BOD) and heavy metals were
above the recommended surface water quality standards prescribed for the propa-
gation of aquatic life and fisheries (US EPA 2016).

The presence of heavy metals poses a major challenge in peri-urban landscapes
where the livelihoods of farmers depend on the wastewater inflows from the cities.
At present, the surface water used for irrigation is regulated for four conventional
water quality parameters (pH, conductivity, boron, and sodium absorption ratio)
(CPCB 2012). These parameters, however, are not comprehensive enough to rep-
resent the quality of irrigation water especially when surface water receives
untreated/treated inflows from domestic and industrial sources (Jamwal et al. 2016).

Table 3.1 presents the impact poor surface water quality in urban and peri-urban
areas. The long-term water quality monitoring and environmental impact assess-
ment data have clearly established bioaccumulation of heavy metals in crops as well
as humans. Heavy metals find their way to surface water bodies from either geo-
genic or anthropogenic sources. The contribution of geogenic sources is minimal;
however, large quantities of heavy metal enter into water bodies through industrial
and domestic wastewater discharges (anthropogenic sources). In spite of the con-
tinuous effort of the regulatory and pollution control boards to control/regulate
wastewater inflows, the levels of heavy metals in surface water bodies’ remain at
alarmingly high levels.

3.2 Role of Government Agencies

In order to prevent, control and mitigate the pollution of surface water bodies, the
National River Conservation Plan (NRCP) of India was launched in 1998.
Figure 3.1 presents the framework adopted by NRCP to control and prevent surface
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Table 3.1 State and impact of rivers stretches flowing through the urban habitation (Jamwal et al.
2016)

Rivers Location (reference) Nature of contamination Impacts/implications

Musi
river

Peri-urban area—
Hyderabad city
(Sekhar et al. 2005;
Srinivasan and Reddy
2009)

Presence of high levels
fecal coliform and
heavy metals such as
Zn, Cr, and Cu in water

Higher rates of morbidity
exist in the irrigated area
High levels of heavy
metals found in blood and
urine samples of people
exposed to contaminated
food, milk, and water in
the irrigated areas

Hindon
river

Ghaziabad city
(Suthar et al. 2009,
2010)

High levels of heavy
metals (Cd, Cu, Cr, Fe,
Mn, Zn, and Pb) present
in river sediments

Industrial sources are the
major contributor of
heavy metals to the river
River is heavily polluted
with cadmium and
moderately polluted with
manganese, zinc, and lead

Kasadri
river

Taloja industrial
estate, Maharashtra
(Lokhande et al. 2011)

Heavy metal levels in
river were much higher
than the maximum
permissible limits
BOD was consistently
greater than 30 mg/l

High level of chemical
and biological pollution
Effluents from industrial
and domestic sources are
the major contributor of
pollution to river

Yamuna
river

Delhi city (Sen et al.
2011; Jamwal et al.
2011)
Agra city (Singh
2001; Sen et al. 2011)

High level of nickel
cadmium and chromium
in river
Fecal coliform levels
above permissible limits

Significant enrichment of
these metals was
observed in plants, fish,
and river sediments
In addition to domestic
sewage, urban runoff also
contributes to fecal
coliform load in river

Ganga
river

Kolkata city (Kar
et al. 2008; Aktar
et al. 2010)

Fe, Mn, Pb, and Ni
exceeded the standard
for drinking water

River water was not
suitable for drinking
purposes due to the
excess concentrations of
Fe, Mn, Pb, and Ni
River water is not suitable
for irrigation due to the
excess concentration of
Mn
The excess heavy metal
load in river water is
attributed to the discharge
of industrial effluents and
municipal wastes, the
geology of river bed and
catchment area
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water pollution. The first step of restoration/conservation plan is to identify the
pollution sources. Contaminants within surface water can enter primarily from three
types of sources (a) point sources, (b) nonpoint sources, and (c) distributed sources.
As the name suggests, contaminants from point sources enter the water body at a
particular location/point thereby making the process of controlling and regulating
contaminants easy. In case of nonpoint sources, contaminants enter from multiple
points, an example being urban runoff and agricultural runoff making the process of
controlling and regulating contaminants difficult. The third categories of pollution
source that are more relevant in the context of rapidly urbanizing cities/towns in
developing countries are the distributed sources. Examples of such sources are
small-scale industrial units, slums without sanitation facilities, car washing units,
and other small-scale units that are distributed across the catchment. These sources
discharge untreated dry and wet weather flows into the water bodies all year round.

Until now the focus of the state agencies has been to identify and control the
pollution from the point sources. Funds are sanctioned by the state to control/reduce
the contaminant inputs from domestic and industrial sources. For instance, in the
year 2011, a total of 4919 million liters per day (MLD) of sewage treatment
capacity was sanctioned in 20 states across India. A large number of domestic
wastewater treatment plants were set up in all major cities and towns located on the
banks of major Indian rivers. To mitigate industrial pollution, industries releasing
BOD load more than 100 kg/day were mandated to install in-house effluent treat-
ment units by law. For medium and small-scale industries, common effluent

Fig. 3.1 National River Conservation framework to control pollution of the surface water bodies
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treatment plants (CETPs) were set up with the financial help of state pollution
control boards (NRCP 2017).

Except for the Ganga Action Plan, none of the river action plans had focused
attention/efforts toward mitigating pollution inputs from the nonpoint sources.
Figure 3.2 shows the water quality trend of Ganga River at various locations in the
state of West Bengal. The yearly trend shows no significant improvement in the
water quality of river since the inception of the plan. Whereas the data from

Fig. 3.2 Water quality status at various locations on Ganga River the state of West Bengal,
a BOD and, b fecal coliform (CPCB 2015)
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wastewater treatment plants (both Industrial and Domestic) show that the treated
water meets the effluent discharge standards (CPCB 2013). The relevant question
here is that if all STPs and CETPs meet effluent discharge standards then why rivers
like the Ganga do not meet the desired surface water quality standards?

To find an answer to this question, we need an integrated approach to understand
the factors that cause changes in the surface water quality. As stated above,
anthropogenic activities in the catchment influence the quality of surface water
bodies. Nations adopt different approaches to regulate pollution from various
anthropogenic activities. For instance, Ireland adopted integrated catchment man-
agement approach to effectively manage pressures on their water sources at a
catchment scale. The scale is large enough so that all the relevant information could
be taken into account but small enough to ensure that people who live in the area
can easily relate to their catchment. Experience around the world in addition to
Ireland has shown that an integrated approach to managing individual catchments
of an appropriate scale is necessary to protect and improve water resources. The
integrated approach uses both the top-down (centralized treatment systems) and
bottom-up solutions (best management practices) to control and regulate contami-
nant flux from both point and nonpoint sources. However, in developing countries
like India, focus has been to employ top-down solution such as centralized
wastewater treatment infrastructures to control contaminant flux into the water
bodies.

3.3 Top-Down Approach

Larger infrastructural responses are being currently proposed and deployed by
several city municipal authorities but are not scaling fast enough to keep pace with
the daunting and shifting face of this challenge (Naveen Menezes 2016). In the year
2009, the total wastewater treatment capacity stood at 19,838 MLD which is
approximately half of the wastewater generated in India. However, inadequate
training and maintenance often limit the performance of existing large-scale,
technologically intensive infrastructures such as sewage treatment plants (STP’s),
leading to only a part of the designed capacity being utilized (Jamwal et al. 2009,
2015) (Table 3.2). This highlights the need to focus on and invest in immediate,
simple, and low-maintenance responses that can be implemented and tested
bottom-up.

As discussed in the previous sections, in addition to point sources, nonpoint and
distributed sources contribute significantly to the dry weather inflows into the
surface water bodies. Figures 3.3 and 3.4 highlight the sources and the factors that
contribute to the surface water quality. Figure 3.4 also lists down the effects of
seasonality on the surface water quality. The surface water bodies in the cities and
towns are usually fed by a network of small rivulets; open storm drains that carry
urban runoff both during dry and wet weather. Treated/partially treated effluents
from point sources and untreated flows from the distributed sources contribute
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significantly to the dry weather flows in streams that in turn are among the major
reasons of surface water pollution.

There has been a collective civil society action across Indian cities to protect the
quality of water bodies. The primary focus is to restore and protect the water bodies
from encroachment. The actionable activities include removal of the debris around
the lake, fencing of the lakes, protecting buffer zones, and ensuring that lake
appears healthy.

Table 3.2 Status wastewater generation and treatment capacity across Indian cities and towns
(CPCB 2009)

Metro cities
(population > 1 million)

Class I cities
(population
100,000–1 million)

Class II towns
(population
50,000–100,000)

No. of cities 35 498 410

Sewage
generated

15,644 MLD 35,558 MLD 2697 MLD

Sewage treatment
capacity
(installed)

8040 MLD 11,554 MLD 234 MLD

Treatment
capacity (% of
total sewage)

51% 32% 8%

Fig. 3.3 Sources contributing to water quality of surface water bodies
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In spite of all the efforts, cities have often witnessed several large-scale fish kill
events and frothing in water bodies (Ulsoor Lake Fishkill: Plunder of Nature 2017;
Pollution, Encroachment Killing Bellandur Lake 2015). This implies that the
solution/interventions implemented so far have failed to protect the quality of water
bodies. The reason is that the focus of restoration activities was very narrow (re-
stricted to the lake/water body premises), and minimal attention was paid toward
the activities that contribute to the pollution at a catchment scale.

3.4 An Alternative Bottom-Up Approach

There is sufficient evidence in the literature that illustrates the effectiveness
in-stream treatment technologies (a bottom-up approach) for preventing and miti-
gating pollution from the distributed and nonpoint sources (Seidl et al. 2008;
Biomatrix Water 2017). These in-stream solutions are cost-effective, robust
low-maintenance systems that basically enhance the self-purification capacity of the
stream and bring about a measurable positive impact on the quality of the receiving
water body. These in-stream treatment systems are an innovative new way of
tackling pollution by means of low-tech, affordable, and flexible interventions that
fit within urban storm water channels and can target domestic effluents such as gray
and black water, as well as partially treated industrial effluents, which are wide-
spread and among the most common forms of wastewater contamination within the
urban and peri-urban areas of India.

Fig. 3.4 Effect of seasonality on the surface water quality
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The following section presents the approach for the deployment of in-stream
treatment systems at the catchment scale.

• Hot Spot Identification: Water quality monitoring should be carried out to
identify the hot spots within the catchment, understand the relationship between
land use, land cover, population density, social factors, and the pollution load in
the stream. This would determine the number of in-stream (modular) systems
required to be deployed at the catchment scale to achieve desired water quality.

• Catchment Scale Deployment: The in-stream treatment systems have a potential
to produce an impact at the catchment scale. Many systems can be moored in
sequence down a river at various points (e.g., Fig. 3.5), each treating the pol-
lution load entering a particular section and feeding into the other downstream.
Each in-stream system can be approximately 100 m (Modular) and can be
deployed at the hot spots identified by water quality monitoring.

• Leverage Local Materials: The in-stream treatment technology should employ
locally available filter materials, pallets of locally available plants, and
microorganism to achieve in stream pollutant removal. The rubric of plants and
microorganism should be deployed to enhance the effectiveness of treatment
systems.

• Models for Maximizing Impact: After assessing the pollution loads and under-
standing the contribution of various factors on the contamination levels in
stream, simulation/mathematical model should be developed to predict and
determine the optimal locations and number of in-stream treatment technologies

Fig. 3.5 Illustration of bottom-up approach at the catchment level. The rings show the optimal
placement of in-stream treatment systems at the catchment scale
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that are required to be deployed at the catchment scale to maximize the desired
output (pollution reduction).

• Policy Influence: The model can then be presented to policy makers to
emphasize the importance and effectiveness of decentralized and low-cost
in-stream technologies in addressing the pollution of surface water bodies.

Table 3.3 summarizes the literature on the effectiveness of low-cost treatment
technologies when deployed in the field and in the laboratory. Studies have shown
that in addition to removing the biological parameters these systems have the
potential to remove trace metals, pesticide, and nutrients from the wastewater.

Table 3.3 Effectiveness of various wetland/in-stream treatment technologies tested in laboratory
or in field

Type of stream/
lab setup

Parameters Technology Efficiency

Lab setup
(Vymazal 2009)

BOD, chemical
oxygen demand
(COD) COD
nitrogen, phosphorus
suspended solids
(TSS)

Constructed wetlands
with horizontal
subsurface flow for
various types of
wastewater

BOD removal
efficiency 80% for
domestic wastewater
and 60% for
industrial
wastewater.
Significant reduction
>70% was observed
in nitrogen and
phosphorus removal

The oil sands in
northern Alberta,
Canada. River
and regional lakes
(Allen 2008)

Dissolved solids,
conductivity, pH,
Na, Ca, Mg, Cl−,
bicarbonate, sulfate,
ammonia, BOD and
COD

Creating wet
landscape
environment

<10% efficiency in
the reduction in the
toxicity

Constructed
wetlands Europe
(Vohla et al.
2011)

Phosphorous Tested different filter
materials (natural
materials, industrial
byproducts, and
man-made products)
in constructed
wetlands for removal
of phosphorous

Highest P-removal
capacities were
reported for various
industrial byproducts
followed by natural
materials and
man-made filter
media

Lab setup Effectiveness of
plants in the supply
of oxygen, direct
degradation of
pollutants, role of
microorganisms in
pollutant degradation

Aquaculture systems,
hydro botanical
system, horizontal
surface and
subsurface flow
systems, and vertical
flow systems

Greater than 5%
P-load is taken by
plants. Nitrogen
removal is between 5
and 10%. Carbon
release 10–40%
Different
microorganisms as
tested: for sulfur
metabolism

(continued)
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3.5 Conclusion

The current assessment of the quality of water in major Indian rivers indicates that
the urban stretches of these rivers are highly contaminated. Despite significant
investments to control and prevent the pollution of water bodies, the pollution load
in the rivers has shown an increasing trend over time. For the last few decades, the
focus of NRCP has been to control the pollution from point sources. Little attention
has been paid to prevent pollution inputs from various open storm drains that flow
both during dry weather and wet weather seasons. Gray water, black water, and
treated/untreated industrial effluents contribute to the dry weather flows. Whereas
during wet weather, open drains receive additional inflows from paved surfaces.
These untreated dry and wet weather flows are one of the major contributors to the
surface water pollution. Deployment of decentralized in-stream treatment tech-
nologies at the catchment scale could be one of the potential solutions to address
these issues. These systems do not offer the complete solution but could work
together with the centralized wastewater treatment systems to achieve desired
surface water quality all year round. These systems are not maintenance free and
therefore would open doors for community participation and engagement that
would eventually lead to sustainable model.

Acknowledgements The author is graciously thankful to her fellow researchers and Fulbright
scholars at ATREE: Daniel Phillips and Kim Karlsrud from thecommonstudio.com for their
contributions including research and numerous enriching discussions and pilot scale tests that have
led to the development of this approach to deploy in-stream treatment technologies.

Table 3.3 (continued)

Type of stream/
lab setup

Parameters Technology Efficiency

Lab setup BOD, total
suspended solids
(TSS), fecal coliform
(FC), and total
coliform (TC)

Horizontal
subsurface flow
wetlands—planted
and unplanted

Planted wetlands
were 10% more
efficient than
unplanted wetlands.
BOD removal
efficiency of
unplanted wetland
was 70%

Lab setup (Brix
and Arias 2005)

TSS, BOD, COD,
nitrogen, and
Phosphorus

Vertical constructed
wetland systems
(planted filter beds)

Greater than 90%
BOD and
phosphorus removal
were observed
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Chapter 4
Recent Advances in Carbon–
Semiconductor Nanocomposites for Water
Remediation

Kunal Mondal and Ankur Gupta

Abstract The demand of clean decontaminated water supply is increasing with the
increase in the population of the world. As a result, the global need for more
economic and efficient technologies for water remediation is also rising. The entry
of nanotechnology into the wastewater treatment engineering exemplified a note-
worthy advancement, and nanoparticles (NPs) have been exhaustively studied for
possible remediation applications. However, the wastewater treatment with dis-
persed NP suspensions is still inadequate and to some extent antagonistic on the
grounds of health and environmental safety, even as NP reaction mechanisms,
ecotoxicity, and their transport properties are quiet under exploration. Theoretically,
the development of porous nanocomposites containing nanoparticles to overcome
these concerns offers the next logical step for developing functional nanomaterials
and nanocomposites that are better investigated in the wastewater industry. This
purpose of this review is to provide an overview of the range of carbon
nanocomposites containing NP of semiconductor photocatalysts being technologi-
cally advanced, at the same time highlighting their limitations in practical uses. The
review also briefly covers what further improvements are needed to optimize
existing nanocomposite-mediated water remediation processes to successively
accomplish viable maturity.
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4.1 Introduction

In recent times, an excessive research attention has been dedicated to photocatalytic
elimination of organic pollutants and inactivation of microorganisms from
wastewater using nanostructured photocatalysts (Fujishima et al. 2008; Tong et al.
2012; Linic et al. 2011; Jiang et al. 2017; Rtimi and Kiwi 2017; Bora and Mewada
2017; Park 2017; Wu et al. 2017a; Masih et al. 2017; Mohapatra and Parida 2017;
Zhang et al. 2017; Cheng et al. 2017a; Wang et al. 2017a, b; Chen et al. 2011, 2017;
Fang et al. 2017; Adamu et al. 2017; Nishikiori et al. 2017; Williams et al. 2008;
Gaya and Abdullah 2008; Yoon et al. 2010; Ohno et al. 2004; Niu et al. 2012;
Daneshvar et al. 2004). Among the photocatalysts, metal-oxide semiconductors, for
example, titanium dioxide (TiO2), zinc oxide (ZnO), zirconium dioxide (ZrO2), tin
oxide (SnO2), tungsten trioxide (WO3), silicon dioxide (SiO2), have been consid-
ered most widely owing to their high photosensitivity, suitable bandgap (Eg = 2–
4 eV) energies, and physicochemical stability (Park 2017; Asahi 2001; Zhao et al.
2004; Yan et al. 2009; Sakthivel et al. 2003; Wang et al. 1998; Yan et al. 2010;
Kanakaraju et al. 2014; Chakrabarti and Dutta 2004; Permadani et al. 2016; Basahel
et al. 2015; Prakash et al. 2016; Dominguez et al. 2017; Rey et al. 2014; Rashid
et al. 2015). However, some problems can arise when those metal oxides are
employed as a photocatalyst. For instance, photoinduced electron–hole pairs gen-
erated due to illumination can recombine rapidly, which causes lower photocat-
alytic efficacy (Miura et al. 2016; Nosaka et al. 1986; Sariciftci et al. 1994). On the
other hand, since metal oxides have wide bandgap, few of them can only be
energized with the exposure of ultraviolet (UV) radiation, unfortunately, which is
less than 5% of total solar energy spectrum (Licht 2001; Ameta and Ameta 2016; Li
and Wu 2015) Additionally, those nanostructured catalyst particles that tend to
agglomerate during photocatalytic reaction in solution cause further decrease in
overall photocatalytic efficiency. Then, it is imperative to develop photocatalytic
materials that can be excited by light which is in visible spectrum. It has been
reported that adding carbon nanophases to metal oxides can alter the properties of
the semiconductor surfaces as well as their bandgap energies and shield the energy
absorption band to the wavelength of visible light (Jafari et al. 2016; Lin et al.
2017; Khan et al. 2012). Carbon nanomorphologies such as carbon quantum dots,
carbon spheres, carbon nanotubes, and graphene own unique electronic band
structures and in some cases exceptional catalytic properties. For example, TiO2

with carbon quantum dots turns as an electron trap, which helps faster electron–hole
separation and eases interfacial electron transfer by lowering the chance of their
recombination (Pan et al. 2015; Das et al. 2016; Cheng et al. 2017b).

Recently, carbon materials containing hierarchy in pore sizes have been estab-
lished (Su et al. 2007; Katiyar et al. 2016; Mondal et al. 2016; Singh et al. 2017;
Ren et al. 2013). Porous carbon nanofibers, carbon nanotubes, carbon nanospheres,
and graphene oxides display higher adsorption ability and faster adsorption rate as
compared to conventional porous carbon materials (such as activated carbon), due
to the narrow and uniform pore structure (Mondal et al. 2017; Wei et al. 2016;
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Liang et al. 2013; Neimark et al. 2003; Chen et al. 2016; Kumar et al. 2016).
Moreover, shallow microspores exposed directly to the surface, which result in
large adsorption capacity and ultrafast adsorption/desorption. Hierarchal pores
where micro- and mesopores connected to macrospores makes easy transportation
of reactant and products throughout the chemical reactions (Katiyar et al. 2016;
Mondal et al. 2013).

The core focus of this chapter is to review the newly published works in the area
of ultraviolet (UV) and visible light-induced photocatalysis of wastewater via
photocatalyst/carbon nanocomposite. The summary of photocatalytic removal of
contaminant dyes, wastewater-containing harmful bacteria, and volatile organic
compounds (VOC) presented in environment demonstrated by various investigators
using photocatalyst nanocomposite, and their shape and sizes, including informa-
tion about the synthesis routes, are obtainable in Table 4.1. Entire consequences
using different organic wastes exhibited that the use of photocatalysis directed to
effective and whole degradation and formed less harmful products which are
environmentally safe. However, partial degradation can have resulted in the cre-
ation of toxic by-products.

4.2 Carbon and Its Composite with Semiconductors
for Water Remediation Application

4.2.1 Mechanism of Photocatalysis

When photocatalyst absorbs ultraviolet (UV) light from sunlight or artificial irra-
diated light source (artificial light source, e.g., fluorescent lamps), it yields pairs of
electrons and holes. The electron in the valence band of semiconductor catalyst
becomes excited when irradiated by radiation of light. The additional energy of this
excited electron helps the electron to go to the conduction band of the catalyst
leaving behind a positive hole. As a result, the negative electron (e−) and positive
hole (h+) pair is created. This step is denoted as the semiconductor catalyst’s
‘photoexcitation’ state. The difference in energy between the valence band and the
conduction band is called the ‘bandgap’ energy.

However, the quantum efficiency of semiconductor photocatalysts is somewhat
truncated because of the quick recombination of photocreated electron–hole pairs
(Liu et al. 2012; Williams and Kamat 2009; Akhavan 2010; Dindar and Içli 2001).
Also, the activity and stability of photocatalysts decreased intensely for the reason
of photocorrosion throughout light illumination (Fan et al. 2012). Thus, to improve
the photocatalytic efficacy, it is imperative to avoid the electron–hole from
recombination. Newly, few works have been made on the heterojunction of
nanostructured semiconductor photocatalyst synthesis with carbon nanomaterials
such as carbon nanotubes, describing that the carbon nanotube/semiconductor
composites can spread the usages and reinforce the virgin characteristics of the
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distinct semiconductors and CNTs since carbon nanostructures grabbed the
responsibility role of electron foraging (Fan et al. 2012; Zhang et al. 2009; Woan
et al. 2009). In this context, Ali et al. (2016a) demonstrated the fabrication of a
mesoporous few-layer reduced graphene oxide and nickel oxide (rGO–NiO)
nanocomposites, and their SEM and TEM images are shown in Figs. 4.1 and 4.2,
respectively. They have demonstrated that NiO nanoparticles were distributed on
rGO surface or between the rGO layers causing to new type of nanocomposites with
improved catalytic, electrochemical, and mechanical properties.

Nevertheless, some glitches still hamper the additional raise of efficiency of the
existing CNTs/semiconductor composites, for example, the noteworthy reduction in
the absorptivity through photocatalysis, the reduction in the intensity of light till
received at the surface of the catalyst, and the problem of reproducibility owing to
the fabrication and treatment discrepancy (Woan et al. 2009; Matsuda et al. 2013).
In contrast with carbon nanotube, graphene is unquestionably a substitute because

Fig. 4.1 a, b FESEM micrographs of NiO nanorods, c–e rGO sheets, f, g rGO–NiO composite,
and h, i high-resolution view of rGO–NiO composite. Reprinted with permission from Ali et al.
(2016a)
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of its countless advantages, for instance, high transparency, zero bandgap energy,
and highly electronic conductivity for storage and transportation of electrons (Allen
et al. 2010; Rao et al. 2009) by reason of its one-atom-thick large theoretical
specific surface area (McAllister et al. 2007). Likewise, the property of surface of
graphene can be easily regulated by introducing simple chemical treatment, which
permits its application in composites. Therefore, the marriage of semiconductor
photocatalysts and carbon nanostructures is capable of showing outstanding
transparency, absorptivity, conductivity, and formability, which could simplify the
effective photocatalytic degradation of contaminants in wastewater. To understand
the mechanism of photocatalysis enhancements and to design new carbon–
semiconductor-based heterojunction composites for ultraviolet and visible light
photocatalysis, it is essential to explore the interaction of electron–hole pairs
involved in such carbon–semiconductor heterojunctions. Figure 4.3 shows the
wastewater treatment using carbon–photocatalyst nanocomposite.

The photocatalytic decomposition of organic pollutant present in wastewater
with the presence of UV light can be defined as follows (Mondal et al. 2013, 2014;
Mondal 2017; Mondal and Moitra 2017; Singh et al. 2013, 2016; Gupta et al. 2015;
Schneider et al. 2014):

Carbon-photocatalyst compositeþ light energy hmð Þ ! electron e�ð Þþ hole hþð Þ
ð4:1Þ

hþ þH2O ! Hþ þOH� ð4:2Þ

Fig. 4.2 a, b HRTEM micrographs of NiO nanorods, c atomic scale image of NiO nanorods,
d rGO sheets, e rGO–NiO composite, and f higher resolution view of rGO–NiO composite. The
inset of (d) shows selected area electron diffraction pattern (SAED) of rGO. Reprinted with
permission from Ali et al. (2016a)
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hþ þOH� ! OH� ð4:3Þ

e� þO2 ! O�
2 ð4:4Þ

2e� þO2 þ 2Hþ ! H2O2 ð4:5Þ

e� þH2O2 ! OH� þOH� ð4:6Þ

Wastewater with pollutantþOH� ! clean water and degradation products

ð4:7Þ

Wastewater with pollutantþCarbon-photocatalyst composite hþð Þ
! oxidation products ð4:8Þ

Wastewater with pollutantþCarbon-photocatalyst composite e�ð Þ
! reduction products ð4:9Þ

The graphene cannot interact with photocatalyst via chemical bonding. This
restricts the transfer of charge particles between the graphene and photocatalyst and
results in the poor photocatalysis. Yang and his coworkers have shown that the
integration is possible between graphene and photocatalyst via the functional
groups present on the surface of the graphene sheets when they become a
photocatalyst/graphene nanocomposite (Fan et al. 2012). The existence of carbon
nanostructures in the composite does not hamper the crystal structure of photo-
catalyst, and such interface can be accountable for the improved photocatalysis of
photocatalyst/graphene. Moreover, the electronic band structure of semiconductor
photocatalyst and carbon can help in such a way that they can easily undertake
process of charge transfer under UV illumination with acceptor or donor electron
present in the composite.

Fig. 4.3 Wastewater treatment using carbon–photocatalyst nanocomposite
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4.2.2 Photocatalytic Water Remediation

Recently, Xu et al. (2016) have fabricated ZnO–graphene composites from a simple
chemical corrosion route and tested for their photocatalytic act on the decompo-
sition of methyl orange dye and water splitting. Their finding displayed that the
ZnO–graphene composites have a porous network assembly, which is an advantage
to the adsorption and transfer of the mass of dye and oxygen molecules. They
observed a decomposition rate of 87% in under visible light irradiation in 3 h with
8 mg ZnO–graphene photocatalyst and the water splitting rate up to 4.35 mmol
g−1 h−1. The better photocatalytic efficiency was credited to the porous framework,
narrow band structure, and excellent charge transfer properties of the nanocom-
posites. The occurrence of graphene promoted the fast photocreated electron–hole
separation and suppressed the recombination of charge carrier, which results in an
enhanced photocatalysis.

A macroporous thin film of titanium dioxide/carbon hybrid was prepared directly
through spin coating technique by Mondal et al. (2013). The TiO2/carbon hybrid
porous films were used to decompose a model pollutant dye Rhodamine B in
aqueous medium, and the results exhibit an excellent photocatalytic activity. The
composite film demonstrates its photocatalytic activity due to the existence of TiO2

nanopartciles, while the porous carbon support offers an imperative role in
bypassing the aggregation of the photocatalytic particles throughout the photo-
catalysis reaction and its microporous network helps in unaffected mass transport.

In another work, Lee et al. (2012) have reported an efficient and environmentally
friendly biomimetic mineralization of titanium dioxide at the graphitic carbon
surface, which created a TiO2/carbon hybrid structure without any complex surface
treatment or interfacial adhesive layer. They also reported that the direct contact of
the surface of CNT and TiO2 nanoshell presented a new carbon energy state in the
TiO2 band structure and in that way effectively lowered the bandgap energy of the
photocatalyst and thereby demonstrates efficient visible light photocatalysis. Few
years ago, Sharma’s group (Mondal et al. 2014) has developed mesoporous
structure of carbon-doped anatase TiO2 nanofiber via electrospinning technique as
shown in Fig. 4.4. They have demonstrated an effective and reusable photocatalytic
activity of partially aligned pure electrospun nanofibers of TiO2 and residual
carbon-containing TiO2 fibers with an average fiber diameter of � 40 nm in the
photocatalytic removal of polycyclic aromatic hydrocarbon dye, naphthalene. The
degradation of the pollutant solution was analyzed through a UV-Vis spectropho-
tometer by measuring its absorbance peak at 275 nm. UV–Visible absorption
spectra of naphthalene solution at various time intervals with a loaded composite
fiber are shown in Fig. 4.5. They have also reported that small carbon residue
*2.54% comprising TiO2 nanofiber was found two times more efficient as the
virgin TiO2 nanofiber in photodegradation; however, the efficiency weakened at
higher carbon loading into the semiconductor.

The interfacing carbon materials can increase the ability of the visible light
absorption of semiconductor photocatalyst. In this context, Li et al. (2015b) have
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synthesized carbon spheres loaded Cu2O/Cu composites as shown in Fig. 4.6. They
have demonstrated that the composite photocatalyst material can be used to degrade
dye wastewater or other organic pollutant. Recently, Wu et al. (2017b) synthesized
core–shell structure of TiO2–carbon sphere where TiO2 is anchored on carbon
spheres via hydrothermal polymerization of sucrose to bathochromically enlarge its
light-response area. They have shown that owing to the interface formation between
the two materials, the composite accomplished an improved visible light absorption
property compared to pristine TiO2. The composite efficiently degraded organic
pollutants, for example, methyl orange, bisphenol A, and Oseltamivir, under visible
light irradiation.

Likewise, a series of applications for environmental remediation using carbon/
photocatalyst nanostructures demonstrate the special advantages of their composite

Fig. 4.4 Electrospinning setup for the synthesis of aligned carbon-doped TiO2 nanofibers.
Reprinted with permission from Mondal et al. (2014)

Fig. 4.5 UV–Vis absorption
spectra for naphthalene
degradation by carbon-doped
TiO2 nanofibers at different
time intervals. The inset
displays magnified kmax at
275 nm wavelength.
Reprinted with permission
from Mondal et al. (2014)
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morphologies and easily accessible high surface areas (Peraltahernandez et al. 2007;
Yang et al. 2006; Sampaio et al. 2011; Chang et al. 2015; Fernando et al. 2015; Yi
et al. 2016; Velasco et al. 2013; Xu et al. 2015; Bakos et al. 2016; Yang et al. 2014;
Gu et al. 2017; Shi et al. 2008; Dey et al. 2011; Jo et al. 2014; Yao et al. 2014;
Saleh 2013; Herring et al. 2012; Cai et al. 2016; Hosseini and Babaei 2016; Réti
et al. 2017; Li et al. 2015c; Krishnamoorthy et al. 2011; Ji et al. 2013; Omar et al.
2014).

4.3 Water Disinfection Application

As a consequence of the extensive usage of antibiotics and the rise of extra resistant
and poisonous strains of microorganisms, there is an instant requirement to discover
alternate sterilization methods and technologies. In this context, decontamination of
bacteria-containing wastewater vis photocatalysis is a conceptually simple and
promising technology and has achieved considerable research consideration in
recent years (Gumy et al. 2006; Kalt et al. 2014; Pelaez et al. 2012; Dong et al.
2015). The earlier work on disinfection and bacterial cell killing using

Fig. 4.6 a XRD analysis, b XPS analysis of Cu2O-/Cu-loaded carbon spheres, c SEM, and
d HRTEM micrographs. The inset shows individual of carbon sphere and Cu2O-/Cu-loaded
carbon sphere. Reprinted from Li et al. (2015)
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photocatalytic process has been reviewed (Blake et al. 1999). Various photocata-
lysts have been used for the sterilization of microbial cells, together with organic
pollutant removal from wastewater. There was one of the earlier reports of
decontamination of wastewater using TiO2/Pt nanoparticles for a variety of
microorganisms, such as Lactobacillus acidophilus (bacteria), Saccharomyces
cerevisiae (yeast), and Escherichia coli (bacteria) by Matsunaga et al. (1985).

They also fruitfully constructed a real photocatalytic device based on immobi-
lized titanium dioxide powder on membrane made from acetyl cellulose.
A suspension containing E. coli bacteria passing through this membrane was
entirely disinfected (Matsunaga et al. 1988). The discoveries of Matsunaga et al.
(1988) formed an innovative path for disinfection. This was caused in efforts to
include this innovative photocatalytic technique for sterilizing drinking water and
eliminating odor and bioaerosols from air (Byrne et al. 1998; Goswami et al. 1997;
Salih 2002; Ireland et al. 1993; Saito et al. 1992; Stevenson et al. 1997; Wei et al.
1994). Nearly two decades ago, Yu et al. (2005) have shown decontamination of
the polluted water comprising Micrococcus lylae (Gram-positive bacterium) using
sulfur-doped nanocrystalline TiO2.

The bactericidal activity of semiconductor-mediated photocatalysis has been
reported by many authors (Dunlop et al. 2002; Maness et al. 1999; Sunada et al.
1998). Although there is a plenty of information available demonstrating the
effective use of photocatalyst particles for removing biocontainments, the basic
underlying mechanism for the photocatalytic disinfection is not studied well.
Therefore, a detailed knowledge on the disinfection is necessary and indispensable
to create a tactic and implement the expertise in a real scheme to proficiently
execute an extensive range of bacteria. It is supposed that direct photoinduced
chemical oxidation of dimeric form of intracellular coenzyme-A is a main reason of
reductions in respiratory systems that directed to the death of bacterial (Matsunaga
et al. 1985, 1988). Saito et al. (1992) anticipated that the photochemical reaction by
the photocatalyst triggered destruction of the membrane and wall of the cell that
leads to cell death. Conceivably, more direct indication was observed on the
damage of the outer membrane and was reported by Sunada et al. (1998). They
have studied E. coli and showed that the endotoxin, which is a vital constituent of
the outer cell membrane, was demolished under photocatalytic environments.

Figure 4.7 describes the disinfection mechanism using carbon–photocatalyst
composite. Hydroxyl radicals produced by the photocatalyst upon exposure of light
energy are very strong oxidants (Mills and Le Hunte 1997). These radicals are also
very short survived because of their high levels of reactivity. When
light-illuminated photocatalyst nanostructures come in direct contact with or
proximity to the microorganisms, the bacterial surface is the key target of the
primary oxidative dose. The vulnerability of polyunsaturated phospholipids, which
are an essential module of the bacterial cell membrane, to attack by reactive oxygen
species (ROS) has been well understood (Gutteridge 1995; Sies 1985). Therefore,
the damage of membrane assembly and membrane functions is the main basis of
cell damage when catalysts occupied the outsides of microorganism cells.
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Recently, Sunada et al. (1998) have investigated the special features of the
antibacterial effect for a transparent TiO2 thin film for the photocatalytic degrada-
tion of endotoxin, which is a pyrogenic constituent of E. coli, as well as its bac-
tericidal activity. Fe/ZnO nanoparticle-assisted solar-photocatalytic disinfection of
multidrug-resistant E. coli isolated from wastewater of a rural healthcare center in
synthetic as well as natural water systems was reported by Das et al. (2017). An
efficient photocatalytic decontamination of E. coli O157:H7 bacteria was accom-
plished by Ouyang et al. (2016) using a C70-modified titanium dioxide (C70-TiO2)
hybrid photocatalyst below a visible light radiation source. Their disinfection
experimentations exhibited that 73% of bacteria died in 2 h with a high decon-
tamination rate (rate constant k = 0.01 min−1), which is three times more than that
measured for TiO2 alone. Enhanced visible light-induced photocatalytic disinfec-
tion of bacteria cells by carbon-sensitized N2-doped TiO2 composite was also
studied (Li et al. 2007). Recently, it has been well demonstrated by Binas and
coworkers that the elimination of nitrogen oxide gases in volatile organic com-
pounds at typical urban/indoor air and disinfection against various microorganisms,
including the most persistent in the environment such as viruses, bacterial spores,
and protozoan cysts by the use of TiO2-mediated photocatalysis is achievable
(Binas et al. 2017). The research on a new type of heterogeneous photocatalysis
system for decontamination of bacteria from polluted water using tetrakis
(4-carboxyphenyl)porphyrin-sensitized titania–graphene nanocomposite has been
reported by Rahimi et al. (2015). It was also shown that the sensitization of the
titania–graphene nanocomposite with porphyrin is proficient for killing microor-
ganisms with reasonable high yields in visible light radiation.

4.4 Other Applications

Carbon nanomaterials along with semiconductor photocatalysts are also included in
numerous applications: textiles (Lee et al. 2014), medical (Ji et al. 2012), bioim-
plants (Dwivedi et al. 2011), biosensing (Hu et al. 2011), drug delivery (Sawant
et al. 2016), tissue engineering (Salarian et al. 2014), energy generation (Shi et al.
2012), and storage (Luo et al. 2012), etc. (Miyazaki et al. 2008; Yan and McCreery

Fig. 4.7 Photocatalytic water disinfection mechanism
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2009; Kiran and Sampath 2013). Recently, Ali et al. (2017) have developed soil
nutrient sensors via in situ incorporation of graphene foam–titanium nitride
(TiN) nanofiber-based bioscaffolds and microfluidic assemblies. Figure 4.8 illus-
trates the microfluidic device for the detection of nitrate ions along with the
nanostructured semiconductor/graphene nanoassembly. In another work, the same
group (Ali et al. 2016b) have described a label-free microfluidic immunosensor
which has femtomolar sensitivity and high selectivity for early stage of epidermal
growth factor receptor 2 (EGFR2 or ErbB2) protein detection. The sensor uses a
distinctively structured immunoelectrode fabricated out of hierarchical porous
graphene foam improved with carbon-doped TiO2 nanofibers which is shown in
Fig. 4.9.

In addition to those application discussed above, photocatalyst/carbon
nanocomposites have exposed a broad range of new applications in stem cell
research (Bressan et al. 2014; El-Sadik 2010), biomaterial sciences (Park et al.
2014), and biochemistry (Cui et al. 2013) owing to their promising morphology and
ideal physicochemical properties.

Fig. 4.8 a Photograph of the microfluidic device used to detect nitrate ions. b Schematic diagram
of the sensor using embedded GO–TiN nanofibers used as a working electrode. c Fluorescence
micrograph shows in situ integration of a GO–TiN nanofiber-based electrode into a microchannel
with a liquid-phase photopolymerization. d FESEM micrograph of the GF–TiN nanofiber
composite, e details of the GF scaffolds modified by TiN nanofibers, and f a magnified image of
TiN nanofibers. Reproduced with permission from Ali et al. (2017)
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4.5 Recycling of Photocatalyst

Managing waste materials is one of the utmost combative issues faced by many
countries. Discarding of waste materials in the open environment is more regulated
now by many industrial countries. Thereby, the spent catalyst recycling is very
important. It is also advantageous to refineries, power plants, cement plants, and
other processes which use and produce by-products with chemical and mineral

Fig. 4.9 a FESEM and b TEM micrograph of prepared carbon-doped TiO2 nanofibers. Inset in
‘b’ displays a magnified view of a single nanofiber. c FESEM micrograph of 3D graphene foam,
d–f FESEM micrograph of graphene foam–TiO2 nanofiber composite. The inset in ‘f’ shows a
magnified view of the composite material. Reprinted with permission from Ali et al. (2016b)
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value. However, non-reusable photocatalytic particles significantly escalate the
operational cost that considerably limits their actual applications. Thus, the spent
photocatalyst recycling is indispensable for wastewater treatment plants, as this can
decrease the cost of the whole waste management. Therefore, an effective work is
essential for developing photocatalysts that retain nearly same photoactivity during
each cycle and could be easily reused many times. Correspondingly, it is very
important to design photocatalysts that are stress-free to separate in order not to lose
any material value in waste stream. In addition to recyclability, photostability is an
important measure when selecting a suitable photocatalyst material. In the literature,
very few papers have been worried about the reusable property of the photocatalysts
(Mondal et al. 2013, 2014; Gupta et al. 2015; Cong et al. 2007; Sun et al. 2008;
Nishijima et al. 2007).

Photocatalysts have distinctive properties and benefits/drawbacks. However, the
disadvantages of photocatalysts generally contain the necessity of an enormous
amount of catalyst particles, trouble in recycling the catalyst, and problematical
aggregation of nanoparticles that turn into large particles (Acar et al. 2016; Costa
and Prado 2009). The powder of nanoparticle catalysts frequently undergoes
deactivation, suffers from aggregation, and becomes difficult in settling for recy-
cling after the early run. A recycling plan built on interchangeable water is very
competent. Photocatalytic activities in aqueous as well as in organic media allow an
easy retrieval of homogeneous catalyst particles from their product.

The other clever option is the membrane filtration technique for recycling sol-
uble photocatalysts. Ultra- and nanofiltration are well-known methods for recycling
photocatalysts due to their credible use in organic, enzymatic, and homogeneous
catalysis-related uses at the laboratory scale as well as large industries (Taha 2015).
In this context of recycling, magnetic nanoparticle photocatalysts are very conve-
nient since they can be recycled easily with the applied external magnetic field
(Dominguez et al. 2017). For example, Zhang et al. (2013b) prepared magnetic
BiFeO3 nanofibers by electrospinning for under visible light photocatalysis. Also,
these fibrous photocatalytic nanostructures exhibit robust and active magnetic
performance, which made their recycling and reuse very easy. Santala et al. (2009)
recommended the use of an external magnetic field for recovery and recycling of
electrospun magnetic nanofiber composite. Recently, Tarigh et al. (2015) fabricated
magnetic multiwalled carbon nanotube–TiO2 nanocomposite by electrostatic
adsorption for the use in enhanced photodegradation of malachite green. They have
shown that the composites can be recycled and reused for degradation by simply
washing with ethanol three times.

4.6 Conclusions and Future Scopes

The chapter discusses the recent updates on the synthesis of nanocomposites
containing carbon nanostructures and metal-oxide semiconductors, for example,
TiO2, ZnO, ZrO2, SnO2, WO3 used as photocatalyst materials. The UV-, visible-,
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and solar-mediated photocatalytic activity of the carbon-based nanocomposites is
advanced than that of the pure metal oxide or mechanical mixture of the metal oxide
and carbon nanoparticles.

After reviewing more than hundreds of the recent publications in the field of
photocatalysis on the character of several carbon–semiconductor nanocomposite
photocatalyst particles and their synthesis and applications toward water treatment,
it is evident that there are variety of composite photocatalyst nanostructures
available based on the methods of fabrication and the area of their applications.
Among them, quantum dots, carbon nanospheres, carbon nanotubes, graphene, and
carbon nanofibers with semiconductor photocatalytic morphologies are steady and
retain their physical structure when reused in wastewater treatment, bacterial
cleansing, and air decontamination under ultraviolet, visible light photocatalysis.
These composite photocatalysts are considered good support materials for semi-
conductor photocatalysts because those carbon nanostructures provide an easily
accessible huge surface area support with high value active sites. Similarly, they
help in stabilizing charge carrier separation by trapping electrons, thus delaying
electron–hole recombination process by modifying bandgap and sensitization.

The key issue with photocatalytic oxidation falls in the high cost of reagents
(such as hydrogen peroxide) or the source of energy (e.g., ultraviolet light source)
and the high value of bandgap energy of quite a lot of photocatalysts. For the
photocatalysis, the cost of the semiconductors and energy demand could be sig-
nificantly condensed using solar energy and suitable nanomorphology which allows
an accessible ultra-high active surface area. Altering their optical, physicochemical,
and electronic characteristics, it can be guaranteed that these composite photocat-
alysts proficiently reduce wastewater in visible light.

The synergistic effect, as represented in Table 4.1, showed the benefits of the
application of the photocatalysis. Photocatalytic oxidation can be established as a
competent alternate way for the oxidation and removal of harmful organic com-
pounds under precise environments for managing industrial and agricultural con-
taminants present in wastewater.
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Chapter 5
Dye Wastewater Treatment Using
Carbonaceous Materials
by Microwave-Assisted Methods

Remya Neelancherry

Abstract Dyes are extensively used in various industries such as textiles, paper,
plastic, leather, food, and cosmetics. Carbonaceous-material-based adsorption is
widely adopted method for dye wastewater treatment owing to its porous structure
and surface activity. In recent years, microwave (MW)-assisted dye wastewater
treatment gained interest owing to the specific heating properties of MW such as
volumetric heating, rapid heating, and hot spot formation. Solid-phase heating of
carbon by MW was used for the activation of carbonaceous material as well as for
the regeneration of spent carbon. The activation or regeneration is done in presence
acids or oxidants as activation agent. On the other hand, adsorption and simulta-
neous degradation of dye from wastewater were achieved in solvent-phase MW
heating. In solvent-phase MW heating for dye wastewater treatment, the synergistic
effect of adsorption on granular activated carbon (GAC) and degradation by MW is
contributed to the high degradation efficiency.

Keywords Dye wastewater � Microwave � Activated carbon � Carbon activation
Regeneration

5.1 Introduction

Dyes are natural or synthetic material used to add or change the color of a sub-
stance. They are extensively used in various industries such as textiles, paper,
plastic, leather, food, and cosmetics. Despite of extensive use, dyes and its
degradation products such as aromatic amines are highly toxic to cause carcino-
genesis, mutagenesis, and respiratory diseases (Robinson et al. 2001). Therefore,
the discharge of dye wastewater into the environment will pose serious
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environmental, esthetical, and health problems. The treatment of wastewater con-
taining dyes is challenging owing to the presence of complex aromatic compounds
with high stability. Hence, the conventional primary and secondary systems
employed for organic wastewater treatment seldom suit for these effluents. The
methods such as coagulation, flocculation, biosorption, photo-decomposition, and
ultrafiltration have seldom applied for the treatment of dye wastewater due to the
relatively high operational costs and the low removal ratios (Lee et al. 1990; Mall
and Upaphyay 1995). On the other hand, the commonly adopted methods such as
adsorption using activated carbon and filtration cause generation of large amount of
sludge and solid waste leading to high treatment cost (Park et al. 2010).

Incorporation of MW with the carbon compounds such as GAC is the recent
development in the adsorptive removal/degradation of dye from wastewater.
Microwave-assisted method for dye wastewater treatment has shown tremendous
potential in the degradation of dyes and the regeneration of the adsorbent (Quan
et al. 2004; Peng et al. 2004). The mechanism of MW heating and research progress
in the dye wastewater treatment by MW-incorporated carbon compound treatment
approach is summarized in this chapter.

5.2 Microwave (MW)

Microwave is a part of electromagnetic spectrum (Fig. 5.1) with frequency ranging
from 300 MHz to 300 GHz (wavelength 1 m–1 cm). The domestic microwave
ovens generally operate at a frequency of 2450 MHz, corresponding to a wave-
length of 12.24 cm and with energy of 1.02 � 10−5 eV/MW photon (about 1 J/
mole). On the other hand, industrial heating applications make use of a frequency of
915 MHz (wavelength of 32.7 cm) (Eskicioglu et al. 2007). Magnetron is the most

Fig. 5.1 Electromagnetic spectrum indicating the position of microwave
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commonly used device for microwave generation owing to its reliability and cost
efficiency compared to other devices such as klystrons, power grid tubes, traveling
wave tubes, and gyrotrons (National Research Council (NRC) 1994).

5.3 MW Heating Mechanism

MW irradiation possesses several advantages over conventional heating such as
rapid and volumetric heating, selective heating, increased reaction rates, reduced
activation energies, and high energy efficiency (Remya and Lin 2011). Microwave
heating results from the dielectric heating, conduction loss heating, and magnetic
loss heating (Horikoshi and Serpone 2011). The thermal energy produced by MW
depends on the strength of the electric field and magnetic fields of MW radiation
(|E| and |H|, respectively), frequency of the microwaves (ƒ, GHz), electrical
conductivity of the medium (r), permittivity of the vacuum (eo, 8.854 � 10−12

F/m), the relative dielectric loss factor (e″), magnetic permeability of the vacuum
(l′, 4p � 10−7 N/A−2), and the relative magnetic loss (l″).

The thermal energy P produced per unit volume originating from microwave
radiation (W/m3) is given in Eq. 5.1:

P ¼ pf eoe00 Ej j2 þ 1
2
r Ej j2 þ pfl0l00 Hj j2 ð5:1Þ

The three terms in Eq. 5.1 denote the dielectric loss heating, conduction loss
heating, and the magnetic loss heating, respectively. However, the dielectric loss
heating and conduction loss heating which results from the interaction of materials
with electric field are primarily responsible for MW heating of materials.

Dielectric loss heating, also referred as dipolar polarization, results from inter-
molecular inertia. When the dipole is subjected to a high-frequency alternating
electric field of the MW, rotation (reversing) of the dipole cannot adequately follow
the rate of change of direction of the electric field. This leads to a time delay in the
rotation of dipole corresponding to the reversal of direction of electric field,
resulting in a substantial quantity of energy to be spent which in turn turns into heat
(Hidaka et al. 2007). The conduction loss heating occurs when an electrical con-
ductor is irradiated with MW. On exposure to MW, the charge carriers (electrons,
ions, etc.) move through the material under the influence of the electric field
resulting in a polarization. Subsequently, the induced currents cause heating of the
sample due to electrical resistance. Figures 5.2 and 5.3 illustrate the dielectric loss
heating and conduction loss heating mechanism of MW, respectively.

Dielectric loss heating is mainly responsible for the MW heating in solvent
media. Therefore, the dielectric properties play a critical role in the interaction
between MW electric filed and solution. The ability of the material to convert
electromagnetic energy into heat by dielectric loss heating is defined by the loss
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tangent (Eq. 5.2), which is the ratio of the dielectric loss factor e″ to the dielectric
constant e′.

tan @ ¼ e00=e0 ð5:2Þ

The dielectric loss factor e″ accounts for the loss energy-dissipative mechanisms
in the material. On the other hand, the dielectric constant (e′) is the ratio permittivity
of the material to the permittivity of the vacuum. It is the measure of the amount of
energy from an external electric field stored in the material because of the polar-
ization of material on exposure to MW. Therefore, a material with a high loss factor
is easily heated by microwave. On the other hand, the material with a very low e″ is
transparent to microwave effect.

Most solvents including water and ethanol have permanent dipoles, which cause
friction and heat. On the other hand, solid-phase heating of materials by microwave
is a combined effect of dielectric heating and conduction loss heating, referred as
interfacial polarization.

In the treatment of dye wastewater treatment using carbonaceous material, MW
irradiation of the material (used as adsorbent/catalyst) prior to the wastewater
treatment was employed to improve the adsorbent/catalytic property of the material.
On the other hand, microwave was also employed in combination with carbona-
ceous material to achieve improved degradation of the dye from aqueous media.
The former employed a solid-phase heating for of material, whereas the latter
deploys the use of MW for solvent-phase heating.

Fig. 5.2 Mechanism of dielectric loss heating on MW exposure

Fig. 5.3 MW heating mechanism by conduction loss heating
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5.4 Solid-Phase Microwave Heating for Enhancement
in Adsorbent/Catalyst Property

In the solid-phase microwave heating, the effect of dielectric loss heating is neg-
ligible owing to few or no freely rotating dipoles. In its place, the interaction
between microwaves and electrons plays an important role in MW heating of such
systems.

5.4.1 MW for Activation of Carbon

Microwave for activation/regeneration of carbon is solid-phase heating, wherein the
main targets are solid-state carbon particles. Microwave heating of carbon-based
solids is caused by interfacial polarization (Maxwell–Wagner–Sillars polarization),
which is a combination of dipolar polarization and ionic conduction (Kim et al.
2014). In addition, carbon-based solids possess semiconducting features because of
delocalized p-electrons in the surface of the activated carbon which are free to
move. MW irradiation causes increase in the kinetic energy of electrons on the
surface of the activated carbon, which enables the electrons to jump out of the
material. This would result in ionizing the surrounding atmosphere and formation of
high temperature, called hot spot. The schematic representation of hot spot for-
mation is shown in Fig. 5.4. These hot spots are plasmas, which are confined to a
tiny region of space and last for fraction of a second. The temperature of hot spot
can ordinarily reach 1200 °C (Jones et al. 2002). The high temperature on the
carbon surface imparts surface modification of the carbon-containing compound to
improve the micro-porosity. Figure 5.5 shows the improved micro-porosity of GAC
surface on exposure to MW (Remya and Lin 2015).

Microwave thermal treatment showed enhanced activation of carbon and sub-
sequent improvement in the adsorption capacity of dye from wastewater
(Table 5.1). On the other hand, MW-assisted activation in presence of acid and

Fig. 5.4 Schematic
representation of hot spot
formation on carbon surface
on MW irradiation
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Fig. 5.5 SEM picture of GAC a before and b after exposure to MW (Remya and Lin 2015)

Table 5.1 Dye removal by adsorption using carbon activated by MW thermal treatment

S. No. Carbon
compound

Prepared
adsorbent

Preparation method Dye Removal at
optimum
condition

Reference

1 Papaya leaf
stem

Activated
carbon

Mixing of dried
and crushed papaya
leaf stem with
predetermined
quantity of ZnCl2
(30% w/v) solution
and subsequent
microwaving for
10 min

Malachite
green (MG)
Reactive
orange
(RO)

352 mg/g
163 mg/g

(Mohan Raj
and
Asaithambi
2014)

2 Epicarp of
Ricinus
communis
(RC)

MW activated
RC
(MRC) and
MW-assisted
zinc chloride
activated RC
(ZRC)

Air-dried and
powdered epicarp
of Ricinus
communis was
dried in MW oven
at fixed temperature
and time

Malachite
green (MG)

12.65 mg/g
of MRC and
24.39 mg/g
of ZRC

(Makeswari
and Santhi
2013)

3 Biochar
obtained as
pyrolysis
by-product
of biomass

MW-H2O2-
treated
biochar (HC)

H2O2 treatment for
24 h followed by
microwave
pyrolysis at 600 W

Remazol
brilliant
blue (RBB)
Methylene
blue (MB)

83 mg/g
91 mg/g

(Nair and
Vinu 2016)

4 Oil palm
fiber (PF)

Palm fiber
activated
carbon
(PFAC)

Air-dried PF was
crushed and
carbonized at
700 °C, and the
product obtained
was mixed with
fixed quantity of
KOH

MB 382.32 mg/g (Foo and
Hameed
2012)

(continued)
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MW-assisted chemical activation exhibited enhanced activation efficiency.
Acid-based activation was carried out with acetic acid, whereas oxidants like zinc
chloride (ZnCl2) and hydrogen peroxide (H2O2) were employed in the MW-assisted
chemical activation process. The activation of waste activated sludge, papaya leaf
stem, epicarp of Ricinus communis (RC), biochar, etc., showed an efficient and
effective activation of carbonaceous material by MW heating.

The adsorption capacity of activated carbon from papaya leaf stem prepared by
microwave-induced chemical activation with ZnCl2 was investigated for the
removal of malachite green and reactive orange dyes from aqueous solution
(Mohan Raj and Asaithambi 2014). The adsorption capacity was 352 mg of
malachite green (MG) and/or 163 mg reactive orange (RO)/g of activated carbon.
In another study, MW-assisted activation in presence of ZnCl2 adsorption capacity
epicarp of R. communis (RC), an agricultural waste material, for the removal of MG
was investigated using MW-assisted activation RC (MRC) and MW-assisted ZnCl2
activated RC (ZRC). The adsorption capacity showed twofold increase for the
removal of MG by ZRC compared to that of MRC (Makeswari and Santhi 2013).
Tremendous improvement in the adsorption capacity was reported in the activation
of biochar, the by-product obtained from biomass pyrolysis, by microwave in
presence of H2O2. H2O2 impregnation followed by microwave treatment of biochar
was investigated for the removal of Remazol brilliant blue (RBB) and methylene
blue (MB) (Nair and Vinu 2016). The activated biochar produced at optimum
condition, i.e., H2O2 impregnation time of 24 h and microwave power of 600 W
(HC), exhibited nanostructure with narrow and deep pores and high specific surface
area. The maximum adsorption capacity of RBB by HC was 1.5 times higher than
that of non-activated biochar. On the other hand, there was twofold increase in MB
adsorption capacity when HC was used as adsorbent instead of non-activated

Table 5.1 (continued)

S. No. Carbon
compound

Prepared
adsorbent

Preparation method Dye Removal at
optimum
condition

Reference

5 Wood
sawdust
(WS)

Wood
sawdust
activated
carbon
(WSAC)

Carbonation of
air-dried and
crushed WS was
carbonized under
N2 atmosphere,
followed by mixing
of predetermined
amount of K2CO3

MB 423.17 mg/g (Foo and
Hameed
2012)

6 Activated
sludge

Activated
carbon

Dewatered sludge
(solid content 10%
w/w) was mixed
with acetic acid
(1:1 by weight),
and the mixture
was heated in a
microwave oven at
800 W for 1 min

Rhodamine
6G

80.5% (Annadurai
et al. 2003)
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biochar. The maximum capacity of untreated biochar for RBB and MB was 63 and
42 mg/g, respectively, whereas the adsorption capacity with HC was obtained as 91
and 83 mg/g, respectively, for RBB and MB.

The activated carbon obtained from agricultural waste product by MW heating
and chemical activation also showed good adsorption capacity for the removal of
dye from wastewater (Foo and Hameed 2012a; b). Waste activated sludge, formed
from conventional treatment plant, is a good adsorbent for heavy metals and various
organics. However, the use of original sludge suffers the disadvantages of contin-
uous change in quality and the odor emission during storage. On the other hand, the
MW thermal treatment of sludge with a MW output power of 800 W in presence of
acetic acid (10% w/w) showed improved adsorption efficiency of the synthetic dye,
rhodamine 6G, from wastewater (Annadurai et al. 2003). Experimental results
indicated higher adsorption efficiency at higher pH and temperature levels.

5.4.2 MW-Based Regeneration of Activated Carbon (AC)

Owing to the high porosity resulting in the increased surface area and surface
activity, GAC and powdered activated carbon (PAC) effectively adsorb various
classes of dyes (Gupta and Suhas 2009). However, the exhausted GAC/PAC needs
to be regenerated for reuse and also to eliminate the sludge pollution. The thermal,
chemical, and biological methods are commonly adopted for the regeneration of
pollutant-loaded GAC (Purkait et al. 2007).

Thermal regeneration of saturated carbon is achieved by heating to a very high
temperature (800–1000 °C) in mildly oxidizing conditions (Cong and Wu 2007).
Chemical regeneration is usually carried out by desorption of adsorbates using
specific solvents or by decomposition of adsorbed species using oxidizing chemical
agents under either subcritical or supercritical conditions (Ryu et al. 2000). The
regeneration efficiency by this method depends mainly on the solubility of the
adsorbed substances and the effect of pressure on the chemical structure of carbon
(Foo and Hameed 2009). Instead, the biological regeneration of exhausted carbon
relies on the degradation of adsorbed pollutants by the disperse culture of
microorganism (Salvador and Jimenez 1996). This can be achieved by mixing the
saturated carbon with proper bacterial culture for sufficiently long contact time (Roy
et al. 1999). However, the process is slow, sensitive to stringent operating condi-
tions, and can be applied only to biodegradable pollutants adsorbed on the car-
bonaceous material. The use of these processes is challenging due to the
high-energy consumption, long regeneration time, and reduction in the adsorption
capacity. On the other hand, MW-assisted GAC regeneration possesses the
advantages of short reaction time, energy savings, and improvement in the
adsorption capacity of GAC.

Microwave heating restored the adsorption capacity of GAC and PAC effec-
tively in several cycles of dye wastewater treatment (Table 5.2). MW regenerated
GAC, obtained by immersing the spent GAC in water and subsequent MW
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irradiation at optimum conditions, showed about 74% removal of methyl orange
(MO) from wastewater even after six cycles of usage (Xu et al. 2014). Similar result
was obtained for Reactive Black 5 (RB5) and Acid Orange 7 (AO7) removal from
wastewater using regenerated GAC. The adsorption of RB5 intermediates of
electrocoagulation process on GAC indicated a tremendous decrease in the
chemical oxygen demand (COD) of the wastewater (Chang et al. 2010).
Subsequently, the GAC loaded with RB5 intermediates was regenerated by MW
irradiation at a MW output power of 800 W and GAC/water ratio of 20 g/L. The
adsorption capacity of GAC could be regenerated with 30 s of MW irradiation.
Moreover, the adsorption capacity could be effectively regenerated for six cycles of
operation. Alternatively, AO7 adsorption capacity tested for four cycles using

Table 5.2 MW-assisted regeneration of carbon for dye removal from wastewater

S. No. Carbon
compound

Regeneration method Dye Removal at optimum
condition

Reference

1 GAC Spent GAC was
immersed it in water
and subsequently
exposed to microwave
irradiation at a power
of 385 W for 2 min

Methyl
orange
(MO)

*74.1% even after
6 cycles of usage

(Xu et al.
2014)

2 GAC Reactive black
5-intermediate loaded
GAC was regenerated
by at MW power of
800 W, GAC/water of
20 g/L, and
irradiation time of
30 s

Reactive
Black 5

Effective regeneration
of dyes for 6 cycles
of operation

(Chang
et al.
2010)

3 GAC Dye-exhausted GAC
was regenerated with
MW irradiation for
5 min at 850 W

Acid
Orange 7

Improved adsorption
rate compared to that
of virgin GAC due to
pore-size distribution
and surface
modification

(Quan
et al.
2004)

4 Activated
carbon
loaded
with zinc
acetate
(AC-Zn)

MW heating of
AC-Zn to a
temperature of 850 °C
for 35 min using
nitrogen flow as
shielding gas,
followed by
regeneration using
CO2 gas flow with
temperature of 800 °C
and duration of
30 min

Congo
red (CR)

The regenerated
AC-Zn revealed an
adsorption of
16.72 mg of CR/g of
regenerated adsorbent

(Qu et al.
2016)
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regenerated GAC indicated a higher adsorption rate than that of virgin GAC due to
pore-size distribution and surface modification (Quan et al. 2004).

On the other hand, MW regeneration was also effective for the regeneration of
metal-loaded GAC. AC loaded with zinc acetate (AC-Zn) resulted from the
adsorption of zinc acetate from vinyl acetate synthesis industry was regenerated by
MW using different activation agents, namely steam, CO2, and steam–CO2 (Qu
et al. 2016). Thus, prepared AC–zinc oxide (AC-ZnO) absorbent was investigated
for the adsorptive removal of Congo red from wastewater. The result indicated a
maximum adsorption capacity of 16.72 mg/g of AC-ZnO activated by CO2 at
optimum conditions.

5.5 Solvent-Phase Microwave Heating for Dye
Wastewater Treatment

Dielectric loss heating is mainly responsible for the microwave heating of a solu-
tion. Solvent-phase MW heating of carbonaceous material resulted in the catalytic
degradation of dyes from wastewater.

Solvent-phase MW heating aims in MW-induced catalytic technology by
absorbing MW radiation by the strong MW absorbent (carbonaceous material) and
transferring the energy to the pollutants causing the cleavage of complex bonds and
thus the degradation. When activated carbon is used as MW-absorbing material, hot
spots are formed on the surface which causes selective heating, spur in the
molecular rotation, and finally decreases the activation energy. However, degra-
dation of dye from wastewater by solvent-phase MW heating is still in the stage of
infancy (Table 5.3).

Microwave irradiation with activated carbon was highly effective for the
degradation of Congo red in aqueous solution. An efficiency of 97.88% was
obtained for Congo red removal from wastewater by MW-PAC treatment under
optimum conditions, i.e., 2.0 g/L PAC and 2.5-min microwave irradiation.
A comparable degradation efficiency of Congo red (96.5%) was obtained within
1.5 min by increasing the dosage of PAC to 3.6 g/L (Zhang et al. 2007).

Treatment of Argazol blue containing wastewater with ferrous-modified GAC in
presence of MW with an output power of 500 W for 5 min resulted in 98.3%
decoloration and 96.8% COD removal from the dye wastewater (Park et al. 2010).

Table 5.3 MW-assisted degradation of dye from wastewater

S. No. Carbon
compound

Dye Removal at optimum
condition (%)

Reference

1 PAC Congo red 97.88 (Zhang et al.
2007)

2 GAC Argazol
blue

98.3 (Guang 2004)
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The decoloration and mineralization are caused by the synergetic effect of
adsorption of dye from wastewater to GAC and subsequent degradation by MW
irradiation.

5.6 Conclusion

MW irradiation possesses several advantages such as rapid and volumetric heating,
increased reaction rates, reduced activation energies, and high energy efficiency.
MW irradiation was used in dye wastewater treatment in two ways: (1) for
solid-phase heating of activation or regeneration of carbonaceous material used as
adsorbent in the treatment of dye wastewater and (2) solvent-phase heating for the
degradation of adsorbed pollutant from the carbon surface. The dipolar polarization
is mainly responsible for the activation of carbonaceous material or regeneration of
spent carbon in solid-phase heating. Instead, dielectric loss heating is mainly
responsible for solvent-phase heating by MW. MW-assisted activation in presence
of activation agents like acid and oxidant improved the surface structure and
porosity of carbonaceous material. On the other hand, the MW-based regeneration
of spent carbon gave effective treatment efficiency of dye wastewater treatment for
several cycles. Solvent-phase MW heating for adsorption and subsequent degra-
dation of dye was seldom employed for the dye wastewater treatment. However, the
method gave rapid and high treatment efficiency due to the synergetic effect of
adsorption on carbon and thermal degradation by MW. The carbonaceous materials
in different forms such as carbon supported on catalyst, carbon nanotubes, and
carbon nanofilms can be coupled with MW to improve the treatment efficiency as
well as the separability of the material in the solvent-phase degradation process.
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Chapter 6
Treatment Technologies for Emerging
Organic Contaminants Removal
from Wastewater

Sunita J. Varjani and M. Chaithanya Sudha

Abstract Of late, the existence of a group of contaminants identified as emerging
contaminants (ECs) is of continued concern for health and safety of humans and
ecosystem. Among various emerging contaminants, the emerging organic con-
taminants (EOCs) are components that form a significant part of products used by
humans, viz. pharmaceuticals and personal care products (PPCP), pesticides, vet-
erinary medicines, fire retardants and other industrial products. Endocrine-
disrupting chemicals (EDCs) are also often portrayed in a category of their own.
The significant number of individual EOCs is present in wastewater treatment
plant (WWTP) due to domestic and industrial effluent emissions. Estimation of
EOCs gains more importance due to complexity involved in analysing them.
Physicochemical and biological properties are vital components deciding the fate of
EOCs in wastewater treatment and upon their discharge into nature. Therefore, it is
very essential to collect scientific data on the fate and effects of EOCs to assess the
environmental risk. The current chapter analyses adverse effects of EOCs to water
consumers and discusses various potential removal processes. The use of physical,
chemical and biological methods such as adsorption, ultrafiltration, electrodialysis,
Fenton reaction, photo catalysis, biofilter and removal in algal wastewater treatment
ponds, and their efficiencies in removal of EOCs are reviewed.
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6.1 Introduction

Until the origin of the nineties, non-polar hazardous compounds, i.e. persistent
organic pollutants (POPs) and heavy metal, were a focus of interest and awareness
as priority pollutants. Today, these compounds are less relevant for the industri-
alized countries, since a dramatic reduction of emissions has been achieved through
the adoption of appropriate measures and therefore, elimination of the dominant
sources of pollution. Organic compounds previously not known to be significant in
freshwater, in terms of distribution and/or concentration, are now being more
widely detected as analytical techniques improve (Farre et al. 2012). These com-
pounds, which have the potential drop to cause known or suspected adverse eco-
logical or human health effects, are often collectively referred to as ECs. The United
States Geological Survey (USGS) defines an emerging contaminant as “any syn-
thetic or naturally occurring chemical or any micro-organism that is not commonly
monitored in the environment but has the potential to enter the environment and
cause known or suspected adverse ecological and (or) human health effects. In some
cases, release of emerging chemical or microbial contaminants to the environment
has likely occurred for a long time, but may not have been recognized until new
detection methods were developed. In other cases, synthesis of new chemicals or
changes in use and disposal of existing chemicals can create new sources of ECs”.

ECs arise from many types of products and various chemicals such as sucralose,
artificial sweeteners, nanomaterials, perfluorinated compounds, drinking water and
swimming pool disinfection by-products, sunscreens and UV filters, flame retar-
dants, benzotriazoles and benzothiazoles, siloxanes, naphthenic acids, musks, algal
pollutants, and ionic liquids and prions (Zgheib et al. 2011). With advancements
inside the chemical industry, the type of compounds being released to the sur-
roundings which can be doubtlessly dangerous to human beings and ecosystem
over the long time period is expected to grow substantially over time (Cassani and
Gramatica 2015).

ECs are not new chemicals; they might be substances that have been available on
earth for quite a while, however, whose presence and significance are perceived as
of late. EOCs are principally synthetic organic chemicals that have been recently
distinguished in natural habitats. ECs are a large and relatively new group of
unregulated compounds that might be derived from domestic, trade and industrial
sources. It can conceivably cause injurious issues in amphibians and human life
(Fig. 6.1). They are mostly identified and detected in metropolitan sewage,
day-by-day household items, pharmaceutical production plants, wastewater, hos-
pitals, landfills and natural aquatic environment (Fig. 6.1).

The largest number of ECs is man-made chemicals, which include new classes
of halogenated persistent organic pollutants, pharmaceuticals, chemicals in personal
care products and natural steroid hormones. ECs are differentiated from conven-
tional persistent organic pollutants like polychlorinated biphenyls and
organochlorine pesticides (e.g. DDT) via their bioactive properties. EOCs are
components or active ingredients in products that are frequently used by humans.
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The predominant groups of EOCs include PPCP, veterinary medicines, fire retar-
dants and other industrial products, and new era pesticides. In comparison to
industrial chemicals, EOCs are sourced from products that are utilized in relatively
small amounts. However, due to the fact they are used by many people on multiple
occasions every day, the total amounts released to the environment can be
significant.

Therefore, the estimation of EOCs gains more importance due to the complexity
involved in analysing them. Physicochemical and biological properties are vital
components deciding the fate of EOCs amid wastewater treatment and upon their
discharge into nature. Therefore, it is very essential to collect scientific data on the
fate and effects of EOCs to assess the environmental risk. The current paper
analyses adverse effects of EOCs to water consumers and discusses the various
potential removal processes. The use of physical, chemical and biological methods
such as adsorption, ultrafiltration, electrodialysis, Fenton reaction, photo catalysis,
biofilter and removal in algal wastewater treatment ponds, and their efficiencies in
removal of EOCs are reviewed.
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Fig. 6.1 Routes of entry of ECs to the environment
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6.2 Emerging Contaminants in Environment

ECs will be released into the aquatic environments (surface and groundwater),
agricultural environment, soil environment and food materials via a number of
routes. The ECs from soil may be transported to water bodies by leaching, run-off
and drainage processes. The extent of the transport is dependent on the persistence
of the EC and on how it interacts with soil and sediment particles. These con-
taminants can also be released to the aquatic environment from other sources such
as emissions from WWTPs and industrial effluents (Pal et al. 2010). The ECs from
the emissions of human medicines and human personal care products are likely to
be more significant than from agricultural emissions.

6.2.1 Pharmaceuticals

Pharmaceuticals are a critical group of ECs, and their presence in drinking water
has generated significant issues regarding the risk of oestrogenic and other adverse
impacts on humans and fauna (Liu et al. 2015). Approximately 3000 distinctive
substances are estimated to be used as pharmaceutical ingredients, including
painkillers, antibiotics, antidiabetics, beta blockers, contraceptives, lipid regulators,
antidepressants and impotence pills. Only a small subset of these ECs has been
investigated in environmental research. The large-scale use of prescribed drugs has
also improved their presence in surface water, groundwater, wastewater and storm
water run-off in urban regions (McGrane 2016; Campanha et al. 2015).

Pharmaceuticals find their way to the environment through various pathways
(Fig. 6.2); however, the major way is through the discharge of raw and treated
sewage from residential users or medical centres (Rahman et al. 2009). The
excretion through urine and faeces and extensively metabolized drugs are released
into the receiving waters. On the other side, the topically applied pharmaceuticals
(when washed off) and the expired and unused ones (when disposed directly to
trash or sewage), as well as released from drug manufacturing plants (Larsson et al.
2007; Li et al. 2008), may pose a direct risk to the environment due to the fact that
they enter sewage in their unmetabolized and effective form (Ruhoya and Daughton
2008). Besides the wastewater effluents discharged to water bodies or reused for
irrigation, biosolids used in agriculture as soil amendment or disposed to landfill are
another significant route of pharmaceuticals to the environment and drinking water
resources (Barron et al. 2008).

The Indian pharmaceutical industry positions third in terms of volume produc-
tion in the world with approximately 250 large-scale units and more than 8,000
small-scale units in current operation including central public sector holdings (CCI
2015). Major pharmaceutical production centres in India are located in Ahmedabad,
Bangalore, Hyderabad and Mumbai and supply these products to Europe, the USA
and other regions of the world (Larsson 2008). A total of 19 pharmaceuticals have
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been measured so far in surface water, wastewater and drinking water sources all
over India. The monitoring has been done so far in Kaveri, Vellar and Tamiraparani
Rivers in southern India, wastewater treatment plants in New Delhi and Ujjain in
central India, and surface waters (lakes, river) and the wastewater of Hyderabad in
north-western India.

6.2.2 Antibiotics, Biocides and Pesticides

The important concern in relation to antibiotics, biocides and pesticides is the
development of bacterial resistance after their release into the environment (Zhang
et al. 2015; Petit et al. 2015) and the unfavourable effect on the biodegradation of
plant materials, which disrupts the primary food chain in aquatic ecosystems
(Richardson and Ternes 2014). The term “pesticide” refers to chemical substances
used for agricultural purposes, whereas the term “biocide” refers to chemical
compounds used in urban environments (Margot et al. 2015). Biocides are
specifically used in bituminous roof sealing membranes and external facades or for
grass management and weed control. During rain events, biocides and pesticides are
incorporated in surface and groundwater via storm water run-off (Weston et al.
2015; Tang et al. 2015; Ricardo Bento and Bentes 2015).

Endosulfan, hexachloro-cyclohexane (HCHs) and DDT are the most consumed
pesticides in India, among which the latter two categories together account for 67%
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Fig. 6.2 Main routes of pharmaceuticals to the environment
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of total pesticide consumption (Kumari et al. 2001). Others include phorate,
chlorpyriphos, methyl parathion and phosphamidon (Bhushan et al. 2013). HCHs
and DDTs are included in the list of priority substances reported in Directive 2008/
105/EC (European Commission 2008) and their maximum environmental quality
standards (EQSs) in inland surface water bodies are 0.2 and 2.5 ng/L, respectively
(European Commission 2013).

6.2.3 Personal Care Products

These chemical substances are found extensively in urban environments and
encompass fragrances, sunscreens, insect repellents and antifungal agents (Pal et al.
2014). Since these compounds are designed for external usage, no metabolic
changes occur in their chemical structure and are easily released into aquatic
environments. Their presence in urban run-off and groundwater has also increased
notably in recent years (Weston et al. 2015; Tang et al. 2015; Ricardo Bento and
Bentes 2015). Triclosan (TCS), a disinfectant, has been widely used for almost
30 years in soaps, deodorants, skin creams and toothpastes (McAvoy et al. 2002).
TCS is also used in some commercial products such as footwear (hosiery and soles
of shoes), acne creams, toys and kitchen utensils. It is reported to be in the top 10
most commonly detected organic pollutants in wastewater (Kolpin et al. 2004;
Halden and Paull 2005). Triclosan and parabens (methyl, ethyl, propyl and butyl)
have been so far investigated in the Kaveri, Vellar and Tamiraparani Rivers as well
as at the Pichavaram mangrove of southern India (Ramaswamy et al. 2011). The
compounds were also monitored in sediments of these rivers.

6.2.4 Phthalates and Plastic

Phthalates and phthalate acid ester (PAE) are frequently used in the manufacturing
of PVC products, furnishings, textiles, toys, food packaging and medicinal products
(Mackintosh et al. 2004). Human beings may be exposed to phthalates through
inhalation, packed food items, drinking water and use of personal care products,
especially those having oral contact. Therefore, more attention is given to estima-
tion of concentration of phthalates in air, food items and drinking water sources.
Currently there are approximately 26,000 registered plastic processing units in
India, and the demand for plastic raw material increased more than twofold from
3.3 to 6.8 million tons in the first decade of the twenty-first century (i.e. between
2000–2001 and 2009–2010). A few studies are carried out that measured the
concentration of phthalates in surface water (Gomti River, Kaveri River), drinking
water (tap and bottle water in southern part of Delhi, India) and wastewater in India
(15 sewage treatment plants in northern India) (Das et al. 2014; Selvaraj et al. 2015;
Srivastava et al. 2010; Gani et al. 2016). Das et al. (2014) monitored the
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concentration of 15 phthalates in bottled and purified drinking water from Okhla,
India, and the Jawaharlal Nehru University (JNU) campus in southern Delhi, India.

6.3 Emerging Contaminants—Effects on Human Health
and Ecosystem

The ECs such as PPCPs, pesticides and hormones have detrimental effects on
human and wildlife endocrine systems. Natural attenuation and conventional
treatment methods are not capable of removing these micropollutants from
wastewater and surface and drinking water and are reported to bioaccumulate in
macroinvertebrates, other organisms in the aquatic food web and humans (Ruhí
et al. 2015). The critical hazards of these compounds on the human health and
ecosystem are given in Table 6.1.

Table 6.1 Effects of ECs on aquatic and terrestrial organisms

Emerging contaminants Reported effect(s)

Anorexic treatments Hormonal effect in crabs and crayfish

Oestrogens Endocrine-disrupting effects on fish

Parasiticides Effects on insect development and physiology;
effect on rate of dung decomposition

Antibacterials Selection of antibacterial resistance; impacts on the
structure of soil microbial communities; inhibition
of growth blue-green algae and aquatic plants;
biochemical effects in fish

Anti-inflammatory Stimulation of growth of blue-green algae and
inhibition of growth of aquatic plants; effects on
structure of fish hepatocytes

Lipid regulator Biochemical effects in fish

Analgesic Biochemical effects in fish

Beta blocker Biochemical effects in fish

Lipid regulator Biochemical effects in fish

Antianxiety drug Effects on development of invertebrates

Cardiac glycoside Effects on development of invertebrates

Calcium channel blocker Effects on development of invertebrates

Carbamazepine and diazepam Growth is inhibited for both Daphnia magna and
midges

Beta blockers Chronic toxic effects have been found in fish

Hormones Male infertility

Butylated hydroxy toluene (BHT) and
butylated hydro-xyanisole (BHA)

Carcinogenic effects

(continued)
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6.4 Analytical Methodologies for ECs Quantification

One of the significant constraints in the analysis of emerging contaminants remains
the lack of methods for quantification of low concentrations. The prerequisite for
proper risk assessment and monitoring of the quality of waste, surface and drinking
waters is the accessibility of multi-residual techniques that allow measurement at
the low ng/l level (or even below that). However, these compounds have obtained
little interest because they are not on regulatory lists as environmental pollutants.
However, today analytical methodology for different groups of emerging contam-
inants is being developed, and an increasing number of techniques are reported in
the literature (Petrovic et al. 2003a, b).

In the last two decades, several analytical methods have been developed for the
determination of different classes of ECs in environmental samples (water, sedi-
ment, soil and biota). Generally, the identification and quantification of ECs at low
concentrations in complex environmental matrices requires analytical methods of
high sensitivity and selectivity, which usually depend on liquid or gas chro-
matography (LC or GC) coupled to mass spectrometry (MS). The application of
advanced low- or high-resolution MS instruments in environmental analysis has
allowed the determination of a broader range of compounds and, thus, a more
comprehensive assessment of environmental contaminants.

The preferred analytical method is based on target analysis of preselected
compounds of interest, using tandem MS instruments. Over the years, a slow shift
from class-specific methods to multi-residue methods for simultaneous analysis of a
large number of target compounds, belonging to different classes, has took place.
For instance, Robles-Molina et al. (2014) developed a multi-residue method based
on solid-phase extraction and liquid chromatography-time-of-flight-mass spec-
trometry for the simultaneous determination of over 400 priority and emerging
pollutants in water and wastewater. On the other hand, Pintado-Herrera et al. (2014)

Table 6.1 (continued)

Emerging contaminants Reported effect(s)

Sunscreens/UV filters Estrogenic effects; potential for developmental
toxicity

Flame retardants Developmental toxicity, carcinogenicity and
hormone disruption

Bisphenol A (BPA) Harmful effects on infants and young children

Alkylphenols and ethoxylates Negative effect on aquatic life by acting as
endocrine disruptors

N-nitrosodimethylamine (NDMA) Probable human carcinogen

Benzotriazoles and benzothiazoles In vitro oestrogenic effects

Perfluorinated compounds Environmental consequences and potential human
health effect

Source Boxall (2012) and Birkholz et al. (2014)
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used atmospheric pressure gas chromatography-time-of-flight-mass spectrometry
(APGC-ToF-MS) for the simultaneous determination of 102 regulated and
emerging contaminants in aqueous samples after stir bar sorptive extraction
(SBSE).

A number of multi-residue methods have been developed for the analysis of
multiclass pharmaceuticals, illicit drugs, pesticides, PFC. Gros et al. (2012)
developed a method to determine 81 pharmaceutical residues, covering various
therapeutic groups, and some of their main metabolites, in surface and treated
waters (influent and effluent wastewaters, river, reservoirs, sea and drinking water);
Baker and Kasprzyk-Hordern (2011) defined a multi-residue method for the envi-
ronmental monitoring of 65 stimulants, opioid and morphine derivatives, benzo-
diazepines, antidepressants, dissociative anaesthetics, drug precursors, human urine
indicators, and their metabolites in wastewater and surface water. Masiá et al.
(2013) developed a method for the examination of 43 polar pesticides in envi-
ronmental waters.

The current diagnostic approach has another disadvantage. The majority of
analytical techniques focus mainly on parent target compounds and rarely comprise
metabolites and transformation products, which on occasion can be extra toxic and
persistent than the original compounds. One cause for that trend is that the majority
of transformation products are not known and many of those that are known are not
commercially available or are too expensive. However, each one of the relevant
contaminants, metabolites and transformation products that may be encountered in
the aquatic environment are difficult to be incorporated in any targeted
multi-residue method, making therefore a strong case for the application of
non-target screening protocols using high-resolution mass spectrometry (HR-MS)
(Chiaia-Hernandez et al. 2013; Eichhorn et al. 2012).

In contrast to triple quadrupole mass spectrometers, which function at unit
resolution for precise target analytes, HR-MS units which include time of flight
(TOF), quadrupole time of flight (QqTOF) and Orbitrap mass spectrometers are
able to obtain full-scan mass spectra at high decision for all analytes, therefore, the
unique potential of retrospective data analysis for compounds not included in the
first data processing. Accurate mass complete-scan MS allows analysis of a wide
variety of compounds and their degradation products that fall outside the scope of
target techniques. However, general screening for unknown materials is
time-consuming and highly priced and is often shattered by problems, which
includes lack of mass spectral libraries. Therefore, the fundamental challenge is to
prioritize contaminants and determine on the significance of the chemical infor-
mation. Effect-related analysis, focused on relevant compounds, in recent times
appears to be the maximum appropriate manner to assess and study environmental
contamination (Petrovic et al. 2016).
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6.5 Treatment Technologies for Emerging Contaminants

The number of chemical groups constituting ECs is large and continues to grow as
new chemicals are identified to be part of this classification. Many emerging trace
organic contaminants, such as endocrine-disrupting chemicals, personal care
products and pharmaceuticals are detected in wastewater, surface water, ground-
water and drinking water. Attention to EOCs is escalating due to their potential
undesirable health effects on humans and ecosystems (Jones et al. 2004; Bound and
Voulvoulis 2004; Tran et al. 2013). Several EOCs are released into aquatic envi-
ronments, mostly by effluents from municipal sewage treatment plants (Heberer
2002; Bound and Voulvoulis 2004) because they are not completely removed by
conventional treatment technologies (Carballa et al. 2004; Díaz-Cruz and Barceló
2008; Reemtsma et al. 2010; Radke et al. 2009; Kasprzyk-Hordern et al. 2008).

Approximately 3000 different substances are estimated to be used as pharma-
ceutical ingredients, including painkillers, antibiotics, antidiabetics, beta blockers,
contraceptives, lipid regulators, antidepressants and impotence drugs. Only a small
subset of these ECs has been investigated in environmental studies. The large-scale
use of pharmaceuticals has also increased their presence in surface water,
groundwater, waste water and storm water run-off in urban areas. The chemicals
from personal care products are found widely in urban environments and include
fragrances, sunscreens, insect repellents and antifungal agents. Since these com-
pounds are designed for external usage, no metabolic changes occur in their
chemical structure and are easily released into aquatic environments. Their presence
in urban run-off and groundwater has also increased significantly in recent years.
Non-conventional water treatment technologies have changed over time as a result
of new techniques being developed. These treatments can be broadly divided into
physicochemical, biological treatment and advanced treatment processes
(Table 6.2).

6.5.1 Physicochemical Treatment

The important physical and chemical methods used for the removal of emerging
contaminants are discussed in this section. Physicochemical treatment as a coag-
ulation–flocculation process was generally found to be unable to remove EDCs and
PPCPs. However, coagulation combined with PAC adsorption has been reported as
a very attractive option due to several advantages, such as an easy use and low
capital investments (Dixon et al. 2011). The use of aluminium sulphate and ferric
chloride as coagulants combined with UF has provided notably improvements in
the permeate flux, with considerably reduction at the same time of turbidity and
chemical oxygen demand (COD) (Wuo et al. 2004; Kim et al. 2005; Fan et al.
2008).
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6.5.1.1 Chlorination

The less reactive species such as chlorine (gaseous chlorine and hypochlorite) and
bromine have been used in wastewater treatment. The effect of chlorine on the
removal of some of the ECs has been carried out by Noutsopoulos et al. (2014)
using 1000 ng L−1 of each ECs pollutant after exposing initial chlorine dose of
11 mg L−1 for 60 min. The maximum removal efficiencies were 95 and 100%,
respectively, for naproxen and diclofenac. The removal of EE2 by chlorination was
found to be up to 100% within 10 min (Belgiorno et al. 2007). Moreover, it was
observed that the reaction rate of chlorination process was three orders of magni-
tude lower than that of ozonation process during the removal of ECs such as
amitriptyline hydrochloride, methyl salicylate and 2-phenoxyethanol (Real et al.
2014). In addition, chlorine and chlorine dioxide are potent oxidants which may
produce some subproducts during wastewater treatment, and the degree of miner-
alization achieved is not acceptable (Rivera-Utrilla et al. 2013).

6.5.1.2 Ultrafiltration

Separation processes by membranes, such as ultrafiltration (UF), are technologies
increasingly used in the field of water and wastewater treatments, and produce clear
water suited for different applications. However, single UF is sometimes ineffective
for the removal of most of these emerging contaminants due to the limited retention
capacity of UF membranes as well as to the membrane fouling. Then, membrane

Table 6.2 Overview of physicochemical and biological treatment methods for ECs

Physicochemical methods Biological methods

Chlorination Activated sludge process

Sorption Biological activated carbon

Adsorption Biosorption

Coagulation Biological trickling filter and biofilm reactor

Immobilization Biological nitrification and denitrification

Photolysis Membrane bioreactor

Photo catalysis Constructed wetlands (CWs)

Photo degradation Subsurface flow CWs

Fenton process Surface flow (SF) CWs

Electro-Fenton processes Hybrid CW systems

Photo-Fenton process Waste stabilization ponds (WSPs)

Sonochemical reaction High-rate algal ponds (HRAPs)

Electrodialysis Fungal reactors

Ultrafiltration Daphnia reactors

Microalgae-/fungi-based treatment

Phytoremediation
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filtration processes must be combined with pretreatments or post-treatments in order
to produce a permeate that can be reused, such as coagulation and adsorption
stages, which permit additional removals of organic compounds that play an
important role in fouling phenomena. Specifically, powdered activated carbon
(PAC) and granular activated carbon (GAC) in combination with UF are promising
technologies for water.

The combinations of PAC adsorption and/or coagulation pretreatments followed
by UF, as well as by an UF treatment followed by GAC adsorption post-treatment
were investigated to remove the EOCs (Acero et al. 2017). The PAC pretreatment
decreased membrane fouling, with the advantage that PAC was separated from the
final effluent in the UF step. Low PAC dose in the range 10–50 mg L−1 in the
adsorption pretreatment was enough in order to remove most of the ECs and to
partially improve water quality parameters. The removal of 11 selected emerging
contaminants (ECs, acetaminophen, metoprolol, caffeine, antipyrine, sulfamethox-
azole, flumequine, ketorolac, atrazine, isoproturon, 2-hydroxybiphenyl and
diclofenac) by micellar-enhanced ultrafiltration (MEUF) has been investigated by
Acero et al. (2017). Anionic sodium dodecylsulphate (SDS), non-ionic surfactants
Triton X-100 (TX-100) and Tween 20 (TW-20), and cationic surfactants
cetylpyridinium chloride (CPC) and cetyl trimethyl ammonium bromide (CTAB)
were used. The retention coefficients of the selected compounds were determined in
order to evaluate the separation efficiency of ECs from surfactant micelles. It was
found that cationic surfactants were more appropriate for the removal of negatively
charged and hydrophobic ECs.

6.5.1.3 Immobilization

Immobilization methods are developed in order to facilitate enzyme recuperation
and reusability and to increase enzymatic stability. Enzymes had been immobilized
through numerous methods portrayed in several comprehensive reviews (Sheldon
2007; Zhou and Hartmann 2012). Basically, three methods can be distinguished,
i.e. support or carrier binding, encapsulation or entrapment, and cross-linking
(Durán et al. 2002; Sheldon 2007; Ba et al. 2013). Each technique possesses
specific advantages and disadvantages relying on the targeted application. Carrier
binding methods such as physical adsorption and covalent or ionic binding
immobilize the enzymes on a support material. Adsorption happens by means of
electrostatic interactions, van der Waals forces and even hydrogen bonding between
enzymes and carrier surface. The immobilization of laccases for the treatment of
wastewaters has been recently reviewed by Ba et al. (2013).

The removal of rising organic contaminants from municipal wastewater poses a
significant challenge unsatisfactorily addressed by present wastewater treatment
processes. Enzyme-catalysed transformation of EOC has been planned as a
potential resolution to the present major environmental issue. Especially, laccases
gained interest during this context in recent years owing to their broad substrate
range and since they solely want molecular oxygen as a co-substrate. Artificial
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recharge improves many water quality parameters, but has only minor effects on
recalcitrant pollutants. To advance the removal of those pollutants, added a reactive
barrier at the bottom of an infiltration basin (Valhondo et al. 2014). This barrier
contained aquifer sand, vegetable compost and clay and was coated with iron oxide
dust.

The purpose of the compost was to sorb neutral compounds and release dis-
solved organic carbon. The release of dissolved organic carbon ought to generate a
broad range of redox conditions to promote the transformation of emerging trace
organic contaminants (EOCs). Iron oxides and clay increase the range of sorption
site types. Valhondo et al. (2014) studied the effectiveness of the barrier by ana-
lysing the fate of nine EOCs. Water quality was monitored before and after con-
structing the reactive barrier. Installation of the reactive barrier led to nitrate-, iron-
and manganese-reducing conditions in the unsaturated zone below the basin and
within the first few metres of the saturated zone. Thus, the behaviour of most EOCs
changed after installing the reactive barrier. The reactive barrier enhanced the
removal of some EOCs, either markedly (sulfamethoxazole, caffeine, benzoylec-
gonine) or slightly (trimethoprim) and decreased the removal rates of compounds
that are easily degradable under aerobic conditions (ibuprofen, paracetamol). The
barrier had no remarkable effect on 1H-benzotriazole and tolyltriazole.

6.5.1.4 Photo Catalysis

Prieto et al. (2012) studied about the treatment of emerging contaminants in WWTP
effluents by solar photo catalysis using low TiO2 concentrations. A mild photo-
catalytic tertiary treatment for the removal of 52 ECs from WWTP biological
secondary treatment effluents was demonstrated under realistic conditions (real
wastewater with contaminants in the µg L−1 range). Although the low concentra-
tion of the catalyst limits the reaction rate due to the weak absorption of photons in
current reactor designs, a higher extent of ECs degradation (>85%) is possible
under natural sunlight when CPC reactors of larger diameters are used. The use of
low concentrations of TiO2 could be a good, economical and simple alternative for
the tertiary treatment of WWTP and for the removal of persistent ECs which are not
degraded by traditional WWTPs. A strategy for increasing the absorption of solar
radiation involves the use of tubular reactors and CPC with a wider tube diameter to
allow optimal absorption of photons.

6.5.1.5 Advanced Oxidation Process

Chemical oxidation methods such as ozonation/H2O2, UV photolysis/H2O2 and
photo-Fenton processes were reported as the best processes for the removal of
pesticides, beta blockers and pharmaceuticals. Ozonation and UV photo catalysis
processes are highly effective in the removal of EDCs. The Fenton process has been
observed to be the least effective among all types of conventional and AOPs
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treatment technologies. The removal of surfactants and PCPs has not yet been well
studied by chemical processes. Finally, hybrid systems such as MBR followed by
reverse osmosis, nanofiltration or ultrafiltration are better for the removal of EDCs
and pharmaceuticals, but less effective in the removal of pesticides.

Advanced oxidation process (AOPs) may be the best choice when complete
mineralization of organic component is required. Sonochemical reactions have been
successfully employed for the degradation of various pollutants.

Methylparaben (MPB) which is the most utilized from paraben family is selected
as a model emerging pollutant. The influence of common anions and some selected
emerging contaminants that may coexist in typical water matrix on the degradation
pattern is analysed alongside. Among the anions, carbonate presents a negative
influence which is attributed to the competition for OH radical. Some ECs also
showed negative impact on degradation as was clear from HPLC data. The inter-
mediates, analysed by LC–Q-TOF–MS, include hydroxylated and hydrolytic
products. Three major steps (aromatic hydroxylation, hydroxylation at the ester
chain and hydrolysis) are proposed to involve in the reaction of OH radical with
MPB which ultimately leads to mineralization. The major driving mechanisms of
the degradation of MPB were found to be hydroxylation and hydrolysis. A 100%
mineralization as indicated by the mass data clearly demonstrates the efficient
degradation of this compound by sonochemical technique compared to any other
AOP techniques.

6.5.1.6 Sonochemical Reaction

Sonochemical reactions have been efficaciously utilized for the degradation of
different pollutants (Darbre and Harvey 2008; Byford et al. 2002). It is yet another
route which makes use of OH radical for the degradation. In sonolysis, complete
mineralization of organic pollutants is expected within a short span of time.
However, this degradation protocol has not been endeavoured so far for the possible
mineralization of parabens. In sonolysis, there are a few parameters which depend
on the ultrasonic frequency that controls the degradation efficiency. The most vital
being the number and size of bubbles, and the availability of OH in the interface
and bulk liquid region (Yasui 2011). Finding an optimum frequency is critical
where all these parameters correlate. The increase in applied frequency improves
the accessibility of OH, however in the meantime brings about a diminishment of
the full-size bubble (Petrier et al. 1992).

Subha et al. examined the sonolytic degradation of methylparaben (MPB) which
is the most used of paraben family as an emerging pollutant. The impact of common
anions and some selected emerging contaminants that may exit together in typical
water matrix on the degradation pattern is analysed alongside. Among the anions,
carbonate offers a poor affect which is ascribed to the opposition of OH radical.
Three most important steps (aromatic hydroxylation, hydroxylation at the ester
chain and hydrolysis) are proposed to involve in the reaction of OH radical with
MPB which ultimately results in mineralization. The intensity of formation and

104 S. J. Varjani and M. Chaithanya Sudha



decay of mono- and dihydroxy products of MPB in the presence of additives have
also been evaluated. COD examination shows a rate decrease of 98% at 90 min of
sonolysis and further increase in the degradation time resulted complete mineral-
ization, which have become obtrusive from the mass spectrometric data. MTT test
revealed significant decrease in the potential cytotoxicity.

6.5.1.7 Electrodialysis

The electrodialysis process uses a driving force of direct current power to transfer
ionic species from the source water through cation and anion exchange membranes
to a concentrate waste stream, creating a more diluted product water stream.
Electrodialysis reversal (EDR) is a variation on the electrodialysis process, which
uses periodic electrode polarity reversal to automatically clean membrane surfaces
(Valero and Arbos 2010; Valero et al. 2013). Gabarróna et al. evaluated the
occurrence and removal of pharmaceutically active compounds (PhACs), EDCs and
related compounds in a drinking water treatment plant (DWTP) treating raw water
from the Mediterranean Llobregat River. The DWTP combined conventional
treatment steps with the world’s largest electrodialysis reversal (EDR) facility.
A total of 49 different PhACs, EDCs and related compounds were found above their
limit of quantification in the influent of the DWTP, summing up to a total con-
centration of ECs between 1600 and 4200 ng/L. The oxidation using chlorine
dioxide and GAC filters were found to be most efficient technologies for EC
removal. However, despite the low concentration detected in the influent of the
EDR process, it was also possible to demonstrate that this process partially removed
ionized compounds, thereby constituting an additional barrier against EC pollution
in the product. In the product of the EDR system, only 18 out of 49 compounds
were quantifiable in at least one of the four experimental campaigns, showing in all
cases removals higher than 65% and often beyond 90% for the overall DWTP
process.

6.5.2 Biological Treatment Process

Biological wastewater treatment systems are considered as sustainable,
cost-effective alternative to conventional wastewater treatment system(s).
Biological systems can be used for treatment of urban sewage from small com-
munities; however, it can also be used effectively to remove EOCs. EOCs are
reported as a new group of unregulated contaminants which include PPCPs, some
pesticides, veterinary products and industrial compounds among others that are
thought to have long-term adverse effects on human health and ecosystems. The
fate of EOCs in these systems is highly dependent on their physicochemical
properties, such as their hydrophobicity (log Kow) and ionization state (pKa).
Usually, aerobic pathways are more efficient for the removal of EOCs; nevertheless,
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some compounds can also be efficiently removed under anaerobic conditions. The
presence of vegetation is a remarkable factor since in addition to the plant uptake; it
enhances biodegradation mechanisms, as they release plant exudates and increase
the amount of micro-organisms present in water. Environmental factors such as
temperature and sunlight radiation should be considered, as they are limiting factors
for microbe’s activity and are related to plant photosynthesis.

6.5.2.1 Membrane Bioreactors

Biological treatment technologies were broadly carried out for the removal of ECs
predominantly by using the mechanism of biodegradation. Biodegradation is the
method by which large molecular weight ECs are degraded by means of
micro-organisms such as bacteria, algal and fungi into small molecules
(Garcia-Rodríguez et al. 2014), and even biomineralized to simple inorganic
molecules consisting of water and carbon dioxide. In conventional biodegradation
technique, micro-organisms use organic compounds as principal substrates for their
cell growth and persuade enzymes for their assimilation (Tran et al. 2013). A few
ECs are toxic and resistant against microbial growth hence inhibiting biodegrada-
tion, in which a growth substrate is wanted to sustain microbial growth for
biodegradation, a procedure known as co-metabolism (Tran et al. 2013).
Biodegradation methods have traditionally been utilized in wastewater treatment
systems for the elimination of ECs. They can be divided into aerobic and anaerobic
processes. Aerobic applications include activated sludge, membrane bioreactor and
sequence batch reactor. Anaerobic methods include anaerobic sludge reactors and
anaerobic film reactors.

Membrane bioreactor (MBR) is capable to effectively remove a wide variety of
ECs including compounds that can be resistant to activate sludge process and
constructed wetland (Luo et al. 2014; Radjenovic et al. 2009). This may be
accomplished because of sludge retention on the membrane surface which can
promote microbial degradation and physical retention of all molecules larger than
the molecular weight of the membrane. The elimination of ECs in MBR system can
be influenced by sludge age, concentration and presence of anoxic and anaerobic
compartments, composition of wastewater, operating temperature, pH and con-
ductivity (Luo et al. 2014). Ozonation technique is most extensively used together
with MBR process. Adsorption and biodegradation were found to be liable for the
removal of ECs by MBR treatment.

In assessment to conventional activated sludge process, MBR can remove higher
amount of EDCs from wastewater (Maeng et al. 2013). PCPs which include sali-
cylic acid and propyl parabene were removed by around 100% in MBR system. The
removal of pesticides, for example atrazine, dicamba, fenoprop, 2,4-D and pen-
tachlorophenol from wastewater by MBR was not satisfactory except for triclosan
removal which can be up to 99%. A few ECs such as beta blockers can be removed
by this process at 70–80%, and atendol can be eliminated by up to 97%. On account
of pharmaceuticals removal, MBR showed a mixed performance.

106 S. J. Varjani and M. Chaithanya Sudha



In general, the elimination of some slowly degradable pharmaceutical drugs which
include antibiotics and analgesics in MBRs is better due to the relatively long sludge
ages, which leads to the growth of distinct microbial communities in MBRs in
comparison to activated sludge plants. But the removal of pharmaceuticals such as
anti-inflammatory and stimulant drugs by MBR and activated sludge is comparable.
For the removal of pharmaceuticals in MBR, their performance followed the order of
analgesics > antibiotics > anti-inflammatory and stimulants > other pharmaceuti-
cals. The overall trend of ECs removal by MBR can be composed as
EDCs > PCPs > beta blockers > pharmaceuticals > pesticides (Ahmed et al. 2017).

6.5.2.2 Activated Sludge Process

Different biological processes are reported to enhance the removal efficiency of
ECs. For example, conventional activated sludge process has been reported to show
better removal efficiency for surfactants, EDCs and PCPs than trickling filter and
biofilm reactors, nitrification and denitrification processes. Biological activated
carbon process has been reported with enhanced efficiencies in the removal of
pesticides, analgesics and antibiotics. MBR process has been reported as highly
effective technique for the removal of EDCs, PCPs and beta blockers than con-
structed wetland. Novel microalgae-based technology has shown the highest effi-
ciency to remove many categories of ECs especially pharmaceutical sand PCPs,
although no data were reported on their removal of beta blockers, antibiotics and
surfactants.

Ozonation followed by biological activated carbon hybrid system has been
reported effective in removal of pesticides, beta blockers and pharmaceuticals.
Ozonation followed by ultrasound hybrid system has been reported to remove up to
100% of some pharmaceuticals such as salicylic acid, ibuprofen, naproxen, acet-
aminophen, cocaethylene, benzoylecgonine, enalapril, norben zoylecgonine, ketopro-
fen, atorvastatin, bezafibrate, clindamycin, sulfamethazine and 4-aminoantipyrine.
Other hybrid systems based on activated sludge followed by ultrafiltration or acti-
vated sludge followed by gamma radiation are cost-effective to remove certain
EDCs, pesticides and analgesic pharmaceuticals. Hybrid systems using ultrafiltra-
tion, activated carbon followed by ultrasound process can be a better option to
remove a wide range of ECs but may not be cost-effective.

6.5.2.3 Aerobic and Anaerobic Degradation

The biodegradation studies with EOCs, such as PPCPs, have mainly focused on
aerobic conditions. One of the reasons probably is the assumption that the aerobic
degradation is more energetically favourable than degradation under strictly
anaerobic conditions. Certain aerobically recalcitrant contaminants, however, are
biodegraded under strictly anaerobic conditions, and little is known about the
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organisms and enzymatic processes involved in their degradation. The anaerobic
biotransformation reactions for a variety of well-studied, structurally simple mono-
or oligo functional contaminants (SMOCs) bearing one or a few different functional
groups/structural moieties were well reviewed.

Treatment of primary wastewater effluent containing a mixture of nine phar-
maceuticals model compounds (acetaminophen ACM, antipyrine ANT, caffeine
CAF, ketorolac KET, metoprolol MET, sulfamethoxazole SFX, carbamazepine
CARB, hydrochlorothiazide HCT and diclofenac DIC) has been carried out by
means of aerobic biodegradation followed by different advanced oxidation pro-
cesses (solar heterogeneous photocatalysis with TiO2, solar photo-Fenton and
ozonation). Only ACM and CAF were completely removed from municipal
wastewater in aerobic biological experiments.

Though anaerobic degradation succeed in several environmental compartments
of waste water treatment, biodegradation studies with EOCs, which include phar-
maceuticals and personal care products; have specially focused on aerobic situa-
tions for their effective removal from the water and wastewater. One of the motives
probable is the assumption that the aerobic degradation is extra energetically
beneficial than degradation underneath strictly anaerobic situations. Certain aero-
bically recalcitrant contaminants, however, are biodegraded beneath strictly
anaerobic conditions and little is understood approximately the organisms and
enzymatic methods worried of their degradation. Ghattas et al. (2017) reviewed a
comprehensive survey of characteristic anaerobic biotransformation reactions for a
variety of well-studied, structurally rather simple contaminants (SMOCs) bearing
one or some different functional group moieties.

Furthermore, it summarizes anaerobic degradation studies of greater complex
contaminants with several functional groups (CMCs), in soil, sediment and
wastewater treatment. The anaerobic conditions are able to promote the transfor-
mation of several aerobically persistent contaminants. The most prevalent reactions
observed were reductive dehalogenations and the cleavage of ether bonds. Thus, it
turns clear that the transferability of deterioration mechanisms deduced from culture
studies of SMOCs are expecting the degradation of CMCs, consisting of EOCs, in
environmental matrices is hampered due the more complex chemical structure
bearing one-of-a-kind useful corporations, distinct environmental conditions (e.g.
matrix, redox, pH), the microbial community (e.g. version, competition) and the
low concentrations common for EOCs.

6.5.2.4 Algal Ponds

The sorption of ECs to the solids found and generated during wastewater treatment
is highly dependent on (a) EC structure, viz. hydrophobicity and functional groups
available for chemisorption (b) properties of solid(s) acting as sorbent, viz.
hydrophobicity and functional groups available for chemisorption and (c) environ-
mental conditions. Recent research has significantly progressed knowledge about
removal of ECs in algal wastewater treatment (WWT) ponds. However, due to the
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vast array of ECs detected in WWT and complexity of ecology and environmental
conditions occurring in algal WWT ponds, this area of research is still in its infancy.
The long HRTs in algal ponds may allow removal mechanisms with slow kinetics
to become significant. This may, for example, allow time for hydrolysis, or
biodegradation following de-conjugation. The biodegradation of ECs by algae has
mainly been reported in laboratory studies and is based on monocultures of algae
grown in specific media. This potential must therefore be verified in case of
wastewater. Very few studies have quantified the potential of EC sorption to algal
biomass.

In 2013, photodegradation of ECs in algal ponds has been reported, which is
expected due to the large surface-area-to-volume ratios of algal ponds. However,
few studies have properly isolated the significance of photodegradation from other
removal mechanisms in algal ponds. Due to the presence of organic compounds
absorbing and scattering of light, the indirect photodegradation dominated over
direct photolysis for most of the ECs in algal ponds, and all photodegradation
processes are likely to occur between 10 and 20 cm from the surface. Light-based
mechanisms may also reduce the risks associated with antibiotic resistance in algal
WWT through disinfection processes and the destruction of antibiotic resistance
genes. The large daily and seasonable fluctuations in temperature, pH and DO
commonly experienced in algal ponds should impact rates and quantitative sig-
nificance of hydrolysis, sorption, biodegradation and photodegradation.

6.5.2.5 Biological Trickling Filter and Biofilm Reactor

A biological trickling clear out is a three-segment system with constant biofilm
providers. Wastewater enters the bioreactor through a distribution area, trickles
downward over the biofilm surface, and air moves upward or downward in the 0.33
section (Daigger and Boltz 2011). Biotrickling filters had been used in WWTPs for
many years in the removal of biochemical oxygen demand (BOD), chemical
oxygen demand (COD), pathogen decontamination, smell and air pollutant control;
however, their application to ECs removal has no longer come to be wide practice
(McLamore et al. 2008; Naz et al. 2015; Wang et al. 2006). Some biostrategies such
as activated sludge, aerated lagoon and trickling filters have stated very extraor-
dinary removal efficiencies from nearly entire elimination to no removal of a few
prescribed drugs from different wastewater sources (Lin et al. 2009).

Kasprzyk-Hordern et al. (2009) monitored 55 pharmaceuticals, PCPs, EDCs and
illicit drugs in the course of wastewater treatment through trickling filter out and
activated sludge techniques from South Wales, UK, over a length of five months.
They concluded that the activated sludge remedy was a far greater efficient system
than trickling clear out beds for the elimination of natural micropollutants. Overall,
out of 55 prescribed drugs and PCPs studied, only some have been characterized via
low removal performance (<50%) at some point of activated sludge remedy. In
comparison, the WWTP using trickling filter out beds resulted in, on common, less
than 70% elimination of all 55 PPCPs studied with half of them not being
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eliminated, while the WWTP using activated sludge remedy gave a better higher
removal performance of over 85% (Kasprzyk-Hordern et al. 2009; Svenson et al.
2003). Hence, there may be a want to increase or modify the existing biotrickling
method to acquire better and steadier removal efficiency for a huge variety of ECs.

A pilot-scale biofilter was set up with natural manganese oxides as carrier
materials at a local STP to treat the real secondary effluent (Zhang et al. 2017). This
innovative and simple reactor was on-site operated for approximately 500 days.
Some EOCs were effectively removed after adaptation, including
10,11-dihydro-10,11-dihydroxycarbamazepine (98%), gabapentin (97%), tramadol
(93%), carbamazepine (91%), benzotriazole (91%), sulfamethoxazole (88%), ery-
thromycin (86%). By contrast, the removal of others can be obtained without
adaptation, including diclofenac (91%), carboxy-acyclovir (91%), iomeprol (89%),
1-hydroxybenzotriazol (87%), 40-hydroxydiclofenac (86%), acyclovir (73%),
tolyltriazole (70%). Overall, 80% of the total mass of 15 detected EOCs was
eliminated from the secondary effluent. In addition, 53% of UV254 was removed
from wastewater, indicating the aromatic content was damaged to a certain extent.

6.6 Conclusion

The EOCs are components that form a significant part of products used by humans,
such as PPCPs, veterinary medicines, fire retardants and other industrial products,
and pesticides. EDCs are also often portrayed in a category of their own. The
significant number of individual EOCs is present in WWTP effluent. Estimation of
EOCs gains more importance due to the complexity involved in analysing them.
Physicochemical and biological properties are vital components deciding the fate of
EOCs amid wastewater treatment and upon their discharge into nature. Chemical
oxidation methods such as ozonation/H2O2, UV photolysis/H2O2 and photo-Fenton
processes have been found to be the best processes for the removal of pesticides,
beta blockers and pharmaceuticals. EDCs were better removed by MBR, activated
sludge and aeration processes among different biological processes. Surfactants,
EDCs and personal care products (PCPs) can be well removed by activated sludge
process.
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Chapter 7
Role of Photo-catalysis in Water
Remediation

Ankur Gupta, Kunal Mondal and Satyam Kumar

Abstract Photo-catalysis is one of the most explored phenomenons to obtain
potable water in remote areas. The term “photo-catalysis” is understood as a
chemical reaction which is caused by photo-absorption of a matter also known as
“photo-catalyst”, which remains unaltered throughout the reaction. In this process,
water molecules adsorbed over the surface of photo-catalysts in normal environ-
ments are used to participate in the reaction to decompose pollutants in water. Since
the photo-catalytic reactions are possible in air, the oxygen reduction is the sig-
nificant phenomenon in photo-catalytic reduction. This chapter aims to cover the
fundamental aspect of photo-catalytic phenomenon and its significant role in water
purification. Explicit examples on the amalgamation of photo-catalysis and various
photo-catalytic set-ups developed are also illustrated.

Keywords Photo-catalysis � Water purification � Nano-material
Batch reactor

7.1 Introduction

Water pollution is one of the major concerns of the world population. People in
remote places are unable to accomplish the crucial requirement of clean drinking
water. Among various harmful substances present in wastewater, some of them
include organic substances. Industrial wastewater might furthermore include traces
of heavy metals and organic substances. Researchers as well as common citizens
based on their regional circumstances have attempted number of conventional
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methods for water purification, viz. filtration through winnowing sieve, filtration
through cloth, filtration through clay vessels, using some specific plants, using
bleach, iodine to kill germs and many more. Out of these explored methods,
photo-catalytic treatment of wastewater is also considered as important technique in
water remediation. Here, in this article, we will focus to understand the role of
photo-catalysis in water treatment and possible growth happened in this area. So
firstly, let us understand the term “catalysis”. Catalysis can be defined as a process
which is used to change the rate of reaction, by accelerating or decelerating the
reaction using catalyst. It takes part in the reaction to change the rate of reaction and
returns in its original form without being consumed at the completion of the
reaction. It can be used for many numbers of cycles without getting deteriorated.

Photo-catalysis is the process of altering the rate of photo-chemical reaction in
the presence of light. It absorbs photons and generates electron–hole pair which
further produces free radicals. It is a type of redox reaction which promotes both
oxidation and reduction simultaneously. “Photo-synthesis”, word which most of us
come to know while understanding the natural phenomenon for plant’s growth, is
an example of photo-catalysis using chlorophyll as photo-catalyst. Water splitting
process, also known as artificial synthesis, is used to break water into hydrogen and
oxygen using photo-catalyst. It has been divided into two subgroups: homogeneous
photo-catalysis (in which reactants and photo-catalysts both remain in the same
phase) and heterogeneous photo-catalysis (in which reactant and photo-catalysts
remain in different phase). Metals are generally not chosen for photo-catalyst due to
the absence of the band gap and non-metals due to high band gap. Semiconductor
material with reasonable band gap is suitable for photo-catalyst (Lee et al. 2016;
Newton et al. 2001).

7.1.1 Characteristics of Photo-catalytic Material

Choice of photo-catalytic material should be based on the any material having
reasonable band gap, so that electron can be excited with some suitable source of
energy having wavelength of ultraviolet or visible range from electromagnetic
spectrum. These wavelength requirements can easily be made available. These
ranges are not very high as required in insulators or very low as in metals. It should
easily transport the charge generated so that it can take part in the reaction to
generate radicals. Further, structure or crystallinity of the material will affect both
the above properties. It should have high surface area so that it can have more
number of active sites. It must be stable so that it can be used many times.

When a photon strikes on the semiconducting photo-catalyst surface, electron
absorbs the energy of the photon and excited to jump from valence band to con-
duction band generating an electron–hole pair in conduction and valence band,
respectively. To carry out the photo-catalytic effect, the combination of electron–
hole pair must be inhibit or the time of combination should be long enough to carry
out the photo-catalytic reaction.

118 A. Gupta et al.



From Fig. 7.1, it is clear that the electron absorbs photon and gets excited to
jump in the conduction band. So, electron is there in the conduction band, and a
hole is present in the valence band. Electron in the conduction band is reducing X to
X−, and hole is oxidizing Y to Y+.

From Fig. 7.2, it is understandable that after absorbing photon, electron–hole
pair has been generated. The generated electron in the conduction band migrates to
combine with water and reduces it to hydrogen, whereas the hole present in the
valence band oxidizes the water to oxygen. It is evident that oxidation and reduction
both are occurring simultaneously. So the potential corresponding to the conduction
band should be more negative, and the potential corresponding to the valence band
should be more positive in comparison to the oxidation potential of the hydrolysis
reaction to carry out this redox reaction. This phenomenon is known as water
splitting reaction using photo-catalysis. Further, co-catalysts are often used which
are the materials used with photo-catalyst to trap hole or electron so that

Fig. 7.1 Basic mechanism of
photo-catalysis

Fig. 7.2 Water splitting
reaction using photo-catalysis
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recombination can be delayed or can be stopped and it can also alter the band gap,
for example, graphene oxide, nickel, copper, manganese. First time, Honda–
Fujishima water splitting using titanium oxide photo-electrode was reported in 1972
(Tryk et al. 2000).

As it is evident from the Fig. 7.3, it is a normal electro-chemical cell which
comprises of two electrodes merged in an electrolyte. Herein, titanium oxide (TiO2)
semiconductor acts as cathode and platinum as anode. Upon exposing it to the
sunlight having energy more than 3 eV, an electron–hole pair is generated.
Electrons get conducted to anode and reduce the water to hydrogen. The hole
present in the valence band of TiO2 electrode oxidizes the water to oxygen (Tryk
et al. 2000; Schneider et al. 2014).

Photo-catalysis based on functionalized nano-materials has now become
attractive emerging method in water treatment. There are two distinct sources of
energy extensively utilized in the photo-catalytic applications in water treatment:
solar energy and artificial ultraviolet (UV) light. Both of these types can be used at
the ambient temperature for degrading both organic and inorganic matter as well as
microbial pollutants in water.

Out of these two energy sources mentioned, solar energy is naturally available
for us. Therefore, solar photo-catalysis technology is inexpensive, environmental
welcoming and universally acceptable. It is also appropriate for less developed
countries or places with no access to electricity.

7.1.2 Working Principle of Photo-catalysis

The working theory of photo-catalysis is easy to understand. A catalyst exploits
ultraviolet radiation from sunlight and utilizes the energy to break down substances
present in the water solution. Photo-catalysis process can be used to break down a
wide variety of organic materials including textile dyes, micro-organisms, inorganic
substances so and so forth. Photo-catalysis coupled with other techniques, viz.
filtration, precipitation, is often utilized for the removal of toxic and hazardous
metals (such as mercury). Photo-catalysis phenomenon is also explored with the

Fig. 7.3 Schematic of the
experimental set-up used for
water splitting purpose
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assistance of functionalized nanoparticles as catalysts. Attempts have been made to
manufacture nanoparticles having superhydrophobic properties so that the
self-cleaning nature could be incorporated in the photo-catalyst which in addition to
water purification can be utilized for reducing air pollution as well (Schneider et al.
2014; Gupta et al. 2015a).

7.1.3 Photo-catalytic Study

The schematic of the photo-catalytic mechanism undergone in the presence of
semiconducting structures is shown in Fig. 7.4. The equations mentioned below are
generally utilized as a model reaction for the representation of photo-catalytic
phenomenon with various metal oxide nanoparticles (TiO2, ZnO, etc.). When
semiconductor material gets energy equivalent to their excitation wavelength,
electron present in the valence band gets excited. On excitation, electron reaches to
conduction band creating void space in the form of hole in the valence band. The
induced hole in the valence band is helpful in oxidizing the H2O molecules to a
radical species. It further assists in the oxidation of an organic compound present in
the solution. Electron reached on conduction band with the help of solar energy/UV
irradiation is carried by oxygen molecule which acts as electron acceptor in this
case. Additionally, a superoxide radical is formulated when it is occupied by O2.
Further, it reacts with H2O to form hydrogen peroxide (H2O2)

− which on further
oxidation generates OH� free radical. These OH� radicals attack the reactant species
(say, dye molecule) to degrade them into CO2, water and minerals. In a nut shell,
electron–hole pair is formed by excitation and that assists in the creation of
hydroxyl radicals. These are ultimately utilized in oxidizing any (in most cases,
organic or inorganic) species present in the solution to be remediated. Following is
the reaction happened in the photo-catalytic system curing with ZnO as
photo-catalytic material (Schneider et al. 2014; Gupta et al. 2015a).

Znoþ hm ! e�CB þ hþ
mB

hþ
mB þH2O ! Hþ þOH�

Fig. 7.4 Schematic diagram
showing the photo-catalytic
phenomenon (Gupta et al.
2015a)
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e�CB þO2 ! O�
2

O��
2 þOH� þRh dye ! degraded product

7.1.4 Basic Criterion for Selection of Material
as Photo-catalyst

The most basic criterion for the selection of the photo-catalyst is that the material
must be having reasonable amount of energy gap between the conduction and the
valence band. Conduction band is the band of energy levels in which the electrons
are having high mobility and the electrical conductivity is caused by them. Valence
band is the band which is having low energy level than conduction band. It is the
band in which the electrons are present at absolute zero temperature. The energy
gap should be such that it should utilize maximum of the sunlight for the excitation
of the electron from one (valence) band to other (conduction band). The quantum
efficiency of the material should also be maximum.

7.1.5 Types of Photo-catalysts

Among all the photo-catalysts, TiO2 is the most familiar one. Another material
explored is ZnO which could be a practical substitute for some applications.

The efficiency of the photo-catalyst can be enhanced when nano-phase of the
same could be explored. As an example, nano-titanium dioxide (nano-TiO2) can be
understood here in this case. Nano-sized particles are preferred to bulk TiO2

because they are significantly more reactive than larger particles due to their larger
surface area. This is chemically stable and has greater abilities to lose molecular
bonds which will lead to degradation. Additionally, it is profuse and inexpensive.
On using advanced oxidative processes (AOPs), ZnO can serve as a good alter-
native of titanium dioxide as a photo-catalyst in water treatment. As another
photo-catalyst, the degradation of textile dyes can be photo-catalysed by ZnO.

For the first time, the work on the semiconductor as catalyst was demonstrated
by Fujishima and Honda. Use of TiO2 as photo-catalyst for the remediation of water
is much known. It has the capacity to disinfect a broad variety of organic pollutants
into CO2 and inorganic ions which are not harmful for environment (Lazar et al.
2012). Nano-crystalline titanium dioxide is a multitasking semiconductor. It works
as a catalyst which is used for the treatment of polluted water and air (Malato et al.
2009). It has not only been utilized as a catalyst used for the hydrogen production
by splitting water technique but also, it has found immense utility in solar cell
applications. The importance of titanium dioxide as catalyst can be understood from
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the fact that the photo-catalysis and hydrophobicity which are two completely
different aspects can occur at the same time on the surface of titanium dioxide
(Fujishima et al. 2007). It has been accomplished with the basic requirement for
work as catalyst as it is having reasonable amount of gap between the valence band
and conduction band and high oxidation potential (Linsebigler et al. 1995).

TiO2 mainly occurs in three different morphologies anatase, rutile and brookite
phase. Rutile is the morphology which is most stable and abundant. Anatase and the
brookite can also be converted into rutile upon calcination (Pelaez et al. 2012). The
band gap for the rutile, anatase and the brookite is 3.0, 3.2 and 3.2 eV. The
semiconductor TiO2 induces a series of reductive and oxidative reactions on its own
surface. The distinct lone pair of electrons in its outer orbital mainly contributes the
process. When the photon energy illuminated on the surface of TiO2 exceeds the
band gap energy of TiO2, the lone pair of electron gets photo-excited to the empty
conduction band. The light wavelength for such photon energy usually corresponds
to wavelength less than 400 nm. This photon excitation creates electron–hole pair.

One of the major advantages of using titanium dioxide is the abundant avail-
ability of the material. Instead of being economical, its generated holes are char-
acterized as highly oxidizing with redox potential of 2.53 V with respect to
standard hydrogen electrode. The photo-generated electrons are having redox
potential of −0.52 V which can easily reduce di-oxygen into super-oxides.
Photo-catalysis using titanium dioxide as photo-catalyst does not depend on the
intensity of the incident photon but on the energy.

Drawback of using TiO2 is that pure nano-TiO2 is activated by the wavelength
range corresponding to UV light. Therefore, for indoor applications, it is necessary
for researchers to develop some catalysts that can be activated by visible light
spectrum. As far as its impact on health and environment is concerned, TiO2 is inert
and has been used in bulk form in various materials without negative impacts.

7.1.6 Method of Preparation of Photo-catalyst Used
for Water Remediation

Since from the above excerpts, it has been clear that different forms of titanium
dioxide and the zinc oxide material are mainly used for the photo-catalysis phe-
nomenon for water remediation. Zinc oxide has its own advantage over titanium
dioxide as it has wide band gap so that it can utilize maximum amount of sunlight
as it can also utilize the light of visible range which is almost 45% of solar
irradiation.

Due to ease in fabrication, zinc oxide is also used for water remediation. There
are many techniques for the fabrication of the zinc oxide nano-structure. There is a
method reported in Gupta et al. (2015a). In this method, some desired molar
concentration of zinc acetate is dissolved in the isopropyl alcohol (IPA) by ultra-
sonicating it for sufficient time so that all the particles of zinc acetate could get
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reduced in size. ZnO solution is coated on the silicon substrate. After this step,
prepared sample is provided thermal treatment at 90 °C for a day long incubation in
the solution of zinc nitrate and hexamethylene tetra amine (HMTA) to provide the
atmosphere of zinc and oxide ions for the growth vertically standing structures
(Gupta et al. 2015b). Figure 7.5 shows the field emission scanning electron
microscope (FESEM) micrographs of the ZnO nano-structures prepared by the
above discussed method.

7.2 Basics of Photo-catalytic Reactor Used for Water
Purification

Photo-catalytic reactor is a device which is used to make the phenomenon of
photo-catalysis happens. To use the phenomenon of photo-catalysis for water
treatment on industrial level, there must be the photo-catalytic reactor. It mainly
consists of a fixed wall which provides a base for the photo-catalysts or the surface
containing photo-catalysts and makes them immobilized. Photo-catalytic reactor
utilizes UV visible light from sun, and it has its own source of producing light so
that the phenomenon of photo-catalysis can take place even in the night, in the rainy
season or cold season when the intensity of sunlight is low.

Fig. 7.5 FESEM image of ZnO nano-structures used for photo-catalysis (Gupta et al. 2015b).
Reproduced with kind permission
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The design of the photo-catalytic reactor is influenced by many factors as the
distribution of pollutants and photo-catalyst inside the bulk, the irradiation prop-
erties, rate of mass transfer of pollutants and the reaction kinetics (Mccullagh et al.
2011). The design of the photo-reactor should be such that it should provide high
surface area for the stationary photo-catalyst so that it can get exposed to sunlight
and can utilize maximum of it. High surface area of the photo-catalyst will also
assist in enhancing the mass transfer rate and increase the rate of adsorption to
enhance the photo-catalytic activity. It must be designed in such a way that it should
consume less energy to perform the photo-catalytic activity.

7.2.1 Basic Principles of Reactor Design

Reactor design mainly focuses on high surface area of contact so that it can come in
the contact with the more organic pollutants and neutralize them effectively. It will
also enhance the exposure of the photo-catalysts to sunlight so that it can show
better photo-catalytic activity. The photo-catalysts which are immobilized on the
surface or fixed wall inside the photo-catalytic reactor should not be washed away
or mobilized due to the treatment of the continuous flow of the water. The radiation
field in the reactor should be such that it should illuminate maximum of the
photo-catalyst. The amount of water treated per unit area of photo-catalyst should
be maximum.

7.2.2 Different Types of the Photo-catalytic Reactor

Over the time, different types of photo-catalytic reactor have been developed by the
researcher to increase the effectiveness of the system by modifying its shape and
size and using different type of fixed wall/surface for the immobilization of the
photo-catalysts. The modifications were mainly focussed on increasing the area of
contact so that the rate of mass transfer and the quantum yield can be enhanced to
achieve better photo-catalytic activity.

7.2.2.1 Slurry Reactor System

It is a type of reactor system which was used earlier for the degradation of the
organic compound present in the water using the phenomenon of photo-catalysis. It
was used mainly using titanium dioxide as photo-catalyst. In this type of
photo-catalytic reactor, the photo-catalyst was directly sprinkled into the water
which needs to be treated. Due to its small size of the titanium dioxide, it gets
suspended in the water. Upon illumination, the photo-catalysts start to show the
photo-catalytic effect by degrading the organic pollutants. Due to high surface area
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of the material present inside the reactor system, rate of mass transfer as well as rate
of photo-catalytic activity get enhanced as more surface area is being exposed to
sunlight. There are some difficulties associated with this type of reactor as it cannot
treat the continuous flow of water and the particles of photo-catalysts which need to
separate out from the treated water was very expensive and time-consuming
process.

The use of H-titanate nano-fibre for the degradation of the Congo red is
investigated by Nan Chong et al. in annular slurry reactor system. It is aimed to find
the solution for easy separation of the photo-catalyst nanoparticles. But it also limits
the amount of sunlight for irradiation due to the shielding by nano-fibres (Chong
et al. 2009). To get rid of this problem, the other method is to use a transparent
support on which the catalyst needs to be attached. It resolves the problem of
illumination and separation of catalyst since it is attached to the support. Drawback
of this system is that it slows down the rate of adsorption.

In 2013, Morgan Adams suggested the method of effective mixing to increase
the rate of degradation of pollutants in the slurry reactor. In this method, it has been
found that the effective mixing increases the rate of mass transport and resulted in
the reduction of organic pollutant by 85% (McCullagh et al. 2010).

7.2.2.2 Flat Plate Reactor

Flat plate reactors are the simplest in design as it contains a flat plate on which the
photo-catalysts are adhered. For the phenomenon of photo-catalysis, it is placed in a
position such that water can be flowed down easily with the help of gravity. The
speed of water flowing down can be adjusted by providing suitable inclination to
the plate. The flat plate which contains photo-catalysts is also illuminated with light
to activate the photo-catalysis phenomenon and to degrade the organic pollutant of
the water flowing down through the plate. Due to the large surface area of the plate
and the photo-catalysts, there is a large surface area for the activity of
photo-catalysis. It is also benefitted with uniform distribution of light as it also
causes uniform degradation of the pollutants. As due to the non-uniformity of
irradiation, the mass transfer of the organic pollutants can be limited. It also has the
limitation that only a thin layer of water comes in contact with the photo-catalysts.
Schematic of flat plate photo-catalytic reactor is shown in the Fig. 7.6.

A flat plate photo-catalytic reactor developed by Nogueira and Hardim using
titanium dioxide as photo-catalyst adhering on the glass plate and the inclination of
the plate was 22°. From this experiment, it was seen that the degradation of organic
pollutant was 95.8% at 22° slope and 89% at 25° slope (Nogueira and Jardim
1996).

A flat plate reactor was designed by Adams for the removal of organic pollutants
from water. He developed a multilayer flat plate reactor which was based on the
design developed by the Nogueira and Hardin. He conducted experiment on two
different flat plate made up of polymethylemethacrylate (PMMA) and titanium. The
advantage of using these as plates was that PMMA is transparent to UV light which
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increases the illumination and increases the photo-catalytic activity, and the tita-
nium produces titanium dioxide on oxidation which act as the photo-catalyst. The
plate made up of PMMA gave better result than the titanium plate due to the better
illumination (Adams et al. 2008). It was also observed that the efficiency is
increasing with the decreasing angle of the slope.

7.2.2.3 Rotating Disc Reactor

It is a type of photo-catalytic reactor which is used for the degradation of organic
pollutants by fixing the photo-catalyst on the rotating disc. Rotating disc provides a
support to the photo-catalyst. It can be used for the treatment of water in continuous
flow manner or stationary manner. The rate of degradation can be controlled by the
intensity of light, exposed surface area of the photo-catalyst, velocity of the disc
(Dionysiou et al. 2000). Figure 7.7 illustrates the various parts of a rotating disc
reactor.

Fig. 7.6 Schematic diagram
of flat plate photo-catalytic
reactor (Nogueira and Jardim
1996)

Fig. 7.7 Rotating disc
photo-catalytic reactor
(Dionysiou et al. 2000).
Reproduced with kind
permission
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7.2.2.4 Honeycomb Monolith Reactor

Monoliths are made up of different type of channels either interconnected or sep-
arate in a single block of material. These types of photo-catalytic reactors are of
honeycomb-shaped monolith. It contains a series of small channels which provide a
path to the flow of water. The photo-catalysts are coated on the interior surface of
the comb-like structure. The main feature of this type of photo-catalytic reactor is
that it provides very high surface to volume ratio and it causes very less pressure
loss (Hossain and Raupp 1999; Tahir and Tahir 2016; Taranto et al. 2009).

7.2.2.5 Fluidized Bed Reactor

The polluted water passes through the catalyst at high speed which causes the
suspension of the solid particles of photo-catalyst. The behaviour of particles
becomes similar to fluid. This type of photo-catalytic reactor supports
photo-catalysts particles on a fluidized bed with quartz. Due to the fixing of the
catalyst particles on the fluidized sand bed, there is a very less chance of flow of
catalyst particles with continuous flow of water. Quartz has been selected for the
support of photo-catalysts due to its UV conducting nature (Kanki and 2005;
Chiovetta et al. 2001).

7.2.2.6 Optical Fibre Reactor

In this photo-catalytic reactor, the photo-catalyst has been immobilized on the
optical fibre than other fixed surface. Due to the immobilization of the
photo-catalyst on the optical fibre, it provides the more uniform distribution of the
photo-catalyst throughout the volume. The photo-catalysts are in the direct contact
with the light emitting source, so the chance of the loss of the light is minimum. The
performance of this type of reactor is highly influenced by the coating thickness of
catalyst on the fibre, their length and on the diameter of the fibre itself (Danion et al.
2004).

7.2.2.7 Tube Light Reactor

This modelled reactor contains fluorescent tube of extremely narrow diameter
emitting light of required wavelength. Due to narrow diameter of the tube, it can be
placed in large number. The photo-catalyst has been deposited on the outer surface
of the narrow diameter light emitting tube. Figure 7.8 shows the tube light
photo-catalytic reactor.

The advantage of this method over others is that in this method, the light is
directly falling on the catalyst, so like other method light does not need to pass
through the reactant and the product and then to the catalyst. It also does not have to
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pass through the bulk of wastewater which causes loss of irradiation. In this way, it
enhances the photo-catalytic activity of the catalyst (Ray and Beenackers 1998).

7.3 Life Cycle Assessment of Photo-catalytic Water
Treatment Process

Life cycle assessment of any process is the detailed study of the effect of a particular
process on the environment. Using life cycle assessment (LCA), impact of the
material on the environment, its use and way of its discharging, etc., are studied.
Assessment may include the studies related to the role of material on global
warming, its consequence on ozone layer, its toxicity so and so forth. It is also said
cradle to grave analysis of the process (Yadav and Mishra 2013). It is a tool which
is used to check the effect of the process or the product on the environment (Guinée
et al. 2000). Water treatment process through photo-catalysis makes use of the
photon provided by the sun, of required energy and wavelength (Legrini et al.
1993). Solar energy is a renewable and clean source of energy. The phenomenon of
photo-catalysis is mainly driven in the presence of sunlight, so no need of external
energy source is needed. There are many types of photo-catalysts which can be used
for photo-catalysis:

1. Titanium oxide-based photo-catalysis (Fujishima et al. 2000)
2. Zinc oxide-based photo-catalysis (Kołodziejczak-Radzimska and Jesionowski

2014)

Fig. 7.8 Schematic of tube
light photo-catalytic reactor
(Ray and Beenackers 1998).
Reproduced with permission
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The zinc oxide as photo-catalyst for water remediation absorbs sunlight, which is
a clean and renewable source of energy. It uses the photon to excite the electron
from valence band to conduction band. The excited electron in the conduction band
is used in reduction of oxygen to produce oxygen radical of oxygen and the hole
generated in the conduction band combines with hydroxyl to generate free radical
of hydroxyl which further reacts with organic pollutants to degrade them. Since the
process is clean and very efficient in term of energy, there are various risk asso-
ciated with the nanoparticle.

7.4 Challenges of Water Remediation Using
Photo-catalysis

The one of challenges in using solar-based photo-catalysis for water remediation is
that it needs sunlight for the remediation of water. Its use is limited for winter
season in the cold areas. It can work only in the particular area where the sun shines
on regular basis. Due to the absence of the sunlight, it will be difficult to operate it
in the night time, winter season and in the rainy season.

Another challenge lies in the choice of material. Material chosen for
photo-catalysis must be chosen very carefully keeping in mind that the band gap,
i.e. the gap between valence band and the conduction band should be in the range of
energy produced by visible range of light as the sunlight contains almost 45%
visible light (Kumar and Devi 2011). So it will ensure the maximum utilization of
the sunlight. For example, due to wide band of titanium oxide, sunlight of high
energy is needed for exciting the electron from valence band to conduction band
(Fujishima et al. 2007). The band gap of titanium oxide is almost equal to 3.2 eV
(Morikawa et al. 2001), which means it needs sunlight of wavelength less than
400 nm. Sunlight having energy less than 3.2 eV will be unable to excite the
electron to conduction band. However, most of the sunlight which falls in the range
of 400–700 nm range is of no use for this photo-catalysis process (Herrmann 1999).

The material should be selected in such a manner that instead of having proper
band gap, it should have maximum efficiency to excite electron from valence band
to conduction band on exposure to the photons (Hou et al. 2006). The affinity of
organic pollutants towards photo-catalyst is also a major factor which determines
the rate of the photo-catalytic reaction. Low affinity between the pollutants and the
photo-catalyst cause them not to come in contact readily. As a result, it causes the
decrease in the rate of the adsorption. So to increase the efficiency, it is necessary
that the organic pollutants should readily come in contact with photo-catalyst for
high rate of mass transfer and adsorption. The contact surface area of photo-catalyst
exposing to light as well as the pollutants must be high, and there must be the
affinity of the organic pollutants towards the photo-catalyst. As an example, it does
not happen in the case with the titanium oxide photo-catalyst due to its poor affinity
with organic pollutants (Mahlambi et al. 2015).
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One of the major challenges of the photo-catalytic reaction is to increase the time
of recombination of the electron and holes. Recombination of electrons and holes
causes the releases of energy, and it is not a desirable phenomenon. It is desired that
the recombination must be delayed as much as possible so that excited electron gets
more time to reduce the ion in the water. So there is a need of suitable material for
increasing quantum efficiency by electron scavenging for the immediate removal of
the generated electron and to increase the time of recombination and to improve the
photo-catalytic performance of the photo-catalyst (Ohtani 2013). Apart from that,
the instability of the nanoparticles is the major concern which needs to be
addressed. Due to the instability of the nanoparticles, the chance of forming
aggregates of titanium oxide nanoparticle by coagulation is very often which
decreases the area of contact for both the adsorption as well as the catalytic activity.
So to decrease the tendency of the aggregation is a big challenge. It has been
addressed by using the supported catalysis which has reduced the problem of
aggregate formation, and it has been useful in continuous flow water remediation.
But at the same time, it also reduces the area of catalyst for the exposure, to sunlight
for the generation of the electron–hole pair and the pollutants for adsorption. The
use of material for the support also increases the cost of the system. Although this
method of remediation has been a great success for water remediation, still this
method has not been reported with 100% efficiency, i.e. it has not been able to
remove the organic pollutants completely.

The efficiency of the photo-catalysts to degrade the organic pollutants decreases
with time. Its ability to degrade the organic pollutants reduces with time. The rate of
degradation of organic pollutants also decreases with increase in initial concen-
tration of the organic pollutants (Kim et al. 2006). By manipulating the amount of
the oxygen defect, the carrier concentration of zinc oxide can be controlled. The
causes of oxygen defect in the zinc oxide crystal are due to the escaping of oxygen
atom from the lattice site due to the low partial pressure and high annealing tem-
perature. The oxygen defect is maximum in the case of high aspect structures, viz.
rod/wire-shaped structure. Size and shape of the structures change based on the
fabrication environment and other process variables provided. These variables may
include synthesis temperature, pressure and chemicals used for preparation. Choice
of the synthesis procedure, temperature and pressure conditions will be responsible
for the crystal defects. These defects play very important role in the photo-catalytic
reaction (Hamid et al. 2017).

With the passage of time, a lot of progress has been made, but there is no as such
precise technique or method which has been developed for the removal of
nanoparticles suspended in the wastewater during water treatment. Due to its small
size, it creates problems for environment as well as for human health which is
necessary to be addressed.
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7.5 Conclusion and Future Scope

Researchers all over the world are looking forward for the cheaper solution to
global challenges, viz. water remediation, etc. Use of solar energy for water
remediation is the best possible solution in this era. Photo-catalysis-based water
remediation is the well-explored phenomenon which not only can be carried out
with the help of natural energy source, i.e. solar energy but also a reliable purifi-
cation technique.

Future scope lies in the exploration of methods for increasing the photo-catalytic
efficiency. This can be achieved by the chemical modification of the
photo-catalysts, exploration of high surface nano-materials as well as manipulating
the band gap by doping noble metals to the semiconducting materials.
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Chapter 8
Water Splitting by Using Electrochemical
Properties of Material

Deepak Kumar Tiwari, Apurba Ray, Atanu Roy
and Sachindranath Das

Abstract The present era of ramping energy demands, its storage considerations
coupled with environmental contentions being caused by the perishable conven-
tional resources of energy, has set out a clear tone for the research community all
across the globe to impart a motivated effort over it. If found, the genuine solution
will go a long way to shift the paradigm from the current fossil-based economy to
hydrogen-based one. The article at hand prima facie focuses on one of the most
promising solutions to the aforementioned problem namely water splitting—more
specifically so by harnessing the electrochemical properties of the material. While
many options exist to furnish electricity for carrying out the water splitting but the
cost compatibility with the other contemporary candidates poses the real bottleneck.
The idea over here is to efficiently utilize the hitherto non-conventional methods of
energy generation to efficiently and cost effectively achieves water splitting for the
subsequent applications. As regards the current trends in water splitting, recent
advances include carrying out water splitting by incorporating the visible portion
alone from the available light. The resulting hydrogen may then subsequently be
employed as a fuel input for different applications. Routes ranging from using
advanced catalysis and even artificial photosynthesis are also being considered.
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8.1 Introduction

Alternative energy, without any ambiguity, is the need of the hour. We cannot
anymore draw endlessly from the fossils and use nature unsustainably like a
commodity. One of the most crucial questions mankind asks itself today is about
the ways in which it can pass on the planet in a cleaner and greener shape than it
received to the coming generations. Reducing carbon footprints while simultane-
ously being in tandem with our developmental ambitions is the real challenge we
must gear up for.

From global warming to ozone hole depletion, from greenhouse gasses emission
to animal and plant species becoming extinct—all of them are the manifestations of
the same issue. The need of the hour is quite clear viz a naturally congenial but
industrially viable solution at the earliest. If emissions continue unchecked, the
repercussions may end up spending millions of refugees across the borders, causing
the widespread extinction of most species on earth and melt the polar ice caps
leaving most of the world’s coastal cities entirely submerged underneath the sea.
This naturally calls out for a major technological breakthrough footed on the best
available tools and naturally congenial behaviors currently available at our disposal.
If waterbodies continue to rise unchecked, we are looking at a rise of several feet of
the water level which will cause a widespread abandon of some of the major cities
we have built resulting us to adapt to an entirely altered set of demographic situ-
ations. What is evident from past climatic change patterns is that every time the
level of CO2 in the atmosphere has suffered a rise, the earth warms up resulting in
the ice caps to melt and the ocean water rises. Let us face the fact that we are
pumping green house gasses into the atmosphere at a rate history has never ever
seen before. As a result, climatic warming is making heat waves more frequent
causing increased drought scenarios and heavier rain storm spells simultaneously in
different parts of the earth. What one is rightly made to remember is the famous
quote by the US President J.F. Kennedy saying, “If not us, who? If not now,
when?” and only to supplement it by asking If not Earth, Where? Considering our
perpetual record of ignorance to what the scientists have been warning us for over
two decades, now invariably is the time to put our best foot forward.

8.1.1 Global Co-operational Endeavors

The first ever serious effort to provide a global platform to any national level
congregation came under the aegis of World Meteorological Organization
(WMO) and United Nations Environment Program (UNEP). It is Intergovernmental
Panel on Climate Change (IPCC) in the year 1988 followed by its assessment
reports (the ARs) further supplemented by the Earth Summit of Rio De Janerio and
the United Nations Framework Convention on Climate Change, paved the way for
the historic Kyoto Protocol.
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A typical curve between the biocapacity of the earth versus our ecological
footprint gives an ecological overshoot indicative of a ramping increment of our
demand vis-à-vis the environmental supply capacity. One of IPCC’s most recent
assessment report, the AR had fixed the quota of CO2 from the period of Industrial
revolution till the completion of the twenty-first century to 2900 Gigatons, of which
we already have surpassed two-thirds the quantity. Adding to the disdain further is
the extrapolation that at this rate we would finish the remaining one-third in a matter
of around thirty years. The anthropogenic greenhouse emission has increased many
percentages owing to the increased use of fossil fuels, deforestation, and the boom
in the meat and the livestock industries. The AR also indicates a decrement over the
staple crops of wheat, rice, and maize all across the tropical and temperate parts
world which should be taken as an indicator of the increase in the per capita cost of
living thereby imparting an economic angle to the problem too. As can be inferred
from the fifth AR again, a whole quarter of the total anthropogenic greenhouse gas
emission is attributed to the electricity and heat production sector. Around another
quarter (24%) is caused by the agricultural and other land uses leaving the industry
and the transport sector at 21 and 14%, respectively, only to be followed up by the
emissions caused by the buildings and other sources. At this rate, it is predicted that
by the end of the twenty-first century, under even a low emission scenario, an
average increment of 1.5 °C temperature would be imparted onto the earth.
A realistic high emission indicates a rise of 2°, whereas a possible unchecked
emission can lead up to a 4.8 °C rise in the average earth temperature. Currently,
the present greenhouse gas emission amount is about 50 Gigatons which attributes
itself to a 4 °C temperature increment of the earth. To keep this amount in tandem
with the stipulated amount of 2° more than the preindustrial level, this should have
to be only 41 Gigatons.

Right since its inception, the United Nations Framework Convention on Climate
Change (UNCCC) has been arranging a yearly meeting of its members more
popularly known as the Conference of Parties (CoP) to serve as a platform for the
global and regional powers to assess their collective progress in the shared pursuit
of climate change mitigation and adaptation, at the same time chalking out their
way forward. Herein, it is pertinent to highlight the role of 10th edition of
“Conference of Parties”, outcomes of which formulated the famous Kyoto Protocol.
Held at the end of 1997, this served as the Cornerstone for all the more econom-
ically developed countries or MEDCs to set binding obligations on them for
reducing their emission of the major greenhouse gasses. The six gasses it mentioned
in its third annexure were CO2, CH4, N2O, SF6, Perfluorocarbons, and
Hydrofluorocarbons. Likewise, the Montreal protocol which had taken place earlier
in the year 1989 came into effect to lessen the emission of freeons or the
chlorofluorocarbons or the CFCs to replenish the ozone layer hole.
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8.1.2 Alternative Energy Resources into the Rescue

Apart from the fossil-based fuels, perhaps the most utilized fuel for energy gen-
eration is the nuclear energy which comes with its own repercussions of radiation
hazards and uncontrolled nuclear disasters such as the Chernobyl catastrophe. This
again reiterates the need to ponder over the alternative fuel resources. Moreover,
getting rid of the nuclear waste is quite much of a problem in itself.

This lacuna seems to be promisingly filled by tapping the alternate sources of
energy. The best part about them being the input, whether air, water, or sunlight are
abundant in nature and are almost ubiquitous. On this front, photovoltaic electricity
generation seems to be the forerunner as compared to all the other candidates.
Moreover, the striking increment in the efficiency value of perovskite-based solar
cells from 3.8 to over 20.1% in a matter of less than a decade is really an
achievement (Jeon et al. 2014). Also to be noted is that unlike the second generation
or the direct band gap materials based solar cells, the absence of naturally hazardous
materials like cadmium make their candidature even stronger. Herein, the recent
research effort to incorporate tin instead of lead in perovskite solar cells is further
noteworthy.

However, the innate issue with solar energy is its sheer unavailability during the
night. Also, the very basis for the shift in research paradigm from the Si-based solar
cells to their heterojunction alternatives was the Shockley–Queisser limit which
mathematically halted their efficiency value to a measly 33.7% (Shockley and
Queisser 1961). Even after over four decades of research, the present scenario of the
most published solar cells seems to be hovering around this limit only. The high
cost per wattage value makes their commercialization an even more uphill task
which, combined with less robustness and transport immobility, really leaves a lot
of scopes for more research to usher in. The aforementioned factoids clearly negate
the dependence of solar energy alone in the pursuit of alternative energy. More or
less, the same holds for most of other candidates which quite imperatively need a
suitable technological breakthrough to fill the void. Various energy-derived water
splitting routes and their combinations are shown in Fig. 8.1.

Fig. 8.1 Various
energy-derived water splitting
routes. Their combination is
also a possible route
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8.1.3 Where Does Hydrogen Fit into the Jigsaw?

We have noted that the non-conventional alternative of harnessing solar energy in
its all capacity has got only auxiliary roles to play and can never serve as an
alternative fuel in at least its present ambit. This paves the way for the consideration
of hydrogen-based fuel alternatives. Hydrogen is, by far, one of the most abundant
elements on the earth with the oceans acting as its generous reservoirs. If devel-
oped, an ideal splitting technique of water can potentially go a long way to address
our energy related concerns in the most environmentally benign way possible.

The challenging part over here is the sizeable amount of energy input it requires
to produce enough hydrogen for making the process industrially and hence virtually
conceivable. Hence, in this arena, efforts are required. As of now, the major routes
to hydrogen production rely heavily on the reforming of hydrocarbons (as in
CnHm + n H2O � (n + m⁄2) H2 + n CO) or by the production of the syn gas using
the coal gasification technique (3C + O2 + H2O ! H2 + 3CO). None of these
techniques can be regarded as environment friendly and are used for more than 90%
of the industrially driven hydrogen produce. On the other hand, techniques such as
electrolysis simply contribute to around 4%.

Due to its ubiquity, water splitting assisted by sunlight is being hailed in high
hopes, wherein the third generation solar cells will have important contributions to
make. Also the electrocatalytic water splitting techniques which employ materials
ranging from noble metals like Pt and Ir (along with their oxides), to different
binary and ternary metal cluster complexes (eg. Fe–Ni) have also pretty much
substantiated the amount of research. Its combustion to generate energy renders
only moisture as the by-product which is not at all problematic from the environ-
mental point of view. This process, on the other hand, releases more than twice
energy as the fossil fuels further substantiating the need for a motivated research
into the arena of water splitting. The chapter at hand aims to present the latest
update in this field. The focus is also on the recent shifts in the paradigm of water
splitting and for the sake of brevity; the changes are articulated into the category of
either being light assisted (Photocatalytic water splitting) or electrocatalysis driven,
wherein a variety of advanced catalytic complexes would be employed into use.

8.2 Photocatalysis

Photocatalysts are semiconductor materials which are known to optimize the rate of
reaction. Photocatalysis plays a crucial role in channelizing solar energy, the pri-
mary energy source on earth, into a host of different energies (chemical, electrical,
etc.). Hence, photocatalysts function as the life sustainers on the earth. At the heart
of these life sustainers are the photosynthesis reaction. Mimicking photosynthesis
under the laboratory conditions at a requisite rate is termed as the artificial pho-
tosynthesis which too comes under the ambit of the water splitting reactions.
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H2O� � 1=2 O2 gð Þ + H2 gð Þ; DG ¼ þ 237 KJ/Mol ð8:1Þ

Water splitting, under the thermodynamic purview, is an uphill reaction which is
evident from its positive Gibb’s free energy value of 237 kJ/Mol under the standard
conditions.

The major factors which exert influence on photocatalytic materials are as under:

1. Band Gap—This should certainly be in accordance with frequency range per-
taining to the light in the visible or at most, the UV range as it is this fraction of
light which is of our interest. Light in the UV region (<400 nm) encompasses
only around 5% of the total solar energy, whereas the fraction of visible radi-
ation is over 50%, making the visible portion of more significance which is
availed using a plethora of techniques as shall be discussed later.

2. Exciton Transport—Ambient carrier migration which can take care of the quick
recombination of the generated electron–hole pair is the most sought after
attribute of the photocatalysts, failure to which may result in the regeneration of
the absorbed photon. Furnishing the photocatalyst in the nanodomain becomes
very important here due to the ease experienced by the excitons to reach the
active site (Zheng et al. 2015).

3. Surface Area—A large surface area implies a large number of active photo-
catalytic sites which indeed is the requirement for efficient photochemical
reactions.

4. Catalytic Stability—To make the process industrially favorable, the catalyst
should be stable enough for being incorporated into repeated cycles of reactions.
This increases the industrial affordability of water splitting reactions by many
folds.

5. High Crystallinity—This especially coupled with low crystal defects can pose as
a recombination inhibiting arrangement due to the appreciable absence of
recombination sites.

The aforementioned qualities are best met by the semiconductors (Lee 2011). On
one hand, metals, due to their overlapping energy bands allow for only either
reduction or oxidation one at a time, the insulators, on the other hand, come with a
band gap differential so high that it cannot be mitigated using the light under the
UV-visible region. The catalysts need the redox reactions to happen simultane-
ously, that too preferentially at the extreme surfaces of the same substance which
only semiconductors can comply with.

8.2.1 Modus Operandi of the Catalytic Action

The impingement of photons on the catalytic surface results in the generation of the
excitons (Walter et al. 2010). Post the generation of the excitons, one has to take
care of the surface and volume recombination. Moreover, the carriers generated

140 D. K. Tiwari et al.



should be made to migrate as far as possible. The excitons can then be separated
simultaneously onto the extreme sides of the same semiconductor and subsequently
incorporated for the photocatalysis (Zhang and Yates 2012).

8.2.2 Minutes of the Photocatalyst-Assisted Water Splitting

The water couple to be generated on account of the photocatalytic action has the
energy difference of 1.23 eV, which the band edges of the catalysts must contain
appreciably (Xu et al. 2016). It is required that the potential of the bottom of the
conduction band (which corresponds to the oxidation power) should be more
negative and the potential of the valence band be more positive with respect to the
water couple’s potential values. Another determining factor is the extent of the ionic
character of the metal oxide bond which when is more, affects the nature of the
water splitting reaction substantially.

Mathematically, we have

%Ionic Character ¼ 1� exp � xA � xBð Þ2=4
n oh i

� 100%ð Þ ð8:2Þ

where xa − xb denotes the difference between the electronegativity values of the
substances A and B, respectively.

Use of co-catalysts as the exciton traps is also a widely explored area of
importance. Metals such as Ni and Pt have been popularly incorporated as the
electron traps, whereas metallic oxides such as RuO2 find a decisive role to play in
the hole-trapping process. Such exciton trapping mechanisms increase the recom-
bination time of the charge carriers thereby facilitating the reaction by modifying
the catalytic/co-catalytic system’s interface.

8.2.3 Photoelectrolysis of Water

Photocatalysis, not looking at the water splitting aspects of it, was first reported by
Markhama (1955). However, it was not until the path breaking discovery of pho-
toelectrolysis of water, splitting it into its constituent oxygen at a TiO2 photo-
electrode along with hydrogen at the Pt electrode by Fujishima and Honda (1972)
that the process of photoelectrolysis began to show promise for the alternative
fueling prospects.

The setup typically consists of the photoelectrode on which, the light is to be
shinned, typically a semiconductor (e.g., TiO2) and a metal electrode (e.g., Pt). The
choice of the semiconductor should inherently be such that its band gap overlaps
with that of the water couple of 1.23 eV along with the aforementioned attributes
for water splitting. Normally to impart robustness, the photoelectrode is wrapped
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around a metal core. Moreover, to address the recombinational bottlenecks, the
charge transfer process has been formerly mentioned, should be as fast as possible.
A slow recombination process leads to photocorrosion resulting into the loss of
impinged photon’s energy. The electrons can be taken to transfer from the CB of
the semiconductor to that of hydrogen, whereas the migration of the hole from the
VB of O2 to that of the semiconductor.

The electronic and thermodynamic constraints imposed over here too are more
or less same as that of the former case, wherein the semiconductor band gap should
be more than 1.23 eV. For the band gap exceeding that required by the water couple
of 1.23 eV, it is mandatory that the band edges of the semiconductor should overlap
that of the water couple.

8.2.4 Some Recently Published Techniques to Enhance
Efficiency

The photon absorption can be significantly increased by nanodomain surface
modifications coupled with the incorporation of dyes (Chowdhury et al. 2017). This
has been found to affect the Incident Photon to Current Conversion Efficiency
(IPCE) value several times. Interfacing the back contact suitably with a
nanocrystalline material can be of paramount importance. The relation of efficiency
values of the catalytic process over the Fermi level changes as a result of the
substrate’s electron transfer is of importance too (Yin et al. 2016). Doping of
suitably wide band gap semiconductors in an attempt to create impurity states can
turn out to be important from the electron transfer process’ point of view
(Chowdhury et al. 2017). The electrons then can attain the intermediately furnished
various impurity energy levels.

8.2.5 On Selecting Photocatalysis

Photocorrosion can be avoided to a decent extent by refraining from using systems
which promote dissolution. Photoelectrodes with excessively high or low band gap
value should be avoided as our focus is mainly on the visible part of the radiation.
Abetting the promotion of any part of the Photo-redox reaction gives them both
implicitly and stoichiometrically different products. An ionic character extent of 20
to 30% along with the requisite positioning of the valence band and conduction
band edges may be considered ambient.

Due to the particularly favorable physiological properties such as high surface
area, porous structure, small crystalline size and light-assisted sensitization possi-
ble, TiO2 has rightly acquired almost one-third share of the total no of publications
on the photocatalytic substances. In this, the anatase phase which happens to be the
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moderate phase is fabricated by the hydrolysis of Ti alkoxide (e.g., isopropoxide)
followed by a controlled calcinations (Yan et al. 2013). However, it must be noted
that TiO2 is activated only under the UV light. This calls out for the incorporation
of some doping and band gap engineering schemes to address the issue.

People have achieved appreciable results using metal doping strategies. In that
case, the generated electron, which has a tendency to approach the metal which
happens to be an efficient conductor, hence fulfills the purpose of generating as well
as separating the carrier is efficient. Highly ordered studies carried on to dope TiO2

with metals such as iron, molybdenum, vanadium, and ruthenium to name a few,
have recorded high values of photocatalytic activity (Choi et al. 1994). Studies over
Au loaded TiO2 conclude that nano particles in the range of 30 nm resulted in
increased hydrogen generation. Doping with lanthanide series ions in conjunction
with the 3rd oxidation state exhibiting co-dopants such as Nd3+/Eu3+, Eu3+/Ho3+, or
Nd3+/Er3+ has positively affected the photocatalytic behavior (Reszczyńska et al.
2014).

Apart from the regular doping incorporations, CdS, due to its favorable band gap
of about 2.5 eV is one of the most researched upon photocatalyst in its individual
ambit too. One of the studies reports that Pt-load CdS, particularly in its hexagonal
crystal structure, is more promising than its other structural variants (Matsumura
et al. 1985). Different morphological modifications ranging from nanowires to
nanosheets have been published to show high activity (Xu et al. 2013; Jang et al.
2007). In contrast to the virtually spacive choices like hollow nanospheres and
nanorods, a solid nanosphere mitigates the recombination problem in a better way
(Li et al. 2011). Modifications with noble metals especially Pt has been reported
promising in the co-catalytic regime (Jang et al. 2007).

In a strikingly fruitful demonstration, calcinations over sufficiently high tem-
perature and at an Ar employed atmosphere have taken care of recombination to an
extent that 55.8 times higher photocatalytic activity was recorded, that too under
visible radiation (Fan et al. 2011).

Doping the TiO2 photoelectrode with CdS (a semiconductor) also is of signifi-
cant importance here (Qin et al. 2015). With a visible light triggerable band gap of
2.5 eV as compared to 3.2 eV for that of TiO2 can be made to generate the excitons.
The electron can then be made to migrate at the conduction band of TiO2 and the
hole is retained at the valence band of the semiconductor (CdS, over here).

One of the most genuine solutions comes from the arena of organic dyes. Dyes
which have a relatively lower band gap can be excited on to generate the exciton
pair by the visible fraction of light. The electron can now be passed over to the
conduction band of TiO2 from that of the dye, which then can be used to reduce any
acceptor molecule. In this process, the dye suffers its chromophoric photodegra-
dation (Ajmal et al. 2014).

Band gap engineering in conjunction with doping too has some solutions to
offer. By administering impurities, we can control the valence and conduction
band’s energy level in pristine TiO2 and use them to aid the photocatalytic process.
The transition metals if used to dope onto the TiO2 surface can lower the con-
duction band (Ola and Maroto-Valer 2015). On the other hand, non-metals can raise
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the energy level of the valence band. The non-metal doped catalysts (such as the
ones with N, C, B) create acceptor impurity levels thereby drastically reducing the
band gap values (Wang et al. 2012). Here, halides have also been reported to
enhance the activity (Wang et al. 2012).

The collective oscillation of conducting electrons in the metal nanostructures
which forms the basis for the phenomenon of plasmonic resonance (Ola and
Maroto-Valer 2015) can be used to sensitize the TiO2 nanoparticles. As an example,
plasmonic resonance can be seen in the case of Pt loaded TiO2 (Zhao 2014). Gold,
silver, and copper nanoparticles are known to exhibit the phenomenon of plasmonic
resonance in the visible range. These can then serve as plasmonic nanoantennae
(Liu et al. 2011) to capture solar energy, wherein the metal incorporations behave as
electronic sinks enhancing the interfacial charge transfer.

Another important innovation in this regard is the metal decorated core shell
incorporation which is able to harness the goodness of both the worlds viz of
surface plasmonics as well as that of exciton trapping. Here, any metal exhibiting
plasmonic resonance in the visible range is made the core (5–150 nm) over which a
shell of metal (e.g., Pt) or metal oxide (e.g., RuO2) is furnished. Finally, this
arrangement is subjected to metal or metal oxide decorations. Given its morpho-
logical attributes, this arrangement is able to migrate the charge carriers quite
satisfactorily. While in case of the metal, the hole remains at the core and the
electrons are guided toward the periphery, the opposite happens for the hole in case
of a metal oxide scenario, i.e., the holes are directed toward the periphery.
However, this technique is rendered rather ineffective as the metal core is found to
shorten the generated exciton pairs resulting in recombinations. This issue can be
dealt appreciably with by introducing an interfacial layer of silica in between the
core and the shell layers.

Also have been tried are the transition metals which are known to have shown
variable oxidation states (e.g., Fe, Cu, V). The idea here is to choose a metal
exhibiting variable oxidation state and dope the TiO2 with oxide of that metal. The
dopant creates additional impurity levels and hence effectively lowers the band gap
of the region up to the visible ambit. The dopant also acts here as the electron
trapping center, thus also helping the system with the successful migration of the
photogenerated charge carriers.

The roles of corner shared octahedral units of metal cations networks have also
garnered appreciable publication. The prominent examples being those of per-
ovskites are LaTiO3.5, pyrochlores, and the weberites (Mkhalid 2015). The only
requirement over here is the unhindered presence of the metal cations. As an
example, Gd3TiO7 has two metal cations namely GdO6 and Tantalate, TaO6, and
this compound, due to the reasons mentioned, is inactive for the water splitting
reactions. On the other hand, compound like LaTaO7 shows reasonable photocat-
alytic activity (Cheen et al. 2010).

Publications also underline the role of the dipole moment shaping up due to the
distortion in the structural symmetry of the substance. This actually gives rise to
local internal fields, thereby creating dipoles. These distorted units contribute to the
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excitons upon their photoexcitation. As an example, distorted BaGa2O4 shows a net
dipole moment and is photocatalytically active.

8.3 Electrochemistry-Based Catalysis

So far the systems being discussed were having light-assisted carrier generation
activities. However, these systems come up with their innate requirement of light
which makes their candidature unfit for night applications. Hence to complement
the former catalytic options, it is very much required that the water splitting is made
to be carried out using simple electrochemistry-based methods too.

Electrocatalysts are those chemical entities which facilitate the electrochemical
reactions. They either can be used as a modification of the surfaces or can be
employed as the electrodes for the reaction. They affect the rate of the reaction by
adsorbing the reactant on their surfaces and thereby facilitate the formation of
intermediates to render an easy charge transfer between the reactant and the elec-
trode interface.

8.3.1 Oxygen Evolution Reactions

Electrocatalysis for the OER reactions has an important role to undertake which
seems to be the reason for the evolution of reports citing numerous electrocatalysts
which have enhanced the yield of oxygen. The section at hand provides some recent
developmental insights into the material related advances in the field.

On one hand, the metal oxides are at the cornerstone of the basic mechanism of
the OER reaction, while on the other hand, the non-oxide incorporations also show
a keen prospect in increasing the overall water splitting.

Although the standard reduction potential of 1.23 V is required to achieve water
splitting, yet a higher potential is required to overcome the kinetically generated
barriers (say 2 V).

8.3.1.1 Minutes of the OER

As has been stated earlier, in spite of the thermodynamic requirement of the SRP of
1.23 V, the kinetic reasons call for an additional potential value. This is referred to
as the overpotential.

Apart from the exception of IrO2 (Qin et al. 2015; Liu et al. 2011), OER involves
certain common steps of adsorption of O and OH over the catalytic surface.
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Prima facie, we can write,

OH� þCS ! OH� þ e� ð8:3Þ

OH� þOH� ! O� þH2Oþ e� ð8:4Þ

Here, CS refers to the catalytic site and the symbol * represents the adsorbed
specie over the catalytic surface.

O2 may hence be furnished by the following two possible routes:
The first method simply requires the coupling of two adsorbed oxygen molecules

viz.

O� þO� ! O2 ð8:5Þ

The second route involves the formation of the intermediate OOH* by the
reaction of O* and OH− followed by its combination with another OH− to finally
yield O2.

O� þOH� ! OOH� þ e� ð8:6Þ

OOH� þOH� ! O2 þH2Oþ e� ð8:7Þ

To begin by exploring the oxide electrocatalysts for the OER, the oxides of
Ruthenium and Iridium which are also known as the precious metal oxides have
been reported to be rutile in structure. Both of these are regarded as one of the finest
catalysts for OER in both acidic as well as basic solutions. It should be noted over
here that Ru is less stable than Ir in the oxide state and the subsequent electrode will
be damaged up under high anodic potential (Ismail and Bahnemann 2014).
Schematic diagram of OER is shown in Fig 8.2.

Fig. 8.2 Schematic diagram
of OER
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8.3.1.2 Perovskite Systems

Another widely explored domain of study is the perovskite family, having ABO3 as
the general formula with A being an alkaline element and B, a transition metal.
Here, B occupies the center of the octahedron with a corner-shared arrangement.
Loosely speaking the oxidation state values over here being +3 and +4 for B.
A systematic study on a La1−xSrxFe1−yCoyO3 proposed that the OER activity would
increase by increasing the x and y values (Matsumoto et al. 1980). The reason being
given as the higher oxidation state of the Co ion coupled with the favorable dis-
tribution of the d character. In another staggering study over the systems at hand, a
general trend of Ni > Co > Fe > Mn > Cr of the OER was proposed for varied
transition metal candidates (Bockris and Otagawa 1984).

Promising candidature comes from the family of the layered-structured materi-
als. Due to their structural attributes, the members of this family generally have an
appreciable value of conductivity and have since a long time been finding roles in
the energy storage arena. What is really peculiar to note here is, these compounds
too have been noted to follow the same trend as that of the perovskite-based
systems when tested for the OER activity for the case of the transition metal hydr
(oxy)oxides (Bockris and Otagawa 1984).

Electrocatalysts which are incorporated with transition metals also have shown a
reasonable ambit of OER activity. This behavior seems to exist in most of the
scenarios comprising of different systems (Liu et al. 2015).

Switching over to some non-oxide electrocatalytic options the most noticeable
candidates are the chalcogens, wherein the majority of the turf occupied by nickel-
and cobalt-containing compounds. The additional qualities such as good conduc-
tivity and less deterioration against acid- and alkali-based environments are
attributes of further advantage (McKendry et al. 2016; Yang et al. 2016). The
coordination scheme exhibited over here is octahedral with some exceptions being
tetrahedrally coordinated such as T9S8, Ni3C2 and T3S4 (Liu et al. 2014; Swesi et al.
2016). Metal di-chalcogenides such as CoSe2 nanobelts have also been attended to
(Liu et al. 2014).

Sufficient research work has also been undertaken by the incorporation of
phosphorous- and nitrogen-based compounds of metals such as Co4N, Ni3N, NiP,
CoP with their peculiarity being an appreciable degree of inertness in both acidic as
well basic types of environments thus coming particularly handy for water splitting
applications (Safizadeh et al. 2015; Xiao et al. 2015).

The usage of metals in the domain of electrocatalysis naturally gives invitation to
various cost-based constraints the answers to which are expected to come from the
non-metal arena. Carbon-based materials such as graphene, nanotubes, nanowires
are subjected to doping by O, N, and also S for the sole reason of good electro-
conductivity as well as their relatively inert modus operandi in the case of both
acidic as well as alkaline working environments (Ullman et al. 2016).

Thus by the means of the aforementioned examples, the role of electrocatalysis
is motivated. If used in conjunction with its light-assisted counterpart, it has a lot of
promise to offer for alternative energy generation.
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Catalyst Electrolytes Overpotential
(mV)

Tafel slope
(mV/dec)

Ref.

RuO2 0.5 M H2SO4 240 @ 1 mA/cm2 39 Mattos-Costa et al. (1998)

IrO2 0.5 M H2SO4 290 @ 1 mA/cm2 61 Audichon et al. (2016)

La0.4Sr0.6FeO3 1 M KOH 622 @ 40 mA/cm2 58 Matsumoto et al. (1980)

LaFeO3 0.1 M KOH 400 @ 40 mA/cm2 77 Zhu et al. (2016)

MnFe2O4 0.1 M KOH 470 @ 40 mA/cm2 114 Li et al. (2015)

CoCr2O
4/CNT 1 M KOH 326 @ 40 mA/cm2 51 Al-Mamun et al. (2016)

NiCo-LDH 1 M KOH 300 @ 40 mA/cm2 40 Song and Hu (2014)

FeNi-rGO LDH 1 M KOH 210 @ 40 mA/cm2 40 Long et al. (2014)

8.4 Minutes of the HER

To achieve good electrocatalytic structures and to better understand the rate of the
water splitting reaction, a fair appreciation of HER process becomes important.
Like its counterpart OER, the HER also requires an overpotential to take care of the
kinetic considerations. Its mechanism is highly pH-dependent. Let * denotes the
adsorbed molecule on the catalytic site (CS), and the basic scheme of the reaction
follows certain distinct steps.

The mechanism is initiated using the Volmer reaction which results in an
adsorbed hydrogen due to the combination of a proton and an electron at the
catalytic site. We thus have

CSþHþ þ e� ! H� Volmer Reactionð Þ ð8:8Þ

Hydrogen gas may then be achieved by the following two routes:

H� þHþ þ e� ! H2 þCS Heyrovsky Reactionð Þ ð8:9Þ

Herein, the adsorbed hydrogen, in conjunction with a proton and an electron
yields a hydrogen molecule.

The second method involves the coupling of two adsorbed hydrogen atoms to
give a hydrogen molecule. This is known as the Tafel reaction:

H� þH� ! H2 þCS Tafel Reactionð Þ ð8:10Þ

It is important to note that above reaction schemes hold only for acidic
environments.

As HER is a highly pH-dependent reaction, its mechanism gets altered in the
following manner due to basic conditions. Owing to the diminished concentration
of protons, H2O in place of H+ now gets coupled with an electron to yield the
hydrogen atom adsorbed on the catalyst. We have
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H2Oþ e� þCS ! Hþ þOH� ðVolmer Reaction) ð8:11Þ

This adsorbed hydrogen, H*, now combines with water molecules to give
molecular hydrogen and an electron on the catalytic site:

H� þH2Oþ e� ! H2 þOH� þCS Heyrovsky Reactionð Þ ð8:12Þ

The final reaction is the same as that in case of the acidic medium, wherein

H� þH� ! H2 þCS Tafel Reactionð Þ ð8:13Þ

Having gone through the minutes of HER reaction, let us now see different
examples of various electrocatalysts used.

8.4.1 HER Electrocatalysts

8.4.1.1 Noble Metals

Noble metals such as Pt, Ir, Ru, Pd have been extensively studied (Li et al. 2016).
Apart from the cost constraints, Pt has been reported to be one of the finest elec-
trocatalysts for both acidic as well as basic environments. Increasing the number of
active catalytic sites by achieving geometries in the nanorange seems to be a
promising option (Xu and Zhang 2014; Guo and Wang 2011; Zhang and Li 2012).
A nanocube with Pt shell on a Pd core over a graphene substrate has been reported
by Bai et al. (2014). A current density of slightly over 790 mA cm−2 was reported
at a potential of −300 mV. Achieving the catalytic structures through porous
nanostructures is also done (Xu and Zhang 2014). The issues over here being easy
dissolution and the inability in furnishing multi-metallic nanostructures using this
technique (Zhang and Li 2012).

8.4.1.2 Alloys

Due to their industrially favorable advantages such resistance to corrosion and low
cost, nickel based alloys have outperformed the ones using other elements
(Safizadeh et al. 2015). Binary alloys using Ni over suitable mild steel substrates
have been studied to conclude that their catalytic activity follows the order
NiMo > NiZn > NiCo > NiW > NiFe > NiCr (Bai et al. 2014). Of these, the
behavior of NiMo is particularly noteworthy because of its high stability as well as
activity in its binary or ternary form (Safizadeh et al. 2015). In another recent study,
a technique to synthesize NiMo nanopowders has been reported. The peculiarity
over here being their unsupported character which when dissolved in suitable
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solvents could then be incorporated in any desired substrate (McKone et al. 2013).
The subsequent Ti foil substrated NiMo alloy outperformed the others in the HER.

Apart from Ni, Fe-based alloys have also been reported to show good results
particularly due to their hardness and appreciable resistance to corrosion.
Crystalline alloys such as Fe90Ce10, Fe90Sm10, Fe90Y10, and Fe90M
(M-Mischmetal) have been prepared with the mischmetal alloy showing the highest
catalytic activity (Rosalbino et al. 2005). In a recent study, doping of CV pretreated
Fe alloys with B and Si has reported an enhanced HER activity (Muller et al. 2014).

8.4.1.3 Carbides of Transition Metals

Due to their fair catalytic abilities, carbides, especially of tungsten and molybde-
num, have been widely investigated (Wirth et al. 2012). An electrocatalytic activity
comparison of nine transition metal carbides by Regmi et al. concluded that for
HER, the activity of Mo2C was contrastingly higher than the others (Regmi et al.
2015). They were followed subsequently by the carbides of tungsten and vanadium.
Bulk metal carbides can also directly be used but at the cost of the decreased
electrocatalytic activity. To increase the number of active sites, nano-ranged MoxCy

has been used. Nanoparticles of MoxCy in various morphologies (nanorods,
nanospheres, etc.) have been prepared in a recent endeavor by carburization of
molybdenum materials contained in organic–inorganic amines (Wan et al. 2013;
Ma et al. 2014).

8.4.1.4 Phosphides of Transition Metals

Transition metal phosphides, due to their easy availability in the earth crust, are also
attracting research (Shia and Zhang 2016). Ever since their first study by Rodriguez
et al. in 2005, they have been widely studied for both HER and OER under a variety
of chemical environments. Recently, from a range of chemical phosphides species
studied, those of Ni and Co have been reported for the most considerable candi-
datures. Electrodes made of transition metal phosphides with different
organo-phosphine reagents were furnished to study their HER properties affirming
almost all phosphides exhibited considerable activity with Ni2P being most note-
worthy (Read et al. 2016). The first and most common synthesis route was reported
by Lewis et al. which employed tri-n-octylphosphene for phosphorous which in its
liquid state, at a temperature of about 300 C, reacted with suitable precursors to
render the respective phosphide of Ni and Co (Popczun et al. 2013; Popczun et al.
2014). The issue with the aforementioned method being the toxicity of either the
raw material or the intermediate and also the expense incurred.
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8.5 Conclusion

Hydrogen is a way cleaner, greener, and efficient fuel choice. Today, when the
energy needs are constantly ramping up and the pollution levels are at an all time
high, the day is not far when the conventional fuels would cease to offer an
economical choice. Even a conservative estimate would show that the present
trajectory of pumping in greenhouse gasses into the atmosphere is going to offer a
very serious share of repercussions. Before a change of irreversible stature starts to
get rampant, one has to arrive at a naturally congenial alternate source of energy
which at the same time will not compromise with the world’s developmental
endeavors. Water-split hydrogen seems to offer the most reasonable and abundant
choice for this problem. The present-day scenario, wherein around a measly 4% of
the total hydrogen produced comes from the electrolysis, calls out for innovations
to make the process feasible from the industrial point of view.

This chapter tried encompassing the recent developments in this sector both in
the photocatalytic as well as the electrocatalytic domain. It was made implicit that
catalysts would have to function as the sustainers of the economy. It was shown
how UV range activated catalyst can be doped with a whole plethora of options to
lower down its band gap upto an extent that it could be triggered by the visible light
itself. The recombination needs to be taken care of by making ambient arrange-
ments for exciton migration. Various schemes of catalytic activity enhancement
were presented along with the principles behind them.

Gone are the days when nature could be assumed to be a commodity. The focus
of research should be on building up innovations which could really help us in
decreasing our reliability over nature. It is the time when one has to embark on a
journey of decarbonisation by putting his best foot forward.
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Chapter 9
New Age of Wastewater Treatment
Employing Bio-electrochemical Systems

M. M. Ghangrekar and Pritha Chatterjee

Abstract Bio-electrochemical systems (BESs) as an energy-efficient wastewater
treatment technology have attracted increasing interest in the past decade. A BES is
a bio-electrochemical reactor capable for conversion of chemical energy present in
the chemical bonds of organic compounds directly to other usable forms of
chemical energy or electrical energy by using catalytic reactions initiated by
micro-organisms in anaerobic conditions. Energy crisis in recent time has attracted
researcher’s interest in BESs as an option to produce electric power or other forms
of energy from biomass without producing any carbon emission to the environment.
BESs can also be utilized at wastewater treatment facilities to treat different types of
organic matter present in the wastewater and recover valuable products, thus
ensuring economic sustainability. This chapter comprehensively reviews BES with
emphasis on their applications for wastewater treatment. It is anticipated that
insights offered in this chapter would facilitate for the use of BES as an
energy-efficient wastewater treatment option coupled with direct electricity or
recovery of resources.

Keywords Bio-energy � Bio-electrochemical systems � Electricity generation
Wastewater treatment

9.1 Introduction

Partially treated or untreated wastewater generated from human settlements as well
industrial or commercial establishments results into major environmental contam-
ination. A recent report of CPCB (CPCB 2013) states that over 100 million m3 of
untreated or partially treated wastewater is discharged per day into the Ganga River
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and its tributaries, which (the Ganga and its tributaries) functions as one of the
major water resource of India. The main source of this wastewater is sewage
generated from human settlements. The wastewater can be discharged into the open
water sources like rivers and streams and can also seep into soil through faulty
joints in sewers or while flowing along natural drains. This situation causes pol-
lution in surface water bodies, deteriorates groundwater quality and finally leading
to harmful health conditions for the society. The clean water also gets contaminated
by these pollutants causing a severe decrement in clean water availability, causing a
difficult socio-economic problem.

The importance of wastewater management is being recognized only in the last
two decades in developing countries, and wastewater collection systems and
treatment plants are being built to counteract the problem. Wastewater treatment
plants (WWTPs) are dedicated to treat the wastewater discharged by human
household, commercial and industrial sectors for considerably reducing the level of
pollutants before discharging the treated wastewater to water bodies (Chen and
Chen 2013). The main objectives of sewage treatment are to improve public health,
reduce the oxygen demand of treated water before being discharged into water
bodies, decrease eutrophication of receiving water bodies, remove pathogen and
sometimes remove other compounds depending on the intended place of discharge
or reuse (Chung et al. 2015).

The different wastewater treatment technologies adopted presently can be clas-
sified into natural system (oxidation pond—OP, waste stabilization pond—WSP,
aerated lagoon—AL), conventional system (activated sludge process—ASP,
extended aeration—EA, upflow anaerobic sludge blanket (UASB) reactor) and
advanced technologies (sequencing batch reactor—SBR, biofar, moving bed
bioreactor—MBBR, submerged aerobic filter—SAF, kernel technology—KT)
(Chatterjee et al. 2016). Conventional sewage treatment processes demand high
land requirement or capital investment, higher maintenance and operational cost
and enormous energy requirements, which makes them unsuitable for use in
developing countries (Sato et al. 2006).

Energy-efficient low-cost wastewater treatment systems are the best choice for
such countries. Anaerobic treatment systems excel in such respect. The classical
anaerobic processes commonly used are septic tanks or Imhoff tanks, anaerobic
pond, anaerobic filter, expanded bed reactor and UASB reactor. Organic matter
removal efficiency of septic tanks or Imhoff tanks is very low, and even after
providing higher retention time, they are unable to achieve desirable efficiency, thus
rendering the technology unattractive. Anaerobic ponds though can demonstrate
reasonable organic matter removal efficiency; however, they occupy huge land area.
Anaerobic filter faces operational problems due to blockage. Fluidized bed reactor
requires additional energy for pumping to keep the media in expansion (Van
Haandel and Lettinga 1994). Consequently, UASB reactor appears to be the most
appropriate choice for economical sewage treatment, and it has been employed for
treatment of sewage in many cities in India and abroad.

However, at many places, UASB reactor has failed to meet up to the expecta-
tions of the treatment efficiency, and either the performance is inferior due to high
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sulphate and suspended solids concentration in the raw sewage received or there are
problems related to design and operation of these reactors. Aerobic wastewater
treatment plants either need very large land area (pond systems) or enormous
energy for aerating the wastewater (ASP). Hence, there is a need to have paradigm
shift in thinking and rather than considering wastewater as waste, consider it as a
resource and explore possibility to recover energy/other products from it while
offering treatment to it. This approach will make wastewater treatment sustainable,
and it will certainly contribute in solving water pollution problem. The research
efforts in last two decades have brought new technological solution for treatment of
the wastewater by exploring bio-electrochemical approach. This has resulted in
development of bio-electrochemical system (BES), which is an upcoming tech-
nology that has the potential to address simultaneously the major problems of
energy crisis and waste management as either energy is generated in the form of
direct electricity or some resources are recovered from the waste or both while
treating wastewater (Angenent et al. 2004).

9.2 Working Principle of BES

BESs are emerging technologies where micro-organisms are encouraged to grow on
one or both electrode(s) to catalyse the oxidation reaction in case of a bio-anode
and/or reduction reaction in case of a biocathode (Rabaey 2010). Typical BES
consists of an anode, a cathode and a proton- or cation-exchange membrane sep-
arating the two electrode chambers (Rabaey and Rozendal 2010). The electrodes are
immersed in an electrolyte which is mainly the fluid around the electrode having the
reactants and/or products (it is generally an aqueous solution or wastewater, which
is intended to be treated) (Fig. 9.1). An oxidation reaction takes place at the anode
(e.g. oxidation of acetate or oxidation of other organic matter), whereas a reduction
reaction starts at the cathode (e.g. O2 reduction or H2 evolution). Soluble organic
matter such as monosaccharide, acetate derivatives, alcohols and others present in
wastewater can be oxidized by electrochemically active bacteria (EAB) present in
the anodic chamber, and electrons and protons are produced (Wang and Ren 2013).
The electrons are then carried to the anode surface by redox carriers such as
nicotinamide adenine dinucleotide (oxidized), NAD+; flavin adenine dinucleotide
(oxidized), FAD+; flavin mononucleotide (oxidized), FMN+ or direct transfer of
electron from bacterial cell to the electrode through cytochrome-c, which helps in
capturing the energy during bacterial respiration (Kim and Gadd 2008; Nelson et al.
2008). These electrons flow through an external circuit, producing electricity, and
finally react at the cathode for oxygen reduction reaction to form water and other
chemical products or with other chemical catholyte to produce value-added
chemicals. Contaminants such as uranium, chlorinated solvents and perchlorate can
be remediated by using the electrons present in the cathodic chamber (Aulenta et al.
2008; Butler et al. 2010; Gregory and Lovley 2005). This potential developed
across these electrodes can also be utilized for desalination of water by using a cell
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configuration called as microbial desalination cell (Kim and Logan 2011; Luo et al.
2010).

9.3 Types of BES

BESs are classified as microbial fuel cell (MFC), microbial remediation cell
(MRC), microbial chemical cell (MCC), sediment microbial fuel cell (SMFC),
microbial electrolysis cell (MEC) and microbial desalination cell (MDC). The
possible substrates that can be used, electron acceptors used and functions of each
one of these are illustrated in Table 9.1.

9.3.1 Microbial Fuel Cell

Microbial fuel cells use microbial metabolism to convert the chemical energy
present in organic matter to electrical energy. MFC can be effectively used for
removal of organic matter from wastewater and recovering electricity as
by-product. MFCs have been used as biochemical oxygen demand (BOD) sensor
based on the principle of proportional correlation between electricity generation and
organic matter concentration in the wastewater (Kim et al. 2003). MFCs can be
used to provide long-term stable power to biomedical devices implanted in the
human body, which typically have low power demand. Researchers have reported a
mediated MFC for the detection and enumeration of bacteria (Kim and Gadd 2008).
Such techniques have potential application for the rapid detection of
micro-organisms in food, and in particular useful for detection of food
contamination.
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9.3.2 Microbial Desalination Cell

MDC is a recent type of BES capable of offering simultaneous organic matter
removal, desalination and energy production. MDC is formed by modifying the
MFC by introducing few ion-exchange membranes (IEMs) between anode and
cathode (Fig. 9.2). MDC is capable of desalinating sea water and saline wastewater
partly, hence it can be used as a stand-alone system where low desalination effi-
ciency is acceptable or it can be used as a pre-treatment option before the costly
conventional technologies such as electro dialysis (ED), ion exchange, and reverse
osmosis (RO). MDC typically has three chambers: anodic chamber, middle
desalination chamber and cathodic chamber separated by anion-exchange mem-
brane (AEM) and cation-exchange membrane (CEM) in different combinations.

Table 9.1 Types of BES based upon the products formed at cathode

Types of
BES

Substrate used for
oxidation in anode

Electron
acceptor at
cathode

Function References

Microbial
fuel cell
(MFC)

Domestic/industrial
wastewater
containing
biodegradable
organic matter

O2, K3Fe(CN)6,
HOCL, other
oxidizing
compounds

Electricity
generation

(Jadhav et al. 2014;
Logan 2008)

Microbial
electrolysis
cell (MEC)

Domestic/industrial
wastewater
containing
biodegradable
organic matter

H+, CO2,
organics

H2, H2O2, CH4,
NaOH, struvite
synthesis

(Cheng et al. 2009;
Cusick and Logan
2012; Rozendal et al.
2009)

Microbial
desalination
cell (MDC)

Domestic/industrial
wastewater
containing
biodegradable
organic matter

O2, K3Fe(CN)6,
HOCL, other
oxidizing
compounds

Electricity
generation,
desalination

(Kim and Logan 2011;
Luo et al. 2010)

Microbial
remediation
cell (MRC)

Contaminated
sediments with
sulphate and nitrate
for passive oxidation

O2 Bioremediation
of hydrocarbons

(Butler et al. 2010;
Morris and Jin 2007)

Microbial
solar cell
(MSC)

Organic matter
produced by
photosynthetic
organisms using
sunlight

O2, K3Fe(CN)6,
HOCL, other
oxidizing
compounds

Electricity
generation

(De Schamphelaire
et al. 2010; Helder et al.
2010; Schamphelaire
et al. 2008)

Microbial
chemical
cell (MCC)

Domestic/industrial
wastewater
containing
biodegradable
organic matter

CO2, organics Synthesis of
organic
compounds

(Nevin et al. 2008;
Steinbusch et al. 2009)
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MDC having three chambers with AEM near anode exhibits better desalination
performance as compared to placing CEM near anode showing higher columbic
efficiency (CE) (Pradhan and Ghangrekar 2014b). However, the chemical oxygen
demand (COD) removal was reported to be more when CEM is placed near anode.
MDC works in the combined principle of MFC and ED. Pradhan and Ghangrekar
(2014a) operated a five-chamber MDC with anode, cathode, one central desalina-
tion chamber and two concentrate chambers, located adjacent to desalination
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chamber, separated by ion-exchange membranes (Fig. 9.2b). Average removal
efficiency for COD of 81 ± 2.1% and TDS of 58, 70 and 78% was reported with
salt concentration, in the brackish water to be desalinated, of 8, 20 and 30 g/L,
respectively, in the middle desalination chamber. The bio-electric potential devel-
oped between the anode and cathode in a MDC transports the ions present in the
saline water towards the adjacent chambers from middle chamber through
ion-selective membrane and desalinates the liquid waste. This low energy desali-
nation technology is very similar to ED. External voltage is applied in ED; while in
MDC, internal voltage developed, from oxidation of organic matter present in
wastewater, helps in driving desalination.

9.3.3 Microbial Electrolysis Cell

A microbial electrolysis cell (MEC) is an emerging technology capable of elec-
trochemically converting the soluble organic matter to storable energy in the form
of hydrogen. The electrons supplied by bacteria in anodic chamber to anode are
combined with the protons on cathode to generate hydrogen gas by addition of
small power source. Theoretically, the cell voltage required for producing hydrogen
at the cathode is 0.114 V, but it requires about 0.25 V due to occurrence of
unavoidable overpotential. However, the requirement of supply of external voltage
is still lower in comparison with the voltage required for water electrolysis (which is
practically over 1.8 V); therefore, MEC can save energy consumption for hydrogen
production (Logan 2008).

Since the invention of MECs in early 2005–06, rapid progress has been made by
the researchers to develop this technology. Though the anode of a MEC is similar to
that of MFC, the cathode is configured similar to water electrolysis process. For
enhancing efficiency of a MEC, improvisation of the cathode is required by using
transition metal and/or alloys as catalyst to increase its conductivity and to increase
the efficiency of the cathodic reaction by improving catalytic activity and reducing
charge transfer resistance. MEC is gaining popularity because microbes can be used
as anode catalyst, it can be operated at ambient temperature and atmospheric
pressure, and wastewater can be used as fuel. Biohydrogen production from MEC
in this way is expected to play an important role in future economy.

MECs are a comparatively new technology for producing hydrogen gas from
acetate and other fermentation by-products of electrohydrogenesis (Pant et al.
2012). Generally, in a MFC, current is produced by oxygen reduction reaction, in
presence of oxygen at cathode; however in MEC, spontaneous current generation is
not possible because cathode is anaerobic and in absence of oxygen. Thus, a small
external voltage (typically 0.5–0.7 V) is required to be applied to the circuit, to
support the production of hydrogen at the cathode through the reduction of protons.
The anodic oxidation reaction is the same as in the microbial generation of elec-
tricity in MFC, while the cathodic reaction proceeds in absence of oxygen.
Compared to dark fermentation reactor producing hydrogen from wastes, MEC has
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a higher hydrogen recovery and a wider substrate diversity (Sun et al. 2009b). Very
recently, the performance of a pilot-scale continuous flow MEC (1000 L) fed with
winery wastewater was reported to produce hydrogen in the range of
2.9 ± 0.2 mL L−1 d−1, respectively.

9.3.4 Sediment Microbial Fuel Cell

SMFCs or benthic microbial fuel cells (BMFCs) produce electricity by placing an
anode into organic-rich sediments and a cathode in the overlying water.
Degradation of organic compounds present in the sediment and wastewater occurs
due to presence of electrogenic bacteria, producing electrons and protons. Electrons
cause reduction of the anode and are transferred to the cathode through an external
circuit. The protons start moving from sediment to the cathode and combine with
oxygen and electrons at cathode to produce water. In situ bioremediation of con-
taminated organic-rich sediment and overlaying water is performed by SMFC for
the removal of hydrocarbons. This way the power generated from SMFCs can be
effectively used to power remote sensors through power management system.
Performance of SMFCs was also evaluated to understand the effect of the presence
of cellulose in an aquaculture pond sediment by Sajana et al. (2014). Even in the
presence of cellulose up to 2% in sediments, these SMFCs demonstrated efficient
cellulose degradation while maintaining the oxidized sediment top layer favourable
for practising aquaculture.

MRC is SMFC used for the treatment of contaminated sediments with sulphate
and nitrate for passive oxidation along with energy recovery. On the cathode,
sulphates and nitrates act as terminal electron acceptors (TEA) and their availability
limits the rate of bioremediation of hydrocarbons. This MRC system can be
deployed in a contaminated area for in situ remediation with anaerobic sediments
and anaerobic overlying water, which would be applicable to locations such as
shallow surface water impoundment, e.g. lagoon, estuary, and marsh and sensitive
areas where dredging becomes difficult to facilitate removal of excessive
hydrocarbon.

9.4 Practical Applications of BES for Wastewater
Treatment

9.4.1 Sewage Treatment

MFCs are potential solution for wastewater treatment and electricity recovery using
a variety of wastewaters including both domestic and industrial wastewaters
(Aelterman et al. 2006; Ghangrekar and Shinde 2007). Ghangrekar and Shinde
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(2008) evaluated long-term performance of a mediator-less and membrane-less
MFC (ML-MFC) for treatment of sewage and achieved a maximum COD removal
efficiency of 82.7% while producing a maximum current of 0.17 mA. A maximum
power density with respect to cathodic surface is of 6.73 and 13.65 mW/m3 with
respect to anodic volume, and a maximum current density with respect to cathodic
surface area of 70.74 mA/m2 was reported. Treatment of domestic wastewater was
performed under two operating temperatures (23 ± 3 and 30 ± 1 °C), and two
different flow modes (i.e. fed-batch and continuous) using single-chamber
air-cathode MFC were examined by Ahn and Logan (2010).

9.4.2 Nitrogen Removal

In a BES, nitrogen removal may include assimilatory nitrogen uptake, dissimilatory
nitrate reduction and physicochemical factors such as ammonia volatilization at the
cathode, which increases in proportion to current generation. A single-chamber
air-cathode MFC fed with swine wastewater after 100 h of operation removed
ammonia by 83 ± 4% (from 198 ± 1 to 34 ± 0 mg NH4

+-N/L), whereas the
soluble COD was reduced from 1240 ± 20 to 120 ± 30 mg/L (86 ± 6% removal)
(Min et al. 2005). Nitrite and nitrate concentrations increased from 0.4 ± 0.1 to
2.9 ± 0.1 mg NO2-N/L and 3.8 ± 1.2 to 7.5 ± 0.1 mg NO3-N/L in the anolyte
due to probable nitrification, likely as a result of oxygen diffusion through the
cathode. Dual-chamber MFCs made of clay ware cylinder, where wall material of
cylinder worked as separator, demonstrated effective ammonia and organic matter
removal at lower COD:NH4

+
–N ratios (Jadhav and Ghangrekar 2016). With

decreasing COD:NH4
+ ratio, ammonia removal rate increased with maximum of

63% removal at a ratio of 1:1. Average COD removal efficiencies demonstrated by
these MFCs were about 88%, demonstrating effective use of MFCs for treatment of
wastewater containing both organic matter and high ammonia concentration. The
ammonium-N removal slightly increased when microbes were exposed to only
ammonium as a source of electron when organic matter was not supplemented.
When operated with imposed potential on cathode and without aeration in the
cathodic chamber, oxidation of ammonium ions at a faster rate observed in this
MFC confirmed anaerobic oxidation.

9.4.3 Sulphur Recovery

Municipal sewage typically contains 20–500 mg/L sulphate. Many industries such
as paper and pulp, food processing, animal husbandry and pharmaceutical produce
the wastewater which usually contains much higher concentrations of sulphate,
sulphite or other sulphur compounds (Lens et al. 1998; Zhao et al. 2008). Sulphate
being chemically inert, non-volatile and non-toxic compound, these emissions are
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not a direct threat to the environment as sulphate. Present restrictions on sulphate
emission in environmental legislation mainly aim to reduce the salt content of
surface waters and/or to minimize acid condensation in sewers (Lens et al. 1998).
Sulphate-reducing bacteria (SRB) reduce sulphate to sulphide under anaerobic
conditions (Lee et al. 2014). Further studies are required to establish it as a suitable
process for high sulphate-containing wastewater treatment (Dutta et al. 2009; Kelly
and He 2014). In a study by Rabaey et al. (2006), a MFC with a hexacyanoferrate
cathodic electrolyte was used to convert dissolved sulphide to elemental sulphur.

9.4.4 Industrial Wastewater Treatment

Wastewaters coming from different industrial operations contain high concentration
of organic and inorganic substances as well as soluble and insoluble materials
causing significant polluting phenomena. For example, in rice milling industry, the
wastewater yield is about 1.0–1.2 L/kg of paddy, which was treated in a MFC
fabricated using a clay ware ceramic pot, forming anodic chamber, and a COD
removal efficiency of 96.5%, lignin removal efficiency of 84% and phenol removal
efficiency of 76% have been reported (Behera et al. 2010). Maximum sustainable
volumetric power of 2.3 W/m3 was observed with 100 X external resistance. More
effective treatment of rice mill wastewater and higher energy recovery was
demonstrated by the cheaper clay ware pot MFC as compared to MFC incorporated
with Nafion as proton-exchange membrane.

Food-processing wastewaters are characterized as non-toxic because they con-
tain very less hazardous compounds, have moderate-to-high BOD compared to
many other industrial wastewaters, and much of the organic matter in them consists
of simple sugars and starch. Electricity production from food-processing wastew-
ater was explored by Oh and Logan (2005) while treating cereal wastewater (diluted
to 595 mg COD/L) in a two-chambered MFC, a maximum power of 81 ± 7 mW/
m2 (normalized to the anode surface area), current production of 25 ± 2 mA per
litre of wastewater treated were reported, producing effluent with a final COD of
less than 30 mg/L (95% removal). While using a single-chambered MFC and
pre-fermented wastewater, the maximum power density of 371 ± 10 mW/m2

(53.5 ± 1.4 mA per litre of wastewater) was reported.
Manufacture of starch-based products involves significant usage of water, con-

sequently resulting in large quantities of wastewater. Generally, the COD con-
centrations of such wastewater range from 6000 to 10,000 mg/L, which can impose
heavy load on the environment if discharged untreated. In a study by Lu et al.
(2009), an air-cathode MFC could treat starch-processing wastewater containing
4852 mg/L of COD. Maximum voltage output and power density of 490.8 mV and
239.4 mW/m2, respectively, (a current density of 893.3 mA/m2) were reported with
a maximum coulombic efficiency of 8.0%. Removal efficiencies of COD and
ammonia-nitrogen amounted to 98.0 and 90.6%, respectively.
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The performance of single-chamber membrane-free MFC for brewery wastew-
ater treatment and electricity production was investigated by Wang et al. (2008). An
attempt was made to provide solution for malt distillery wastewater using fungal
pre-treatment by Aspergillus awamori followed by further treatment in MFC to
achieve higher organic matter removal, which is a challenge at present with cur-
rently adopted technologies (Ray and Ghangrekar 2016). This combined process
could successfully recover chitosan as 0.6–0.7 g/L of settled sludge (3.8% solids).
This two-stage process demonstrated overall 99% COD removal as well as almost
complete removal of SS.

9.4.5 Remediation of Aquaculture Wastewater in SMFC

Limited availability and higher cost of good quality water for practising aquaculture
and the environmental impacts of used water discharges have led to the treatment
and reuse of the aquaculture water contaminated with dissolved organics and
ammonia rather than discharging it. The effectiveness of in situ SMFC for aqua-
culture water treatment along with generation of electricity was explored by Sajana
et al. (2017). The SMFC demonstrated satisfactory COD, total Kjeldahl nitrogen
(TKN) and total nitrogen (TN) removal efficiency of 79 ± 1, 94 ± 3 and 62 ± 4%,
respectively. This SMFC offered successful in situ treatment to the aquaculture
pond water. This SMFC system will have the potential to drastically reduce the cost
of water treatment apart from savings in the pumping cost, which is inevitable when
the aquaculture water is treated externally and reused. As expected, very low power
was generated by the SMFCs that can be only used for powering the sensors;
however, it demonstrated successful in situ remediation of aquaculture water.

9.4.6 Treatment of Animal Waste

For sustainable animal production, treatment and odour control of wastewater
generated are important components in swine farming. A single-chamber MFC was
used by Kim et al. (2008) to reduce 10 chemicals associated with odours by 99.76%
(from 422 ± 23 lg/mL) and three volatile organic acids (acetate, butyrate and
propionate) by greater than 99%. The MFC produced a maximum power of
228 mW/m2 and removed 84% of the organic matter during 260 h of retention
time.
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9.5 Bottlenecks, Challenges and Future Scope

Two redox couples are required in MFC: first for coupling the reduction of an
electron mediator to a microbial oxidative metabolism and the second for coupling
oxidation of the electron mediator to the reduction of the electron acceptor on the
cathode surface, where the electron acceptor is regenerated with atmospheric oxygen.
The ideal performance of an MFC depends on the electrochemical reactions that
occur between the organic substrate at a low potential such as glucose and the final
electron acceptor with a high potential, such as oxygen (Rabaey and Verstraete 2005).
The actual cell potential is always lower than its equilibrium potential because of
irreversible losses, namely activation polarization losses on anode and cathode,
concentration polarization in cathodic and anodic chambers and ohmic losses because
of resistance to the flow of ions in the electrolyte and resistance to flow of electrons
through the electrode. Activation polarization is caused because of an activation
energy that must be overcome by the reacting species. Processes involving adsorption
of reactant species, transfer of electrons across the double-layer cell membrane,
desorption of product species and the physical nature of the electrode surface all
contribute to the activation polarization (Du et al. 2007). In an MFC, power density
that can be achieved depends on several factors and hence optimization of geomet-
rical configuration of MFCs, electrogenic bacterial consortium selection and
enrichment, substrate used, concentration of bacteria, electron shuttles, electro-
chemical properties of electrodes, electrode surface area, etc., are required.

Anode is a crucial component of the MFC set-up, both structurally and func-
tionally. Apart from providing support for bacterial attachment, it acts as a sink for
electrons from substrate metabolism. Poor performance of anode in MFC is still a
major setback for its practical applications (Hindatu et al. 2017). Meagre microbial
attachment or attachment of non-electrogenic bacteria on the electrode surface limits
the effectiveness of electron transfer between the micro-organism and the anode, thus
affecting the overall performance of MFC resulting in low power output, and hinders
practical acceptance of MFC technology. Other contributing factors include high
internal resistance, which is attributed to charge and mass transfer losses and high
cost of the electrode materials. Anode material should favour enhanced microbial
development/attachment, substrate metabolism and extracellular electron transfer and
at the same time should not be expensive (Hindatu et al. 2017). Additionally, the
material selected for anode should also exhibit good electrical conductivity with low
resistance and large surface area. Furthermore, it should be chemically inert, should
offer resistance to corrosion and degradation, and should possess suitable mechanical
strength and toughness (Hindatu et al. 2017).

The base material for the cathode provides a conductive path to the external
circuit. To function as a good electrode, a cathode material should have the
properties, namely (a) good conductivity, (b) high chemical stability, (c) high
mechanical strength and (d) low cost. Carbon, in paper or cloth form, is the most
widely used material in air-cathode MFCs (Ahmed et al. 2012; Cheng et al. 2006;
Martin et al. 2011; Shi et al. 2012; Sun et al. 2009a; Zhang et al. 2009).
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For scaling up of MFCs, it is necessary to know the maximum possible current
generation supported under optimum working conditions, which is governed by
bio-electrochemical parameters for a given anodic chamber volume treating a
particular wastewater. Some of the challenges associated with the scaling up of
MFCs are discussed in the literature. These challenges include maintaining low
internal resistance of MFC while increasing the activity levels of electrochemically
active biomass and maintaining it for longer duration of operation, optimization of
reactor design, selection of low-cost electrode materials and catalysts that can
support higher and stable current densities and developing newer innovative ways
of separating anode from cathode in a cost-efficient way.

9.6 Conclusion

The building of a sustainable society will require lowering of the amount of pol-
lution and reduction in dependency on fossil fuels. Wastewater management is an
area in which these two goals can be addressed simultaneously. As a result, due to
limitations of availability of freshwater and ever-increasing energy cost, there has
been a paradigm shift recently, from disposing of waste to using it as a resource.
While treating wastewater, recovery of energy and valuable materials might reduce
the cost of treatment, and to some extent reduce our dependence on fossil fuels. The
major limitations to field-scale application of MFCs for treatment of wastewater are
that their power density is still relatively low, fabrication cost of this device is
higher and the technology is still in the laboratory phase. However, each MFC unit
produce limited voltage (0.6–0.8 V); however, by linking several MFCs together,
the voltage can be increased or by putting them in parallel connections, current can
be integrated, which can be converted to usable form after employing power
management system to power the devices.

To make wastewater treatment in MFCs economically viable, the construction
and operating costs must be reduced. For enhancing power output by reducing
overpotential, the requirement for expensive noble metal catalysts on electrodes,
and soluble or electrode-bound electron shuttles are two important cost elements
that are being addressed by present researchers. Single-chamber MFCs with
air-cathode circumvent the cost of aeration. As compared to other anaerobic
treatment processes, MFC also offers advantage of similar organic matter removal
efficiency with additional possibility of nutrient and metal removal and recovery. In
a nutshell, the possibility of direct conversion of oxidizable organic matter present
in wastewater to bio-electricity is exciting, however, fundamental understanding of
the microbiology of electrogens and further development of the technology by
optimizing geometrical shape, selection of low-cost material for fabricating dif-
ferent components and development of non-noble efficient electrode catalyst, may
be in the form of metal composite, are required to make this technology ready for
field application.
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Chapter 10
Remediation of Industrial Effluents

Ashutosh Rai, Pankaj Singh Chauhan and Shantanu Bhattacharya

Abstract Environmental pollution has become the greatest problem of mankind in
the recent times. The level of pollutants especially in water is increasing day by day
causing a grave danger to all the living entities. The industrial effluent has been
identified as a major polluting agent of the water resources. Various industries
utilise water in cooling, processing, transportation and heat treatment. The water
gets mixed with various harmful chemicals during these processes and forms a
harmful effluent which is directly discharged to rivers by these industries. This
effluent contaminates the water resources and soils affecting the human, animal and
plant life in a large scale. Hence, the remediation of industrial effluent before
discharging into the environment becomes essential. Various physical, chemical
and biological processes are being utilised to provide a complete remediation or
remediation to an extent where it could be discharged safely or could be reused.
This chapter involves a complete explanation of all the processes with their
advantages as well as disadvantages. Many of the above-mentioned industrial
applications discharge complex organic compounds in the form of effluent which is
very difficult to degrade by using conventional methods such as photoreaction.
Hence, a catalyst-based photoreaction called photocatalysis is utilised by many
researchers for the degradation of such complex organic compounds, present in
wastewater. The metal oxide semiconductors (MOSs) such as titanium dioxide
(TiO2), tin dioxide (SnO2) and zinc oxide (ZnO) have been used as catalyst for the
dye degradation of industrial wastewater.
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10.1 Introduction

With the industrial revolution, environmental pollution has become menace to the
world. Environmental pollution is one of the greatest concerns in today’s world of
which industries play a keen role in eroding our natural resources. Industries
acquire huge amount of water while processing and then discharge these effluents
directly into the habitat. These effluents are usually discharged to the ocean leading
to the destruction of the aquatic life due to the chemicals present in the effluent,
which are usually toxic and can cause serious health issues. These chemicals also
do exhibit physical properties making the water aesthetically unpleasant. The major
physical characteristics of these discharged effluents are its heavy metal content,
colour as well as odour. The solids present in the wastewater can have dual nature,
i.e. insoluble and suspended form. One simple method to measure these suspended
solids is by drying and weighing the leftovers by filtering. Volatile solids (mostly
having organic content) are easily removed by burning them off using ignition.
Organic matters include protein, carbohydrate and fats. On heating at elevated
temperatures, some of the organic matters burn incompletely and some of the
inorganics break down.

It has been documented in 2004 by World Health Organization that approxi-
mately 17% of the global population did not get safe drinking water of which most
of the population reside in countries including China, India, Middle East and Africa
as well as about 42% of sub-Saharan Africa lacked drinking water. At the end of
2008, around 884 million people in the world were deprived of better sources of
drinking water. It has been forecasted that more than 47% of the world’s population
would be facing critical water trouble in the year 2030 (Mathew Akinloye and
Olatunde Olubanjo 2014). So there is a huge need to save water.

Industries are advised to treat wastewater effluent before discharging as per the
norms set by the government. There are some general standards for discharge of
effluents and wastewater generation. TDS (total dissolved solids), pH, BOD (bio-
chemical oxygen demand), COD (chemical oxygen demand), TOC (total organic
carbon) are some of the parameters to be controlled. There are some methods which
are commonly utilised which include coagulation, flocculation, filtration, sedi-
mentation. All these methods do have their pros and cons. The most significant is
the textile industries which discharge both organic dyes and inorganic particulates
in a heavy proportion to clean marine. The degradation rate of these effluents in
visible light can be catalysed by the implementation of semiconductor as well.
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10.2 Pollutants of Different Industries

Sources of industrial wastewater pollutants depending upon the type of industry are
described as follows:

10.2.1 Textile Industries

Textile industries consume a lot of water while fabric processing; for processing
1 kg of fibre, approximately 200 L of water is required. A large number of chemical
products are used in these textile industries for the cleaning as well as dyeing of
work materials. Released effluents from these textile industries contain huge
amounts of hazardous contaminants and heavy metals. Sometimes, the formation of
some toxic aromatic amines occurs in aromatic media (Jin et al. 2007). Wastewater
released from textile industries contains aqueous waste and organic dye. This
aqueous waste could be organic or inorganic pollutants. When this wastewater is
discharged into the surface water like rivers, ponds, and canals, it adds some colour
to the water because of the presence of organic dye. This addition of colour in the
water makes the water look aesthetically obnoxious and even blocks or reduces the
entrance of sunlight through the water and affects photosynthesis which leads to
dying of aquatic species due to lack of oxygen. The presence of other organic and
inorganic pollutants leads to high BOD, making the water more toxic and harmful
to use (Pereira 2012). Currently, more than 10,000 different dyes are available
commercially and more than 7 � 105 tons per year are produced around the world
to meet the population demand. Because of inadequate dyeing procedure in textile
industry, 10–25% of the dye produced is lost during the dyeing process, and 2–20%
of the dyes are usually not utilised and are released as effluents directly (Carmen
and Daniel 2012). It becomes a noticeable fact that even a very small amount of dye
in water (less than 1 ppm for some dye) is highly undesirable (Zonoozi et al. 2008).
Synthetic dye is also used in the industry, widely. Above-mentioned data suggest
that there is a release of about 2,80,000 tons of textile dyes every year all over the
world (Jin et al. 2007). Dye-containing effluent when released into the environment
is objectionable because of colour, and many of the dyes discharged are toxic and
their breakdown product can be carcinogenic and mutagenic to the living entities. It
causes severe health issues like skin irritation or allergies due to contact dermatitis,
hypersensitive eye reaction, respiratory disorders and also irritation to skin.
Groundwater quality is also being affected, and soil productivity is degrading due to
untreated effluent discharge to different environmental sources (Carmen and Daniel
2012). Colour removal from the textile effluent is the strenuous task. Breakdown of
dyes, mainly azo dyes, comprising almost 70% of all dyes used, is difficult because
of composite structure and synthetic nature (Jin et al. 2007). Table 9.1 describes
different polluting characteristics present at different processing steps in cotton
textile industry.
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10.2.2 Power Plants and Nuclear Industries

Due to the huge demand of industry, agricultural sectors as well as human popu-
lation and other sectors in developing country like India, the growth of power and
the development of the country are directly related. About 70–80% of the total
power demand is coped with coal-based thermal power stations. Rough estimate
points out that about 91,000 m3 of water is required per day for the generation of
840 MW of power (Kamdi et al. 2012). These power stations utilise huge amount
of water in each and every step starting from steam generation to auxiliary cooling,
thereby discharging huge amount of contaminants in the form of suspended solids
and other heavy metals including chlorine, zinc, chromium and phosphate. Waste
released will affect both the soil and groundwater, thereby leading to health issues.
Some of the factors that are affected are pH, COD, suspended solids, TDS and
heavy metals.

10.2.3 Iron and Steel Industry

India is one of the major producers of crude steel. In 2016, China remained the
largest producer of 808 MT (million tonnes), followed by Japan (105 MT) and
India (96 MT) (An Overview of Steel Sector). It has been concluded that about
250–500 m3/hr is released as wastewater for the manufacture of about 1 million
tonnes of ingot steels (Geny and Dohen 1972). It can be seen that it is a huge
amount; hence, there is a huge demand for the water to be reused. The effluents
discharged can be seen from Table 9.2 (Geny and Dohen 1972).

Table 10.1 Wastewater characteristics at different stages of processing cotton textiles and
permissible limits to discharge into water bodies (Reprinted with permission of Chapagain et al.
2006)

Process Wastewater volume (m3/ton) Pollutants (kg/ton)

BOD COD TSS TDS

Wet processing 360 32 123 25 243

Bleaching 30 5 13 28

Dyeing 142 6 24 180

Printing 188 21 86 25 35

Finishing 136 6 25 12 17

Total 496 38 148 37 260

Permissible Limits
(mg/L)

50 250 50
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10.2.4 Pulp and Paper Industry

Due to the rapid increase in population worldwide, there is a huge demand of paper
and pulp for both industrial developments and human requirements. The water
usage for its production is quite high ranging between 20,000 and 60,000 gallons
per ton of product (Pokhrel and Viraraghavan 2004). Table 9.3 shows the major
contaminants discharged from pulp and paper industry.

These dyes which are discharged from different industries, i.e. pharmaceutical
industries, paper industry, tannery and bleaching industry, constitute various types
of organic as well as inorganic pollutants. Chemical industries utilise a huge amount
of water but that is less compared to that of textile industries.

The recycling has thus been recommended due to the huge demand and less
availability. Nowadays, there is very keen interest in the remediation of the effluent
due to high levels of contamination in dyeing, i.e. dyes and their products, pig-
ments, organic chemicals as well as heavy metals. These include detergents, VOCs,
sizing agents and fixing agents, inorganics, latex, dyes and a wide variety of special
chemicals. Depending upon various industries, the contaminants in the effluents are

Table 10.2 Different types of waste materials added at different positions in plants (Geny and
Dohen 1972)

Plants Waste material added in plant

Coke oven plant Phenols, cyanides, various tars, ammonia

Burden preparation Suspended solids and dissolved salts

Cast iron manufacture Suspended solids, cyanides, phenols, ammonia, granulated slag, lime

Steel manufacture Suspended solids, lime

Hot rolling Lime, suspended solids, oils

Cold rolling Oils, suspended solids

Table 10.3 Contaminants from pulp and paper industry (Reprinted with permission of Pokhrel
and Viraraghavan 2004)

Manufacturing
system

Contaminants

Wood
preparation

Dirt, grit, lignin, suspended solids, BOD, etc.

Digester house Resins, fatty acids, colour, volatile organic compounds (methanol,
acetone, isopropyl alcohol, etc.), BOD, COD

Pulp washing High pH, BOD, COD, suspended solids, dyes

Pulp bleaching Dissolved lignin, carbohydrate, dyes, AOX, inorganic chlorine
compounds such as chlorate, organochlorine compounds such as dioxins,
VOCs (volatile organic compounds) such as acetone, methyl chloride,
carbon disulphide, chloroform, chloromethane, trichloromethane

Papermaking Suspended particulate waste, organic compounds, azo dyes, acetone
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different. Despite all these factors, there exhibit very few industries which treat
these effluents before discharging it in the sea.

The motivations for the removal of these contaminants from the effluent are as
follows:

1. There is a fixed capacity of surface water.
2. To minimise the decrease in the aquatic species.
3. To safeguard humans from waterborne diseases.

The selection and design of treatment facilities is based on a study of the
following:

1. The TDS pH, BOD, COD, TOC of wastewater.
2. The standards that must be fulfilled to discharge these effluents in environment

or for reuse of this effluent.

There are two broad subdivisions of the chemical characteristics of these effluents,
i.e. inorganic and organic. Volatile organic compounds are the major organic con-
taminants which consist of terpenes, phenols, acetone, methanol, chloroform, alco-
hols, etc. To take care of these toxic substances, the techniques are subdivided into
three major methods, i.e. chemical treatment, physical treatment and biological
treatment. The chemical method includes oxidation from various oxidising agents.
Physical treatment refers to Adsorption from various materials like Granulated
Activated Carbon, Wood chips, Membrane filtration from Reverse osmosis, Ion
Exchange method etc. While biological treatment is carried out with the help of
micro-organisms including fungi, bacteria etc. using aerobic or anaerobic respiration.

Daily enormous amount of these effluents are being discharged into the surface,
thereby harming the aquatic species as well as human health. So there is a need to
protect the surface water to save the aquatic life, maintain the aesthetic value of the
water and reduce the harmful effect of pollutants on human health. To remove the
pollutants from the wastewater effluent, there is a need to treat this effluent before
discharging.

10.3 Remediation Methods for Pollutants

Due to the growth in the industries, the amount of heavy metals and organic
compounds produced are rising and approximately 10,000 new organic compounds
are being added every year. In the future, with the goal of pollution prevention, all
efforts have to be made for industrial dischargers to estimate the environmental
impacts of the new compounds that can enter the wastewater effluent, before it is
being accepted for use. If a compound cannot be effectively treated with existing
technology, it should be banned. Today, 70% of available water in India is con-
taminated and about 66% of the diseases in India are waterborne diseases
(Robinson et al. 2001). Water quality parameters like acidity, nitrogen, alkalinity,
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BOD (biological oxygen demand), COD (chemical oxygen demand), dissolved
oxygen, heavy metals, conductivity, pH, TDS (total dissolved solids), turbidity are
required to get evaluated before and after treatment. There are several methods
which are in practice to treat industrial wastewater. Different water treatment plants
are implemented by the industry to remove a precise amount of pollutants from the
effluent and meet general standards of effluent discharge. These treatment units
imply physical, chemical and biological techniques to remove pollutants from the
wastewater. If these water treatment plants are operated in a genuine way, then it
can manage most of the pollutants. Some of the toxic pollutants cannot be treated
like cyanides and excessive amount of heavy metals by these processes (Munter
2003). Table 9.3 shows the methods used for controlling different water quality
parameters.

10.3.1 Removal of Dye Colour from Effluent

Numerous methods are being practiced to treat industrial wastewater before dis-
charging it into ecosystem. Presently, miscellaneous chemical, physical and bio-
logical methods are used to remove colour from textile effluent, but these methods
have some pros and cons.

Though physical methods are successful in removing colour from the water, it is
not efficient to degrade dye molecules and requires safe disposal of concentrated
sludge (Robinson et al. 2001). Chemical methods are also able to remove dye from
the effluent, but create another disposal problem with large accumulation of con-
centrated sludge. And with heavy amount of chemical requirement, there may be a
possibility of secondary disposal problem. Biological methods are effective enough
to completely mineralise organic impurities and to remove BOD, COD and sus-
pended solids and considered as environmental-friendly (Robinson et al. 2001).

Despite, successful dye removing characteristics, physical and chemical methods
are not commercially striking. However, biological methods require less cost and
are used widely to treat dye effluent.

10.3.2 Physical Treatment

Some of the physical treatment methods are as follows:

10.3.2.1 Coagulation and Flocculation

Coagulation is a path followed to eliminate the stability of any suspension in a
solution. The process in which these formed particles are induced to come together
to form a particular larger sludge is termed as flocculation. Small particles in
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effluent contain a negative charge, which inhibits particles to stick to each other.
Therefore, when a coagulant is added, this reduces the negative charge of particles
by providing a positive charge. Once the reduction of charge occurs, particles
become free to form a floc (Bratby 1980). Flocculation is a process of stirring water
in the presence of coagulant with accurate velocity to form flocs and settle down
due to gravity or neutralise the floc. Further filtration/precipitation is required to
remove this settled floc/sludge. Generally used coagulants are alum, ferric chloride,
etc. The process is economically feasible because of its low input but the generation
of sludge results in higher disposal cost as well as environmental constraints.
Figure 10.1 shows the example of coagulated sludge from industrial wastewater.

10.3.2.2 Adsorption

Activated carbon filter or charcoal is used to treat effluents; it is advantageous
because of its adsorbing nature of both the organic and inorganic contaminants onto
its surface. Adsorption has also attracted researchers towards it because of its
efficiency in the removal of pollutants which are too stable for regular methods.
Processed carbon having small and low volume pores is termed as activated carbon.
Due to its presence of pores, there is an increase in the surface area leading to
adsorption of impurities on to its surface due to its ultra-porous formation. It has
extremely high surface area of about 500–1500 m2/gm (Kamdi et al. 2012). Some
adsorbates like silica gel, corn cobs, rice hulls, fly ash and coal mixture make a

Fig. 10.1 Coagulated sludge from industrial wastewater
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high-quality adsorbent which can remove contaminants even from diluted solution
and produce a high grade of treated effluent without resulting into any harmful
product. It has few major disadvantages like adsorbent quality starts degrading after
a period of time due to its repeated use and comparatively high capital cost
(Robinson et al. 2001).

10.3.2.3 Granular Activated Carbon

Granular activated carbon is usually made from organic materials such as: wood,
lignite and coal etc., and contains a high amount of carbon. Activated carbon
commonly adsorbs both natural and synthetic organic compounds as well as
compounds providing taste and odour (Magic-Knezev and van der Kooij 2004).
Activated carbon is highly porous in nature and its granulated form has large
surface area, which facilitates higher adsorption of contaminants . Granular acti-
vated carbon is utilised usually for the removal of pharmaceutical impurities.

10.3.2.4 Peat

Peat is also one of the best adsorbents because of its cellular structure. It could
adsorb the transition metals as well as the polar organic compounds from the dyed
effluents (Robinson et al. 2001). It also does not require any activation. Used peat
could be utilised further by burning it.

10.3.2.5 Wood Chips

It is having best adsorption capacity for acidic dyes. It is disadvantageous because
of its longer contact time.

10.3.2.6 Universally Available Materials

There are various materials which are widely available as well as could be utilised
for the process which includes natural clay, rice hulls (Robinson et al. 2001). They
are very economical for the removal of dye.

10.3.2.7 Reverse Osmosis

Reverse osmosis is defined as the movement of solute from higher concentration to
lower concentration through a semi-permeable membrane by applying a pressure
exceeding the osmotic pressure. It is a purification technique which utilises
semi-permeable membrane which is having layered and weblike structure in which
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water follows a tortuous path when a pressure is applied. It is utilised for desali-
nation and the removal of ions and molecules (Greenlee et al. 2009). There is a need
to improve the membrane technology, so that heavy metals (As, Al, Hg etc.) can be
filtered. Also, its domestic use in urban as well as rural areas should be improved by
reducing the cost. It has many advantages which include temperature resistant and
microbial attack resistant (Robinson et al. 2001).

10.3.2.8 Ion Exchange Method

In this process, the effluents are passed through ion exchange resin until there is
saturation at available exchange sites as shown in Fig. 10.2. It could remove both
the cationic and anionic dyes. Ion exchange method leads to the removal of all ions
from solution or separates the substances. It has resulted in the removal of heavy
metal ions such as lead, mercury, cadmium, nickel, vanadium, chromium, copper
and zinc. Usually, these ions are precipitated in the form of metal oxides, xan-
thogenates or sulphides (Da ̧browski et al. 2004). It is advantageous because of no
loss of absorbent on regeneration, and the solvent can also remove soluble dyes
(Robinson et al. 2001). The main disadvantages are the disposal issues of the huge
amount of sediments which contain heavy metal ions formed and organic solvents
are not economical.

Fig. 10.2 Ion exchange process
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10.3.3 Biological Treatment

10.3.3.1 Aerobic and Anaerobic Treatment

In aerobic treatment, bacteria or micro-organisms help in the degradation of the
organic impurities in the presence of oxygen/air and transform these impurities into
carbon dioxide, water and biomass as shown in Fig. 10.3. All these processes are
being performed in a bioreactor by maintaining certain operating conditions.
Similarly, in anaerobic treatment, bacteria or micro-organisms which do not need
oxygen/air to degrade organic impurities are introduced.

10.3.3.2 Degradation by Micro-organism

Micro-organisms including fungus have been utilised in the recent decades for the
removal of dyes from various dyed effluents. White-rot fungi are the organisms
having the capability to degrade lignin (Barr and Aust 1994). White-rot fungi
degrade the dyes by utilising enzymes, such as lignin peroxides. Azo dyes (readily
used dyes) are not readily degraded by micro-organisms but can be degraded by
Phanerochaete chrysosporium. Phanerochaete chrysosporium (white-rot fungi) are
also utilised for xenobiotic degradation, degrading dioxins and various other
chloro-organics (Barr and Aust 1994). Aspergillus fumigatus XC6 was usually
collected with the help of rice straw. It works at a pH range of 3–8, and it has been

Fig. 10.3 Aeration tank showing flow of dissolved oxygen
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proved that A. fumigatus XC6 was maximum efficient when the dye is a source of
carbon and nitrogen, with pH of 3 after 48 h of incubation (Jin et al. 2007). Other
than fungi, it has been reported that bacteria also have the ability to metabolise azo
dyes. Azo dyes are not metabolised readily under aerobic conditions but it has been
reported that there is an ability of Pseudomonas strain to aerobically degrade certain
azo dyes. There have been some additional processes for the degradation of the azo
dyes. Many researchers have found bacteria to be efficient in reducing a variety of
sulfonated as well as non-sulfonated azo dyes anaerobically. High molecular-sized
and highly charged sulfonated and polymeric azo dyes are not likely to pass cell
membrane (Keck et al. 1997).

Although it has been shown that white-rot fungi could be utilised for
decolourising dyes in liquid fermentation, enzyme production is unreliable due to
the unfavourable environment of liquid fermentation. They are more likely to work
in solid-state fermentation (Robinson et al. 2001).

10.3.4 Chemical Method

10.3.4.1 Nitrification and Denitrification

Nitrate is regarded as one of the most undesirable components in drinking water
which is present in groundwater mainly because of the fertilisers being utilised as
well as the waste from humans. Nitrification is a process of conversion of ammonia
(highly toxic) to nitrate. Ammonia is first converted into nitrite and finally to nitrate.
Denitrification is a process in which the formed nitrate is converted into nitrogen.
This method does have a limitation because of its selective nature.

10.3.4.2 Chlorination

Chlorine is highly toxic in nature and hence could be utilised to kill various types of
microbes. When dissolved in water, it mainly results in two components which
include hypochlorous acid and hydrochloric acid. There are various harmful
micro-organisms, which can cause diseases such as: cholera, typhoid, dysentery
etc., can be rectified by chlorination. Chlorination is not effective for the remedi-
ation of an effluent having inorganic impurities. Also, its disinfection by-products
are harmful. if present in the treated water.
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10.3.4.3 Ozone

The use of ozone had been initiated since 1970s. Its oxidation potential is very high,
i.e. 2.07 which is very large as compared to both the chlorine (1.36) and hydrogen
peroxide (1.78) (Robinson et al. 2001). Ozone being the strongest oxidising agent
(removes metals like iron, manganese as well as inorganic substances like cyanides,
sulphides) is used widely in the remediation process. There is no formation of
residue or sludge, and the quantity of ozone required depends on its colour and
residual COD (Ince and Gönenç 1997). Ozone completely mineralises the natural
organic matter (NOM) which is the major reason of the improper taste and odour of
the drinkable water. It is widely used for decolouration, conversion of COD to BOD
as well as inactivation of viruses. It has widely replaced chlorine purification system
because of no harmful by-products as was visualised in case of chlorine. Ozone has
a major advantage of its application in gaseous state, thereby not increasing the
volume of the treated effluent. Dyes in the chromosphere groups having conjugated
double bonds could be broken down to smaller molecules, thus having a reduction
in colour (Peralta-Zamora et al. 1999). After its breakdown, ozonation process
could be utilised because these smaller molecules tend to have an increase in the
toxic properties. Ozonation also has a short half-life (20 min) which leads to an
increase in its cost. This time is also shortened if there is a presence of dyes in the
effluent (Robinson et al. 2001).

10.3.4.4 Cucurbituril

Cucurbituril is a cyclic polymer of glycoluril and formaldehyde. It is named so
because of its pumpkin structure. It has been shown by researchers that it has an
extraordinary good sorption capacity for various types of textile dyes (Robinson
et al. 2001).

10.3.4.5 Electrochemical Destruction

This is one of the recent techniques utilised. It is most advantageous because of no
chemical usage as well as no sludge formation taking place. The end products are
not harmful (Robinson et al. 2001).

10.3.4.6 Photochemical Method

In all the above remediating methods, there are some drawbacks which must be
sorted out. The removal of dye by its degradation is the best viable method present.
There are various advantages of this method which include the following:

1. This process is not compound-specific, hence, any hazardous organic chemicals,
fuel hydrocarbon and dye could be remediated.
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2. The process is resistant to toxicity as neither the initials are toxic nor the
by-products are toxic.

3. The process could be applied to both liquid and gaseous currents.
4. The requirement for the process to perform well is solar energy which is widely

available.
5. The process is economically viable as compared to any other process.

There are various metal oxide semiconductors available which could be utilised
for the degradation of the dye by photocatalysis which include titanium dioxide
(TiO2), zinc oxide (ZnO) and vanadium pentoxide (V2O5). (Chauhan and
Bhattacharya 2016). MOSs catalyse the photoreaction by creating electron–hole
pair after the absorption of small amount of energy which depends upon their band
gap. These electron–hole pairs form hydroxyl radicals which act as a strong oxi-
dising agent for complex organic dyes and degrade them. Among these MOSs, zinc
oxide (ZnO) has been found to be advantageous over others due to low cost,
capability of absorbing large amount of UV light and variety in shape and size of
nanostructure, (Chauhan et al. 2017). The surface defects present in the form of
oxygen vacancies in crystal structure of ZnO nanostructures are found to be helpful
in efficient dye degradation process. The presence of these defects can be increased
by utilising solvothermal method of fabrication of ZnO as reported by the studies.
One of such process is shown in Fig. 10.4.

This chapter describes the various aspects and advances in industrial wastewater
remediation by using MOSs. The main reason for the dye degradation is the
presence of electron (in the conduction band). This electron results in the generation
of oxide radical which is highly reactive. The schematic diagram showing the

Fig. 10.4 Steps for fabrication of ZnO nanorods for photocatalysis (Gupta et al. 2015)
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photocatalysis reaction taking place at the surface of ZnO nanostructures is shown
in Fig. 10.5. The reactions taking place during photocatalysis are as follows:

ZnOþ hm ! e�CB þ hþ
mB

hþ
mB þH2O ! Hþ þ OH

e�CB þO2 ! O�
_2

O�
_2 þ _OHþRh dye ! degraded by-products:

These degraded by-products are then filtered out from the effluents.

10.4 Suggestion for Dye Removal

After the photochemical degradation process, the degraded organic and inorganic
by-products are passed through an adsorbate (preferably the granulated activated
carbon) so that the leftovers could be captured. To increase the efficiency of the
plant, there must be cleaning process to take place at regular intervals. The effluents
are then coagulated so that both heavy metal anions and cations can be captured.
This coagulation results in the formation of sludge in huge quantity; hence, there
must be neat disposal of the formed sludge. It has been suggested that these sludges
could be reused in the cement or ceramic industries, because of its properties such
as brittleness. Figure 10.6 shows the proposed steps to be performed serial-wise.

10.5 Conclusion

Some of the methods like membrane filtration with reverse osmosis, filtration
through cucurbituril are quite efficient but have a limitation of the flow volume; i.e.
it can be applied at household applications but when it comes to large water

Fig. 10.5 Photocatalytic reaction under sunlight (Chauhan et al. 2017)
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treatment plants, they fail to give satisfactory results. Biological activities provide a
very bad result when it comes to the degradation of dyes, the main reason being the
time period which is very large. Different oxidising agents like chlorine, ozone and
hydrogen peroxide could also be utilised but the limiting condition remains the cost
aspect. Ozone being the best reducing agent could degrade the dyes but it would be
required in large quantity because of the large amount of effluent as well as its short
working life. Fungi could be utilised for dealing with the maximum amount of
organic impurities and minimum amount of inorganic impurities because of its
constraint. Hence, there must be a plan which must involve physio-chemical pro-
cess for the remediation of the dye. This is followed by the photochemical
degradation of the dye which is the most important step as it is not
compound-specific, and maximum amount of dye degradation could take place.
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Chapter 11
Recent Advancement on Bioaugmentation
Strategies for Process Industry
Wastewater (PIWW) Treatment

Vivek Kumar, Madan Sonkar, Pooja and Sudheer Kumar Shukla

Abstract The quality of wastewater discharged from the process industries has
high impact on all the biotic and abiotic components of the adjoining environment.
Pollutants in the wastewater of different types of process industry include heavy
metals, nitrates, sulfates, phosphates, fluorides, chlorides, oxalates, insecticides,
herbicides, fungicides, polynuclear hydrocarbons (PAHs), phenols, polychlorinated
biphenyls, halogenated aromatic hydrocarbons, formaldehyde, polybrominated
biphenyls, biphenyls, detergents, oils, greases, hydrocarbons, alcohols, aldehydes,
ketones, proteins, lignin. The presence of various pollutants in process industry
wastewater (PIWW) directly or indirectly affects all life-forms in the vicinity. Since
these are highly toxic, carcinogenic, mutagenic, and clastogenic, serious hazardous
effects may run from aquatic organism to our food chain. Thus, PIWW treatment
technologies are focused on three purposes, i.e., reduction in water usage, treatment
of effluent, and recycling of water and other catalyst. In the last two decades,
different types of physical–chemical treatment systems are established as secondary
and tertiary stage wastewater treatment systems. However, these techniques are
questionable due to the incurred cost, operational difficulties, and sludge generation.
Augmentation of biological treatment seems to be a sustainable option in com-
parison with other physical and chemical processes. The biological treatment
includes the aerobic and anaerobic digestion of PIWW. Ample amount of research
has led to identify various aerobic and anaerobic bacterial strains having much
higher treatment efficacy in comparison with the conventional activated sludge
process. If these bacterial isolates are exploited in the form of consortium or
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augmented into the activated sludge, they may exhibit even better results. Such
aerobic and anaerobic bacterial treatment has been found to reduce the level of
pollutant up to 90%. Additionally, sequential treatment PIWW can be attempted,
but such trials are scarcely tested and are limited to the level of a pilot plant. In this
chapter, emphasis is largely given on the various augmentation strategies consid-
ering various possible sequential treatments of PIWW. It is anticipated that the
recent advancements in the area of bioaugmentation will certainly help in devel-
oping ecofriendly solutions to PIWW treatment.

11.1 Introduction

Water being a universal solvent and career of thermal energy is being utilized by
various process industries (e.g., pulp and paper, petrochemical, textile, distillery,
sewage, chemical, oil industries) in very large quantities (TERI Policy report 2015).
Process industries also discharge large quantities of effluent. Due to the presence of
various biorecalcitrant, toxic compounds, process industry wastewater (PIWW) has
high impact on all the biotic and abiotic components of environment (Misra and
Mani 1993; Saranya et al. 2014). These wastewaters in general characterized by
parameters like pH, color, total dissolved solids (TDS), total organic carbon (TOC),
total suspended solid (TSS), oil and greases, biochemical oxygen demand (BOD),
chemical oxygen demand (COD), absorbable organic halides (AOX), extractable
organic halides (EOX). They contain large number of compounds belonging to
various groups like acrylon, alcohols, aldehydes, aniline, biphenyls, BTEX (ben-
zene, toluene, ethylene, and xylene), calcium carbide, chlorides, chlorophenols
(CHPs), detergents, dioxins, dye, fluorides, herbicides, formaldehyde, fungicides,
glycol, halogenated aromatic hydrocarbons, salts of heavy metals, hydrocarbons,
insecticides, ketones, lignin, naphthenic acids, nitrates, nitrobenzene, oils, oxalates,
oxirene, pesticides, phenols, phosphates, phthalates, polyaromatic hydrocarbons
(PAHs), polybrominated biphenyls, polychlorinated biphenyls, proteins, resin
acids, sulfates, synthetic resin (Brito et al. 2015; Carey et al. 1991; Cunningham
et al. 2001; Demeter et al. 2014; Haq et al. 2017; He et al. 2013; Liang et al. 2013;
Lors et al. 2012; Ma et al. 2009; McKenzie et al. 2014; Ngah et al. 2011; Quero
et al. 2015; Richardson 2013; Robinson et al. 2001; Tyagi et al. 2011; Veeresh et al.
2005). Broadly, pollutants coming out with PIWW can be classified as (i) organics
(carbon-based compounds associated at one time or another with living things) and
(ii) inorganics (dissolved metals, salts, etc.). Every waste stream has an inorganic
component, but from treatment point of view, organic contents are of more sig-
nificant for most wastewaters. The presence of this contamination on wastewater
can bring about huge danger like variety of clastogenic, carcinogenic, endocrinic,
mutagenic, and teratogenic effects in aquatic life and is running from aquatic
organism to our food chain (Autenrieth et al. 1991; Savant et al. 2006). Some of the
very common unfavorable impacts on flora and fauna are respiratory impact,
oxidative anxiety, liver harm, and genotoxicity (Richardson et al. 2007).
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During last decade, due to societal pressures, regulatory bodies in various
developed and developing countries have emphasized on sustainability aspects of
the river system through the strategy for zero discharge or treating effluent to a
higher degree of purification, making them ecologically safe and then discharging
into the river system. Conventional biological treatment options have poor effi-
ciency toward biorefractories, large land area requirement, less flexibility in design
and operation, sensitivity toward diurnal variation, toxicity of some chemicals and
environmental factors (Bhattacharya et al. 2003). Therefore, an extensive treatment
methodology is necessary for removal or demineralization of pollutants present in
the complex wastewaters of process industries to meet the highest safety standards.
Different types of physical–chemical treatment systems have been established for
achieving high level of purification of PIWW. These physicochemical processes are
mainly separation processes in which organics are not mineralized but rather change
their state and generate a low-volume highly concentrated polluted stream, the
treatment of which always poses a major challenge. These systems are based mainly
on the principal of precipitation, coagulation, adsorption (Mohan et al. 2004),
oxidation (Padoley et al. 2011), electrocoagulation (Soloman et al. 2009), ultra-
sound (Shaw and Lee 2009), reverse osmosis (Chang et al. 2016), and photocat-
alytic oxidation (Jamil et al. 2011). Additionally, physicochemical treatment
strategy produces aromatic compounds, free radicals, sludge, etc., which further
poses environmental problems (Robinson et al. 2001).

In another approach, catalytic oxidation is used for pretreatment of wastewaters.
In pretreatment, pollutant chemically transforms complex form to simple com-
pound, and then, treated effluent is subjected to biological treatment which min-
eralize the simple compound. Thus, catalytic oxidation is used to enhance the
efficiency of the next stage. Catalytic oxidation is principally based on different
catalysts, viz. titanium dioxide (TiO2), zinc oxide (ZnO), ultraviolet (UV)/pho-
toradiation, hydrogen peroxide, Fenton’s reagent (H2O2/Fe

2+), UV, UV/H2O2,
photo-Fenton (UV/H2O2/Fe

2+), ozonation, peroxone (ozone/H2O2). (Eskelinen
et al. 2010). However, none of these advancements have gained wide acceptance in
process industries (Mojiri et al. 2013).

Since last two and half decades, researchers are working to improve the efficacy
of biological treatment systems of wastewaters and several biological techniques,
such as bioremediation and phytoremediation, have been developed, so that
biorecalcitrant and toxic compounds can be mineralized or converted into simpler
and non-toxic compounds without facing challenges of physical–chemical treat-
ments (Schoefs et al. 2004). Presently, bioremediation is the most environmentally
benign and economical methods of remediation of contaminated environment
including wastewaters (Zhang and Quiao 2002). Bioremediation increases the
natural microbial degradation rate of pollutants by supplementing the microbial
culture (bacteria, fungi, or consortium) with substrates such as carbon sources or
electron donors (biostimulation, biorestoration). Another strategy of bioremediation
is enriching of microbial culture with a specific microorganism that has pathways to
degrade the targeted pollutant at higher rate (Mackay and Fraser 2000). The aim of
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bioremediation is to reduce the levels of targeted pollutants to environmentally
ecologically safe or ideally, to completely demineralize pollutants.

By employing a specific microorganism adapted to the wastewater, bioaug-
mentation technologies can effectively enhance the removal efficiency of refractory
organics. Bioaugmentation includes utilization of enzymes, indigenous or engi-
neered strains of bacteria, fungi, and algae (Bajpai and Bajpai 1994), microbial
consortia (Pendashteh et al. 2010), and additionally, a combination of bacterial–
fungal treatment capabilities to partially degrade or completely mineralize the tar-
geted compounds.

However, identification of individual strains or microbial consortia that possess
unique metabolic capabilities required to biodegrade or biotransform target pollu-
tants is the primary requirement of the successful implementation of any bioaug-
mentation strategy.

11.2 Augmentation of the Biological Systems to Improve
the Process Industry Wastewater Treatment
Efficiency

A novel approach that has received attention in recent time is bioaugmentation
which works on biorefractories through metabolic or catabolic pathways carrying
specialized bacterial, fungal enzymes and mixed culture of fungus and bacteria (Hai
et al. 2012).

In bioaugmentation strategy, specific compounds are targeted for which indi-
vidual strains or microbial consortia are identified and isolated. These individual
strains or consortia degrade the targeted compound through metabolic or catabolic
pathway and either biodegrade or biotransform target pollutants. Biologically
mediated reactions are catalytic processes of two different types: (i) metabolic and
(ii) cometabolic. Metabolic reactions are growth-linked processes that often result
in mineralization of the micropollutant, while cometabolic reactions are the pro-
cesses which do not sustain growth of the responsible microorganisms and often
lead to the generation of transformed products (Tran et al. 2013). A schematic
diagram of the metabolic and cometabolic strategies is shown in (Fig. 11.1).

11.2.1 Enzymatic Treatment

The treatment of PIWW through enzymes which have the potential to degrade the
pollutants and organics present in effluent has a high potential for field application.
There are different types of enzymes known for the degradation of various con-
taminants such as manganese peroxidase (MnP), lignin peroxidase (LiP)
(Wesenberg et al. 2003), laccase (Hadibarata and Kristanti 2014), horseradish
peroxidase (HRP) (Forgiarini and de Souza 2007) etc.
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Some of the enzymes may decolorize and detoxify the organic contaminants
present in PIWW industry effluents. The utilization of microbial or enzymatic
treatment offers benefits over physical and/or chemical decolorization and AOX
precipitation techniques. However, biochemical instability and issues pertaining to
the reusability of the enzyme are some of the disadvantages of enzymatic processes.
Immobilization of the enzyme is necessary for the stability of biochemical strength
and reusability of the enzymes.

11.2.2 Sequential Aerobic and Anaerobic Microbial
Treatment of Pollutants

Decomposition of pollutants present in the PIWW depends on their bonding nature
and arrangement of molecules. In aerobic condition (presence of oxygen), organics
are oxidized, whereas in the anaerobic condition (absence of oxygen), most of the
pollutants are reduced. For the mineralization and conversion, value-added products
of organic waste generated from PIWW aerobic–anaerobic process can be used.
Degradation pollutants take place through microbes separately in two stages:
reductive cleavage and aerobic degradation.

Fig. 11.1 Metbolic and cometabolic strategies
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Robinson et al. (2001) indicated that under aerobic condition, azo dyes are not
readily metabolized. However, different types of dye molecules which have elec-
trophilic azo bond are reduced (breaking of the ‘azo linkage’) by many bacteria in
anaerobic condition to produce colorless aromatic amines, and then, aerobic
degradation for the removal can be followed (Gomes et al. 2000). More than 20
anaerobic bacterial strains have been isolated and detected (16s rRNA) from
wastewater sludge (Sekiguchi et al. 2001; Sekiguchi and Kamagata 2004;
Sekiguchi 2006); out of these, maximum are Methanogenens i.e., Proteobacteria,
Chloroflexi, Firmicutes, Spirochetes, and Bacteroidetes (Sekiguchi and Kamagata
2004). Therefore, a wastewater containing azo dyes can be treated successfully by
employing anaerobic and aerobic processes in combination. The mineralization of
azo dyes requires integrated or sequential anaerobic and aerobic stages. In anaer-
obic step, azo dyes are biotransformed, and in aerobic step, transformed products
are biodegraded. Sequential microaerophilic/aerobic reactors using Staphylococcus
arlettae are reported in the literature for biodegradation of various other dyes
(Elisangela et al. 2009; Moutaouakkil et al. 2004).

11.2.3 Bioaugmentation Strategies for Various Process
Industry Wastewaters

11.2.3.1 Pulp and Paper Industries

The pollutants in pulp and paper manufacturing plant are generated mostly by two
processes, i.e., pulping and bleaching. Bleaching effluent is heavily loaded with
organic compounds, especially AOX, and needs specialized treatment. Besides,
effluent from pulp and paper industries, in particular that from the industries which
produce writing and printing grade of pulp and paper, has low biodegradability due to
the high amount of CHPs (Pokhrel and Viraghavan 2004). It contains many different
types of organic contaminants, like CHPs, resins and fatty acids, dioxins, and furans,
which are not quantifiable through BOD. These contaminants result in color and
toxicity of the effluent. Researchers have reported more than 500 organic compounds
in the effluents of bleach plants. Out of these 500 organic compounds, approximately
330 compounds include acids, esters, alcohols, resin fatty acids, dioxins, furans and
‘chlorinated organics’ such as chlorate, chloroform, chlorophenols, chlorocatechols,
chloroguaiacols, chlorosyringols, chlorosyringaldehydes and chlorovanillins.
(Mckague and Carlberg 1996).

Among the chlorinated phenolics, tri-chloroguaiacols and tetra-chloroguaiacols
are most widely reported and identified in the bleached kraft and pulp industry
effluents (Liebergott et al. 1990). Chlorinated dioxins are present in very low
concentrations (generally in ppm levels), of the aggregate AOX released with the
bleach plant effluent. Around 210 dioxins, belonging to two families, polychlori-
nated dibenzo-p-dioxins (PCDDs) and polychlorinated dibenzo-p-furans (PCDFs)
have been accounted in the bleach effluents. 2, 3, 7, 8-tetrachlorodibenzo-p-furans
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(2, 3, 7, 8-TCDF) and 2, 3, 7, 8-tetrachlorodibenzo-p-dioxin (2, 3, 7, 8-TCDD) are
critical from the toxicological perspective owing to its highly carcinogenic and
biomagnification properties (Carey et al. 1991).

Indigenous Microorganisms for the Treatment of Pulp and Paper Mill
Effluent

Indigenous microorganisms present in the polluted environment possess great
potential to transform and/or degrade recalcitrant compound. Due to the continuous
exposure to a long duration, microbes in the environment like water streams, soils
(Sorensen et al. 2007) and wastewater treatment plant (Bouju et al. 2012) develop not
only resistance but mineralizing capabilities against specific micropollutants. These
indigenous microbes adapt to the environmental conditions, and their genetic
structuresmodify accordingly through horizontal gene transfer, mutation, and genetic
rearrangements (Boon et al. 2000). There are good numbers of bacterial consortium
(Pseudomonas putida, Citrobacter sp., Enterobacter sp./Klebsiella sp., Alcaligens
sp., Cronobacter sp./Pseudomonas, Bacillus, Pannonibacter, Ochrobacterum/
Pseudomonas aeruginosa (DSMZ 03504), Pseudomonas aeruginosa (DSMZ
03505), Bacillus megaterium (MTCC 6544)/Pseudomonas aeruginosa (PAO1),
Stenotrophomonas maltophila, Proteus mirabilis/Paenibacillus sp., Aneurinibacillus
aneurinilyticus, Bacillus sp./Bacillus sp., Serratia marcescens/Flavobacterium
gleum, Agrobacterium radiobacter, Pseudomonas sp.) reported in the literature,
which has been utilized to decrease the organic load up to 80–90% from the pulp and

Fig. 11.2 Reduction of pollutant in PAP industries through bacterial consortium
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paper industry effluents (Chandra and Abhishek 2011; Chandra and Singh 2012;
Fulthorpe and Allen 1995; Kumar et al. 2012, 2014; Paliwal et al. 2015; Sharma and
Thakur 2009; Sharma et al. 2010; Singh et al. 2008; Srivastava and Thakur 2007;
Tiku et al. 2010). They are not only effective in reducing pollution load in terms of
effectiveness for the degradation of COD, BOD, Color, AOX, and TDS but also
reduce microorganic pollutants like chlorophenol, lignin (Fig. 11.2).

There are limited fungal consortiums, which have shown potential for the
treatment of pulp and paper industry effluent. Two basidiomycetous fungi (Merulius
aureus and an unidentified variety) and a Fusarium sambucinum Fuckel MTCC
3788 were identified from soils contaminated by pulp and paper industry effluents
over a long time. Further, the consortia of the above isolated fungal strains were
utilized for the treatment of PAP industry effluents (Malaviya and Rathore 2007).

Sequential Treatment of Pulp and Paper Industry Effluents

Sequential bioaugmentation strategy means two or more microbial strains can be
used sequentially (Chuphal et al. 2005; Singh and Thakur 2006) and give result for
more than 90% degradation of pollutants. In this strategy, first strain will be involved
in the catabolic reaction and transform the biorecalcitrant compounds into simpler
compounds, which gets mineralized completely in the subsequent stage through the
metabolic pathways. Mineralization of bicyclic aromatic compounds like chlorinated
biphenyls, chlorinated di-benzofurans, and naphthalene sulfonates, are reported in
the literature using the catabolic pathways (Pokhrel and Viraraghavan 2004; Singh
2007). It is imperative that sequential treatment can certainly have major advantages
over single-stage process in terms of alleviating multiple parameters at a time.
However, very few literature is available on the exploitation of microbial isolates in
sequential treatment of pulp and paper industry effluents.

11.2.3.2 Petrochemical Industries

Petrochemical industries have gain utmost importance in recent times due to
increasing use of petroleum-based products for the industrial development
throughout and so the concern regarding the petrochemical industrial effluent.
Petrochemical effluents have greatly affected the surface water systems. It has been
established that petrochemical wastewaters cause the release of genotoxins, into the
environment and badly affect the aquatic environment (White et al. 1996). The
volume and characteristics of petrochemical effluents largely depend on the process
configuration. However, all process results into large amount of organic refractories
in wastewaters. The petrochemical refractory organics including hydrocarbon,
aniline, nitrobenzene, organochlorines, phenols, VOC are most frequently present
in the effluents. VOCs are volatile compounds and escape to the atmosphere cre-
ating sometimes odorous and otherwise hazardous environment resulting into
noxious, mutagenic, and carcinogenic effects. Different types of methods (carbon
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adsorption, biofiltration, incineration) are reported in the literature for the removal
and control of VOC (Guo et al. 2009).

Conventional activated sludge methods with pretreatment for oil/water separation
have been modified for the treatment of effluent in petrochemical but not resulting
into the significant improvement in the removal efficiency of the pollutant because of
the presence of phenolic, phthalic compounds, aromatic amines, etc., which cause
hampering of the bacterial growth and adversely affect the operational facility.

Complexity of petrochemical wastewaters makes wastewater treatment plants
(WWTPs) in the petrochemical industry often unstable. The operation performance
of WWTPs is further affected due to frequent shock loading especially under the
conditions with low temperature at which the growth, reproduction, and metabolism
of the microorganisms are further inhibited (Nyhoim 1996; Patel and Madamwar
2002; Zhao et al. 2009).

Bioaugmentation strategies of mixing specialized bacteria exposed petrochem-
ical wastewater for long time in the microbial culture proved to be very effective in
improving the removal efficiency of refractory organics (Hu et al. 2008; Kasai et al.
2007; Margesin and Schinner 1999). Bioaugmentation strategies were implemented
quite successfully in laboratory-scale activated sludge and other bioreactors (Boon
et al. 2003; Maes et al. 2006, Mohan et al. 2005; Quan et al. 2004); however,
full-scale application of bioaugmentation reported rarely in the literature may be
due to the complex composition of wastewater and the practical operational diffi-
culties of bioaugmentation strategies. In the present study, long-run experiments
will be carried out on a laboratory-scale experimental unit. Long-run data shall be
used to simulate and design the field plant.

The success of biological treatment mainly depends on bioaugmentation and
behavior of the inoculated strains (more resistant to polluted environment) where it
takes place. Therefore, it maintains the population of microbial strain into the
environment in spite of some microbial inoculums dead, wash out or predation by
other microbes like protozoa in the treatment plant (El Fantroussi and Agathos
2005). It is also noticeable that the periodic addition of isolated strain could provide
the system with specific sufficient biomass, and it could not justify the complex
operation and high cost. For the proper activity of inoculated strains without influ-
ences, other microbes establish the bioaugmentation upgrading contact oxidation
process. It proved to be a good solution toward the prevention of the microorganisms
from being washed out or grazed by other microorganisms such as protozoa (Daane
and Häggblom 1999; El Fantroussi and Agathos 2005). Zhan et al. (2006) worked on
the contact oxidation tank, bioaugmentation with mixed culture of specialized
bacteria targeting to various refractory organics. The mixed culture that includes
bacterial strains Pseudomonas, Bacillus, Acinetobacter, Flavobacterium, and
Micrococcus had been enriched from the activated sludge of various petrochemical
wastewaters through isolation and acclimation. By opting this method, the organic
loading rate (OLR) was increased stepwise from 0.04 to 0.5 kg COD/m3 d at the end
of the upgrading period as the flow rate reached the design value of 700 m3/d.

Combined bioaugmented and membrane separation-based systems are becoming
popular and exist at several petrochemical units in the pilot plant stage. However,
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due to the presence of contaminants into the wastewater, extensive pretreatment is
often required to maintain high performance (Ravanchi et al. 2009) of such system.

11.2.3.3 Textile Industries

Textile industries generate and discharge various types of pollutants into the
environment. Textile effluent is very complex in nature and contains highly pol-
luting compounds including dyes (Robinson et al. 2001). Apart from other dyes,
azo dyes are highly consumed (60–70%) in textile processing industries (Hunger
et al. 2004). Majority of dyes present in textile effluent including azo dyes are
xenobiotics, and they tend to persist under aerobic environment because of their
electron-withdrawing nature (Knackmuss 1996). Reductive cleavage of azo bond
(–NN–) has been reported under anaerobic condition and decolorizes the textile
effluent (Van der Zee and Villaverde 2005). The reduction of many azo dyes is,
however, a rather slow process (Kapdan et al. 2003; Méndez-Paz et al. 2005).

It is very important to know that unlike bacterial activated sludge, aerobic
white-rot fungi have potential to degrade varieties of recalcitrant compound and
different type of textile dyes (Fu and Viraraghavan 2001). Previous works done by
different researchers have shown that fungi have great potential to remove the color
and total organic carbon of effluent from textile industries (Hai et al. 2008; Kaushik
and Thakur 2009; Sahoo and Gupta 2005; Singhal and Thakur 2009). However,
textile wastewater after anaerobic treatment carries many other colorless organics
which are complex and difficult to degrade like aromatic amines. Many of these
organics are very toxic and generate during the anaerobic reduction of azo dyes
(O’Neill et al. 2000). Although some researchers have reported aerobic removal of
aromatic amines (IsIk and Sponza 2004), it still remains debatable (Lourenco et al.
2000). Therefore, decolorization is not the only performance parameter of WWTPs
in textile processing unit, but also TOC removal is very critical to monitor.

Degradation of xenobiotics, organics, and other dyes has been widely reported in
the literature using bioaugmented systems working on mixed microbial cultures.
Several researchers have reported that a higher level of biodegradation and min-
eralization can be achieved through cometabolic activities which take place inside a
microbial community complementing each other. The catabolic pathways of fungal
enzyme-like laccase have likewise been found responsible for dye decolorization
and degradation of azo dyes from textile processing effluent (Chivukula and
Renganathan 1995; Trejo-Hernandez et al. 2001). The metabolic pathways of
mixed cultures of Trametes versicolor and Pseudomonas putida have been
reportedly used for opening of the Acid Red 27 dye structure and subsequent
degradation (Hai et al. 2012). Knackmuss (1996) reported the degradation of
naphthalene sulfonates by a two-species mixed culture. Sphingomonas strain BN6
decomposes naphthalene-2-sulfonate into salicylate ion equivalents which are
actually toxic to strain BN6; therefore, in two-spices mixed culture, an organism
which is capable of degrading the salicylate ion is used as second complementary
specie. Isolation of a single bacterial strain from dye-containing wastewater samples
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is a very difficult task, and quite often, long-term adaptation strategies are employed
before the isolate is capable of using the pollutants as a respiratory substrate.
Several works have been reported in the literature, related to the biodegradation
ofcolored textile wastewater using mixed bacterial cultures.

Hai et al. (2011) reported almost complete removal of TOC using granular
activated carbon (GAC)-packed aerobic reactor. The GAC played the key role in
decoloration, while the aerobic zone was vital for TOC removal. Hai et al. (2008)
designed a membrane bioreactor containing a mixed microbial culture dominating
with fungi. The reactor reported a higher removal of color and TOC in comparison
with the conventional MBR.

11.2.3.4 Distillery Industries

Like other industries, distillery industry uptakes large volumes of water and dis-
charges highly polluted wastewater that is of serious environmental concern. The
distillery wastewater is characterized by highly loaded chemical oxygen demand
(COD) (80,000–100,000 mg/l) and biochemical oxygen demand (BOD) (40,000–
50,000 mg/l), apart from low pH, strong odor, and dark brown color (CPCB 2003).
The generation of wastewater from different stages of the distillation process in
distillery industry is termed ‘spent wash.’ Spent wash formed the combination of
amino acids and reducing sugars at high temperatures which is very harmful col-
ored compounds (Satyawali and Balakrishanan 2008). Alcohol manufacturing in
distilleries follows four main steps, viz. feed preparation, fermentation, distillation,
and packaging (Fig. 11.3) (Satyawali and Balakrishanan 2008). Various researchers
investigated and reported the presence of various genotoxic compounds in the
wastewaters discharged from distilleries (Mahimaraja 2004; Chandra et al. 2008)
regularly. Thus, it is very necessary to take proper remedial measures before final
disposal of distillery effluents.

Kaushik et al. (2010) isolated microbial strains (fungi and bacteria) from the
distillery mill site and used them for the removal of different nature of pollutants
from distillery effluent. Strains were used in two stages in sequential manner. In first
stage, fungal strain was used which could effectively absorb the shock loads, and in
second stage, bacterial strain was used. Fungal strain resulted in stable performance
besides the removal of colored compounds, whereas bacterial strain was effective in
removing most of the recalcitrant organic compounds and drastically reducing the
COD levels of the distillery wastewater.

White-rot fungus secretes ligninolytic enzymes, and these enzymes are reported
to degrade xenobiotics and organo-compounds found in distillery effluents. Among
the fungal strains, Phanerochaete chrysosporium and Trametes versicolor are most
widely studied among these (Gonzalez et al. 2000). P. chrysosporium JAG 40 was
used for decolorization of diluted synthetic melanoidin as well as for treating 6.25%
anaerobically digested spent wash and resulted in 80% removal of color (Dahiya
et al. 2001; Kumar et al. 1998). The fungus removes 82% color when used for the
treatment of 12.5% anaerobically–aerobically treated effluent. Out of the total color
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removal, 90% is reported to be removed biologically and the rest through
adsorption on the mycelium (Dehorter and Blondeau 1993). Miyata et al. (1998)
reported the decolorization of melanoidin pigment using extracellular H2O2 and
peroxidase which is produced by fungus Coriolus hirsutus. Kumar et al. (1998)also
used the fungus C. hirsutus for the treatment of anaerobically digested spent wash
and successfully reduced color by 71–75% and COD by 90%. Chopra et al. (2004)
used C. versicolor for the treatment of biodigested distillery wastewater. Friedrich
(2004) found F. flavus capable of detoxifying the distillery effluent due to (68%)
reduction in PAH. Besides, it also results (73%) in color removal.

Aspergillus sp is among the most popular filamentous species which has been
reported to be used for the treatment of distillery wastewaters (Friedrich, 2004). A.
niveus and A. niger were found capable of reducing color up to 60–69% and COD

Fig. 11.3 Process description: feed preparation, fermentation, distillation, and packaging
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up to 75–95%. Enhancement of seedling growth in Zea mays using treated effluent
was also reported in the literature (Angayarkanni et al. 2003; Miranda et al. 1996).
Ghosh et al. (2002) studied the use of two-stage bioreactor for treating the distillery
wastewaters. First-stage reactor based on Pseudomonas putida was followed by
Aeromonas sp.-based second stage reactor. The two-stage bioreactor significantly
reduces COD as well as color. One of the mechanisms satisfied for color removed
by P. putida produces hydrogen peroxide which is a strong decolorizing agent.
Besides (60%) color reduction, P. putida also result in (40%) COD reduction. Jain
et al. (2001, 2002) carried out the treatment of predigested distillery effluent with
Aeromonas formicans, and observed (57%) COD reduction and (55%) decease in
color during the study, also by the using B. cereus the reduction of COD and color
was (81%) and (75%), respectively. Kumar and Chandra (2006) use three isolated
strains Bacillus thuringiensis, Bacillus brevis, and Bacillus sp. for treating distillery
wastewater. The level of decolorization of melanoidins by each isolated was
observed between 1–31% range, however when used in consortium these isolates

Fig. 11.4 Schematic diagram of three-stage bioreactor for the treatment of distillery spent wash
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result up to 50% decolorization, and that is due to the enhanced effect of coordi-
nated metabolic interactions.
Multistage sequential biological treatment of effluent has been used very effectively
by Kaushik et al. (2010) in achieving very high treatment efficiencies, and the
treatment was carried out in three stages with 10% (v/v) MSM effluent. Treatment
was done by type I fungus in stage I followed by type II fungus in stage II and
finally in stage III by bacteria. A schematic diagram of three-stage bioreactor is
shown in (Fig. 11.4).

The treated effluent showed significant reduction in color (82%) and COD
(93%). The data imply that stepwise treatment using fungi and bacteria yielded
faster and better results in comparison with individual strain treatments.

11.3 Conclusion

Process industries consume high amount of water in their production process and
also generate high amount of wastewaters of complex nature. The contamination
present in wastewaters can bring about huge danger to flora and fauna such as
aquatic life and running them from aquatic organism to our food chain. It contains
so many different types of refractory organic contaminants which are not quan-
tifiable through BOD and hence goes unreported and remains unnoticed. These
contaminants generally result in color and toxicity in terms of clastogenic, car-
cinogenic, endocrinic, and mutagenic effects.

In order to ensure the production of high-quality treated wastewater from process
industries, bioaugmented treatment systems may be regarded as the most attractive
among the known techniques. By employing a specific microorganism adapted to
the wastewater, bioaugmentation technology can effectively enhance the removal of
refractory organics and toxic compounds. Bioaugmentation strategies include uti-
lization of enzymes, fungus, and bacteria as single strains, microbial consortium,
and additionally combination of bacterial–fungal treatment that can be able to
partially degrade or mineralize target compounds. Microbes can be isolated from
the site where they survive after long time of exposure to effluent.

Bacterial consortium is the better option for reducing the pollution load as
compared to single isolates. Although fungal strains are the good pollutant degra-
ders, they are not easy to handle. There are limited fungal consortium known for the
treatment of paper mill effluent, and it is because of their resistance activity and
larger incubation period. Also, sequential treatment could be a strong approach for
the treatment of PIWW effluents.
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Chapter 12
Fluoride Remediation from Drinking
Water

Neelam Rawat and Vinay Kumar Patel

Abstract Fluoride in potable water imposes intense effects to teeth and bones. In
this chapter, the adverse effects of fluoride contaminants in drinking water and their
remediation has been discussed. The fluoride remediation has been largely covered
in two sections reflecting the membrane techniques (reverse osmosis, nanofiltration,
dialysis and electrodialysis) and adsorption techniques (using adsorbents like
alumina/aluminium-based materials, clays and soils, calcium-based minerals, syn-
thetic compounds and carbon-based materials). In addition, some new remarkable
advancement in the fluoride remedial methods made in current year has been
discussed.

Keywords Fluoride � Adsorption � Reverse osmosis � Membrane
Drinking water

12.1 Introduction

Water is the most vital element for sustaining life on the earth. It is a natural
resource which is in abundance, i.e. about 71% of earth’s surface, among which
oceans itself holds 96.5%. Fresh water holds only 2.5% among which only 1%
(surface and ground water) is accessible to us as drinking water. But in today’s era
of urbanization and industrialization, water resources are getting polluted, and
hence, the availability as well as the quality of drinking water in developing
countries is degrading day by day.

Usually drinking water collected from surface water resources (wells, rivers,
ponds, lakes, etc.) along with groundwater resources is biocontaminated and also
have the presence of toxic anions (fluoride, arsenic, arsenite, nitrate, sulphate,
phosphate, chromate and selenate) which causes many diseases.
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Fluorine is a highly reactive electronegative element which has an extraordinary
affinity with a positively charged anion like calcium and magnesium. It is found in
the form of sellate (MgF2), cryolite (Na3AlF6), fluorspar (CaF2) and fluorapatite
[3Ca3(PO4)2Ca(F, Cl2)]. Fluoride enters into the groundwater by various mediums
like natural weathering, precipitation and leaching, besides anaesthetics, antibiotics,
fertilizers, pesticides (containing NaF), contaminated beverages/food products and
tooth paste industry are the major source of fluoride pollution in water.

Fluoride in drinking water is beneficial if its concentration is between 1 and
1.5 mg/L as specified by WHO (1984) and environmental protection agency (EPA).
It helps in calcification of dental enamel and maintains healthy bones. But if the
consumption of fluoride increases above the permissible limits (>1.5 mg/L), it
results in dental fluorosis and/or skeletal fluorosis (Sorg 1978). Besides fluorosis,
excessive ingestion of fluoride also causes muscle fibre degeneration, low hae-
moglobin levels, thyroid, gastrointestinal problems, abdominal pain, reduced
immunity, etc. In addition to the health problems to humans, the continuous use of
high-fluoride concentrate water in agricultural fields may adversely affect the crop
growth. Hence, it is imperative to lower down the fluoride level to permissible
limits from our water resources.

12.2 History and Remediation Processes

With the rapid growth in industrialization, water resources flooded with high level
of fluoride pose a great concern to sustainable growth of plants and animals. It has
been found that countries like USA, Africa, Thailand, Sri Lanka, India, Arabia,
Iran, Iraq, Kenya, Syria, etc., has high level of fluoride in groundwater, i.e. up to
30 mg/L or more (Mameri et al. 1998). Primarily there are three main solutions that
can minimize the problem of excessive fluoride in water supply and they are:

(a) By the use of alternative water resources.
(b) Dilution, i.e. mixing the contaminated water to the clean water to attain the

requisites.
(c) Defluoridation, i.e. removing excess of fluoride from drinking water.

The first two solutions, i.e. alternative water resources (like surface water,
rainwater and low fluoride ground water) and dilution alone cannot cater the high
demand of portable drinking water due to its insufficiency. So defluoridation of
drinking water is the only practical remedial solution of the problem of
high-fluoride contents in potable water. Fundamentally, the defluoridation tech-
niques can roughly be divided into:

1. Precipitation and coagulation
2. Adsorption techniques and
3. Membrane/layer techniques.
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12.2.1 Precipitation and Coagulation

This technique (Fig. 12.1) comprises the inclusion of coagulants (such as alum and
lime) into the water which agglomerate the fluoride particles thereby precipitating
it. This process occurs in two stages, i.e. firstly on addition of lime, precipitate is
formed followed by addition of alum in second stage causing coagulation.

Bulusu et al. (1979) of National Environmental Engineering Research Institute,
Nagpur, India, demonstrated a technique popularized as Nalgonda technique, in
which water is treated with alkali, chlorine and aluminium sulphate or aluminium
chloride or both to remove fluoride from drinking water. This process is cost
effective, and so, it is used at large scale in India. The Nalgonda process involves
the addition of lime and alum followed by flocculation or coagulation, precipitation
and filtration processes. Then, this treated water is passed through a microfiltration
membrane which physically separates metal contaminant particles from the
wastewater and the solids from the membrane are removed by periodically back
flushing it.

Advantages

• It is an established method.
• It is widely used in community level due to its low cost and effectiveness.

Limitations

• Inability to use in high-fluoride-level contamination.
• Large quantity of aluminium sulphate is needed (up to 0.7–1.2 g/L)
• High level of aluminium in treated water causes adverse health effects, since

aluminium has neurotoxic property.
• Skilled manpower is needed.

Fig. 12.1 Precipitation and coagulation process
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12.2.2 Adsorption Techniques

Adsorption is a process of addition of atoms or ions to the adsorbent’s surface from
a gas, liquid or dissolved solid. Since past few years, various adsorbent materials
are being utilized for defluoridation of potable water using economical and effective
adsorbing agent. Surface adsorption process has been an interesting area of research
for defluoridation of water for a few decades and has been frequently used in water
treatment plants in a large scale. Adsorption technique is widely used due to its low
cost, easy of operate, high reusability prospects and easy availability of adsorbent.
Most commonly used adsorbents are activated alumina, activated carbon, activated
alumina-coated silica gel, calcite, activated saw dust, activated coconut shell carbon
and activated fly ash, groundnut shell, coffee husk, rice husk, agnesia, serpentine,
tricalcium phosphate, bone charcoal, activated soil sorbent, carbon, defluoron-1,
efluoron-2, etc. (Kariyanna 1987; Barbier and Mazounie 1984; Muthukumaran
et al. 1995; Rongshu et al. 1995; Min et al. 1999; Wang and Reardon 2001; Nava
et al. 2003; Padmavathy et al. 2003; Thergaonkar and Nawalakhe 1971).

Fan et al. (2007) have described the process of adsorption on the solid particles
takes place in three steps and they are:

1. External mass transfer: fluoride (F−) ions diffuse/transport to the outer surface of
the adsorbent from bulk solution across the boundary layer surrounding the
adsorbent particle;

2. Fluoride ions adsorb on to the surfaces of particle;
3. It is probable that the adsorbed fluoride ions exchange with the structural ele-

ments inside adsorbent particles as per the chemistry of solids, or there is
transfer of adsorbed fluoride ions to the internal surfaces for porous materials
(intra-particle diffusion).

Table 12.1 indicates the availability and their efficiency/economy of some of the
commonly available absorbents for fluoride removal. Boruff (1934) was among the
first researchers who have worked in the area of removing excess fluoride level
from potable water (Davey 1939; Fink and Lindsay 1936; Adler et al. 1938). He
tested aluminium sulphate, sodium aluminate, zeolite, activated alumina and
bauxite as aluminium-based materials and also explored the appropriateness of
common adsorbents comprising silica gel, sodium silicate and ferric salts.

Table 12.1 Accessibility of common adsorbents for fluoride elimination (Ndé-Tchoupé et al.
2015)

Material Comments Availability

Metal oxides and hydroxides Reveal relatively low efficiency without
physico-chemical modification

Low

Biosorbents Very high

Geomaterials High

Carbonaceous materials,
industrial by-products

Typically need costly physico-chemical
activation

Low

Bone char Produced by carbonizing animal bones High
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12.2.2.1 Activated Alumina and Aluminium Compounds

Activated alumina is most widely used adsorbent for removing fluoride from water.
Savinelli and Black have studied the activated alumina for removal of fluoride a
long back (Sovinelli and Black 1958). Johnston and Heijnen (2002) demonstrated
the selectivity sequence of anion adsorption on activated alumina in the pH range of
5.5–8.5 as following:

OH� [H2AsO�
4 [ Si OHð Þ3O� [HSeO�

3 [ F� [ SO�
4 [CrO�

4 [ HCO�
3 [Cl� [NO�

3 [Br� [ I�

The only disadvantage of activated alumina as an adsorbent is that it works only
on pH below 6 which is not suitable for practical applications. Also, it has been
reported that alumina causes adverse effect on human health by causing
Alzheimer’s disease and has other health hazards too (Davison et al. 1982; Crapper
et al. 1973; Miller et al. 1984; Martyn et al. 1989). The efficiency of activate
alumina for removing fluoride is affected by the hardness, pH and surface loading
of alumina adsorbent.

In recent years, researches have been done to use impregnated alumina with
low-cost porous solids. Lanthanum (III)- and ytterbium (III)-impregnated alumina
has shown satisfactory results for the removal of fluoride from the drinking water
(Wasay et al. 1996). Tripathy et al. (2006) has investigated the fluoride removal
from water through adsorption by using alum-impregnated activated alumina
(AIAA) and found that the removal of fluoride increases with increase in pH up to
6.5 and also that AIAA can remove fluoride up to 0.2 mg/L from water having
20 mg/L of fluoride, i.e. about 92.6%.

12.2.2.2 Activated Carbon

The most commonly used adsorbents are activated alumina and activated carbon.
Mckee and Johnston examined the utilization of powdered activated carbon for-
mulated from various raw materials for fluoride removal and found satisfactory
performance (Mckee and Johnston 1934). The process was found to be dependent
on pH displaying good results only at pH 3 or less. Therefore, the pH adjustment
makes this material and process expensive. Many researchers has worked on
evolving new adsorbents which uses metal ions for defluoridation, and it has been
concluded that aluminium impregnated carbon is 3–5 times more effective in
eliminating fluoride from drinking water as compared to plain activated carbon
(Ramos et al. 1999). When manganese oxide (MnO)-coated granular activated
carbon adsorbent was applied for the removal of fluoride from water, its adsorption
capacity was found to be enhanced by three times as compared to that of uncoated
granular activated carbon (Ma et al. 2009).
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12.2.2.3 Zeolites

Zeolite occurs naturally in crystalline alumina-silicates, having a tetrahedron
structure which has four oxygen atoms attached to relatively small silicon or alu-
minium atom. They can be produced synthetically as well. Zeolite has an ion
exchange property which makes it suitable for waste water treatment for removal of
contaminants. Clinoptilolite is the most commonly known and used zeolite in
pollute control (Akgul et al. 2006; Karadag et al. 2008). In order to enhance the
adsorption and catalysis properties of zeolites, modifications are performed on it.
These modifications are done by using three techniques, viz. skeleton element,
non-skeletal element and surface modification, among which non-skeleton element
modification method is the most widely used method to modify the zeolite. The
basic zeolite process is shown in Fig. 12.2. This is done by using ion exchange or
impregnation method by treating the zeolite in the inorganic acids or salts of metal
(Bowman 2003; Pang et al. 2007; Hu et al. 1999). Natural STI zeolite was modified
by Fe (III) ion and batch sorption studies were conducted for defluoridation of water
having maximum adsorption capacity of 2.31 mg/g. The studies showed that
fluoride level can be reduced to 1 mg/L under optimum conditions. Exhausted Fe
(III)-STI zeolite was then regenerated by using 1 mol/L HCl eluent, and it was
found that regenerated samples has remained with good adsorptive performances
(Sun et al. 2011).

Underdrain

Zeolite

Upper Distributer

Effluent

Influent

Fig. 12.2 Basic zeolite process
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12.2.2.4 Geomaterials

Das et al. (2005) investigated the adsorption of fluoride on thermally activated
titanium-rich bauxite (TRB). The adsorption capacity of TRBwas found to be greatly
enhanced when it was thermally activated at moderate temperatures in the range of
300–450 °C. Adsorption process was examined to be rapid with maximum level
accomplished within 90 min. The uptake of fluoride was reported to increase with
increasing pH, being a maximum at pH range of 5.5–6.5, and thereafter, the uptake
was found decreasing. The uptake process offluoride from drinking water was found
independent of the common interfering ions present in the water, thus clearly indi-
cating the fluoride-specific sorption behaviour of TRB. Nickel laterites and chromite
mine overburden commonly comprise high content of iron and small amounts of
alumina, chromium, cobalt, nickel, manganese. Due to their high iron content in the
form of goethite, Sarkar et al. studied the mechanistic function of laterite in removal
offluoride and demonstrated that the mechanism offluoride adsorption is dictated by
the zero point charge of laterite, and the pH plays a very vital role through influencing
the surface characteristics of laterite (Sarkar et al. 2006).

12.2.2.5 Bone Char

Bone char is found to be the most affordable and efficient substitute to natural
tourmaline and activated alumina for fluoride removal and the experiments shows
that the fluoride removal rate is greater in it. Bone char column adsorption
experiments also specify that the fluoride elimination tendency is affected by the
flow rate and bed height. Although it has many benefits, like in addition to fluoride
it can remove other soluble contaminants like arsenate, dyes and heavy metals
(Rojas-Mayorga et al. 2015) and low cost, it still is not widely used for removing
fluoride from drinking water because of its unpleasant taste and fresh bone handling
problems (Jagtap et al. 2012).

12.2.2.6 Low-Cost Materials

Other natural low-cost materials that can remove fluoride from drinking water are
kaolinite, lignite, charfines, bentonite and nirmali seeds, etc. Researches have been
done to get the best alternative which has the highest fluoride removal rate and that
can also be used in practical applications. It was found that bentonite and charfines
have approximately same fluoride removal rates, but charfines is considered for
fluoride removal since it can work in both batch as well as continuous processes as
compared to bentonite which can only be used in continuous process Srimurali et al.
(1998). Srimurali et al. have also demonstrated that the fluoride elimination
increases with time and then approaches a constant value, also with the size of
adsorbent it increases as the size decreases. The fluoride elimination rate is
dependent on the pH of the water, and as the pH increases the efficiency of fluoride
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removal decreases while it has no effect on the chemical pretreatment of sorbent
Srimurali et al. (1998).

12.2.2.7 Miscellaneous Materials

Mohan et al. have studied the use of a green waste-based biochar for the removal of
fluoride from the drinking water which was obtained as a by-product of the biooil
production. In the experiment, they used pine wood as well as pine bark which was
first pyrolyzed in auger-fed reactor (1 kg/h) at a temperature of 400 and 450 °C and
then added to water having a pH range of 2–10. The adjustment of pH of water was
made by using H2SO4. The batch sorption studies of biochars for the elimination of
fluoride showed best results at pH 2 while it goes on decreasing on higher pH
levels. The fluoride elimination from pine wood char was found higher than that of
pine bark char. Fluoride sorption is well described by Langmuir adsorption model
(2012). Also it has been concluded that the fluoride sorption capabilities of biochars
are greater than or comparable to that of activated carbons and many other materials
used till date for the defluoridation of water. The use of corn stover biochar is also
seen in the research of Mohan et al. in which he prepared the biochar by slow
pyrolysis at 500 °C. It was then magnetized by mixing aqueous biochar suspension
with aqueous ferrous/ferric solution, followed by aqueous NaOH treatment. Both
corn stover biochar (CSBC) and magnetic corn stover biochar (MCSBC) indicated
the successful treatment of fluoride contaminated water. Also a decrease in
adsorption capacity was found in both CSBC and MCSBC with the increase in
temperature (2014).

Mohapatra et al. demonstrated the synthesis and application of additive-assisted
nanogoethite (a-FeOOH). Goethite is an iron bearing oxide mineral which is widely
used as an adsorbent because of adsorption of oxyanions and cations in its complex
matrix. In the study, Mohapatra used hydrazine sulphate additive to assist the
nanosized goethite particles. In the experiment, it was found that on increasing the
Cl− and sulphate ion concentration, the adsorption of fluoride decreased. Also the
fluoride concentration from the water can be reduced to 0.5 mg/L when batch
sorption process was used in three stages having a pH range of 6–8. The maximum
adsorption capacity of about 59 mg/L of goethite was observed (2010).

Bleaching powder being a disinfectant has also been applied as an adsorbent
materials for fluoride removal from water. At pH 6–10, defluoridation from water
occurred due to adsorbent behaviour of bleaching powder as well as by precipi-
tation in the form of calcium fluoride, at a dose of 50 g/L (Kagne et al. 2009).
Besides all these adsorbents, some researchers have also examined the different
types of adsorbents like potassium permanganate modified carbon derived from
steam pyrolysis of rice straw, hybrid thorium phosphate composite, granular acid
treated bentonite, etc., for the elimination of fluoride from the potable water
(Daifullah et al. 2007; Islam et al. 2011; Ma et al. 2011).

Despite of using adsorption technique over past 80 years, and having advantages
like low-cost treatment and effective fluoride removal (i.e., up to 1.5 mg/L), there
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are still some limitations of this technique which has been listed by (Maheshwari
2006) and these are as follows.

Limitations

• The procedure is greatly pH dependent, i.e., operates well only to pH of 5–6.
• High concentration of salts and TDS in water can lead to fouling of the alumina

bed.
• Interference of other ions like sulphate, phosphate, carbonate, etc., in adsorption

of fluoride ion.
• This technique has poor integrity, low adsorption capacity and also there is a

need of pretreatment.
• Constant needs of regeneration in every 4–5 months and also after each

regeneration the effectiveness of absorbent decreases.

12.2.3 Membrane Techniques

Membrane techniques are those which use a semipermeable membrane to separate
the ions from the water. Fundamentally, it is divided into three main sections, viz.
reverse osmosis (RO), nanofiltration (NF) and dialysis and electrodialysis
processes.

12.2.3.1 Reverse Osmosis

Although there are many conventional techniques to purify the water which are
being used since long ago and considered to be cost effective, due to their ineffi-
ciency to work on higher pH level (>6), non-user friendly nature and long payback
period new techniques are being used nowadays. Reverse osmosis (RO) membrane
technique gives water of extreme water purity level (Arora et al. 2004; Fu et al.
1995; Schneiter and Middlebrooks 1983). RO is the technique in which the soluble
contaminants are eliminated from water by applying a pressure which overcomes
the natural osmotic pressure, and hence, forces the clean water to pass through the
semipermeable membrane by restricting the flow of contaminants. Ndiaye et al.
(2005) demonstrated fluoride removal with RO technique and found that fluoride
removed was higher than 98% with consideration that RO membranes were fully
regenerated after each set of experiments. The determining factors for the selection
of membrane of RO are cost, recovery, rejection, raw water characteristics and
pretreatment. The efficiency of the RO system is greatly influenced by the pressure,
temperature, raw water characteristics and regular monitoring and maintenance, etc
(Fig. 12.3).

12 Fluoride Remediation from Drinking Water 219



12.2.3.2 Nanofilteration (NF)

NF is similar in operation to RO technique with the slight difference that in NF
membranes there are comparatively larger pores which in turn lowers the applied
pressure to remove the fluoride content from the water. NF has faster flow rate and
is less exhaustive process than RO.

In past years, the membrane technology was not so popular due to its high costs
but now, with the advancement in technology and increasing demands of safe
drinking water it is being widely used. Furthermore, the operational and capital
costs of the RO plant are now decreasing with the increase in plant capacity (Babra
et al. 1997). Many researchers have (Arora et al. 2004; Drioli et al. 1999) studied
the use of membrane technique for portable water production and have come up
with many conclusions. Some of the advantages and limitation are as follows:

Advantages

• The membrane technique is highly effective with an another advantage that the
membrane can trap other contaminants like pesticides, microbes, heavy metals,
etc., from the water.

• It is a continuous process for water supply.
• Since it is a physical process, so there is no need of chemicals.
• Membranes generally have a long life so regeneration or replacement is not

needed frequently.
• It also works under a wide-ranging pH.
• The interference by other ions has not been found.
• The process is simple, reliable and fully automated with minimum or no

manpower requirement.

Fig. 12.3 Reverse osmosis process
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Limitations

• It eliminates all the ions including essential minerals present in water, so rem-
ineralization is also required after treatment.

• The process is relatively expensive.
• Most of the water gets wasted as brine, and hence, not suitable for water having

high salts and TDS (total dissolved solids).
• Also the disposal of brine is a problem.

12.2.3.3 Dialysis and Electrodialysis

Dialysis is a process in which the separation of solutes present in a liquid is driven
by transport of solute through the membrane instead of retaining the solutes
(Donnan effect) while water passes through it as in RO and NF (Donnan 1995). In
electrodialysis the ionic components from the water are removed through ion
exchange membranes under the influence of an electric field. Hichour (Hichour
et al. 2000) investigated the Donnan dialysis process in a counter current flow
arrangement in which the anion-exchange membrane was loaded with NaCl and the
feed was NaF together with other sodium salts, and it was found that fluoride
migrated to the receiver while other ions to the feed.

12.3 Conclusions

Presence of fluoride in the drinking water is a major concern to the health of the
mankind. So, it is of utmost importance that a research group should identify the
source and cause of contaminants in the drinking water, and henceforth, find the
most effective remedy process to solve this problem. Also the effective methods are
to be developed which will help both urban as well as rural areas. In view of
selection of appropriate method considering its suitability, efficacy, economy, and
an overview of different processes have been discussed.
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Chapter 13
Applications of Remote Sensing
and GIS in Water Quality Monitoring
and Remediation: A State-of-the-Art
Review

Meenu Ramadas and Alok Kumar Samantaray

Abstract Recent advancements in the field of remote sensing and geographic
information systems (GIS) have made it possible to conduct large-scale water
remediation studies. Using improved spectral and spatial resolution sensors and
geospatial modeling techniques, water quality parameters such as chlorophyll-a,
algae bloom, turbidity, suspended sediments, and mineral content in water bodies
including groundwater are being monitored at low cost and with greater accuracy.
Integration of these technologies with field monitoring have successfully aided in
identification of contamination zones and sources of contamination, and for
developing strategies for remediation. High-resolution mapping of contamination
zones will further help in allocating remediation efforts to the critically affected
areas. This chapter investigates the status of ongoing research in the domain of
remote sensing and GIS for water quality monitoring and management, and
remediation of water resources.

Keywords Remote sensing � Water quality � Water remediation
Contamination mapping � GIS

13.1 Introduction

Water quality is known to determine the health of society and ecosystems, and any
deterioration in its quality presents a risk to human health, food productivity, and
biodiversity (Ritchie and Cooper 2001; Tebbs et al. 2013). Water bodies and supply
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systems that cater to the water demands of the society are often contaminated by
chemical/oil spills, leaks of industrial tanks and pipelines, chemicals from pesticide
and fertilizer, and leachates to underground water aquifers from landfills, and septic
systems. The common contaminants include arsenic, cadmium, chloramine, chro-
mium, copper, fluoride, bacteria and viruses, lead, nitrates/nitrites, mercury, per-
chlorate, radium, selenium, silver, and uranium. Besides these, there are the
emerging contaminants: from pharmaceuticals, personal care products (PCPs), and
endocrine disrupting compounds (EDCs), whose effect is not fully understood yet
(Petrovic et al. 2004).

Water remediation is the process that deals with the control of water pollution as
well as removal of the different types of contaminants from sources of water supply.
The process has multiple objectives, ranging from water purification to the safe
disposal of residues in an environment-friendly manner. Therefore, several in situ and
ex situ strategies (biological, physical, and chemical treatment methods) are
employed in remediation of water bodies until the water meets the purity standards
set by State and National/Federal agencies. Various parameters such as chlorophyll-a
concentration (chl-a), turbidity, salinity, Secchi disk depth (SDD), temperature, pH
(acidity/alkalinity), total dissolved solids (TDS), total suspended solids (TSS), total
organic carbon (TOC), total hardness (TH), and concentrations of potassium (K),
phosphorus (P), and nitrogen (N) are evaluated in water quality studies (Kulkarni
2011; Gholizadeh et al. 2016). The contaminant concentrations set by the standards
vary for drinking water and water to be used for agricultural purposes.

Field monitoring by collecting water samples from water bodies at regular
intervals has been the primary source of information on water quality for moni-
toring purposes. However, the time and costs associated with this exercise is a
concern while conducting large-scale spatiotemporal studies on water quality of
freshwater systems.

There are natural and anthropogenic activities or events that alter the natural
condition of the water with time, such as wildfires, thunderstorms and heavy
rainfall, changes in vegetative cover or forest clearing, cultivation, and fertilizer
application. Fortunately, technological advancements in the last few decades have
provided solutions through remote sensing and geographical information systems
(GIS) platforms, to address several natural resources-related issues. The changing
composition and properties of coastal waters and inland water bodies, sources of
pollution, and transport of contaminants can be measured through remote sensing
with synoptic scale coverage (Markogianni et al. 2014; Kallio et al. 2015). Satellites
are helpful in oil spill disaster response by providing monitoring/assessment for
remote locations (Brekke and Solberg 2005; Jha et al. 2008). Several authors
including Griffith (2002), Ritchie et al. (2003), Shen et al. (2012), Kumar and
Reshmidevi (2013), Palmer et al. (2015), and Gholizadeh et al. (2016) have
extensively reviewed the remote sensing approach to water quality monitoring.

Remote sensing-based techniques have been found to assist with water quality
monitoring and management; however, geographical information systems (GIS) is
what makes it possible to seamlessly link water quality monitoring in space and
time with remediation strategies at reduced costs. GIS has also facilitated the
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collection of data, and communication of water quality hazards in real time, through
display maps. This chapter reviews the applications of remote sensing and GIS in
monitoring of water quality and remediation of water resources, both surface and
ground water. The rest of the chapter is organized as follows: Sect. 13.2 describes
the scope of remote sensing and GIS in water quality monitoring and remediation,
Sects. 13.3 and 13.4 discuss the various applications of these techniques in surface
and groundwater quality studies, respectively. Section 13.5 addresses the future
scope of remote sensing and GIS in water quality studies, and Sect. 13.6 summa-
rizes the findings based on the review.

13.2 Remote Sensing and Geographical Information
Systems (GIS)

13.2.1 Scope of Remote Sensing

Remote sensing works on the principle that different constituents of water reflect or
emit different amount of energy in different wavelength ranges (or bands) of the
electromagnetic spectrum that falls on them. Pollutants in water may change the
reflectance of water based on their structural, chemical, and physical properties
(Jerlov 1976; Kirk 1983). Sensors aboard different remote sensing satellites and
aerial vehicles are able to record the reflected/emitted energy, and that is processed
to form an image that provides valuable information on the extent of contamination
of water bodies and concentration of contaminants.

The process of remote sensing requires a steady source of energy that can emit
electromagnetic radiations in the wavelength regions to be sensed by the sensors.
Direct sources such as radar and indirect sources such as the Sun are examples of
energy sources. Remote sensing sensors that use the natural sources such as the Sun
are known as passive sensors, whereas sensors that utilize their own source of
energy are active sensors (Lillesand and Kiefer 1994). The images retrieved from
remote sensing vary in quality based on different sensor characteristics such as their
spatial resolution, spectral resolution, radiometric resolution, and temporal resolu-
tion. When they operate in the visible, near-infrared (NIR), middle infrared (MIR),
and shortwave infrared (SWIR) portion of the electromagnetic spectrum
(300–3000 nm), it is known as optical remote sensing, those operating in thermal
range of electromagnetic spectrum (3000–5000 and 8000–14,000 nm) constitutes
thermal remote sensing, whereas microwave remote sensing employs microwaves
in the wavelength range of 1 mm to 1 m of electromagnetic spectrum.

Satellite images are freely as well as commercially available at various spatial
resolutions, namely Moderate Resolution Imaging Spectroradiometer (MODIS),
Medium Resolution Imaging Spectrometer (MERIS), WorldView-2, WorldView-3,
Landsat 5 TM, Landsat 7 ETM, Landsat 8, GeoEye, NOAA AVHRR, IKONOS,
Nimbus 7, Formosat, Cartosat, Advanced Space borne Thermal Emission and
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Reflection Radiation (ASTER), Indian Remote Sensing (IRS) LISS-3 and P6,
QuickBird, HICO, SeaWIFS, and SPOT HRV. There are multispectral images that
have multiple image layers, each layer representing image acquired at a particular
wavelength band. For instance, SPOT HRV uses radiations in three wavelength
bands: the green (500–590 nm), red (610–680 nm), and NIR (790–890 nm) bands,
and IKONOS uses four bands in the spectrum: blue, green, red and NIR, while a
Landsat TM has seven bands: blue, green, red, NIR bands, two SWIR bands, and a
thermal IR band. In addition to remote sensing satellites, hyperspectral airborne
missions are conducted to assess water quality. AVIRIS, HYDICE, Hymap, MVIS,
DAIS, CASI 1500 are few examples of airborne sensors used in water quality
studies. Microwave radiometers (MWR) measure microwave emissions from
topographic features to assess sea surface temperature (SST) and water quality
parameters such as salinity. AQUA, TRMM, Nimbus 5, Nimbus 7, and SEASAT
satellites work in the microwave range of the electromagnetic spectrum.

As mentioned earlier, the spectral signatures collected by sensors provide infor-
mation on contaminants and their concentration. Spectral reflectance of water is low in
all parts of the electromagnetic spectrum. However, reflectance increases in the visible
portion due to different materials suspended in water (Lillesand and Kiefer 1994) and
helps in distinguishing between clear water and the sediment-laden water. With
increased algae concentration, the reflectance will increase across most of the wave-
lengths. Similarly, plant canopy light reflectance property could be used to detect the
presence of weeds in water bodies. Water hyacinth has higher NIR reflectance than
other plant species and water. Hydrilla has lower NIR reflectance than other plant
species but higher NIR reflectance than water. Water hyacinth and hydrilla are similarly
distinguishable in color infrared (CIR) imagery; they have bright orange-red and
reddish-brown image responses, respectively (Everitt et al. 1999).

13.2.2 Scope of GIS

Geographical information systems (GISs) are a powerful tool in natural
resource-related studies. According to the ESRI (1990), it encompasses use of
computer hardware, software, geographic data, and personnel designed to work with
all forms of geographically referenced information. This integration of topographical
features with physical parameters has enabled decision making and has been used
extensively to monitor changes in land use–land cover, changes in population den-
sity, housing, and flood zone mapping. GIS database works with different thematic
maps or layers that carry different types of information such as elevation, soil type,
land use, and population density, to name a few. The information in any two layers
may be combined and transformed into a new layer for research studies. There are
primarily two data types in GIS: (i) raster data that stores geographic information in
pixels, and (ii) vector data that stores geographic features in the form of points, lines,
and areas. The spatial resolution of a raster is defined by the size of each pixel, and it
is suitable for attributes that exhibit a high degree of variation in space.
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GIS is highly useful for making decisions based on spatial data that have been
collected from field sampling and remote sensing. Using hand-held global posi-
tioning system (GPS) units, coordinates of the field locations where water quality
samples are collected can be recorded, and then entered into the GIS database.
Information from satellite images, aerial photographs, soil maps, topographic maps,
and local survey maps can be incorporated in GIS. In water quality management
and remediation studies, GIS may be used to investigate, for instance, the spatial
relationship between contaminant concentrations and topography or land use–land
cover or soil type (Srinivasa Rao and Jugran 2003; Everitt et al. 1999). Similarly,
GIS allows hazard zone mapping for pollution in water bodies and agricultural
lands adjacent to water bodies. GIS enables monitoring changes that have taken
place over time within a watershed/area and linking changes in water quality with
these changes (Oikonomidis et al. 2015).

13.3 Surface Water Quality

13.3.1 Surface Water Quality Monitoring

Over the last few decades, remote sensing and GIS have been successfully utilized
in surface water quality monitoring studies. For studies on inland and coastal water
bodies, limnologists have been using satellite images from ERTS-1/Landsat 1
launched since 1972 (Bukata 2013). An integrated research framework involving
spatial features, data collected, and computational database is an essential com-
ponent for these studies (Ritchie et al. 2003). Sensors mounted on satellites and
airplanes measure the amount of radiation at various wavelengths reflected from the
surface of water bodies that are then translated to different water quality indicators.
With advancements in the field of remote sensing, parameters such as TSS, chl-a,
turbidity, and SDD are monitored fairly well.

Aerial photographs collected during remote sensing are analog images, whereas
satellite imagery is digital, i.e., they are composed of pixels. The intensity of a pixel
is recorded as a digital number (DN), taking an average value for the whole pixel
area. The exact range of DN of a sensor depends on its radiometric resolution
(0–63, 0–255, or 0–2047). The satellite imagery undergoes processing, i.e., con-
version of raw digital numbers into a meaningful spectral radiance value. Using
calibration curve of DN to radiance prepared by the satellite operators, DN is
converted into spectral radiance L as shown in Eq. (13.1). For instance, conversion
of 8 bit (DN in the range 0–255) Landsat imagery requires value of gain and bias of
the sensor in each band:

L ¼ Biasþ Gain � DNð Þ ð13:1Þ

where L denotes the spectral radiance. While gradient of the calibration gives gain,
bias is obtained as the spectral radiance of the sensor for a DN value of zero. The
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spectral radiance values of different features are then converted to planetary
reflectance as shown in Eq. (13.2) so that they are comparable across sensors and
time.

P ¼ p � L � d2� �
= Irradiance � sin p � sun elevation angle=180ð Þð Þ ð13:2Þ

where P is reflectance, i.e., the ratio of radiance to irradiance, and it is a stan-
dardized measure. The Earth–Sun distance (d) and sun elevation angle data vary
with the date of image acquisition. Exo-atmospheric/planetary solar irradiances are
specifically available for different bands of different satellite sensors. Atmospheric
correction algorithms are then applied so that attenuation effects caused by aerosol
scattering and absorption by water vapor, ozone, oxygen, and carbon dioxide are
removed from surface reflectance retrievals (Martins et al. 2017).

In the early 1970s, studies had developed statistical relationships between
spectral properties from sensors and water quality parameters (Ritchie et al. 1974,
2003). These empirical equations were of the forms given by Eqs. (13.3) and
(13.4):

Y ¼ AþB � X ð13:3Þ

Y ¼ A � BX ð13:4Þ

where Y is the remotely sensed radiance/reflectance, and X is a water quality
parameter such as chl-a or suspended sediments. A and B in this equation are
empirically derived factors. A simple example of application of reflectance values
in water quality studies is in the estimation of normalized difference vegetation
index (NDVI). The NDVI algorithm is given by Eq. (13.5); it utilizes red and NIR
reflectance values:

NDVI ¼ NIR� Redð Þ= NIRþRedð Þ ð13:5Þ

Over water bodies, negative NDVI values (close to −1) indicate the presence of
water whereas positive NDVI values indicate presence of contaminants (Holme
et al. 1987; Akbar et al. 2014). Previous studies have suggested that watershed
vegetation cover reflects the runoff characteristics and water quality (Munn 1988;
Kelly and Harwell 1990; Jones et al. 1997). Study by Griffith et al. (2002) and
Griffith (2002) concluded that the NDVI performed better than landscape pattern
metrics or land use/cover proportion information in explaining variation in water
quality parameters. For instance, suspended solids and nitrate concentrations were
found to be correlated with NDVI values at watershed scale (Chu et al. 2013).
Previous studies have developed quantitative relationships between water-leaving
radiance received by satellite, and in situ measured suspended particles concen-
tration data (Curran and Novo 1988). Similarly, chlorophyll content can be esti-
mated using Eq. (13.6) (Harding et al. 1995):
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log10 Chlorophyll½ � ¼ aþ b � � log10 Gð Þ ð13:6Þ

where a and b are empirical constants obtained from field measurements, G is
[(R2)

2/(R1 * R3)] and R1 is radiance at 460 nm, R2 is radiance at 490 nm, and R3 is
radiance at 520 nm.

The algorithms used for water quality monitoring can be summarized as
empirical models (Tassan 1993), physical models based on radiative transfer theory
(Doerffer and Fischer 1994), and semi-analytical models that combine physics with
statistical methods (Zhang et al. 2016). A review by Odermatt et al. (2012) details
the suite of band arithmetic and spectral inversion algorithms used to estimate
optical properties of water. Kaba et al. (2014) list few of the studies that have
reported correlations between MODIS measured reflectance and turbidity, total
suspended matter (TSM), suspended sediment concentration (SSC), and/or TSS. In
a recent study, Tebbs et al. (2013) developed an algorithm for monitoring of chl-a
that indicates presence of cyanobacterial biomass, by utilizing its strong correlation
with Landsat reflectance ratio, R835/R660.

Landsat satellite imagery has been used extensively by scientists for water
quality monitoring. Landsat is the National Aeronautics and Space Administration’s
(NASA) Earth observation program that provides imagery since 1972. It is
equipped with MSS (Multispectral Scanner), TM (Thematic Mapper), and ETM+
(Enhanced Thematic Mapper Plus), and covers majority of the Earth’s landmass. As
early as the 1980s, the imagery from this mission was put to use. Nelson et al.
(2003) utilized Landsat 7 Enhanced Thematic Mapper Plus (ETM+) imagery of the
lower peninsula of Michigan, USA, for monitoring the lake water clarity. Zhang
et al. (2003) had used a combination of Landsat TM bands and ERS-2 SAR-derived
backscattering coefficients to estimate parameters such as turbidity, SDD, and
suspended sediment concentration for the Gulf of Finland region. In a series of
studies conducted by Hellweger et al. (2004), estuarine turbidity of Hudson River
and the eutrophic extent of East River in New York were mapped, as the SDD and
chl-a had a good correlation with Landsat TM red reflectance and with the ratio of
Landsat TM green to red reflectance (TM2/TM3), respectively. Alparslan et al.
(2007) had mapped chl-a, suspended solids, turbidity, and total phosphate at the
Ömerli Dam site using Landsat ETM satellite image. This was achieved by
exploring the relationship between pixel reflectance bands 1–4, and the water
quality parameters. The parameters chl-a, suspended matter, and turbidity change
the watercolor. Chl-a, in fact, have high reflectance in green and low reflectance in
red bands, and similarly, TSS also correlates with ratios, logarithmic transforma-
tions and likewise combinations of Landsat TM spectral bands (Kulkarni 2011). In
fact, coastal salinity studies on estuarine regions have also been benefitted by the
remote sensing satellites. Survey of spatial variation of turbidity and TSS at Pearl
River Estuary, China, was carried out using EO-1 ALI satellite imagery. The
Advanced Land Imager (ALI) instrument on NASA EO-1 was meant for econo-
mizing future Landsat satellites, in terms of mass, size, power consumption, and
cost, and improved instrument sensitivity and image resolution (Digenis 2005).
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Kilham et al. (2012) developed models for measuring the suspended sediment
concentration (SSC) in Feather River, California, USA, especially under flood
conditions, using Landsat remote sensing images. They applied the sediment
mineralogy and particle-size distribution and calibrated above-water reflectance
field spectra with known SSC values in their algorithm. Kutser (2012) had evalu-
ated performance of Landsat satellite images for studying lake carbon content by
mapping colored dissolved organic matter (CDOM) changes in Sweden.

Similarly, Choubey and Subramanian (1990) had explored the capabilities of
IRS 1A-LISS 1 for measurement of suspended solids in Tawa Reservoir, India.
They concluded that the grain size and mineral composition of sediments affect
reflected radiance in visible wavelength bands 1, 2, and 3, especially at lower
concentration levels. Among other satellites utilized, Matthews et al. (2010) had
investigated on empirical algorithms for estimating chl-a, TSS, absorption by
CDOM and SDD of Zeekoevlei lake, South Africa, using the imagery from
Medium Resolution Imaging Spectrometer (MERIS) onboard the European Space
Agency’s (ESA) Envisat. Besides these, MERIS satellites were used previously for
inland water quality monitoring in moderately sized water bodies, for detecting
chl-a (Giardino et al. 2005), and phycocyanin (PC, Simis et al. 2005). Recent
technological advancements and sensors such as Airborne Visible/Infrared Imaging
Spectrometer (AVIRIS) and Airborne Imaging Spectrometer for Applications
(AISA) have enabled remote sensing to assist in oil spill response and monitoring.
Figure 13.1 shows the images of oil spill along Louisiana Coast, USA, in true color
and false color obtained from the Multi-angle Imaging SpectroRadiometer (MISR)
instrument onboard NASA’s Terra spacecraft. The extent of the spillover a 100 km
by 100 km region could thus be visualized using remote sensing imagery. In
Fig. 13.1, in the true color image on the right-hand side, the oil film is visible in
blue-black shade, near the Mississippi River Delta in Louisiana (NASA 2010). In
the suite of high-resolution spaceborne sensors, the QuickBird satellite of
DigitalGlobe offers highly accurate, commercial high-resolution imagery.
QuickBird satellite imagery was used by Yüzügüllü and Aksoy (2011) for identi-
fication of eutrophic zones in the Lake Eymir region, wherein the authors developed
an ANN model to derive SDD values using the red, blue, green, and NIR bands.
SDD can assess the eutrophic characteristics of the lake. Akbar et al. (2014) had
established a Landsat 5 TM-based water quality index that relates the planetary
reflectance (utilizing four spectral bands—blue, green, red, and NIR) to monthly
ground measured data. Their index had five classes of water quality (excellent,
good, fair, marginal, and poor), and six classes of turbidity, namely 0–10, 10–20,
20–30, 30–40, 40–50, and >50 Nephelometric Turbidity Unit (NTU). A modified
radiative transfer model relating the surface directional remote sensing reflectance
(calculated from remote sensing observations after applying atmospheric correc-
tion), with the properties of suspended solids in the water column was developed by
Volpe et al. (2011) to analyze water quality and sediment problems in the Venice
lagoon. The use of multispectral satellite sensors such as Landsat TM5,
Landsat ETM 7, ASTER, and ALOS AVNIR was beneficial in this study. Singh
et al. (2013) had developed a water quality indicator using MODIS remote sensing
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data for the state of Wisconsin, USA. Surface reflectance in the blue, red, and IR
bands from MODIS was combined to estimate the NDVI and Enhanced Vegetation
Index (EVI) that were then used to predict the nitrate and dissolved phosphorus
concentrations in stream water. WorldView-2 satellite imagery was utilized by El
Saadi et al. (2014) to obtain water quality parameters for the Rosetta River Nile
Branch, Egypt. However, only the optical parameters such as TSS and chl-a could
be successfully retrieved from the multispectral imagery. A recent study by
Abdelmalik (2016) used the ASTER data to monitor water quality parameters such
as temperature, turbidity, pH, salinity, TDS, conductivity, TOC, and
ortho-phosphorus. Satellite remote sensing could also be used to determine nutrient
distributions in lakes with reasonable confidence (El Saadi et al. 2014; Chen et al.
2009; Volpe et al. 2011). Images from Hyperspectral Imager for the Coastal Ocean
(HICO) on the International Space Station (ISS) were employed to derive chl-a,
CDOM absorption, and turbidity in northern Florida. HICO is the first space-based,
maritime hyperspectral imaging instrument that has capabilities to monitor water
quality in the coastal regions (Keith et al. 2014).

Using airborne visible/near-infrared imaging spectroscopy, spatial coverage of
water quality studies conducted has improved with advantages such as lower costs

Fig. 13.1 Oil spill images captured by the Multi-angle Imaging SpectroRadiometer (MISR)
instrument onboard NASA’s Terra spacecraft. Left-hand image is in near-true color, but vegetation
appearance has been enhanced, while the right-hand image is in false color, oil spill represented in
blue-black color. Source NASA (2010), Image Credit NASA/GSFC/LaRC/JPL, MISR Team
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and higher resolution, compared to satellite imagery. The technique of airborne
scanning was used in Western Australia by Jupp et al. (1994) for studying the
distribution of algal species, cyanobacteria, and associated water parameters (such
as turbidity). The digital Compact Airborne Spectrographic Imager (CASI)
employed for this purpose had hyperspectral sensors that collect several hundred
spectral bands of data at a high spatial resolution and was mounted to a light
aircraft. Harding et al. (1995) had combined aircraft and field-based measurements
to measure and map chlorophyll content in the Chesapeake Bay. An airborne
sensor, portable remote imaging spectrometer (PRISM) was used to monitor water
quality parameters: turbidity, DOC and chl-a concentrations, and even the surface
methylmercury concentrations at high spatial resolution (2.6 m grid) in the San
Francisco Bay–Delta Estuary wetlands (Fichot et al. 2015).

13.3.2 Surface Water Quality Remediation

Similar to water quality monitoring studies, remote sensing has accomplished
milestones in surface water remediation. GIS is utilized to process spatial data to
study the risk of surface water pollution (Tiktak et al. 1996; Sinkevich et al. 2005;
Lim and Choi 2015). There are powerful spatial analysis softwares such as ArcGIS
to process spatial data of water quality monitoring and maps (ESRI 1990).

Identification of critical hot spots is a crucial step in remediation studies. This is
more relevant in cases of non-point source pollution (NPS) in watersheds as the
spatial extent of contamination into surface and groundwater is fairly uncertain.
NPS pollutants (sediments, fertilizers, pesticides, salts, etc.) are diffuse in nature
and cannot be traced to a point location, and it is not feasible to determine the areal
extent of their contamination. Recent advances have given rise to watershed-scale
distributed modeling tools in GIS environment to model nutrient and pollutant
movement, such as the Chemicals, Runoff, and Erosion from Agricultural
Management Systems (CREAMS, Frere et al. 1980), Soil and Water Assessment
Tool (SWAT, Arnold et al. 1996), SPAtially Referenced Regressions On Watershed
attributes (SPARROW, Alexander et al. 2007; Robertson et al. 2009). Spatially
Explicit Delivery MODel (SEDMOD, Fraser et al. 1998) with GIS support could
estimate eroded sediment or NPS pollutant load transported from each cell in the
watershed to a stream channel. The authors recommend SEDMOD for application
over large areas to prioritize sites for NPS pollution. In order to control sediment
loads and to assess performance of conservation practices in reducing sediment and
contaminant loadings in the Great Lakes Basin, a GIS-based coupled
erosion-sediment delivery model was used by Ouyang et al. (2005). SPARROW
model is used to estimate pollutant sources and contaminant transport in watersheds
and surface waters. Studies using SPARROW have successfully assessed the
sources of nutrient loadings in streams, and utilized it for nutrient reduction in
watersheds. Robertson et al. (2009) had investigated application of this model to
identify areas with “high priority” in the Mississippi–Atchafalaya River basin based
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on delivery of nutrient yields to the Gulf of Mexico. Extreme water degradation instances
such as hypoxia could be prevented by knowing the delivered nutrient yields and by
reducing nutrient loadings from these areas to downstream streams and reservoirs.

Hunter et al. (2010) suggest that data from remote sensing satellites could
contribute significantly to the remediation efforts of lakes in case of cyanobacterial
blooms and presence of toxins (cyanotoxins). They had investigated on the algo-
rithms for the retrieval of chl-a and phycocyanin (C-PC) from data acquired by the
CASI-2 and the Airborne Imaging Spectrometer for Applications (AISA) Eagle
Sensor. By combining hyperspectral remote sensing, GPS, and GIS technologies,
mapping of weed and invasive species infestations over large and inaccessible
waterways could be performed, to aid in restoration of freshwater, estuarine, and
floodplain habitats. Airborne hyperspectral imager HyMap has 128 bands in the
visible and NIR and SWIR and was employed by Hestir et al. (2008) for studies on
California’s Sacramento–San Joaquin River Delta. The HyMap images were con-
verted to apparent surface reflectance for detection of non-native species such as
water hyacinth and submerged aquatic vegetation, and using GIS software, map-
ping of their distribution in the waterways was performed. Shen et al. (2012) have
reviewed the different satellite sensors, techniques, and algorithms that have been
employed for detecting harmful algal blooms, in one of their studies.

Active airborne and spaceborne synthetic-aperture radar (SAR) systems can
provide rapid response products in case of oil and contaminant spills (Brekke and
Solberg 2005; Jha et al. 2008). Using remote sensing, maps of oil thickness can be
developed that are utilized in the post-spill recovery efforts and impact monitoring
using hyperspectral imagery and airborne SAR imagery, respectively (Leifer et al.
2012). Similarly, by closely monitoring spatial and temporal changes of vegetation
growing on landfills, contaminant leaks could be detected (Jensen et al. 2009).
Contaminants such as copper or zinc, and water movement in hazardous waste sites
affect the leaf area index, biomass, etc., of vegetation, which in turn influence the
spectral reflectance pattern. In this context, containment and remediation of surface
water bodies from potential water quality deterioration could be easily
accomplished.

Linking land use–land cover changes with changes in surface water quality, Liu
et al. (2009) utilized statistical methods and GIS to identify contaminated water-
sheds in Wisconsin, USA. Their study performed map overlay of agricultural and
urban land use with distribution maps of phosphorus, lead, and fecal coliform to
identify contaminates zones. Sridhar et al. (2009) had quantified and mapped total
phosphorous concentration in surface soils using Landsat imagery of bare soil
fields. The authors analyzed Ba, Cd, Cu, S, and P element concentrations in the
surface soils using Landsat 5 TM imagery. Yenilmez et al. (2011) demonstrated
how GIS could be utilized for locating areas in a mine site that are more likely to
have high pollutant and trace elements (Mn, Cr, Fe, S) concentrations, thereby
bringing downtime and sampling costs. Using the ArcGIS software, the spatial
distribution of pollutants, topographical features, surface runoff pathways, and
locations of contamination sources at the mine site was studied together to derive
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the pollution hot spots. Under an international consortium, the Hotspot Ecosystem
Research and Man’s Impact On European Seas (HERMIONE) project was
implemented during 2009–2012 to investigate hot spots in the European region.

They focused largely on the underwater ecosystems, and study areas selected for
the investigations are shown in Fig. 13.2 (NOC 2009). The use of GIS makes it
possible to develop spatial maps of contamination hot spots in vulnerable ecosys-
tems. Similarly, with the help of GIS, data collected from field investigations of
water quality can be incorporated in maps, to explain the impacts of human
intervention. For instance, Fig. 13.3 shows the results of a stream water quality
sampling study conducted in the states: Alabama, Georgia, North Carolina, South
Carolina, and Virginia in the USA by the United States Geological Survey (USGS).
The focus study areas as well as the cumulative concentrations of pharmaceuticals
that were deteriorating water quality are conveyed by using the map (USGS 2016).

Under regulations such as the Clean Water Act of the USA, water bodies con-
taminated by pollutants are identified so that they could be cleaned up using various

Fig. 13.2 Study areas chosen by the Hotspot Ecosystem Research and Man’s Impact On
European Seas (HERMIONE) project that are vulnerable to the impacts of climate change and
human activities. Source National Oceanography Centre, Southampton, UK

236 M. Ramadas and A. K. Samantaray



strategies. Such efforts must be adopted by national and state governments in every
country, and remediation can be monitored using remote sensing and GIS without
much expense. Total maximum daily loads (sum of watershed point sources,
non-point sources, and a margin of error) that will not impair the water body need to
be recalculated for major pollutants such as suspended sediments, pathogens,
nutrients, metals, dissolved organic matter, pesticides, algae, plants, temperature,
and oils (Ritchie and Cooper 2001). The advanced remote sensing and GIS tech-
niques will also help in evaluating the effectiveness of the efforts that are adopted
for mitigation.

13.4 Groundwater Quality

13.4.1 Groundwater Quality Monitoring

Several groundwater quality studies involving remote sensing and GIS were carried
out in the last two decades. Although remote sensing is best suited for applications
involving surface parameters and variables, with recent advances in the sensors
deployed and physical hydrological models, it has been possible to achieve greater
strides in groundwater studies. In one of the earlier studies, Maidment (1996)

Fig. 13.3 GIS-based mapping of pharmaceutical chemical contamination in the USA. Colored
circles of varying size indicate various ranges of concentrations of chemicals in streams in the
different urban study areas in the region represented by black boxes (image courtesy of the USGS)
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investigated the capabilities of GIS and hydrologic models to model the transport of
agricultural pollutants in the vadose zone. His study attributed the presence of
nitrate in Texas groundwaters to the hydrogeologic topographical features. A study
by Ahn and Chon (1999) had linked groundwater quality in Seoul, South Korea,
with topography, geology, land use, and pollution sources, using GIS. Srinivasa
Rao and Jugran (2003) used remote sensing and GIS technology to prepare
groundwater quality maps of TDS, hardness, incrustation problem, and magnesium
concentration, in addition to mapping of groundwater potential. They had used the
image data from IRS ID (LISS III) and Landsat 5 TM in conjunction with
Integrated Land and Water Information System (ILWIS) software. ILWIS is a free
remote sensing and GIS software that integrates remote sensing and GIS platforms,
and facilitates import/export, digitizing, editing, analysis, and display of spatial
data, to yield maps. Alternatives to ILWIS include the popular ArcGIS, QGIS,
GRASS, and ERDAS Imagine among others. Basavarajappa and Manjunatha
(2015) studied rock–water interaction, residence time of water in aquifers, and
human and natural activities, in the context of groundwater quality. The parameters
included fluoride, nitrate, carbonate, chloride, calcium, magnesium, sodium, sulfate,
iron, potassium, TDS, pH, and TH. They mapped the spatial variation of ground-
water quality in Precambrian hard rock terrain of Chitradurga District using IRS
1D, LISS III, PAN, and PAN+LISS III images and GIS software.

Numerous studies have utilized the changes in land use and land cover to
address the issue of water quality deterioration (Asadi et al. 2007; Singh et al.
2011). Babikar et al. (2004) could correlate nitrate concentrations in groundwater
with land use vegetable cultivation, in their GIS-based analysis of groundwater
contamination by nitrate. Babiker et al. (2005)’s study showed that the eastern part
of the Kakamigahara aquifer in Japan was vulnerable to groundwater pollution due
to intensive vegetable cultivation. Nas and Berktay (2010) have used geostatistics
and ArcGIS to produce spatial distribution maps of groundwater quality parameters
such as pH, electrical conductivity, chloride, hardness, and nitrate− concentrations.
These studies used kriging for spatial analysis of water quality parameters.
Geostatistical methods for spatial interpolation such as inverse distance weighting,
ordinary kriging, and universal kriging method are inevitable in GIS environment
for mapping water quality parameters (Mueller et al. 2004). Singh et al. (2011)
could identify that weathering and leaching action of feldspars and magnesium
calcite as well as industrial contaminants and fertilizers were responsible for
deteriorating water quality in their study area, using Landsat and LISS III imagery
in a GIS framework. The groundwater present in certain pockets of the region
indicated high concentrations of nitrate, manganese, and chromium exceeding
permissible limits of WHO. In overall, they rated the resource into very good, good,
moderate, poor, very poor, and unfit classes based on groundwater quality index
(GWQI) values. Srivastava et al. (2013) had mapped groundwater quality using GIS
framework and found out that temporal changes in land use obtained from IRS 1D
LISS III satellite imagery could be utilized to understand changes in quality of
underground water.
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13.4.2 Groundwater Quality Remediation

Groundwater quality monitoring is closely followed by the development of remedi-
ation strategies to restore the resource. Coupling of groundwater models with GIS has
been popularly used to study NPS pollutants in aquifers. Corwin and Wagenet (1996)
suggest that studies need to incorporate geospatial statistics, remote sensing, GIS and
flow, and solute transport models to assess NPS pollution remediation strategies. For
groundwater remediation, Corwin et al. (1998) coupled GIS with vadose zone
transport and mapped the areal distribution of contaminant through the soil profile
and solute loading to the ground water. Tiktak et al. (1996) had utilized a
one-dimensional pesticide leaching model known as PESTRAS in conjunction with
GIS to derive spatial patterns of the pesticide leaching potential in the Netherlands.
The nitrate leaching and economic analysis package (NLEAP) model combined with
GIS was similarly adopted to model NO3–N leaching in eastern Colorado (Shaffer
et al. 1996). This framework was used to identify the hot spots in shallow alluvial
aquifers in the region, and thereafter involved in decision making on best manage-
ment practices (BMP) to minimize nitrate leaching. Sinkevich et al. (2005) had used
preferential flow transport models along with GIS to determine the area in the study
region with high risk of contamination by agrochemicals. They relied on NO3–N
concentrations in groundwater to associate with extent of contamination. The
Agricultural Pressures and Impacts on European waters (Ag–PIE) model based on
GIS was developed by Giupponi and Vladimirova (2006) with an extensive frame-
work to address the concerns associated with diffuse pollution of water resources.
This model was built on a DPSIR framework (Driving Force—Pressure—State—
Impact—Response) where driving forces include agriculture or any pollution-causing
activities that introduce a pressure on the system changing the state (quality of water),
resulting in serious changes in the ecosystem and the mitigation efforts to combat the
same and reduce pollution. The Ag-PIE model thus provided information helpful to
identify the critically affected areas and for policy makers to adopt the best measures
or practices for target areas. Oikonomidis et al. (2015) demonstrated that policy
makers and decision makers can be benefitted using maps created using remote
sensing and GIS while selecting sites suitable for drilling boreholes. Their study was
conducted in Tirnavos, Greece, where high nitrate concentrations are present due to
the intensive agriculture, and performing an overlay of groundwater potential zones
and their nitrate concentrations could identify the polluted zones.

DRASTIC is one of the most popular models that can address groundwater
vulnerability to potential contaminants. DRASTIC, developed by the United States
Environmental Protection Agency (US EPA), is an overlay and index model that
evaluates the potential for groundwater contamination at any location based on
geological and hydrological factors (Knox et al. 1993). Depth to groundwater,
recharge by rainfall, aquifer type, soil properties, topography, impact of the vadose
zone, and the hydraulic conductivity of the aquifer are combined in DRASTIC
index. Studies have demonstrated the coupling of DRASTIC and GIS coupling to
be useful for risk assessment for groundwater and aquifers (Navulur and Engel
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1998; Secunda et al. 1998; Al-Adamat et al. 2003; Thirumalaivasan et al. 2003;
Kazakis and Voudouris 2015). Huan et al. (2012) modified the DRASTIC model
into the RSIVL model (net recharge R, soil type S, impact of vadose zone I,
groundwater velocity V, and land use type L) in order to assess the groundwater
vulnerability to nitrate concentration. In all these studies, GIS has facilitated vul-
nerability mapping and identification of contaminated sites.

13.5 Future of Remote Sensing and GIS Applications
in Water Quality Studies

The future of remote sensing applications in water quality studies is promising in
several aspects. Water quality monitoring and remediation would benefit from the
most recent Sentinel-2 and Landsat 8 imagery (Martins et al. 2017; Toming et al.
2016; Palmer et al. 2015). The new age Sentinel missions were initiated by the ESA
under the environmental monitoring Copernicus programme. The Multispectral
Imager (MSI) onboard the Sentinel 2A satellite has superior capabilities for mapping
chl-a, TSS and CDOM (Dörnhöfer et al. 2016). The Sentinel-2 mission provides
quality information for monitoring agricultural practices, land use/land cover chan-
ges, and pollution in lakes and coastal waters. Sentinel 2B images retrieved recently
made it possible to study bleaching of Australia’s Great Barrier Reef because of its
high resolution and frequent revisits. The Sentinel-3 satellites carry modern instru-
ments to measure oceans, land, ice, and atmosphere and can monitor aquatic bio-
logical productivity and marine pollution. Sentinel-3A was launched on February 16,
2016. Among the upcoming missions, Sentinel-6 is equipped with a radar altimeter to
measure sea surface height to assist in oceanography and for climate studies.

Similarly, Landsat Data Continuity Mission (LDCM) is the next-generation Landsat
satellite launched to continue the acquisition of imagery by Landsat series. This mission
has Operational Land Imager (OLI) sensor that gives more accurate observations of water
quality parameters, with the radiometric resolution capable of detecting chlorophyll,
suspended materials, and CDOM (Lim and Choi 2015). Additionally, missions such as
the Surface Water and Ocean Topography (SWOT) are expected to create a better
understanding of the world’s oceans and its terrestrial surface waters. Further,
Environmental Mapping and Analysis Program (EnMAP), the German hyperspectral
satellite has one of its missions to monitor quality of inland and coastal waters, as well as
kelp (algae) mapping (Guanter et al. 2015; Foerster et al. 2016). EnMAP and other
upcoming imaging spectroscopy missions, such as NASA’s HyspIRI (Devred et al.
2013), Japan’s Hyperspectral Imager Suite (HISUI), PRISMA, HYPXIM, and
SHALOM may thus open new vistas in remote sensing-based water quality investiga-
tions (Foerster et al. 2016).

With regard to the growing interest in GIS in water quality, GPS and GIS
linkages are expected to strengthen in the future, making real-time monitoring more
accurate. GIS has innovative 3D displays and can overlay 3D maps over each other.

240 M. Ramadas and A. K. Samantaray



It is possible that a fourth dimension of time gets added to the capabilities that make
mapping for future possibilities. This will open new avenues for predictive spatial
modeling of water quality, especially in the context of potential climate change.

13.6 Conclusions

The important conclusions drawn based on the comprehensive review of applica-
tions of remote sensing and GIS in water quality monitoring and remediation are
listed below:

(i) Remote sensing of water quality parameters is advantageous in terms of the
spatial (synoptic scale) and temporal (past and in real time) coverage
achieved and low cost that cannot be matched with efforts undertaken for
field measurements and sampling.

(ii) Whether it is near real-time monitoring or analysis for past years, remote
sensing is advantageous for water quality monitoring exercise. This holds
true for research involving hypothesis that changes in water quality are
influenced by the changes in land use/land cover pattern.

(iii) There are numerous ongoing efforts to develop atmospheric correction methods
to get the best quality information on water quality parameters through remote
sensing. The usefulness of atmospheric correction to reflectance data is depen-
dent on the ecosystem being monitored. A discussion on these complex atmo-
spheric correction algorithms is however beyond the scope of this chapter.

(iv) GIS and geostatistical techniques go hand in hand. A variety of spatial
interpolation techniques such as inverse distance weighting, ordinary kriging,
and universal kriging method are available for spatial analysis of water
quality parameters. The choice of a method is however based on how much
the resulting spatial pattern of water quality parameter obtained is accurate.

(v) Surface and groundwater vulnerability mapping for watershed/regional
assessments are possible by overlaying the mapped pollutant concentrations
with the land use maps. This requires processing of remote sensing satellite
imagery of high resolution as well as a GIS environment that is user-friendly
and supports complex spatial operations.

(vi) Use of models such as DRASTIC in conjunction with GIS have facilitated
investigation of the vulnerability to groundwater contamination on a regio-
nal, rather than on a site-specific basis. This makes it possible to plan
remediation of moderate to large water bodies such as lakes, long shoreline
waters, and seas.

(vii) There are upcoming satellite missions aiming synoptic scale water pollution
and water quality monitoring and management. In future, it is possible that
the fourth dimension of time gets incorporated into GIS to address spatial
modeling of water quality in the context of land use–land cover changes,
natural variability of climate as well as anthropogenic climate change.
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