
Earth and Environmental Sciences Library

Wastewater 
Assessment, 
Treatment, Reuse 
and Development 
in India 

Shalini Yadav 
Abdelazim M. Negm
Ram Narayan Yadava Editors



Earth and Environmental Sciences Library



Earth and Environmental Sciences Library (EESL) is a multidisciplinary book series
focusing on innovative approaches and solid reviews to strengthen the role of the
Earth and Environmental Sciences communities, while also providing sound guid-
ance for stakeholders, decision-makers, policymakers, international organizations,
and NGOs.

Topics of interest include oceanography, the marine environment, atmospheric
sciences, hydrology and soil sciences, geophysics and geology, agriculture, envi-
ronmental pollution, remote sensing, climate change, water resources, and natural
resources management. In pursuit of these topics, the Earth Sciences and Environ-
mental Sciences communities are invited to share their knowledge and expertise in
the form of edited books, monographs, and conference proceedings.

More information about this series at https://link.springer.com/bookseries/16637

https://springerlink.bibliotecabuap.elogim.com/bookseries/16637


Shalini Yadav · Abdelazim M. Negm ·
Ram Narayan Yadava
Editors

Wastewater Assessment,
Treatment, Reuse
and Development in India



Editors
Shalini Yadav
Centre of Excellence in Advanced Water
and Environmental Research
Rabindranath Tagore University
Bhopal, Madhya Pradesh, India

Ram Narayan Yadava
Research and International Affairs
Madhyanchal Professional University
Bhopal, Madhya Pradesh, India

Abdelazim M. Negm
Hydraulics and Water Resources
in the Water and Water Structures
Engineering Department
Faculty of Engineering
Zagazig University
Zagazig, Egypt

ISSN 2730-6674 ISSN 2730-6682 (electronic)
Earth and Environmental Sciences Library
ISBN 978-3-030-95785-8 ISBN 978-3-030-95786-5 (eBook)
https://doi.org/10.1007/978-3-030-95786-5

© Springer Nature Switzerland AG 2022
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of
the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation,
broadcasting, reproduction on microfilms or in any other physical way, and transmission or information
storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology
now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.
The publisher, the authors and the editors are safe to assume that the advice and information in this book
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or
the editors give a warranty, expressed or implied, with respect to the material contained herein or for any
errors or omissions that may have been made. The publisher remains neutral with regard to jurisdictional
claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Switzerland AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland

https://orcid.org/0000-0002-4838-5558
https://doi.org/10.1007/978-3-030-95786-5


Preface

Assessment, treatment, and reuse of polluted surface and groundwater and its
management in India and developing countries are the backbone of sustainability for
the functioning of healthy ecosystems, reliable agricultural productivity,maintenance
of desirable environmental quality, and enjoyment of quality lifestyle. Scientists,
Academicians, Researchers, Practicing Engineers, Consultants, Planners, Policy
Makers, Economists and Social Scientists, Managers, and Leaders from around the
world are sharing their knowledge, skills, experiences, and expertise through research
findings and the case studies under different climatic environments.

The motivation of this volume titled “Wastewater Assessment, Treatment, Reuse
and Development in India” is mainly the need to support India and the developing
countries by providing necessary skilled information on the past, present, and future
scenarios on the assessment, treatment, and reuse of polluted surface andgroundwater
and its management with the growing population, demands of water for domestic,
agricultural, and industrial uses and decreasing of freshwater resources per capita in
terms of quantity and its quality.

This book consists of 16 chapters in five parts dealing with various method-
ologies and technologies on assessment, treatment, and reuse of surface as well as
groundwater. Part: I deals with the Monitoring and Assessment of Polluted Water
consisting of three chapters dealing with the Coastal Reservoirs, HeavyMetal Accu-
mulation, andWater Purification inMitigating GlobalWater Demand.Whereas Part:
II describesWastewater Treatment and Reuse consisting of five chapters dealingwith
Potential for the use of Treated Wastewater in Industries, Understanding Sustain-
able Arsenic Mitigation Technology Application, Sequential Anaerobic-Aerobic
Co-Treatment of Three Herbicides Mixture in Water, Wastewater Management and
Treatment Technologies with Recycling and Reuse Issues Leading to Zero Liquid
Discharge, and Wastewater and Its Impacts.

Part: III on Wastewater Remediation comprises five chapters and discusses the
Advanced Bioremediation Techniques for Hydrocarbon Polluted Sites, Municipal
Wastewater a Remedy for Water Stress Region, Biosorptive Removal of a Herbi-
cide, Glyphosate Using Waste Activated Sludge of Tannery Industry, Wastewater
Treatment with Special Reference to Activated Sludge Process, and Assessment of

v



vi Preface

Water Resources Development. Part: IV onWaste and Sustainability is consisting of
two chapters which is focused on Sustainable Construction Practices for Residential
Buildings to Reduce the Water Footprint; and Water Resources Availability and Its
Teleconnection with Large Scale Climatic Oscillations Over a River Basin. The last
Part: V is devoted to conclusions and recommendations of the book. The novelty of
each chapter under all the above cited five parts is summarized in brief as follows:

Chapter entitled “Coastal Reservoirs: A Technology That Can Quench Indian
Thirst” discusses the importance of coastal reservoirs that can adequately supply
sufficient, high-quality, and affordable water without desalination with minimum
environmental/social impacts. Further, the importance of coastal reservoirs for Indian
capital coastal cities is discussed, and their layouts are presented.

Chapter entitled “Heavy Metal Accumulation in Dominant Edible Fish Species
of River Kolab in Koraput District of Odisha, India” focused on the management
policy of the effluents released from the industries to the river to trigger the alkaline
condition of the water body so that the heavy metal species get compartmented in the
sediment bed instead of entering in the body tissues of aquatic organisms. Further,
it suggests that the dose of liming should be optimized depending on the pH of the
wastewater generated from these industries.

Chapter entitled “Cake and Membrane Filtration in Mitigating Global Water
Demand” presented the status of global water purification, preventing global pollu-
tion, challenges on infections, demand of increasing need of technology compared to
green technology, and importance of JPCF andMBST Processes. It further discusses
the importance of water clarification by using MBST, Cake Filtration, Algae Appli-
cation in WWT (Waste Water Treatment), Zero Discharge Technology, and Cake
Filtration-Based Technology in mitigating global water demand.

Chapter entitled “Potential for Use of Treated Waste Water for Industrial Reuse
in India” focuses on the appropriate technology for the treatment of wastewater and
safe disposal with minimum environmental and health impacts including important
to understand the social and economic context of a society/community/city before a
technology is implemented for the use of treated wastewater.

Chapter entitled “Understanding Sustainable Arsenic Mitigation Technology
Application in the Indian Subcontinent” discusses the magnitude of arsenic contam-
ination of groundwater in the Indian subcontinent and its associated public health
crisis due to chronic consumption of arsenic-contaminated groundwater including
the arsenic removal technologies that are currently available in the subcontinent, their
mechanismof operation, and their efficacy of performance. Further, it pointed out that
the technology application and its sustainability are greatly dependent on the chem-
istry of the groundwater and the operational life of the systems including monitoring
and ability of the community to successfully manage the high-arsenic-containing
waste generated from the processes.

Chapter entitled “Sequential Anaerobic-Aerobic Co-Treatment of Three Herbi-
cides Mixture in Water: A Comprehensive Study on Biotransformation” dealt with
the sequential anaerobic-aerobic treatment method to withstand the toxic condition
of the herbicides. Further, it pointed out that the long-term treatment process carried
out was able to remove the herbicides at high efficiencywith a high biogas production
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rate and noted that the sludge stabilization ratio observed for the herbicide treatment
reactor is within the required range.

Chapter entitled “Wastewater Management and Treatment Technologies
with Recycling and Reuse Issues in India Leading to Zero Liquid Discharge (ZLD)”
addressed the industrial and municipal wastewater treatment with its effective tech-
nological implementation through recycle and reuse with the focus on wastew-
ater recycling opportunities to reduce freshwater consumption including wastewater
management and treatment practices with respect to the current scenario and chal-
lenges/opportunities. Further, it suggested that Industries and municipalities must
focus on optimum water resource utilization with reducing demand and minimizing
water losses by implementing result-oriented cost-effective technology.

Chapter entitled “Wastewater and Its Impacts in India” focused on identifying
strategies on how to bridge the glaring gap between the facilities created for treatment
and the waste being generated, which is visible in the form of a huge quantity of
wastewater being left untreated. Also, it informed that the current practice of treating
the wastewater through a centralized wastewater system needs to be relooked to
bring flexibility to the system and make it cost-effective by promoting the adoption
of innovative sustainable treatment technologies; it advised that the treatment of
wastewater is an essential process for the conservation of environment.

Chapter entitled “Nutrient Loading Impact on Remediation of Hydrocarbon
Polluted Groundwater Using ConstructedWetland” dealt with the development of an
effective and low-cost plant-based bioremediation process by optimizing the nutrient
application in a hydrocarbon polluted domain. The findings of this study help in the
management and remediation of hydrocarbon polluted site including to quantify the
extent of shallow groundwater decontamination under real agricultural field-based
nutrient loadings in the areas affected by the acute hydrocarbon pollution.

Chapter entitled “Municipal Wastewater—A Remedy for Water Stress in India”
focused on the importance and details about the advanced secondary municipal
wastewater treatment techniques and tertiary treatment methods to reuse municipal
wastewater, and it suggested that a proper characterization of wastewater must be
mandatory to select the suitable technology and design a proper STP including the
selection of technologies, and design of STPmust ensure the degradation of organics
in wastewater to the maximum extent. It should have provision not to discharge any
form of rejects from the wastewater to the environment.

Chapter entitled “Biosorptive Removal of a Herbicide, Glyphosate Using Waste
Activated Sludge of Tannery Industry” has objectives to establish adsorption char-
acteristics for glyphosate removal in the aqueous solution both in synthetic as well
as in simulated municipal wastewater using generated metal-laden waste as biosor-
bent and to investigate different experimental approaches involving optimization of
batch adsorption, and influence of different environmental parameters like biosor-
bent dosage, pH, initial glyphosate concentrations, and contact time. Further, it is
suggested the simulated municipal wastewater of glyphosate provides a complete
and sustainable solution for glyphosate removal.

Chapter entitled “WastewaterTreatment ProcesseswithSpecialReference toActi-
vated Sludge Process in Indian Conditions for Water Use Sustainability” focused
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on the wastewater treatment which is one of the most important sanitation issues
required for maintaining a healthy ecosystem, and various industrial, commercial,
and domestic activities produce huge quantities of wastewater. Further, it pointed out
that the activated sludge process is an important type of secondary treatment, which
aims to clean the wastewater by separating it into effluent and sludge. The effluent
can then be discharged into any water body while the sludge can be used as manure
or incinerated as per the requirement.

Chapter entitled “Assessment of Water Resources in Development of Rajasthan”
discusses to save the traditional and historic water resource bodies to ensure the
availability of water resources with the increase in urbanization and its demand.
Also, it is suggested for a proper legislation and regulation over the water resources
exploitation,water conservation to themaximumextent, recycling and reuse ofwater,
and recovery of cost from the beneficiaries must be imposed.

Chapter entitled “Sustainable Construction Practices for Residential Buildings
to Reduce theWater Footprint” is dedicated to the environment-friendly construction
practices by optimizing the use of water during several construction phases of a
reinforced cement concrete framed multi-story residential building and discussed
to assess and analyze the water footprint of a residential building during different
construction stages and apply water conservation, recovery, and recycling methods.

Chapter entitled “Water Resources Availability and Its Teleconnection with Large
Scale Climatic Oscillations Over Godavari River Basin” presents a brief discussion
regarding the water availability over major river basins in India. In particular, the
water availability and linkage between the monthly streamflow and climate oscil-
lations like SST, IOD, and ISMI are analyzed. In addition, the water availability
at different streamflow gauging points is assessed using the flow duration curve.
This chapter also provides a comprehensive documentation regarding the surface
and groundwater availability over different river basins in India which shall be
helpful to the water manager for developing sustainable water resources planning
and management in a specific River Basin.

Chapter entitled “Update, Conclusions and Recommendations for “Wastewater
Assessment, Treatment, Reuse and Development in India”” closes the book by
providing a summary and an update of the related studies to the book theme. More
importantly, it presents themain conclusions and recommendations that we extracted
from all the 16 chapters presented in the book in addition to the editors experiences.

A word of thank is a must for all contributors who made this book a reality
including the authors, Springer editors, and the Springer team who worked in a very
collaborative and supportive mode with us from the start of the book project until
its publication and beyond. Special thanks are due to Andrey Kostianoy and Alexis
Vizcaino.
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The volume editor would be happy to receive any comments to further improve
the future editions. Comments, feedbacks, and suggestions for further improvement
or proposals for new chapters for the next editions are welcome and should be sent
directly to the volume editors.

Bhopal, India
Zagazig, Egypt
Bhopal, India
April 2020

Shalini Yadav
Abdelazim M. Negm
Ram Narayan Yadava
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Coastal Reservoirs: A Technology That
Can Quench Indian Thirst

Shu-Qing Yang

Abstract Indian is the second populous country in the world, and many places have
suffered fromwater shortage problems due to its spatial non-uniformity of the rainfall
patterns. Every year, this country receives about 4000 km3/year rainfall, and its rivers
drain 1900 km3/year of runoff. Currently 450 km3/year of surface water and 250
km3/year of groundwater are used. The estimated ultimate water need is about 1180
km3/year. In order to solve Indian water crisis, many solutions have been proposed
likewastewater reuse, desalination and inter-basinwater diversion etc.Different from
these proposals, this chapter analyzes the opportunities and feasibilities of coastal
reservoirs (CR) that are freshwater reservoirs in seawater to harvest the runoff lost to
the sea. The preliminary results show that CR can effectively supply India sufficient,
high-quality and affordable water with minimum environmental/social impacts. In
this chapter, the coastal reservoirs for Indian capital coastal cities are discussed, and
their layouts are presented.

Keywords Water resources · Coastal reservoirs · Inland dams ·Water supply ·
Indian water availability

1 Introduction

With ever growing population, ongoing urbanization and lack in sustainable devel-
opments, the world is facing critical problems in terms of natural resources such as
fresh water. With the increase in population and industries, water demand is being
increased dramaticallywithin the last fewdecades and expected to raise exponentially
over the next years. Within a generation, demand in many countries is forecasted to
exceed their supply capacity by an estimated 40% by 2050, and 4 billion people
from 54 countries are expected to face water scarcity [1]. According toWorld Health
Organization 2.1 billion people currently lack safe drinking water at home [2].

S.-Q. Yang (B)
Center for Coastal Reservoir Research, Eng, University of Wollongong, Northfield Ave,
Wollongong, NSW 2522, Australia
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With India, being the second-most populous country in the world, its demand
for water is expected to exceed all current supply capacity and the country is set
to become water scarce country by 2025. Currently, around 70% of irrigation and
80% of domestic water comes from groundwater which is getting depleted rapidly
[3]. To sustain against this scarcity India requires to step further on developing new
strategies with alternative resources and water management systems. As India is
the 9th country by total renewable water resources [4], developing such strategies at
earliest stage canminimize water scarcity in future.With huge inland Himalayan and
Perennial rivers flowing through almost all the states of India and being surrounded
by the oceans from three sides, India is blessed with rich water resources. Its average
rainfall in India is about 4,000 km3/year, but most of India’s rainfall comes over a 4-
month period starting from June to September. India also experiences years of excess
monsoons and floods, followed by below-average or late monsoons with droughts.
Despite abundant rain in July–September, some regions face a shortage of freshwater,
while some other parts of the country receive excessive rains resulting in floods. This
geographical and time variance in availability of natural water versus the year-round
demand for irrigation, drinking and industrial water creates a demand–supply gap
that keeps worsening with rising population.

To overcome the water shortage problem caused by the uneven distribution over
time and space, India has paid great attention to water resources development in
inland regions, this includes the construction of 5000 middle to large dams and
huge inter-basin water diversion projects like the inter-basin links to transfer water
from Himalayan to Peninsular rivers. The over-developed water resources in inland
regions may result in many socio-environmental issues. For example, one of the
largest rivers in the world, the Ganga and Brahmaputra has become a seasonal river
and the over-development also intensifies social conflicts between upper regions and
lower regions, even worsens the inter-state relationships and also inter-country rela-
tionship (like India–Bangladesh, India–Pakistan, etc.). Some of the other measures
adopted include use of groundwater, seawater desalination, wastewater reuse, rain-
water harvesting, but these measures have not yielded good results as expected. To
overcome water shortage in coastal areas such as Tamil Nadu, big industries have
started to explore the possibilities of initializing desalination plants to fulfill the
industrial demands. Currently there are over 100 small and large desalination plants
running all over the country. However, these projects are of huge costs. Hence, other
solutions in utilizing or conserving the abundant rainwater are needed.

Yang and his team members [1] realize that the world is not running out of water,
but water is running out of our coastal rivers, our shortage is not water, but storage
shortage. In the world, every year our runoff to the sea is about 40,000 km3/year, far
more than our predicted water usage in 2030, i.e., 4,200 km3/year. The global water
crisis is caused by the wrong assumption that people can only construct dams in
mountainous areas, not in the sea. Coastal reservoirs are freshwater reservoirs whose
dam is situated in a seawater environment. In 2017, the International Association for
Coastal Reservoirs (IACRR) was established officially, which aims at the freshwater
development from the sea without desalination (www.iacrr.org).

http://www.iacrr.org
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In the 1930s when USA engineers constructed their highest Hoover dam across
Colorado River gorge, Dutch politicians and engineers jointly started to construct
the 32 km long IJsselmeer dam in seawater to develop the freshwater from the Rhine
River. At almost the same time, a group of dreamers in Australia made their attempts
to enclose the outlets of Murray-Darling River, the largest rivers in Australia. They
wanted to change the brackish Alexandrina Lake into a freshwater lake. Today, there
are about 70 coastal reservoirs in the world like China, Korea, Japan, Netherlands,
Russia, India, Singapore etc. These coastal reservoirs serve multiple purposes that
change over time like flood disaster mitigation, seawater intrusion prevention, water
supply and urban regeneration, due to the societal demands and priorities change.
With the ever-growing pressure on coastal regions, and the use of coastal reservoirs
for water resources development becomes intensified, and integrated and sustainable
management of coastal reservoirs is a must. Among them, China’s experience of
coastal reservoirs is useful for India as both countries are similar in many aspects
like population, climate and development (in Table 1). Hong Kong is the first city in
the world using coastal reservoirs for its urban water supply, Shanghai is the largest
city whose water supply fully depends on coastal reservoirs.

Different from the strategy of inland water resources development, this chapter
discusses the strategy of coastal reservoirs which is a freshwater reservoir in seawater
to harvest floodwater lost to the sea. According to this strategy, water from coastal
reservoirs at river mouths can be used for many purposed, inter-basin water diversion
could be achieved using pipeline/canal to link the coastal reservoirs. This chapter
analyzes the feasibility of such coastal reservoirs and their impact on Indian water
crisis.

2 Water Problems and Water Availability

India is located between 68o E to 97° E and 8° N to 37o N with a land area of 3.29
million km2 [5] which is just about 1/3rd of the land area of China. India’s geography
is diverse. The topography of India consists of the lofty and high Himalayan moun-
tains in the north which were historically formed by the collision between Indian and
Eurasian plates and plain valleys of the Ganges, Indus, and Brahmaputra south of the
Himalaya, and large peninsular hills and plateau, and some narrow coastal plains.
With the diverse geology, the drainage system of India varies widely [6]. The major
river basins in India are listed in Table 2.

The rainfall in this country mainly depends on the south-west monsoon. The
average annual rainfall over the country is about 1250 mm, or it receives about 4125
km3/year of rainwater, but the spatial variation is very high, from less than 100 mm
in the western deserts, to 11,000 mm in parts of the north-east. The average annual
runoff from Indian mainland is about 2436 km3 [7]. Others estimate the total runoff
is about 1,633–1,881 km3, giving the runoff coefficient from 0.40–0.45, but the
widely accepted runoff is 1869 km3/year [8] as shown in Table 2. India has a long
coastline of 7,600 km. India’s utilizable surface water resources are estimated around
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Table 2 Surface water resources in major river basins of India

River Catchment area Average annual
runoff

Storage
completed

Exploitable
surface water

*1000 km2 km3/year km3 km3/year

Indus 1165 73.3 14.5 46

Ganga 1080 525 37.4 250

Brahmaputra 651 585 1.09 24

Brahmani, Baitani
and Subarnarekha

39 + 14 + 18.9 40.9 25

Mahanadi 141.6 66.9 8.9 50

East flowing
rivers between
Mahanadi and
Pennar

89 22.5 13.1

Godavari 312.8 110.5 17.3 76.3

Krishna 258.9 78.1 32.2 58

Pennar 55.2 6.3 2.4 6.9

Cauvery 81.2 21.4 7.2 19

East flowing
rivers between
Pennar and
Kanyakumari

102 16.5 16.7

Rajasthan desert Negligible

West flowing
rivers of Kutch,
Saurashtra

330 15.1 15.0

Sabarmati 21.7 3.8 1.3 1.9

Mahi 34.8 41 30.3 3.1

Narmada 97.4 45.6 11.7 34.5

Tapi 66 14.9 14.5

West flowing
rivers from Tapi
to Tadri

56 87.4 11.9

West flowing
rivers from Tapi
to Kanyakumari

56 113.5 24.3

Rivers drain to
Bangladesh and
Burma

31

Total 1869.3
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690 km3/year, and utilizable groundwater sources 432 km3/year [7]. Currently the
total water usage of India is about 710 km3/year in 2010 [7], it is estimated by the
National Commission (1999) that the annual withdrawal requirements, by 2025 and
2050 could be 1050 km3 and 1300 km3, respectively. India has a very severe water
crisis and the water deficit could constrain its social-economic development. The
worst drought in the 20th Century occurred in 1918 and 68% of India land was
affected. The second worst drought covered 64% of its total area in 1987–1988. In
2000–2001, a drought affected 145 million people in 8 states.

The climate of India comprises arid desert in the west, glaciers in the north, and
humid tropical southwest. The country has four seasons: winter (December, January
and February), summer (March, April and May), a monsoon rainy season (June to
September), and a post-monsoon period (October to November). Its west coasts like
Kerala, Karnataka and Goa have the wet tropical weather, but its east coast has both
wet and dry tropical climates. Humid sub-tropical weather dominates its northeast,
but arid or semi-arid climate occurs in the northwest region like Gujarat, Punjab,
Haryana and Maharashtra. In India, about 42% of rainfall is evaporated.

Population-wise India is the second most populous country in the world with
a population of 1.34 billion in 2018 which is three times as the population of the
United states of America and 16% of the world’s population. The population is
estimated to reach 1.6 billion and 2 billion in 2030 and 2050, respectively. However,
India has only 4% of global available freshwater resources. Due to rapid growth of
its population, the water availability per capita has been reduced significantly from
5177 m3/person/year in 1951, to 1820 m3/person/year in 2001 and estimated to be
1341 in 2025 and 1140 m3/year/person in 2050 [25].

According to India’s National Register of Large Dams (NRLD), India has
currently 5254 large dams, about 50% of which were constructed during 1970–1989.
Among these large dams, 2069 dams are in Maharashtra, 898 in Madhya Pradesh,
619 in Gujarat and 1168 dams are distributed in other states [9]. The total surface
water storage capacity is about 250 km3, and 53 km3 is in Ganga River basin, 42.3
km3 in Krishna, 30.2 km3 in Godavari and 23.3 km3 in Narmada and 16.3 km3 in
Indus River [10].

As water shortage in central and the peninsular appears, Indian government
requested a team led by irrigation minister Dr. K.L. Rao to investigate inter-basin
water diversion scheme, and as a result of which the Ganga-Cauvery Link Canal of
length 2640 km was proposed in 1972 as shown in Fig. 1. This canal after comple-
tion was expected to draw water using pumps from Ganga River near Patna and pass
through the basins of the Son, the Narmada, the Tapi, the Godavari, the Krishna and
the Pennar rivers, and finally merge the diverted water into the Cauvery upstream
of the Grand Anicut. Every year, in 150 days in a flood period these pumps could
lift 1400 m3/s of water to the elevation of 549 m for diversion to the Peninsular
region which could leave an average environmental flow of 280 m3/s for the Ganga
River. The scheme had been thoroughly examined and found impractical due to the
huge financial cost of about US$33 billion generated by using 5000–7000 MW of
electricity [11].
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Fig. 1 Ganga–Cauvery link canal

So, the scheme was considered infeasible and thus limited to the idea only. In
the 1980s, National Water Development Agency (NWDA) explored the feasibility
of intra-state link [12] and came up with proposals under National Perspective Plan
(NPP) with two components namely Himalayan Rivers Development and Peninsular
Rivers Development. Later in 2005, an Intra state component was added to the plan.

Once completed, Himalayan Rivers have been expected tomeet the water demand
of 1300 km3/year in 2050. However, these kinds of projects face major objections
by Indian scholars and public as they have negative ecological, environmental and
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social impacts such as population displacement, displacement of aqua lives, increase
in poverty due to decrease in income for river-based businesses such as fisheries and
can create inter-state or regional disputes. As India shares 54 rivers with Bangladesh
[13], and has ongoing disputes with several river dams, it has only been able to solve
the dispute with Ganges River so far. Similarly, inter-state water dispute such as
“Cauvery RiverWater Dispute” between the two states of Tamil Nadu and Karnataka
which began in the 1970s still exists and has not yet been resolved.

Due to ongoing disputes on intra-link projects, its adverse impacts on the environ-
ment and the high costs associated, it is necessary to route for alternative solutions
that are socio-economically feasible and can relieve from the water scarcity in future.
For this reason, coastal reservoirs are being proposed at different coastal cities such
as Mumbai, Tamil Nadu and Karnataka with existing water crisis.

3 Proposed Coastal Reservoirs

Due to temperate climates and flat fertile lands, coastal areas are densely populated
and the population is increasing tremendously over the years. In India nearly 43% of
its total population is currently living under the coastal states and out of which 13%
population is living in coastal districts [14]. It is expected that population growth in
coastal cities will be increased rapidly as experienced in other countries like China,
Korea, and Australia. This increase in population in coastal districts and cities has
led to an increase in demand for freshwater for both household and industrial sectors.

In general, Indian rivers are highly polluted due to industrial, agricultural and
domestic wastes, especially faucal contamination, fertilizers, herbicides and pesti-
cides. In India, even groundwater is also polluted by pathogenic bacteria and nutri-
ents, chemicals and heavymetals. For example,more than 5million people’s drinking
water is polluted by arsenic in west Bengal [15]. For this reason a safe and reli-
able water resource has become mandatory. It is also obvious from the initiation
of desalinization plants that water crisis does exist in India and it is reasonable to
propose coastal reservoirs. However, it is necessary to discuss first whether coastal
reservoirs can effectively quench its thirst. The proposed coastal reservoirs for India
is shown in Fig. 2. In outlines of these reservoirs, the redlines are coastal reservoirs,
the white lines are clean water path, and black lines are polluted water path, short
yellow lines are hydraulic gates.

Kolkata: is the capital of West Bengal state with city area of 1886 km2 located on
the east bank of the Hooghly river. The total population of 14.5 million including the
population of suburbs as recorded in 2011 is expected to reach 19.1 million in 2030
which makes Kolkata the third most populous metropolitan area in India. The city’s
elevation is between 1.5 and 9 m and most of its land comes from sea reclamation
and known as east Kolkata wetlands [16].

Rains by the south-west summer monsoon in Kolkata mainly occur between June
and September. The highest monthly rainfall total occurs in July and August, and
the averaged annual rainfall is about 1,800 mm/year. The Kolkata Municipal water
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Fig. 2 Proposed coastal reservoirs for major cities in India

supply sources from the Hooghly River, in this city the water supply is free and it is
one of the most water-rich cities of India. However, in 2016, a drought-like condition
appeared in at least four districts of West Bengal and a district is declared “drought
hit” only when more than 33% of its crop was destroyed. Kolkata is also one of the
top 3 most flood-prone coastal cities, just next to Shanghai and Dhaka. A coastal
reservoir is proposed for Kolkata to eliminate its flood disasters and water supply as
shown in Fig 3.

Bhubaneswar: is the capital of the Indian state of Odisha. It is the largest city
in Odisha and is a center of economic and religious importance in Eastern India.
Odisha is one of the 29 states of India, it has 485 km of coastline along the Bay of
Bengal. It is also the 3rd most populous state of India. Bhubaneswar is often referred
to as a “Temple City of India”. The city is located between the Daya River to the
south and the Kuakhai River to the east. Both are branches of the Mahanadi River
that is a major river in East Central India. Its catchment is about 141,600 km2 as
shown in Table 2 and the length of the total river course is about 858 km. Every
year 66.9 km3 of water flows to the sea through its mouths. The proposed coastal
reservoir for Bhubaneswar’s water supply is shown in Fig. 4. By developing runoff
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Fig. 3 Proposed coastal reservoir for Kolkata

lost to the sea from Srikakulam River, city Visakhapatnam can get sufficient water
for its development, only 100 km from its river mouth to the city.

Chennai and Other Southern Peninsular Cities. The recent development of
Chennai’s desalination plants such as Nemmeli and Minjur plants indicates water
scarcity in the peninsular region. Since 1970s many water diversion schemes such as
“Ganga-Cauvery link canal” as shown in Fig. 1 were proposed to provide additional
water to the Peninsula where the mega cities like Chennai, Bengaluru, Madurai,
Thiruvananthapuram, Kochi, Mangaluru are located. India’s National River Linking
Project (NRLP) also aims to divert water fromBrahmaputra,Mahanadi andGodavari
Rivers to peninsular rivers like Krishna, Pennar and Cauvery in the south. However, it
is necessary to analyze whether the water shortage exists in the southern peninsula.
In the southern peninsula, there are rivers like Godavari, Krishna, Pennar, Palar,
Cauvery,Valgal, Vap, and the total runoff shown inTable 2 ismore than 232 km3/year.
The distance from Chennai to Mangaluru is about 600 km whereas distance from
Bangaluru to the southernmost tip is 550 km and the total area is about 165,000 km2.
Dr. Rao’s diversion scheme could only divert 44 km3/year of water at most to this
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Fig. 4 Proposed coastal reservoir for Bhubaneswar

region at the cost of US$33 billion [11], and NRLP could only divert 70 km3/year
of water for this region at the cost of US$19.2 billion. Also, these projects would
affect 1320 villages with displacement of 264,000 people. This indicates that the
current solutions such as desalination plants and inter-basin water diversion schemes
are unnecessary and both financially and socially infeasible as in fact there is no
water shortage in this area, but there is the shortage of storage reservoirs. To quench
the peninsular thirst, the coastal reservoirs at the river mouths of Godavari, Krishna,
Pennar, Palar, Cauvery, Valgal, Vap are suggested and a canal is constructed to link
these coastal reservoirs if needed in future. Thus, every year at least 100 km3/year
of additional water can be provided to the east side of the peninsula.

The distance from Godavari river mouth to Chennai is only 550 km, only 400 km
from Krishna River mouth to Chennai. Chennai is the capital city of Tamil Nadu
state. It is the fourth-largest city and fourth-most populous urban city in India with
a population of 8.6 million in 2011. It is also the 36th-largest urban area by popu-
lation in the world. This city is also nicknamed as “The Detroit of India” due to the
presence of major automobile manufacturing industries. Chennai’s average rainfall
is 1298 mm/year [17]. Its water demand in 2015 was 438 GL/year, but its supply
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capacitywas 360GL/year. The gap is expected to increase significantly as the demand
will increase to 766 GL/year in 2030.

Chennai’s water crisis can be solved by building coastal reservoirs at Pennar and
Palar river mouths. Pennar and Palar river have a catchment area of 55,200 km2

and 18300 km2 respectively with calculated annual runoffs of 6.3 km3/year and 2
km3/year. Both rivers are about 120 km and 67 km away from Chennai CBD. The
Poondi reservoir (91GL) and Chembarambakkam Lake (103GL) in Palar are major
sources of water supply to Chennai city. After commissioning of the Telugu Ganga
project to supply nearly 365 GL/year of Krishna River water to the Chennai city, the
dependence on Palar river water has reduced drastically.

Further, Pennar River and Palar river can generate water in a total of 8.3 km3/year
which is approximately 10 times more than the Chennai’s water demand in 2030.
This runoff can be collected at the river mouths by building coastal reservoirs which
can easily resolve the water crisis of Chennai. Chennai will not only have sufficient
water to sustain its developments but also further environmental impacts and financial
burdens can be reduced by decommissioning of the desalination plants and other
diversion schemes. The proposed coastal reservoirs for Chennai’s water supply are
shown in Figs. 5 and 6 where the shallow water in the river can be developed as
wetlands to pre-treat the river water.

The above coastal reservoirs can also help Bangalore to solve its water shortage
problems. Bangalore is the capital city of Karnataka state and is the fifth most popu-
lous city of India with a population of about 8.42 million in 2015. The population
is expected to reach 9.43 million in 2025 and 25 million in 2050. Because of the
presence of largest IT hub, this city is nicknamed as “Silicon Valley of India”. It is

Fig. 5 Proposed coastal reseroir in Pennar River
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Fig. 6 Proposed coastal reseroir in Palar River

the second fastest growing metropolitan city of India. Its elevation is over 900 m
above sea level and recorded annual rainfall is about 1000 mm/year.

Currently, the river Cauvery (or Kaveri in Indian) provides around 80%of the total
water supply (i.e., 292 GL/year to the city) with the remaining 20% being obtained
from the Thippagondanahalli and Hesaraghatta reservoirs of the Arkavathi river.
According to an estimate the demand for water in the city may rise to 930 GL/year
by year 2036 and the city could face a shortage of 365 GL/year.

Cauvery is a large Indian river flowing in Karnataka and Tamil Nadu, damping
into the Bay of Bengal through two principal mouths in Poompuhar, Tamil Nadu. Its
catchment area is 81,155 km2 from four states, 54% from Tamil Nadu, 42% from
Karnataka, 3.5% fromKerala, and 0.2% fromPuducherry. As a result of the historical
conflict between these four states, Indian government established a tribunal in 1990
to resolve the conflict. This tribunal allocated a runoff of 11.8 km3/year to Tamil
Nadu and 7.6 km3/year to Karnataka; 0.8 km3/year for Kerala and 0.2 km3/year to
Puducherry out of total runoff of 21.4 km3/year. Karnataka and Tamil Nadu being
the major shareholders, Karnataka was ordered to release 5.4 km3/year of water to
Tamil Nadu in a normal year from June to May [18] as shown in Fig. 7.
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Fig. 7 Coastal reservoirs at Cauvery river mouth

The dispute however, did not end there. For example, in August 2016, Tamil Nadu
asked Karnataka to release 1.4 km3 Cauvery water by following the Cauvery Water
Disputes Tribunal 2007. However, Karnataka declined to release water as the water
in Karnataka was only enough for drinking purposes. In September 2016, Supreme
Court askedKarnataka to releasewater toTamilNadu based on humanitarian grounds
as a result of which a general strike was called in Karnataka and two people were
killed in violence. Finally, the Supreme Court’s order was not followed.

The water dispute and Bangalore’s water crisis can be solved by coastal reservoirs
at the Cauvery river mouths as shown in Fig. 7. Based on the report of Cauvery Fact-
Finding Committee which included 38 years of flow data at Anicat on Coleroon,
the estimated annual flow and exploitable water in this basin 21 km3/year, and 19
km3/year, respectively. However, the figures were less than the factual as the runoff
from the 8000 km2 delta was not included in their calculations.

The estimated extra runoff from excluded 8000 km2 delta is 2.3 km3/year, and the
minimum flow from Anicat to the sea is 2 km3/year (=21–19), so the total runoff to
the sea should be more than 4.3 km3/year. Except for environmental flow to the sea
(1.3 km3/year), the remaining 3 km3/year of water can be collected and stored in the
reservoirs at the river mouths. In this way, the irrigationwater demand in the delta can
be fullymet and therefore thewater demand inTamilNadu can be reduced. Therefore,
the water supply to Karnataka state can be increased to 3 km3/year indirectly once the
downstreamwater supply is fully met. This could be more realistic if Karnataka state
financially supports the construction of coastal reservoirs at the river mouths. Hence
one can see that the coastal reservoirs can supply sufficient water to Tamil Nadu and
Karnataka, and it also promotes the harmonious relationship between upstream and
downstream water users. Therefore, Karnataka should increase its inland reservoir’s
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storage capacity, and Tamil Nadu should concentrate on the construction of coastal
reservoirs at its river mouths. If so, both states will have sufficient water to meet their
demands and the water dispute can be settled down.

Kerala and Kochi: For the coastal state Kerala and city Kochi, the rainfall is
very high up to 3500 mm/year [20]. Its runoff to the sea can be developed from
the Vembanad Lake and the Kaithapuzha Lake from the Meenachil River and
Muvathupuzha River. The Meenachil River is 78 km long and has a watershed area
of 1208 km2. The river has a total annual yield of 2,349 GL/year and an annual
utilizable yield of 1110 GL/year [21]. Kollam is an old seaport and city of Kerala
located on the banks of Ashtamudi Lake whose surface area is 61.4 km2, and the
catchment area is about 1,700 km2 [19]. A coastal reservoir is proposed in Fig. 8.

Muvattupuzha River is one of the major perennial rivers in Central Kerala with
a length of 121 km before it drains into the Vembanad Lake. This river constitutes
a total catchment area of 1554 km2 and average annual streamflow of this river is
3,560 GL. The proposed coastal reservoir for Kerala State is shown in Fig. 9.

Mangaluru is the chief port city of the Indian state of Karnataka. It is located about
352 km west of the state capital, Bengaluru. The average annual precipitation in
Mangalore is 3,796 mm/year [22]. The highest rainfall recorded is 330 mm over 24 h
on 22 June 2003. In the year 1994, Mangalore received very heavy annual rainfall
of 5,018 mm/year. Water supply for Mangaluru (or Mangalore) city in Karnataka

Fig. 8 Proposed coastal reservoir for Kollam
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Fig. 9 Proposed coastal reservoir for Kerala and Kochi

State can be met by developing water from the Netravati River/Gurupura River using
coastal reservoirs as shown in Fig. 10.

Netravathi River originates at an altitude of 1,000 m above sea level in the ever-
green tropical rain forest called the Western Ghats (mountain range) and flows west-
ward for about 103 km to join the Arabian Sea. The river drains an area of about 3657
km2 carrying an average annual flow of about 11.5 km3/year. The maximum annual
flow was 16.7 km3 (2.5 times the minimum) in 1980 and the minimum annual flow
observed was 6.7 km3 in 1987. The river carries about 85% of its annual flow during
July and August, and about 98% of the annual flow takes place for seven months
(June to December) in a year. The rivers are usually dry or have insignificant flow
from February to May. Seawater intrudes into the river up to about 22 km upstream.
The catchment area of Gurupur River is about 824 km2, and its estimated annual
runoff is about 2.6 km3/year. To provide sufficient water to Mangaluru/Bangalore
and to mitigate the seawater intrusion, a costal reservoir is proposed in Fig. 10.

Goa City: is situated on the western coast of Peninsular India and bounded in the
north by Maharashtra State, in the east and south by Karnataka State and in the west
by the Arabian Sea. Goa has a total geographical area of 3702 km2 and the population
is 1.46 million. Goa is the smallest of all the states in India and fourth smallest by
population. Goa is mainly drained by Mandovi and Zuari rivers. Goa receives an
overall annual rainfall of 3483 mm with a maximum of 5090 mm and a minimum of
2612 mm [6]. For Goa state, its capital city Panaji’s water supply could be developed
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Fig. 10 Proposed coastal reservoir for Mengaluru/Bangalore

from a coastal reservoir inside Mandovi River, located in either northern or southern
passage of Divar Island as shown in Fig. 11 below. This reservoir when built can
meet the increasing water demand of the city in future. Due to readily available water
resources, good annual average and small population, this city is less likely to suffer
from water crisis as compared to the other coastal cities across India.

Mumbai: is the capital city of the Indian state of Maharashtra and it is also
population-wise second largest city in India with population of 12.4 million in 1990,
20.7 in 2014 and expected to reach 28 million in 2030 [23]. Mumbai’s metropolitan
area covers 4355 km2 whereas the city area is 603.4 km2. It receives an average
annual rainfall of about 2258 mm/year [24] which is mostly due to the southwest
monsoon rains between June and September. The recorded maximum annual rainfall
was 3,452 mm/year in 1954, and the highest daily rainfall was 944 mm on 26 July
2005. Mumbai’s water supply mainly comes from two river basins, i.e., Ulhas and
Vaitarna rivers. The basic information of these dams for water supply is shown in
Table 3. In 2011, the water supply was 1423 GL/year, and it is estimated to be
1603 GL/year in 2021. The Ulhas basin drains an area of about 4,637 km2 into the
Arabian Sea and receives an average annual rainfall of 2,943 mm/year from south-
west monsoon from June to October. The Ul has rises from Sahyadri hill ranges in
the Raigad district of Maharashtra at an elevation of 600 m above mean sea level.
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Fig. 11 Potential development of river water for City of Goa using coastal reservoir

Table 3 Dams and Lake near
Mumbai

Dam Year
constructed

Capacity (GL) Annual
supply (GL)

Modak
Sagar/(Upper
Vaitarana)

1957 356 417

Tansa Lake 1892–1925 144 177

Vihar Lake 1860 27 40

Tulsi Lake 1879 8 6.6

Bhatsa 1983 710 620

Middle
Vaitarna

2012 193 166

The total length of this west-flowing river from its origin to its outlet is 122 km and
the annual runoff is estimated to be 6700 GL/year.

The river Vaitarna is located in the region North of Mumbai and South of the Tapi
River which comes from the Sahyadri hill range at Trimbak and travels 120 km to
the Arabian Sea. The Vaitarna basin is 2019 km2, and its estimated annual runoff is
about 3300 GL/year. The proposed coastal reservoirs for Mumbai’s water supply are
shown in Fig. 12, in which a barrage by rubber dam is constructed in Ulhas River
to divert good quality water into the Thane Creek, a barrage is suggested to separate
the sea. These two river basins drain more than 10,000 GL/year of water into the
sea, which can supply 6 cities whose size is similar to Mumbai. Another barrage or
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Fig. 12 Proposed coastal reservoirs for Mumbai

rubber dam is suggested to divert good quality water from Vaitarna River into the
coastal reservoir which starts from Jhow Island and links with Amala Island.

Likewise, other coastal reservoirs can be constructed to develop the runoff from
Daman Ganga River (2318 km2), Par River (907 km2), Auranga River (700 km2),
Ambika River (2715 km2) and Purna River (18,929 km2). The total catchment area
is 25600 km2. The annual rainfall in Surat is 1.2 m/year and 2.3 m/year in Mumbai,
thus we can assume the average rainfall in these catchments is 1.7 m/year. If the
runoff coefficient is 0.45, then the total runoff from these rivers is 20 km3/year. This
huge runoff can sustain west Indian future development.

Gujarat: is a relatively dry state in India, 5% of the country’s population live in its
6.4% of the country’s land with only 2% of the country’s freshwater resources. Every
year, the state generates 38 km3/year of surface water. However, only 20 km3/year
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can be developed due to the lack of suitable dam sites. TheGulf of Khambhat extends
from north to south and its width varies from 25 km at the inner end to 150 km at the
outer mouth, the total surface area is 17000 km2. There are four rivers draining its
annual flow to the sea. They are the Narmada River, Vishwamitri River, Mahi River
and Sabarmati River. The total catchment area of these rivers is 160,900 km2 and
the total annual runoff is 60.8 km3/year (see Table 2). State Gujarat has an area of
196,024 km2 with a coastline of 1,600 km, and a population in excess of 60million in
2011. Its largest city is Ahmedabad. There are 185 rivers in this state, only 8 of them
are perennial in the southern part. To sustain Gujarat’s development, from 1960s the
government started to investigate the feasibility of barrage in the gulf of Khambhat
for harvesting tidal power, land reclamation, freshwater development and train/road
transport, etc.

In 1969, a 42.5 km barrage was proposed by the Gujarat State to prevent sea tide
water ingress and store rain water. In 1975, Prof. E. M. Wilson of United Nation
Mission suggested a dam between Ghogha and Dahej to the electricity authority
for tidal power generation. In 1986, the Irrigation Department of Gujarat recom-
mended a 46 km long dam to store 3.4 km3 of water. In 1988, the Central Electricity
Authority suggested two separate basins for tidal power and fresh water storage (see
Fig. 13). In 2009, The Government of Gujarat accepted the Expert Advisory Group’s
recommendations to carry out more studies.

In 2016, as shown in Figs. 13 and 14, the project is mainly aimed for water
resources development to create the world largest fresh water reservoir to meet
demand for irrigation, domestic and industrial water supply. Associated components
are use of top of the dam across the Gulf as a surface transport link, potential devel-
opment of fisheries, reclamation of saline land around the fresh water reservoir. The

Fig. 13 Proposed coastal
reservoir for Gujarat
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dam length is 32 km long, the reservoir’s storage is about 10 km3 and its surface area
is about 2000 km2, the average depth is about 5 m.

As the Gujarat reservoir is the 1st generation coastal reservoir, this type of reser-
voirs often has water quality problems like those in Australia and South Korea.
Special caution should be paid for its hydraulic detention time. The comparison of
these three coastal reservoirs is shown in Table 4. The total runoff to theGujarat reser-
voir is about half of the runoff (i.e., 30 km3/year) from Narmada River (catchment
area = 102 km2, annual runoff = 45.6 km3), Vishwamitri River (1185 km2, 0.47 km3),
Mahi River (36 k km2, 11 km3), Sabamati River (21700 km2, 3.8 km3) if the existing
dams were excluded. Table 4 clearly shows that Gurajat reservoir’s detention time
ranges between Alexandrina Lake and Sihwa Lake, same as the evaporation time.
Therefore, one may conclude that it is possible that the reservoir’s water quality is
too poor to be used. In order to improve the water quality and also develop the runoff
lost to the sea, the 2nd generation coastal reservoir should be applied, i.e., (Fig. 14,

Table 4 Comparison of Gujarat reservoir with other failed reservoirs

Gujarat reservoir Alexandrina lake Sihwa lake

Country India Australia South Korea

Annual flow (km3) 30 11.6 0.15

Water storage (km3) 10 1.7 0.32

Surface area (km2) 2000 620 42.5

Storage/Annual evaporation (year) 10/2.3 = 4.3 1.7/0.8 = 2.1 0.32/0.043 = 7.4

Hydraulic detention time (year) 10/30 = 0.33 1.7/11.6 = 0.15 2.1

Problem High salinity Algal blooms

Fig. 14 Proposed coastal reservoirs for Kalpasar
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the proposed 30km long seawall for the Kalpasar Coastal Reservoir)

(1) the shallow water should be excluded from the high-quality freshwater storage
zone;

(2) the poor quality water should be able to be discharged into the sea without
storage, or the by-pass channels should be included.

4 Conclusion

This chapter discusses possible coastal reservoirs in India, and the preliminary results
show that coastal reservoirs could effectivelymitigate flood disasters, and convert the
disastrous floodwater into sweet water resources in dry seasons. Once local runoff
is developed, downstream water demand is met and flood disasters are mitigated,
the upstream water crisis could be solved, e.g., Chennai and Bangalore, thus India
will have sufficient freshwater from the sea without desalination. Water pollution is
another problem for India, the wetland pre-treatment can be developed to purify the
river water prior to storage. The coastal reservoirs in its Arabian sea could develop
at least 132 km3/year of floodwater from rivers. These coastal reservoirs, if designed
properly, could supply sufficient water to the southern and northwestern regions like
cities Trivendrum,Mangaluru,Mumbai, etc.Kalpsasar coastal reservoir could be also
useful to quench the thirst in Indian regions like Gujarat, Rajastan and Maharashtra
and even its neighboring countries like UAE, MUSCAT and other Gulf countries to
exchange their energy resources like oil/gas for water.

The analysis shows that the total runoff in India is about 1887 km3/year (the
average runoff coefficient is about 0.47), among it 1033 km3/year of water could be
developed by the inland strategy and at least 854 km3/year of floodwater reaches
the sea, for which coastal reservoirs can harvest in the sea. It is enough for India to
quench its thirst, or India is not running out of the water, but water is running out of
India.

It is beneficial that India has such a large stretch of coastline that provides the
country with good opportunity to develop its coastal economic using its abundant
water resources, cheap human resources and extensive coastal land. Among these
three elements, water is critical. Coastal reservoirs wouldmanage to capture and hold
large amounts of usable water that would otherwise go to waste. As the population
of India continues to increase, the water crisis will embellish, so as action needs
be taken more drastically as time goes on, coastal reservoirs will more prominently
become the most viable option.
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5 Recommendations

Similar to any dam development, coastal reservoir’s design, construction and
management needs comprehensive investigation. The existing coastal reservoirs
in the world tells that many do not achieve their designed purpose and some are
failed. It is highly recommended that future coastal reservoir development should be
guided/managed by experienced experts like IACRR members.

Like dam development, a coastal reservoir needs to consider rainfall, runoff,
extremewhether conditions, butmore than that, coastal reservoir development should
consider seawater pollution, sea-level-rise andwater quality. Itswater quantity should
include domestic, industrial and agricultural water use.

Coastal reservoir development needs experts like decision-makers, city-planners,
engineers, researchers, suppliers, contractors and financial investors. IACRR is a
pool of these experts.
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Heavy Metal Accumulation in Dominant
Edible Fish Species of River Kolab
in Koraput District of Odisha, India

Kakoli Banerjee, Biswajita Mahapatra, and Gopal Raj Khemundu

Abstract The present study aims to assess the diversity of fin fishes along with
the water quality and the major toxic heavy metals accumulated in the organs of two
edible major carps: Labeo rohita and Catla catla collected from the two different sites
of the River Kolab, i.e. Upper Kolab (site 1) and Lower Kolab stretches (site 2) in
Koraput District of Odisha, India. The study recorded fourteen (14) least concerned
followed by three (03) near threatened and two (02) Vulnerable species under IUCN
category. Highest Shannon-Weiner species diversity index at site 1 revealed that site
1 has more fish diversity than site 2 and it is supported by the Index of Dominance
whose value is just vice versa. This may be because of its proximity to the two major
Industries: Hindustan Aeronautics Ltd. (HAL) and National Aluminium Company
(NALCO). Temperature and turbidity of the water and heavy metal content were
comparatively higher at the region of site 2, receiving effluents compared to river
water, which received less effluent discharge (site 1). High metal accumulation in
fishes at site 2 indicates the impairment of ambient stream due to discharge of indus-
trial and municipal effluents into the river. The pattern of accumulation was in the
order of Zn>Cu>Pb in both formuscle and intestine irrespective of species and sites,
excepting inmuscle of Labeo rohita in site 1 where Zn > Pb >Cu. It is to be noted that
in case of intestine of Catla catla at site 2, Pb accumulation (1.299 ppm dry weight)
is above the permissible level as per WHO/FAO (1984). This is an alarming signal
for human community. Correlation coefficient computed between physico-chemical
variables and accumulated metals revealed the regulatory effect of temperature and
pH on metal accumulation. As river Kolab is the main source of drinking water and
these fishes are the main fishery resources, consumed by many people in the study
area, hence, proper detoxification of heavy metals in effluent and municipal waste is
necessary before discharging them into the water body. It is also recommended that
awareness programmes should be taken up among the people regarding the hazards
of consumption of polluted water and fishes.

K. Banerjee (B) · B. Mahapatra · G. R. Khemundu
Department of Biodiversity & Conservation of Natural Resources, Central University of Odisha,
P.O. NAD, Sunabeda, Koraput, Odisha 763004, India

© Springer Nature Switzerland AG 2022
S. Yadav et al. (eds.), Wastewater Assessment, Treatment, Reuse and Development
in India, Earth and Environmental Sciences Library,
https://doi.org/10.1007/978-3-030-95786-5_2

27

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-95786-5_2&domain=pdf
https://doi.org/10.1007/978-3-030-95786-5_2


28 K. Banerjee et al.

Keywords River Kolab; Shannon-Weiner diversity index · Index of dominance ·
Bioaccumulation · Labeo rohita · Catla catla

1 Introduction

Riverine ecosystem is the lifeline of any country sustaining multifarious floral and
faunal diversity and play important role in providing certain ecological services
[1, 2]. Rivers, watersheds and aquatic ecosystems are the biological engines of the
planet. The anthropogenic pressure on freshwater resources is extreme, and has led to
critical endangerment of freshwater biodiversity at both global and regional scales [3].
Rivers are connecting links between various habitats covering a large surface area [4].
Conserving diversity and abundance of freshwater fishes for their ecological function
and their economic value is a significant part of river conservation, restoration and
management.

India is one of the mega biodiversity countries in the world. It occupies the ninth
position in terms of freshwater mega biodiversity [5]. India is bestowed with more
than 3.0 million hectares of water spread area which harbours about 10,000 species
accounting for about 11.7% in Indian waters. Out of 2,319 fish species found in
India, 838 species are purely freshwater [6]. Odisha has a vast expanse of freshwater
comprising of rivers, canals, lakes, reservoirs, swamps, ponds and tanks (Table 1).
These water bodies spread over an area of about 6.66 lakh hectares and are inhabited
by diverse group of fishes. These are Indian Major Carps, Mahseer, Minor Carps,
Large and small Cat fishes, Air- breathing fishes, Clupeids, Weed fishes and other
fishes [7].

Table 1 Odisha—river length and catchment areas in km2 [7]

Name of rivers Total catchment
(Km2)

C.A inside Odisha
(Km2)

Total length (Km) Length inside
Odisha (Km)

Mahanadi 1,41,134 65,628 851 494

Brahmani 39,116 22,516 765 461

Baitarani 14,218 13,482 440 360

Rushikulya 8,963 8,963 175 175

Vansadhara 11,377 8,960 239 176

Nagvali 9,275 4,500 217 125

Kolab 20,427 10,300 343 270

Indrāvati 41,700 7,400 530 167

Bahuda 1,118 890 96 74

Subarnarekha 19,277 2,983 446 81

Budhabalanga 4,838 4,838 199 199

*C.A Indicates Catchment Area
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Table 2 Orissa—industrial effluents discharge into rivers [59]

Sl. No. Name of the river Industrial effluent [kilolitre per day/KLD]

1 Mahanadi—Sambalpur 736

– Cuttack 2,780

– Paradeep 5,280

2 Brahmani 9,480

3 Kathajodi 750

4 Kuakhai 1,000

5 Daya 1,570

6 Rushikulya 2,180

7 Baitarani 5,360

8 Bansadhara 630

9 Bahuda 580

10 Subarnarekha 460

11 Budhabalanga 530

12 Kolab 2,900

Pollution of natural systems by toxic metals is a global environmental problem
of increasing importance [8]. The study of toxic and trace metals in the environ-
ment is more important than other pollutants due to their non-biodegradable nature,
accumulated properties, and their long biological half-life. Once they enter the envi-
ronment, it is difficult to completely remove them from the environment. The effluent
discharges of the rivers in Odisha are detailed in Table 2.

Heavymetals are known to have atomic weights varying from 22 to 92 in the Peri-
odic Table from period 3 to 7 in contrast to trace metals which have <0.01% of mass
of organism [9]. Environmental Protection Agency (EPA) has designated 8 metals
(arsenic, cadmium, chromium, copper, lead, mercury, nickel and zinc) on the priority
list of toxicity on human beings. It is being reported that lead in excess lead to brain
and kidney disorders (otherwise known as fanconic syndrome), zinc causes anaemia
and human cancer, copper causes depigmentation and cardio-vascular diseases etc.
[10]. The degree of toxicity varies differently with respect to different metals in
marine and freshwater ecosystems [11, 12]. Apart from human beings, fishes are
also affected by metal toxicity and thereby act as good indicators for heavy metal
[13].

Metal accumulation in fishes depends on the phenomenon of uptake and excretion
[14]. Gills are the most active site of accumulation because of its increased surface
area and binding efficiency on cell surfaces. However, this adsorption is dependent
on the attraction of metal to specific ligands. Organs like liver and kidney secrete
specific metal binding proteins where the metals get accumulated [15]. The three
possible ways of metal uptake by fishes are: (i) the body surface i.e. through skin (ii)
the gills, and (iii) the alimentary tract. Reports have proved that themucus secretion in
fish bodies prevent their skin from uptaking heavy metals [16]. According to Singh
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[17], water parameters also play a pivotal role in accumulation pattern of heavy
metals in fishes owing to the different aquatic ecosystems (rivers, lakes or oceans).
However, no comprehensive work has been done in the fishes found in Kolab River
in Koraput region of Odisha. The present research programme is an attempt to scan
the finfish tissues and intestine of (Labeo rohita and Catla catla) in connection to
bioaccumulation of heavymetals collected from upper Kolab and lower Kolab region
of the river during pre monsoon season.

2 Materials and Methods

2.1 Study Area

The Koraput district lies at 17.4°–20.7° N latitude and 81.24°–84.2° E longitude.
The district experiences minimum 12 °C and maximum 38 °C temperature, with
three seasons are i.e. summer, winter and rainy. Summer occurs only for 1–2 months
(preferably duringApril andmay), rainy season lasts from June toOctober andwinter
is from November to March and winter season is generally longer than other parts of
Odisha. The annual rainfall is 1,522mm. The area has an undulating topographywith
hills, valleys, waterfalls and springs. The site selected for the study has the following
characteristics (Fig. 1).

Fig. 1 Map of Kolab river and its tributaries showing the sampling sites
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The river Kolab, known as “Sabari” in its lower reaches, forms a tributary of
river Godavari. The river originates from the Eastern Ghats in Koraput district at
an altitude of 1200 m and descends to 810 m from mean sea level at dam site near
village Karanga traversing about 78 km with average bed slope of 6.25 m/km [18].
The catchment area intercepted at the dam site is 1630 km2. This is bounded by
latitude 18° 23′ and 18° 47′ N and longitude 82° 32′ N and 83° 32′ E. The Kolab
reservoir is situated in the Kolab River in Koraput district of Odisha. Koraput is one
of the most vulnerable districts of the country depending on delicate ecology and
tribal socio-economy. The topography of the region is hilly, undulating and rolling.
The degraded soils with exposed rocks resulted from severe erosion is the common
landscape.

2.2 Data Collection for Finfish Diversity Study

Monthly fish data was collected during April–May, 2015 with the help of local fish-
ermen of the surrounding villages belonging to Jagannath Sagar Primary Fisherman
Co-operative Society (PFCS) registered under Government of Odisha located at
Jeypore, Koraput and Maa Mangala PFCS, located at Sunabeda, Koraput registered
under Government of Odisha. In order to record fishes available in the dam, direct
physical count method was used. Shannon-Weiner species diversity index and Index
of Dominance was calculated for both the study sites as per standard formulae:

H̄ = −
s∑

i=1

(
ni

N
× ln

ni

N

)

Id =
∑

[ni(ni − 1)/N(N − 1)]

where,

H̄ Shannon-Weiner species diversity index
Id Index of Dominance
ni Importance value of each species
N Total no. of importance value

Water samples were collected at the same time from the respective sites and
in-situ analysis of water temperature, pH and turbidity was analyzed by standard
methods. The identification of the fishes was done using standard literatures [7,
19] and IUCN categories were documented through website (http://www.iucnredli
st.org). The selected fishes (Labeo rohita and Catla catla) were subjected to heavy
metal analysis, brought to the laboratory were preserved in ice box. The dissected
muscles and intestines were dried at 110 °C to remove moisture content and kept
ready for heavy metal analysis.

http://www.iucnredlist.org
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2.3 Heavy Metal Analysis

Selected fish species viz. Labeo rohita and Catla catla (about 8 in number) were
brought to the laboratory and dissected for muscles and intestine with the help of
clean stainless-steel blade [20]. The samples were placed in petridish and oven dried
at 110 °C for 48 h. 0.5 g of each dry tissue was weighed and put in a separate test
tube. Then nitric acid (HNO3) and perchloric acid (HClO4) in 2:1 ratio was added
to each sample and left over-night at room temperature. Samples were digested in
a water bath set to 100 °C water boiling temperature and the content was warmed
for about 2 h until all the tissues dissolved. The digested sample was cooled to room
temperature followed by the addition of 5 ml. of distilled water. The solution was
transferred to 25 ml. volumetric flask and made up to mark with 1% HNO3. Heavy
metal concentration (inµg/g dry-weight) were determined using Atomic Absorption
Spectrophotometer (AAS). The cathode lamps used were of copper (wavelength nm
324.7, lamp current mA 3.0), lead (wavelength nm 217.0, lamp current mA 5.0) and
zinc (wavelength nm 213.9, lamp current mA 5.0).

2.4 Statistical Analysis

The data collected were expressed asMean± Standard deviation. In order to find out
the inter relationship between the physico-chemical parameters and the heavy metal
content in fish tissues (muscle) and intestine, Spearman’s correlation coefficient was
computed using SPSS 13.1.

3 Results

3.1 Water Quality

The temperature of Kolab river water samples of upstream (site 1) and downstream
(site 2) during study period varied from 29.7 ± 0.48 °C at site 1 to 31.2 ± 0.03 °C
at site 2 respectively. The downstream water sample has slightly higher temperature
than the upstream water samples during the study period. The pH of Kolab river
water samples of upstream (site 1) and downstream (site 2) ranges from 7.5 ± 0.17
to 7.3 ± 0.13 respectively and the turbidity values of Kolab river water samples
during the study period range from 6.2 ± 0.03 NTU at site 1 to 8.1 ± 0.1 NTU at
site 2 respectively (Table 6).

Statistical analysis computed with the data sets at sites 1 and 2 revealed that
temperature has a negative correlation with turbidity at 1% level of significance
(r = −0.9998, p < 0.01). pH and temperature showed a positive correlation (r =
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0.9596, p < 0.01) which is a significant characteristic feature of water during pre-
monsoon season. This proves that with an increase in temperature, pH of the water
also increases and vice versa. The negative relationship between temperature and
turbidity shows that in pre-monsoon season, there is no run-off from the adjacent
land masses; hence the water is clean and clear with respect to other seasons. The
decreased turbidity level allows a better growth of phytoplankton which is a live feed
for the fishes. This typical characteristic of water has been witnessed both at sites 1
and 2 respectively.

3.2 Fish Diversity

The study revealed the occurrence of nineteen (19) freshwater fish species belonging
to five (5) orders, eight (8) families in two tributaries of Kolab River in Koraput
district of Odisha i.e. Upper Kolab and Lower Kolab stretches. At site 1 (Upper
Kolab stretch), fish diversity was represented under five (5) Orders i.e. Order
Cypriniformes, Order Osteoglossiformes, Order Siluriformes, and Order Perci-
formes. Order Cypriniformes was dominant with ten (10) fish species under a single
Family Cyprinidae (Labeo rohita, Labeo bata, Cirrhinus mrigala, Cirrhinus reba,
Puntius terio, Ctenopharyngodon idella, Cyprinus carpio, Esomus danricus, Catla
catla, Amblypharyngodon mola). Order Perciformes represented two (2) families;
each Family represented by one (1) species each i.e. Family Anabantidae (Anabas
testudineus) and Family Gobiidae (Glossogobius giuris). Order Siluriformes repre-
sented three (3) species under three (3) families, each family represented by one
(1) species each i.e. Schilbeidae (Ailia coila), Siluridae (Ompok bimaculatus) and
Heteropneustidae (Heteropneustes fossilis) (Fig. 2).

At site 2 (Lower Kolab stretch) fish diversity was represented under five (5)
Orders i.e. Order Cypriniformes, Order Channiformes, Order Siluriformes, Order
Osteoglossiformes, Order Perciformes. Order Cypriniformes consisted seven (7)

Fig. 2 Family wise fish species abundance in site 1 of Kolab river
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Fig. 3 Family wise fish species abundance in site 2 of Kolab river

species under family Cyprinidae represented by seven (7) species (Labeo rohita,
Catla catla, Puntius terio, Hypophthalmichthys molitrix, Esomus danricus, Labeo
calbasu, Amblypharyngodonmola). Order Channiformes represented two (2) species
under single FamilyChannidae (Channa punctatus, Channa orientalis). Order Siluri-
formes representing one (1) species under Family Heteropneustidae (Heteropneustes
fossilis). Order Perciformes represented one (1) species under the Family Anaban-
tidae (Anabas testudineus). Order Osteoglossiformes representing one (1) species
under the Family Notopteridae (Notopterus notopterus) (Fig. 3).

The list of fish species recorded under present IUCN category is shown in Table
3. Almost all the fishes recorded are edible excepting two (2) species which are orna-
mental (Esomus danricus, Glossogobius giuris). Moreover, it was recorded that four-
teen (14) species i.e.Labeo rohita, Labeo bata, Labeo calbasu, Catla catla, Cirrhinus
mrigala, Cirrhinus reba, Puntius terio, Esomus danricus, Amblypharyngodon mola,
Channa punctata, Heteropneustes fossilis, Anabas testudineus, Glossogobius giuris,
Notopterus notopterus comes under Least Concern category followed by three (03)
species i.e.Hypophthalmichthys molitrix, Ailia coila andOmpok bimaculatus comes
under Near Threatened category and only two (02) species i.e. Cyprinus carpio and
Channa orientalis are coming under Vulnerable category respectively.

The catch statistics per day per catch at both the sites is represented in Tables 4
and 5 respectively. The diversity index was found to be higher (mean H̄= 2.28 at site
1 and mean H̄ = 1.96 in site 2) in the months of April at both the sites. The relative
abundance calculated at both the sites revealed maximum diversity of Labeo rohita
(16.9%) and (21.32%) at sites 1 and 2 respectively, followed by Catla catla (13.3%)
and (15.47%) at sites 1 and 2 respectively (Figs. 2 and 3). This is also supported by
the Index of Dominance calculated for April and May at sites 1 and 2, where Id is
higher at site 2 (mean Id = 0.16) than site 1 (mean Id = 0.14) respectively (Tables 4
and 5). The family wise representation of the species dominance is shown in Figs. 2
and 3.
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Table 3 List of Fishes with their IUCN category of Kolab River

Sl. No. Zoological name Edible/ ornamental fish IUCN status Site 1 Site 2

1 Labeo rohita Edible LC + +
2 Labeo bata Edible LC + −
3 Labeo calbasu Edible LC − +
4 Catla catla Edible LC + +
5 Cirrhinus mrigala Edible LC + −
6 Cirrhinus reba Edible LC + −
7 Puntius terio Edible LC + +
8 Cyprinus carpio Edible VU + −
9 Hypophthalmichthys

molitrix
Edible NT + +

10 Esomus danricus Ornamental LC + +
11 Amblypharyngodon

mola
Edible LC + −

12 Channa punctata Edible LC − +
13 Channa orientalis Edible VU − +
14 Ailia coila Edible NT + −
15 Ompok bimaculatus Edible NT + −
16 Heteropneustes

fossilis
Edible LC + +

17 Anabas testudineus Edible LC + −
18 Glossogobius giuris Ornamental LC + +
19 Notopterus notopterus Edible LC + +
VU Vulnerable, NT-Near threatened, LC Least Concern
(+) Sign indicates the presence of the species in the above represented particular area and (-) sign
indicates the absence of the species in the above represented particular area

3.3 Heavy Metal Accumulation in Fishes

Of the three metals studied in the present programme, zinc and copper are essential
elements while lead is a non-essential element for most of the living organisms.
Irrespective of species thepattern of concentrationof differentmetalswas comparable
in the present programme. Highest concentration of zinc was observed in both the
species followed by copper and lead exceptingmuscle of Labeo rohita at site 1 where
Zn (5.973 ± 0.366 ppm dry weight) > Pb (0.949 ± 0.216 ppm dry weight) > Cu
(0.649 ± 0.016 ppm dry weight) (Figs. 4, 5, 6, 7, 8, 9, 10 and 11). The pattern of
accumulation was in the order of Zn > Cu > Pb both for muscle and intestine in case
of both the species. Zinc, copper and lead accumulated as per the order Catla catla
> Labeo rohita at site 1 in muscle, whereas it is vice versa in case of intestine. In
case of site 2, zinc accumulated as per the order Labeo rohita > Catla catla both in
case of muscle and intestine. In case of copper, the accumulation pattern was of the
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Fig. 4 Heavy metal accumulation in muscle cells of Labeo rohita and Catla catla in site 1

Fig. 5 Heavy metal accumulation in intestine cells of Labeo rohita and Catla catla in site 1

Fig. 6 Heavy metal accumulation in muscle cells of Labeo rohita and Catla catla in site 2
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Fig. 7 Heavy metal accumulation in intestine cells of Labeo rohita and Catla catla at site 2

Fig. 8 Heavy metal accumulation in muscle cells of Labeo rohita in site 1 and 2

Fig. 9 Heavy metal accumulation in intestine cells of Labeo rohita in site 1 and 2
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Fig. 10 Heavy metal accumulation in muscle cells of Catla catla in site 1 and 2

Fig. 11 Heavy metal accumulation in intestine cells of Catla catla in site 1 and 2

order Catla catla > Labeo rohita at site 1 in both muscle and intestine and in site
2 of intestine except copper in muscle at site 2 (Figs. 4, 5, 6, 7, 8, 9, 10 and 11).
Lead accumulated as per the order Labeo rohita > Catla catla in case of muscle and
intestine at site 1 whereas it is just the reverse in case of site 2 (Figs. 4, 5, 6, 7, 8, 9,
10 and 11).

The accumulation of zinc, copper and lead in muscle and intestine of both the
fishes reveals a significant negative correlation (p < 0.01) with temperature and pH
at sites 1 and 2 respectively excepting muscle of Labeo rohita at site 1. With respect
to turbidity, the zinc, copper and lead accumulation showed a positive correlation (p
< 0.01) at sites 1 and 2 in case of both the species excepting muscle in Labeo rohita
at site 1 (Tables 6, 7a, 7b, 8a, 8b, 9a, 9b, 10a, 10b). Considering the accumulation
pattern of zinc, copper and lead in muscles and intestine of Labeo rohita and Catla
catla, it has been witnessed that all the metals in fish muscle and intestine are within
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Table 6 Values of physico-chemical variables measured at sites 1 and 2 (Mean ± SD) of Kolab
River water

Sl No Parameters Site 1 Site 2 Acceptable limit (as per BIS
Specification for drinking water)

1 Temperature 29.7 ± 0.48 °C 31.2 ± 0.03 °C 5 °C

2 pH 7.5 ± 0.17 7.3 ± 0.13 7.0

3 Turbidity 6.2 ± 0.03 NTU 8.1 ± 0.1 NTU 6.5–8.5 NTU

Table 7a Inter-relationship between turbidity, temperature, pH with heavy metals (Cu, Zn and Pb)
in muscle of Labeo rohita at site 1

Turbidity Temperature pH Cu Zn Pb

Turbidity 1

Temperature −0.99983 1

pH −0.95423 0.959634 1

Cu −0.97812 0.981822 0.995572 1

Zn 0.61859 −0.60385 −0.35529 −0.44158 1

Pb −0.99942 0.998618 0.943529 0.970492 −0.6449 1

Table 7b Inter-relationship between turbidity, temperature, pH with heavy metals (Cu, Zn and Pb)
in intestine of Labeo rohita at site 1

Turbidity Temperature pH Cu Zn Pb

Turbidity 1

Temperature −0.95544 1

pH −0.83385 0.959634 1

Cu 0.929786 −0.99701 −0.97849 1

Zn 0.911293 −0.99223 −0.98717 0.998876 1

Pb 0.960769 −0.99983 −0.95423 0.995402 0.989743 1

Table 8a Inter-relationship between turbidity, temperature, pH with heavy metals (Cu, Zn and Pb)
in Muscle of Catla catla at site 1

Turbidity Temperature pH Cu Zn Pb

Turbidity 1

Temperature −0.95544 1

pH −0.83385 0.959634 1

Cu 0.93472 −0.99797 −0.97558 1

Zn 0.846154 −0.96577 − 0.99974 0.980316 1

Pb 0.980316 −0.99491 −.92642 0.986486 0.93472 1
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Table 8b Inter-relationship between turbidity, temperature, pH with heavy metals (Cu, Zn and Pb)
in Intestine of Catla catla at site 1

Turbidity Temperature pH Cu Zn Pb

Turbidity 1

Temperature −0.95544 1

pH −0.83385 0.959634 1

Cu 0.922613 −0.99536 −0.98224 1

Zn 0.891042 −0.98533 −0.99355 0.997176 1

Pb 0.980316 −0.99491 −0.92642 0.980609 0.963123 1

Table 9a Inter-relationship between turbidity, temperature, pH with heavy metals (Cu, Zn and Pb)
in Muscle of Labeo rohita at site 2

Turbidity Temperature pH Cu Zn Pb

Turbidity 1

Temperature −0.95544 1

pH −0.83385 0.959634 1

Cu 0.986241 −0.99109 −0.91363 1

Zn 0.922613 −0.99536 −0.98224 0.973684 1

Pb 0.846154 −0.96577 −0.99974 0.922613 0.986241 1

Table 9b Inter-relationship between turbidity, temperature, pH with heavy metals (Cu, Zn and Pb)
in Intestine of Labeo rohita at site 2

Turbidity Temperature pH Cu Zn Pb

Turbidity 1

Temperature −0.95544 1

pH −0.83385 0.959634 1

Cu 0.986241 −0.99109 −0.91363 1

Zn 0.891042 −0.98533 −0.99355 0.953821 1

Pb 0.960769 −0.99983 −0.95423 0.993399 0.981981 1

Table 10a Inter-relationship between turbidity, temperature, pH with heavy metals (Cu, Zn and
Pb) in Muscle of Catla catla at site 2

Turbidity Temperature pH Cu Zn Pb

Turbidity 1

Temperature −0.95544 1

pH −0.83385 0.959634 1

Cu 0.986241 −0.99109 −0.91363 1

Zn 0.980316 −0.99491 −0.92642 0.999466 1

Pb 0.960769 −0.99983 −0.95423 0.993399 0.996616 1
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Table 10b Inter-relationship between turbidity, temperature, pH with heavy metals (Cu, Zn and
Pb) in Intestine of Catla catla at site 2

Turbidity Temperature pH Cu Zn Pb

Turbidity 1

Temperature −0.95544 1

pH −0.83385 0.959634 1

Cu 0.995871 −0.97829 −0.88052 1

Zn 0.922613 −0.99536 −0.98224 0.953821 1

Pb 0.986241 −0.99109 −0.91363 0.997176 0.973684 1

the permissible limits of FAO/WHO [21]. However, there is a signal of caution in case
of lead accumulation in intestine of Catla Catla, where it is more than permissible
level. However, long term studies are required to understand the seasonal variation
in accumulation and its effect on human health.

4 Discussion

4.1 Water Quality

The developmental activities, pollution and overfishing are responsible for degrada-
tion of water quality [22]. Rivers play an important role in linking habitats of plants
and animals in the extent that they cover. The liaison work of rivers between the
upstream and downstream areas including the banks of the river renders a chance to
inhabit species among migrants from other regions. Such a combination demands
a diversity measurement objective and a proper understanding of populations for
ecosystem studies. Analyzing the role of fishery resource use on community liveli-
hoods is important for an effectivemanagement framework. The river Kolab, the only
source of drinking water in and around Koraput mine area of Odisha, is located in the
vicinity of HAL and NALCO, two major industries of the Government of India. The
physico-chemical variables like temperature, pH and turbidity are primary factors
for sustenance of fish diversity of river. Hence, attention has been given for moni-
toring the selected physico-chemical parameters on which the metal concentration
in aquatic phase also varies. The fly-ash generation, industrial coolant discharge,
pipe line corrosion, municipal sewage, dumping ores frommines and paper and pulp
board mills are some of the major sources of zinc, copper and lead in the present
study area which may be attributed to the presence of NALCO, HAL and BILT paper
mill located in and around the river stretch. This is the major reason for availability
of zinc, copper and lead in the muscle and intestine of selected fish species: Labeo
rohita and Catla catla.
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4.2 Fish Diversity

The study of freshwater fishes in the Indian subcontinent has been limited to scattered
works on commercial fisheries and even to some major river systems such as the
Ganges andYamuna. Of the 2500 species of fish identified in the Indian subcontinent,
930 are classified as freshwater species. Temporal and spatial accumulation of fish in a
river is very dynamic. The fisheries diversity study in the Kolab river has thrown light
on existing fisheries resource and the catch statistics over a period of 60 days (April–
May 2015). The results on fish diversity in present research programme clearly shows
the assemblage of higher diversity in the upstream region (site 1) owing to the fact
that this area is comparatively a more pristine zone than the lower stretch of river
(site 2), which goes hand-in-hand with the studies of Alam et al. [4] and Hossain
et al. [23]. The IUCN categories mentioned in (Table 4) shows that the ecology of
Kolab River is comparatively much better than the Mahanadi River of Odisha which
has been studied by Kumar et al. [24]. Qualitative research in fish diversity of Kolab
River and specifically classifying them into respective families including their edible
and ornamental quality has been done in the present research programme as shown
in Table 3. Such type of studies has also been done by Tamboli and Jha [25] and
Kumar et al. [24]. The first ever study on fishes of Odisha was put forth by Day [26],
which included both marine and freshwater fishes. However, no detail investigation
has been so far taken up on the freshwater fish diversity of Ganjam district of Odisha.

A fish diversity index was used to describe the diversity of community samples by
a number [27]. The idea of “species diversity” depends on richness and evenness of
species in a community [28]. Diversity index increases when the number and variety
of the species increases. In a given area, the value of the diversity index is maximum
when all species are equally dominant [22]. Site 1 found the highest Shannon-Weiner
diversity index, where Site 2 saw the lowest. Similar observations were also found
by Nabi et al. [29]. The present study shows the relative abundance of Labeo rohita
and Catla catla at both the sites, which was also confirmed by Hossain et al. [23]. A
significant increase in Shannon Weiner index values was also found at site 2. This
may also be due to the even distribution of all species at site 1, proving it to be a more
congenial environment. The present study on fin fish diversity recorded sixteen (16)
species at site 1 and eleven (11) species at site 2 which shows the diversity of fishes
of Kolab River (Tables 4 and 5). Rivers with their tributaries and distributaries are
sites for globally vulnerable species (Table 3). The more sensitive the species are,
the greater the need for fish protection.

4.3 Heavy Metal Accumulation in Fishes

Toxic metal pollution are one of the major concerns of mining areas around the world
[30]. They are the most dangerous as they have a longer life in the environment
which directly or indirectly affects living organisms in the route of food chain [31].
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Increased level of heavy metals as a result of heavy mining, especially during the
rainy season has adverse effects on the environment which contaminates surface
water and groundwater bodies [32]. Themetal levels of biological samples depend on
the ambient water chemistry. Therefore, the common physico-chemical parameters
like pH, temperature and turbidity were also analyzed. The correlation coefficient
(Tables 7a, 7b, 8a, 8b, 9a, 9b, 10a, 10b) computed with the metal concentration in
the fish muscle during the study period has shown negative correlation with pH (p <
0.01) and temperature (p < 0.01), but positive correlation with turbidity (p < 0.01)
excepting in muscles of Labeo rohita which clearly speaks that with the decrease
in pH, the metal ions get transformed into dissolved state and hence accumulation
of heavy metals in the fishes is more. The significant positive correlation (p < 0.01)
between turbidity and accumulation of metals shows that more is the suspended
particulate matter in the ambient media, more is the accumulation. This has also
been supported by Rauf et al. [33]. In the river, fish are often at the top of the food
chain and has tendency to concentrate heavy metals from water [34]. Dural et al.
[35] also observed highest levels of zinc, copper and lead in the liver and gills of
three freshwater species which are (Sparus aurata, Dicentrachus labrax and Mugil
cephalus). Kumar et al. [36] while working with Labeo rohita also reported that the
amount of heavymetals being ingested from contaminated water has resulted in zinc,
copper, lead accumulation in fish which possess adverse effect on human health. The
concentration of zinc, copper and lead in Labeo rohita and its effect on human health
has also been studied by Kumar et al. [36].

Fish is an important component in the diet of people of India s and is a significant
item in their diet. It contains 25% animal protein [37] covering 75% (105.6 million
tonnes) of estimated world fish production used for direct human consumption [38].
It is said that fish consumption in developing countries increased by 57% in 2020
[39]. Fish protein contains two types of omega-3 polyunsaturated fatty acids; Eicos-
apentenoic acid (EPA) and docosahexenoic acid (DHA). Omega-3 (n-3) fatty acids
helps in reduction of cholesterol levels and reduces the incidence of heart disease,
stroke and preterm delivery. Fish also contains vitamins and minerals that is required
as a part of human diet, however the intake of polluted fish can be the main route of
exposure to heavy metals [40].

In the present study, the accumulation level of zinc, copper, and lead as per
FAO/WHO [21], in muscle and intestine of Labeo rohita and Catla catla (Figs. 4,
5, 6, 7, 8, 9, 10 and 11) shows that the accumulation is far below the permissible
levels at both the sites. It is observed that site 2 is a more stressful zone than site 1,
where accumulation of lead was found more in case of the intestine of Catla catla
which is an alarming signal for proper monitoring of lead discharge units from time
to time. Accumulation of heavy metal in body tissues of fishes are dependent on its
exposure period and the concentration of metal it is exposed to. High levels of heavy
metals were found in the case of the intestine in comparison to muscle in the present
study (Table 11). Although fish intestines are seldom consumed, it usually accumu-
lated heavy metals which might represent good biomonitors of metals present in the
surrounding environment [41]. This result also goes at-parwith previous observations
made by Deb and Fukushima [42] who recorded metals to be in high concentrations
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in the gills, intestine and digestive glands. These organs have a relatively high poten-
tial for metal accumulation. Heavy metal contaminations have devastating effects
on the ecological balance of the recipient environment and the diversity of aquatic
organisms [43, 44].

Heavy metals enter in humans through bioaccumulation and biomagnification
and may cause serious health hazards in two ways: (i) they accumulate and thereby
disrupt function in vital organs and glands such as heart, kidneys, bone, liver, etc.;
(ii) they displace the vital nutritional minerals from their original place, thereby,
hindering their biological function. Toxic heavy metals may knock down immune,
reproductive, nervous and endocrine systems in animals and these effects can be at
organ, tissue and cell level [45]. Even essential metals like Cu, Co, Zn, Fe, and Mn
also become toxic at high concentration [46]. Fishes are widely used to evaluate the
health of aquatic ecosystems because pollutants build up in the food chain and are
responsible for the adverse effect and death in aquatic systems [47].

Destruction and degradation of aquatic health are a major challenge to the fish
diversity [48]. Previous literature data and the identification of point and nonpoint
sources of contamination will help us in resource conservation and maintenance.
This study has not only helped in indicating the metal accumulation status in the two
dominant fishes i.e. Labeo rohita and Catla catla. However, it has also generated a
signal of caution for their consumption at large by the common people in and around
Koraput, although a long term study may justify the degree of deterioration of the
fish tissue.

5 Conclusion

The entire study advocates the following points:

• The statistical panorama suggests the negative impact of pH and temperature on
the magnitude of bioaccumulation. However, turbidity exhibits a positive correla-
tion which may be due to adsorption of the metal species on suspended particulate
matter.

• Site 1 is more congenial compared to site 2 as confirmed by high Shannon-Weiner
index value and low Index of Dominance value. The fish diversity study of river
Kolab exhibits the presence of nineteen (19) finfish species.

• The population of Labeo rohita exhibits pronounced dominancy over Catla catla
in the present study area.

• Pb accumulation occurred in the intestine of Catla catla by crossing the barrier
of safe limit as prescribed by WHO [22].

• The present study area needs constant monitoring of bioaccumulation patterns
in consumable aquatic fauna because of the presence of major industries in and
around its vicinity.
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6 Recommendations

Themanagement policy advocates liming of the effluents released from the industries
to the river to trigger the alkaline condition of the water body so that the heavy metal
species get compartmented in the sediment bed instead of entering in the body tissues
of aquatic organisms. The dose of liming has to be optimized depending on the pH
of the wastewater generated from these industries. Conservation of natural resources
in the river Kolab needs to be taken up through awareness programs involving the
industrialists, policymakers, fishermen, and people of ranks of the society of Koraput
in the loop.
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Cake and Membrane Filtration
in Mitigating Global Water Demand
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Abstract The paradigm shifts of Cake and Membrane filtration designs are rapidly
changing to compensate the demands of drinking water (DW), potable water (PW)
and Industrial water (IW) of exponentially growing population 9.5 billion in 2030 and
for recycling of wastewaters (WW) to prevent pollution and global infection WBD
(Water born Diseases). The fundamentals of cake and gel formation in membranes
and the designs essentially involved in separation and purification of highly polluted
toxic and colloidal wastewater through jute pulp cake filtration and are need to be
modified, for cost-effective and potential application. To review and to validate the
above concept, the previous developed and reported technologies of the authors have
been considered. Few of those designs are reproduced and modified. In this paper we
have once again emphasised, that the technologies which are being reported would
be essential and appropriate to apply for WW purifications and to compensate the
demands of DW, PW and IW water in future.
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1 Introduction

The authors attempt to present the essentialities of water purification (EWP)methods
and their technological innovations. Design conditions of MBST (Membrane Based
Separation Technology) will depend upon the increasing flux (Jx), the reductions of
CP (Concentration Polarization). Reuses of membrane and the energy involved to
increase and decrease the pressure gradient (�P), corresponding to Flux, Jx = F�P
(F is the permeability constant of Membrane), the MBST has been considered to
be as efficient water purification system. Jute pulp cake filtration is an alternative
innovation, where the cake is formed on the surface of jute pulp, attached to clarifier
basin, rotating around the sediment basin to separate the flowing toxic colloidal WW
(wastewater). The said cake is used to separate pollutants at 2 microns (µm) cake
pores. Cake filtration and MBST are considered as integrated process, where MF
(Micro filtration), UF (Ultrafiltration), RO (Reverse Osmosis) and NF (Nanofiltra-
tion) membranes are used as per the demand of separations for DW. CFt is cost-
effective, eco-friendly and appropriate to maintain water in primary treatments as
large quantities of tertiary and industrial effluents flowing to canals and wet lands.
Water treating in primary and secondary clarifiers can be made by various chemical
and biological systems. Jute pulp cake filtration can be made before primary and
secondary treatment to remove sediment particles and slurry from water to purify.
MBST is used also for desalination and for removals of heavy metals including As,
Cr and Phosphate. The selection of membranes and to design different modules like
plate, wickle, hollow fibres, cylinders, etc. are considered to be used in medical
sciences, AK (Artificial Kidney), RO in desalinations and plate/cylinder modules
in food industries. Microbes (Bacteria, fungi and Algae) and water borne dieses
(WBD) are to be removed from the drinking water. Algae took important role in
clarifications of waste water, reserved in basin to capture CO2. Algal biomass is
used for bio-fuel, food, fertilizer and medicine to mitigate energy and pollution.
Heavy metals like Arsenic (arsenic As3+/As5+), Chromium (Cr6+), Copper (Cu2+),
Cd (Cadmium) and lead (Pb) originated from industrial and domestic effluents can
also be treated by microbes (Pseudomonas putida, Aspegillus nieger, Candida
species) and by designingwater basins withWaterHyansinth culture andWLC (Wet
landCultivation) as bio-augmenting and bio-remediation for healthy socio-economic
environment.

Water (H2O) has another name is life. Without water there is no life. National
Aeronautics and Space Administration (NASA) and Indian Space Research Organi-
zation (ISRO) are jointly venturing and searching the presence of water in planetary
system. Their objective is to search water in planetary system and to transfer life
and technology to a new discovered planet for an alternative solution to optimize the
increasing pressure on global population and pollution. Presently they are expanding
their research towards the existence of life in a planet. The presence of water is there-
fore considered to be an indispensable component after solar rays (i.e., Sun). Global
population is 9.5 billion and 23 trillion tones of solid wastes, and is increasing every
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year. The discovery along with water resource could be one such solution to shift
human civilization to another planet.

However, for sustaining the management of global water resource, so long the
planetary system is not being stable and justified,membrane and cake filtrationwould
be essential, as the fundamental demand of the life processes on mother earth. Its
purification, recycling and reuse are essential. One sustainable resource management
would be Zero Discharge, where 80% of used water would be recycled and is used
mostly for various purposes of industrial activities. In this case origin and used water
would be is essential.We have vast ocean and truly to say 3/4 of the earth is covered by
water. This water is basically non-PW, non DW and saline (SW). Middle East, UAE
has used vast desalined plants to mitigate their water. RO (Reverse Osmosis) 10,000
m3 desalining water-plants are already under use [1, 2]. MBST (Membrane Based
Separation Technology) is applied to purify the said used water for drinking purpose
as major breakthrough industrial application in history of civilization. As per record,
120–150 L water day–1 person–1 is to be essential for living purpose, which would
be reduced to 60–65 L day–1 person–1 in 2020, if all water is recycled, purified, and
if river water, wastewater, and used water are combined together and if wastage of
water is prevented and if rainwater harvesting is properly done, then thismanagement
would be fruitful. Along with increasing water demands, the infection level is also
increase (i.e., in general people use water from specific places, where population
and pollution are dense. This community interactions support may also support to
generate water born diseases). World population in 2020 will be 9.5 Billion and ¾
of the population will be in India and China, in which India, Bangladesh, Sri-Lanka,
and Pakistan, will suffer unpredictable level of infections, because of technological
deficiencies and political corruptions. 0.01% of the total 7.5% of available global
water will be used as surface and available water, i.e. 1 trillion liters of global water
reserve, only 0.01 trillion liters of water is used for living purposes. 9.5 billion ×
150 lit = 2525 billion liters water would be required (1–3 × 109 lit) for survivals,
including 2–5 lit× 9.5= 22–30 billion lit ofDQW(DrinkableQualityWater)without
WBD (Water Born Diseases) with required minerals for mankind [1–7] as shown in
Fig. 1 where it describes flowingly that 0.1% of the total global water is used for
domestic and industrial purposes.

While the first arsenic patients were seen in West Bengal, India, in 1983, it was
only considered and confirmed in 1993. Currently, the pollution has affected 59
of Bangladesh’s 64 districts, with arsenic levels exceeding the national (50 ppb)
approved cap.. It is estimated that 35–77 million people in Bangladesh, out of a total
population of 125 million, are at risk of drinking contaminated water. Pink and red
colors in Fig. 2 reflect possible infected areas in Bangladesh, where the presence of
arsenic is acute and removal of arsenic is urgently and ultimately necessary, which
is critical for the safety of human habitats.

The authors attempt to present the said problem through technological innovation
specifically throughMBST (Membrane Based Separation Technology) and jute pulp
cake filtration [1–5]. Cake filtration and MBST as integrated phenomena would be
cost-effective, eco-friendly and appropriate. Both Cake and MBST require efficient
energy to develop gradient, so it is essential that parallel to the development of
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Fig. 1 Schematic diagram
shows the distribution of
fresh water globally is
reproduced

membrane modules (i.e., membrane properties, selections of polymers and their
structures) and cake filtration models also to be changed. MF (Microfiltration), UF
(Ultrafiltration), NF (Nanofiltration) and RO (Reverse Osmosis) are used according
to the decreasing pore sizes till 0.001 µm. These are the essential steps in separation
and optimizing DWQ, covering the treatments of WW (waste water) (Brahma et al.
1993) through Cake filtration, Slurry treatments, Solid waste management to remove
pollutants from soil and water and to develop a healthy socio-economic environment
and to provide arsenic and bacteria free water would be the ultimate demand.

In light of the above discussion, a Hand Pump Membrane Module (HPM) using
ROmembrane was created and published in the newspaper “Times of India” on June
25, 2013 under the title “Prof’s low-cost response to city arsenic challenge”, as shown
in Fig. 3. It is manually operated in order to obtain water that is free of arsenic and
microbes.Water will be sold for 60 paisa per liter.Manual and nonconventional solar,
wind, and biogas dependent HPM will be sufficient in remote parts of developing
countries, such as West Bengal and other Indian states, where arsenic and microbe-
free drinking water is in high demand and there is no electricity. The demand for
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Fig. 2 Show distribution of
arsenic concentration in tube
well water samples in
Bangladesh

HPM has increased in rural areas of West Bengal, including Birbhum, Murshidabad,
Bankura, Malda, and Nadia. This HPM has maintained a standard of 0.5 ppm, as
recommended by the WHO. The developed low-cost HPM model could be useful
and necessary for removing arsenic from polluted ground water.

2 History of DW and Involvement of Arsenic

The Ancient Civilization, 4000 BC was developed around water sources (i.e. Egypt
Neil River). However, they were not aware about water quality and quantity. They
were aware only about tests and salinity. Water Treatment apparently signified the
improvements of quality and tests ofwater. In ancient Sanskrit andGreek civilization,
the treatment ofwaterwasmade by charcoal and sandfiltrations followed by sunlight,
boiling and sedimentation the contamination of drinking water was removed. During
1800s the meaning contamination of water was first identified by the presence of
microbes and heavy metals. Arsenic contamination as “inheritance dust” was also a
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Fig. 3 Shows newspaper cuttingwhere a hand driven reverse osmosis water purifiermachine called
Hand Pump Membrane module (HPM) invented by one of the author late Prof. (Dr.) Sarajit Basu,
which can filter 2–3 L of polluted or brackish water in a minute
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Fig. 4 Signs of arsenicosis:
spots on the hands

threat parallel toWBD. In 55AD,Nero poisonedBritannicawith arsenic to secure the
Roman throne. During 15th / sixteenth centuries, Italian Borgi was used arsenic for
political assassinations. Napoleon may have been poisoned by arsenic contaminated
tainted wine. As3+ is more toxic than As5+. Both are present in ground water at
contaminated sites. Although arsenic was used in medicine for over 2500 years
long and is still using to prevent many microbial and parasitic infections. Arsenic
contamination can cause cancer, skin lesions. Men and children are more affected
than women.

2.1 Toxic Effects of Arsenic to Human Health

Arsenic is toxic substance to human health and toxicity depends on the amount
of arsenic intake, which is classified into acute, sub-acute and chronic toxicity respec-
tively. It is a silent killer. It is 4 times as poisonous as mercury and its lethal dose (LD)
for human is 125 mg. Drinking water contamination causes the last variety of toxi-
city. Undetectable in its early stages, arsenic poisoning takes between 8 and 14 years
to impact on health, depending on the amount of arsenic ingested, nutritional status,
and immune response of the individual. Figure 4 shows problems of the human body
which is generally affected by arsenicosis.

3 Possible Water Clarification and Desalination

The demand for water can also be optimized by using RO in the desalination process,
as shown in Fig. 5, where it maintains pressure gradient and energy, as well as
membrane quality and fouling for the recirculation of 100% desalination water,
directly recovered from the sea was sent 40% to RO and 60% to pressure exchange
pump. The retentate was combined with 60% of the bifurcated original sea water
and returned to a 40% flow to the RO factory. To preserve the pressure gradient and
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Fig. 5 Hybrid membrane application of RO in desalination process

avoid membrane fouling, 100% saline water flow was first distributed to 40% and
60%. The key goal of RO in desalination is to combine the use of UF and MF hybrid
membranes.

A Jute pulp cake filtration model was proposed by these authors as shown in
Fig. 6 which can be used in primary treatment. Jute fibers are used to make filter
beds. Jute pulp cake filter beds move clockwise to shift filter beds, are connected to
the flurry water entry to the sediment basin, and are connected to a pressure gradient
displaying device (i.e., when the cake fails to filter and the pressure (�P) is increased,
the filter bed will automatically turn on to the next filter bed for use). Basu et al. [8]

1

2

6 3

4
7

8

5

Fig. 6 Proposed a jute pulp cake filtration model. Legends: 1. Iron greed, 2. The iron frame to
set the greed with jute pulp, 3. The perforated greed with jute pulp, 4. Attaching clamp to the
belt, 5. Clarifier basin, 6. Moving belt, 7. Sediment slurry channel, 8. Relay for controlling cake
formations, pressure gradient and for switching to the next filter bed, serially connected surrounding
the sediment basin
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Fig. 7 A schematic diagram of conventional waste water treatment plant (WWTP)

and Brahma et al. [9] proposed that arsenic treatments can be made in secondary and
tertiary clarifiers.

4 Conventional Wastewater Treatment

It consists of a combination of physical, chemical and biological processes and oper-
ations to remove solids, organic matter and, sometimes, nutrients from wastewater
and are presented in Fig. 7.

5 Wetland for Wastewater Treatment

An engineeredwetland is an ecological wastewater treatment system that mimics and
enhances the efficacy of naturally occurringwetlands’ purification processes (Fig. 8).
Long roots are useful for such treatments as heavy metal absorption, through Bio-
augmentation, and Bio-remediation. The process maintains biodiversity while also
removing heavy metals and preventing surface water pollution. To treat wastewater,
constructed wetlands are planned and built similarly to natural wetlands. A shallow
depression in the ground with a flat bottom characterizes them. In built wetlands, the
flow is regulated so that the water is uniformly distributed among the wetland plants.

The overall theme is that the plants, microorganisms, and substrates all work
together to filter and purify the water. To begin, water is slowed as it reaches the
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Fig. 8 A schematic diagram of waste water treatment by WLC (Wet Land Culture) using plant
roots, wet & agriculture land

wetland, allowing solids to settle. Plant roots and the substrate expel the larger parti-
cles in the wastewater during the water flow to the built wetland. Pollutants and
nutrients in wastewater are naturally broken down and taken up by bacteria and
plants (Fig. 9) [10, 11], allowing them to be removed from the water. The pathogens
present in wastewater will be killed by the retention period in the wetland, which
varies depending on the design and desired quality level, as well as plant secretion
of antibiotics. After treatment in a constructed wetland, water can be safely released
into surface waters or used various purposes.

Fig. 9 Algae observed inMicroscope atX400magnification a, and bAlgae is grownonPetri-dishes
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6 Conclusions

Present status of global water purification and to prevent global pollution and infec-
tions are challenging. According to exponentially growing population and pollution,
it is expected that within 2030, there would be increasing demand of water. Perhaps,
we would face World War-III for water. There would be increasing draught areas,
disaster for increasing infection and biodiversities. There would be ice melt and due
to increasing global warming, there would be flood and increasing water pollution
due to flood due to increasing sea level. The demands of increasing need technology
compared to greed technology are to be considered. Human relations would be in
threat, due to questions of political power and for preventions of corruptions. Food
scarcities’ and environmental pollution will be increased due to population explo-
sions. The sustainability of our mother earth is under threat. JPCF, MBST would be
the necessary technology, which would be integrated withWWT, primary, secondary
and tertiary treatments.

Recommendations

(i) Improve Zero Effluent Discharge (ZED) technology.
(ii) Increase Need technology (like MBST, Vaccination, Algal based Food and

bio-fuel) compared to greed technology (like luxurious automobile, Flats,
TV, IT based instruments).

(iii) Essential population control as per the demand of water according to WHO
recommendations.

(iv) Metering system of domestic and industrial water supply.
(v) (v) Optimize PPP-C (Population, Pollution and Poverty as control by

corruptions for the application of EAT (Enforced Appropriate Technology),
unbiased and only on human factor.

(vi) (vi) Increase the concept of Universal Vaccination (ie. application of Plasmid
Genetic Engineering and RNA Technology.

(vii) (vii) Understanding of MBST and Cake concepts.
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Potential for Use of Treated Waste Water
for Industrial Reuse in India

Rishi Rana and Rajiv Ganguly

Abstract The rate at which the population growth has increased has led to the steep
increase in generation of wastewater in overall world. The major challenge faced
by urban India remains in terms of the availability of fresh and clean water along
with appropriate sanitation structure. Out of total water supplied for domestic use
around 70–80% gets generated as wastewater. Many of the recent studies have also
concluded that the supply is approximately equals the demand for India explaining
the acute shortages in many parts. To meet the severity of water crises, industrial and
agriculture water demand, wastewater resource, its collection, treatment and reuse
is very important alternative for fresh water. The wastewater generated is gener-
ally discharged without treatment in open leading to insanitary environment finally
causing the pollution to environment. Treatment of wastewater is a part of public
health and sanitation. Wastewater treatment, whether on-site or off-site are the part
of the full circle which helps in prevention to environmental pollution and safe-
guarding health issues. The wastewater after the treatment procedures plays a very
crucial role for industrial aswell as agricultural water demands. It has some economic
advantages and act as a source of revenue for the urban local bodies. Treated wastew-
ater although is economically viable, industrial reuse is limited by the availability
of industrial clusters in the vicinity of the treatment plant. If this treated wastewater
is reused by industries and agriculture then it frees up water which could be used to
meet city’s water demand. It is the need of the hour to properly treat the wastewater
especially near the source of generation and reuse it so as to protect the environment
and a reliable source of water supply can be provided. The major drawback remains
the non-availability of the required data. With the drastic change in climatic condi-
tions along with rising population, the main concern for a country like India must
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be increased usage of the recycled and treated wastewater which can in longer run
combat the scarcity of available water resources.

Keywords Wastewater treatment · Recycling · Reuse · Scarcity · India ·Water
resources

1 Introduction

Environmental issues have become more and more critical aspects for sustainability
on earth in which we live. The major challenge faced all over the world these days
remains the provision of safe drinking water and essential sanitation systems to all.
There is plenty of water available on earth in order to sustain life but keeping in
mind over-utilization and increase in pollution levels, we must do everything which
can help in preservation and protection of supply of water [1, 2]. We also must
purify and reuse the water we presently waste (i.e., wastewater). It was reported, that
the major population of people still don’t have access to improved waters sources
and proper sanitation [3]. The diseases caused due to contaminated water are the
major cause of mortality and morbidity worldwide [4]. The pathogens arising from
contaminatedwater infectsmore than 250million people every year resulting in about
10–20 million deaths and out of it major contribution is due to infection caused by
poor sanitation practices. Now day’s major concern worldwide revolves around over
exploitation of the natural resources available to us along with the extreme pollution
of environment. Fig. 1 shows water systems for the future.

The rapid urbanization alongwithmigration of population to the urban centers has
led to a wide decline in storage capacity and excessive over burdening of our natural
environment due to the harmful emanations and high waste generation has reached to
a very perilous situation. The declining quality of water and the related diseases are
causing a major threat to human health as well as environment in evolving countries.

Fig. 1 Water supply systems for the future
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Most of the people in this developingworld arewithout the proper access to non-toxic
and suitable sources of water [5, 6]. It is estimated that around 94% of the diseases
in the world are caused owing to the contaminated water, scarce sanitation systems
and declined hygienic environments [7]. Therefore, it is necessary to provide proper
and essential water supply systems to achieve improved health conditions leading
to increase in individual’s productivity. It has also been proved in many studies that
there is a direct relation among the improved water sources system and sanitation
with increase in health and economies. With the improvement in both the water
supply systems and sanitation measurements will led to health benefits including the
improvement in quality of life and reduction in medical expenditure as water which
is contaminated act as a vector which carries pathogens which further causes various
diseases [8].

Terms like “waster crisis” and “shortage of water” are common in usage in today’s
scenario worldwide. Majority of our population is living in industrialized countries
which still holds abundant amount of water but a certain amount of population still
lives in developing countries which are regarded as “water poor”. The global statics
stated that around 1.1 billion people are deprived of suitable water sources and
approximately 2.7 billion people are lacking appropriate sanitation systems. It was
one of the missions of the development goals to reduce at least half the number
of people who are deprived of proper sanitation and water supply facilities by the
end of 2015. The countries which are still developing most of the investments are
made in water and sanitation has emphasized water supply plants, wastewater treat-
ment, and mains construction infrastructure external to the household. As such, these
installations have created little beneficial impact on the lives of poor urban residents
[4, 9].

The major factors that make changes in the delivery service and continuous
supply of water supply schemes is the water quality and scheme is the water quality
and schemes provided to the people [10]. For providing suitable supplies of water
along with the sanitation facilities to the developing nations will ultimately lead
to over utilization of ground water sources and the construction planning’s at the
sites. Due to lack of assimilative methodology which involves the people who have
scientific knowledge in the field of water engineering, public health and sanitation
engineering and also without any appropriate designing methodology creates more
ruckuses giving rise to contamination of ground water by various micro-organisms
and pathogens. These unhygienic conditions will lead to put general public on the
risk of diseases thereby reducing the health aids. More and more general public
especially the one living in rural areas have been involved in concern regarding the
development of infrastructures for water supply and sanitation programs [2, 3].

One of the major challenges being faced by urban India has to be in terms of
proper and suitable water supply and sanitation systems. The availability of a suitable
water supply system has become a major concern in most Indian cities and towns.
It is observed that many times it is often not sufficient to meet the ever increasing
demands. The sharp increase in population has led to extreme decline in availability
of water from 1,545 cubic meters in the year 2011 to 1,128 cubic meters in year 2016.
The urban population of India is expected to be around 50% of the total population
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in the coming decades [9, 11]. This rapid increase in population is many times co-
linked with the industrial growth along with more energy demand. The demand of
water sources increases due to rise from industries, residential or households and
industries especially the power plants which in turn add to the water woes leading to
urban water stress. The cities like Delhi, Bangalore and Chennai have already faced
the brunt of acute water shortage which has led to increase in the cost of fresh water
production and industrial tariff [11]. The rapid and persistent growth of population
coupledwith industrialization and expanding and intensifying food production are all
putting pressure on water resource which causes a significant increase of wastewater
[12].

Continuing population growth, rapid industrialization, the uncontrolled disposal
of the municipal, industrial and agricultural waste constitutes one of the most serious
threats to the sustainability by contaminating the water, land and air pollution [1, 10].
There are many challenges those developing countries facing i.e., lack of necessary
infrastructure such as electricity, roads and water supply, etc. On the list of priorities,
wastewater drainage, sanitation and treatment tend to rank higher [4, 13]. With the
swapping or reuse of the treated wastewater, the industries and agriculture frees up
water which could be helpful in fulfilling the water demand of a country or cities [5,
14]. While it can be argued that it can provide economic benefits, it also puts utilities
under pressure to supply potable quality drinking water to the population. This will
also lead to change the ability of utilities to service the demand of commercial and
industrial units. In addition to the challenges in meeting the demand, this may also
lead to further increase in water tariffs in order to subsidize residential water supply.

Every community produces both liquid and solid waste along with air emissions.
The liquid waste or wastewater is the supply of water for the community after it
has been through various applications. When the organic matter decomposes in the
untreatedwastewater,manyodorous gases are released leading to nuisance conditions
[15]. Untreated wastewater contains many pathogenic microorganisms which are
potentially mutagenic and carcinogenic as well as nutrients which help in stimulating
the growth of aquatic plants. Wastewater collection, treatment and reuse of treated
wastewater or reclaimed water are one such alternative that is gaining revenue. There
is a long history of engineering for improving the quality of water and is named as
wastewater treatment. There are physical, chemical and biological processes. Urban
wastewater management has become a challenge in many developing countries like
one in India because infrastructure development and regulations has not been keeping
pace with the tremendous growth in population and urbanization.

2 Wastewater—A Growing Resource

Water is the most important natural resource and is required to sustain all kinds of
life forms. Availability of water is one of the most critical components for sustaining
all economic activities in a country. The country like India holds very vast resources
of water due to the presence of rich rivers and sedimentary sinks to clench the
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ground water. The various demands for water include domestic, irrigation, industry
and energy demands [11]. The amount of waste water produced from the class 1
cities (which holds around 60% of the overall population) holds about 17,000 MLD.
Among all this metro cities generate approximately 60% of the total wastewater [4,
5, 13]. Subsequently, the quantity of water which is available for supply generally is
not sufficient to meet the demands of the population, water conservation measures
are employed. One of the most common methods of controlling water demand is the
use of intermittent supplies, usually by necessity rather than design. This is where
the water is physically cut-off for most of the day and hence limiting the consumers’
ability to collect the water. The water quantity available for supply wastewater is
termed as the stream of utilized water from residential areas, commercial and insti-
tutional sectors and various industrial activities. It can be defined as the combination
of domestic effluent containing the excreta, fecal sludge and urine and is called as
black water [1, 2, 4, 9]. It is also called as grey water when it contains the kitchen
and bathing wastewater. Wastewater also includes the water from commercial estab-
lishments as well as from institutions, industrial effluents, storm water and other
urban run-off, agricultural and horticulture effluents [16]. The industrial chemical
effluents are not considered as they are potentially harmful and toxic and must be
treated separately [9]. The challenge majorly lies in choosing various technologies
for treatment of wastewater. Non-availability of data related to the various discharges
all in further renders it difficult for estimating the volume and quality of wastew-
ater generated. Data given by CPCB [5], Economic Survey of Delhi [15], Global
Water Intelligence [14] explained that around 900 cities from both class-1 and II
classifications displayed more collected wastewater than the treated [10]. It is also
observed that about 60–70% wastewater is generated which may also varies among
cities. Although government has taken various steps to reduce the water pollution
but all the efforts goes in vain as maximum part of the untreated wastewater returns
back to approximately 80% of the surface waters.

For an effective planning and construction of economicalmethods to curbwastew-
ater, the characterization of raw wastewater is necessary. The designing of these
treatment units must be done keeping in consideration the diverse nature of waste
and thereby the characteristics of effluents [1, 2, 12]. The characteristic properties
of wastewater varies from place to place which in turn depends upon the various
factors like the food habits of the residing people, climatic conditions, water supply
schemes and economic status of the community.With time there has been an increase
in research on determining the characteristics of wastewater so as to examine the
constituents present and have a detailed scan of their health effects along with envi-
ronmental hazards. The expansion and progress in terms of the technologies used
for treatment of wastewater is still not been able to keep balance with the emerging
contaminants detection potential [17]. The hazards pertaining to the quality of water
arise as a huge quantity of wastewater generated is disposed of openly in various
water sources which can be further used as water supply systems. The safest and
cleansed available sources of groundwater and surface water should be protected,
used, and maintained for potable water supply purposes. Numerous parameters are
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used to determine the suitability of water and the health significance of contaminants
that may be found in untreated and treated water.

Most of the wastewater contains organic, ammonical and many other harmful
reactive compounds which are a substantial originator of high amount of biolog-
ical oxygen demand. Discharging the untreated wastewater from both industrial
and domestic sources interferes with the quality of water. this leads to reduction in
the oxygen levels creating anaerobic conditions causing increased rate of mortality
among aquatic animals, unbalancing the ecosystem and other nuisances [11]. Few
industries generate wastewater which is very toxic and can be disastrous cause of
health hazards to the species as well as environment. The discharge of such harmful
chemicals in the aquatic environment leads to killing of aquatic life and thereby
causing prolonged effects on the ecosystem as well. In many cases, the heavy metals
which are present get accumulated in the food chain causing bio-magnification.
The presence of a nutrients like nitrogen and phosphorous in huge amounts in the
wastewater from industries and domestic sectors causes eutrophication of water
bodies.

A typical wastewater treatment plants consist of various treatment procedures
including unit operations and processes. Depending upon the degree of treatment,
the processes can be subdivided into three types of treatment systems. They can
be classified as primary, secondary and tertiary treatment processes [14]. Primary
treatment processes include removal of suspended organics. Secondary treatment
processes include the chemical unit processes. Tertiary treatment is engaged in
removal of colloidal materials and nitrogen compounds as well. The major need
for including tertiary processes in the treatment processes is to clarify wastewater
which have chemicals and organics which are tend to persist and are problematic
to remove. Processes like adsorption, ion exchange, activated sludge process and
reverse osmosis [16].

The wastewater generated can be used in agriculture as well as industrial sectors
irrespective of whether it is treated, untreated or sometimes partially treated espe-
cially in developing countries. As per the reports [13], by the end of the year 2015,
there will be 88% growth in overall global population and majorly in developing
countries. With the increase in urban water supply schemes there is equal surge
in wastewater generation rate as only 10–20% of the wastewater generated from
both the domestic and industrial sources is recycled [18]. Due to lack of finan-
cial schemes the growing volumes of wastewater are rendered to cheap alterna-
tives like disposing them directly to irrigation systems. Applying appropriate treat-
ment methodologies increases a tremendous prospective for the recycle and reuse of
wastewater in numerous areas.

In developed countries, the domestic water is often reused but is way out of
world health organization (WHO) standards suggested for per capita utilization as
it contributes around 75% of wastewater generated [19]. Simplest way for reducing
the scarcity of water and its pollution can be to increase the recycling and reuse of
water andwastewater directly at the source of generation [3]. Developing country like
India already falls under the category of water deficient and suffers from enormous
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demand of water due to the growing population, which can be handled by effectively
recycling and reutilizing the wastewater.

Urban India is growing rapidly and this leads to number of problems pertaining
to urban infrastructure and various services including water supply, urban sanitation
systems, wastemanagement and sewer systems. Around 87%of the urban population
of country has been provided with the proper sanitation systems, the major cause
of concern remains the collection and accurate disposal of the wastewater generated
fromsuchhouseholds. Solution to this severity is lies in reusing the treatedwastewater
and for this purposemanywastewater treatment plants are already been in use inmany
states.

3 Wastewater Reclamation and Reuse

Continued population growth along with the contamination of the both surface and
ground water, uneven distribution of the water resources followed by the periodic
draughts have led to the stricter laws formation by the water agencies and also
simultaneously look out for new sources for water supply. Major environmental
problem in India arises from the excessive contamination of surface and sub-surface
sources of water. The concept of wastewater treatment in Indian scenario is not a new
concept. Rapid industrialization has played a major role in the area of wastewater
treatment and its reuse.With the concern and understanding for sustainability towards
environment many treatment methodologies are being practiced today [4, 13]. In
many Indian cities and towns, the available clean water supply systems have become
scarce in order to fulfill the risingwater demands. Keeping inmind the current critical
situation, the used water which is collected from various communities should not be
considered as waste but as a resource which can be recycled and reused [20]. The
method and application of reutilization of water sources is becomingmore suitable in
many areas of the country due to acute shortage. Application of the treatment plants
for wastewaters is part of the sustainable development as with the help of them the
wastewater gets treated and further can be used among the same community [21]. The
generalized approach remains the same i.e. minimize the utilization of freshwater
and entry of pollutants and maximize the reuse of water. The introduction of the
concept of reutilization and reusing of wastewater clears the picture regarding the
water stress in overall world [22]. The major reuse of wastewater includes irrigation,
industrial use, replenishment of surface water and ground water recharge.

The main purpose of the wastewater treatment systems is the provision of clean
drinking water, therefore the selection of treatment technologies should only be
the one best available which meets the regional as well as national quality stan-
dards prescribed. The principal goal of wastewater treatment plants from past many
centuries have been primarily the same i.e. the generation of water which is free
from all the chemicals and appeals to the people consuming them. Figure 2 shows
the major division of wastewater treatment if treatment process is for making water
drinkable.
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Fig. 2 Process for treatment
of wastewater [11]

Fig. 3 Multiple barrier
approach

The act for safe drinking water (SDWA) along with environmental protection act
(EPA) has set some standards for drinking water and this was named as multiple
barrier approach [23]. This multiple barrier approach has certain fundamentals like
assessment along with and protection of drinking water sources, rationalizing the
treatment processes, certifying the reliability of distribution systems and continuous
monitoring and testing of the water before it reaches the public domain. Figure 3
summarizes the multiple barrier approach.

If the wastewater after certain level of treatment is still not fitted reuse for reuse,
so the decentralized wastewater treatment systems may be engaged for reducing the
amount contamination so to bring the water to a level which is safe for reuse. India’s
growth story has been impressive so farwith the industry and service sectors being the
growth drivers. The wastewater treatment and its reuse if considered as business can
reduce the expenditure required in treatment processes thereby making it econom-
ical [24]. Reusing wastewater especially in the industrial sector helps in reduction
of expenses incurred in water supply systems and wastewater treatment processes
thereby leading to less stress on water sources. For many local governments, the
wastewater collection systems are one of the most valuable assets they own [25].
The wastewater collection systems also protect public health and environment in
tremendous ways. Due to the cost of treatment, health issues and safety concerns,
the wastewater reuse applications have been limited primarily to non-usable uses like
agriculture, irrigational and industrial systems [11]. At some dwellings where there
exist no possibilities for freshwater supplies, such communities are investigating the
prospects of direct and indirect reuse of wastewater.
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Table 1 Categories of wastewater reuse and potential issues [5]

S. No. Wastewater reuse category Issues

1 Recycling, reclamation and Reuse of
industrial wastewater; water for cooling
operations; feed for boiler; water for
construction

The constituents which are present in
reclaimed water are associated with
scaling, corrosion, formation of biological
growth; human health concerns like
transmission of contaminants in water

2 Agricultural irrigation; crop irrigation If not managed properly can lead to surface
as well as ground water contamination

3 Ground water recharge; replenishment Possible contamination of ground water
aquifer used as source of potable water
source

4 Potable reuse; mixing properly in water
sources

Elements in recycled water have few small
amount of organic contaminants which can
cause toxicological hazards.

The degree of treatment given to the wastewater is required for protection of
human health as well as environment will depend upon the level of consistency of
treatment systems. Few such categories are listed in Table 1.

The treated wastewater used in industrial units is mainly for the cooling processes.
The cooling water plays a predominant role after reuse in industrial sectors as they
can be further used for cooling processes in ponds or towers. These hold a large
amount of the demand of water in industries. The demand in industrial sector highly
varies so as to provide sufficient supply of water which hold a quality that adheres to
the standards. In India, Chennai is one such state which leads the way in wastewater
reuse technologies [26]. The reclaimed wastewater can also be used for landscape
irrigation like irrigation of parks, grounds, golf courses, areas around the commercial
sites and residences.

Recycling methodologies holds a place depending upon the conditions like the
accessibility to ample supply of water sources, economic conditions, probability of
the further use of reused water and the methodologies and policies for discharge of
wastewater [1, 2, 12]. Figure 4 gives on overviewof the schemeof reuse ofwastewater
by industries.

There are many hazards linked with the use of the wastewater which is partially
treated or that remains untreated. These include pollution of ground water, soil pollu-
tion leading to undesirable consequences on the consumers as well as farmers who
consume and use this untreated wastewater and related products. Despite of such
adverse effects, wastewater is still being used as a source of livelihood. In devel-
oping countries, due to scarcity of water, farmers have no option left but to use
wastewater in the form available [1, 2, 4, 9]. It is a common practice in developing
countries to use the treated, untreated and partially treated wastewater in field of
agriculture [4, 13]. Table 2 shows the environment protection act (EPA) guidelines
for reuse of wastewater.
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Fig. 4 Schematic diagram of reuse of wastewater by industries [4]

Table 2 EPA suggested guidelines for wastewater reuse [6]

Level of
treatment

Reuse Treated quality of
water

Monitoring of
water

Setback distances

Tertiary For urban reuse pH = 6–9
BOD5 < 10 mg/l
Turbidity < 2NTU
E. coli = none

pH = every week
BOD5 = every
week
TSS = every day
E. coli = every day

15 m (50 ft) to
potable water
supply

Food crop
irrigation

Recreational
activities

Secondary Restricted Access
area irrigation

pH = 6–9
BOD5 = 30 mg/l
TSS = 30 mg/l
E. coli =
200/100 ml

pH = every week
BOD5 = every
week
TSS = every day
E. coli = every day

30 m (100 ft) to
areas accessible
to public and
90 m (300 ft) to
potable water
supply

Food crop
irrigation

Nonfood crop
irrigation

The reuse of wastewater is a regular practice in developing countries like India
[5]. Various techniques have been designed by the developing countries in regard
to reuse of the wastewater which can be utilized by the developing countries. Due
to the tremendous cost of disposal of the untreated wastewater not only financially
but also causing the unstable ecosystem makes it a necessity to look forward to an
effective water resource planning and reviewing recycling projects. Approximately
80% of the wastewater generated in developing countries (like China and India) is
mainly used for purpose of irrigation [5, 14, 15].

Mostly, the wastewater generated in Indian cities and states is being reutilized in
agricultural fields but the major drawback faced in this regard is the lack of policy
framework and generation of standards [18]. The water and wastewater treatment
sector accounts for a major financial part in both public and private sectors. Keeping
this in view, alternative techniques for both treatment and recycling of wastewater
in Indian states and cities must be designed. In India, major part of wastewater is
untreated which is directly used in agricultural sector which is significantly lowers
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the risks as compared to its usage in industries or households. Major cities which
are involved in such activities are Mumbai, Hyderabad, New Delhi and Ahmadabad.
Out of 16,662.5 ml per day of discharge only about 23% is given treatment before it
can be released and the rest is disposed of without any prior treatment [17].

There are both pros and cons to thewastewater reuse applications. The pros include
the rise in rate of generation of employment, providing food security to the farmers,
clean and suitable irrigation water along with recycled nutrients in wastewater. Due
to all year along availability of wastewater, this assures employment opportunities to
the poor farmers and labors. It can be observed from many reported literatures [26],
that almost 43% of the paddy is grown in treated wastewater and is continuously
used by urban areas. The high level of nutrients present in the wastewater is not only
helpful to farmers as they act as an substitute of fertilizers which can be a reliable
source of increasing crop intensity [9].

Alternatively, the negative impacts of untreated wastewater are a big threat to
all mankind as it generates long term effects. Some of the chronic hazards include
contamination of soil by increase in its salinity levels, rise in level of heavy metal
accumulation in soil as well as ground water etc. which further restraint the crop
choice leading to decline in crop productivity. Many researchers Goyal and Sharma,
Phillippe et al. [2], Deccan [3] and Ghosh et al. [11] have concluded in their studies
that there has been many instances where ground water have high slat concentrations
due to interference of untreated wastewater. Untreated wastewater also has shown
the presence of many bacteria’s, viruses and pathogens, causing several diseases.
Wastewater also tends to increase eutrophication process thereby creating unbalanced
ecosystem and hampering sustainable development.

4 Conclusion

Wastewater use in agriculture has been a common phenomenon in a number of water
scarce developing countries for more than a century now. It has been and is still
supporting the livelihood of a number of urban and peri-urban farmers.However,with
the growingpopulation the volumes of urbanwastewater have dramatically increased.
The problem is further complicated with increased contamination of wastewater with
new chemicals, with changing lifestyles of people and the addition of industrial
effluents. The environmental and health related problems of the use of untreated
wastewater has become prominent. There is an urgent need to address these prob-
lems before this untreated wastewater completely pollutes all the rivers/natural water
bodies. Most of the developed countries have been able tackle this problem by appro-
priate treatment of wastewater and safe disposal with minimum environmental and
health impacts. Time and again, developing countries have tried to adopt similarwater
treatment technologies from the western world and have failed. There are both social
and economic reasons for this failure. It is very important to understand the social and
economic context of a society/community/city before a technology is implemented.
The different social economic aspects to be considered are—perceptions of people
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regarding water, education levels, awareness towards the environment and the will-
ingness and ability to pay to protect their environment. In addition to this, the political
will and institutional support are essential to make wastewater a safe asset for people
in developing countries. With issues of climate change, increases in urban popula-
tion and increased demand for water from competing sectors, wastewater recycling
is becoming an important strategy to complement the existing water resources for
both developing and developed countries and there are lessons, experiences, data and
technology which can be shared for mutual benefit.
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Understanding Sustainable Arsenic
Mitigation Technology Application
in the Indian Subcontinent

Nadim Reza Khandaker and Mohammad Moshiur Rahman

Abstract Groundwater is the source of potable water in many regions of the Indian
Subcontinent. Unfortunately, in the recent decades it has come to light that the
groundwater inmany aquifers has high concentration of arsenic. The arsenic contam-
ination public health crisis in Bengal India and Bangladesh is in Biblical proportions,
tens of millions of people are affected. A viable mitigation effort is the deployment
of sustainable arsenic removal technologies for arsenic safe water supply to the
affected regions. This paper introduces the available arsenic removal technologies,
theirmechanismof operation, and discusses the performance efficacy of the technolo-
gies in the groundwater matrix of the affected regions. The technologies range from
specific arsenic adsorption media-based filters, coagulation co-precipitation arsenic
removal technologies, membrane technologies and in situ remedial technologies.
The removal technologies were sensitive to groundwater chemistry with respect to
removal efficiency and system life. There has to be in place in fracture in the affected
areas to monitor the performance of the arsenic removal technologies with respect to
whether they are producing arsenic safe water and once system performance limit is
reached remedial measures needs to be taken for sustainable mitigation. Many of the
technologies generate arsenic waste that has to be dealt with and the communities
need to develop handling and ultimate disposal facilities for sustainable mitigation.
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1 Introduction

Bangladesh and India are two countries of the same heritage sharing the same
constraints of providing economic growth and prosperity to the majority of its popu-
lation living with the constrains of poverty. In this resource challenged context both
countries have the challenge to provide safe drinking water to its population. Histor-
ically, both courtiers had unacceptable infant mortality rates due to water borne
diseases due to outbreaks ofCholera, Typhoid,Hepatitis, and other diarrheal diseases.
In this context public health organizations in search of safe source of drinking water
went for the utilization of groundwater. It is a public health norm that groundwater
at a safe depth is pathogen free and can be consumed with some certainty without
the risk of becoming ill from water borne diseases. This was heavily promoted in
rural south Asia and majority of the rural population of the Subcontinent is reliant
on groundwater for their safe source of potable water.

They say that sometimes road to hell is paved with good intentions and this is the
case of the genesis of the arsenic in groundwater problem. Trying to save the popula-
tion from water borne diseases and promoting groundwater as a safe source without
testing for the presence of arsenic is a grave unheralded tragedy of this century. This
if unabated is the single largest mass poisoning of population in the world. Commu-
nities in the six major continents of the world are affected. The map of the world
below indicates the geographical localities where groundwater contamination with
arsenic is a public health problem (see Fig. 1).

Ofwhich the crisis is of an epidemic proportion in the greaterGangesBrahmaputra
deltas of India, Bangladesh, and the plain lands of Nepal. The critically affected areas
are the alluvial aquifers of West Bengal of India and Bangladesh (Fig. 2).

Tens of millions of people are affected and suffering from arsenic related diseases
with chronic consumption of arsenic laced water. The challenge for water profes-
sionals is how to provide arsenic safe drinking and cooking water to the affected

Fig. 1 Arsenic affected regions in the world [1–6]
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Fig. 2 Arsenic affected areas of greater Bengal Basin

communities. One of the solutions in the overall management portfolio is the effec-
tive introduction and sustainability of arsenic removal technologies. This paper will
introduce germane issues to the overall application of arsenic removal technologies
to the greater Bengal basin of India and Bangladesh. We will address the following.

• Toxicology of arsenic.
• Aquatic chemistry of arsenic.
• Fundamental mechanisms of arsenic removal technologies.
• Groundwater chemistry and its effect on performance of arsenic removal

technologies.
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• Description and evaluation of prevailing arsenic removal technologies in India,
Bangladesh, and Nepal.

• Safe waste disposal generated from arsenic removal technologies.

2 Health Impact of Long Time Consumption of Arsenic
Contaminated Water

Long terms consumption of arsenic contaminatedwater causes nausea, vomiting, and
diarrhea. Chronic arsenic contaminated water consumption is causing the tell-tale
appearance of dark spots on the skin and lesions on the palm (Fig. 3), sole, and trunk
which can progress to skin cancer. Drinking arsenic contaminated water for a long
time has been linked to increased risk of internal organ cancers [7, 8]. Prolonged
consumption of arsenic contaminated water is linked to metabolic diseases such as
heart disease, hypertension and type 2 diabetes mellitus [9].

Oxidation state of arsenic in water affects its toxicity. In general arsenic (III) is
more toxic to arsenic (V) [10]. Drinking arsenic contaminated water is also linked to
development growth of children along with low birth weight and still births [11–13].

Based on lifetime cancer risks the U.S. Environmental Protection Agency (US
EPA) has established a national primary drinking water regulation, or maximum
contaminant level (MCL), for arsenic of 10 µg/L [14]. The regulation came into

Fig. 3 Hardening of the
palm due to chronic
consumption of arsenic
contaminated water
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effect in 2006. The Government of Bangladesh MCL is set at 50 µg/L (Department
of Public Health and Engineering (DPHE)) and the Indian Government MCL for
arsenic is set at 50 µg/L [15].

3 Chemistry of Arsenic in Groundwater

Arsenic (As) is a group five element in the Periodic Table with the ability to exist in
different oxidation states. Arsenic in groundwaters exists as arsenite (+3 charge), or
arsenate (+5 charge) combined with multiple oxygen having a net negative charge
existing in different forms in aqueous Solution. The pH and the redox potential of the
water determine the forms of arsenite and arsenate that will predominate in aqueous
solution and is shown in the Fig. 4 based on representation of existing speciation
models and modified to illustrate the variation of existing aqueous species with
changing pH at a fix redox potential [16]. The charge on the arsenic form greatly
determines the ease of removal based on its interactions with surfaces and as earlier
mention the form also affects the level of toxicity [16].

Fig. 4 pH-dependent speciation of As (V) and As (III) in aqueous solution (modified after [16])
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4 Geogenic Occurrence of Arsenic in Groundwater

Global geogenic occurrence of arsenic in groundwater can be broadly associated
with three groups of aquifers [1]:

1. Strongly reducing aquifers.
2. Oxidizing aquifers with high alkalinity and pH.
3. Aquifers with high arsenopyrite and other sulfide mineral content.

High groundwater arsenic is associated with aquifers having strongly reducing
conditions is of the most concern in the context of public health due to its exten-
sive frequent occurrence compared to other aquifers defined above. Aquifers with
strongly reducing conditions exist in, e.g., Bangladesh, India, Vietnam, Cambodia,
and Pakistan. The affected aquifers comprise micaceous sands, silts and clays
deposited by theGanges,Brahmaputra andMeghna river systems and their precursors
during Holocene period. These aquifers are generally shallow (less than 100–150 m
deep) [1]. Arsenic in the strongly reducing aquifers of Bangladesh and West Bengal
is supplied most likely by the arsenic containing sulfide minerals in the Himalaya
that are weathered, transported by the Ganges, Brahmaputra, and Meghna rivers,
and deposited throughout the Bengal Basin. Geochemical analysis of the sediments
from the Bengal Basin shows that a major portion of arsenic is strongly associated
with secondary iron oxides, which were formed by the oxidation of primary and
secondary sulfide minerals containing arsenic [17–19].

The most widely accepted release mechanism of arsenic into the anoxic ground-
water is reductive dissolution of iron oxides in the soil of the aquifer to which the
arsenic is attached to The reduction of the iron oxides decreases the binding sites for
arsenic which causes the mobilization of arsenic into groundwater from the soil [17,
20–30]. These reduction processes are driven by microbial degradation of organic
carbon sources present in the aquifer that serves as substrate and the source of elec-
tron for the microbes. The sources of the organic carbon in the aquifer include
degradation of plant material deposited within the sediments during the process of
landform development, dissolved organic matter from near-surface peat deposits,
and dissolved organic matter recharged from the surface water bodies enhanced by
irrigation pumping [21, 23, 25, 26, 30]. The aquifer sediments in most affected areas
of Bangladesh and West Bengal are capped by a layer of clay or silt which restricts
entry of air to the aquifers further ensuring an anoxic environment.

5 Testing as the First Step Towards a Sustainable Arsenic
Mitigation Strategy

In a locality, as a first step towards a sustainable arsenic mitigation strategy, all the
bore holes wells need to be tested for presence of arsenic or not (Fig. 5). The geology
of a locality can vary greatly and as such would affect the release of arsenic into
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Fig. 5 Testing and marking
of test well as safe with
green paint

the groundwater. Take the example of Araihazar [31–33] in greater Dhaka district
of Bangladesh where even in this small municipality, the geology is different from
locality to locality, and hence the wells in some areas of the municipality have high
arsenic concentration and some wells have arsenic concentrations that are within the
MCL. This necessitates the testing of all wells in amunicipality in an arsenic affected
area. The process is simple and costs less than a dollar a test using field test kit and
marking the wells as safe or unsafe using a coding system. In Bangladesh the coding
system is painting the snout of the well RED if arsenic concentration is greater than
the MCL and GREEN if arsenic level in the well water is within the limit.

The involvement of the civic society is an essential part of the mitigation strategy
that calls for sharing of water from the safe wells. The population needs to be moti-
vated towards the concept of the precious recourse, safe drinking water. Dedicated
community wells can be maintained to provide safe drinking water as a mitigation
tools supported by the government or by the civic society. Having the availability of
arsenic safe wells in a locality is the easiest form of mitigation measure that can be
sustained but requires the involvement of the whole community.
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6 Arsenic Removal Technologies as a Mitigation Strategy

In areas where there are no arsenic safe acquirers the only viable alternative is the
promotion of arsenic removal technologies. The arsenic removal technologies that
are being employed in the Subcontinent can be broadly classified as:

• Adsorption based arsenic removal technologies
• Coagulant based arsenic removal technologies
• Membrane systems, and
• In situ in ground based arsenic immobilization technologies.

6.1 Adsorption Arsenic Removal Systems

Adsorption is a mass transfer process where compounds in solution come to the solid
liquid inter-phase by mass transfer principles and in the solid surface it is attached by
physical or chemical forces. Arsenate and arsenite adsorbs to oxy-hydroxide surface
of that are positively charged, such as a protonated surface hydroxyl group or through
ligand exchange reaction in which the surface hydroxyl group is displaced by the
adsorbing ion [34]. The adsorption reaction mechanism of arsenic species onto solid
metal oxy-hydroxide surfaces by [35] Edwards, 1994 as:

= S − OH + H+ + H2AsO4− → = S − H2AsO4 + H2O (arsenate sorption)

= S − OH + H+ + H3AsO3− → = S − H3AsO3 + H2O (arsenite sorption)

The common filters that are being deployed use adsorption media of ferric
oxy-hydroxide, activated alumina, ferric coated activated alumina, granular ferric
hydroxide, and manganese dioxide coated sand [36, 37].

The efficacy of each media depends on water quality parameters like pH, the
presence of other ions such as phosphates and silicates, and speciation of arsenic.
System design and operational parameters such as empty bed contact time, loading
rates, bedporosity effects systemefficacy.The speciationof arsenic plays a significant
role on the efficacy of an arsenic removal system. Arsenic (3) is uncharged in water
and hence is difficult to remove from solution compared to charged arsenic (5) species
from water [35].

They are flow through filters where influent arsenic laden water passes through
the active media bed where the arsenic in solution is removed by the principles of
adsorption outlined above. The filter bed effluent water is arsenic free. The systems
deployed in the sub-continent can be highly engineered for a community or very
rudimentary such a bucket systemwith the media bed in the bucket. The two extreme
systems are shown in the Fig. 6.
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Fig. 6 Community scale and household scale adsorption bed with arsenic removal media

6.2 Community Systems Using Coagulation Followed
by Filtration

In coagulation dissolved arsenic species are converted to insoluble products by the
addition of a coagulant and the mechanism is thought to a combined mechanism
of precipitation, co-precipitation, and adsorption around the formation of a solid
oxy-hydroxide surface [35]. Trivalent metal salts are generally used as coagulating
agent for arsenic removal systems. In general alum and ferric salts are used as the
coagulant. System performance is affected by pH, coagulant dose and the speciation
of arsenic. The coagulation treatment process for arsenic removal involves a chemical
oxidation step to convert arsenic three to arsenic five followed by coagulant addition
and pH adjustment to near neutral pH to remove arsenic from solution by the forming
oxy-hydroxide solids followed by settling/microfiltration to remove the arsenic laden
metal oxy-hydroxide solids.

A low-tech rural application of the coagulation filtration concept to remove arsenic
is the use of zero valent iron as the source of the active coagulating agent. Rusted iron
nails serve as the source hydrous ferric hydroxide that serves as the active ingredient
to remove the arsenic from solution and that is then removed by filtration. This
process has won the World Bank Prize (MIT filter) and the SONO filter (winner of
the Granger Prize) [38].

6.3 Application of Membrane Systems

Both reverse osmosis (RO) and nano-filtration (NF) has a high rate of rejection for
arsenic three and arsenic five species. The mechanism for rejection is prevention of
diffusion as the mechanism of flow for RO and NF is solution diffusion. The efficacy
of the system is not dependent on pH of the water or is not affected by the presence of
other anions. For membranes with large pore size where the separation mechanism
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is straining based on molecule size (such as micro and ultra-filtration) coagulation
with metal oxy-hydroxide as a prerequisite step is necessary [39]. The systems are
gaining popularity of recently in the subcontinent with the advent of rural electricity
coverage for the membrane systems are pressure driven and requires pumps to build
the required pressure for the systems to operate.

6.4 In Situ in Ground Based Arsenic Immobilization
Technologies

Subsurface arsenic removal (SAR) is an available treatment option that is relatively
new. SAR technology was tested in Bangladesh by [40–43] and in West Bengal by
[44]. SAR systems can be easily operated with a minimal level of waste generation
[40–46]. The basic principle of SAR is to inject oxygenated water into an anoxic
aquifer to create a subsurface iron oxide filtration zone for arsenic. SAR technology
can be a relatively cheap treatment option to supply arsenic safe drinking water to
the rural people of Bangladesh andWest Bengal because SAR can be easily installed
in preexisting shallow tube well with only minor retrofitting [43].

SAR technology involves three steps in removing arsenic from groundwater (e.g.,
[41]). The steps are as follows: (1) aeration of the extracted groundwater from the
aquifer is performed in an aeration tank to increase dissolved oxygen concentration
of thewater. (2) after aeration thewater enrichedwith oxygen is injected back into the
same aquifer to ensure chemical reaction between oxygen ferrous iron in the aquifer
so that hydrous ferric oxide (HFO) can be formed. (3) A larger volume of water with
low dissolved arsenic can be extracted due to adsorption of arsenic on toHFO [41, 47,
48]. These three steps together is called a cycle of operation. Reductive dissolution of
iron oxides releases a significant levels of iron and arsenic to the groundwater which
results in co-occurrence of arsenic and iron in groundwater [20, 26, 49–53]. Thus
the presence of dissolved Fe in groundwater is very important for immobilizing of
arsenic in the subsurface by the processes of Fe(II) oxidation, followed by Fe oxide
precipitation (forming the HFO surface), on which adsorption and co-precipitation
of As, Fe, and many other ions occur. Episodic injection of aerated water into the
aquifer maintains an oxidation zone within the aquifer and oxidize adsorbed Fe(II)
to Fe(III)-oxide can exist. The outlined processes create new adsorption sites in the
aquifer for dissolved Fe(II) and other elements such as arsenic to sorb. To reach the
maximum removal efficiency, several injection-extraction cycles may be required
[43]. The performance of SAR systems may be defined using Eq. 1 as described by
[48].

QE = V

Vi
(1)
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where V is the volume of extracted water meeting the drinking water standard and
Vi is the volume of injected water.

SAR has the following advantages over other household and community arsenic
removal systems, such as SONO and Alcan: [48, 54]

1. Aquifermaterials in the subsurface can be used as filtermedia thus, no additional
filter media is required.

2. Only minor maintenance is sufficient to operate a SAR system.
3. Locally available hardware can be used for the modification of an existing hand

pump to build a new SAR system or for repairing purpose of any SAR system.
4. Fe is removed from the water along with arsenic, which significantly increase

the potential for social acceptance.

6.4.1 Description of a Typical SAR System

A typical SAR unit is composed of a well, a tank for aeration, and pipelines for
injection and extraction of water during SAR operation (Fig. 7). Separate pipelines
with valves need to be connected to the SAR well for injection and extraction. The
aeration tank is connected to the injection and extraction pipes to conduct SAR oper-
ation. A preexisting rooftop (approximately 5m above ground level) is used normally
to place the tanks to allow for gravity injection of aerated water. Showerheads are

Fig. 7 Schematic diagram of a typical SAR system
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installed at the top and disc aerators are placed at the bottom of the aeration tank
to achieve high levels of dissolved oxygen in the water, air is supplied using an air
compressor. Electrical suction pump is required for extraction of groundwater.

6.4.2 Efficiency of SAR Systems

SAR technology was tested in West Bengal by [44] and in Bangladesh it was tested
by [40, 43] and more recently by [47]. Sen Gupta et al. [44] tested SAR at six
different locations in Kasimpore, a village in North 24 Parganas District of West
Bengal. The reported arsenic concentrations in the treated water by [44] were less
that the WHO guideline value of 10 µg/L. In the study of [40], the concentration
of arsenic in the extracted water never dropped below the Bangladesh guideline,
while in the study of [43] the level of As in the extracted water dropped below the
Bangladesh guideline value of 50µg/L. The effect of different operational parameters
on arsenic removal during SAR operation was investigated by [47] at two SAR units
in Bangladesh. Arsenic concentration in the extracted water (for a certain volume)
during all experiments conducted by [47] dropped below the Bangladesh guideline.
SAR operation with a larger injection volume (5 m3) performs better for arsenic
removal in the subsurface than the use of a smaller injection volume (1 m3) (Fig. 8).
SAR performance (QE) for SAR well with 5 m3 injection volume is approximately
1.5 and for SARwell with 1m3 injection volume theQE is approximately 1.1 (Fig. 8).

Higher arsenic removal for extraction with a lower pumping rate (13 L/min)
compared to a higher pumping rate (50 L/min) was also reported by [47] (Fig. 9).
QEs with lower pumping rate were always higher compared to higher pumping rate
(Fig. 9).

Higher arsenic removal was reported by [47] for SAR operation with intermittent
pumping compared to cycles with continuous pumping (Fig. 10).

SAR operation with repeated injection-extraction cycles of an equal volume
produced better performance compared to regular cycles (Fig. 11). QEs with repeated
injection-extraction cycles of an equal volume for all rounds were always higher than
QEs with regular operation [47] (Fig. 11).

All three alternative operations reported by [47] resulted in better arsenic removal
than regular operation. A combination of the three alternative operations is recom-
mended for SAR application in rural Bangladesh to ensure substantial amount of
arsenic removal from groundwater [47].

The Reactive Transport Model (RTM) results developed by [55] revealed that
the pH of the groundwater in the SAR system during SAR operation significantly
influenced the sorption of arsenic. The preferential removal of As(V) (after oxidation
from As(III) during SAR operation) increase the overall arsenic sorption. Hydrous
Ferric Oxide (HFO) gradually built up in the subsurface due to successive SAR
cycles. TheseHFO accumulation increased sorption capacity in the subsurfacewhich
eventually facilitates arsenic removal during SAR operation. The surface complexa-
tion modeling suggests that simultaneous sorption of H4SiO4 is an important factor
limiting arsenic removal during SAR operation [55].
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Fig. 8 Breakthrough curves showing the concentrations of arsenic (a and b) during SAR exper-
imental cycles with different injection volumes (1 and 5 m3). The background concentrations of
As at the SAR wells are represented by the black dashed lines. The red dashed lines indicate the
volume where As concentration in the extracted water exceeded the Bangladesh guideline during
cycle 11. The Bangladesh guideline for arsenic is represented by the grey area (a and b). TheWHO
guideline for arsenic is represented by the green dashed line (a and b) (modified after [47])

The reactive transport model developed by [55] was used to assess the nationwide
potential for SAR application in Bangladesh by [48]. A preliminary map was gener-
ated with suitable locations for SAR application in Bangladesh [48]. Results of the
nationwide assessment for SAR application in Bangladesh revealed that the potential
for SAR application in Bangladesh is substantial. [48] reported that a considerable
performance can potentially be achieved with SAR technology for locations with
As concentrations ranging between 50 and 150 µg/L. The lifetime of SAR systems
for most of the locations in Bangladesh can be significant [48]. When a SAR unit
produces 1000 L of arsenic safe water that can meet the water needs for 114 families
for cooking and drinking water. The approximated cost for a SAR unit (with 1m3

injection capacity) per family is US$13.00/year [48]. In contrast, a SONO filter (a
household arsenic removal system) cost about US$45.00 to 50.00 with an average
lifespan of 1 year [56]. The cost for a SAR unit per year per family (with a 1 m3

injection capacity) is approximately half of the costs for a unit of SONO filter [48]
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Fig. 9 Comparison of arsenic breakthrough between higher (red) and lower (green) pumping
rates. The red dashed lines (cycles with high pumping rate) and green dashed lines (cycles with
lower pumping rate) indicate the volume where As concentration in the extracted water exceeded
the Bangladesh guidelines The Bangladesh guideline for arsenic is represented by the grey area
(modified after [47])

and unlike the SONO filter does not have a finite life. Overall, based on the results
reported by [44] suggests that SAR technology can be a potential option for potable
water for rural communities exposed to high levels of geogenic groundwater arsenic
in West Bengal. The preliminary map of suitable locations for SAR application
reported by [48] can form the basis for future exploration of the possibilities of SAR
in Bangladesh.

7 Concluding Remarks Towards Technology Application
in the Subcontinent

Technology application ad its sustainability is greatly dependent on the chemistry
of the groundwater and will dictate the operational life of the systems. Monitoring
has to be a key feature of successful application of arsenic removal technologies.
Another key feature is the ability of the community to successfully manage the high
arsenic containing waste generated from the processes. The waste generated by the
arsenic removal technologies are technology specific and as such each technology’s
environmental impact needs to be assessed with respect to the community’s ability
to safely handle the waste for long term sustainable application. There is no magic
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Fig. 10 Comparison of arsenic concentrations between regular cycles (red) and intermittent extrac-
tion cycles (green). The red dashed lines indicate the volume where As concentration in the
extracted water exceeded the Bangladesh guideline during regular cycles. For intermittent cycles,
the exceedancewas beyondV/Vi= 3Exceedance of theBangladesh guideline andwas not observed.
The Bangladesh guideline for arsenic is represented by the grey area (modified after [47])

bullet, each technology has its benefits and drawbacks and as such the community
has to be well informed about the technology for successful sustainable application.
This paper we feel provides the background that will help a community understand
the principles behind the arsenic removal technologies being deployed and promoted
in the countries of the Indian Subcontinent.

8 Recommendations

Arsenic removal technology work however efficacy is greatly dependent on the type
of technology and the chemistry of groundwater. They are not stand-alone systems.
As such there has to be an on-ground monitoring system in place to monitor tech-
nology performance to ensure that the stakeholders are receiving arsenic safe water.
Many of the treatment systems discussed generate arsenic rich spent media or high
arsenic concentration waste liquid streams and the in fracture needs to be in place to
handle the waste solids or the waste stream. Companies or organizations that intend
to market arsenic removal technologies should be regulated heavily to ensure that a
monitoring system is in place for treated water arsenic concentration monitoring and
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Fig. 11 Comparison of arsenic concentrations between regular cycles and alternative cycles
(repeated injection–extraction cycles of an equal volume). The red dashed lines indicate the volume
where As concentration in the extracted water exceeded the Bangladesh guideline during regular
cycles. The green dashed lines indicate the volume where As concentration in the extracted water
exceeded the Bangladesh guideline during alternative cycles. The Bangladesh guideline for arsenic
is represented by the grey area (modified after [47])

the infrastructure in place to handle spent arsenic rich media or arsenic rich waste
liquid stream.
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Sequential Anaerobic–Aerobic
Co-Treatment of Three Herbicides
Mixture in Water: A Comprehensive
Study on Biotransformation

G. B. Mahesh and Basavaraju Manu

Abstract Anaerobic reducing conditions tend the herbicides to undergo dehalo-
genation; dechlorination and demethylation reactions form simpler end products.
Thus formed intermediate compounds can be mineralized in the aerobic reactor
followed after anaerobic treatment. Therefore, this study was conducted to evaluate
the sequential anaerobic–aerobic treatment of three herbicides mixture namely (2-
ethylamino)-4-(isopropylamino)-6-(methylthio)-s-trazine) (ametryn), 3,6-dichloro-
2-methoxybenzoic acid (dicamba) and 2,4-dichlorophenoxyacetic acid (2,4-d) with
different formulations. The reactors were operated at hydraulic retention time (HRT)
of 48 h, pH between 6.5–7.5 and at ambient reactor liquid temperature (27–32.2 °C).
The long term study was conducted using two anaerobic reactors namely R1 (anaer-
obic control with no herbicide) and R2 (anaerobic reactor fed with 2, 4-d + ametryn
+ dicamba mixtures). The effect of increased herbicides concentration on the anaer-
obic–aerobic reactor during 400 days of the treatment period was evaluated. Two
aerobic reactorswere operated simultaneously to give post-treatment to the anaerobic
effluent. The reactor performance was evaluated by monitoring herbicide removal
efficiency of chemical oxygen demand (COD) and biogas production. The reactor’s
stability parameters pH, alkalinity, volatile fatty acids (VFA) and oxidation–reduc-
tion potential (ORP) were monitored on a daily basis. Both the anaerobic reac-
tors were stabilized using 2 g/L of starch with total organic loading rate (OLR) of
0.21–0.215 kg-COD/m3/d during 48 days, and aerobic reactors were stabilized in
14 days using anaerobic effluent as feed having OLR of 0.02 to 0.038 kg-COD/m3/d.
After achieving the quasi-state condition the influent was fed with known herbicide
concentrations to the R2 reactor. The maximum COD removal efficiency obtained
for different influent herbicide concentrations under anaerobic treatment from R2
reactor was 77–88%. Sequential anaerobic–aerobic removal efficiency for A2 reactor
was found to be >85%. Addition of 5–10 mg/L of anthraquinone-2,6-disulphonate
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(AQS) as a redox mediator enhanced the herbicides biotransformation efficiency in
the anaerobic reactor (R2) by 5–10%. The samples were analyzed using GC-HRMS
to identify the intermediate compounds.

Keywords Ametryn · Dicamba · 2,4-d · Biotransformation · SBR · AQS ·
Sequential anaerobic–aerobic treatment

Abbreviations

μg Micro gram
ASBR Anaerobic sequential batch reactor(s)
COD Chemical oxygen demand
D Day(s)
DO Dissolved oxygen
G Gram
GC-HRMS Gas–chromatograph with high resolution mass Spectroscopy
HPLC High performance liquid chromatograph
HRT Hydraulic retention time
H Hour(s)
KOH Potassium hydroxide
Min Minute(s)
mL Milli litres
mV Milli volts
MLSS Mixed liquor suspended solids
MLVSS Mixed liquor volatile suspended solids
NaHCO3 Sodium bicarbonate
nm Nanometer(s)
OLR Organic loading rate
ORP Oxidation reduction potential
SBR Sequential batch reactor(s)
SRT Solids retention time
STP Sewage treatment plant
TP Transformation product(s)
UASB Upflow anaerobic sludge blanket
VFA Volatile fatty acid(s)

1 Introduction

India is an agriculture-based country, having its 60–70% of the total population
depends on agriculture contributing around 16–17% of total gross development
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product (GDP). Around 15–25% of crop production is lost due to pests, weeds,
and diseases. India produces only 3 tons/hectare of yield, which is very less when
compared to China, Brazil and the USA [1]. The total population of India is currently
around 17.84% of the world population, has 2.4% of land area and 4% of water
resources. The dependency on food increasing day by day as the population of
the country increasing, which intern leading to adopt some advanced techniques
to increase the crop yield and to protect the crops.

The advanced technology in the agricultural field focusedmainly on increasing the
crop yield by way of controlling weeds using chemicals, seed treatment agronomy,
biotechnology, etc. India is the fourth-largest global producer of agrochemicals after
the US, Japan, and China. Around 50% of the agrochemicals are consumed in the
country, and the remaining is being exported, and this consumption rate may increase
in the future [2]. India consumes around 0.5 kg/hectare of herbicide [3], which is
very less in comparison with the quantity consumed by Japan (15 kg/hectare), United
States (2 kg/hectare) and European Union (4 kg/hectare) during 2001–2003 [4].

The agrochemicals include pesticides, herbicides, fungicides, and bio-pesticides
to eradicate pests, weeds, and fungus in the agricultural and non-agricultural fields.
Herbicides are of prime importance as their usage is increasing due to a lack of
available labor to remove weeds in various crop fields. The used herbicides and
their derivatives have become a major concern in the field of environmental engi-
neering as they join freshwater bodies through agricultural runoff and then join
the downstream water bodies and increase its toxicity. The application of herbi-
cides before rainfall has laid to the increase in herbicide load on the downstream
water bodies [5]. The sources of herbicides include pesticide manufacturing units,
soil leaching, surface runoffs, accidental spills, improper disposal, etc. Some of the
primary herbicide compounds used are 2,4–dichlorophenoxy acetic acid (2,4-d), 2-
ethylamino-4-isopropylamino-6-methyl-thio-s triazine (ametryn) and 3,6-dichloro-
2-methoxybenzoic acid (dicamba) in different combinations [6]. Agricultural runoff
contained up to 500 mg/L of pesticide [7], runoff from sugarcane fields, for instance,
contained 24.5 mg/L of 2,4-d, 3.4 mg/L of ametryn and 93.7 mg/L dicamba [6]. The
physico-chemical properties of these three herbicides are tabulated in the Table 1.
The herbicide application in the crop fields is expected to rise in future due to the
lack of availability of labors, increased food crisis, usage awareness, and cropland
expansion.

Ametryn is strong toxicant for the dicots and toxicity level of the compound
has been detected in terrestrial species that have fed grasses and broadleaf plants
[8]. Its presence has been detected in surface and groundwater due to its low soil
sorption capacity. Ametryn concentration 3.4 mg/L was found in the runoff water
from agriculture land [6], and it was also found in wastewater treatment plants [9],
and nearby the agricultural fields. Ametryn is a s-triazine group of herbicide, it has
low water solubility of 209 mg/L at 25 °C, has a melting point (80 °C), and its pKa
is 4 [10]. It is an endocrine disrupting compound [11], aquatic ecosystem disruptor
[12], and cause different type of health issues to humans and other organisms [8].
The usage of herbicides has been banned in various countries including European
Union (EU) from 2002 for environmental consequences [13].
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Dicamba is consumed to prevent the post-emergence of broadleaf weeds agricul-
ture lands [14]. It has high water solubility (4500 mg/L), half-life (28.3 day), highly
mobile in soil [15] and exists in water as anions, so that it is weakly adsorbed [16].
Dicamba can cause various health effects on aquatic life, animals, and also on human
[17]. The application of a mixture of herbicides is being considered as an intensive
agriculture practice to remove a different type of weeds effectively and efficiently
[6]. Amixture of 2,4-d and ametryn are being used to remove weeds that are resistant
to triazine herbicides in maize and sugarcane crops [18]. Use of different herbicide
mixtures in the crop field to remove weeds that are resistant to individual herbi-
cides may also effect on the non-target plants. The application of complex herbicide
mixtures may accumulate over the soil due to poor solubility and volatilization.

Herbicides are highlymobile and form stable compounds during chemical hydrol-
ysis and are well defined endocrine disruptors and exposure to such compounds
causes various effects on to eyes, thyroid, liver, kidney and nervous system of the
humans [19]. The used herbicides and transformation products have become a serious
concern in the field of environmental sustainability as they join freshwater resources
through crop land effluents and raise the toxicity of water. Persistence of these herbi-
cides in the soil leads to contamination of both surface and groundwater. Various
concentration of 2,4-d in surface and groundwater was detected even after the chem-
ical was not used for a long time [20]. The effects of these three herbicides would be
highly detrimental to human and also to other living organisms. Hence, herbicides
have to be removed before discharging into water bodies. Therefore various author-
ities have prescribed standard limit for these herbicides in surface water, 2,4-d = 29
(surfacewater)–10μg/L (groundwater) [21], ametryn= 14 (surfacewater)–1.4μg/L
(groundwater) [8] and dicamba = 200 μg/L (surface water)–14 μg/L (groundwater)
[22].

The different physico-chemical treatment methods have been adopted to remove
herbicides including chemical oxidation processes, granular activated carbon adsorp-
tion, radiolytic degradation, advanced oxidation processes like Fenton’s, electro-
Fenton’s, photo-Fenton’s, photoelectro-Fenton’s, electro-oxidation, photocatalysis,
UV irradiation, electrolysis with UV irradiation photoelectrolysis and ozone treat-
ment methods. Though the treatment mentioned above have shown considerable
treatment efficiency, there is always a production of the complex intermediate product
and which has to be treated further. Since most of the intermediate compounds are
unstable and may not survive, they can be removed in the post-treatment itself.

Thus the physicochemical processes become tedious anduneconomical to operate.
Some of the aforementioned physico-chemical methods have also been associated
with biological methods to increase treatment efficiency and to reduce the cost.
However, aromatic herbicides are removed partially due to their strong link between
benzene ring and halogens, in general, physico-chemical treatment methods produce
toxic intermediates which may pose toxicity than the parent compound. Biolog-
ical treatment processes are cheaper than the physico-chemical methods in terms of
investment and operation costs. The cost for biological treatment methods is range
from 5 to 20 times less than chemical ones such as ozone and hydrogen peroxide in
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the case of the advanced oxidation process. The treatment cost can be reduced by 3
to 10 times in the case of biological methods [23].

To overcome some of the limitations of physico-chemical methods and to reduce
toxic by-product formation, biological treatment processes are extensively being
adopted in recent years. Apart from the shock loading effects and slow biomass
stabilization, the biological methods are environmentally friendly, easy to operate
and utilize locally available resources for the treatment. Several biological treatment
methods have been developed bymany researchers to treat herbicide present in water
and wastewater.

Biological treatment methods to remove 2,4-d, ametryn and dicamba include
the following methods: anaerobic biodegradation [24], biodegradation [25]; packed
bed biofilm reactors [14, 18], membrane bioreactors [16, 26], UASB reactors [27],
submerged biological anaerobic/aerobic filter [28], sequential batch reactors [29, 30].
Herbicide removal using pure cultures isolated from algae, fungi, and bacteria have
also been used to remove herbicides efficiently [25]. But their suitability is limited
to a particular type of herbicides, and practically it is difficult to maintain in pure
form on a large scale at field conditions.

The conventional sequential batch reactors (SBR) are considered as an effective
treatment option in the biological wastewater treatment methods because they are
simple, flexible, and economically viable [31]. Themixedmicrobial consortia present
in the reactor biomass can degrade different type of herbicides at various influent
concentration levels even at different environmental conditions. SBRhas beenwidely
used to treat phenoxy herbicides including 2,4-d [32, 33], 2,4,6-trichlorophenol by
modifying the existing SBR [34].

The herbicides containing halogens in the aromatic ring make them structurally
stable and aerobically persistent can be treated efficiently under reductive condi-
tions in anaerobic reactors, which can support the biotransformation of halogenated
compounds [35]. Thus anaerobic sequential batch reactor (ASBR) can be used
effectively in support of the reductive reactions. ASBR was used in the treatment
of different pollutants including herbicides like dicamba [36], 2,4-d [27, 32], and
refractory organic [37]. There were no significant researches have been reported to
remove ametryn and dicamba by SBR method, but available studies are limited for
the treatment of 2,4-d [33], dicamba [42] and ametryn [43].

Some studies reported that the biodegradation of herbicides primarily due to
breaking up of bond between the benzene ring and the substituent group by
methanogens in the presence of electron donormicrobes [38]. The anaerobic reducing
reactions can be enhanced by the addition of redox mediators like anthraquinone-
2,6-disulphonate (AQS). They increase the rate of reaction by shuttling electrons
from primary electron donors or from bulk electron donors to the electron-accepting
organic compounds.

The TPs remained in the anaerobic reactor can be aerobically degraded at a longer
acclimation period. Therefore, it becomes effective if the refractory halogenated
aromatic compounds which cause recalcitrance are treated firstly by ASBR followed
by aerobic SBR. The investigation reported on the sequential anaerobic–aerobic
treatment of various environmental pollutants including azodyes removal [39], textile
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wastewater treatment [40]. Removal of herbicides such as ametryn and dicamba
separately using anaerobic–aerobic method has been reported previously in [41–45]
but no such studies are reported for the treatment of mixture of herbicides.

In the present research, a lab-scale sequential anaerobic–aerobic reactorwas estab-
lished and evaluated for possible biotransformation andmineralization of herbicides.
The simulated water contained a mixture of 2,4-d, ametryn, and dicamba. The reac-
tors were stabilized using starch, and then after achieving the reactor stabilization, the
simulated water with different herbicide concentration was fed. Impact of different
concentrations of redox mediator on the treatment processes was evaluated.

2 Materials and Methodology

Figure 1 shows the laboratory reactor set up used in the present study. The anaerobic
seed sludge was collected from the outlet of UASB reactor of sewage treatment plant
(STP) and seed sludge for the aerobic reactor was collected from the primary settling
tank of STP located in NITK campus, Surathkal, India.

The seed biomass was processed by passing through 250 μm sieve to get
uniform solids and characterized for MLVSS and MLSS. Table 2 shows the various

Fig. 1 a Flow diagram of the treatment process; b anaerobic, and c aerobic laboratory scale reactor
set up
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Table 2 The instruments and chemicals used in this study

Instruments Particulars Manufacturer

Gas Chromatography–High-Resolution Mass
spectrometry (GC-HRMS)

GC–Agilent, MS–Jeol

Liquid Chromatography-Mass Spectrometry (LC–MS) Shimadzu

High Performance Liquid Chromatography (HPLC) Agilent

UV–VIS double beam Spectrophotometer Systronics

pH and ORP meter Hanna

High-Speed Centrifuge Remi

Chemicals 2,4-d, ametryn, dicamba, methyl-tert-butyl ether Sigma-Aldrich

Starch and sodium hydrogen carbonate Himedia

Potassium hydroxide (99% purity), potassium dichromate,
silver sulfate, mercuric sulfate, potassium iodide, sodium
thiosulphate, ferrous ammonium sulfate, HPLC grade
methanol, and ultra-pure water

Merck

instruments and chemicals used in this study.

2.1 Reactor Set-Up and Operation

The treatment process was carried out using a sequential batch reactor in anaerobic
followed by an aerobic reactor, as showed in the flow diagram (Fig. 1). The reactors
were operatedmanuallywith operating cycle include processes like feeding (10min),
reaction (23 h), settling (30min), and decanting (20min) [33]. Initially, the anaerobic
reactors were operated with feed water containing 2 g/L of starch as carbon source
and 4 g/L of NaHCO3 as a buffer; aerobic reactors were fed with effluent from
the anaerobic reactors as feed. One litre of seed sludge was inoculated with 9 g/L of
MLVSS (sludge characteristics:MLSS=76g/L,MLVSS=36g/L) to each anaerobic
reactor, (i.e., 250 mL of anaerobic sludge was diluted with 750 mL of water) and 1
L of simulated feed water containing 2 g/L starch was added to maintain the total
volume of 2 L.

The aerobic laboratory-scale reactors were prepared by using 2 L capacity plastic
beakers. One litre of seed sludge was inoculated to each aerobic reactor with
2500mg/L ofMLVSS (Sludge characteristics: MLSS= 6.3 g/L,MLVSS= 4.5 g/L),
(i.e., 560 mL of aerobic sludge was diluted with 440 mL of water). And 1 L of
tap water was added to maintain the total volume of 2 L on the first day and, the
aerobic reactors were aerated using air diffusers. Starch was prepared by dissolving
10 g of starch powder in 250 ml of hot water. The composition of trace metal solu-
tion was prepared as per the protocols [39, 43]. The trace metal solution include in
g/L; COCl2.6H2O:1.613, FeSO4:8.39, MgSO4.7H2O:5, H3BO3:0.1, ZnCl2:0.0473,
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CuSO4.5H2O:0.0782, NiSO4.62O:1.698, (NH4)6MO7O24.4H2O:0.54, CaCl2:7.776,
MnCl2.4H2O:7.863.

The feed to anaerobic reactors was prepared using stock solution by diluting to
the required concentration, with the addition of 4 g/L of NaHCO3, 2 mL/L of trace
metal solution and stock herbicide solution to give required herbicide concentration
in 1 L volumetric flask containing water. The anaerobic reactors were operated at
ambient temperature; 1 L of supernatant was decanted and fed with 1 L of fresh feed.
The reactors were decanted manually by transferring 1 L of supernatant liquid to a
beaker and capped instantly after feeding the fresh solution to avoid oxygen entry in
to the reactor. The aerobic reactors were operated simultaneously by feeding 0.5 L
of anaerobic effluent after 24 h by decanting 0.5 L supernatant. Influent and effluent
characteristics of feed water and effluent water were analyzed for pH, temperature,
ORP, alkalinity, COD, and herbicide removal efficiency.

The reactors were operated for several days till the quasi-steady condition was
achieved. After achieving the quasi-steady-state condition, different concentrations
of ametryn, 2,4-d and dicamba was fed to the respective reactors and treatment was
carried out for about 400 days.

The removal efficiency of herbicide and COD was calculated using the following
equation,

(η) = (Cin − C f )/Cin ∗ 100 (1)

where,

(η): Removal efficiency (%).

Cin: concentration of herbicide or COD in the influent feed water (mg/L).

Cf: concentration of herbicide or COD in the effluent of reactors (mg/L).

2.2 Determination of Herbicides Intermediate Compounds

The sample extraction to detect transformation product usingGC-HRMSwas carried
as permethod 1699 [46]. Sampleswere analysed inGC-HRMS to detect the biotrans-
formation products using the standard GC–HRMS method: column type: capillary;
column class: standard non-polar; active phase: RTX-1; column length: 60 m; carrier
gas: He; column diameter: 0.22 mm; phase thickness: 0.25 μm; data type: linear RI;
program type: Ramp; start temp: 60 °C; end temp: 230 °C; heat rate: 10 K/min; end
time: 35 min.
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2.2.1 Water Quality Parameters

The alkalinity and chemical oxygen demand (COD, by closed reflux titrimetric
method) were measured as per the protocols of standard methods [47]. pH and ORP
values were measured in the reactors using the portable digital meter (edge®, Hanna
Instruments, India). Dissolved oxygen (DO) in the aerobic reactors was measured
using DO meter (HI 9741). Volatile fatty acid (VFA) concentration was measured
using the standard operating methods [48].

3 Results and Discussion

3.1 Treatment of 2,4-D, Ametryn and Dicamba Mixtures
in ASBR

The sequential anaerobic–aerobic treatment ofmixture of ametryn, 24-d and dicamba
was carried out in R2 and A2 reactor and the reactor operation condition is tabulated
in Table 3. The reactor performance was monitored through COD removal efficiency
and biogas production due to difficulty of detecting herbicide mixture concentration
using HPLC. Figure 2a–c shows the profiles of COD removal, biogas production and
ORP as a function of time during anaerobic treatment three mixed herbicides in R2
reactor. After the introduction of herbicides mixture on day 49, the COD removal
reduced to 44% and biogas production <460 mL/d, which is less than the control
(R1).

The COD removal efficiency remained lower than the R1, which indicated the
presence of significant biodegradable organic compounds. ORP of R2 reactor was

Table 3 Operational conditions maintained during the sequential anaerobic–aerobic treatment of
ametryn, 24-d and dicamba mixtures

Sl. No Reactor operation (Days) Experimental condition studied

1 1–48 Reactor start-up and acclimation to 2 g/L of starch (OLR =
0.21–0.215 kg-COD/m3/d)

2 2 onwards Anaerobic effluent fed to corresponding aerobic reactor

3 49–190 Influent herbicide concentration = (ametryn:2,4-d:dicamba)
= (2:5:10) mg/L

4 116–142 Addition of AQS = 5 mg/L

5 143–190 Addition of AQS = 10 mg/L

6 191–400 Influent herbicide concentration = (ametryn:2,4-d:dicamba)
= (4:10:20) mg/L

7 305–359 Addition of AQS = 5 mg/L

8 360–400 Addition of AQS = 10 mg/L
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almost equal to the R1 reactor. To improve the reactor performance through enhanced
redox reactions, 5 mg/L of AQS was added from 116 day. The reduction in ORP 10
to 20 mV than the control was observed in the R2 reactor, indicating an enhanced
reducing reactions. AQS was raised to 10 mg/L from day 143 to improve the reactor
efficiency then the ORP by 5 mV, but the maximum COD removal observed was
about 70% and the biogas production was 550 mL/d.

Enhanced ORP indicates the increase in redox reactions in the reactor due to the
mediating effect of AQS by shuttling the electrons [26]. The R1 reactor was able to
yield high COD removal efficiency (>80%) and biogas production (>600 mL/d), and
suggests the accumulation of toxic intermediate compounds within the R2 reactor.
Hence, the mixture of three herbicides is considered to be more toxic and difficult to
remove under anaerobic conditions. High effluent COD, VFA and reduced MLVSS
concentration indicates the anaerobic sludge toxicity by the accumulated compounds.

It is believed that the mixture of three selected herbicides would cause more
toxicity than the herbicides treated individually and also in mixture of two types. As
expected the introduction of herbicides, reactor performance reduced and observed
that which followed similar pattern as obtained previously. It has been reported that
the maximum removal of 2,4-d [32, 33], dicamba [16] and ametryn [9] was achieved
when they are treated separately. The treatment period required during the removal
of individual herbicides was comparatively lesser than the number of days required
during the treatment of mixture of three herbicides; this is observed even in the
present study during ametryn and dicamba treatment.

The presence of high concentrations of chlorine groups would become toxic and
reduces the biodegradability of chlorophenols [49]. After observing a stable COD
removal efficiency, the influent herbicides concentration was raised to two fold from
191st day. The COD removal reduced to 45%, further increased gradually (65%)
on a continued operation. The VFA and alkalinity observed was higher as expected
during a toxic condition and the possible reasons are attributed to various parameters
as discussed. High COD removal and biogas production observed than the control
towards the end of the treatment period. This behaviour may be an indication of
bacterial adoptability andhence itmaybe considered that themixture of three selected
herbicides have a tendency to get biodegraded anaerobically.

The biogas production in the R2 reactor was much lower than R1 as observed
(Fig. 2). Continued operation with the similar herbicide and reactor conditions and
in the presence of AQS (5–10 mg/L), the biogas production increased above the
control. The continued operation supports the biomass to get acquainted with the
feed condition and thus can develop metabolic pathway required for the herbicide
degradation. The increased biogas production of R2 than the R1 reactor indicates the
herbicides have been converted to intermediates, VFA and further in to end products
as CO2/methane gas as observed during the treatment of individual herbicides. The
toxicity of herbicides can be minimised in the presence of a co-substrate like starch
and thus converted to TPs and then to biogas.
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3.2 Sequential Anaerobic–Aerobic Treatment of Three
Herbicide Mixtures

Figure 3 shows the profile of COD removal as a function of time during aerobic
treatment of R2 effluent in the aerobic reactor (i.e., A2 reactor performance). COD
removal efficiency is observed to be >80% till day 130 and it was comparatively
lower than the control. The liquid content of the reactor turned to dark grey colour
even at continued aeration (DO: 3–4 mg/L), indicates accumulation TPs. The poor
sludge settling, low COD removal efficiencies observed till 80th day due to sludge
toxicity. The grey colour was disappeared and high COD removal efficiency was
achieved after 100 days. The continued operation supported the aerobic bacteria
to slowly acquaint with system and allowed the activation of inactive biomass to
metabolize the organic matter leading increased COD removal efficiency. Biomass
adaptability is an important criterion in any biological treatment process, a proper
biomass activity during the treatment of toxic compounds like herbicides supports the
efficient treatment. In our previous studies biomass acclimation has been achieved
for treating the herbicides like dicamba and ametryn with high efficiency [42, 43]. It
has been observed the acclimation of biomass to the single type herbicide compound
is comparatively faster than the reactor treating the mixture of herbicides. Such
observations suggest that the biomass has to be acclimated for a long period to
achieve maximum removal efficiencies of selected herbicides mixture.

After raise in influent herbicide concentration, COD removal was around 82%,
which suggests that the bacteria adapted to the existing influent condition to degrade
particular compounds. Hence, a further rise in herbicides concentration promotes
enhanced removal efficiency than the previous stage. Such observations have been
discussed previously by [50], where 2,4-d was removed >99% in the presence of
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high influent chlorophenol concentrations. The significant amount of TPs of herbi-
cides mixture leaving the system was indicated by high effluent COD and VFA
(>900mg/L). HighVFA concentration in the effluent indicates the presence of excess
non-degraded organic matter, which has to be removed.

The COD removal efficiency of both A1 and A2 remained the same for few days
up to 243 days and A2 COD removal reduced to 60%, a further gradual increase in
the COD removal was observed over 75 days. The low COD removal efficiency in
the A5 reactor than the A1 reactor by 15–22%would indicate the inability of aerobic
biomass to degrade the TPs, which had contributed to high VFA concentration up to
1600 mg/L. This may be a toxic condition as discussed previously, and the alkalinity
observed during this period was 2400–2800 mg-CaCO3/L. The continued operation
supported the degradation of VFA thereby reducing the effluent COD level. A stable
COD removal efficiency of 80–85% was achieved from A1 and A5 reactors after
360 days of operation.

The similar COD removal efficiencies obtained for both control and herbicide
treatment reactor and high VFA concentration indicate that anaerobic transforma-
tion products of three mixed herbicides have not completely degraded. High alka-
linity observed on the initial days of herbicide introduction and also rises in the
influent concentration for the second time. Eventually, it was observed that the
reactor responded positively with increased COD removal, with a reduction in alka-
linity below 2400 mg-CaCO3/L. High alkalinity in the effluent may indicate that the
compounds inhibitory impacts on the biomass [41]. R2 reactor is actually able to
remove high COD removal than the R1; this may be an indication of biotransforma-
tion of herbicide compounds at different dosages and their further mineralization.
Thus the sequential anaerobic–aerobic system may be considered as an efficient
method to detoxify and also to remove mixture of herbicides that are potentially
significant.

4 Recommendations for Future Study

The studies may be conducted to.

• Long operation periods for treating high influent dosages as required for
manufacturing industrial effluents.

• Quantify the concentrations of intermediate compounds formed treatment.
• Findout the type of bacteria present in the reactor sludge bypolymer chain reaction

(PCR) amplification and 16S rRNA sequencing.
• Reduce the treatment time required by modifying the existing anaerobic–aerobic

method.
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Wastewater Management and Treatment
Technologies with Recycling and Reuse
Issues in India Leading to Zero Liquid
Discharge (ZLD)

Ashim Kumar Bhattacharya and S. N. Roy

Abstract Wastewater treatment and its recycling issues are considered to be as one
of the greatest challenges in today’s perspective leading to sustainable water manage-
ment practices. Wastewater generated from industrial, municipal and communities is
contaminated significantly our available water resources and, in some cases, make it
toxic as well. It has been estimated that by 2025 India will face severe water scarcity
when the water availability in India will drop below 1,000 m3 per capita unless
adequate and sustainable water management practices are initiated on immediate
effect. So, these wastewaters must be treated properly before they are discharged.
Currently, a very small percentage of domestic and industrial wastewater is treated
in India. All large cities in India together generate over 30 billion litres of sewage of
which only 6.2 billion litres is treated. In Class-I cities only 26% of the wastewater
is treated while in Class-II cities a mere 4% of the wastewater is treated. In case of
Industry, around 60% of wastewater is remaining untreated. Recently the Central and
State regulatory bodies has implemented stringent discharge norms for wastewater to
protect the quality of Nation’s water. Based on the fact, suitable technology solution
must be taken into consideration to treat the polluted and sometime toxic wastewater
generated from industries and municipalities. At the same time wastewater recycling
and reuse issues must be given priority to protect country’s freshwater resources.
Further, online monitoring of effluent quality standards has also been implemented
by Central Board for close monitoring of wastewater related issues which at the same
time helps to protect our fresh water resources nationwide. The Indian wastewater
Industry presently facing acute problemswith respect to treatment with recycling and
reuse issues across the country as the existing facilities do not function up to themark
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as desired in revised regulatory norms. The main reasons for the above problems are
(a) selection of incorrect and some time backdated technology, (b) faulty design of
the system, (c) poor operation and maintenance and (d) lack of operator training
for skills and knowledge development. As per estimation, the metros and the largest
cities in India are collectively responsible for producing around 38 billion litters of
wastewater every day, whichwill eventually need to be recycled. Treatedwastewater
could be the answer to the future of a secure water source in the country. They can be
used for industries like Thermal plants, Coal sector, Mining and Mineral processing
which often not required so high puritywater and thereby help tomeet the other indus-
trial and agricultural needs of the nation. Long term challenges of depleting ground
and surface water resources can be addressed if waste water recycling is effectively
implemented across the country. In the present paper, wastewater management prac-
tices in industrial and municipal sector with treatment methodology and various
technological aspects have discussed. Different Biological Treatment technology
based on conventional, fixed and fluidized bed using media as a carrier of Biolog-
ical population have been covered. Advance waste water treatment technology like
membrane bioreactor; application of membrane-based separation technology during
tertiary treatment for recycle and reuse issues have also been taken into consideration.
Comparison of Performance efficiency, space availability and cost economic factor
of different technologies during primary, secondary and tertiary/advance treatment
have been highlighted. Finally, concept of zero liquid discharge leading to sustain-
able water management practices has also been incorporated with one or two case
study examples.

Keywords Wastewater treatment · Water scarcity · Regulatory discharge limits ·
Fresh water resources · Online monitoring of effluent quality standards ·
Wastewater recycling · Membrane based separation technology · Tertiary/Advance
treatment · Zero liquid discharge · Sustainable water management

1 Introduction

Due to unprecedented growth of population with rapid urbanization as well as indus-
trialization, the entire world specifically developing countries like India is facing
challenges on clean and safe water supply. Wastewater generated from industrial,
municipal and communities are increasing day by day. It is contaminated signifi-
cantly our available surface and ground water resources and, in few cases, make it
toxic as well. India accounts for 2.4% of Global land area, contributing 16% of world
population but represents only 4% of world fresh water resources.

Total water resource availability in the country estimated to be about 1123 BCM
(690 BCM from surface and 433 BCM from ground). Irrigation sector seems to be
in the top which consumed around 85% of total water availability (Table 1), which
again reported to be increase to 1072 BCM by 2050. Ground water is the major
source for irrigation in the country. Annual groundwater recharge is about 433 BCM



Wastewater Management and Treatment Technologies … 127

Table 1 Water demand
(billion cubic meters by
sector wise) in India till 2050

Sector 2010 2025 2050

Irrigation 688 910 1,072

Industry 12 23 63

Drinking water 56 73 102

Others 57 87 210

Total 813 1,093 1,447

of which irrigation covered 212.5 BCM and 18.1 BCM covered by domestic and
industrial sector [1]. Based on present population growth-rate (1.9% per year), the
Indian population is expected to cross the 1.5 billionmark by 2050. Due to increasing
population with infrastructural and industrial growth, the per capita average annual
freshwater availability of the country has been reducing significantly since 1951
from 5177 m3 to 1588 m3 in 2010. India is already declared as a water stressed
country being per capita availability falls below 1700 cum per person per day. And
it is expected to further reduce to 1341 m3 in 2025 and 1140 m3 in 2050. Therefore,
there is an urgent need for efficient water resource management through enhanced
water use efficiency and waste water recycling [2]. Table 1 depicts the water demand
in India till 2050.

During recent years, urban and infrastructure development in India is moving
mostly in aunplannedmanner. Further, infrastructure needed to cater the development
process is being stretched to its breakevenpoint. This leads towatermanagement to be
an inherent part of planning and development. The municipalities and industries are
observed to be continuously making substantial investment in water and wastewater
treatment sector in the country. And this results in opening wide opportunities for
technology and equipment solution providers in the said sector [3].

Currently, a very small percentage of domestic and industrial wastewater is treated
in India. All large cities in India together generate over 30 billion litres of sewage of
which only 6.2 billion litres is treated. In Class-I cities only 26% of the wastewater
is treated while in Class-II cities a mere 4% of the wastewater is treated. In case of
Industry around 60% of wastewater is being treated [4]. Further, as per the UNESCO
andWWAP (2006) estimates [5], the productivity of industrial water usage for India
(IWP, in billion constant 1995 US$ per m3) is seems to be the lowest reported to be
just 3.42 and about 1/30th of that for Japan and Republic of Korea. Further by 2050,
it has been reported that about 48.2 BCM per day of wastewaters having potential to
meet 4.5% of the total irrigationwater demand of the country [6]. So, the wastewaters
generated by industrial and municipal sectors must be treated and managed properly
to make it suitable for discharge and possible reuse [7].

The reducing per capita availability of water and deteriorating water quality has
forced the country to look for sustainable and effective water technologies to meet
clean and quality water demand [3]. Wastewater treatment and its recycling issues
are considered to be as one of the greatest challenges today in a country like India
that will lead to sustainable water management practices.
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Recently the Central and State regulatory agencies has implemented stringent
discharge norms for wastewater to protect the quality of Nation’s water resources.
Based on this fact, suitable technology solution must be bringing into the picture
to treat the polluted and sometime toxic wastewater generated from industries and
municipalities. At the same time wastewater recycling and reuse issues must also
be given high priority to meet country’s freshwater demand. Further, recently online
monitoring of effluent quality standards has also been implemented by Central board
for close monitoring of wastewater discharge parameters and compliance issues
which ultimately helps to protect our fresh water resources nationwide to a great
extent.

1.1 Common Effluent Treatment Plants

The Small-Scale Industries in the country has been reported to be increased to large
numbers in recent years which again raise the concern on increased volume of
wastewater generation in the country. Further, most of the SSI units due to space
constrain, lack of skills and knowledge, and limited financial capacity individu-
ally unable to install and operate their own wastewater treatment plant, resulting in
inability to meet the regulatory issues. To address the pollution coming out from
these categories of industries, Common Effluent Treatment Plants (CETPs) seems to
be one of the viable solutions for small and medium scale enterprises for effective
wastewater management.

In India, Ministry of Environment and Forest (MoEF) during 1991 initiated an
innovative financial support scheme for CETPs to ensure growth of the small and
medium entrepreneurs (SMEs) in an environmentally compatible manner. While
initially the scheme was launched for first ten years, but based on evaluation of need
base demand, it was extended further. Accordingly, the MoEF instructed various
State Pollution Control Boards (SPCBs) to examine the possibilities of establishing
CETPs in various industrial estates in the respective states. As reported, in Indiamore
than 150 CETPs have been set up so far under this scheme. The CETP facilitates in
reduction of number of discharge points in an industrial estate for better enforcement
by regulatory bodies. The investment of substantial government finances in the CETP
scheme was justified on the basis of potential benefits in terms of pollution reduction
and environmental improvements by protecting our fresh water resources [8].

1.2 Problem Statement

The Indian wastewater Industry presently facing acute problems with respect to
treatment with recycling and reuse issues across the country as the existing facilities
do not function up to the mark as desired in revised regulatory norms.
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The main reasons for the above problems are (a) selection of incorrect and some
time back dated technology, (b) faulty design of system, (c) poor operation and
maintenance and (d) lack of operator training for skills and knowledge development.

As per estimation, themetros and the largest cities in India are collectively respon-
sible for producing around 38 billion litters of waste water every day, which will
eventually need to be recycled. Treated waste water could be the answer to the future
of a secure water source in the country. They can be used for industries like Thermal
plants, Coal sector, Mining and Mineral processing which often not required so high
purity water and thereby help to meet the other industrial and agricultural needs of
the nation. Long term challenges of depleting ground and surfacewater resources can
be addressed if waste water recycling is effectively implemented across the country.

Due to improper design, poor maintenance, frequent breakdown of electricity
and lack of availability technical man power, the wastewater treatment facilities do
not function properly, in fact, often remain closed for most of the time [9]. One of
the major problems with many waste water treatment facilities is that none of the
implemented technologies has been assessed by cost benefit analysis with payback
period. Due to this, most of the local authorities are often became less interested in
smooth running of waste water treatment plants. Based on a performance evaluation
studies of STPs in some selected Indian cities carried out by CPCB, it has been
reported that though the waste water treatment capacity in the country has increased
by about 2.5 times during last three decades, still hardly 10% of the sewage generated
has been reported to be treated properly and effectively. The rest finds its own way
to contaminate the rivers and ground water resources in the country and thereby
disturbing the natural dynamic equilibrium of our ecosystems [7, 10].

1.3 Technology Trends

The knowledge on wastewater treatment for reuse has evolved quite a long time
before and it has been advanced with human history [11]. Reuse of untreated munic-
ipal wastewater has been practiced for many centuries to divert the human waste
outside of urban settlements. Likewise, use of domestic wastewater for land appli-
cation is an old and common practice. This under different stages of development
has led to better understanding of process, treatment technology with simultaneous
development of water quality standards. In countries like Europe and United States
of America wastewater treatment and it’s recycling and reuse has been reported to
be practised for quite some time. However, in recent years, with enhance demand for
drinking water resources; the rate of water reuse is becoming a priority issue in the
Asia Pacific regions as well, specifically in a country like India [3].

Majority of the Sewage Water Treatment plants (STPs) in India were developed
under various river action plans (from 1978–79 onwards) and are located in Class-I
and class II cities/towns along the banks of major rivers [12]. Oxidation Pond and
activated sludge process reported to be the mostly commonly employed technology
followed by Up-flow Anaerobic Sludge Blanket technology. Later quite a number
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of Waste Stabilization Ponds Technology has also been reported to be implemented
successfully. A World Bank Report [13] came out strongly in favour of stabilization
ponds as the most suitable wastewater treatment system for municipal sewage treat-
ment plants in developing countries like India, where land is often available at reason-
able opportunity cost and skilled labour is in short supply. But with recent trends
of urbanization with infrastructural growth in the country together with land avail-
ability plays one of the pivotal roles for shifting from selection and implementation
of aforesaid land-based technology. Technology trends from then onwards focused
move towards more space saving technology, lower installation and commissioning
time with performance oriented improved effluent quality suitable for recycle and
reuse.

Wastewater treatment technology mainly involve a preliminary treatment in the
initial stage to remove coarse /bulk materials with substances like oil and grease
and then follows three stage of treatment process namely Primary, Secondary and
Tertiary Treatment process. Primary and Tertiary treatment process are mostly
based on physico-chemical treatment. Different technologies involve in the process
includes coagulation-flocculation, de-emulsification for treatment of oily wastew-
ater, sedimentation/clarification, dissolve air flotation, flash mixer, clariflocculator,
dual media filter, activated carbon filter, pressure sand filtration and tank stabilization
etc. Secondary treatment process mainly known as biological treatment process is
responsible for degradation of organic matter relying on bacterial population. The
dominating technologies in the biological treatment process are mainly based on
mechanism of suspended and attached growth process. More details of the aforesaid
technologies have been discussed in the later sections.

With increasing water scarcity and demand along with stringent regulatory norms
forced Industries to search more on wastewater recycling technologies for sustain-
able growth. Recycling of wastewater involves a combination of technologies to treat
the wastewater and make it reusable with attainment of safe disposal standards. As
energy-efficient cost effective processes are need of the hour membrane based sepa-
ration technologies, hybrid/solar desalination and advance oxidation technologies
will gain importance during the years to come.

1.4 Regulatory Trends

With the increase of urbanization and industrial activity, availability of fresh water
resources in the country is in declining trend. The regulatory and compliance issue as
set by the government authority become more stringent to maintain the wastewater
discharge quality requirements. There are total 46 categories of industry have been
identified specific to each industry segments in India which includes industry like
distilleries, pulp and paper, power sector, refineries etc. Recently, based on the trend
of water resource scenario in the country, the policy on Zero Liquid Discharge (ZLD)
has been drafted by Ministry of Environment and Forests (MoEF) which strives the
industry for gradual move to ZLD status specifically water intensive industries like



Wastewater Management and Treatment Technologies … 131

Textile, Pulp and paper, Steel and Power etc. The implementation part of the policy
will be governed by individual State Pollution Control Boards. Presently, only a few
states in the country have been advised to specific industry end users like Textile,
Paint, Pulp and Paper, Pharma, Automobile manufacturer, Breweries to achieve the
ZLD status as a mandatory requirement. In fact, this is expected to be implemented
thorough out the country during the coming years [3].

In the present paper, wastewater management practices in industrial and munic-
ipal sector with treatment methodology and various technological aspects will be
discussed. Different Biological Treatment technology based on conventional, fixed
and fluidized bed usingmedia as a carrier of biological population have been covered.
Advance waste water treatment technology like membrane bioreactor; application
of membrane-based separation technology during tertiary treatment for recycle and
reuse issues have also been taken into consideration.Comparison of Performance effi-
ciency, space availability and cost economic factor of different technologies during
primary, secondary and tertiary/advance treatment have highlighted. Finally, concept
of zero liquid discharge leading to sustainable water management practices has also
been incorporated with one or two case study with examples.

2 Wastewater Management and Treatment Practices
in India in Industrial and Municipal Sector

2.1 Treatment Methodology

Wastewater depending on its source and characteristics may subject to different
treatment options. The wastewater management and treatment practices followed by
industrial and municipal sector as discussed in the previous Sect. 1.3 are based on
collection and preliminary treatment followed by primary and secondary treatment
process. Finally wastewater is allowed to pass through tertiary and advance treatment
process to remove residual solids (mostly suspended), organicmatters and sometimes
nutrients as well. Advance treatment process and operation often makes it suitable
for recycle and reusemeeting the regulatory norms set by central and state authorities
(Fig. 1). Clear understanding, in-depth knowledge of all these treatment methodolo-
gies, technological aspects, selection process and factors regulating the treatment
mechanism is very important for better management of wastewater treatment plants
(ETPs/STPs/CETPs).
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Fig. 1 Treatment methodologies for wastewater treatment

2.2 Technological Aspects

Based on treatment methodology, the availability of different types of technologies
and their applicability to Indian wastewater sectors are discussed in detail in the
following sections:

2.2.1 Primary Treatment Technologies (Physico-chemical Treatment
of Wastewater)

Primary Treatment Methodology is considered as the 1st stage of wastewater treat-
ment process. It is mostly based on physico-chemical unit operations. The treatment
process followed largely depends on the operations being carried out in the produc-
tion/utility process in the plant. Physical operations such as screening, sedimenta-
tion, skimming and flotation are used. The steps involved screening, removal of oil
and grease by skimming mechanism or by application of de-emulsification process
prior to skimming in case of emulsified oily waste treatment. Next process involves
equalization/neutralization processes followed by sedimentation/clarificationwith or
without coagulation-flocculation. It has been observed that in many of the industry
sectors like Pharmaceutical, Food processing, Paints, Dairies the removal of oil and
grease is carried out manually which seems to be ineffective and there is every possi-
bility of carryover of oil and grease in next stage of treatment process. As a result,
post treatment performance got affected. Installation of proper skimmingmechanism
with belt type skimmer as shown in Fig. 2 may strongly be recommend for solving
the issue in an effective manner.
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2.2.2 Coagulation-Flocculation Technology

For removal of suspended solids, coagulation–flocculation technology (Fig. 3) is the
most dominating one in globally and also in Indian Industry sector. Here selection
of chemicals specifically polymers plays a most crucial role for obtaining optimum
removal efficiency of the suspended solids. It’s a three-stage treatment process i.e.
rapid mixing (1st stage) followed by slow speed mixing (2nd stage) and lastly
sedimentation/clarification process (3rd stage).
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Mixing

Fig. 3 Chemical coagulation-flocculation process in wastewater treatment
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The equipment used in the 1st stage of the treatment process is known as Flash
Mixer which involve high speed mixing (150–200 rpm) of influent with the chem-
icals commonly termed as coagulant. The examples are Alum, Poly Aluminium
Chloride (PAC), Lime, Ferric Alum etc. In this stage agglomeration of suspended
solids and colloidal impurities occurred by charge neutralization process. Retention
time provided here typically vary from 30 s to 2 min.

2nd stage is the floc building stage where after agglomeration. Here, flocculants
are added in the flocculation tank with a stirring arrangement with a speed of 30–
50 rpm and retention time of 20–45 min. Here the particles come closer together to
build large size heavier particles commonly known as floc having very high settling
rate.

3rd stage is the sedimentation or say clarification process where the
suspended/colloidal impurities settle down after floc building stage and effluent got
clarified in the sedimentation tank or clarifier. In this zone, 1–3 h retention time is
provided. The clarified effluent then allows passing to the next stage of treatment
process namely Biological Treatment process.

Some design considers coagulation, flocculation and sedimentation in a single
unit often termed as Mixing-Flocculation-Sedimentation (MFS) Unit.

During primary treatment process, selection of coagulant plays a crucial role
to obtain system efficacy and it depends upon the nature of suspended solid to be
removed, wastewater matrix, design facility, and chemicals cost. Quantity required
depend wastewater flow and suspended solids loading rate. However, final selec-
tion of coagulant (or coagulants) should be made with jar testing experiments at
lab level first followed by plant scale evaluation. Consideration must be given to
required treated effluent quality, effect upon downstream treatment process perfor-
mance, cost factor and sludge generation/handling cost and its disposal through
effective treatment [14].

In coagulation–flocculation process during clarification stage clarifier generally
chosen circular typeof clarifierwhere retention timeprovided is 2–3h.But sometimes
the clarifier has been found to replaced by tube settler or say plate separator type of
mechanism which requires much less space, lower installation commissioning time
and faster settling time as well with retention time varies from 1 to 2 h maximum.

2.2.3 Advantages of Tube Settler

Tube settlers offer a cost-effective approach for upgrading existing wastewater treat-
ment plant clarifiers and sedimentation basins to obtain enhanced performance with
energy efficient manner. It often helps to reduce the tank age/footprint required in
new installations or improve the performance of existing settling basins by reducing
the solids loading on downstream filters. Tube settlers generally made of light weight
PVC and can be easily supported with minimum structures that often incorporate the
effluent trough supports [15].
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One great advantage of tube settlers is that they are often available in a variety of
module sizes and tube lengths to fit any tank geometry, with customised design and
engineering offered by the manufacturer.

It uses multiple tubular channels placed at an angle of 60° and adjacent to each
other, which combine to form an increased effective settling area. This provides
for a particle settling depth which is significantly less than the settling depth of
a conventional clarifier, reducing settling times. The channel collects solids into a
thickened mass which promotes the solids to slide down along the tube channel. It
can be installed as needed to fit in a new or existing clarifiers/basin of any size [15].

Only in case of high TSS loading and large capacity wastewater treatment plant,
tube settler type of mechanism often lead to chocking problems which required
frequent cleaning-making it operation/maintenance intensive. In that case circular
clarifier may be looked for a better choice.

2.2.4 Dissolve Air Flotation Technique

Flotation is a unit operation that separate simultaneously oil and grease with
suspended solids from the wastewater stream. Separation is carried out by intro-
ducing fine gas (usually air) bubbles into the liquid phase. In this section it has been
discussed in detail considering it as one of the most effective treatment systems
for wastewater containing suspended solids with oil and grease. The most common
technique is that of dissolved air flotation (DAF), in which the waste stream is first
pressurized with air in a closed tank. Then it is allowed to pass through a pressure-
reduction valve, after that wastewater enters the flotation tank (Fig. 4) where, due to
the sudden reduction in pressure, minute air bubbles in the order of 50–100 microns
in diameter are formed. As the bubbles rise to the surface, the suspended solids and
oil or grease materials adhere to them and are carried upwards. Most of the cases,
chemicals are used to enhance flotation performance with coagulants, flocculating
agents, emulsion breaking agents etc. [16].

Fig. 4 Process design of a dissolved air flotation system
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The main advantage claimed for a DAF system is the faster rate at which very
small or light suspended solids can be removed in comparison with settling [16].

Performance of DAF system has been reported to be dependent on several factors
like inlet solids concentration and air to solid ratio, maintenance of pH of the system.

Also proper flow rates and the continuous presence of trained/skilled operators are
found to be key performance criteria for anyDAF system.The principal advantages of
this dissolve air flotation technique over sedimentation are that very minute or light
particles that settles very slowly in sedimentation process can be removed almost
completely and also in a less time. Once the particles floated in the surface, can be
removed by skimming operation [17].

In one study, oil removal was reported to be 90% [18]. Another study, in first
case a unit of tuna processing wastewaters, the DAF able to removed 80% of oil and
grease and 74.8% of suspended solids in one case and a second case showed removal
efficiencies of 64.3% for oil and grease and 48.2% of suspended solids. The main
difference between these last two effluents was the lower solids usually content of
the second [19]. Although considered very effective, DAF systems are not generally
recommended for treating oily wastewater from small scale industrial units due to
its high cost [20] and also requirement of skilled/trained operators [14].

2.2.5 Biological Treatment Technologies

Biological treatment is considered as an essential and integral part of any wastewater
generated from industrial or municipal source. The wastewater generally contains
soluble organic impurities or a mix of the both types of wastewater sources. The
obvious treatment performance with cost benefits, both in terms of capital invest-
ment and operation/maintenance costs of biological treatment, over other treatment
processes seems to be quite significant in any integrated wastewater treatment plant.

Biological treatment process often referred to as secondary treatment process
where the microorganisms used are responsible for the degradation of the organic
matter with the stabilization of organic wastes. The biological treatment processes
are broadly classified as aerobic (in which aerobic and facultative micro-organisms
predominate) or anaerobic (which use anaerobic micro-organism. Further, if the
micro-organisms are suspended in the wastewater during biological operation, the
operations are “called suspended growth processes”, while the micro-organisms that
are attached to a surface act as a carrier over which they grow are called “attached
growth processes”.

In most of the cases aerobic treatment process is followed. In case of effluent
with high organic load e.g. in distillery, dairies, food processing, slaughter house
effluent—the biological treatment process carried out first by anaerobic treatment
followed by aerobic treatment to reduce the load to aerobic process and also to
achieve the desired output in terms of BOD removal efficiency. The end product is
methane in case of anaerobic process while in aerobic treatment the end product is
carbon dioxide and water.
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The low biomass yield does mean the nutrients requirement of an anaerobic
process is lower than that of the aerobic process. In terms of BOD:N:P, the aerobic
process would have required 100:5:1 while the anaerobic process only require
100:3.5:0.5. Notwithstanding this lower requirement, nutrients supplementationmay
still be considered in many industrial wastewaters treatment where wastewater are
seems to be nutrients deficient even for anaerobic processes [21].

The conventional sewage treatment technologies such asActivatedSludgeProcess
(ASP), Waste Stabilization pond (WSP) [22] up flow Anaerobic Sludge Blanket
(UASB) Reactor etc., are commonly adopted in sewerage system to treat wastewater
up to secondary level as per the effluent standards.

Biological treatment using aerobic activated sludge process has been followed
widely well over a century both in municipal and industrial wastewater treatment.
However, in recent years due to stringent regulatory norms forced the industry and
municipal sector to follow various advance biological treatment technologies based
on suspended and attached growth process.

Different dominating technologies in the Biological Treatment field in the country
as per present practices applicable to industrial and municipal wastewater treatment
are mentioned below.

2.2.6 Conventional Activated Sludge Process (ASP)

This is the most common and widely used aerobic biological treatment process to
treat the wastewater generated from Industrial and Municipal services. The process
is based on suspended growth of bacterial population where effluent after removal of
suspended solids in primary treatment enter into the system comprising of a Aeration
tanks and a secondary clarifier (Fig. 5). Diffused aeration technique is now followed
tomaintain Dissolve Oxygen level typically in the range of 2mg/l. Biological growth
is monitored by measuring Mixed Liquor Suspended Solids (MLSS) in the range of
1800- –4,500 mg/l typically or Mixed Liquor Volatile Suspended Solids (MLVSS)

Influent 

Air

Aeration Tank Secondary 
Clarifier 

Effluent

Sludge Recycle Pump

RAS

Fig. 5 Schematic of conventional activated sludge process
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Fig. 6 Schematic of fluidized bed bio-reactor (FAB)/moving bed bio-reactor (MBBR) process

which should be 70% of the MLSS value for effective degradation of COD and BOD
of the wastewater by removing soluble organics present.

2.2.7 Fluidized Aerobic Bio-reactor (FAB) More Popularly Known
as Moving Bed Bio-reactor (MBBR)

This technology is based on the attached growth process. Here bacteriological growth
is higher compare to conventional activated sludge process due to additional surface
area availability provided by the media. Diffused aeration is essential and the reactor
carrying the media acts as a fluidized bed. Thus, the process often referred to
as Fluidized Aerobic Bioreactor (FAB) or also termed as Moving Bed Bioreactor
(MBBR) as well. Schematic flow diagram of the process is presented in Fig. 6. This
technology seems to be preferable option than the conventional activated sludge
process due to higher surface area availability resulting in enhanced organic load
reduction in the wastewater [22].

2.2.8 Submerged Aerobic Fixed Film Bio-Reactor (SAFE)

The key features of this process are in the following which represents in Fig. 7.

• Tube settlers inside aeration tank offer space economy
• Essentially a fixed film media as the name suggest with enhanced oxygen supply

through submerged aeration
• Reactors up to 6 m deep enabling low land requirements
• Large biomass and long solid retention time in the reactor leading to low ‘food

to micro-organism ratio and higher organic removal based two stage biological
oxidation
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Fig. 7 Schematic of submerged aerobic fixed film bio-reactor (SAFE) process

• Many Pharmaceutical, food processing plants based on such technology are
functioning in industrial wastewater application in India.

2.2.9 Sequential Batch Reactor also Known as Cyclic Activated Sludge
System (SBR/CASS)

This is one of the newer technologies recently using in Indian industrial andmunicipal
wastewater treatment sector. The treatment methodology of this technology may be
looked as a variation of ASP technology which is essentially a batch treatment by
combining, primary settling, aeration, secondary settling and decanting the treated
effluent in a series of sequenced and or simultaneous reactions in the same basin
on a time deferred cycle. Thus, multiple basins are considered for the design basis
whereby when one tank is in one part of the cycle such as aeration, another tank will
be settling and discharging the treated effluent in a cyclically repeated operation. For
the aeration purpose high efficiency fine bubble non-clog membrane type diffusers
are preferred. The rate kinetics for the bio reaction in this process is non steady
type, not like conventional activated sludge process where reaction kinetics is based
on continuous flow steady state. Close monitoring and optimization is essential for
achieving the higher rate. Schematic diagram of Sequencing Batch Reactor process
is presented in Fig. 8.

The process has the ability to remove simultaneously BOD with N and P from
the wastewater. The technology got popularized and seems to produce very effective
results in India in municipal sewage treatment. The consideration of this technology
for industrialwastewater treatment specifically forDistillery,Dairy, SlaughterHouse,
Textile, Tannery wastewater is yet to be established.
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Fig. 8 Schematic of sequential batch reactor (SBR) also known as cyclic activated sludge system
(CASS)

2.2.10 Integrated Fixed Film Activated Sludge System (IFAS)

During the initial stage of wastewater treatment plant installations where two stage
biological treatment is followed-comprising trickling filter containing mostly stone
or sometime plastic media as biological growth carrier (often referred to as packed
bio-tower) [23]. The process is then followed by activated sludge process based on
suspended growth, followed by secondary clarifier. But with technological advance-
ments, space constraints, stringent regulatory norms this technology is presently
rarely followed in Indian Industrial and Municipal wastewater treatment.

The improved and advance version of above configuration has been developed
now for implementing in newer industrial as well municipal wastewater treatment
systems. The process consists of fluidized aerobic bioreactor often termed as moving
bed bioreactor (MBBR) instead of bio-tower followed by activated sludge process.
This process has been reported to be produce very successful results in some of the
industries like refineries and petrochemical, where the existing wastewater treatment
system based on single stage conventional activated sludge process followed by
secondary clarification tank is undergoing a capacity expansion plan or forced to
meet stringent discharge norms. This hybrid process comprising of fluidized/moving
media and activated sludge process is known as Integrated Fixed Film Activated
Sludge (IFAS) process [23].

Some major advantages of the aforesaid process are providing below:

• The IFAS system provides enhanced surface area for biomass to grow and
degrade the organic contaminants that are reluctant to biodegradation or also
may sometime toxic to the environment as well.

• The overall efficiency of IFAS process is higher and more effective in nitrification
of wastewater than conventional activated sludge process alone.

• Due to less wastage of sludge, the IFAS process provides much improved sludge
management and dewatering facility as compared to the activated sludge process
[23].
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Fig. 9 Schematic for integrated fixed film activated sludge (IFAS) system

The sequences are shown in Fig. 9.

• It can be easily incorporated in the existing activated sludge system to meet addi-
tional load due to increased production and process capacity requirement and/or
stricter regulations without the need of constructing additional concrete tanks.

• Foot-print of IFAS has a smaller with lower capital and operating cost.

2.2.11 Membrane Bioreactor (MBR)

Membrane Bioreactor technology is now considered to be the most advance tech-
nology producing high quality water almost ready for recycle and reuse. This tech-
nology combines the aeration and secondary clarifier in one and the same tank by
sucking out the aerated mixed liquor through membranes instead of settling in a
separate downstream tank. Thus, it yields a treated sewage with practically almost
no BOD and suspended solids. Virtually clear and transparent treated liquid obtained
from the treatment. The membrane is a matter of proprietorship and the throughput
per membrane module offered by various companies are different and also each one
advocates different shapes of the membranes like flat sheet, cross flow, dead end flow
etc., which makes it difficult for common validated standard design criteria.

MBR technology has been in extensive usage for treatment of domestic sewage,
but for industrial waste treatment applications, its use has been somewhat limited or
selective. Recently as the wastewater recycling scenario growing in a faster rate the
industries are becomemore prone to this technology. Figure 10 showed the difference
in the two processes lies in the method of separation of bio-solids [23].

In the MBR process, the bio-solids are separated by means of a polymeric
membrane based on microfiltration or ultra filtration unit, as against the gravity
clarification process in the secondary clarifier in conventional activated sludge
process.
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Fig. 10 Schematic of conventional activated sludge process (top) and external (side stream)
membrane bio-reactor (bottom)

Therefore, the advantages of MBR system over conventional activated sludge
system are obvious as listed below:

• Membrane filtration provides a positive barrier to suspended bio-mass that they
cannot escape the system unlike gravity settling in activated sludge process, where
the bio-mass continuously leaving the system along with clarified effluent and
sometimes a total loss of solids is also occurred due to process upsets and sludge-
bulking in the secondary clarifier. As a result, much higher bio-solids concentra-
tion measured as MLSS/MLVSS can be maintained (around 3 to 4 times) in a
MBR process (around 10,000–12,000 mg/l) in comparison to the activated sludge
process (around 2500–4,500 mg/l).

• Due to the above aspect of MBR, aeration tank volume in the MBR process
can be one-third to one-fourth the volume of the aeration tank in an activated
sludge system. Further, instead of gravity settling based clarifier, a much more
compact tank is needed to house the membrane cassettes in case of submerged
MBR and skid mounted membrane modules in case of non-submerged, external
MBR system.

• In fact, in MBR system requires 40–60% less space as required for activated
sludge system. The scope of civil work and overall foot-print as a result reduced
to a great extent.
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• Due to membrane filtration (micro/ultra filtration), the treated effluent in case of
MBR process is much higher quality compared to conventional activated sludge
process. Further it avoid the installation of tertiary filtration systems like sand filter
and carbon filter which seems to be very common in activated sludge process after
secondary clarification. The treated effluent produce is almost ready for reuse like
cooling tower make-up, floor washing or for gardening/horticultural use etc. [23].

Typical treated water quality from MBR system is:

• BOD5 <5 mg/L
• Turbidity <0.2 NTU
• TSS levels: <0.5 mg/l.

Such high-quality effluent is considered to be an important factor for recycle and
re-use based on present scenario of fresh water availability.

2.2.12 Comparison of Different Biological Treatment Technologies
Based on Performance with Cost Benefit Analysis

Table 2 Illustrate the comparison of Fluidized bed bioreactor (MBBR) process with
Membrane Bioreactor process (MBR) for biological treatment of wastewater.

The performance of a biological treatment technology plays a very significant role
with respect to effluent quality achievable for possible recycle and reuse. Tables 3 and
4 provide a technological summary with respect to some effluent quality parameters
as mentioned therein.

Table 2 Comparison of MBR and MBBR technology

Sl No Parameters MBBR MBR

1 Type of process Aerobic fixed film
continuous-attached
growth

Aerobic continuous

2 Operating parameters Automatic-PLC based Automatic PLS based

3 Odour Odour possibility-as
Sludge not fully stabilized

Sludge fully stabilized-no
odor

4 Treatment efficiency
achievable

90–95% removal of BOD 95% removal of BOD

5 Post treatment requirement
for industrial or indirect
potable reuse

Filtration-preferable
ultrafiltration followed by
disinfection, If TDS is not
an issue

Only minimal disinfection;
If TDS is not an issue

6 Ease of operation during
shutdown/maintenance

Maintenance of media is
difficult

Membrane cassette can be
isolated even treating the
full flow

7 Level of operator attention Medium Low
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Table 3 Different biological
treatment technologies
comparison summary

Parameters SBR MBBR MBR

BOD in mg/l 10–20 10–20 3–5

TSS in mg/l <30 <30 <5

Nh3-N in mg/l 2–5 2–5 <1

TP in mg/l <0.5 <0.5 <0.5

TN in mg/l <10 <10 <10

Direct use
application

Only for
landscaping

Only for
landscaping

Possible

2.2.13 Tertiary Treatment Technologies

Tertiary Treatment generally includes physical and chemical treatment process
followed after secondary treatment to meet the desired treatment objective. Here,
final polish is provided to the effluent that improves wastewater quality before it
is reused, recycled or discharged to the environment to meet regulatory norms as
defined by Central or State Pollution Control Boards.

Themajor treatment technologies follow in Indian industrial andmunicipal sector
are based on flocculation/sedimentation, pressure sand filtration, activated carbon
adsorption, membranes filtration, ion exchange, de-chlorination and reverse osmosis.

Pressure Sand filtration and Activated Carbon Filtration are mostly used during
tertiary treatment after secondary clarification mainly to remove fine residual
insoluble impurities including trace organics, colour, odor etc.

Depending on financial criteria and effluent quality requirements sometimes Dual
Media Filter, Multigrade filter is also provided after secondary clarification. These
types of filters contain sand, gravels and Anthracite based media in a single unit and
often plays the role of both sand and carbon filter in a single unit operation reducing
operation, maintenance cost, backwash frequency etc. to a great extent.

Adsorption

Globally carbon has been recognised as an adsorbent for centuries. Recent changes
in wastewater discharge standards regarding toxic pollutants have placed additional
emphasis on this technology. Adsorption is particularly effective during tertiary treat-
ment process for treating low concentrationwaste streams.After secondary treatment
process it acts as a polisher in meeting stringent regulatory norms. The adsorption
process utilized to remove colour, odour and other soluble organic pollutants from
wastewater [24].

The activated carbon adsorption also helps to removes toxic chemicals such as
insecticides, pesticides, phenols and its related compounds, cyanides and organic
dyes which are difficult to treat by conventional treatment methods. Dissolved
organics are adsorbed on carbon surface as waste water containing contaminants
is allowed to pass through the adsorbent. Granular activated carbon is reported to be
a very good adsorbent compare to powder activated carbon due to its high surface
area to volume ratio [23].
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Table 4 Comparison of different biological technologies with respect to cost (capital and
operational), treated effluent quality and space requirement

Parameters Conventional
ASP

SBR MBBR IFAS MBR

Treated
effluent
quality

Meets
specified
discharge
standards with
additional
filtration step

Meets/exceeds
specified
discharge
standards
without
additional
filtration step

Meets/exceeds
specified
discharge
standards with
additional
filtration etc

Meets/exceeds
specified
discharge
standards with
additional
filtration etc

Exceeds
specified
discharge
standards
without
additional
filtration
step. Very
good for
recycle
provided
TDS level
permits

Ability to
adjust to
variable
hydraulic and
pollutant
loading

Average Very good Very good Very good Very good

Pre-treatment
requirement

Suspended
impurities e.g.
oil and grease
and TSS
removal

Suspended
impurities e.g.
oil and grease
and TSS
removal

Suspended
impurities e.g.
oil and grease
and TSS
removal

Suspended
impurities e.g.
oil and grease
and TSS
removal

Suspended
impurities
e.g. oil and
grease and
TSS
removal
with fine
screening

Secondary
clarifier
requirement

Needed Aeration Basin
acts as clarifier

Needed Needed Clarifier is
replaced by
membrane
filtration

Complexity to
operate and
control

Simple, but
not operator
friendly

Operator
friendly

Operator
Friendly

Operator
friendly

Skilled
manpower
required

Capital
investment

Low Low Medium High Very High

Operating
cost

Low Low Medium High Very High

Space
requirement

High Low Average Average Low
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For many water treatment applications it has been proved to be the least expen-
sive treatment option to remove wide variety trace organic contaminates during
tertiary treatment process. Its suitability on any specific application will found to
be depending on type of contaminants and costs as they directly relate to the quantity
of carbon consumed.

Bio-physical Process of Adsorption

The biophysical process is considered as an augmentation and modification of Acti-
vated Sludge Process. In this process, powdered activated carbon is added in activated
sludge process. Adsorption and Bio degradation take place as a combined process
in a single tank, resulting in synergistic effects. The process has been developed in
early seventies named as PACT(R) process and widely applied in USA. Later it spread
in Europe and other parts of the world. In this process powdered activated carbon is
encapsulated in the biological flocs and two different mechanisms takes place. One
is adsorption in to powder activated carbon and next is biological removal-both are
being complementary to each other. It helps to tackle specifically reluctant, poorly
and sometimes non biodegradable organic compounds. Advantages are better sludge
sedimentation and dewatering ability, less foaming, increased nitrification, enhanced
removal efficiency with improved process stability [25]. Finally, in many cases disin-
fection process is often applied to make it suitable for further advance treatment with
an objective to recycle and reuse.

2.2.14 Disinfection Process

Disinfection refers to the destruction of mainly pathogenic or say disease causing
organisms from waste water. In the field of wastewater treatment, the categories
of microorganisms which are human centric and responsible for the disease are
bacteria, protozoa, cysts, helminths and viruses. The three-disinfection processes
which are popular and widely followed in industrial and municipal applications
namely chlorination, ozonation and UV disinfection are discussed in the following
section.

Chlorination

Chlorination is a process of disinfection most widely used in treatment of both indus-
trial and domestic wastewaters. Other kinds of use reported in wastewater treatment
as advance oxidation process e.g. cyanide oxidation. Usually the effluents are treated
with chlorine just before their final discharge to the receiving streams orwater bodies.
Chlorine gas or hypochlorite solutions found to be used the latter being easier to
handle [16]. Chlorine forms hypochlorous acid which in turn forms hypochlorite in
water solutions.

Cl2 + H2O → HOCI + H+ + Cl−;HOCI → H+ + OCl−
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During chlorination process often wastewaters may contain considerable amounts
of ammonia or volatile amines resulting in an increased demand of chlorine to achieve
a desired degree of disinfection as they react with chlorine to produce chloramines.
The amount of products depends on the factors like pH, ammonia concentration and
the concentration of organic amines present in the wastewater.

The degree of disinfection is attributed to the residual chlorine present in treated
water. During initial phase of chlorine dosing residual chlorine is negligible due
to presence of reducing agents in the wastewater. With further addition of chlorine
residual will appear as combined chlorine residual due to formation of chloramines.
A decreasing phase of chlorine residual then observed due to complete reaction of
ammonia and amines present with the added chlorine with disappearance of chlo-
ramines. Free residual chlorine will then appear on further addition of chlorine which
is also referred to as “breakpoint chlorination”. Themain objective of obtaining some
free chlorine residual is to ensure complete disinfection [16].

Chlorination units are generally simple, consisting of a vessel inwhich thewastew-
ater and the chlorine are brought into contact to produce a good mixing condition.
Residence time recommended not less than 30 s. Prior to final discharge, sufficient
time (about 15 min) must be provided for the chlorine to react to meet the objective.
This may be done in the ducts which carry the wastewater to the discharge point,
provided the residence time exceeds 15 min. A typical configuration is shown in
Fig. 11 [16].

The levels of free available chlorine should comply with the local regulations
that usually vary between 0.2 and 1 mg/l. Some cases excess chlorine as residual in
wastewater effluents was identified as the main toxicant suppressing the diversity,
size, and quantity of fish in receiving streams or ecosystems [26]. To achieve effective
disinfection, although 15 min is very common, retention times of up to 30 min are
also used. The chlorine dosage needed to achieve the residuals will vary with the
wastewater considered: 2–8 mg/l is common for an effluent from activated sludge
plant, and can be as high as 40 mg/l in the case of septic wastewater [16, 17, 27].

Ozonation

Fig. 11 A typical configuration of chlorination system
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Fig. 12 Schematic diagram of an ozonation system

Ozonation is considered to be a very effective disinfection process applicable to
water and wastewater treatment plant operation. It is a unit operation applied at the
end of the treatment similar to chlorine or uv disinfection. Ozone seems to be as
a very effective oxidizing agent useful for disinfection purpose to kill the bacteria
and viruses from the wastewater. Ozone (O3) is produced when a high voltage is
discharged across a narrow gap in the presence of air or oxygen. Ozonation systems
in situ generate O3. From safety point of view ozonation is a much better choice than
chlorination. Figure 12 represents a schematic diagram of an ozonation system.

Once ozone has been added and reacted, it enhances the dissolved oxygen level
of the effluent to be discharged, which often beneficial to the receiving water stream.
Also, as an advance treatment process it often helps to remove traces of any oxidizable
impurities present in the wastewater in terms of COD and BOD as well. Contact
tanks are usually closed to recirculate the oxygen-enriched air to the ozonation unit.
Advantages over chlorination are that it does not produce dissolved solids and is
affected neither by ammonia compounds present nor by the pH value of the effluent.
It is also reported to be used to oxidize ammonia and nitrites present specifically in
fish culture facilities [16, 28].

Ultraviolet (UV) Disinfection

This technique is primarily employed as a disinfection process that inactivates water-
borne pathogens without use of chemicals. Additionally, UV is also effective for
residual TOC removal, destruction of chloramines and ozone. The process is not
considered as a popular one during industrial and municipal wastewater treatment
plant application for disinfection purpose like chlorine and ozone.

In Indian wastewater sector the use of disinfection process follows the sequence:
Chlorination > Ozonation > UV disinfection. Considering cost as another factor

which follow the sequence Ozonation > UV > Chlorination.
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2.2.15 Advance Treatment Technologies for Recycle and Reuse

After tertiary treatment the requirement of advance treatment technology arises espe-
cially when the objective is to recycle and reuse. Advance treatment often may be
considered to further stabilize chemical and biological oxygen demand in wastew-
ater including removal of nitrogen and phosphorus. Sometimes the wastewater is
also treated with substances like ozone or hydrogen peroxide as an advance oxida-
tion process to destroy many trace and harmful contaminants that may contribute to
compliance issue in the treated water to be discharged.

While considering the objective of recycle and reuse, advance treatment mainly
focused on application of membrane-based separation technologies.

Based on the effluent quality obtained after tertiary treatment, selection of
membrane-based technologies has been taken into consideration. Further purifica-
tion of organics and dissolved salts in tertiary treated wastewater is achieved by use
of reverse osmosis. The reverse osmosis is based on the certain specific polymeric
membranes, usually cellulose acetate, polyamide or nylon to pass clean and pure
water at fairly high rates and salts are rejected by the membranes.

RO membranes are very often susceptible to fouling due to presence of organics,
colloidal impurities andmicroorganisms.A selection of proper pre-treatment systems
like Sand filtration, Carbon filtration, Micro filtration and Ultra filtration systems
often found suitable to get rid of this fouling issues.

Ultrafiltration (UF)

Ultrafiltration membrane often considered as an important pre-treatment process
before reverse osmosis. Also it has been now widely applied during wastewater
recycling as an advance treatment process when total dissolve solids in final treated
water is not an issue.

It is responsible for retaining only macro molecules, viruses, traces of oily
substances, colloidal silica and suspended solids. Thus, components like salts,
solvents and low molecular weight organic solutes pass through ultrafiltration
membrane with the permeate water [24]. The pressure differences across UF
membrane are considered to be negligible due to non-retaining the salts by the
membrane. But flux rates through themembranes are seems to be quite high allowing
the use of lower pressures.

Nanofiltration (NF)

In themembrane spectrumNanofiltration is positioned after Ultrafiltration but before
ReverseOsmosiswith a typical operating range of 0.001–0.01µm[29]. This is essen-
tially a lower pressure version of membrane capable of removing bivalent hardness
causing ions such as calcium or magnesium together with bacteria, viruses, and
colour. The treatment cost of nanofiltration is generally lower than reverse osmosis
treatment including operational cost. Nanofiltration is preferentially recommended
when permeate with some residual TDS but without colour, COD and hardness is
acceptable. Feed water system needs to be maintained similar to reverse osmosis.
Turbidity and colloidal impurities need to be maintained at minimum level. In case



150 A. K. Bhattacharya and S. N. Roy

of high turbidity specifically when colloidal silica is present, pre-treatment through
Microfiltration and Ultrafiltration is needed to be included in the treatment scheme.
Disinfection of feed will be necessary to remove micro-organism from permeate.

3 Zero Liquid Discharge Concept and Case Study Example

Zero liquid discharge (ZLD) is a process developed to provide beneficial effects to
industrial andmunicipal organizations for tackling the stringent environmental norms
applicable to liquid and solid waste management. The process enables to protect our
environment to its highest level with no effluent discharge or say left over leading
to sustainable environmental practices. ZLD systems employ the implementation of
advanced wastewater treatment technologies to recover and recycle virtually all of
the wastewater produced.

Some of the salient features of a ZLD systems:

• A Zero liquid discharge facility (ZLD), is an industrial or municipal plant means
without discharge of any wastewaters.

• Target ZLD is normally achieved by maximum waste water recovery
• Separation achieve by evaporation or boiling of water or part of waste water not

reusable after passing through membrane process, in evaporators, crystallizers
and recovery. The process produces solid waste and high purity water ready for
reuse.

• Finally, ZLD facility enhances corporate image of an organizationwith a improved
marketing image by providing better water resource optimization on sustainable
basis.

Presently the major drivers of ZLD in the country are

(i) Water scarcity with growing fresh water demand along with still negligible
rate of waste water recycling and water conservation practices following by
the industries

(ii) Economics: recycled water becomes more affordable as the usable water
supply from conventional sources becomes more expensive in many cases
especially coastal and water stress areas.

(iii) Growing social responsibility and as an education towards awareness of
environmental issues

(iv) ZLD cost is generally high in most cases but it might be a more economic
solution when waste needs to be arranged and transported in large volumes
over long distances on daily basis [30].
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3.1 Process Schematic (in General) for a ZLD Project

Phase-I

Influent → ETP → Treated water from ETP → Ultrafiltration → Reverse Osmosis
→ Permeate Water → Recycle/Reuse.

Phase-II

Reject from Reverse Osmosis systems → Evaporation/Crystallization → Solid
Waste.

Some major components of ZLD Systems

• Ultrafiltration Systems
• Reverse Osmosis (RO) mostly are of two stages
• Mechanical/Multi-effect Evaporators (MEE)
• Agitating Thin Film Digester (ATFD), etc.

3.1.1 Multi-effect Evaporators

This is the most popular and widely accepted unit operation when the desired objec-
tive is to achieve a zero liquid discharge facility to meet the stringent regulatory
norms in wastewater treatment for an industry (Fig. 13).

The following points seem to be important while considering a Multi-Effect
Evaporator system:

• For optimizing the design of an evaporator, one of the most significant consider-
ation is the steam economy (kg of liquid evaporated per kilogram of steam used).
In fact steam economy ultimately governs the successful implementation of the
process.

Fig. 13 Multi-effect evaporators for zero liquid discharge facility
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• The most effective way to obtain high economies is to use a Multiple Effect
Evaporator, whereby the vapor from one effect—is used to heat the feed in the
next effect, where boiling occurs at lower pressure [31].

• Further, by thermo-compression the vapors will condensate at a temperature high
enough to be reused for the next effect through compression, will always help to
enhance efficiency of the evaporator.

3.1.2 Agitating Thin Film Digester (ATFD)

This is another unit operation/equipment which often considered during designing a
zero liquid discharge system.

Operating Principle

• ATFD stands for evaporation of water/solvents to convert concentrated liquid to
dry powder or flakes. Selection is important based on application -either recovered
solvent or dry product or dry sludge.

• Agitated Thin Film Dryer is considered to be the ideal equipment for continuous
processing of concentrated liquid for drying. The design basis consists of cylin-
drical, vertical body with heating jacket and a rotor inside of the shell which is
equipped with rows of pendulum blades all over the length of the dryer.

• Here, heat will transfer from jacket to main shell by smooth agitation while
water/solvent will evaporate and liquid will convert gradually to slurry, to cake
and finally to either dry powder or flakes [32].

3.2 Solar Based Application in ZLD

This application is possible where land is not an issue and easily available. The
reject from RO systems is directly sent to solar based evaporation pond where under
sunlight evaporation take place with subsequent crystallization of the solid. The
dry solid is taken out and stored for safe disposal as per solid waste management
rules/guidelines. This is seems to be quite effective with respect to energy savings
point of view and also significantly low treatment cost with minimum manpower
requirement. Considering the climate scenario in India this type of project may be
looked for southern and western states of the country.

3.3 Application Areas

• Pharmaceutical Industries

– Drying of API and its intermediates to eliminate product the conventional
process of drying.
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– Recovery of important solvents from the feed.

• Textile Industries

– Drying of concentrated liquid for s recovery.

• Agro Chemicals-Dyers and Pigment Industries

– Drying of product for recovery of inorganic product, to eliminate other
conventional systems

• Chemical and Petro-Chemical Industries

– Drying of Chemical and petro-chemical products to recover the powder or
cakes.

• Sugar Industries and Distilleries

– Drying of concentrated effluent to make the Zero Liquid Discharge System.

• Effluent Treatment Plants

– One stop solution for drying of effluent to make Zero Liquid Discharge.

4 Case Study of Recycle and Reuse Leading to Zero Liquid
Discharge

Case Study-1

A pharmaceutical industry manufacturing formulation-based product generates
waste water at a capacity of 100 KLD. The influent sources are from (i) Utility,
process and kitchen waste and (ii) another source is from sewage water from sanita-
tion activities with a capacity of 10 kl per day. The effluent characteristics from the
two sources are provided below:

Influent Characteristics:

(i) pH—6.2–7.2, TSS—145–240 mg/L COD: 750–1300 mg/l, BOD: 630–
850 mg/l, Oil and Grease: 45–60 mg/l; TDS: 350–430 mg/L

(ii) pH: 6.5–7.8, TSS: 130–280 mg/l, Oil and Grease: 25–40 mg/L, COD: 450–
550 mg/L, BOD 260–300 mg/l.

Desired Treated water quality for recycling and reuse:
The process design has been carried out based on following Treated water quality

for possible recycle and reuse as secondary purpose (non potable use):
pH: 7.0-8.0, TSS: <5 mg/L, BOD: <10 mg/l; COD: 50 mg/L (max), O&G: BDL,

TDS: <500 mg/L.

Process schematic

Influent → Bar screen → Collection Chamber → Oil and Grease Chamber →
Equalization Tank → Flash Mixer → Flocculator → Primary Clarifier → Aerobic
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Treatment (ASP) → Secondary Clarifier → Filter Feed Tank with Chlorine Dosing
System → Pressure Sand filter → Activated Carbon Filter → Treated Water Tank
→ Ultrafiltration Membrane → Final Treated water Storage → CT Make UP and
Gardening use.

STP Process Design: Influent → Bar screen → Collection Chamber → Oil and
Grease Chamber→Equalization Tank→Aerobic Treatment→Secondary Clarifier
→ Treated water with Chlorine Disinfection → Send to ETP Treated water storage
for Ultrafiltration Treatment Plant.

Sludge from the secondary clarifier returns back to aeration tank to maintained
Active Biomass as Mixed Liquid Suspended Solids (MLSS).

Final treated water parameters

pH—7.3-7.8; TSS <3mg/L, Oil and grease—BDL; COD—30-40 mg/l ; BOD—6-8
mg/l, TDS—<400 mg/L; Total Bacteriological Count-Nil.

As Total Dissolve Solids are well within regulatory limits (below 2,000 mg/l) the
Reverse osmosis systems are not considered in the treatment scheme and thereby
minimizing the treatment as well as operation and maintenance cost.

The treated water is recycling reuse for cooling water make up, gardening; road
/pavement washing, fire fighting storage. No water is discharging to any streams
or river leading to zero-discharge facility and thereby meeting successfully the
regulatory board requirements.

Case Study-2

Textile Mill Wastewater Treatment with recycle and reuse:

Typical influent characteristics: pH: 10.5–11.5, Temp: 55–60 °C; TSS: 230–285
mg/L, COD: 750–930 mg/L, BOD: 380–470 mg/L, Pt Co Color: 1200–2200, Flow:
>300 KLD.

Process schematic: Influent → Influent → Bar screen → Collection Chamber
→ Cooling Tower system → Equalization Tank → Flash Mixer → Flocculator
→ Primary Clarifier → Aerobic Treatment (ASP) → Secondary Clarifier → Filter
Feed Tank with Chlorine Dosing System→ Pressure Sand filter→Activated carbon
Filter—Treated water Tank → Feed to two stage RO systems.

1st stage:
Treated water → Microfiltration → Ultrafiltration Membrane →RO Membrane

→Permeate (60% Recovery) → Final Treated water → storage for Recycle and
Reuse.

Reject (40%) from the 1st stage →
2nd Stage RO Membrane system → Permeate for recycle and reuse (20%

Recovery),
Overall recovery combining 1st and 2nd stage: 80% (60% from 1st stage plus

20% from 2nd stage).
Reject from the 2nd stage: Multi-effect Evaporator → Vapour → Condenser →

Condensate → Treated water storage.
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Solid fromMEE: Crystallization, Collection and Storage and disposal as per solid
handling rules.

Final TreatedWaterQuality: pH: 6.7-7.5, TDS: <10mg/L,BOD: <15mg/L,COD:
<50 mg/l, TSS: <1 mg/L, O&G: Nil.

The final treated water used in process side application and feed to DM
(demineralised) plant for boiler application.

5 Conclusion

Every one of us must accept the fact that water is a basic necessity for the survival
of humans. There is interplay of various factors that govern access and utilisation of
water resources and in light of the increasing water demand it becomes important
to look for holistic, people centred and industry specific approaches for water and
wastewater management. It needs the combined initiative and action of all levels,
for the socioeconomic development of the country. Wastewater Management with
recycle and reuse must be taken as a key performance indicator to protect our fresh
water resources. Looking into Industry, it is the second largest user of water after
agriculture. The amount of water used varies widely from one industry type to
another. Many businesses, notably the textile, food, beverages, and pharmaceutical
sectors are highly water intensive and consume water by using it as an ingredient
in processing finished products. Many businesses discharge of wastewater or wash
water into natural fresh water ecosystems. Each litre of water moving through a
system represents a significant energy cost. Water losses in the form of inefficient
treatment, delivery leakages, theft, and consumer waste all directly affect the amount
of energy required to deliver water for its proper use. Wastage of water directly leads
to a waste of energy. Industries and municipalities must focus on effective water
uses by reducing demand, maximizing recycling opportunities; minimizing water
losses due to breakdowns and leakages; and investing in new water storage infras-
tructure. For Sustainable development optimal management of water and wastewater
leading to zero discharge is now another challenge before the industry. Finally, in
terms of working methodology, it may be looked as a systematic approach of Iden-
tifying, Measuring, Monitoring and Reducing the Water Consumption by different
activities by Industries and municipalities. It should be an exercise of stewardship of
water resources through deployment of cost effective, performance oriented appro-
priate/advance technology focusing on recycle and reusing the wastewater for the
greatest good of society and the environment on sustainable basis.

6 Recommendations

(i) Development of strategy for systematic utilization of water resources in
various industrial processes reducing water demand and losses.
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(ii) Implementation of energy efficient, performance oriented and cost-effective
technologies that helps to achieve sustainable environmental practices with
opportunities for recycle and reuse.

(iii) Conducting water balance study in a regular interval to understand the water
consumption pattern and improvement needs.

(iv) Any better approach and improved technology solution may give a new
pathway to the wastewater management in industrial and municipal sector
in India.
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Wastewater and Its Impacts in India
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Abstract Management of wastewater generated by the cities has gained a lot of
prominences nowadays due to rapid urbanization and increased awareness about
environment protection. However, wastewater sector is one of the sectors of urban
infrastructurewhich has been characterized by huge gap between the facilities created
for treatment and the waste being generated. The result of this glaring gap is high-
lighted in the form of huge quantity of wastewater being left untreated. With the
objective to identify strategies on how to bridge this gap, review of the Indian
wastewater sector is being undertaken. The review focused on alternative treatment
technologies, innovative operational system for sustainable treatment of wastew-
ater, and political and legal framework for wastewater management. In order to
complement the conventional three stages treatment process of wastewater, sustain-
able treatment options have been reviewed to gain insights on cases of successful
implementation of these innovative technologies in treatment of wastewater in India.
The legal framework and policy initiatives have also been reviewed to ascertain the
enabling framework that has been established for holistic wastewater management.
The policy initiatives have been undertaken by the government with the motive to
bring flexibility to the system and equip the decision-makers with the options to
devise site-specific solutions for treatment of wastewater for cities with different
sizes and socio-economic characteristics. The major thrust has been towards prefer-
ence of decentralized wastewater system which has been equipped with features to
fine-tune the system to meet the challenges being faced by the sector.
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1 Introduction

The management of waste has gained a lot of prominence in recent times in urban
areas. The increased generation of waste due to rapid urbanization and the concern
about protecting the environment from the adverse effects of unscientific waste
management practices could be attributed to being the reason behind renewed interest
in waste management. Amongst the urban services, wastewater management is one
of the sectors which have been characterized by wide infrastructure gap for service
provision. The reason for the failure to completely treat the wastewater generated
by the city could be attributed to various factors. One of the factors is the lack of
budgetary resources to create/rejuvenate the ageing infrastructure. Practice to charge
for the service through adoption of polluters’ pay principle is a concept which is yet
to be implemented in totality by the various cities. Adoption of this concept could
resolve the funding gap to a certain extent. Another critical issue faced by the sector
is the selection of either a centralized or decentralized wastewater system. Decen-
tralized wastewater system has the flexibility of fine-tuning the treatment system to
the site-specific conditions and dispense with the need to make huge investment in
creating the sewer network. However, this system has not been adopted widely by the
various cities as most of the cities still prefer to adopt the conventional centralized
wastewater system. Because of this, stringent environmental protection standards,
legal reforms, and policy initiatives have been undertaken by the government with
the objective to establish a sustainable system for management of wastewater.

This chapter presents a brief overview of the Indian wastewater sector along with
the various challenges that need to be overcome to ensure a holistic wastewater
management system in India. The chapter comprises of eight sections. The current
status of the wastewater management sector is discussed in the second section. The
third section focuses on the common treatment options while the various sustain-
able treatment options that are nowadays being used in place of the conventional
techniques is discussed in the fourth section. The legal framework and the policy
initiatives that have been undertaken to ensure a holistic wastewater management
system in India is discussed in the fifth and sixth section, respectively. The key
challenges being faced by the sector and the strategies can be adopted to overcome
these challenges is the focus of the final section. The chapter concludes with the key
conclusions that have been drawn from the analysis of the Indian wastewater sector.

2 Wastewater Production and Treatment—Current Status

The key sources for the production of wastewater can be considered to be broadly
classified into domestic and industrial sources. As per CPHEEO, around 70–80% of
the water supplied to the households for domestic consumption is later released as
wastewater. It has been estimated that class-I cities and class-II towns, representing
72% of the urban population of India generates per capita wastewater of around
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Table 1 Sewage generation in Class-I cities and Class-II towns of India [5]

Parameter Class I cities Class II towns

2006 2009 2006 2009

Sewage generation (in MLD) 26,164 35,558 2,965 2,696

Sewage treatment capacity (in MLD) 6,047 11,554 200 234

Untreated (%) 77 68 93 92

98 L per capita per day (lpcd). Table 1 shows the sewage generation from class I
and II cities and towns of India during the period 2006 and 2009. During 2015,
the quantity of sewage produced in the country was estimated to be around 61,754
million litre per day (MLD) while the sewage treatment capacity was around 22,963
MLD [1]. As a result, around 62% of the sewage (i.e. around 38,791 MLD) remains
untreated and this is discharged directly into nearby water bodies. It has also been
observed that more than 50% of the sewage in India is generated from the states of
Maharashtra, Tamil Nadu, Uttar Pradesh, Delhi and Gujarat. Besides the domestic
sources, another source ofwastewater is from a large number of small scale industries
which are located haphazardly in crowded locations such as residential areas. In the
context of industrial wastewater treatment, around 5,500 MLD generated by small-
scale industries are left untreated [2]. This sector on account of lack of adequate
financial resources is not able to establish their own treatment facilities. Therefore,
in order to reduce the pollutant load of the receiving water bodies, there is a need
to established common effluent treatment plants (CETPs) for such industries across
the country.

The large gap in the sewage generation and sewage treatment is distinctly visible.
One of the main reasons for the failure to ensure 100% treatment of the generated
wastewater could be attributed to the assumption that unless underground sewers
are built and unless the sewage is conveyed via these sewers the wastewater in open
drains is treated as ‘unofficial’ and need not be taken into account for treatment before
disposal [3]. The treatment of only meagre percent of the wastewater generated is
not a surprising factor when this assumption is taken into account [4]. The objective
of the government towards the fulfillment of 100% sanitation will not be possible as
long as the sewage is classified into ‘official’ and ‘unofficial’ category for treatment.

3 Common Treatment Options

The natural cleansing system used to be sufficient enough to treat the generated
wastewater in olden days. The wastewater discharged into the water bodies easily
get diluted by a large amount of clean water and, with passage of time, microbial
communities present in nature slowly break down the sewage as well other pollutants
resulting in clean treated water with its passage through the natural water system.
However, this natural cleansing system works when the quantity is meagre but the
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wastewater discharged nowadays is overloading the natural system. Alternative treat-
ment options have been devised to treat the wastewater and these options can be
classified into the following three stages:

i. The preliminary stage in which coarse solids and other large materials are
removed by screening and grit removal.

ii. Primary stage in which the settleable organic and inorganic solids are removed
after allowing it to settle down and skimming off the floating scum.

iii. Secondary stage in which biological processes come into play for a breakdown
of the contaminants.

Most sewage treatment plants operated by the state governments in the country
have been established under schemes financed by the Government of India, and these
are functioning at sub-optimal efficiency level. In most of the class I cities, majority
of the sewage treatment plants use activated sludge process (ASP) as the preferred
treatment technology, followed by up flow anaerobic sludge blanket (UASB) tech-
nology [6]. However, in Class II towns, waste stabilization ponds (WSP) technology
is widely used, followed by UASB. The main reason for the preference of ASP over
other technologies for treatment in large cities is because of the space constraint as
ASP requires less space in comparison with UASB and WSP.

In conventionalASP technology, primary and secondary sludge is treated in anaer-
obic reactors thereby producing very less amount of processed sludge and substan-
tially reducing the aeration costs of the primary and secondary sludge. The biogas
generated from the anaerobic reactors is an added advantage which indirectly mini-
mizes the operational cost. UASB technology utilizes grit chamber as the preliminary
treatment unit and requires only one day retention time. It is one of the most econom-
ical technologies as it requires only the passage of the sewage through the treatment
system and biogas generated is considered as a value-added by product. However, all
the anaerobic processes are highly environmentally sensitive and a slight shock load
of the feed is enough to hamper the overall performance of the treatment system. In
the case of waste stabilization ponds (WSP), waste is treated through three stages of
ponds. The first pond is anaerobic in nature, second pond being facultative in nature
followed by the third pond as the maturation stage with a total hydraulic retention
time of 5 to 7 days.

Owing to the large-scale industrialization and development, the pollutant load
has greatly varied from domestic sewage with high organic content to the one which
contains various chemicals such as heavy metals, chemical compounds along with
toxic and radioactive wastes. These wastes cannot be removed by ordinary settling
and need more complex and advanced treatment processes. Some of the advanced
techniques employed for treating this wastewater ranges from biological treatment
processes to physico-chemical methods such filtration, carbon adsorption, distilla-
tion, and reverse osmosis [7]. The preferred approach for treating the wastewater
could be one of the above-mentioned treatment option or a combination of it for
remediating it to the extent that the effluents can be reused for various industrial,
agricultural, or recreational purposes.
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4 Wastewater Recycling and Reuse—Sustainable
Treatment Options

Conventional centralized sewage treatment technologies, which are currently being
used widely in India, are expensive, needs complex technology and, most impor-
tantly, unable to meet the demand for treatment of all the generated wastewater. As a
result, the untreated or partially treated wastewaters reach the water bodies and pose
several health and environmental problems. The focus should now shift to adop-
tion of sustainable treatment technologies to treat the wastewater locally and reuse
it. One of the potential solutions towards sustainable treatment technologies is the
decentralized wastewater treatment system. In a decentralized wastewater system,
besides lower operation and maintenance cost the capital investment requirement is
also lower in comparison with a conventional centralized wastewater system. The
need for a shorter network for wastewater collection, requirement for less quantity
of wastewater for treatment, and the use of simpler and natural treatment options are
the main highlights of the decentralized system. The wastewater can be managed
and treated at the generation source itself through adoption of new emerging natural
processes which can be designed according to the site-specific requirement and are
much more cost-effective than the conventional treatment processes. The treated
wastewater even has the potential for local reuse in non-potable purposes such as
toilet flushing, car washing, horticulture/gardening, groundwater recharge, and such
other uses.

Furthermore, the utilization of wastewater effluent in agriculture will result in
conservation of water quality as well as serve the irrigation purposes. Similarly, if
municipal wastewater is managed in a proper manner could reduce the problem of
surface water pollution to a great extent. The nutrients contained in the sewage such
as nitrogen and phosphorus can be utilized thereby reducing the consumption of
chemical fertilizers [8].

Some of the successful case studies on various treatment options are highlighted
in the following section [9].

1. Decentralized wastewater treatment system: An example of successful decen-
tralized wastewater treatment is the case of Aravind Eye Hospital, Puducherry,
India. Around 340 KLD of wastewater including greywater generated from
sinks, bathrooms and kitchens and black water from toilets of the hospital
building is treated at their treatment plant. Treatment of the wastewater has
been done using a combination of both aerobic and anaerobic processes. The
wastewater after treatment has been utilized for gardening as well as flushing
within the hospital premises.

2. Wetland system for wastewater treatment: This treatment system normally
consists of a primary settling tank followed by a planted filter bed. The inlet
and outlet zones of the bed are filled up with larger gravels of 50–100 mm
diameter. In addition to this, a water regulation chamber is also constructed
before the final collection tank. The quality of the water is monitored at various
points throughout the bed via the monitoring ports. Similar kind of system has
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been successfully implemented on a pilot scale in IIT Bombay campus on an
experimental basis.

3. Soil biotechnology: A combination of physical processes like sedimentation,
infiltration and biochemical processes is utilized in this technology to remove
suspended solids as well as the organic and inorganic pollutants from the
wastewater. The key component of the system is the use of a culture containing
native micro-flora. An example of treating the wastewater using this technology
is the case of Chaudhary Charan Singh International airport, Lucknow. In this
plant, the wastewater trickles down the layers of stone or rubble, soil media
(weathered rock) containing micro-flora culture, which aid in the removal of
the pollutants in the process.

4. Green bridge technology: This technology uses a combination of Ecofert, which
is an active microbial consortium, biomats, sand, gravels, and plants. The treat-
ment involves a series of green bridge filter which traps the floatable and
suspended solids whilemicrobial bioremediation by Ecofert reduces the organic
and inorganic content present in the wastewater. This technology was developed
by Shristi Eco Research Institute (SERI), Pune. Treating the polluted stretch
of Ahar River in Udaipur is an example of successful implementation of this
technology.

5. Nualgi technology: Nualgi powder is nanoparticles containing silica and
micronutrients such as iron, manganese, and magnesium, which trigger the
growth of diatoms. The growth of diatoms, in turn, degrades the organic content
of sewage thereby increasing the dissolved oxygen content. This technology
was used by local farmers to solve the problem of fish death due to high pollu-
tion of Madivala Lake of Bangalore by adding around 5–6 kg of Naulgi powder.
Improved water quality has resulted in reviving the aquatic food chain and
improved fish production.

5 Legal Framework for Wastewater Sector in India

The Indian government has enacted several legislations for the wastewater sector.
The key legislations that have been enacted are as follows:

• Water (Prevention and Control of Pollution) Act, 1974: This act, which was
amended in 1988, aims to provide for prevention and control of water pollution
and specifically prohibits the discharge of any poisonous, noxious or polluting
matter into any stream or well. This is the Act that also established the Central
and State Pollution Control Boards, and as per this act consents from the State
Pollution Control Board are required for any new discharge into any new stream
or well. Under this Act, it is mandatory to obtain “Consent to Establish” from
Pollution Control Board before starting work on the sewage treatment plant and
also obtain “Consent to Operate” after construction [10].

• Water (Prevention and Control of Pollution) Cess Act, 1977: This Act, which was
amended in 1999, provides for levy and collection of a cess on water consumed
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by establishments with a view to augment the resources of the Central Pollution
Control Board and State Pollution Control Boards for prevention and control of
pollution of water under the Water Act, 1974. Cess is payable for activities as
outlined in Schedule II to the State Government.

• Environment (Protection) Act, 1986: The discharge standards for treated sewage,
the noise standards governing the sewage treatment plant (STP), the air emission
standards governing the STP are prescribed in this Act. The PCB is empowered
to tighten these standards wherever it is needed. As per clause (1) of Sect. 3, the
Central Government is given the authority to takemeasures to protect and improve
the quality of the environment, and prevent and control environmental pollution.

• Municipal Byelaws: These laws mandate the owner of any property to dispose of
sewage in accordance with the provisions. For example, when municipal sewers
are within a certain distance from the property, the owner is obligated to connect
the establishment to those sewers as per the bye-laws.

• Town & Country Planning Acts: Every project must adhere to the applicable town
&country planning Act.

The first three Acts have been promulgated within the power granted to the Union
Government under the entry 56 on the Union List of the Seventh Schedule of Indian
Constitution. Entry 56 stresses on inter-state rivers and river valleys because most
Indian rivers, which are the major receptors of pollution, are not confined to the
boundaries of a single state. There is an element of national and public interest,
pursuant to which, these Acts have been framed with the intention to preserve these
supra-statal water bodies through provisions specified in those Acts. The purpose of
the Water Act (1974) is to promulgate the Central Pollution Control Board and State
Pollution Control Boards into existence for the function of “Prevention and Control
of Water Pollution.” The Water Cess Act (1977) provides for a source of revenue for
the boards to enable them discharge their functions laid out in the Water Act (1977)
and is done by instituting a set of levies and penalties. Levies are instituted upon
all types of consumers of water releasing the used water (polluted water) into the
environment and penalties are for those consumers breaching the standards laid down
in the Environment (Protection) Act (1986). These acts, which are complementary
and supplementary in nature, thus define the regulatory framework for wastewater
in India.

6 Policy Framework for Wastewater Sector in India

National Urban Sanitation Policy is one of the key policy initiatives that form the
policy framework for the wastewater sector in India. It delegates the responsibilities
for sanitation and wastewater management amongst the three tiers of the government
[11]. As per this policy, Government of India is envisaged to assist with generating
awareness, dividing institutional responsibilities, providing assistance for funding
projects as part of City Sanitation Plans, national-level monitoring and evaluation,
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and mainstreaming sanitation into natural investment in urban infrastructure and
housing. While the state governments are expected to assist with assigning institu-
tional responsibilities, resources, and capacities; setting standards at the state level
within the overall framework of the national standards; resolving issues of tenure and
space in providing sanitation facilities for the poor; monitoring and evaluating cities’
performance; and conduct capacity building and training exercises. Finally, the urban
local bodies are to undertake preparation of city sanitation plans, carry out planning
and financing schemes, creating assets and managing systems to meet service norms,
fixing tariff and carry out revenue collection, and engaging stakeholders in ensuring
100% sanitation.

The National Urban Sanitation Policy (2008) has mandated a different approach
to the management of wastewater services in India. Some of the notable changes
include wider participation of public, NGOs and CBOs in wastewater manage-
ment. The policy has advocated taking the assistance of NGOs and CBOs in mobi-
lizing communities, raising awareness and working out affordable and community-
managed solutions to sanitation. Furthermore, the services of NGOs and private
parties may be sought by ULBs for (i) preparing and disseminating materials for
IEC, (ii) conducting baseline surveys and stakeholder consultations, (iii) maintaining
a comprehensive GIS-based database, (iv) implementing physical works, and (v)
letting out and supervising O&M management contracts. It has been proposed to
even take the help of citizen’s groups, NGOs, and CBOs for effective monitoring
and evaluation of wastewater services.

With respect to the choice of technologies, the preferred approach should be
up-gradation and retrofitting of the difficult existing solutions in order to fully tap
its potential. While devising solutions for existing areas, the approach should be
towards the selection of technological options which can be upgraded and those
technologies that recycle and reuse treated wastewater should be encouraged. In
addition to this, state governments are being urged to set standards for ULBs on
use of low energy-intensive onsite/decentralized wastewater treatment technologies
and distributed utilities. The concept of recovery of operation & maintenance cost
through introduction of user charges has become a key cornerstone of the new policy.
Finally, the role of private sector through PPP has been proposed to be an alternative
route for implementation of key projects and activities in wastewater sector.

7 Challenges of Wastewater Sector in India

Indian wastewater sector is one of the few sectors that has been neglected and has
not been given enough attention by the various stakeholders resulting in several
challenges which need to be overcome to improve its service level. One of the chal-
lenges is relating to whether to adopt a centralized or decentralized approach to
wastewater treatment. The National Urban Sanitation Policy has focused on decen-
tralized wastewater treatment approach for sewerage and sewage treatment while the
conventional model of service delivery has been on treating the sewage through a
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network of large and long underground sewers conveying sewage to a distant treat-
ment plant with a capacity to ideally treat all of the wastewater generated in the
city. Service delivery through centralized projects entails high capital investment
in sewers, pumping stations and plants and subsequently expenditure on material,
energy, and labor for operation andmaintenance. Suchmodel will become a financial
burden for small, fiscally-constrained cities, which cannot afford sewage drainage
systems, let alone sewage treatment ones [3]. Furthermore, collection costs of the
total budget for wastewater management are high in a centralized system, partic-
ularly in small communities with low population densities. In such a scenario for
small cities, decentralized model of service delivery could be a feasible and viable
alternative. Decentralized systems keep the collection component of the wastewater
management system as minimal as possible and focus mainly on necessary treatment
and disposal of wastewater [12].

Wastewater treatment plants have long lives, and the technology adopted at the
time of their commissioning depends on the quality of raw wastewater and the nature
of the receiving medium. Amongst the technologies used in wastewater treatment
plants, conventional Activated Sludge Process (ASP) or a variation of it is the tech-
nology used in almost 60% of the plants in India. The efficacy of ASP, which is a
biological process, depends on the quality of the wastewater in terms of its biolog-
ical content. However, nowadays, the sources of wastewater are from domestic and
commercial establishments. The wastewater thus contains both biological and chem-
ical constituents, and its composition varies from one part of the city to another part.
In such case, adopting a centralized approach will mean selecting a single tech-
nology for the entire city that will lead to reduced efficiency of treatment process in
some areas with lower biological content, thereby resulting in incurring unnecessary
expenses for some areas of the city. The preferred approach, however, would be to
adopt area-specific approach for treatment. Decentralization approach embodies area
specificity in its model so project can be implemented based on the ground realities
and preferences of users of the area under consideration.

Low collection efficiency is another key challenge of the Indianwastewater sector.
One of the reasons for this could be attributed to the practice of not considering the
wastewater in open drains while treating the sewage in the underground sewers as the
quantity ofwastewater to be treatedwithin the concerned city.Underground sewerage
is no doubt a non-negotiable characteristic of centralized wastewater sector while
the decentralized system has the inherent flexibility to respond to ground realities of
wastewater management issues of the concerned area. In a decentralized system, the
open drains conveying the wastewater or the user-specific septic treatment system
can be easily incorporated into the existing system to arrive at an optimal solution.
Furthermore, the option to explore for innovative solution for using the open drains
as a treatment zone can be explored wherein bioremediation techniques can be used
to partially treat the waste and convey this partially treated waste to the treatment
plant. This will certainly reduce pollution and also turn the drain, from a stinky and
dirty sewer to more aesthetically pleasing waterway, which will become a part of the
city’s landscape.
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Lack of adequate funds by the ULBs is one of the challenges being faced by them
and this has limited the ability of ULBs to provide the basic urban services. One of the
suggestions is to levy user charges. The user charges should be designed to cover the
operation and maintenance cost, depreciation cost and debt servicing requirement, in
case the project has been funded with debt financing. An important step in this direc-
tion could be through strict implementation of the polluter pays’ principle. Premises
and establishments, which releasewastewater into their surroundings, should be obli-
gated to pay in accordance with the investment they have to make for treatment and
disposal on their own, in case of absence of a sewerage service. The new sanitation
policy has empowered the ULBs to set the tariff, and in case of adoption of decen-
tralized system the ULB can set area-specific tariff structure for that area depending
on the socio-economic characteristics of that area. For example, affluent urban areas,
owing to the affordability of the users of that area, may include wastewater recycling
and reuse in their sewage management system with a view to conserve the scarce
resource such as clean water. And, in fact, high user charges do not deter use amongst
those that can afford to pay [13].

8 Conclusions

The treatment of wastewater is an essential process for the conservation of our envi-
ronment and needs to be encouraged in India. The sector has been characterized
by a huge gap between the infrastructure facilities and the amount of waste being
generated, thereby leaving behind a significant portion of wastewater left untreated.
The failure to ensure holistic wastewater management could be attributed to the key
challenges being faced by the sector. Some of the key challenges worth mentioning
are lack of budgetary resources, practice of treating only the wastewater conveyed
through underground sewers leading to low collection efficiency, preference for
centralized system which entails huge capital investment, lack of interest to adopt
innovative sustainable treatment technologies.

There is a need for a paradigm shift in treatment of wastewater in India. The
focus should be to embrace new sustainable technologies for treatment in place of
the conventional treatment process. The practices of opting conventional centralized
wastewater system also need to be relooked in the light of the need to build in
flexibility in the system and making its cost-effectiveness. The feasibility of opting
decentralized wastewater system over the conventional system should be explored
to overcome the challenges being faced by the sector.

9 Recommendations

New sustainable technologies for treatment of wastewater should be explored in
place of the conventional treatment process. The practices of opting conventional
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centralized wastewater system also need to be relooked in the light of the need to
build in flexibility in the system and making its cost-effectiveness. The feasibility
of opting decentralized wastewater system over the conventional system should be
explored with the objective to overcome the challenges being faced by the sector.
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Nutrient Loading Impact on Remediation
of Hydrocarbon Polluted Groundwater
Using Constructed Wetland

Abhishek, Pankaj Kumar Gupta, and Brijesh Kumar Yadav

Abstract Pollution of soil–water resources by the release of hydrocarbons is amajor
concern because of the wide coverage of groundwater table by these pollutants under
varying subsurface conditions. Amongst several remediation technologies, bioreme-
diation has been proved to be the most environmental benign technology. The effi-
ciency of bioremediation technique can be amplified by controlling the prevailing
environmental conditions and bymodifying the constituents using plants, the process
termed as biostimulation. In this chapter, treatment wetlands have been employed
and investigated at laboratory and field scales in order to replicate the real field
conditions. The performance of an engineered wetland planted with Canna gener-
alis is evaluated to decontaminate hydrocarbon polluted groundwater. Practical and
numerical experiments are performed for a duration of two months under controlled
conditions to investigate the impact of nutrient loading on the bioremediation of
Toluene, the selected hydrocarbon. The observed breakthrough curves show a slow
initial removal rate which reached up to a level of 99% at the end of the experiment.
Results presented in this chapter can be used for designing treatment wetland for
decontaminating hydrocarbon polluted water in the fields.
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1 Introduction

Rapid urbanization and increasing population have caused unprecedented stress on
the surface- and sub-surface water resources globally. Shallow regions of Indian
aquifer have been reported the most vulnerable to hydrocarbon pollutants amid
the intense industrial development, especially petrochemical refineries [14]. Bhat-
tacharyya and Shekdar reported that more than twenty-eight thousand tons of oily
sludge are generated by Indian refineries annually. Leakage from storage tanks and
pipelines (underground) transporting the raw- andprocessed petroleumhydrocarbons
cause these landscapes to be even more vulnerable to hydrocarbon contamination.
A spilled hydrocarbon spreads over the groundwater system forming a pure phase
pool [12]. The water-soluble compound like toluene starts dissolving to underlying
groundwater resources and finally form a dissolved plume [12]. The use of this
contaminated groundwater for drinking propose may cause a significant negative
impact on microbiota [13] and human health, as toluene is carvcinogenic. For this
reason, more attention of environmental scientist and geochemist is needed to reme-
diate such pollutant from groundwater systems to fulfill the drinking water demand
of increasing population and to minimize the impact of hydrocarbon pollution.

Various bioremediation approaches have been developed by many researchers in
the last decades, in which plant-assisted bioremediation using constructed wetlands
have been reported among the most cost-effective techniques [2]. Constructed
wetland gained widespread acceptance since the 1980s due to its high performance
and low installation and maintenance costs. Considerable information on the design
and operation of these treatment wetlands has accumulated since that time [11].
However, very little attention has been paid to the performance evaluation of plant-
assisted bioremediation and Horizontal Flow Treatment Wetland (HFTW) for the
treatment of hydrocarbon contaminated groundwater resources.Most of these studies
focus on the treatment of stormwater and wastewater containing several pollutants,
including hydrocarbons [9]. The outcomes/results of these studies have restrictions
to be used directly to design a bioremediation system for hydrocarbon polluted
groundwater because (a) wastewater contains high background nutrient load, which
significantly affect the removal rate, (b) enhanced co-metabolism due to high organic
pollutants play important role performance of wastewater treatment. Yadav et al. [15]
reported high biodegradation of dissolved BTEX from batch having 50%wastewater
and 50% polluted groundwater at room temperature. While the biodegradation rate
was very low in batch having 100% polluted groundwater resources.

Laboratory scale experiments examining the removal of BTEX compounds under
aerated condition revealed the higher removal rates in planted mesocosms [2, 5, 6].
Domestic wastewater (mixed with the contaminated groundwater collected from the
refinery site) was added to grow the root zone microbes in different mesocosms.
The results fortified that the positive role of plant (root zone) on the biodegradation
of toluene from contaminated groundwater resources. However, several questions
remain unanswered, and further work is required to be done to fill the knowledge
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gap. Additional research could be conducted to examine the effect of (inorganic)
nutrient loading on toluene removal from polluted groundwater in HFTW.

Amidst all the recent advancements, the strategies relevant for the realistic agrarian
field conditions where the nutrients’ loading followed by their leaching to the vadose
zone are major causes of groundwater pollution and hence needs to be studied in
detail. Therefore, in this chapter, extensive laboratory work has been performed to
investigate the effect of nutrient loading in a two-dimensional experimental setup.
This research focused on designing cost-effective treatment wetlands to remediate
hydrocarbon (toluene in the current study) polluted subsurface using integrated prac-
tical experiments-numerical modeling. The simulation runs using HYDRUS CW2D
model was solved with and without plant under three different level of nutrient
loadings. This coupled effect has not been addressed adequately for toluene in the
previous studies.

2 Constructed Wetlands-Literature Updates

Biodegradation of petroleum hydrocarbons is a complex process that is strongly
influenced by physical, chemical, and biological factors such as temperature, oxygen,
nutrients, salinity, pH, physical state, the concentration of the contaminant and the
composition and adaptability of the microbial population [2]. Many studies have
shown success with enhanced bioremediation and treatment wetlands which accel-
erates the natural process by providing nutrients, electron acceptors, and compe-
tent degrading microorganisms [3]. Constructed wetlands are the treatment systems
that use natural processes involving wetland vegetation, soils, and their associated
microbial assemblages to improve water quality. The functionality of the system is
illustrated in Fig. 1a–c.

(a) Planted with Macrophytes 
sp. Without gravel bed. Free 
water surface flow.

(b) Planted with Macrophytes 
sp. With gravel bed. Free water 

surface flow.

(c) Planted with Macrophytes 
sp. With gravel bed. Free water 
surface. Effluent from bottom.

Fig. 1 Different types of constructed wetlands that are generally used for contaminant removal
from subsurface resources
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Constructed wetlands outperform the conventional treatment methods because of
their low operational costs, unskilledmanpower- and smaller land area requirements,
and inherent habitat enhancement [4]. CWs, typical natural (mimics the natural
systems the most) and eco-friendly systems, are considered as ‘black boxes’ where
the interactions between the constitutive components are not well understood. The
performance of the wetland systems depends on the various physical, chemical, and
biological components and their interactions with biotic and abiotic habitats. This
technique has been proved promising since the rhizosphere is abundant in microbes
capable of hydrocarbons’ natural degradation, which further depends partly on the
prevailing ecosystem (temperature, oxygen, nutrients, salinity, pressure, pH, chem-
ical composition, physical state, and contaminant concentration, etc.) and partly on
the operating conditions. Research shows that the former factor plays a vital role
in most cases. Hence, to enhance a time-bound effective removal of the pollutant
(hydrocarbon), the design criteria become the vital user-defined parameter (Table 1).

The hydrocarbons (say, non-aqueous phase liquids: NAPLs) get introduced to
the subsurface through poor storage practices, inadequate disposal facilities, or acci-
dental spills. As a hydrocarbon migrates downward through the subsurface, a part of
it remains in the soil matrix as residual, which, along with the mobile phase, causes
a prolonged water quality degradation Yadav et al. [15]. Toluene was used for the
current case study because of the high thermodynamic stability (and high water solu-
bility, 1780 mg L−1) followed by enhanced environmental persistence of Benzene
ring.

The freshwater wetlands are typically nutrient-limited due to the heavy nutrient
demand by the plants. Moreover, they could also be nutrient traps in the form of

Table 1 Recent experimental and numerical studies performed to investigate the removal of various
contaminants from the subsurface

Target compounds CW types/Domain size,
planted with

Key findings References

Toluene 28 cm inner diameter × 30 cm
height, Canna generalis

Reduction of removal time of
toluene was reduced by 25%
in the presence of the
plantation

[2]

Benzene 1 m L × 0.6 m W × 0.8 m H,
Phragmites karka

Toxic and inhibitory effects
are system-dependent

[1]

Benzeze 75 cm H × 10 cm in diameter,
Phragmites ustralis (Cav.)
Trin. ex Steud

The seasonal removal
efficiencies for benzene
decreased with time and were
much higher for the indoor
compared to the outdoor
wetlands

[12]

Diesel oil 10 m × 1 m × 60 cm, Typha
seedlings at a density of 7.5
plants/m2

Plantation enhanced the
removal efficiencies
attributed to the
phytoremediation

Omari et al.
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biomass, thus necessitating the additional nutrient load (not excessive) to the system
to enhance the biodegradation [7]. Therefore, the wetland system under considera-
tion was subjected to the nutrient loading to foster the removal rates in engineered
wetlands by altering the wetland matrix to possess (a) concurrence of aerobic and
anaerobic to enhance (de)nitrification, (b) an internal carbon source. The CW2D
module for the HYDRUS-2D software package [8] was used to model the degra-
dation kinetics of the organic matter in subsurface flow Horizontal Flow Treatment
Wetland (HFTW). Achieving high treatment performances in CWs within a short
time is critical and hence adapting wetland design involves a trade-off between CW
efficiency and sizing. Long-term wetlands studies are further needed in order to
understand the wetlands systems more and to extrapolate and implement the labo-
ratory scale results to the field scale, followed by the calibration and evaluation of
the numerical models. Therefore, the objective of this study is to investigate the role
of nutrient loading and design of horizontal flow treatment wetland in long-term
controlled conditions.

3 Materials and Methods

Engineered treatment wetland experiments and microcosm experiment was
performed to evaluate dissolved toluene’s biodegradation rates in rhizospheric
(wetland dominated area) and vadose zone respectively.

3.1 Experimental Investigation

Four laboratory-scale horizontal flow treatment wetlands (HFTW) of dimensions
0.6 m L × 0.3 m W × 0.3 m H were fabricated with plexiglass for wetland experi-
ment and controlled. The design of wetland consists—a central chamber filled with
experimental media and two sidewalls of length 5 cm to maintain the uniform flow
through the root zone. The constructed HFTW were homogeneously filled with the
single main layer of gravel with an average particle size of 10 mm and depth of
15 cm. Ponding of 15 cm, the headspace of about 15 cm was provided in the HFCWs
by monitoring the water recirculation using Peristaltic pumps. All wetland setup was
uniformly planted with Canna generalis with a plant density of 7 plants/ft2. Both
wetlands were placed in climatically controlled conditions with temperature 21° ±
3 °C and a light intensity of 85–100 µmol photons m−2 s−1 for an average exposure
time of 16 h d−1 maintained throughout the experiments. Figure 1 shows the system-
atic diagram of the experimental setup employed in the current study. The porosity
of the experimental media used in the HFTW, hydraulic residence time (HRT), and
effective volume of the treatment setups were estimated based on the dimensions of
the HFTW.
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Contemporaneously, a homogeneous 0.1 M toluene solution was prepared by
dissolving Toluene (Mark, 99.999%) to Millipore water up to its solubility limits
(�490mgL−1)while stirringwith amagnetic stirrer at 400 rpm for 24h.The prepared
solution was stored at 10 °C. Similarly, the nutrient solution with concentration of
10, 30 and 30 mg L−1 of mineral nitrogen (NH4Cl) were prepared during three
times in experimental periods. After seven days of the plantation, the groundwater
containing dissolved 250 ppm toluene was applied to the all HFTW to allow the
acclimatization of the rhizospheric microbes with the pollutant for approximately
two days. Thereafter, the effluent samples were collected and analyzed for toluene
concentration periodically. After 2 days, These HFTWs were applied to the variable
nutrient loading on every alternate day by adding 10, 30 and 30 mg L−1 of mineral
nitrogen (NH4Cl) to HFTW 1, HFTW 2 and HFTW3, respectively, for the complete
duration of the experiment, i.e., two months. Another replica of three HFTWs was
kept unplanted and was used as a reference for quantifying and comparing the root
zone impact on the degradation rates. Figure 2 shows the systematic diagram and an
actual photo of the experimental setup.

Rhizospheric water samples were collected daily from the outlet of HFTW using
attached needle syringe and were stored without headspace at 4 °C until analysis.
The concentration of toluene was analyzed using the selective ion method (SIM) of
Gas Chromatography (Agilent 7890B) Mass Spectrophotometer (Agilent 5977A).
The 2µL water samples were taken in vial (Agilent 5183–2067) using gold standard
attached needle syringes (Agilent 9301–0713). A chrompack capillary column (30m
length, 0.25 I. D, 0.0.25 µm film) was used for the analysis. Helium was employed
as the carrier gas at a flow rate of 25 mL/min. The temperature of the injector port,
detector port, and oven were kept at 161 °C, 100 °C, and 150 °C, respectively.

3.2 CW2D-HYDRUS Simulation Run

Different degradation kinetic models can be used to determine the rate of degrada-
tion like Constant or zero-order, Linear or first-order, Monod or Michaelis–Menten,
Logistic, Logarithmic. In zero-order kinetics, the rate of depletion of the contaminant
is taken as a constant irrespective of the contaminant concentration in soil water at a
particular time. For a completely mixed batch system where dilution and advection
are not the factors that influence contaminant concentrations, the degradation rate
of hydrocarbon is often described by a first-order decay regime with respect to the
contaminant concentration:

dC

dt
= −K1C (1)

where K1 is first order decay coefficient and C is contaminant concentration.
It can be integrated to yield:
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Fig. 2 a Schematic representation, b actual photo, of the horizontal flow engineered treatment
wetland configuration used in this study

c

co
= e−K1t (2)

where co initial concentration and t is is time.
On rearranging (3) we get
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t = ln
c
co

K1
(3)

The first-order or linear kinetics model assumes the rate of contaminant degra-
dation proportional to the LNAPL concentration at a particular time. [8]. Solute
transport in a variably-saturated soil profile is described by the advection–dispersion
equation (ADE), Eq. 1, as

∂(neC + ρbSD)

∂t
= − ∂

∂z

(
qC − neD

w ∂C

∂z

)
− Sb (4)

whereC [ML−3] is the contaminant concentration in the soil solution, ne [L3L−3] and
ρb[ML−3] are the effective porosity and bulk density of the porous media, respec-
tively, SD [MM−1] is contaminant adsorbed to the porous media and Sb [ML−3S−1]
is the sink term for the degraded solute amount by microbial biomass.

The CW2D module considers 12 components and 9 processes. The components
include dissolved oxygen; organic matter (three fractions of different degradability,
i.e., readily and slowly biodegradable, and inert); ammonium, nitrite, nitrate, and
nitrogen gas; inorganic phosphorus; and heterotrophic and two species of autotrophic
microorganisms. Organic nitrogen and organic phosphorus are modelled as nutrient
contents of the organic matter.

For simulating the HFTwetlands with aerobic conditions, the CW2Dmodule was
activated within the HYDRUS graphical user interface by selecting the ‘Wetland
Module’ in the ‘Solute Transport’ window. The mass and length units were set
according to the chosen units of all other parameters (Table 2). The transport domain
with length 60 cm, width 15 cm and depth 15 cm (only one main layer of gravels
as per the experimental set up) was created and discretized with elemental size
10 mm, to mimic the gravel size used in experimental setup. This resulted in a struc-
tured two/three-dimensional finite element mesh consisting of 4587 nodes within
a layer. Ammonium oxidation and nitrate oxidation along with hydrolysis, aerobic
growth and denitrification (anoxic growth) weremodelled by assuming heterotrophic
bacteria in experimental domain. The ponding boundary condition was implemented

Table 2 Solute transport and
reaction parameters
investigated in the
experimental domain which
was used to simulate
numerical domain of HFTW
in this study

Parameter Value

Bulk density, g cm−3 1.65

Longitudinal dispersivity, cm 8.5

Diffusion coefficient in water, cm2 h−1 0.03096

Diffusion coefficient in gas, cm2 h−1 313.2

Flow velocity, cm h−1 0.625

Adsorption coefficient (Kd), h−1 0.1

Henry’s coefficient (Kh), dimensionless 0.26

Gas constant (R), atm m3 mol−1 K−1 8.20575e−5
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Fig. 3 Removal efficiency of toluene from planted HFTWs and unplanted HFTW (Observed in
red color and simulated in green color)

as a modification of the upper atmospheric BC in the model and a constant pressure
head BC (constant head of −2 cm) was applied to the bottom of the system. No flux
boundary was taken at lower and side faces of the tank setups. The outlet point of
HFT wetland was considered as a free drainage element. Surrounding greenhouse
conditions were taken as the top atmospheric boundary condition (Fig. 2).

4 Results and Discussion

The influent toluene (HFTW1–HFTW3) concentrations varied between 0.01 and
250 ppm. The removal efficiencies was 68% for unplanted HFTW and ranged from
75 to 100% for planted HFTW. The mean toluene removal efficiencies from the
laboratory set up and simulation domain were 58.3 (±52.0) %, 89.4 (±12.9) %,
and 93.3 (±11.5) %, >99%, for HFTW1, HFTW2 and HFTW3, respectively. The
HFTW2 and HFTW 3 showed highest performance with 93.3% and >99% toluene
removal from experimental and simulation domains respectively. Figure 4 shows
percentage removal of toluene with time in experimental and numerical domain with
time. Where HFTW1, HFTW2, and HFTW3 represents nutrient loading of 10, 30
and 30 mg L−1. High removal rate clearly indicates the positive impact of nutrient
application of toluene degradation in HTFW-3 and 2.

The simulated removal rates of toluene showed a good agreement with the exper-
imental values for all the systems. The observed breakthrough curves show a slow
removal rate proportional to the simulated first order kinetics during the initial days.
The removal rate, after the toluene concentration becomes less than 80 ppm, follows
a transition from first-order to second-order kinetics sporadically. The percentage
removal of toluene was near 98% at 56th day of experiments and was >99% at the
end of experiment.
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Fig. 4 Observed toluene concentration in effluent samples measured during experimental duration

Nutrients were added to enhance the degradation ability of the HFTWs. Previous
studies have reported the significance of the addition of nitrogen and phosphorus
as well as the supply of oxygen for the biodegradation of petroleum hydrocar-
bons Yadav et al. [14], Omari et al. Similarly, Basu et al. [2] reported high perfor-
mance of HFTWs in case of nutrient supply by applying wastewater. In this study,
it was observed that there was variability in the effect of nutrient on the perfor-
mance of the three HFTWs for the different petroleum contaminants considered.
The study domain representing HFTW2&3 shows complete degradation of toluene
due to comparatively high nutrient dose as compared to HFTW1. The high removal
efficiency may be resulted by biostimulation due to sufficient electron acceptor or
aerobic growth of heterotrophic bacteria as modelled in CW2D numerical domain.
Furthermore, applied concentration of nitrate accelerate the bio-kinetic reactions in
duplex-HFTWs. IncorporatingMonod type biokinetic processes to predict biochem-
ical transformation and degradation of these compounds along with nutrient amend-
ment in subsurface flow HFTWs is well justified as simulated and observed concen-
trations are well matched. This study will help in implementing the bio-remediation
strategies in realistic agrarian field conditions where the nutrients’ loading followed
by their leaching to the vadose zone are major causes of groundwater pollution.

5 Conclusions

The wetlands are the self-sustaining green aquatic ecosystems and are preferred
over conventional physio-chemical treatment methods. The biological processes of
periphyton (microorganism community of wetland ecosystem) along with physical
removal of pollutants by plant root biomass are responsible for pollutant removal in
Horizontal Flow Treatment Wetlands (HFTW). Indeed the viability of any treatment
wetland depends on factors like type of plants, porous media, and characteristics of
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pollutedwater alongwith the prevailing environmental conditions. Presence of plants
to the treatment wetland system drastically improved the decontamination efficiency
from 68% to >90% in the current case study which fortifies the crucial role of plants
on bioremediation.

This efficiency can further be enhanced by addition of the nutrients which will
increase the microbial metabolic activities. In the current case study, biodegradation
rate of toluene was found to be augmented by addition of the nutrient in the planted
wetland. The high removal efficiency of toluene is attributed to biostimulation of the
periphyton in the root zone. This study will help in implementing the bioremediation
strategies in realistic agrarian field conditions where the nutrients’ loading followed
by their leaching to the vadose zone are major causes of groundwater pollution.
Further studies are required to quantify the nutrient and pollutant uptake by plant
root biomass to their subsequent translocation to shoot biomass and to incorporate
evapotranspiration losses.

6 Recommendations

Management and remediation of hydrocarbon polluted site is major challenge for
policymakers, geoscientists to produce safe drinking water demands. Hence, an
effort has been made to develop an effective and low-cost plant-based bioreme-
diation processes by optimizing the nutrient application in a hydrocarbon polluted
domain. The findings of this study help to make recommendations for management
and remediation of hydrocarbon polluted site as-

(a) Bioremediationprocessesmust be assistedwith the nutrient loadings for getting
an enhanced efficiency for the decontamination of hydrocarbon pollutants.
More studies can be performed using variable dimensions of the horizontal
flow constructed wetlands along with the different environmental conditions
of temperature, sunlight and plantation, in order to establish a more robustness
and closeness of fit between the observed and simulated bio-kinetics of the
removal mechanisms.

(b) Canna generalis with plant density of 7 plants/ft2 can play a significant role in
the elimination of hydrocarbon compounds from soil–water systems without
any further chemical amendments. Further studies are required to quantify the
nutrient and pollutant uptake by the plant root biomass to their subsequent
translocation to shoot biomass and to incorporate evapotranspiration losses.

(c) In initial days of hydrocarbon spills, biodegradation rates can be enhanced
significantly by applying appropriate nutrient loading and oxygen supply at
polluted sites. However, further works are needed to optimize site conditions
and water quality parameters for a better implementation of bioremediation
techniques.Machine learning techniquesmayhelp to optimize suchoperational
parameters along with complex subsurface variables.
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(d) Lastly, it is important to investigate bio-clogging and its impact of future
removal effective of the constructed wetland.
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Municipal Wastewater—A Remedy
for Water Stress in India

S. Swarnalatha, N. Vinayagamoorthy, and G. Sekaran

Abstract Water is considered to be one of the essential renewable resources for the
survival of living beings.Due to continuous rise in population growth, growing urban-
ization, accelerated industrial growth along with increase in agricultural production,
the demand for water is increasing substantially in India. The water supply in India
is inadequate for the domestic, industrial and agricultural demand; therefore, an
efficient water management is the hour of need. Proper municipal wastewater treat-
ment and recycling of treated wastewater are the potential sources for addressing
the growing water demand issues in rapidly growing urban centers. This chapter
briefly illustrates the challenges in water supply in India, quantity of municipal
wastewater generation and treatment capacity in India, characterization of munic-
ipal wastewater, conventional treatment options followed for municipal wastewater
and their limitations in addressing the removal of emerging contaminants in munic-
ipal wastewater. The chapter also includes the advanced secondary biological treat-
ment techniques such as Fluidized bed reactor (FBR), Membrane bioreactor (MBR)
and low cost immobilized cell reactor technologies such as Fluidized immobilized
carbon catalytic oxidation (FICCO) and Chemoautotrophic activated carbon oxida-
tion (CAACO). The tertiary treatments such as tertiary clarification, disinfection
methods, pressure sand filter and activated carbon filter are also discussed in this
chapter. This chapter also includes the challenges for the decision makers to satisfy
the demands for complete recycle of treated wastewater or recharge the aquifers to
increase the water table.
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1 Introduction

Water is an essential commodity for the human metabolic activities and animals,
vegetative growth of plants. Water is needed for human consumption, production
of agriculture products, forestation, development of grasslands, and cultivation of
commercial tree crops, generation of hydro-electric and thermo electric energy,
production of the non-agricultural products and maintenance of the ecological
balance and biodiversity.

Global use of water was increased by a factor of 6 over the past 100 years and
continues to grow at about 1% rate per year [1]. The water use will continue to
increase, which is attributable to population growth, economic development, urban-
ization, industrial growth and agricultural growth. Themajor growth inwater demand
is expected to occur in developing and emerging economies. By 2050, world popu-
lation is expected to increase in between 9.4 to 10.2 billion. Global water demand
has been estimated to be 4,600 km3 per year and it has been projected to increase
at the rate of 20–30% per year by 2050 [2, 3]. Global water cycle intensifies due to
global warming such that wetter regions generally become wetter and drier regions
becoming even drier [4].

Water crisis seems to be emerging as a serious threat to human security because of
(a) depletion of ground water table, (b) the deterioration of the environmental quality
and its assimilating capacity and (c) the contamination of surface water and ground
water sources by domestic and industrial activities.

2 Challenges to Indian Water Supply System

The total available good water in India is about 4000 billion cubic meters per annum
(BCM). Out of this, potable water resources are only 1137 billion cubic meters; 690
billion cubicmeters are contributed from surfacewater and 447 billion cubicmeters is
contributed by ground water [5]. While the availability of good water is most crucial,
it is equally important to provide potable water for irrigation to ensure food security
for the increasing population and to provide employment to weaker sections in the
country. The water requirement for various sectors was assessed by the “National
Commission on IntegratedWater Resources Development (NCIWRD)” based on the
assumption that irrigation efficiency will increase to 60% from the current level of
35–40%.

Figure 1 presents the projected highest water demand by different sectors in
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Fig. 1 Projected highest
water demand per annum in
India
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(NCIWRD) (MOSPI 2015).

High demand for water from various sectors such as irrigation, drinking water,
industry, energy and others is expected to rise to 843BCMin the year 2025 and further
to 1180 BCM in the year 2050 [6]. Irrigation sector is the largest water consumer,
which accounts for 85% of the water demand followed by domestic use (6%), energy
development (3%), and industries (6%). The water demand in domestic, energy and
industrial sector will grow by 2.6 times, 3.7 times, and 2.2 times respectively [7].

Though the water demand by industrial sector (including energy demand) at
present constitutes only about 8% of the total water demand and its water share
is rising rapidly and the demand is expected to increase to about 13% of the total
projected water use by the year 2050.

In India, per capita annual water availability is decreased from 1820 m3 in the
year 2001 to 1544 m3 in the year 2011 and 1441 m3 in the year 2015 [5, 8]. If India is
estimated to touch 1.6 billion populations by 2051, the per capita water availability
is expected to decrease to 1174 m3 per year [8]. ‘Falkenmark indicator’ or ‘water
stress index’ is the most commonly used measure of water scarcity. According to it,
if the per capita annual water availability in a country is below 1,700 m3, that country
is experiencing water stress; if it is below 1,000 m3 it is experiencing water scarcity;
and below 500 m3 is the indication of absolute water scarcity in that country [5, 9].

As indicated in Niti Aayog’s report, India’s water demand is estimated to be
doubled in year 2030 which indicates implication of severe water scarcity and even-
tually will lead to 6% loss in the country’s GDP. About 600 million population are
facing high to extreme water shortages and about 2,00,000 population in India die
every year due to lack of access to safe water [10].

Thus, many parts of India are expected to confront with severe water scarcity
issues in the near future. The water supply in India will be a great challenge, and
hence, the hour of the need is to address the complexity of this problem effectively
before it gets converted into a security-threat.
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3 Municipal Wastewater Generation and Its Treatment
Capacity

Municipalwastewatermay be defined as “the liquidwaste originating from a commu-
nity and it may be composed of domestic wastewater and/or industrial discharges
[11]. Domestic sewage includes human excreta, urine and the associated sludge
(collectively known as black water), and wastewater generated through bathing and
kitchen (collectively known as grey water).

Total sewage generation in India is 61754 Million Litre Per Day (MLD), while
the available sewage treatment capacity is only for 22,963 MLD. The combined
status of wastewater generation and its treatment capacity in class I cities and class II
towns with respect to population growth is presented in Fig. 2. The combined sewage
generation of Class I cities and Class II towns in the year 2008 and 2017 is about
38,000 MLD and 75,000 MLD respectively [11–13]. However, the installed sewage
treatment capacity is for only 12,000 MLD in the year 2008 and 26,000 MLD in
the year 2017. There remains a gap of about 65% between sewage generation and

Fig. 2 Trend of wastewater generation and treatment capacity in Class I Cities and Class II towns
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installed sewage treatment capacity. Even in some of the cities the existing treatment
capacity remains poorly managed [14].

About 15,644MLDof sewage is generated from the 35metropolitan cities (having
population more than 10 Lakhs) in India. But, the existing treatment capacity is only
for 8040 MLD. The total capacity gap is 9031 MLD and, planned treatment capacity
is 1549 MLD.

As the population is at positive growth rate, demand and shortage of water become
unmanageable. Based upon the projected urban population growth in India, the
wastewater generation is expected to be around 121 L/capita/day by the year 2051
[12]. The wastewater generation will be to be around 132,000 MLD based on the
projected population for the year 2051 [15].

Thus, it becomes indispensable for the country to ensure municipal wastewater
treatment by 100% and to enable the reuse of water may be one of the remedies for
water stress in India. By reusing water, the country can be significantly benefited by
increasing its effectiveness by exploiting all available water sources.

4 Characteristics of Municipal Wastewater

The treatment design for municipal wastewater depends on the pollution load
(product of pollution strength and volume of the wastewater generated). Some of
the important pollutants of municipal wastewater are given below.

4.1 Oxygen-Demanding Substances

Dissolved molecular oxygen is an important parameter in assessing the water quality
to support the aquatic life. Many pollutants place a demand on the dissolved oxygen
for their stability. This is termed as biochemical oxygen demand (BOD), and is used
as one of the key parameter to know the efficiency of a sewage treatment plant. If
the treatment efficiency is low and the treated water contains a significant concen-
tration of high content of pollutants consequently, they demand more oxygen for
stabilization and make that water to have less oxygen to support aquatic life [16].
The pollutants such as ammonia, sulphide, sulphite, nitrite and organic compounds
are “oxygen-demanding” substances. These substances are usually degraded or
converted into other compounds by microorganism (aerobic bacteria) only in the
presence of sufficient oxygen in the wastewater.
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4.2 Nutrients

The essential chief nutrients present in sewage are carbon, nitrogen, phosphorus,
sulphide and heavy metal ions (micro nutrients essential for microbial growth).
Removal of nutrients cannot be achieved by conventional secondary biological treat-
ment processes, but it converts their organic forms into mineral forms which may be
utilized by plants. But, the release of high amounts of these nutrients causes nutrient
enrichment resulting in excessive growth of algae. The algal bloom screens sunlight
and also depletes dissolved oxygen in the water bodies during night time causing
eutrophication.

4.3 Suspended Solids

Solids that are retained by a 0.45-micron filter are known as total suspended solids
(TSS). It can be further classified into organic (volatile) and inorganic (fixed) frac-
tions. If the suspended solids present in sewage are discharged without proper elim-
ination, it leads to the formation of huge amount of sludge and subsequently creates
anaerobic conditions.

4.4 Emerging Contaminants

Emerging contaminants are natural or synthetically occurring substances not
commonly monitored in the environment, having known or suspected undesirable
effects on humans and the ecosystem. This group includes compounds such as phar-
maceutical and personal care products (PPCPs), pesticides, and hormones that have
adverse effects on human and wildlife endocrine systems [17]. The term “PPCPs”
broadly refers to any product related to health care or medical purposes for humans
and/or animals. The excreted PPCPs may either retain their original concentra-
tions and structures or be mobilized and converted into other active (or inactive)
compounds during their lifespan in aquatic matrices [18].

4.5 Pathogens (Bacterial Parameter)

Bacterial parameters, such as fecal coliform (FC) is an important indicator of fecal
pollution. It becomes mandatory to control the pathogens in treated municipal
wastewatermeant for human access. Coliformbacteria are found in the intestinal tract
of human beings. Every person discharges about 100–400 billion coliform bacteria
per day. A group of coliform bacteria includes genera Escherichia and Aerobacter.
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5 Conventional Technologies for Municipal Wastewater
Treatment

A typical municipal wastewater treatment plant comprises of preliminary, primary,
and secondary units. An “advanced” or “tertiary” treatment step may be required
at specific locations or depending upon the usage of treated water to protect human
health or quality of life. Conventional municipal wastewater treatment with tertiary
treatment is considered to include screening, grit chamber, equalization, primary
clarifier, biological treatment, secondary clarifier and tertiary filter. Schematic flow
diagram/unit operations for a typical STP having the objective of water recovery are
shown in Fig. 3.

5.1 Preliminary Treatment

Preliminary treatment consists of screen (coarse, medium or fine screens) to remove
large size floating objects. Generally screens are positioned in a channel or chamber
and inclined towards the direction of flow of the wastewater. The minimum width of
the screen channel is usually 0.6 m. The sewage flow velocity in this screen channel
should be the maximum of 1 m/s and minimum of not less than 0.3 m/s. The size of
the screens is generally 10 mm × 50 mm and coarse screens are spaced at 75 mm,
medium screens are spaced at 20–50 mm and finer screens are spaced at 20 mm
[19]. The floating objects of large size present in the wastewater are to be trapped on
the upstream surface of the screen, and thus, it can be cleaned either manually (in
coarse screens) or mechanically (in fine screens). After screening, the wastewater is
allowed to flow into a grit chamber to settle denser particles of size 0.15 mm and
specific gravity 2.40 such as grit, cinders, sand, and small stones at the bottom of the
tank. Generally, the grit chambers are designed for 3 × dry weather flow (DWF) and
hydraulic retention time of 3 min. The per capita variation of grit accumulation per

Fig. 3 Treatment scheme/unit operations of a conventional STP for municipal wastewater
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day may be 5–15 g in India, volume of grit is in the range of 0.15–0.17 m3/1000 m3

[19].

5.2 Primary Treatment

The primary wastewater treatment separates settleable solids in the primary settling
tank (primary clarifier) through gravity sedimentation and the suspended organic
solids settle at the bottom of the sedimentation tank as primary sludge. Dissolved
air flotation (DAF), the latest process for removing suspended solids, consists of
injecting air in which oxygen is dissolved in the wastewater under pressure to achieve
clarification and then air is released at atmospheric pressure in the flotation tank or
basin [20, 21].

5.3 Secondary Biological Treatment

The secondary treatment process stabilizes most of the organic matter in wastewater
as CO2, water and biomass. It can be achieved either by attached growth processes
or by suspended growth processes. The organic/bio organic compounds are oxidized
to carbon dioxide and other end products by aerobic/anaerobic bacteria, and the
balance provides the resources and energy needed to sustain the bacterial diversity.
Biologically flocculated microorganisms form settleable particles in the process and
this excess biomass is separated in secondary clarifier and is known as “secondary
biological sludge”.

Various commonly used treatment technologies for municipal wastewater in India
include activated sludgeprocess (ASP) andup-flowanaerobic sludgeblanket (UASB)
process [12]. Majority of the treatment plants are based on primary settling followed
by activated sludge process technology or UASB followed by ASP and Polishing
Pond technology.

The other prominent biological treatment technologies are Moving Bed Biofilm
Reactor (MBBR), Sequencing Batch Reactor (SBR), Fluidized Bed Reactor (FBR),
Membrane Bioreactor (MBR), Fluidized Immobilized Carbon Catalytic Reactor
(FICCO) and Chemoautotrophic Activated Carbon Oxidation Reactor (CAACO).

5.3.1 Activated Sludge Process

In the aeration tank containing inoculated bacteria, wastewater is vigorously agitated
with air for several hours and microorganisms are acclimatized to the wastewater in
the form of slurry (activated sludge) such that, it allows the microorganisms to break
down the organic matter. The excess biomass is removed in secondary clarifier by
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Fig. 4 Different stages in Bardenpho process

settling and the effluent is discharged or treated further. Some of the biomass is again
returned to the aeration tank for mixing with incoming wastewater.

In the activated sludge process large proportion of the biomass is recycled which
results in a large number ofmicroorganisms that oxidize organicmatter in a relatively
short time [22]. The suspended solids concentration present in the aeration tank
is referred to as the mixed liquor suspended solids (MLSS). Mixed-liquor volatile
suspended solid (MLVSS) is the organic part of theMLSS,which is the non-microbial
organic matter as well as dead and living microorganisms and cell debris [20, 21].

In India, many of the water supply and sewerage boards apply ASP for the treat-
ment of municipal wastewater. For e.g., Chennai Metropolitan Water Supply and
SewerageBoard (CMWSSB) providewater supply and sewage treatment (727MLD)
by ASP to the metropolitan city of Chennai (India) and areas around it [23, 24].
Amongst the common sewage treatment plants (CSTP) in Chennai, the Kodungaiyur
CSTP supplies about 36 MLD secondary treated sewage to the nearby Industries
in Manali town at the rate of Rs. 8.75 per kilo litre [23, 24]. The secondary treated
wastewater received by the industries is further treated in their own tertiary treatment
plants/RO plants to treat further for their reuse applications such as cooling tower
make ups and toilet flush outs.

The Bardenpho process is an advanced modification of the activated sludge
process, which results in nutrient removal such as nitrogen and phosphorus
through microbial processes that occur in a biological reactor through multistage
such as fermentation, first anoxic, nitrification, second anoxic and oxic (Fig. 4). It
removes high levels of BOD, suspended solids, nitrogen and phosphorus [20, 21].

5.3.2 Up-Flow Anaerobic Sludge Blanket (UASB) Process

The Up-flow Anaerobic Sludge Blanket (UASB) reactor was developed by Lettinga
with his coworkers in the late 1970s [25]. Among the various anaerobic wastewater
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Fig. 5 Basic design of
UASB reactor

treatment technologies, UASB system had achieved a considerable success. It acts
as a high-rate reactor system and retains high amount of biomass containing sludge,
granules or aggregates of microorganisms. Figure 5 shows the typical UASB reactor
design.

The basic conditions to be met in UASB are efficient retention of viable anaerobic
(methanogenic) sludge and a sufficient contact time between incoming wastewater
and the retained sludge. One of the main features of the UASB is their ability to
form a blanket of granular type of anaerobic sludge, which has a high methanogenic
activity and good settleability, so that the reactors can be operated at high volumetric
and high COD loading rates [26, 27].

Sewage is introduced into the reactor through the bottom of the reactor in the
upward flow mode through a biologically activated sludge blanket, which is usually
in the form of granular aggregates. The internal mixing is caused by the gases (carbon
dioxide and methane) produced under anaerobic conditions, which supports the
formation and maintenance of granular aggregates. A gas–liquid–solid separator
(GLSS) is provided at the top of the reactor for the effective separation of gas, liquid,
and biomass granules. The gas entrapped biomass granules strike the bottom of
degassing baffles in GLSS and return back into the sludge blanket and thereby the
gas is released to the gas dome provided at the top of the reactor and the treated water
is collected at hopper provided at the top of the reactor [28].
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Bio-chemical activities in UASB Digesters comprise of three phases, namely
hydrolysis, acidogenesis or acetogenesis and methanogenesis [12].

The advantages of UASB includes low hydraulic retention time (8–10 h), no
pretreatment requirement, no filling media, no mixer or aerators be provided in
the reactor and minimum maintenance. But, the most difficult problem with the
UASB system is corrosion and thus it requires corrosion resistant constructional and
plumbing materials.

5.3.3 Sequential Batch Reactor (SBR)

The Sequential Batch Reactor (SBR) system for wastewater treatment consists of a
set of tanks which is operated on a fill and draw activated sludge system. Each tank
in the SBR is filled with wastewater during a period of time and then operated as
a batch reactor. Then, the mixed liquor is allowed to settle and the supernatant is
withdrawn from the tank. The SBR experiences five cycles in sequence namely Fill,
React, Settle, Draw and Idle (Fig. 6). According to aeration and mixing procedures,
there are several types of fill and react periods. The unit operations employed for the
SBR and conventional activated sludge processes are almost the same. Difference
between the SBR and conventional activated sludge processes is that using a timed
control sequence SBR performs equalization, secondary biological treatment and
clarification in a single tank. But, these unit processes takes place in separate tanks
in a conventional activated sludge system. The other advantages of SBR over conven-
tional activated sludge systems are operating flexibility; minimum requirement of
footprint and less capital cost. The disadvantages of SBR over conventional activated
sludge system includes requirement of high level of maintenance and sophistication
and potential plugging of aeration devices [29].

Fig. 6 Treatment cycles in
SBR Fill

React

SettleDraw
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5.3.4 Moving Bed Biofilm Reactor

Moving Bed BiofilmBioreactor (MBBR) is a combination of both suspended growth
(ASP) and attached growth (biofilter processes). The concept of MBBR process is to
use the whole tank volume for biomass growth. It uses simple floating media carriers
for attached growth of biofilms. The advantages of MBBR include carrier media
in MBBR remain in suspension within the reactors due to perforations or screen
arrangement at the discharge. And also the carrier matrix is designed in such a way
to have a high specific surface area to accommodate biofilm growth which further
eliminates the sludge recirculation arrangement to achieve the required biomass
concentrations. The additional advantage of the MBBR is the quantity of sludge
production in MBBR is lower than the typical activated sludge process and thus,
cost of sludge disposal in MBBR is relatively lower than the conventional activated
sludge systems. The movement of biofilm carrier in MBBR is caused by aeration
in aerobic reactor and mechanical stirring in anoxic/aerobic reactor [30]. Figure 7
shows the aerobic and anaerobic MBBR in which movement is caused by diffused
aeration and vertical shaft respectively.

5.4 Challenges in the Removal of Emerging Contaminants
(EC) in STPs Using Conventional Technologies

Emerging contaminants (ECs) are generally present in sewage at concentrations in
the order of parts-per-trillion (ng/L) to parts-per-billion (μg/L) [31], but they are
either present as individual molecules or as complexes such that they become toxic
or inhibitory effects to activated sludge microorganisms [32, 33]. Hence, the removal
efficiency of EC using conventional technologies in STPs is low [34, 35]. Thus, STPs

Fig.7 a Oxic/aerobic MBBR using diffused aeration and b anoxic/anaerobic MBBR using vertical
shaft stirring arrangement
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becomes a primary source of emerging contaminants in the aquatic environment
[36, 37].

The fate of ECs in STPs includes retention in sludge, biodegradation or escaping
into water bodies depends upon their chemical configuration and their secondary
metabolites. Mostly the ECs are entrapped in the sludge/biomass of the STPs
employing conventional technologies. Subedi et al. [38] studied twenty-nine phar-
maceuticals and sixmetabolites in two sewage treatment plants (STPs) in South India
located at Udupi and Mangalore. STP located at Udupi (STPU) employed conven-
tional activated sludge as secondary biological treatment followed by clarification
and disinfection by chlorine, whereas STP located at Mangalore (STPM) employed
additional Up-flow Anaerobic Sludge Blanket (UASB) reactor along with the treat-
ment scheme mentioned in STPU. Subedi et al. [38] reported that the removal of
recalcitrant PPCPs were not observed in STPU, while it was removed in STPM. But,
in both the STPs, most of the removed PPCPs were ended up in sludge.

Someof the challenges involved in removingECs using conventional technologies
are low efficiencies in removal of pharmaceuticals and β-blockers; regeneration and
disposal issues of sludge containing ECs; processing of ECs sludge can increase the
total cost by 50–60% and ECs cannot be degraded properly. Thus, the new advanced
technologies are in demand for the sewage treatment plants [39].

6 Advanced Secondary Biological Treatment Technologies

6.1 Fluidized Bed Reactor

Fluidized bed reactor (FBR) is one of the well demonstrated technologies for the
treatment of municipal wastewater. It works on the principle of fluidization of carrier
matrices (of bacteria immobilized or bacteria adhered) by the injected air andwastew-
ater. Fluidization is a process which involves flow of a fluid through a bed of solid
matrices with velocity such that to fluidise the carrier matrices. Figure 8 repre-
sents the basic design of FBR. The solid phase matrices can be sand, granular acti-
vated carbon, or polymeric materials. The advantages of fluidization include excel-
lent contact between organics in wastewater and carrier matrices embedded with
bacteria, uniform distribution of temperature, high mass transfer rate [40] and low
sludge generation. FBR in wastewater treatment involves two phases (solid–Liquid)
and three phase flow system (Solid–Liquid–Gas). Solid–Liquid fluidization hydro
dynamics works only through upward flow of a fluid through a bed of solid parti-
cles to fluidize the carrier matrices. In Solid–Liquid–Gas fluidization, both the liquid
stream and air bubbles fluidize the carrier matrices. The fluidized-bed bioreactor
is an attached-growth process. The microbes adhered to the carrier matrices in the
fluidization tank and form surface microbial film. Fluidization in the reactor is either
caused by the wastewater and/or by the air stream. FBR can be operated either as
batch, semi-continuous, and continuous loading. FBR doesn’t require back wash,
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Fig. 8 Basic design of FBR
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possess low head loss and high biofilm surface area. Thus, it can be used under
continuous mode with ease [41].

FBR can be classified based on the direction of the flow of the fluid. Fluidization
is attained through the upward fluid flow as it uses solid particles that are denser
than the fluid phase in conventional FBR. However, in inverse fluidized bed reactor
(IFBR) the density of the solid particles are lower than the fluid phase and fluidization
is by the downward fluid flow. In IFBR, uncontrolled growth of biomass does not
affect the hydrodynamics of bioparticles. The IFBR possess superior hydrodynamic
characteristics than conventional FBR, but the downward flow of IFBR requires
higher superficial fluid velocity [42].

6.2 Membrane Bioreactor

Membrane bioreactor (MBR) is the combination of biological treatment with
membrane separation such as microfiltration or ultrafiltration. MBR process consists
of membrane separation unit either located off line bioreactor or in line of the biore-
actor (Fig. 9). The porosity of the membranes generally ranges from 0.035 microns
to 0.4 microns. The membrane maintains high biomass concentration within the
bioreactor as well as retains biomass. MBR is generally maintained as aerobic biore-
actor but it can also be operated under anaerobic conditions or with alternating



Municipal Wastewater—A Remedy for Water Stress in India 199

Fig. 9 Basic design of MBR

phases under aerobic/anaerobic conditions to facilitate the elimination of Nitroge-
nous Oxygen Demand through microbial nitrification and denitrification processes
simultaneously with COD elimination.

The advantages of MBR include (i) less carbon footprint than the conventional
activated sludge process (ii) better effluent quality (iii) effectively displaces conven-
tional treatment plant process steps such as primary treatment, secondary acti-
vated sludge process and disinfection and (iv) less generation of sludge. But, the
major disadvantage of MBR is high operating costs and frequent membrane fouling
[20, 21].

6.3 Fluidized Immobilized Carbon Catalytic Oxidation
(FICCO) Reactor

Fluidized Immobilized Carbon Catalytic Oxidation (FICCO) reactor [43] is a
fluidized bed reactor. It is the patented technology of Council of Scientific and Indus-
trial Research (CSIR) and it consists of three zones (Fig. 10). The first zone is known
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Fig. 10 Cross sectional view of FICCO reactor

as “React zone” comprised of the immobilized nanoporous activated carbon (NPAC)
matrix which is fluidized by air and wastewater at upflow velocity of 5 m/min. The
dissolved organics adsorb onto the carbon matrix and diffuse into the immobilized
microbes and metabolized. The metabolized products are diffused back into the bulk
medium. The oxidation of organics is facilitated by hydroxyl radicals generated from
molecular oxygen [acquired from air]. The second zone is the fluid separation zone.
The unspent oxygen and nitrogen in air are separated using a triangular septum
provided at the optimum height of the reactor [44]. The separated air is collected
through the perforated chamber provided at the top of the reactor. The third zone is
the settling zone. The treated wastewater enters through the aperture and is allowed
to settle in the inclined baffled zone. The angle of the inclined plate is based on the
zone settling velocity of the NPAC dispersed in the wastewater. The settling tendency
of the NPAC is enhanced by providing the functional groups onto the NPAC parti-
cles. The NPAC media used in FICCO reactor has high surface area. The attached
suspended solids are sloughed off from the media on exceeding a critical thick-
ness. The sloughed suspended solids slide back into the reactor through the aperture
provided at the top of the reactor. The sludge accumulated in the reactor can be
withdrawn through sludge withdrawal pipe line provided in the reactor.

Some of the advantages of FICCO system are low foot print requirement, low
operation cost and minimum sludge production compared to conventional system.

Figure 11 depicts FICCO based wastewater treatment plant (1500 m3/day) at
Ghana, West Africa and STP (300 m3/day) at an educational Institute in Chennai,
India.



Municipal Wastewater—A Remedy for Water Stress in India 201

Fig. 11 FICCO based
(a) wastewater treatment
plant (1500 m3/day) at
Ghana, West Africa (b) STP
(300 m3/day) at an
Educational Institute,
Chennai, India

6.4 Chemoautotrophic Activated Carbon Oxidation
(CAACO) Reactor

Chemoautotrophic Activated Carbon Oxidation (CAACO) reactor is also CSIR
patented technology comprisedofBacillus sp. immobilizedNPACpackedbed reactor
(Fig. 12) for the oxidation of dissolved organics in wastewater [43, 45].

The air required for the oxidation of organics in wastewater is provided through
packed bed reactor at two levels through perforated pipelines [46]. The wastewater
to be treated is applied from the top of the reactor in the downward direction. The
treated wastewater is collected from the bottom of the reactor [47]. The air required
for the oxidation of organics is decided on the COD load in the wastewater. The
pressure of air is decided on the head loss that would encounter during the oxidation
of organics in wastewater.
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Fig. 12 Cross sectional
view of CAACO Reactor

The following mechanism (Eqs. 1–6) for the oxidation of organics in CAACO
reactor was proposed [46].
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The detail of the CAACO technology is available in MSME Technology Facili-
tation Centre [48]. Merits of CAACO technology based municipal wastewater treat-
ment system are (i) less land requirement (0.3m2/m3), (ii) less residence time (1–4 h),
(iii) very minimum sludge production (0.01 kg/Kg of COD destructed).

Figure 13 depicts some of the CAACO based treatment plants in India.
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Fig. 13 CAACO based
(a) treatment plant (750
m3/day) in a textile industry,
Chennai (b) STP (50
m3/day) in a software park,
Bangalore

7 Tertiary Treatment

Tertiary treatment of secondary biological treated wastewater involves a series of
additional steps to eliminate residual organics, turbidity, nitrogen, phosphorus, and
pathogens. Most processes involve some type of physico-chemical treatment such
as chemical precipitation; filtrations such as pressure sand filter, activated carbon
filter, membrane separation and application of disinfectants. Tertiary treatment of
wastewater is employed for the refinement of the secondary biological treated
wastewater for applications in water intensive areas such as in agricultural sector,
tourismanddevelopment, constructional industry, surface transport sector andhuman
consumption.
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7.1 Chemical Precipitation

Chemical precipitation such as coagulation and flocculation (which is also used
under primary treatment) is carried out using coagulating and flocculating agents to
remove suspended and colloidal solids. The chemicals such as alum, lime, or iron
salts are added to the wastewater to remove phosphorus by 95% [16]. The disadvan-
tages of tertiary clarification by applying chemical flocculants and coagulants are (i)
increases the TDS content of secondary biological treated wastewater (ii) substan-
tially increases the cost of treatment and (iii) generation of tertiary chemical sludge
causing disposal problem [49].

7.2 Pressure Sand Filter

The pressure sand filter (PSF) can typically handle up to 50mg/L of suspended solids
in an economical manner. PSF consists of multiple layers of coarse silica aggregate,
medium size silica aggregate and fine size silica aggregate followed by sand as the
top layer to screen out turbidity with minimum pressure drop.

7.3 Activated Carbon Filter

Activated carbon filter uses activated carbon of high surface area (>1000 m2/g) as
filtration media to remove residual biorefractory organic compounds, soluble micro-
bial pollutants, turbidity and colour through adsorption. An activated carbon filter
improves/refines effluent quality by improving the parameters such as BOD, COD,
clarity (turbidity), color and odor.

7.4 Membrane Separation Processes

The membrane separation processes use membranes with various pore sizes and
high pressure to transport the water through the membranes. The permeate meets
the discharging standards of varied applications and the reject stream is disposed
after treatment. Depending upon the separation mechanism and pore size of the
membranes, it can be classified into microfiltration, ultrafiltration, nanofiltration,
and reverse osmosis.

The pore size of microfiltration varies in the range of 0.1–10 μm; nominal pore
size of ultrafiltration is 0.002–0.1 μm and pore size of nanofiltration membrane
is lesser than 0.002 μm. Microfiltration separation has two flow categories, one is
dead-end type in which the flow of the inlet water is perpendicular to the membrane
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surface (there is no reject stream) and another one is cross-flow filtration, where
the inlet water flows tangentially across the membrane surface. In dead-end type,
solute adsorption and deposition on the surface of the membrane pores takes place
while permeate drags all the solids in the inlet water to the membrane surface. The
main advantage of dead-end filtration is simple operation and high product recovery;
however, the filter cartridge cannot be backwashed or cleaned. The cross-flow oper-
ates in a turbulent regime by shear forces and continuously removes particles from the
membrane surface by interception, hence the fouling is reduced. Cross-flow micro-
filtration is effective in the removal of suspended solids, bacteria and possesses the
capacity to reduce algal loading from 400,000 algae cells/ml to less than 50 algae
cells/ml [50]. Microfiltration operates at pressure lesser than 2 bars.

Ultrafiltration is used for removing high molecular weight organic compounds
such as colloids, proteins, polysaccharides, oils and large size microorganisms. The
permeate from ultrafiler is characterized by very low turbidity, having less than
0.1 NTU [50]. Nanofiltration removes the mono, di- and oligo- saccharides and
polyvalent ions [51]. The ultrafiltration and nanofiltration operates at the pressure of
1–10 bars and 5–35 bars respectively. Reverse osmosis (RO) operates using a semi
permeable membrane having pore size lesser than 0.002 μm, mainly to remove ions
by applying pressure to overcome osmotic pressure. Reverse osmosis can remove
dissolved solids, glucose, amino acids etc. It operates at the pressure of 15–150 bar
[51].

7.5 Disinfectants

Disinfectant is a physical or chemical agent that destroys pathogenic or other harmful
microorganisms, but does not necessarily kill all microorganisms. Though there
are different types of disinfectants, most commonly used disinfection methods are
chlorination, ozonation and ultraviolet disinfection [20, 21].

7.5.1 Chlorination

When chlorine gas is added to water, it acts as a strong oxidizing agent, forms a
mixture of hypochlorous acid (HOCl) and hydrochloric acids as presented in Eq. 7

Cl2 + H2O → HOCl + HCl (7)

Hypochlorous acid dissociates as H+OCl−. Chlorine and its compounds are the
most commonly used disinfectants for treating drinking water and wastewater. Chlo-
rine in the form of HOCl or −OCl is known as ‘free available chlorine’. Free chlorine
is quite efficient in inactivating pathogenic microorganisms.

HOCl combines with ammonia and organic compounds to form ‘combined
chlorine’. The reactions of chlorine with ammonia or nitrogen-containing organic
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substances are of great importance in water disinfection. It results in the formation
of monochloramine (Eq. 8), dichloramine (Eq. 9) and trichloramine (Eq. 10).

NH3 + HOCl → NH2Cl + H2O (8)

NH2Cl + HOCl → NHCl2 + H2O (9)

NHCl2 + HOCl → NCl3 + H2O (10)

Chlorine, being a strong oxidizing agent, reacts with any organic molecule
including proteins, lipids, carbohydrates and nucleic acids to disrupt their structure.
Bacterial inactivation by chlorine may be due to altered permeability of the outer
cellular membrane which results in leakage of critical cell components; interfer-
ence with cell-associated membrane functions (e.g., phosphorylation of high-energy
compounds); impairment of enzyme and protein function as a result of irreversible
binding of the sulfhydryl groups and denaturation of nucleic acid.

7.5.2 Ozonation

Ozone (O3) is a powerful oxidizing agent, produced by passing an electric discharge
through a stream of air or oxygen. Though, ozone is more expensive than chlorina-
tion it does not produce carcinogenic byproducts such as trihalomethanes or other
chlorinated byproducts. Ozone can break down complex organic compounds into
simpler compounds which serve as substrates for bacterial growth, but no residual
ozone is left in the treated water. Generally, ozonation may be followed by chlori-
nation to prevent regrowth of microorganisms. The effectiveness of ozonation is not
influenced by pH and ammonia.

7.5.3 Ultraviolet (UV) Disinfection

Ultraviolet radiation damages microbial DNA or RNA at a wavelength 260 nm. It
causes thymine dimerization, which blocks nucleic acid replication and effectively
inactivates microorganisms. Initially, UV exposure damages the genome in viruses,
followed by structural damage to the virus protein coat. Ultraviolet disinfection does
not produce carcinogenic or toxic byproducts or taste and odor problems, thus, the
usage of ultraviolet disinfection of wastewater gains increased popularity.

Disadvantages of ultraviolet disinfection are higher costs than halogens, no disin-
fectant residual, difficulty in determining the UV dose, maintenance of UV lamps,
and possible photo reactivation of some enteric bacteria [22]. However, commercial
application of UV treatment for municipal wastewater treatment can be increased by
making advancements such as providing more efficient, lower cost, lamps and more
reliable equipment.
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8 Reuse of Treated Sewage Water

Treated sewage water can be potentially used in many areas such as industrial usage,
agricultural purpose, domestic applications and aqua culture etc. Many industries
such as thermal power plants, fertilizer and chemicalmanufacturing industries require
large quantity of water for the integrated activities. Treated water from STP can be an
alternate source to ground water sources for the above mentioned industrial usages
as there is a limitation to draw water from ground water sources for the high tech
industries. Commercial malls, theatres and office complexes require large quantity
of water for maintaining air-conditioning and cooling, for which treated water from
STP is the better option. Properly treated and disinfected wastewater from STP may
be a boon to the farmers for agriculture to sustain their activity. Even in households,
treated sewage water can be very well used for the activities such as gardening,
flushing and car washing after proper disinfection.

Bangalore Water Supply and Sewerage Board (BWSSB) treats around 721 MLD
of sewage [52] upto tertiary level treatment. Treated sewage is presently supplied to
a number of industries.

9 Conclusion

Global water demand is estimated to be about 4,600 km3 per year and projected to
increase by 20–30% per year by 2050. Water demand in India is estimated to be
doubled in 2030 implying severe water scarcity for hundreds of millions of people
with an eventual loss of 6% in the country’s GDP. Based on the projected urban
population growth in India by the year 2051, the wastewater generation is expected
to be around 121 L/capita/day and the wastewater generation will be around 132,000
MLD.As thewater supply in India is going to be a great challenge, there is a necessity
to generate water from wastewater especially municipal wastewater by recycle and
reuse. Thus, strategies should be devised to harvest and use the treated wastewater
by 100% for the various applications.

Many treatment technologies are available to treat municipal wastewater effi-
ciently. However, various issues limit the efficiency of conventional treatment tech-
nology and management of sewage treatment plants in India. Important criteria to be
considered for selecting wastewater treatment technologies or constructing a sewage
treatment plant are as follows:

(i) addressing the removal of various pollutants efficiently
(ii) having the flexibility in the treatment processes/scheme to incorporate future

expansions and improve the efficiency
(iii) should be simple in operation, maintenance and control
(iv) selection of footprint area based on the land availability e.g., if the land avail-

ability in the area is less, the treatment schemes to include technologies such
as UASB, FBR, MBR, FICCO and CAACO
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(v) using minimum sludge production technologies to reduce the operation and
maintenance cost incurred due to the disposal of sludge

(vi) avoiding odour nuisance problems

Most of the treatment plants face improper operation and maintenance because
of lack of proper power supply, lack of skilled manpower, peak load and feed water
interruptions due to blockage of sewer lines. If the appropriate treatment schemes
are selected along with proper addressing of the above O&M problems, good quality
water can be harvested from municipal wastewater which could be considered as a
great remedy for water stress in India.

10 Recommendations

The following suggestions may be considered for the proper management of
Municipal wastewater discharged in India to reduce the water stress.

• Themolecular level characterization ofMunicipalWastewatermust bemandatory
to select the suitable technology for the treatment and reuse of wastewater.

• Only coarse screens must be used in screening operation and the usage of fine
screens must be discouraged, so that fine substances also can enter into the
treatment process and get treated.

• The treatment technologies must be selected either to avoid sludge generation or
to keep it as minimum.

• The selected technologies used for the treatment of wastewater must ensure the
degradation of organics in wastewater including volatile suspended solids.

• The COD of the municipal wastewater after secondary biological treatment and
tertiary treatment must be less than 50 mg/L and 20 mg/L respectively to reuse it
effectively after treatments.

• The selected technology must have provision not to discharge any form of rejects
from the wastewater to the environment.

• Continuous monitoring of the performance of the installed technologies should
be carried out to ensure the proper treatment.
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Biosorptive Removal of a Herbicide,
Glyphosate Using Waste Activated
Sludge of Tannery Industry

Lata Ramrakhiani, Sourja Ghosh, Swachchha Majumdar, and S. N. Roy

Abstract Glyphosate [N-(phosphonomethyl)-glycine] has been applied as non-
selective, broad-spectrum herbicide against all types of weeds. Extensive applica-
tions of this herbicide have originated water pollution, toxicity and carcinogenicity
to human health. Hence, remediation of such pesticides is required to prevent its
adverse impacts on the environment. The tannery industry waste activated sludge
was used as a source of low cost complex biosorbent. In present study, the metal
laden spent biosorbent produced after removal of Ni(II), Co(II), Zn(II) and Cd(II)
ions in multi metal system were reused as biosorbent for removal of glyphosate from
aqueous solution. The produced spent biosorbent showed >92% herbicide removal
efficiency at original pH of herbicide, with 22–24 h of contact time. Feasibility study
for actual effluent treatment showed 89% glyphosate removal efficiency in simulated
municipal wastewater. Zeta potential, BET, FESEM, FTIR and XPS techniques were
applied for characterization of biosorbent before and after glyphosate adsorption.

Keywords Herbicide · Glyphosate ·Waste derived biosorbent · Biosorption

1 Introduction

Herbicides are substances or mixture of substances that are normally applied for
prevention of the agricultural crops from growth of unwanted plants including long
grasses, broad-leavedweeds, sedges andwoody plants. Once herbicides and/or pesti-
cides are commenced into the ecosystem, whether by manufacture, transportation,
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application, discarding, dumping or a spill, it can be persuaded by several prac-
tices. These processes determined the fate of the herbicide or pesticide by affecting
its persistence and movement in the surrounding. Many urbanized countries have
prohibited several herbicides and pesticides owing to their potential hazard to human
and environment.

Glyphosate [N-(phosphonomethyl)-glycine] is the most widely used an
organophosphorus herbicide. Glyphosate have been applied for several years in silvi-
cultural, agricultural and urban environment as effectual, successful, non-selective,
broad-spectrum and systemic herbicide against all types of weeds. It has been simply
used as direct spray to plant foliage and enters the plant via diffusion. Commercial
preparations of glyphosate (“Roundup”) contain three components the isopropy-
lamine salt (IPA salt) of glyphosate, polyethoxylated tallow amine (POEA) (a surfac-
tant) and water. The surfactant present in the commercial preparations promotes
the penetration of glyphosate across the plant cuticle. Glyphosate (HOCOCH2-
NHCH2PO(OH)2) have three functional groups (–COOH, –NH and –H2PO3) in
its structure that can make complexes with various metal ions [1]. Large amount of
agricultural applications of glyphosate can affect soil metal behaviours. Studies on
co-sorption of glyphosate and zinc on red soil and wushan soil and suggested that the
complexation of glyphosate with metal cations can affect physiology of glyphosate
and plant metabolism depending on type of metal cation present in soil [2]. It also
affects glyphosate distribution, bioavailability and degradation in soil.

Continuous applications of such components, accumulation in soil and leaching
to ground and surface water led to toxicity problems and serious environmental
pollution [3, 4]. Glyphosate is reportedly present in soil, water, fruits, crops and
even human serum [5]. The occurrence of herbicide glyphosate in the aqueous envi-
ronment like municipal and agricultural wastewater has directed the need to develop
techniques for its remediation fromwater andwastewater [6]. TheUSEnvironmental
Protection Agency [7] and WHO [8] set the maximum contaminant level (MCL) for
glyphosate is 700μg L−1 in drinkingwater. Existingwater treatment techniques such
as chemical coagulation, filtration using sand,micro/ultra- filtration, reverse osmosis,
adsorption onto activated carbon, ozonation, photocatalytic and/or biological degra-
dation can be undertaken to deal their removal problems. Some of these techniques
are specific to particular contaminants, involve large infrastructure investments and
are become expensive that limits its application in large scale. As a result, there is
upward need of the alternative low-cost techniques.

Biosorption process is an efficient, eco-friendly, cost effective and attractive option
for removal of synthetic organic matter, as well as, toxic metals from aqueous
solution. Furthermore, the process occurs via physicochemical interactions such
as adsorption, ion exchange, electrostatic attraction, binding or complex formation
between ions and functional groups present on the biosorbent surface. Biosorbents
reported for the metal and organics removals mainly come under the categories like
algae, fungi, bacteria, plant/ animal parts, industrial waste activated sludge, agricul-
tural wastes and other polysaccharidematters. Recently, the researches on adsorbents
for the remediation studies have been signified on waste derived materials due to its
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complex characteristics, cost effective, easy accessibility, and good adsorption prop-
erties. Use of different materials such as waste industrial residues like alum sludge
[9], clay based substances [10], and activated carbon [11, 12] has been used for
adsorptive elimination of glyphosate.

In our prior research, the dried sludge from tannery industry was effectively used
for elimination of toxic heavy metal ions such as, nickel, cobalt, zinc and cadmium
from aqueous environment [13, 14]. In the current study the exhausted biosorbent
after adsorption of various metals was collected and further recycled for glyphosate
herbicide removal. It had been observed that application of the dried activated tannery
sludge resulted in only 26.18% removal of glyphosate whereas, the removal efficien-
cies were doubled with metal loaded biosorbent which could be further enhanced
by increasing the metal loading. The prospective of the exhaused biosorbent for
glyphosate removal motivated us to exploit this kind of toxic sludge as adsorbents
for herbicide remediation in wastewater. This investigation presents a new and inven-
tive move towards the reuse of dried sludge of tannery industry for remediation of
toxic metal bearing industrial effluent and further reuse of the sorbent material in
elimination of emerging contaminants such as glyphosate from contaminated surface
water/ wastewater. The study necessitated for selection of suitable, effective and low
cost complex biosorbent, the process optimization, feasibility in real wastewater and
identification of removal mechanism.

The detailed objectives were to establish experimental parameters to obtain the
optimum adsorption efficiency of the metal loaded biosorbent using simulated solu-
tion of glyphosate. The biosorbent surface was characterized initially and after
glyphosate adsorption by various instrumental techniques such as, field emission
scanning electron microscope (FESEM), Fourier Transform Infrared Spectroscopy
(FTIR), X-ray photoelectron spectroscopy (XPS), zeta potential and surface area
measurement (BET) for elucidation of biosorption mechanism. As a result, the
biosorbent was further used in the treatment of simulated municipal wastewater.

2 Materials and Methods

2.1 Materials

The herbicide glyphosate is popularly known as “Roundup” (glyphosate 41% soluble
liquid;Monsanto India Ltd., Mumbai, India) was used for present study. Nickel chlo-
ride, cobalt sulphate, cadmium nitrate, zinc sulphate, ninhydrin, sodium molybdate,
and other reagents used for wastewater characterization were of analytical grade.
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2.2 Biosorbent Preparation

Waste activated tannery industry sludge was collected in zip-lock bags from central
leather complex in the city of Kolkata, India. After collection, samples were washed
thoroughly, dried, powdered and sieved through a 150-mesh sieve and stored in an
air tight container. The prepared biosorbent was studied and reported for biosorption
of nickel, cobalt, zinc and cadmium ions in mixed metal system [14]. The metal
loaded exhausted adsorbent was applied biosorbent for glyphosate removal and used
as control.

2.3 Glyphosate Determination

Stock solutions (500mg/L) of glyphosate and suitable aliquots were quantified using
spectrophotometric method reported by Bhaskara and Nagaraja [15]. Briefly, 1.0 mL
each of 5% sodium molybdate and 5% ninhydrin was added to 1.0 mL of glyphosate
bearing sample and set into the water-bath at 90–95 °C for 10–12 min. Then the
samples were allowed to cool and the capacity was make-up to 10mLwith deionized
water. The absorbance of the resulted purple color complex was measured at 570 nm
against the corresponding reagent blank using UV–Vis spectrophotometer model
[Cary 50 bio, Varian, Australia].

2.4 Sorption Experiments

The batch biosorption experiments were carried out for glyphosate removal at initial
concentration of 25 mg/L in room temperature by shaking the solution at 350 rpm
for 24 h using metal laden spent dried activated tannery sludge as biosorbent (control
biosorbent). The pH of the original glyphosate solution varies from 4.9 to 5.4 which
was used as the working pH. The biosorption process was optimized for the equi-
librium state using variation in parameters such as pH (3–9), dose of biosorbent
(2–14 g/L), initial solution concentrations (5, 15, 25, 50, 75 and 100 mg/L) and
contact time (1–28 h).

The difference in amount of glyphosate before and after biosorption were
expressed as % adsorption (Eq. 1)

Biosorption(%) = Ci − Ce

Ci
× 100 (1)

The glyphosate amount retained in the adsorbent phase was obtained using Eq. 2.

qe = V (C0 − Ce)

m
(2)
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where qe is the glyphosate uptake (mg/g), Ci is the initial glyphosate concentration
(mg/L), Ce is the concentration after biosorption,m is the biosorbent amount (g) and
V is the volume of glyphosate solution (L).

2.5 Biosorbent Surface Characterization

Surface chemistry of the biosorbent before and after glyphosate biosorption was
examined using zeta-potential measurements [Zetasizer, Malvern Instruments, UK],
BET (Braunauer-Emmett-Teller) surface area [Quantachrome Autosorb, USA],
field emission scanning electron microscopy [FESEM, Zeiss, Germany], Fourier
transform infrared spectra [FTIR, Perkin Elmer, USA] and X-ray photoelectron
spectroscopy [PHI 5000 XPS-analyzer, Versaprobe-II, USA].

2.6 Biosorption Study of Glyphosate in Simulated Municipal
Wastewater

The adsorption efficiency was evaluated for glyphosate herbicide removal from prac-
tical wastewater. Municipal wastewater was collected from one of the sewerage
pumping station of Kolkata region. The experimental setup was designed with simu-
lated wastewater, prepared by adding 15mg/L of glyphosate to the collected wastew-
ater. Removal of glyphosate in simulated municipal wastewater was performed
without adjusting the pH and concentration was determined by spectrophotometric
method. The wastewater was analyzed for various physicochemical parameters by
standard methods [16].

3 Results and Discussion

3.1 Experimental Variables of Biosorption Process
Optimization

Biosorptive remediation of glyphosate herbicide were carried out using generated
metal laden biosorbent after removal of multi metals in aqueous phase with waste
dried activated tannery sludge as a purpose ofmaterial recycle. The biosorbent exhib-
ited surface pH of 6.55 organic matter of around 25% and having about 75% of ash
content.Other physico-chemical properties of the biosorbent include the bulk-density
0.44 g/cm3, porosity 83.4% and average particle size 150 μm, the zeta potential
value in the range of −13.7 to −18.5 mV and mobility was found as −1.071 to −
1.448 μm cm/Vs.
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Metal laden sludge showed 85–92% biosorption capacities for glyphosate. The
maximum biosorption of glyphosate were found at original initial pH of glyphosate
solution which is varying from 5.13–5.18. Moreover, studies also showed no signif-
icant variation in adsorption efficiency at different pH. The rate of biosorption
increased as solid/liquid ratio was increased, but changed slightly above 10 g/L of
biomass dosage which was selected as optimum solid/liquid ratio for further studies.
The biosorption of glyphosate followed gradual removal and the equilibrium phases
were attained at 24 h of contact time. Similar observations were reported for high
glyphosate removal efficiencies with woody biochar [10] biopolymer membranes
[17], as well as with MgAl-layered double hydroxide [18].

3.2 Surface Characterization of Biosorbent

The metal laden biosorbent generated after bioremediation of Ni(II), Co(II), Zn(II)
and Cd(II) ions was used as control biosorbent for removal of glyphosate herbicide
[14]. The biosorbent samples before and after glyphosate adsorption were charac-
terized using various analytical techniques such as Zeta potential, BET surface area,
FESEM, FTIR and XPS techniques [19].

3.3 Zeta Potential

The zeta potential determinations were performed at different pH 3, 5, 7, 9, 11 using
0.01 M NaCl solutions of the control and glyphosate loaded biosorbent to find out
the net charge on biosorbent surface and the point of zero charge (pHZPC), ZPC is
described as the pH at where the total surface charges of material become zero. Zeta
potential values for both the biosorbent samples were negative confirming presence
of no charge on biosorbent surface at different pH (Fig. 1). These results indicated
that the bound metal ions at biosorbent surface along with the various functional
groups can be involved in glyphosate removal.

3.4 BET-Surface Area

Surface area of biosorbent before and after glyphosate loading were measured by
multipoint Braunauer-Emmett-Teller (BET) method and recorded as 20.08 m2g−1

and 18.82 m2g−1, respectively (Fig. 2a, b). Reduction in surface area of glyphosate
loaded biosorbent demonstrated that the binding sites were partially filled by
glyphosate molecule and part of the glyphosate could possibly bind with the surface
bound metal ions on the control biosorbent.
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Fig. 1 Zeta potential of the biosorbent (before and after glyphosate adsorption) as a function of pH

Fig. 2 BET plots of a control biosorbent and b glyphosate loaded biosorbent

3.5 FESEM Analysis

FESEM technique offered significant role to monitor alterations in surface char-
acteristics and texture the biosorbent surface. A clear agglomeration was found in
the topography of the glyphosate loaded biosorbent when compared to the FESEM
micrographs of control biosorbent (Fig. 3a, b). This might be due to the surface
adherence plus formation of complex between glyphosate molecule andmulti metals
bound on the biosorbent surface.
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Fig. 3 FESEM micrograph a control biosorbent and b glyphosate loaded biosorbent

3.6 FT-IR Spectroscopy

FT-IR spectra of control were comparedwith that of the glyphosate loaded biosorbent
to observe the changes in various transmittance peaks (Fig. 4). The peaks located
in the control biosorbent spectra peaks corresponding to 3402.53 cm−1 frequencies
match up to O–H stretching due to hydroxyl groups, carboxyl groups contributed
peaks formation at 2957.83, 2916.24, 2846.65, 2506.73, and 1798.09 cm−1, peak at
1617.33 cm−1 owing to amide groups and at 1422.97 cm−1 from carbonyl group are
observed. In 900–1200 cm−1 region no peaks were observed for control biosorbent
corresponding to phosphate groups.

Glyphosate loaded biosorbent exhibited an important difference in its FTIR spec-
trum those reappeared peaks at 1083.05 and 1027.06 cm−1 due to the phosphate
groups. The result indicated that phosphate group of glyphosatemoleculewasmainly

Fig. 4 FTIR spectra of a
control biosorbent and b
glyphosate loaded biosorbent
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involved for the complex formation with surface bound metal ions of the control
biosorbent. Moreover, changes in peak frequencies of amine, carboxyl, hydroxyl,
carbonyl, and sulphide groups were also reported that confirmed their role in surface
adsorption of glyphosate [20, 21].

3.7 XPS Spectroscopy

X-ray photoelectron spectra of the biosorbent samples before and after glyphosate
biosorption was analyzed and observed from the shifts in binding energies of surface
bound metal ions and the various functional groups [22, 23].

XPS wide scan spectra were represented in Fig. 5a, b). The XPS spectrum
of control biosorbent exhibited photoelectron peaks at 852.61 eV, 780.89 eV,
1021.64 eV, 403.64 eV, 398.84 eV, 285.53 eV, and 530.81 eV, which are recog-
nized as the Ni(2p), Co(2p), Zn(2p), Cd(3d), N(1s), C(1s) and O(1s), respectively.
The strong peaks observed in glyphosate adsorbed biosorbent were at 854.35 eV
(Ni2p), 781.58 eV (Co2p), 1022.12 eV (Zn2p), 404.86 eV (Cd3d), 399.95 eV (N1s),
284.43 eV (C1s) and 530.65 eV (O1s).

Significant differencewere observed for Ni2p, Co2p, Zn2p, Cd3d peaks of biosor-
bent sample after glyphosate sorption exhibiting shifts in the binding energies (Table
1) [24]. This can be interpreted as direct interaction of metals with glyphosate. The
XPS results were found in good agreement with the FTIR analysis.

The P2p peaks showed binding energy of 132.94 eV in control biosorbent and
133.04 eV in glyphosate loaded biosorbent is attributed to the phosphate moiety
(Fig. 5a, b) and increase in binding energies could be due to the participation of
phosphate group in the sorption process [25].

Fig. 5 Wide scan XPS spectra a control Biosorbent; b Glyphosate loaded biosorbent
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Table 1 Results and assignments of XPS spectral peak

Element Binding energy (eV) Atomic concentration
(%)

Assignments

Control
biosorbent

Glyphosate
loaded

Control
biosorbent

Glyphosate
loaded

C 1s 285.53 284.43 34.37 44.41 C–C, C–O, C–N, C=O,
O–C–O, O–H, O–C = O

O 1s 530.81 530.65 39.42 35.28 O–H, C=O, –C–O, Phosphates,
SiO2

N 1s
Cd 3d

398.84 399.95 9.18 6.90 – NH2, –NH–, Nitride, N,
– NH2, –NH–, organic matrix

403.64 404.86 CdO, CdO2, CdS, Cd(OH)2,
CdCO3, Nitrites,

Zn 2p 1021.64 1022.12 9.71 6.89 Zn in Phosphide, ZnS,
ZnCr2O4, ZnO,
Zn4Si2O7(OH)2.2H2O

Co 2p 780.89 781.58 1.15 0.90 Co, CoO, Co2O3, CoOOH,
CoSO4, Co(NH3)3Cl3

Ni 2p 852.61 854.35 1.23 0.81 Ni as NiO, Ni2O3, NiS,
Ni(OH)2, Ni(NO3)2,
Ni(dimethylglyoxim)2
NiSi, NiSi2 and Silicides

P 2p 132.94 133.04 1.04 1.26 Phosphate, Pyrophosphate
P4O10

Ca 2p 347.11 347.06 3.91 3.56 Ca in CaCO3, CaO, CaCrO4,
Ca3Si3O9, Ca(NO3)2

3.8 Glyphosate Removal from Simulated Municipal
Wastewater

The biosorption efficiency was evaluated in the simulated municipal wastewater. The
municipal wastewater sample showed an initial pH value of 7.29 and the optimum
conditions obtained from the synthetic solution studywas used for simulatedwastew-
ater system without adjustment of pH. The biosorbent showed about 89% removal
efficiency of glyphosate (Table 2). The results revealed that the multi metal laden
spent tannery sludge could be recycled for effective treatment of the municipal
wastewater bearing such type of herbicides.

4 Conclusion

Selective biosorption of glyphosate herbicide was investigated in synthetic system
and in simulated municipal wastewater using metal laden spent biosorbent. The
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Table 2 Glyphosate removal in real wastewater and physicochemical characterization ofmunicipal
wastewater as such, with glyphosate addition and after biosorptive treatment

Parameter Sample detail

Municipal wastewater Glyphosate simulated
municipal wastewater

Biosorbent-treated
glyphosate simulated
municipal wastewater

pH 7.30 7.29 7.65

Conductivity (mS/cm) 816 813 920

TDS (mg/L) 917 881 581

Salinity (mg/L) 388 419 386

TOC (mg/L) 21.97 17.21 15.17

COD (mg/L) 520 500 100

BOD (mg/L) 187 174 48.6

Glyphosate (mg/L) 0.0 15 1.65

spent biosorbent was produced after mixed metal removal of nickel, cobalt, zinc
and cadmium ions using dried activated waste tannery sludge and was recycled as
suitable and efficient complex biosorbent for glyphosate remediation. The following
conclusions were reached based on the study:

• Incorporation of themulti-metal content in biosorbent derived from tannery sludge
resulted in efficiency enhancement of glyphosate removal from 26.18% to >92%.

• Various removal mechanisms were established in the glyphosate biosorption
process such as physical adsorption, complexationwith surface functional groups,
Vander waal forces, chelation, and ligand formation.

• The remediation potential in real actual effluent treatment study showed 89%
glyphosate removal in simulated municipal wastewater.
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Wastewater Treatment Processes
with Special Reference to Activated
Sludge Process in Indian Conditions
for Water Use Sustainability

Ram Karan Singh, Vineet Tirth, and Mansvee Singh

Abstract Wastewater treatment is one of the most important sanitation issue
required for maintaining healthy ecosystem, various industrial, commercial and
domestic activities produce huge quantities of wastewater which if not treated will
be directly released into the water bodies. This would not only cause algal bloom
and eutrophication of the rivers and lakes but will also cause serious water-borne
diseases like typhoid, jaundice, cholera, etc. Three main steps in wastewater treat-
ment are primary treatment, secondary treatment and tertiary treatment. Activated
sludge process is an important type of secondary treatment, which aims to clean
the wastewater by separating it into effluent and sludge. The effluent can then be
discharged into anywater bodywhile the sludge can be used asmanure or incinerated
as per the requirement. This chapter presents the wastewater treatment technologies
in general and activated sludge process in particular in Indian conditions for sustain-
able water use; it also takes a case study of Okhla Waste Water Treatment Plant
located in Delhi India and draws important recommendations for future in context
to activated sludge process.
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1 Introduction

The pressure on fresh water sources is consistently increasing with increasing human
population and development. Pollution and climate change also pose a serious threat.
Wastewater reuse is a conservation strategy often implemented as a last resort due in
part to a psychological resistance to the idea of reusing waste water. Emotional deci-
sion making and how it can override more pragmatic concerns as well as strategies
to overcome it are relevant to conservation and sustainability in general and water
sustainability in particular [1–3]. As an illustration of the complexity that can go into
emotional decision making the negative affect/disgust that is contained with resis-
tance to wastewater reuse is mediated by pathogen disgust sensitivity which in its
turn can be a function of education and gender. One way in which emotional decision
making can be countered is by innovative framing strategies that result in the desired
behavior outcomes that are agreeable to a sustainable model of water use [4–6]. An
experiment found that if the purified effluent fromwastewater treatment facilities was
referred to as “recycled water” instead of “treated wastewater” there was a greater
willingness among both farmers and consumers to use it as well as its derivatives
as well as pay for it. Naturally the name change itself is not the complete solution
but it definitely plays an important role. In conclusion there are psychological and
social factors that can be detrimental to sustainability and this need to be taken into
serious consideration and be appropriately and ethically mitigated by communica-
tional strategies like framing. The environmental deterioration is becoming a serious
issue and one of themajor contributors to this is wastewater and hence the importance
of wastewater treatment to protect natural water bodies from being contaminated [7–
11].Wastewater is produced as a result of industrial processes, commercial processes
and day-to-day human activities, although the amount of wastewater generated varies
from place to place and time to time. Wastes in water includes organic compounds,
inorganic nutrients such as Carbon, Nitrogen, heavy metals, radioactive elements,
toxic organic and inorganic compounds, pathogens and any other compound which
can impair the quality of water of receiving streams and lakes, making them toxic to
the flora and fauna and also for the human consumption [12–15].

Wastewater treatment is a process which involves treatment of wastewater before
being released into the natural environment so that after disposal it does not pose any
threat to human or animal health. Broadly classified, wastewater contains about 70%
organic and 30% inorganic materials [16]. Microbes use the organic portion of the
wastewater as foodwhile the inorganic portion passes on through the entire treatment
process unaffected. The sludge generated can be discharged in landfill, incinerated
or can be used as manure in fields depending on the concentration of contaminants it
harbors. Wastewater treatment consists of a combination of physical, chemical and
biological processes to remove physical, chemical and biological contaminants. The
entire treatment process is divided into preliminary treatment, primary treatment,
secondary treatment and tertiary or advanced treatment which may be followed by
disinfection in some countries. Depending on the quality of final effluent, it can be
discharged into a water body, can be used for irrigation, or groundwater recharge.
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Fig. 1 A typical waste water treatment process diagram

The following Fig. 1 shows the diagram of typical wastewater treatment process
[17–19].

Preliminary treatment is the first step inwastewater treatment. Itsmain objective is
to remove coarse solids and other large materials often found in rawwastewater. This
process is very important as it enhances the operation, maintenance and efficiency of
further treatment processes. The process typically includes coarse screening and grit
removal. In the preliminary wastewater treatment process the screens are was for the
removal of large floating impurities such as rags which may damage or may interfere
with the other subsequent treatment units next unit known as grit removes inorganic
solids that would settle in channels and may interfere with the treatment process.
The quality of wastewater improvement is very little in the process of preliminary
treatment units [5, 16, 20–25].

Primary treatment is intended to remove larger floating particles and suspended
solids. The main purpose of the primary treatment is to produce a generally homoge-
neous liquid capable of being treated biologically and a sludge that can be processed
separately. Twomajor processes are: sedimentation involving removal of organic and
inorganic solids which can settle down and skimming which is removal of materials
that float over the water surface. The typical materials that are removed as a result
of primary treatment are fats, oils, grease, sand, gravel, rocks, etc. Primary treat-
ment helps in reducing around 25–50% of the incoming biological oxygen demand
(BOD5), 50–70% of the total suspended solids (TSS) and 65% of the oil and grease
[5]. The constituents that are removed are contained in primary sludge.

Secondary treatment is the further treatment of the effluent fromprimary treatment
to remove residual organics and suspended solids. The biodegradable dissolved and
colloidal organic matter is removed using aerobic biological treatment process which
is performed in the presence of oxygen by aerobic microorganisms. These microbes
metabolize the organic matter in the wastewater producing inorganic end products,
principally carbon dioxide, ammonia and water. There are various types of biological
processes like activated sludge process, trickling filter, oxidation lagoon or rotating
biological contractor [26–29]. The principle involved behind these processes is that
the microorganisms biologically flocculate to form particles which can settle down,
and following biological treatment, excess biomass is separated in sedimentation
tanks as a concentrated suspension called “secondary sludge” to produce clarified
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Fig. 2 Flow diagram for a wastewater treatment plant

secondary effluent. This process removes around 85 to 95% of BOD and TSS in the
secondary effluent [30, 31].

The advanced wastewater treatment process also known as tertiary treatment is
used for themunicipal wastewater treatment plants when the higher quality effluent is
desired. After secondary treatment the amount of BOD contained is around 30 mg/L
or less but at time this level of sewage treatment is not sufficient to protect the
aquatic environment. Also the high concentration of Nitrogen and Phosphorous are
not reduced by secondary treatment which may cause algal blooms and eutrophi-
cation. Therefore tertiary treatment becomes important as it can reduce 99% of the
pollutants from raw sewage and can produce an effluent of almost drinking water
quality. But the cost of this process is significantly high and sometimes may double
the cost of entire treatment process [32, 33].

Sometimes water is also disinfected before it is released to make it free of
pathogens. It is a process that deactivates virtually all recognized pathogenicmicroor-
ganisms, but not necessarily all microbial life. Most common method of disinfection
is by using Chlorine but the use of Ozone gas andUV rays is also becoming common.
Other ways of disinfection can be by heat treatment or chemical treatment (Fig. 2).

2 Activated Sludge Process

In the activated sludge process organic waste are stabilized with the help of activated
Micro-organisms under in presence of oxygen (aerobic conditions). The component
of treatment process as depicted in Fig. 3 starts with screening followed by grit
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Fig. 3 A typical diagram of activated sludge process

chamber, primary sedimentation, and aeration, settling tank and disinfections where
it is mixed with aerobic micro-organism mostly. Bacteria and protozoa that degrade
organic matter into carbon dioxide, water, new cells, and other end products. The
bacteria involved in activated sludge systems are primarily 15 g-negative species,
includingflock formers andnon-flock formers, and aerobes and facultative anaerobes,
carbon oxidizers, nitrogen oxidizers. The protozoa, for their part, include flagellates,
ciliates and amoebas. An aerobic environment ismaintainedwith the help of aeration,
which also serves to keep the contents of the reactor (or mixed liquor) completely
mixed.With retention time, themixed liquor passes into the secondary clarifier,where
the sludge is allowed to settle and a clarified effluent is produced for discharge. The
process recycles a portion of the settled sludge back to the aeration basin to maintain
the required activated sludge concentration (seeFig. 3). The process also intentionally
wastes a portion of the settled sludge to maintain the required solids retention time
(SRT) for effective organic removal.

Sludge is the residual semi-solid material left from industrial, wastewater treat-
ment processes. Since hundred per cent solids in the wastewater may not be digested
by the bacterial culture and in the process these solids eventually settle out as the
sludge in the clarifier known as the settling chamber. For stabilization of this sludge
two biological processes can be used: aerobic or anaerobic digestions, depending on
various factors like time available, money, policy issues, etc.

The processwhere oxygen is required is knownas the aerobic treatment process. In
the aerobic process the microbes transform the waste material into the non-polluting
material. The dissolved and the solid pollutants are converted into the cell mass,
gases, water and the hydrogen etc.Activated sludge process (ASP) is one of the most
widely used methods of wastewater treatment process [18, 19]. The characteristics
of the process depend on the characteristics of microorganisms and configuration
of aeration tank. The quality of effluent discharged by this process depends on how
biological sludge mass can be separated from the treated wastewater which is done
by sedimentation of aggregating flocks by gravity sedimentation. The waste water
and its treatment for the Delhi city wastewater [20]. The following Fig. 4 shows the
typical diagram of Aerobic Treatment System.

The activated sludge process is aerobic treatment processes in which the non-
settle able substances, along with colloidal and dissolved form are converted to
biological flock or activated sludge. The process uses microorganisms to feed on
organic contaminants in wastewater, producing a high-quality effluent. The basic
principle behind all activated sludge processes is that as microorganisms grow, they
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Fig. 4 Flow diagram of an aerobic treatment system

form flock that clump together. The BOD in the form of suspended solids is removed
by physical enmeshment with biological flock. Colloidal organics are flocculated
and absorbed with the biological flock. These flocks are allowed to settle to the
bottom of the tank, leaving a relatively clear liquid free of organic material and
suspended solids. The oxygen is supplied by dissolution from entrained air. Under
aerobic conditions, aerobic bacteria rapidly consume organic matter as a source of
energy and convert them into carbon dioxide. Ultimately the entire organic content
of sludge gets used up by bacteria. In presence of plenty of nutrients, the bacteria
divide and increase their population. After the entire sludge gets degraded, there is a
lack of organic matter, bacteria die and are used as food by other bacteria. This stage
of the process is known as endogenous respiration.

In the wastewater the biological conversion of organic materials takes place by
the mixed culture of bacteria in aerobic conditions. The secondary clarifier gets the
influent after long retaining period in the primary aeration tank. The end products of
clarification process are discharged into open natural water bodies. The small part
of sludge returned to primary aeration tank is called as returned activated sludge.
The microbes get the basic food from the influent wastewater and the biodegradable
organicmaterial (carbonaceous), present in the sludge, is converted into newbacterial
cells and other end products include CO2, NO3, SO4 etc.

The bacteria multiply rapidly with sufficient food and oxygen and are able to
oxidize the dissolved and carbonaceous organic matter into simple end products and
additional biomass. The biological equation for bacterial respiration, using organic
matter as substrate is given below also the following Fig. 5 shows the typical plan
of.

Organic Matter + O2 + Nut. → CO2 + NH3 + New Biomass + End Products



Wastewater Treatment Processes with Special Reference to Activated Sludge Process … 233

Fig. 5 A photograph of aeration tank [18]

3 Factors Affecting Activated Sludge Process

The characteristics of the influent that is going to the aeration tank: since the influent
flow does not vary by more than 10% from day to day, a relatively stable loading is
being applied to the tank. Toxic substances also retard the treatment process.

The environment that must be maintained in the environment basin: The require-
ments of aeration basin environment are the correct amount of oxygen, mixing and
food to maintain the zoo of microorganisms. The food is supplied mainly in the
form of dissolved and suspended solids in the wastewater itself. Dissolved oxygen
level higher than 1.0 mg/L is desirable and it has to be monitored as it is affected
by BOD level. Mixing of the contents in the tank must be properly done. Excessive
mixing will cause flock shearing and slow mixing can make the tank septic. In order
to achieve good treatment, the mass of microbes should be maintained at the correct
level needed to consume all food that enters the system. Conventional systems run
at F: M ratio between 0.25 to 1.00. Adequate temperature should also be maintained
inside the tank, the higher temperatures speed up the biological process where as the
lower temperature tends to slow down the biological process. The treatment process
remains active by the heat created by aerobic process along with the heat from the
electrical components. The cold weather can have the adverse effects on the perfor-
mance of aerobic units the problems are sometime avoided by the insulating around
the units.

Secondary clarifier conditions: proper inlet and outlet flow should be maintained
in the clarifier to avoid any overflow and also maintain the efficient treatment speed.



234 R. K. Singh et al.

Effective sludge removal from the bottom of clarifier should be properly done and
should be timely scraped out.

3.1 Advantage of Aerobic Treatment Systems

• The capital cost of aerobic digester is lower and at the same time the digestion
occurs much faster than the anaerobic process.

• The aerobic digester provides an alternative for sites not suited for conventional
septic tank systems.

• The aerobic digestion process can result in the destruction of disease-causing
microorganisms and parasites to a sufficient level.

• To allow the resulting digested solids to be safely applied to land used as a soil
amendment material (with similar benefits to peat) or used for agriculture as a
fertilizer provided that levels of toxic constituents are sufficiently low.

• Provide a higher level of treatment than a septic tank and help protect valuable
water resources where septic tank systems are failing.

3.2 Disadvantages of Aerobic Treatment Systems

• Are more expensive to operate than a septic system digestion because of energy
costs for aeration needed to add oxygen to the process.

• Requires electricity.
• Include mechanical parts that can fail or malfunction.
• Require more routine maintenance than conventional septic systems.
• Are subject to upsets under sudden heavy loads or when neglected (NSFC, 1996).

4 Evaluation of Activated Sludge Process Based Sewage
Treatment Plant at Okhla, New Delhi

Okhla sewage treatment plant was the first treatment plant to be constructed in Delhi
in 1938 which has a treatment capacity of 140 million gallons per day (MGD).
This plant receives sewage from Sarita Vihar, Tigri, Deoli, and Tughlakabad village,
areas along M.B. Road, Badarpur Road and Mathura Road. It’s typical units involve
2 mechanical bar screen, 2 grit chambers, Parshall flume with ultrasound-type flow
meter, 2 primary settling tankswith central drivemechanical sludge rakes, raw sludge
pump house, aeration tank with 20 nos. surface aerator, 2 secondary settling tanks,
return sludge pumping house, 6 digesters, 2 gas holders and 18 sludge drying beds.
The plant has been designed for a daily flow of 3000 m3/hr, peak hourly flow of 6067
m3/hr. and lean flow of 1517 m3/hr. This study involves the literature review of the
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dissertation “performance evaluation of ASP based 16 MGD sewage treatment plant
at Okhla, Delhi” [26].

The raw sewage first enters bar screen inwhich large floatingmatters are screened.
Grit Chamber then removes grit consisting of sand, gravel, cinders and other solid
materials that have subsiding velocities or specific gravities substantially greater than
those of the organic putrescible solids in wastewater. Wastewater then is passed on
to the primary clarifier which enables settlement of suspended solids in raw sewage.
For the oxidation of organics (BOD) by aerobic biological treatment, aerators are
used in aeration tank to ensure that the biomass developed in the tank remains in
suspension and is uniformly distributed throughout the tank for optimumstabilization
of sewage. It also ensures that the maximum oxygen is transferred to liquid phase for
utilization by micro-organisms developed in the tank. The aeration tank contents are
settled in secondary clarifiers. Settled sludge from the secondary clarifier is conveyed
to a return sludge pump for recycle to the aeration tanks. The sludge generated is
digested by anaerobic method in the digesters for around 30 days. The digested
sludge is applied on the sludge drying beds to form dry cake.

The sampling was done before and after each treatment unit in primary clarifiers
performing primary treatment, aeration tanks and secondary clarifiers performing
secondary treatment. For evaluating the performance of secondary digester, sampling
was done for raw sludge and digested sludge. The sample was collected by the
plant staffs from various locations like from channel feeding (raw sewage sample),
from primary clarifier (primary effluent sample) and from outlet channel of aeration
tank (aerated effluent sample). With standard methods for examination of water
and wastewater lab tests were done. Physical tests were made on temperature, total
solids, and suspended solids and dissolved solids. Chemical tests made involved
pH, alkalinity, BOD5, COD, chloride, oxygen absorption etc. Effluent from each
clarifierwas tested for differentmeasures. In particular the aeration tankwas tested for
pH, alkalinity, chloride, total solids, and suspended solids, dissolved solids, oxygen
absorption, and dissolved oxygen. The performance of plant was studied during the
seasons of both summer and winter in 2004 and 2005.

5 Result and Discussion

The main purpose of the study was to see the efficiency of OSTP and whether it
achieves the required effluent standards or not. Because the waste load in water
varies largely from summer to winter season, therefore the performance of the plant
had to be measured for both the seasons. The following Table 1 gives the standard
values of Suspended Solids, BOD and COD during the winter and summer seasons.

Average percentage removals were 93.3%, 93.7% and 9.7% for suspended solids,
BOD and COD respectively. This shows that efficiency of aeration tanks and
secondary clarifiers were excellent and these units are treating the sewage near to
maximum theoretical units. This shows the efficiency of the plant is better during
winter but the reason behind this can be that the amount of wastewater generated is
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Table 1 Standard values of
suspended solids, BOD and
COD during the winter and
summer seasons [26]

Parameter Standards
(PPM)

During winter
(PPM)

During
summer
(PPM)

Raw sewage

Suspended
solid

208–370 250–504

BOD 150–200 153–230

COD 340–472 320–520

Final effluent

Suspended
Solid

<30 9–26 10–30

BOD <20 5–15.3 6–20

COD <50 28–52 23–52

much higher during summer. Average of 10 mg/L in winter and 14 mg/L of ammonia
was also found in the final effluent which indicates that complete nitrification has not
taken place. But the overall efficiency of the plant for removing the carbonaceous
fraction was good.

6 Recommendations

Mechanical drying of sludge can be carried out which will decrease the amount
of space required for conventional dewatering process and lessen the ground water
contamination possibilities. OSTP does not have the tertiary level treatment process
which can be considered there. Incinerators can also be installed which will help
in reducing excess sludge and even help in disposal of screenings and grit. Energy
consumption canbe reducedby substituting aeratorswithfinebubble aeration system.
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Assessment of Water Resources
in Development of Rajasthan

Supriya Singh, Pratibha, Vanshika Singh, and Sudesh Kumar

Abstract With increase in urbanization, the threat to water resources is also
increasing. There is an increasing need to save the traditional and historic water
resources from being depleted completely. Water being a natural resource cannot be
produced manually or by any technological force at the time of need. In order to
avoid the over development it is agreed to control the desirable groundwater. There
is a need for proper legislation and regulation over the water resources; else, the day
will not be far enough to lose the sight of even a drop of water. A central legislative
system for development of control system is needed. Prepared in accordance with
the due knowledge of the adequacy of available water.

Keywords Water resources · Depletion · Urbanization

1 Introduction

One of the most essential resources for mankind apart from air is water [1]. Over
the years, water has become a critical scarce resource in several parts of the world.
Though water is in the move in all forms in solid, liquid and gas through hydrological
cycle, the water in the usable form is contributed by precipitation in the form of rain,
snow and also frost [2].

Water being a natural resource can’t be producedmanually or by any technological
force at the time of need [3]. The composition of water on earth is fixed. Circulation
of water across the earth is continuous process, which is also influenced by solar
energy [4]. The steps involved in the cyclic circulation of water are evaporation,
condensation and precipitation [5].

The demand for water is increasing tremendously across the globe and it is not
possible to meet the needs of Urban Water Supply. This is first century of urban
revolution and over the past 35–40 years, numbers of urban residents have tripled.
A plant assessment of water is demanded based on country location and region.
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The resources of water are randomly distributed. Regardless of the great cutthroat
demands of water on its application, no available water can be utilised. The average
rainfall across the country is approximate 119.4 CM [6]. This data is very huge with
respect to the size of country of a similar size. The amount is unevenly distributed
and hence results in some places as floods while others as droughts. It is thoughtful
to create water storage structures for the optimum utilisation of rainwater falling on
ground. By creating such catchment areas, the utilizable water status can be raised.

1.1 Demand for Water in Rajasthan

Through extraction of groundwater about 91% of Rajasthan’s water demands are
met [7]. Rest of the demands are fulfilled through several reservoir dams, which are
also reported to have less than 40% of availability. Approximate 24% population of
Rajasthan results in the urban areas which consumes 9% of water [8]. Most of the
hand pumps and tube wells these days are dry and defunct because 40% of more
water is continuously drawn from them, which consequently is resulting in lowering
of the water table. 19 districts are facing water crisis.

The water demand could be grouped under three broad headings namely [9]:

• Residential
• Irrigational
• Industrial.

The demand shares vary from place to place and country to country. In the devel-
oping countries, the majority of consumptions are in the agricultural sector. Lion
share of total water is consumed in the field of agriculture.

In context of India, over the ages a relative share of water consumption is observed
changing as people are moving forward urbanization. Water consumption in indus-
trial and residential areas may grow at a faster rate [10]. A Priority should be decided
for use of water on the basis of available water sources [11]. With the help of data
available to the water demand at district level is carried out. Data on residential
demand industrial agricultural along with the population data is collected from the
respective sources. Estimation should be done sector wise. A detailed estimation
procedure needs to be involved.

Policymakers are giving a lot of thought to the problem of residential water
shortage in urban areas.

Shortages can be defined both in quantity as well as quantity the shortages are
analyse with respect to two angles [12].

The water requirements in urban and rural areas has increased very drastically. On
one hand in urban areas the purpose and demand for water is 140 L per day whereas
a person residing in rural areas will not require more than 50 L of water on daily
basis. The state of Rajasthan is in extreme need of heavy rains so as to the charges
ground aquifers or urgent measures should be taken in order to in order for recharge
of groundwater beside connecting its rivers with more districts [13].
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2 Ground Water Resource Management

The idea of sustainable development come to action when planning for a project or
development [14]. To last indefinitely we need to plan our resources sustainably [14].
The rain water falling on ground is absorbed by the soil, and it’s accumulated there
[15]. The water penetrates in the soil, but after certain level, the pores are completely
filled and the water could no longer penetrate. The point at which all the pores are
filled with water is called water table. A few centimetres above the water table, the
soil is found wet.

The water flow rate is relatively slow. The average rate is 2 m per day. The factors
affecting this are:

• Permeability
• Slope.

When the water table meets the surface, water emerges out as a spring or swamp.
The categorisation depends on the amount of water gathered.

Groundwater can be classified into two broad categories[16]:

• Stable Water: The economically exploitable water
• Static Water: The water which is still present on ground and it is not possible to

be used for every year

2.1 Groundwater System Monitoring

To monitor the response of aquifer in space and time three parameters are taken in
account. These are [17]:

1. Water level change
2. Groundwater abstraction rate
3. Chemical quality changes

Abstraction of groundwater monitoring poses difficulty, if the pumping is done
by private sources, which are unregistered in the pumping records. The value of
pumping records only provides the gross records [18].

2.2 Monitoring of Water Level

The recharge and discharge regime is responded by groundwater level [19]. For
effectivemanagement of groundwater its essential to look around the annual recharge
of groundwater level [20]. If the rainfall and runoff remains undisturbed then the
water level remains in dynamic equilibrium [21]. Man may alter the recharge and
discharge relationship by introducing various new techniques such as ground water
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pumps, surface water irrigation, etc. By pumping, the water table gets lower. The
lost due to pumping may be overlooked if the discharge due to pumping is replaced
by other sources of discharge such as surface water runoff and evaporation. It is
essential to understand the relationship between various components of the recharge
and discharge relationships. This would help in interpretation of data obtained from
water level monitoring. The data analysis should be able to review the drawings of
filling water levels, which attribute to water pumping.

2.3 Water Quality Monitoring

Water aquifers are capable of recharge but this recharge is very low because of high
dilution factor of exploited water compared to accumulation of recycled salt. Quality
changes can occur rapidly if the under or over lain respectively material of aquifer
is saline or brackish groundwater [19].

Due to induced flow of groundwater from Indus basin, have resulted in deteriora-
tion of water quality [22]. This is dreadful to many aquifers. It is normal to monitor
the area half yearly only unless it is declared critical. The wells are production facil-
ities and as a result, network of water quality monitoring is independent of water
level monitoring. Electrical conductivity enhances the monitoring data. Electrical
conductivity indicates the change in water quality. Presentation of data is done in the
form of maps [23].

2.4 Control of Groundwater Development

In order to avoid the over development it is agreed to control the desirable ground-
water [24]. The control measures for groundwater are mainly focused for private
sector because the public sector does not require a formula for its control. In the
case of developing countries it is important to plan of an effective legislation and to
focus on the practical problems for suitable ensure. The developing countries should
define a fixed volume which is extracted from the well.

2.5 Control and Equity

The 1981 review from World Bank of Agricultural project, projects in India, the
issues of farmers for ground water [25]. The review identifies that under any spacing
or density criteria, the first investors automatically pre-empt a water right. Water
ownership rests with the owner of the overlying land [26].

Development of groundwater Public intervention the alluvial aquifer systems
are suitable [27]. There are some aquifers which have very low permeability these
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demandvery large number ofwater points for the complete development of resources,
this in turn makes it difficult for direct public intervention. The aquifers like hand
dug wells should impose control on any development by a single entity or a small
group of farmers have a much localised effect [28].

It is essential to develop rational management of aquifer. Identification of the
issues and problems of the equitable control is much simpler than developing a
solution.

2.6 Options for Conjunctive Use

Themanagement of the total usablewater resource,which is available for an irrigation
project to achieve the objective of the project and to avoid the development of detri-
mental hydrological conditions, is known as conjunctive use. The definition given
above gives recognition to both irrigation water and benefits of developing ground-
water for consumptive use. The surface water irrigation system is helpful in rising the
available ground water resource within the area due to increased recharge resulting
from the population of distribution and non-field losses from the surface system
[29]. The absence of exploitable aquifer system just below the irrigated surface is an
example of exceptions.

Very detrimental effects on crop production have been observed from the shallow
water levels [30]. On the other hand the high water table is proved to be beneficial
for the areas where the predominant crop is rice or in a place where there is sufficient
rainfall water and the surface water supply which would flush out the salt from the
soil profile [30, 31]. It has been testified, the farmers require additional water supply,
which is helping in development of private sector development of groundwater for
conjunctive use.

2.7 Hand Dug Wells

Before the development of shallow Tube well technology, dug wells was the source
of irrigation in the developing world [32]. This was the only source of water, which
was suitable for the development of conjunctive use in surface water. Now these
motorised centrifugal pumps are used to abstract the water from the Wells.

2.8 Small Capacity Tube Wells

The private sector started the construction of comparatively Shallow tube Wells
through hand drilling techniques [33]. These tube wells are usedmainly for irrigation
in the developing countries. The shallow tube wells are only successful in the areas
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having appropriate water levels to the aquifer. These technology never last high levels
of development [34].

2.9 Large Capacity Tube Wells

Construction of large capacity tube wells is restricted to the areas which have thick
alluvial aquifer [35].

These wells are aimed to deliver water either directly through Canal system or
through a collector channel, which then discharges to measure canal.

3 Water Resource Exploitation

Water is one of the most important and useful assets to us. The values from the
hydrological and climatic data are the representation of this asset’s ever-growing
value from both National and international perspective. The long-term needs are
fulfilled chiefly from surface water and through rainfalls. Groundwater also is one of
the chief important resource. The important necessities for long term records relate
to:

• Records of the rainfall
• River flows
• Discharge of sediment
• Equality of climate

The rainfall records establishes a relationship between rainfall and runoff. Once
the relationship is established, it helps to develop the average discharge made on
unrecorded rivers in the similar climatic condition.

The phenomenal use of water has been marked in the twentieth century. With the
over expanding population the use ofwater has beenmultiplied six folds. The oil crisis
seems too often talking about the water problems. The expected water availability of
the state in 2015 has been dropped down to 439Mcube from 840m cube in 2001. The
water resources of Rajasthan are categorised under two broad headings, which are
surface water and groundwater. Surface water is further classified as surface water
within the Rajasthan boundaries and surface water, which are imported. Imported
surface water is the waters, which are brought to the state with the help of several
projects and interstate agreement. Rajasthan acquires 1.11MAF (MillionAcres Feet)
from Ganga canal 1.41 MAF from Bhakhra Canal, 0.5 MAF from Narmada, 0.91
MAF from Yamuna, 8.6 MAF from ravi, 3 7 from Mahi water and lastly 1.6 MAF
from Chambal Kota. The total allotted water in MAF comes out to be 14.5.
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4 Water Pollution

The water crisis in twenty-first century is going to increasing its tremendous rate
in the coming years. Increasing global warming will end up in melted glaciers and
elevated temperatures. Consequences of these extreme climatic changes are extreme.
There will be either flood or exclusive droughts. Poor sanitation affects the only one
third of the world.

India is a deeply religious country with vast diversity. Many of its rituals are
performed near water bodies, which consequently end up polluting them [36].

The increasing population builds a lot of pressure on the quality and quantity
of water [37]. To understand the importance of safe drinking water, it’s essential
to understand the relation between human health and safe drinking water [38].
Abut 75 billion m3 of ground water is extracted on annual basis. Pollution, climatic
change have been reduced flow of surface water, which is causing over extraction of
groundwater [39].

In the developing countries, rich variety of people lives in rural environment.
Water often gets contaminated due to many natural and anthropogenic causes [40].
Rural and Suburban areas have poorly developed sanitation facilities [41]. The poor
sanitation is one of the major reasons behind the poor health and mortality of infants
in the developing countries. There are certain substances which show the presence
of pollution at the point of the origin. The causes of pollution are wide ranging, they
are fertilizers runoff, sewage waste, textile wastewater etc. [42]. Biomarkers of water
pollution are the microbes which are enclosed association of water bodies [43]. They
are evidence of water pollution as they are as the defect accumulation of metabolites
of pollutants on other harmful substances.

Water is the life saver [44]. This is now getting a limited commodity. The social
economic development could not be defined without availability of proper water
resources. Water is the backbone of existence of all sorts of flora and fauna [45].
Quantity of water plays an important role to the existence of all living forms. The
physical properties define water’s purity and its usefulness for various purposes. The
freshwater source arises from groundwater. Water available on most of the part is
marinewater, which needs to be purifiedwith the help of certain tools and techniques.

Water pollution acquires concerns of many scientist and environmental activists
across the world. With the rapid rise of pollution, increase the possibility of start of
various harmful diseases which are lethal to the living forms. Data states that water
pollution is responsible for death of more than 14,000 people on a daily basis [46].
This problem is seen rising at a tremendous rate in developing countries and the
problem is creating an alarming situation.

It is found that various substances accumulate in water bodies and act as toxins.
Namely, pesticides entering the marine life are imposing threat to the aquatic life.
Although the pesticides are species specific but their presence has been found to
be lethal to the other aquatic organisms. This could be explained by the following
fact that although the pesticides are species specific but there are certain properties,
which common to all the animal life are putting them in danger of death. This further
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enters the food chain through soil and plants, gradually getting fatal for human life
also. Pesticides entering into the human system start acting as xenohormones. Xeno-
hormones defined as those chemical entities, which mimic the action of endogenous
hormones.

As per the study, the concentration of fluoride in the groundwater resources was
found to be 4.78 mg per litre. Fluoride in drinking water causes tooth decay and
joint pains called fluorosis. Groundwater of Rajasthan is also tested positive for the
presence of Boron. Boron exists in the form of two isotopes, which are B10 and B11
respectively. The source of Boron in groundwater is leaching from the soils. The
interaction of water from discard of sewage wastewater causes Boron existence in
the water.

5 Water Supply: Approaches and Issues

Rajasthan has an area of 3.42 lakh square kilometres [47]. It’s one of second largest
state of country and constitutes for 10% of area with exceptionally low water
resources of only 1% point the annual rainfall is low in the areas of erratic and
western Rajasthan [48]. Rajasthan comprises of 221 urban towns, out of which 14
are categorised as class 1 cities. Cities having population of more than 100,000
are categorised as class 1 cities [49]. All the various schemes are in execution to
meet the water demands of people around the town. However, due to expansion of
urban limits, developing standards and migrating people from rural places to cities,
is getting difficult to meet the demands of water requirements. Urban population
increased by 29%out of total 221 towns, 104 of them do not even have 50% of the
services as per the norms laid by the government. The dependency on groundwater is
more than compared to the surfacewater. Consequently, depletion in the groundwater
source has begun, and the water has become non-potable.

Steps have been taken to fulfil the water needs of towns point through Indira
Gandhi Nehar, the Himalayan water has been brought to Western parts of Rajasthan
[50]. Further classified efforts have beenmade to benefit the towns, which perennially
are suffering from insufficient supply of water.

Towns such as Kota and Dholpur are benefited by water from Chambal River.
Water supply fromYamunaRiverwasmeant to benefit towns ofAlwar andBharatpur.

A lot of thinking is given for the utilisation of Narmada river water.
In provision of basic civil amenities, usually the small towns are often neglected

point accelerated UrbanWater Supply programwas implemented for towns less than
the population of 20,000 as per 1991 census. Assistance weight by government was
50% of the cost of the project for augmentation of water supply.

World Bank also holds important position in the list of water financers. Due to
shortage of funds, an inadequate maintenance in the assets has been observed, and as
a result, their degradation has been observed at a faster rate than usual. This is chief
reason for demand for new augmented projects. Provision funds are very important
for the maintenance of existing system. Exercise to raise tariff and develop a suitable



Assessment of Water Resources in Development of Rajasthan 247

tariff structure is on in Rajasthan. From the scale of water, only 40% of the total
expenditure on maintenance of Urban Water Supply is recovered. Subsidy evolve on
water is huge it becomes it is a very important to control and prioritise Investments
need for the supply of water with the objective to conserve the water.

When the people of a city demand forwater augmentation, this is crucial to analyse
effective demand.

Whether or not the people would be able to be part of the cost involved in the
augmentation. Without the introduction of cost recovery it would be difficult to
recover the cost from beneficiaries or, it would also become difficult to control the
demand for one of the chief and most valuable yet scarce resource.

Talking about per capita consumption of water in cities, flushing toilet holds great
importance [51].

A flushing system or pulling chain system of toilets, whenever a person goes for
urination, proximately 3 gallons or 13 L of water is flushed down the drain [52]. The
estimate is calculated for a day, nearly 65%water iswastedwhich constitutes 70–90%
of normal water supply. Hence there is need to avoid cistern flushing and adopt valve
flushing systems. This will save 20–30% of water if the demand and availability
trends continue then the recycling and reuse of used water may become distinct
[53]. Over exploitation already depleting water resources has brought degradation
in the quality of groundwater in certain places. Demand for water by agriculture and
industrial field results in holistic approach in the water management.

The policies which would be made in future should include.

• Water conservation to the maximum extent.
• Recycling and reuse of water.
• Recovery of cost from the beneficiaries.

6 Water Supply: Problems

The population of India has been observed increasing decade after decade. This
trend of urbanization is similar to any other urbanization observed in rest of the
developing countries. The water sector is capital-demanding [54]. The ground cause
of such speedy urbanisation was better employment opportunities, education poten-
tial, and availability of better lifestyle [55]. The urbanization is directly elevating
progress but simultaneously it is associated with downfall of all the available natural
resources because this would result in increasing the gap between demand and supply
of requisite services.

Most of the dwellers migrating to the cities live in slums. The slum dwellers are
considered to be living in the so called informal settlements. Slum dwellers are more
prone to diseases and their lives lack availability of basic amenities [56].

To increase the living condition, the foremost thing to keep in mind is to improve
the sanitation facility, safe drinking water supply are must. However, the increasing
population is causing to develop a fraction between the demand and supply of basic
amenities.
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The data from year 1990 states that although 84% of urban population was
provided with safe drinking water facilities but the situation of rest rather most
of the town is not even satisfactory [57].

Water distribution system is very poor.Most of thewater sources have been already
tapped. The sources from all the far distant places have so been started utilising [58].

The national water policy has granted the utmost priority to the drinking water
supplies [59]. To make long term planning of used available water sources is a wise
act to do. Due to erratic monsoon and increasing demands for water, the available
groundwater and surface water sources are depleting.Water management plants need
to bemadewisely. By only judiciousmeans, we can conserve the water resources and
further make them available for different beneficial purposes. Though ground water
is a renewable resource but the excessive demand won’t let it replenish. Instead, it
is also deteriorating the existing available water. It’s important to ensure that a limit
is set for accessing the water resource and control the rate of exploitation within the
permissible limits [60].

A central legislative system for development of control system is needed. Prepared
in accordance with the due knowledge of the adequacy of available water. Several
schemes are prepared without proper knowledge of the availability of water, which
results in schemes getting dysfunctional. Proper marking down the drinkable sources
should be done before laying out the master plans of society.

During the planningperiodof dams and reservoir itwould bewise to start reserving
drinking water for minimum period of 20–30 years to meet the demands of their
respective town [61]. When constructing water dams for the purpose of irrigation,
it’s always advice tomake provisions for fresh drinking water [62]. The pre emptying
water sources are consequence of improper planning schemes in determination of
water supply sources for water needs [63].

6.1 Affordability

The poor sections of society have to suffer the hierarchy reduction of thewater supply.
The commonwater supply is for fixed hours and insufficient. To collectwater from far
distant sources not only involves loss of time but also involve transportation charges.
The cheapest source of water supply is through pipeline. This would be cheaper and
also reduce repeated loss of money in transportation [64].

6.2 Privatisation

To make water supply more effective, it is essential to privatise the water and sanita-
tion facilities. Privatisation helps in maintaining a financial discipline and curbs the
waste consumption. Innovative schemes need to be present to meet the demand and
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supply of the country [65]. Observing from an economic perspective water scarcity
may lead to rise in prices [66].

6.3 Technological Options

The recent trends depict the emergence of adopting technologies, which are in accor-
dance of meeting the low-cost demands and maintenance of the treatment of waste.
These technologies are not only low in cost but also take care of treatment of waste
and sewage water respectively [64].

Anaerobic system was adopted to treat the water and adoption of low cost
sanitation technologies.

6.4 Application of Duckweed for Disposal of Municipal Waste

A lagoon system of duckweed is developed for treatment of sanitary waste water
[67]. This process is unique due to its simplicity and high efficiency. Duckweed
treatment plants are better than the traditional system of lagoons because not only
are the successful in destruction of pathogens but also efficient in removal of nutrients
from the wastewater stream. These are also successful in separation of algae [68].

Most of effluents of the world systems are rich in algae. Algae is a transporter of
nutrient from the treatment system to the receiving water body.

The duckweed systems also hold a potential following the capital cost and high
effluent quality. The duckweed harvest on a dry weight basis can exceed 100 kg per
hectare per day that is 10 times the best street attend for Soya beans.

It is also necessary to lay out a category for selection of sources of for water
treatment. This criterion is for drinking water purpose.

7 Case Study

7.1 Udaipur

Water is an essential element of life and it is the basis of sustenance of all the forms
of living organisms. Water is a sovereign ruler for the human activities. Earth is
surrounded by two third of water. Being a watery planet with 97% as seawater and
rest 2% is present in the form of frozen glaciers and snows. Humans are left with
only a limited amount of water, which is fit for drinking, and consumption purposes.
The average annual rainfall of India is 300–650 mms.
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Ahar and Kotra river systems are the tributaries of Berachi River [69]. These two
act as the non-perennial surface water resource to the city. The river enters the city
from the Northwest region and finally drains into the Uday Sagar, covering a distance
of 30 km within the basin of Udaipur [70]. However, these days this is really a city
drain, which is a source of all round water pollution.

The Kotra River is a significant tributary of the Ahar River [71]. This is done at
the Badipal, which further forms the lake Pichola and is the source of water for the
Pichola Lake. During the rainy Seasons if the Pichola Fateh Sagar Complex gets
brim fullness, the excess of water is directed into the Ahar as the essential outlets.

7.1.1 Effect of Population Growth on Water Sources

Udaipur is an important city of Rajasthan, which is growing in both size and number
of population. Area of Udaipur is increased from 61.10 to 200 km2 [72]. With the
increase in population, the consumption of various natural resources also increased
uniformly. Urbanisation not only involved increased consumption of water for the
drinking purposes but the lifestyles at city also added to the consumption of water.
The per capita rise and the consumption of water increased from 5 g in 1952 to
35 g in 1990. Similar increase was also observed in the number of connections in
the domestic areas as well as commercial areas [73]. A population growth analysis
of the former eighty years (1921–2001) shows population growth from 34,798 in
1921 to 49,0142 in 2001, the year during which last census was held. Therefore,
the recorded population has enlarged by 1308% over 1921. The effect of rise in
population was directly observed over water resources [74]. Exploitation of water
has been also made easy and the technology for exploitation has improved a lot.
Water is now not only being used for drinking purpose is but commercialization has
also in increased consumption of water. Water is also used in the recreation tourist it
needs. The development of industries such as mineral of marble, cement industries
respectively is putting a great load of pressure on the limited water resources.

7.1.2 Sources of Water Supply

The city of Jodhpur has predominantly two water sources; these are surface water
sources and underground water sources. The water sources accounting for surface
water are chiefly lakes. The city is beautified and guarded by manmade historical
lakes, which are: Udaisagar in the Eastern side, Fateh Sagar, Swaroop Sagar, Rang
SagarandPicholaLake. TheSwaroopSagar and theRamSagarLakewas constructed
in 1845 AD. These are meant to feed water. The Fateh Sagar lake are linked to the
Pichola through Rang Sagar Lake. The depth of Ram Sagar Lake is about seven
metres but its width extends to 245 m [75].

In the west side of the city lies the Pichola which provides the charm to the city
and is a great attraction to the tourist’ soul. The lake acquires a triangular shape and
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Table 1 Position of water in
lakes with respect to annual
rainfall [77]

S. no Lakes and
dams

Net catchment
(km2)

Gross capacity in
lakh

1 Pichhola 131 137

2 Fateh Sagar 41 121

3 Badi 16 105

4 Dewas State 28 36

5 Fateh Sagar
feeder

– –

6 Total 216 399

it was renovated and enlarged in the 1559 AD. The depth of this lake is 9.15 m, with
the catchment area of 131.3 km2 [76].

The Fateh Sagar Lake is a pear shaped Lake situated in the Northern western part
of the city and it covers an area of 4 km2. The catchment area of this lake is 40.6 km2

and its annual yield is lower than the Pichola Lake (Table 1).
The underground water sources are the water sources of groundwater occurs from

beneath the surface of earth, which feeds Wells, baoris and tubewells.

7.1.3 Water Supply Management and Problems

The majority portion of water for the daily supply is extracted from the Pichola
and the Fateh Sagar Lake and some amount is also accepted from the Baoris and
tubewells. The filter needs applied in gulabbagh Fateh Sagar and Doodh Talai. The
rainfall is adequate the lakes again get brim-full and the raw water is sufficient but
the production capacity of filter units is limited. There are many industries located
around the water bodies. Despite their distance, their waste treatment is not proper
hence polluting the surface waters [78].

7.1.4 Variations in the Supply of Water

The variation in the water supply is due to the increasing population densities and
the variations in the number of suppliers in the city areas. Number of people per tap
connection is increasing rapidly and there are lot of factors, which are caused for this
variation some are the timings and suppliers locality boys, economic and cultural
levels of people residing in different localities. These variations give birth to a lot
of problems which include that of clean drinking water supply sanitation problems
and the decreasing quality of drinking water [79]. The city has attained a relatively
Rapid growth in the past three decades. The supply lines are not sufficient to fulfil
the growing needs of the city. The topography of the city is very uneven and the
differences are high. Many colonies face the problem of low pressure which are due
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to the distribution system where pressure is inadequate and due to the underdevel-
oped distribution pipelines. The frequently leaking pipes leads to the contamination
of water and further deteriorate the quality of drinking water. An urgent need of
replacement of the ruptured lines is demanded to overcome the health hazards.

On the other hand the industrial effluents are polluting the groundwater sources
point the pesticides industries a discarding the wastes in the nearby river without
proper pre-treatment of waste water.

The human interference increased in the people and for the Sagar lake, the quality
has been degraded over the centuries due to increased sewage disposal, washing,
bathing, etc.

7.1.5 Proposals for Augmenting the Water

On looking into the monsoon trend and the increasing water pollution it is clear that
the water supply to the city simply cannot rely on chiefly lakes. A few schemes what
implemented for augmenting the supply at the earliest, these are as follows:

• Jaisamand project
• Mansi wakal project.

7.2 Jaipur

The capital city of Rajasthan-Jaipur also known as Pink City [80]. The rate of growth
of population is 4.48% per annum according to the Census of 1991.

One of the ten cities among the ten major Indian cities is Jaipur which has a
population of around 3.1 Million [81]. Jaipur is basically a tourist city which attracts
its tourist through the local handicraft industry [82]. The floating population of Jaipur
is around 3000 tourists per day [83]. Looking back to 1727 AD, only a few wells
comprised of the potable drinking water. As the time moves ahead, the population
increased and so did the demand of water per person-increased. In order to meet the
demands of people it became essential for a well-developed water supply system.
To meet the increasing demand of population it became extremely important to
be aware to take care of the limited resource. Earlier when the technologies were
under-developed the augmentation of water supply faced difficulty, but later after
independence the status of the availability of technology improved and efficient
efforts were made for the availability of water to the city dwellers. Due to absence of
proper pumping devices in the history, some attempts went unsuccessful [84]. After
the independence, the growth of population the subsequent migration added to the
inadequacy of water.

The population of Jaipur is expected to be increased by 10 folds in the last 50 years
[85]. The Ramgarh reservoir came out to be to be inadequate and hence the water
is not drawn from Ramgarh Lake. The underground water exploitation rate is much
more than the recharge rate, because of this the groundwater table sank down to
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excessively low level. The outer colonies of Jaipur are supplied water from the tube
wells. Deterioration the quality of groundwater has been observed, with the increased
presence of chloride fluoride and nitrates. The chemical parameters of water have
been changed at a faster rate. Augmentation is needed to provide portable drinking
water. The government boarings resulting in lowering of water table and drying up of
wells in the nearby area. The Public Health Engineering Department (PHED), states
that the 50% off metered connections are not functional in the city [86]. Around
462 million litres of water is supplied per day to the residents of the city. The exact
estimation could not be made because of a large number of floating populations.

The water ponds, which are still not under the urbanisation impact, should be
kept pristine, as they would act as a good source of the recharge of aquifers with
clean drinking water. The points, which are under the influence of pollution, should
be restored because this water would end up in contamination of the groundwater
through the recharge.

7.3 Jodhpur

Jodhpur also known as Sun City is situated in the West area of Rajasthan. Jodhpur
was founded in the year 1459 AD [87]. The rainfalls are not certain, climatic condi-
tion here is erratic and undependable monsoon, which causes stress on the common
person. Repeatedly, drought situations keep on arising with problem of drinking
water shortage. To meet the increasing demand of the city for better living standards
continuous efforts aremade by the engineers and the state government administrators.
At the beginning of twentieth century the city accounted for 216 water sources which
comprised of tanks step wells, Jhalaras, and some open dugWells [88]. People in this
city also practiced rainwater harvesting at the rooftop. These water-conserving struc-
tures are very economical and successful for proper management and conservation
of water.

The city has both surface and groundwater bodies, such as Nadis, talabs, tanks,
Wells, Baories and around 74 other non-functional water bodies. Venue of the water
bodies around the city are approximately 500 years old. As a demand for water
increase the number of water bodies also increase around the city. The history of
these water bodies existed back to the time of the rulers. When the public water
system came into existence in the development of these water bodies was halted.
The increasing water crisis is demanding to protect the old water bodies which
partially meet the demands of people. The canal system Jodhpur demonstrates High
degree of Engineering. Protection and maintenance is needed to ensure the trapping
of rainwater and further directly towards the other water bodies.
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7.3.1 Surface Water Bodies

Surface water bodies like Nadi, step wells, tanks and lakes serve the human and cattle
population. Development and design of these water bodies increased responding to
the increasing needs of water due to poor rainfall. These water bodies are not only
excellent example of architectural engineering design but they also represent the
harmony among the community for the common desire for water for all in the society.
When the public water system was introduced in the country in the water bodies felt
the ignorance [89].

7.3.2 Ground Water Bodies

The basic ground water bodies of Jodhpur are wells Jhalaras and Baoris [89]. The
Dispersion of water bodies around the city tells a lot about the population dispersion
around. The chief aims of the water bodies are to ensure a regular water supply to
the nearby area. Unlike the surface water sources, ground water bodies do not have
a catchment area of their own nor are they connected to a channel or water course.
Various shape size and structures are observed in case of ground water bodies.

Baoris

Jodhpur is known to be the city of Baoris [90]. These groundwater bodies are the
community step wells. The purpose of providing steps is to reach to the water. These
structures are usually designed in a beautiful way by providing rules and entrance to
the bottom. The steps are usually at an angle of 45 degree from the main entrance.
Since the evaporation of water is almost negligible, therefore the water holding
capacity of these structures is much more. One of the oldest Bawri was created in
78,488 is around 100 years ago at Mandore. Potable water is still available in 20 of
them.

Chand Baori

Chand baori is one of the hidden secrets of India. It was constructed byKing Chanda
in the ninth century. This baori is about 64 ft. deep and has 3400 steps, which further
descends down 20mdeep to the bottom. Before themodern day public water delivery
systems developed, this was the source of fresh drinking water to the surrounding
population for a very long time.
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7.3.3 Present Scenario

Now as urbanisation paced up only a few of these structures are in existence. Most of
the catchment areas of the tanks have been destroyed and are now base of the multi
storey buildings. Even the feeder canal maintenance is not done time to time. This
can also now decide for city garbage disposal, and is now considered a canal for city
sewage disposal. Around 65 surface water sources existed in the past, but presently
hardly 10 could only function properly and that too after proper maintenance. Out
of total 75 dug wells used, only 30 could have portable drinking water [91]. There
were more than 30 step wells, but only 11 were reported to have potable water.

7.3.4 Present Status: Problems

The enormous rise in population the demand for water is also increasing, and migra-
tion of rural population is occurring. The overall progress of society has increased
which results in increasing demands towards qualitative and quantitative supply of
water. The census is evident of the rising population of the Jodhpur town. This as
in turn resulted in reduction in the continuous supply of water, and it is now being
limited to only a few hours per day [92].

The surface and groundwater resources face indiscriminate exploitation.
Huge amount of water is being lost due to leakage point the average leakage range

of water is about 30–40% [93]. This indicates a lack in the maintenance system. The
leakage results in 8 gallons of water loss per week. The service lines accounts for
77% of the loss and rest 16% of the loss occurs near the walls. Sleeping girls and
porous pipelines are the most neglected areas.

Required material is not being made available for maintenance and which could
help avoiding the water loss and that good compensate the water crisis to a large
extent.

8 Precautions

To make water economic it is essential to follow certain steps.

• Development of technology is focusing on research and development
• Make each and every citizen aware of the importance of water and this should be

done by seeking their corporation
• Proper pricing policies, law, and order.
• To strictly follow the concept of recycling of water.
• Effective implementation of the awareness programs, stating how to use water

economically.
• Proper maintenance of all the pipeline, service lines and feeder lines, canal and

the catchment areas should be executed time to time.
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9 Conclusion

The rise in number of population values in Rajasthan is now just a normal
phenomenon with no exception. The population rise in Rajasthan follows a rate of
3.08% per annum compared to the overall population. With the increasing number
of inhabitants, the throat cut demand for the sources also increases which results in
degradation of the surroundings and deterioration of the quality of life. The reason
behind shortage of resources is not only increasing population but one of the major
causes of this is improper and insufficient management and usage of them. It is
extremely essential to study the various aspects of consumption and management of
various natural resources predominantly water.

10 Recommendations

The authors want to highlight to the following recommendations:

• Avoid cistern flushing and adopt valve-flushing systems.
• Improve the sanitation facility, safe drinking water supply are must.
• During the planning period of dams and reservoir, it would be wise to start

reserving drinking water for minimum period of 20–30 years to meet the demands
of their respective town.

• To make water supply more effective, it is essential to privatise the water.
Privatisation helps in maintaining a financial discipline and curbs the waste
consumption.
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Abstract The sustainable construction practices primarily include three aspects
namely; the conservation and optimization of resources, waste management, and
reduction of energy andwater footprint. A large number of studies have been directed
towards the construction practices adopted in different stages of building construc-
tion and its life cycle assessment. The present study is dedicated to the environment-
friendly constructionpractices byoptimizing the use ofwater during several construc-
tion phases of a reinforced cement concrete framed multi-story residential building
constructed on a land of area 199 m2. The building was constructed in seventeen
months in the Moradabad city of western Uttar Pradesh. The direct water footprint
of the residential building has been estimated during different phases of construction.
The methods have been suggested to reorder the construction stages in correlation
with the ambient conditions to reduce water consumption, recycle the water used for
curing and minimize the wastewater in washing and cleaning. The proposed water
resource management strategy is expected to reduce the water footprint of building
construction significantly, hence adding to sustainable construction practices.
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Keywords Residential building ·Water footprint ·Water resource management ·
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1 Introduction

Water is indispensable for the persistence of life on the planet. It is a primary necessity
of mankind, animals, and plants [1]. A classification of different types of water that
exists on the planet earth is given in Fig. 1 [2–5]. The marine water is in the oceans
and it is saline. Although 67% of the earth is marine water. It is unfit for consumption
due to the salt content and other contaminations. The desalination of marine water is
costly and is not economically feasible. For the survival of life on the land, freshwater
is essential. The marine water level is increasing with each passing day due to the
melting of glaciers owing to global warming and the termination of all rivers into
the sea. Therefore, the primary source of fresh water suitable for mankind is Blue
water [2, 6]. The natural resources of Blue water are rivers, streams, water bodies,
snow, glaciers, underground water, and rainfall. The clean water usable for humans,
termed as Potable water, is required to meet certain standards of purity. Green water
refers to the moisture content of the soil, absorbed by precipitation. This water is
used by the plants for survival by transpiration. Green water is a major contributor
to the hydrologic cycle and a constituent of evapotranspiration flux. In the areas
where there is limited or no rainfall, the Blue water is supplied by different means.
During the monsoon season, the rivers are flooded with water, which enriches the
underground water tables.

The rain water also peculates through the soil to make up the water table. The
higher the water table, the more suitable is the land for habitation. Post-monsoon, the
underground water, charged by the rainfall, rivers, ponds, and lakes remains the most

Fig. 1 Classification of water types
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dependable water resource. Once humans, animals, and plants consume Blue water
for drinking, cleaning, and other purposes, the water becomes wastewater, which is
of three types. The Gray water is the wastewater contaminated by dust, dirt, soap and
oily substances but it does not come in contactwith fecalmatter [3]. It is obtained from
bathing, dishwashing, laundry, and agricultural runoff, which may include fertilizers
and pesticides. Such water can be recovered and reused in different means including
for agriculture [7]. It can be absorbed by the soil and is purified during its process of
percolation to the water tables. The Black water is contaminated with fecal matter. It
is thewater obtained by flushing human or animal excreta. It has a high fecal coliform
and numerous pathogens. The Black water should not come in contact with the Gray
water [8]. There are some means to obtain fuel and manure from Black water. The
water obtained from the industrial use and from the machines and equipment such
as boilers, steam turbines, chillers, deep freezers, cooling towers, air conditioning
plants, etc. is called Process water [2, 9]. Due to the exposure to high temperatures,
dirt, chemicals, and hazardous materials, this water is not suitable for reuse unless it
is filtered through a reliable purification process such as reverse osmosis. The toxins
and heavy metals are the primary impurities that contaminate Process water [10, 11].
Hence, all types ofwaters can be recycled by suitable treatment. Recovery ofwastew-
ater is inevitable for the survival of mankind. A recent study [12] in Shenzhen, China
revealed gross imbalance between the demand and supply of water. The shortage
was approximately 81%. The building construction was found to be a primary sector
responsible for wastewater generation in Europe [13]. A recent study focused on the
barriers to sustainable construction [14] in Vietnam reported identified significant
barriers. These are ignorance and incompetence of project managers, the hesitance
to adopt new constructions practices and resistance to change, the unavailability of
sustainable techniques and materials and low initiatives by the policy makers.

2 Review of Literature

Among human activities, building construction is a highwater-intensive activity [15].
A brief review of the literature on water consumption during building construction
is discussed in the following subsections.

2.1 Direct and Indirect Water Footprint in Building
Construction

The different commodities and activities consume plenty of water to accomplish.
The amount of water consumed by any activity, material, product or commodity
to get completed is called its water footprint (WFP) [16]. Building construction
is a human activity that consumes plenty of water. The water consumed during



266 V. Tirth et al.

Fig. 2 Water consumption
during construction activities

Table 1 The direct and
indirect water footprint of
building material [11]

Material Direct water consumption

Bricks 0.71 kl/m3

Cement 1 kl/Ton

Steel 200 kl/Ton

Aluminium 0.088 kl/Ton

building construction may be direct or indirect, as shown in Fig. 2. The direct water
consumption (or WFP) is the amount of water consumed during the construction
process for example, during mixing, binding, curing, hydration, and dilution, etc.
[17, 18]. The indirect water consumption is the WFP during processing, packaging,
and transportation of the building material to the construction site. A sum of direct
and indirect WFP is the total WFP of the material or process [19–21].

Table 1 gives the directWFP of the threemainmaterials used in building construc-
tion. The fabrication of Clay Bricks, Cement, Steel, andAluminium consumes plenty
of water. Most high WFP material is steel, it consumes about 1000 L of water per
Ton of steel produced, followed by Cement and Bricks.

3 Material and Methods

This study includes the assessment of the water footprint of a residential building in
Northern India and pathways to reduce its water footprint by sustainable construction
practices. The googlemapof the residential building understudy is given in Fig. 3. It is
located at coordinates 28.865775, 78.753183 in the residential locality inMoradabad
city in western Uttar Pradesh, India [22]. The Moradabad city is at the periphery of
Western Uttar Pradesh in India. The environmental conditions of the location of the
building are almost a transition between the tropical thorn and tropical dry deciduous.
It can be categorized as humid sub-tropical. The Moradabad city is located at an
altitude of 202 m from the sea level. The total annual rainfall was 976 mm and the
average annual temperature was 24.5 °C in 2019. All four seasons are prominent
in Moradabad. The precipitation is variable but most of the time, it is good. The
summers are hot and humid and winters are quite cold [23, 24].
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Fig. 3 Google map of the residential building under study [22]

The building is made on a piece of land with area 199 m2. There are three floors
in the building with a total covered area of 5018 ft2.

The construction of the building was started in July 2011 and was completed in
November 2012, in 17 months. The building was developed on a combined foun-
dation of the pile and spread footing. All the construction was reinforced cement
concrete framed. The direct water consumption during the construction of the
building was carefully noted from day one until the building was completed. Indirect
water consumption was not considered in the study. During the construction of the
building, water from two sources was used. The water from the municipal supply as
well as the underground water. The location of the building is about 1.2 km from the
banks of Ramganga River, which is a major tributary of River Ganges. Due to the
close vicinity of river banks, the groundwater table in the area is very high. For the
construction purpose, waterwas obtained at a level of 45 feet through a four-inch bore
well. Two water tanks of capacity 1000 and 500 L were installed at the construction
site. The water consumption was measured on the complete filling of the water tanks.
Amakeshift toilet and a septic tankweremade for the labor and caretakerswho stayed
at the site during the building construction. All types of wastewater were collected
in a cement underground tank with an outlet to the municipal drain controlled by a
valve. The wastewater was drained when extremely dirty or contaminated, into the
municipal drain but before and after the drainage, the level of water was measured
by the dipstick. The wastewater storage tank also had markings of water levels. All
the wastewater collected due to the washing and cleaning of tools, equipment, curing
was collected in this tank, including the wastewater generated due to the washing of
hands and feet by the labor. This water was explicitly reused for hydration of Bricks,
mixing with cement and curing.
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The total water consumed, discarded, reused, and drained was monitored during
the construction stages of the building and the results are discussed in the following
section.

4 Results and Discussion

The amount of water consumed, wastewater generated, water recovered and reused,
and water finally drained has been recorded during the construction of a residential
building, which completed over a period of 17 months. The results are discussed in
the following subsections.

4.1 Stages of Building Construction

The building construction practices vary from place to place according to the
permitted norms and standards, the soil, geography, and requirements. The multi-
story residential buildings in Northern India are generally RCC framed and Brick
(clay) walls are for partition purposes. However, in single-story low rise houses, the
Brickwalls are also load-bearing. The present study includesRCC framed three-story
residential building. The construction activities in the building have been divided into
16 stages, shown in Fig. 5. The water consumed during each stage has been shown
by a symbol in Fig. 5. The bigger symbol indicates more water, the small symbol
indicates less water and no symbol indicate no water was consumed during this stage
of construction. The initial stage (1) was testing the soil to determine the strength
and appropriate foundation. Thereafter, stage 2 was need analysis and discussions
with the architect. Based on the requirements, several proposals were made and the
best suitable one was selected by the client. The finalized proposal was submitted to
the authority for approval. At stage 3 (preconstruction), the work time schedule was
done and the contractors for excavation and foundation, RCC and masonry work,
woodwork, flooring, and painting were finalized and contracts were signed. During
this stage, the connectivity and warehousing facilities were developed on the plot.
Moderate water was consumed at this stage. At stage 4, the resource generation was
executed and orders for procurement of construction materials were placed based on
the quality and price. No water was consumed at this stage. The map of the plot was
approved by this stage. At stage 5, the plot was cleaned and dressed with a consump-
tion of less or moderate water. The excavation work started at stage 6 and moderate
water was consumed. The layout, markings were made and trenches for drainage,
sewer and wastewater pipes were dug. Stage 7 included the laying of sewage and
wastewater drainage pipes and the installation of main holes by the plumber. This
stage consumed low to moderate water. At stage 8, a large quantity of water was
consumed during the foundation. Structure up to the plinth level was completed at
this stage. The utilities, temporary living facilities for the labor were constructed at
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stage 9, consuming plenty of water. The landfilling started at stage 10. Plenty of
blue water was consumed at this stage for the settling of the landfill. Precautions
were taken to prevent the evaporation of the water. A significant fraction of water
used for the settling of the sand goes into the ground. The construction of the RCC
framework started for floor level 1, at stage 11. It consumed a lot of water in binding,
cleaning, hydration, etc. At this stage, the labor workforce increased and so the water
consumed by human activities also increased. The RCC framework was followed by
Brickwork andRoof Slab casting (stage 12), which consumedmorewater. After Roof
casting, the concealed electric, plumbing, and sanitary lines were laid at stage 13,
consuming lesswater. The plastering started at ground floor level and simultaneously,
the RCC framework commenced on the first floor. More water was consumed at this
stage. The construction stages repeated from 11 to 14 at each floor level. After the
completion of the civil work (stage 14), the flooring work started (stage 15), which
was water-intensive. Finally, at stage 16, the finishing work was completed, which
included woodwork, bath fittings, electric fittings, painting and polishing. Hence all
the 16 stages of building construction were completed in 17 months.

4.2 Schedule of Construction Stages

The construction stages are shown in Fig. 4 were completed in 17 months. The
work-time schedule of the construction stages is given in Fig. 5. Here, M1, M2, …
M17 represents the number of the month. The construction stage (from Fig. 5) is
represented in digits from 1 to 16. F1 indicates floor 1 and so on. The construction
stage accomplished in the respective month is shown by shading.

4.3 Water Consumption in Different Construction Stages

The amount of water consumed during each stage of construction was indicated as
a symbol (more, less or nil) in Fig. 4. The amount of water consumed in liters, in
different construction stages is given in Table 2. The total water is drawn, water
wasted, water collected in tanks and reused, and finally, the water drained is shown
in respective columns of Table 2. The stages 12, 14, 8, 15, 6 and 10 are the most
water-intensive construction stages. Stages 16, 9, 15, 11, 12 generated maximum
wastewater, which had to be drained.

4.4 Water Resource Management and Optimization

A large quantity of water consumed during the construction may be recovered and
reused if the runoff is prevented. In the building understudy, a separate tank for
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Fig. 4 Phases of construction of a residential building. The water consumed during each stage
(more, less or nil) is shown by a symbol

collecting wastewater was made. Figure 6 shows the total amount of water consumed
during the construction of the building, the wastewater generated, the wastewater
reused, and the water finally discarded in drains. Total water consumed was 190,400
L, the water absorbed by building material was 120,725 L, and the water drained
was 11,790 L.

The fraction of wastewater, wastewater reutilized, and wastewater drained is
plotted in Fig. 7 as a percentage during different construction stages. About 95% of
the wastewater generated in stage 7 (sewage and wastewater drainage) was reused.
About 85% of the wastewater generated at stage 12 (brickwork and roof slab) was
reused, reducing the drained water to a minimum. The utilization of the wastew-
ater in such large fraction not only conserves the water resources, but it reduces the
water footprint of the building and water pollution resulting in the drainage of this
water. The maximum fraction of drained water was in stages 5 (plot dressing), 6
(excavation), and 15 (flooring).
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Fig. 5 Scheduling of construction activities.M represents themonth number, F represents the floor,
and digits from 1 to 16 represent the construction stage

Table 2 Water consumption in different construction stages

Construction stage
(months)

Water consumption at the site (L)

Total water
consumption

Waste water Water recovered
and reused

Runoff/Drained
water

1 0 0 0 0

2 0 0 0 0

3 600 320 200 120

4 150 95 40 15

5 450 190 70 125

6 18,000 900 320 580

7 1000 750 700 50

8 21,000 700 350 350

9 14,000 5000 2700 2300

10 18,000 1000 400 600

11 21,000 4500 3000 1500

12 28,000 8000 7000 1000

13 1200 500 250 250

14 27,000 900 700 200

15 19,000 3000 800 2200

16 21,000 9000 6500 2500

Total 19,040 34,855 23,030 11,790
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Fig. 6 Water consumption during the construction of the residential building

Fig. 7 Percentage of water consumed during different construction phases

4.5 Water Consumption

A large quantity of water consumed during the construction may be recovered and
reused if the runoff is prevented. In the building understudy, a separate tank for
collecting wastewater was made. Figure 6 shows the total amount of water consumed
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Fig. 8 Water consumption, usage, recovery, and drainage per unit covered area (L/ft2)

during the construction of the building, the wastewater generated, the wastewater
reused, and the water finally discarded in drains. Total water consumed was 190,400
L, the water absorbed by building material was 120,725 L, and the water drained
was 11,790 L.

The fraction of wastewater, wastewater reutilized, and wastewater drained is
plotted in Fig. 7 as a percentage during different construction stages. About 95% of
the wastewater generated in stage 7 (sewage and wastewater drainage) was reused.
About 85% of the wastewater generated at stage 12 (brickwork and roof slab) was
reused, reducing the drained water to a minimum. The utilization of the wastew-
ater in such large fraction not only conserves the water resources, but it reduces the
water footprint of the building and water pollution resulting in the drainage of this
water. The maximum fraction of drained water was in stages 5 (plot dressing), 6
(excavation), and 15 (flooring).

The water consumed per unit covered area (L/ft2) is shown in Fig. 8. The water
footprint of the building (without wastewater recovery) is 37.94 L/ft2. The actual
WFP of the building is 24.06 L/ft2 (water consumed minus wastewater).

4.6 Water Wastage and Recycling [25, 26]

By wastewater recovery, the WFP of the building is reduced to 19.46 L/ft2. Hence,
recovery of 4.59 L/ft2 of water has reduced the WFP of the building by 19%. The
drainedwater is only 6.1%of the totalwater consumed. Such sustainable construction
practices do not require any special equipment or investment or any compromise on
the construction quality or strength of the building.

A schematic diagramofwastewater recovery at the construction site is represented
in Fig. 9. The WFP of the RCC framed building may be reduced significantly by
recovering the runoff or spilled water, and partial recovery of wastewater.
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Fig. 9 Wastewater recovery and drainage

A line diagram of the water resource management at the construction site during
different stages of building construction is presented in Fig. 10. Leakage preven-
tion is the most important aspect of water conservation [25]. Spilled water is good
enough to be reused in any construction activity. The wastewater generated shall be
stored and reutilized in curing, Brick soaking, washing tools and equipment, and
land settling [26]. The amount of wastewater may be significantly reduced during
the finishing stage of the building construction. During the painting and polishing
work, a huge amount of water is wasted in cleaning the tools and equipment. Such
water is contaminated with oils, paints, and chemicals and is not fit for reuse, hence
drained. If solvents are used in cleaning the tools and equipment a large amount
of wastewater may be saved. The seasoning of construction activities, for example,
land settlement in monsoon, roof slab casting in monsoon or in winters, plastering
in winters, etc., may reduce the first-hand consumption of water to a great extent.
The curing of roof slabs and wall plaster are water-intensive activities. If sprinklers
are used for curing purposes, a considerable amount of water may be saved. The
wastewater finally drained in the present study was about 2.35 L/ft2. Such water may
be effectively used for land settling.

Fig. 10 Water conservation
and recovery during building
construction
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A few sustainable construction practices have been used to conserve the water
resources in the building under study. Some additional practices (given in Fig. 10),
which could not be used in the present building, may also be used to further reduce
the WFP of the building.

5 Conclusions

The WFP of a three-floor residential building built on a plot of 199 m2, having a
covered area of 5018 ft2, was estimated from the beginning of construction activities.
The construction was divided into 16 stages and WFP of each stage was recorded.
The following major conclusions are derived from the study.

1. Maximumwaterwas consumed inBrickwork, Roof slab, plastering, foundation,
flooring, excavation, and landfilling.

2. The total WFP of the building was 190,300 L, which is 37.94 L/ft2.
3. By simple water conservation, recovery and reuse of wastewater, the WFP may

be reduced by 4.59 L/ft2.
4. A wastewater storage tank and controlled drainage of wastewater were effective

to save 23,030 L of water. No spilled or runoff water was allowed to drain.
5. A few additional sustainable construction practices such as prevention of

leakage, construction seasoning, use of sprinklers, solvent cleaning, etc., may
further reduce the wastewater and hence, the WFP of the building.

Awareness and training of the public are required to a large extent to change
the orthodox construction practices and construct low WFP buildings without any
compromise on strength and quality. Water conservation at a construction site is
possible with a minimum investment if it is considered during the planning and
scheduling of construction stages. Unsustainable construction practices have to be
controlled immediately to conserve the natural resources in the larger interest of the
future generation.

6 Recommendations

The suggestedwater resourcemanagement strategy to reorder the construction stages
in correlation with the ambient conditions to reduce the water consumption, recycle
the water used for curing, and minimize the wastewater in washing and cleaning
is expected to reduce the water footprint of building construction significantly. The
suggestedmethods may be adopted irrespective of the building type or size. The state
agencies and the architects should promote such sustainable construction practices
to reduce the WFP of construction activities.
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Water Resources Availability and Its
Teleconnection with Large Scale Climatic
Oscillations Over Godavari River Basin

Jew Das and N. V. Umamahesh

Abstract The surface water resource, i.e., mostly streamflow/discharge, is the
outcome of the complex hydrological and climatic interactions (directly and/or indi-
rectly) which are modulated by the atmosphere–ocean circulation. In the present
scenario of climate change, it is inevitable to study and analyse the surface water
resources availability and their association with the low-frequency large scale
climatic oscillations for better understanding andmanagement of thewater resources.
In this context, the present chapter comprehensibly analyses the surface water
resources availability over the second-largest basin, i.e., Godavari River basin in
India, considering the 40 streamflow gauging stations. The surface water availability
is assessed through constructing the Flow Duration Curve (FDC) for the monsoon
flows over 40 different gauging stations. The variability and possible teleconnection
of between monthly flow and Sea Surface Temperature (SST), Indian Ocean Dipole
(IOD), and Indian SummerMonsoon Index (ISMI) are detected using wavelet coher-
ence technique at 40 different stations. It is observed from the analysis that the flow
during the monsoon periods varies greatly across the basin (from 0 to 26,700 m3/s).
From the wavelet analysis, it is observed that ISMI has significant association with
the monthly streamflow at intra- and inter-annual scales over all the gauging stations.
However, a uniform phase is not observed between the monthly streamflow and the
three studied climatic oscillations. The present analysis enables hydrologists and
water managers to understand the hydro-climatic process and their association with
climatic oscillations along with the variability in the surface water resources over the
Godavari Basin.

Keywords Flow duration curve · Godavari river basin · Indian summer monsoon
index · Teleconnection · Wavelet analysis · Water availability

Supplementary Information The online version contains supplementary material available at
(https://doi.org/10.1007/978-3-030-95786-5_15).

J. Das · N. V. Umamahesh (B)
Department of Civil Engineering, National Institute of Technology Warangal, Warangal,
Telangana 506004, India
e-mail: mahesh@nitw.ac.in

© Springer Nature Switzerland AG 2022
S. Yadav et al. (eds.), Wastewater Assessment, Treatment, Reuse and Development
in India, Earth and Environmental Sciences Library,
https://doi.org/10.1007/978-3-030-95786-5_15

279

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-95786-5_15&domain=pdf
https://doi.org/10.1007/978-3-030-95786-5_15
mailto:mahesh@nitw.ac.in
https://doi.org/10.1007/978-3-030-95786-5_15


280 J. Das and N. V. Umamahesh

1 Introduction

In India, water has been recognised as one of themost essential natural sources for the
sustainability of the ecosystems, development of economic status, recreational activ-
ities, etc. In particular, as mentioned by Ministry of Water Resources [1], different
priority sectors for water allocations are (i) water for drinking, (ii) for irrigation,
(iii) ecology, (iv) hydropower, (v) agro-industries ad non-agricultural industries, (vi)
navigation. Therefore, integrated water resources management plays a vital role in
managing and developing different natural resources in order to maximise the soci-
etal and economic aspects in an equitable manner. However, with the increasing
pressure of climate change, population growth, industrialisation, and urbanisation,
the demands to mitigate the requirements are increasing profoundly. Moreover,
the uncontrolled exploitation/abstraction of water resources (both above and below
ground) is leading to an imbalance between demand and supply.

Being a second most populated country [2], India accounts 18% of the total
population but has only 4% of available water resources and 2.4% of land area (all
values with respect to the global statistics). In addition, the water resources in India is
intricately intertwinedwith the cultural, social and economic associations [3]. Unfor-
tunately, India is undergoing a critical situation of acute water shortage in its history
and millions of lives and livelihoods are under threat. With the terrifying figure, the
present report by NITI Aayog [4] advocates that about 820 million population [5]
over the twelve river basins have per capita water availability lower than 1000 m3,
nearly 82% of rural households don’t have access to piped water supply, 70% of
the available surface water is contaminated [6]. Hence, to plug the gap between the
supply and demand by 2030, it is suggested an investment worth of $291 billion [7].
In addition, the future forecast of demand and supply of water in India is even more
alarming. For instance, 40% of the total population will be deprived of accessing
drinking water by 2030, the groundwater availability over 21 major cities will run
out affecting 100 million people by 2020, and a loss of 6% of GDP as a result of
water crisis by 2050 [8].

The intensifying pressure on the water sector in India is modulated by several
crucial issues [9], such as (i) the significant variability in the precipitation over
the country causes floods and droughts; (ii) uncontrolled groundwater exploitation;
(iii) degradation of the quality of water as a result of water pollution; (iv) ineffi-
cient management of water resources; (v) poor water management law, the dispute
among the states, growing financial crisis for development of water resources and
safe drinking water; (vi) sea level rise and its intrusion to groundwater and inun-
dation in coastal regions; (vii) implementation of water resources projects without
considering the environmental sustainability, and holistic benefit to the people; (viii)
improper maintenance of existing irrigation structure that decreases the irrigation
efficiency; (ix) lack of awareness regarding the societal and economic value of water
among the users; (x) a holistic and integrated approach to tackle the water related
problems is lacking; (xi) the consequences due to the alteration of land use land cover
modify the characteristics of surface water resources affecting the availability and
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distribution. In addition, inadequate institutional reforms and ineffective execution
of present provisions also impact the efficiency of water service delivery. The present
situation of the water crisis has led to conflicts amongst industrial, agriculture, and
domestic sectors. As discussed earlier, these situations are likely to aggravate in
the coming future and presently has become the most significant environmental and
societal challenges in India.

In this light, much interest has been focused on water resources management and
policy matters in India. In 1987, India adopted the first NationalWater Policy (NWP)
to build and operate the multipurpose storage and diversion infrastructure to tackle
drought and flood [10] and further revisions were adopted in 2002 and 2012 [9, 11].
The major provisions under the NWP are (i) recycling and planning of resources to
ensure maximum availability; (ii) prioritise the project impacts on the environment
and human settlement; (iii) regulation towards the groundwater overexploitation; (iv)
setting up the water allocation priorities as drinking water, irrigation, hydropower,
navigation, industrial and other uses; (v) water pricing keeping the benefits of small
andmarginal farmers inmind.Despite the limited available resources, India has taken
steps to develop its water resources through large-scale investments in supporting
and developing its water infrastructure. According to the World Bank [12] report,
the storage capacity, irrigated area, and installed hydropower capacity in India are
200 BCM, 90 Mha, and 30,000 MW, respectively. Table 1 briefly explains the water
sector in India. It should be noted that the datasets are collected from the Central
Water Commission (CWC) [13].

The surface water resources in the country are classified as rivers, canals, tanks,
ponds, reservoirs, lakes, brackish water, etc. In area-wise, the reservoirs have

Table 1 Water resources in
India

Average annual precipitation (including
snowfall)

4000 BCM

Geographical area 328.7 Million Hectare

Population in 2001 1028.74 Million

Population in 2011 1210.19 Million

Estimated annual precipitation 3669.35 BCM

Average annual water resources
potential

1869 BCM

Per capita availability @ 2001 1816 Cubic meter

Per capita availability @ 2011 1544 Cubic meter

Utilisable surface water 690 BCM

Utilisable groundwater 431 BCM

Total Utilisable water 1121 BCM

Storage capacity (completed projects) 253.388 BCM

Storage capacity (under construction
projects)

50.959 BCM

*BCM = Billion Cubic Meter = 109 m3
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maximum area of 2.9 Mha followed by tanks, lakes and ponds (about 2.4 Mha)
(Source: Department of Animal Husbandry, Dairying and Fisheries; Ministry of
Agriculture). The total length of the rivers flowing across the country is about 2 lakh
km. Table 2 presents the river basin wise water resources availability along with the
catchment area of each basin. It should be noted that the datasets are collected and
reproduced from the Central Water Commission (CWC) [13].

It can be noted from the table that the average water resources potential is 1869
BCMwith utilisable percentage is around 37% (i.e., 690BCM). TheGanga–Brahma-
putra–Meghna river basin is the largest basin based on the catchment area, i.e., about
11 lakh km2. In addition, the catchment area of Godavari, Indus, Mahanadi, Krishna,
and Narmada River basins’ is ~one lakh km2 or more. As far as the utilisable surface
water resources are concerned, the ratio/proportion of the utilisable water to the
average water resources is greater in the case of smaller river basins (catchment area
wise). The minimum proportion is observed in case of Brahmaputra River basin. Out
of 1869 BCM average available water resources, about 60% is available in Ganga–
Brahmaputra–Meghna River basin followed by Godavari (5.9%), Krishna (4.2%),
Indus (3.9%), Mahanadi (3.6%), Narmada (2.4%), and remaining 20.6% includes
remaining river basins. Figures 1 and 2 represent the per capita availability (during
2010) and storage potential in India over different river basins, respectively.

From Fig. 2, it can be noted that Narmada has the highest per capita availability
followed by Brahamani and Baitarani, Ganga, and Mahanadi. In 2010, the average
water availability in the country was 1608 m3 and it is projected that the per capita
availability in the countrywill be 1140m3 in the year 2050,which is close to thewater
scarcity condition (less than 1000 m3) according to the international agencies. The
Cauvery, Pennar, Sabarmati andEast FlowingRivers are havingper capita availability
less than 500 m3. Similarly, from Fig. 3, it is noticed that maximum storage capacity
(including the projects under construction) lies in the Ganga River basin followed by
Krishna, and Godavari. The storage capacity as a percentage of average annual flow
is high for Pennar River basin (not presented in Fig. 3) and the percentage is more
than 50% in case of Narmada, Tapi, and Krishna River basins.

The annual groundwater potential contributed through rainfall is about 342.43
km3 that is 8.56% of the total annual rainfall of the country. In addition, canal
irrigation contributed 89.46 km3 making total replenishable groundwater resource to
about 432 km3. After providing 71 km3 to domestic, industrial, and other uses, 361
km3 is available for the irrigation purpose. The groundwater per capita availability
over different river basins varies from 13,393 m3 (Brahmaputra-Barak basin) to 300
m3 (Sabarmati basin). Figure 3 represents the basin wise replenishable groundwater
including the contribution from the canal irrigation and the datasets are obtained
from Reddy [14]. Moreover, Fig. 4 describes the surface and groundwater resources
availability in different states and the datasets are obtained from TERI [15].

From Fig. 3, it is observed that the Ganga River basin has the highest total replen-
ishable groundwater resources followed by Godavari, Krishna, Brahmaputra and
Indus. It can be noted from Fig. 4 that the percentage of surface water (groundwater)
is highest in Odisha (West Bengal) over East, Maharashtra (Maharashtra) over West,
Andhra Pradesh (Andhra Pradesh) over South, Uttar Pradesh (Uttar Pradesh) over
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Table 2 Water resources potential over different river basins in India

River basin Average water
resources potential
(BCM)

Utilisable surface
water resources
(BCM)

Catchment area (km2)

Area of Inland
drainage in Rajasthan

Negligible – –

Brahamani and
Baitarni

28.48 18.3 51,822

Brahmaputra 537.24 24 194,413

Cauvery 21.36 19 81,155

East flowing rivers
from Mahanadi to
Pennar

22.52 13.1 86,643

East flowing rivers
from Pennar to
Kanyakumari

16.46 16.5 100,139

Ganga 525.02 250 861,452

Godavari 110.54 76.3 312,812

Indus 73.31 46 321,289

Krishna 78.12 58 258,948

Mahanadi 66.88 50 141,589

Mahi 11.02 3.1 34,842

Meghna 48.36 – 41,723

Minor river draining
into Myanmar (Burma)
and Bangladesh

31 – 36,302

Narmada 45.64 34.5 98,796

Pennar 6.32 6.9 55,213

Sabarmati 3.81 1.9 21,674

Subarnarekha 12.37 6.8 29,196

Tapi 14.88 14.5 65,145

West flowing rivers
from Tadri to
Kanyakumari

113.53 24.3 56,177

West flowing rivers
from Tapi to Tadri

87.41 11.9 55,940

West flowing rivers of
Kutch and Saurashtra
including Luni

15.1 15 321,851

Total 1869.37 690.1
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Fig. 1 Per capita water availability according to 2010 database

Fig. 2 Annual flow and storage potential over different river basins in India

North, Madhya Pradesh (Madhya Pradesh) over Central, and Assam (Assam) over
North East region. In this light, it is well understood that the water resources plan-
ning decisions can havewidespread significant impacts on environmental, social, and
economic aspects. Therefore, it is vital to have the most relevant information before
arriving at rational decisions to maximise the benefits. Moreover, in the climate
change scenario, to understand the influence of external climatic factors on the avail-
able water resources enables to provide reliable information and can be a vital aid to
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Fig. 3 Total replenishable groundwater resources over different river basins in India

the strategic management of the resource. The next section provides a brief discus-
sion regarding the various external climatic factors and their association with the
water resources (primarily surface water resources).

2 Streamflow and Large Scale Climatic Oscillation

The available/future availability of water resource (mostly surface water) is the
outcome of the complex hydrological and climatic interactions (directly and/or
indirectly) which are modulated by the atmosphere–ocean circulation. The avail-
ability of water resources is largely altered by the climate conditions at intra-annual,
inter-annual and inter-decadal scale [16]. Therefore, characterising the large scale
climatic oscillations and their possible connection with the hydrological variability
improve forecasting of hydrological variables [17–19]. Moreover, it is evident from
the previous study that the variability in the long record of hydrological series is
associated with the variability in the climatic oscillations [20]. Analysing the asso-
ciation helps in the prediction of streamflow and provides guidelines to control the
flood, management of agricultural activities, reservoir operation, etc.

The association of large-scale climatic oscillations to the streamflow is linked
through the changes in precipitation, temperature, snow cover, and evapotranspira-
tion [21]. With the increase in the population and urbanisation, the water resources
availability and variability are tremendously affected [22, 23].Moreover, the climatic
variability in association with increasing greenhouse emissions results in modulating
the global mean temperature [24]. Subsequently, the change in the evaporation rate
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Fig. 4 Percentage of surface and groundwater resources availability over different provinces in
India

and water vapour transport modify the hydrological cycle [25, 26]. Therefore, under-
standing spatio-temporal variability of streamflow under the influence of change-
ability in the climate is of paramount interest for sustainable management and plan-
ning of water resources [22, 27–29]. The association between the large-scale climatic
variabilities and streamflow is expected to be highly complex and nonlinear in both
space and time. Hydro-climatologists have made attempt to establish the association
through teleconnection technique around the globe [30–33]. For instance, El Niño
Southern Oscillation (ENSO), which is defined by the changes in the temperature of
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waters in the central and eastern tropical Pacific Ocean, was analysed to establish the
relationwith streamflowoverAustralia [34], overUnited States [35], overChina [25],
over Canada [36], over Central Europe [37], among others. Some studies found direct
strong relationship between climate indices and streamflow, whereas, some studies
tried to establish the connection through the association with the precipitation and
temperature.

Similarly, the Indian Ocean Dipole (IOD) also plays a significant role in altering
thewater resources. In general, the IOD is characterised byDipoleMode Index (DMI)
and is derived from the difference in the sea surface temperature anomalies between
western (50° E–70° E, 10° S–10° N) and eastern (90° E–110° E, 10° S–Equator)
tropical Indian Ocean [38]. The positive phase of IOD brings precipitation over east
Africa, India, Vietnam, and Bangladesh and at the same time droughts conditions
are observed over Indonesia and Australia [38]. During the negative phase of IOD
the opposite pattern is observed with increase in precipitation over Australia and
Indonesia whereas droughts over Indian Subcontinent. Therefore, it is reasonable to
expect the relationship between IOD and streamflow (directly and/or indirectly) [39].
The major part of the precipitation over India occurs during the monsoon season (i.e.
from June to September), which is modulated by the Asian summer monsoon and
particularly due to the Indian summer monsoon. Recent studies found significant
teleconnections between the monsoon indices and precipitation over China [40] and
India [41]. In this sense, Indian Summer Monsoon Index (ISMI) is a good indicator
of the monsoon precipitation and can be helpful to analyse the variability in the
streamflow as well. The ISMI is defined as the differences in the zonal winds at
850 hPa over (40° E–80° E, 5° N–15° N) and (70° E–90° E, 20° N–30° N) [42].
In addition, to these indices, studies have been performed to establish relationship
between streamflow and the climate indices like Pacific Decadal Oscillation (PDO),
Atlantic Multi-decadal Oscillation (AMO), Pacific North American Index, North
Atlantic Oscillation (NAO) indices around the globe.

In this light, the present study analyses the streamflow teleconnection with the
large scale climatic oscillations over the Godavari River basin in India. In this regard,
Sea Surface Temperature (SST) as an indicator of ENSO, IOD, and ISMI are consid-
ered as climatic indices. Though the strength of the teleconnection decreases at
smaller spatio-temporal scale, the influence at some particular geographical loca-
tions is still significant [43]. It is worth mentioning that the relation among the
precipitation at upstream and the streamflow is highly non-linear and the effect of
precipitation on streamflow is obvious on a monthly scale [43]. Therefore, the asso-
ciation between the climatic indices and streamflow over the Godavari River basin
is considered at monthly scale. The analysis is carried out at 40 different gauging
stations over the Godavari. Moreover, for the reliability assessment of water avail-
ability, Flow Duration Curve (FDC) at 40 different stations are also analysed. The
next section provides the detailed description about the study area and data used to
perform the analysis.
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3 Study Area and Data Used

In the present analysis, Godavari, the second largest river basin in India is considered
as a study area to perform the teleconnection analysis with the large-scale climatic
oscillations. The extent of the basin varies from 73°24′ E to 83°04′ E and 16°19′
N to 22°34′ N with a geographical area of 312,812 km2. The river basin flows
through 7 different states namely Maharashtra (48.7%), Andhra Pradesh (23.7%),
Madhya Pradesh (7.8%), Odisha (5.7%), Karnataka (1.4%), Chhattisgarh (12.4%),
and Puducherry (0.01%). The major part of the basin is covered with crop land.
The average annual water potential over the basin is 110.54 BCM with utilizable
surface water 76.30 BCM. The average annual runoff is 131 BCM over the basin.
The basin has 8 sub-basins and 466watersheds. Thewater resources projects over the
basin include nearly 286major andmedium irrigation projects, and 15 hydro-electric
projects. There are 1875 observation wells to assess the groundwater potential over
the basin with a maximum number of 346 in the Wardha sub basin. The climate
over the basin is tropical with evaporation losses varies from 1800 to 2400 mm over
different parts of the basin [44]. The westernmost part of the basin is comparatively
warmer than the eastern, central and northern parts. Themost parts of the precipitation
come during the monsoon months (i.e., from June to September). Figure 5 presents
the locationmap of theGodavari River basin and the selected 40 hydrological stations
across the basin. The exact location of the hydrological stations is presented in Table
3.

The streamflow datasets are taken from the Central Water Commission (CWC)
online portal. For the analysis of precipitation variability, the daily precipitation data
at a spatial resolution of 0.25° Latitude × 0.25° Longitude during 1901–2018 are
procured from India Meteorological Department (IMD). Then, the daily precipita-
tion series at each grid point is converted to the monthly series and the total length
is divided into 2 parts, i.e., 1901–1950 and 1951–2018. As most of the precipita-
tion occurs during the monsoon months, therefore, the spatio-temporal variability of
precipitation is presented for the monsoon months only (Fig. 6).

From Fig. 6, it can be noted that the high value of precipitation is observed
eastern part of the basin and the value decreases towards the west except a small
portion over the Western Ghat region. Due to the spatial resolution of the dataset the
Western Ghat region is not visible clearly. During the month of July, the spatial vari-
ability over the basin remains unchanged, whereas the precipitation amount is higher
during 1901–1950 than 1951–2018. In June, there spatial variability of precipitation
is significant over the basin. During 1901–1950, the higher precipitation depth is
concentrated over the east and northeast parts of the basin. However, high precipita-
tion amount is observed over the eastern part of the basin during 1951–2018. In the
month of August, there is no significant spatial variability among the two durations;
however, high precipitation depth is observed during 1951–2018. The precipitation
depth during the month of September is high for the period 1901–1950. Therefore,
the long-term variability in the precipitation during the monsoonmonths are going to
affect the surface water variability and the precipitation variability can be attributed
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Fig. 5 a Location map of Godavari River basin and its sub-basin superimposed over India map;
b Location of chosen 40 different streamflow gauging stations over Godavari River basin; c ID
number of different streamflow gauging stations

due to the climatic and anthropogenic changeability. In the past study, the precipita-
tion variability is analysed with respect to the large-scale climatic oscillations [41];
however, establishment of the direct connection between the streamflow variability
and climatic oscillations is limited. In this sense, the next section discusses regarding
the proposed methodology in the present analysis. The large-scale climatic oscilla-
tion datasets those are used to analyse the association with the streamflow are SST,
IOD, and ISMI. The monthly oscillation datasets are downloaded from [45] for SST,
[46] for IOD, and [47] for ISMI.

4 Methodology

To accomplish the case study, the methodology is presented in the form of a flow
chart (Fig. 7).

The methodology includes the analysis of monsoon flow at 40 different selected
stations to evaluate the water availability at different exceedance probability using
the FDC. The large-scale climatic oscillations and their teleconnections with the
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Table 3 Details of the streamflow gauging stations

ID. No. Station name Latitude Longitude Starting date Ending date

1 Amabal 19.28 81.79 01-06-1993 31-12-2015

2 Asthi 19.69 79.79 01-06-1965 31-12-2015

3 Bamni 19.81 79.38 01-12-1965 31-12-2015

4 Betmogra 18.72 77.53 05-09-1986 31-12-2015

5 Bhatpalli 19.33 79.50 01-10-1986 31-12-2015

6 Cherribeda 19.64 81.49 01-06-1996 31-12-2015

7 Chindnar 19.08 81.30 06-06-1971 31-12-2015

8 Degloor 18.55 77.58 17-06-1987 31-12-2015

9 Dhalegaon 19.20 76.37 01-06-1965 31-12-2015

10 G.R.Bridge 19.02 76.72 17-06-1976 31-12-2015

11 Ghugus 19.93 79.09 01-12-1965 31-12-2015

12 Hivra 20.55 78.33 01-06-1987 31-12-2015

13 Jagdalpur 19.08 82.05 01-06-1965 31-12-2015

14 Kanhargaon 19.96 77.15 01-06-1992 31-12-2015

15 Keolari 22.38 79.90 01-11-1986 31-12-2015

16 Konta 17.80 81.38 01-12-1965 31-12-2015

17 Kumhari 21.88 80.18 01-06-1986 31-12-2015

18 Mancherial 18.85 79.44 01-06-1966 31-12-2015

19 Mangrul 20.19 77.99 01-11-1992 31-12-2015

20 Murthandi 19.06 82.27 01-12-1988 31-12-2015

21 Nandgaon 20.53 78.83 01-06-1986 31-12-2015

22 Nowrangpur 19.23 82.54 01-12-1965 31-12-2015

23 Pathagudem 18.70 80.30 01-06-1965 31-12-2015

24 Pauni 20.80 79.64 21-09-1964 31-12-2015

25 Perur 18.55 80.37 01-12-1965 31-12-2015

26 Polavaram 17.25 81.66 01-12-1965 31-12-2015

27 Potteru 18.19 81.80 01-06-1997 31-12-2015

28 Rajegaon 21.63 80.25 01-06-1986 31-12-2015

29 Rajoli 20.19 79.67 01-06-1986 31-12-2015

30 Ramakona 21.72 78.82 21-11-1986 31-12-2015

31 Sakmur_Sirpur 19.56 79.61 01-02-1968 31-12-2015

32 Salebardi 20.92 79.93 01-06-1986 31-12-2015

33 Saradaput 18.60 82.13 01-06-1970 31-12-2015

34 Satrapur 21.22 79.23 01-05-1986 31-12-2015

35 Somanpally 18.62 79.80 01-12-1966 31-12-2015

36 Sonarpal 19.27 81.88 01-12-1991 31-12-2015

(continued)
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Table 3 (continued)

ID. No. Station name Latitude Longitude Starting date Ending date

37 Tekra 18.98 79.95 01-06-1964 31-12-2015

38 Tumnar 19.01 81.24 01-12-1991 31-12-2015

39 Wairagarh 20.43 80.10 01-08-1992 31-12-2015

40 Yelli 19.04 77.47 01-06-1978 31-12-2015

Fig. 6 Spatio-temporal variability of precipitation during different monsoon months

Fig. 7 Flow chart of the
present study

streamflow at different stations are performed through the wavelet analysis. The
following sections describe the adopted methodology in details.
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4.1 Wavelet Analysis: Background

For time series analysis and signal processing various methods have been adopted.
In the present study, to perform the analysis and establish the relationship among
the streamflow and climatic oscillations, wavelet analysis is used. In addition, FDC
at each streamflow gauging point is plotted to analyse the water availability. The
relationship between streamflow variability and large-scale climatic oscillations is
more complex than a simple linear regression. The inter- and intra-annual variability
of streamflow may be the possible reason for the complex association. Hence, the
methodology that incorporates periodic attributes of streamflow variability can be
used to establish the relationship. In this regard, wavelet transformation (WT) has
been considered as one of the credible tools to analyse the signals/time series and is
widely used in analysing the hydro-meteorological variables [41, 48–51]. Broadly,
the WT is divided into two types, such as discrete WT and continuous WT. The
scale factor in continuous WT has no limitation as it generates longer time series of
W (s, τ ) with τ and s define time shift and scale. Nevertheless, the scale factor in
the discrete WT is dyadic [51]. More specifically, the scale factor in continuous WT
follows arithmetic progression, whereas in case of discrete WT, it follows geometric
progression. The transformation of the time series enables to detect signals and
feature extraction [52]. Previous studies have revealed that the discrete WT has the
capability to model the stationary time series over time than the non-stationary series
with seasonality components [51]. The WT is a very powerful technique to model
the time series and being widely used in time series analysis. The concept behind
the WT is quite similar to the Fourier transforms (FT); however, WT provides much
flexibility in capturing the all frequencies present in a time series [53].

The primary goal of the transformation is to decompose the original series into
different time scales and the wavelet transformation can be defined as follow [54]

W (s, τ ) = 1√
s

∫ +∞

−∞
x(t)ψ∗

(
t − τ

s

)
dt (1)

ψ(s·τ)(t) = 1√
s
ψ

(
t − τ

s

)
(2)

where, W (s, τ ) represents the wavelet transform with τ and s define time shift and
scale, respectively. The wavelet function is presented by ψ and complex conjugate
is denoted by ψ∗. With time shift 0 and scale 1, ψ(t) denotes the basin or mother
wavelet [55]. In the WT, the variability in scale enables to capture the long or short
frequency events in a series and for scale more than 1, wavelet function corresponds
to high frequency [55]. The larger value of W (s, τ ) represents strong correlation
between the time series and ψ [49]. In WT method, the phase describes the relative
displacement among two signals (for e.g., in the present study streamflowandclimatic
oscillations) and often called as phase difference. Usually the phase difference is
denoted by degree. The in-phase signals will have no phase difference among them;
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whereas the phase difference of 180° suggests anti-phase among the time series. In
hydrological studies, the use of Morlet wavelet (ϕ0) is extensive and can be defined
as [56]

ϕ0(θ) = π−1/4eiω0θe−θ2
/
2 (3)

where, ω0 and θ represent dimensionless frequency and time, respectively. The
frequency controls the resolution of scale and time, i.e. with high frequency, resolu-
tion of time decreases and at the same time scale increases. To identify the long term
fluctuation in the time series, it is recommended to use lower resolution and vice
versa [50]. As Morlet wavelet is localised in scale, high resolution in the frequency
can be obtained [55]. In addition, application of Morlet wavelet enables to segregate
the phase and amplitude in any time series [50, 57].

4.2 Wavelet Coherence Analysis

To evaluate the linkage between the two time series within the time–frequency space,
wavelet coherence is used and evaluated through the correlation coefficient that varies
between 0 and 1. The wavelet coherence evaluates the degree of coherence of cross
wavelet transform over time frequency space [40]. The wavelet coherence coefficient
(R2(s, τ )) can be computed using the Eq. 4.

R2(s, τ ) =
∣∣S(

s−1Wxy(s, τ )
)∣∣2

S
(
s−1|Wx (s, τ )|2) · S

(
s−1

∣∣Wy(s, τ )
∣∣2) (4)

Wxy(s, τ ) defines the cross wavelet transform among the two series, S presents the
smoothing operator (Eq. 5) [40]. The footprint of smoothing operator is similar as the
wavelet used and in the present study, for the Morlet wavelet the smoothing operator
is defined in Eq. 6 [58].

S(W ) = Sscale(Stime(W (s, τ ))) (5)

Stime(W )|s =
(
W (s, τ ) · c

−t2

2s2

1

)
|s

Sscale(W )|τ =
(
W (s, τ ) · c2

∏
(0.6s)

)
|τ

(6)

The smoothing along scale axis is represented by Sscale and time is denoted by
Stime. The rectangular function is defined by

∏
and c1, c2 are normalisation constants.

The value 0.6 is the scale decorrelation length determined empirically [58].
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In the present study, the wavelet coherence is accomplished using the Monte
Carlo simulations using 1000 ensemble surrogate pairs with the lag-1 autoregressive
coefficients as the input datasets. It is established that the resolution has the substantial
impact on computing the scale smoothing and significance level. Therefore, the
number of scale per octave should be carefully chosen to capture the rectangular
shape of the scale smoothing operator with minimum computation time [41]. With
reference to the past studies [40, 58], 12 scales per octave are chosen and the analysis
is carried out at a significance level of 5%. The matlab source code to perform the
analysis can be obtained from http://noc.ac.uk/using-science/crosswavelet-wavelet-
coherence. It is worth mentioning that the analysis is performed over all the 40
gauging stations across Godavari River basin.

4.3 Flow Duration Curve

In addition to the wavelet analysis, flow duration curves (FDC) for all the gauging
stations are plotted to understand the water availability during the observed period
as mentioned in Table 3. The FDC is a cumulative frequency curve that presents
the percent of time a given discharge is equalled or exceeded during a given period
[59]. Precisely, FDC illustrates the relationship between frequency and streamflow
magnitude [60]. In the present study, monsoon flow is considered at each gauging
point to develop FDC. Initially, the monsoon streamflow values are arranged in
descending order and each value is given rank (M), i.e. starting 1 for the highest and
n to the lowest value for a data series of length n. Then, the probability of exceedance
(P) at each streamflow value is computed as P = [

M
/
n + 1

] ∗ 100. The shape of
the FDC is significant in characterising the basin and stream characteristics. In high
flow region, the shape of FDC specifies the type of flood flow regime over the basin.
However, over low flow region, the shape of the FDC indicate the ability of the basin
to sustain during the dry seasons.

5 Results and Discussion

The precipitation anomalies associated with the climatic oscillations could influence
the hydrology of river basin [39]. The climatic oscillations and its non-linear large-
scale climate forcing at large spatial extent directly effects the streamflow over river
basin. Therefore, teleconnections between the monthly precipitation variability and
the selected three large-scale climatic oscillations are performed. For brevity, 8 out
of 40 gauging stations and their association with the selected oscillations is presented
in Fig. 8. However, the teleconnection of remaining 32 stations are present in the
supplementary file.

http://noc.ac.uk/using-science/crosswavelet-wavelet-coherence
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Fig. 8 Wavelet coherence between monthly streamflow and selected large-scale climatic oscilla-
tions at 8 different streamflow gauging stations. The order from left towards right specifies SST,
IOD, and ISMI. The significant level is presented as thick contour

5.1 Association Between Monthly Streamflow and SST

In Fig. 8, the wavelet coherence plot of SST with the streamflow of a particular
station is presented towards left. Similarly, the centre and the right plots belong to
the IOD and ISMI, respectively. The abscissa of the plot represents the monthly
time scale and the ordinate presents the different period (temporal scale) at which
the correlation between the climatic oscillations and streamflow is evaluated. The
abscissa range at different stations vary because the length of the dataset of stream-
flow at each station is not same. It should be noted that the above-said pattern is
also followed in all the figures presented in the supplementary material. From Fig. 8,
it can be noted that for the stations Asthi, and Mancherial the association between
SST and streamflow is significant at inter-annual scale (16–32 months). However,
at other stations (in Fig. 8), the teleconnection is scattered over the time scale. Over
Bamni, and Asthi, intermittency of other scales is also noticed during different years,
while high coherence is noticed at different time scales in different years. However,
stations like Jagdalpur, Konta, and Ghugus, the coherence is not that much signif-
icant at any time scale for the total length of datasets. From Fig. S1 (refer to the
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Supplementary Material), Pauni, Polavaram, Somanpally, and Perur stations have
significant correlation with SST at a time scale of 16–32 months. In addition, the
coherence structure at Peruru, Tekra, and Polavaram follows the same pattern over
the entire length of dataset. Pathagudem and Chindnar show no significant associa-
tion with SST. Similarly, from Fig. S2, except Yelli station, the monthly streamflow
at rest of the stations show in significant teleconnection with SST. In Fig. S3, signif-
icant correlation at 64 months is observed over Wairagarh, Bhatpalli, and Hivra over
the complete length of the dataset. However, at Degloor station, the teleconnection
is noticed during 16–64 months. It can be observed form Fig. S4 that the gauging
stations namely Kumhari, Salebardi, and Ramakona don’t have significant correla-
tion with SST at any time period. However, Nandagaon and Rajoli stations show
significant association with SST during 32–64 months. In a recent study by Das
et al. [41], it is observed that the association between SST and monthly precipitation
over West Central India (WCI) is significant at 20–54 months during 1951–2015.
In the present analysis, it is observed that the association of SST with streamflow
at most of the stations come within the range of teleconnection in case of precipita-
tion. This suggests that, though not completely (as streamflow is also modulated by
catchment characteristics, manmade structures, potential evapotranspiration, etc.),
the SST teleconnection with the streamflow can be attributed through the connection
with precipitation.

5.2 Association Between Monthly Streamflow and IOD

Like SST, association between IODand streamflow is also examined over 40 different
stations over Godavari River basin. For instance, IOD over 8 different hydrological
stations are presented in Fig. 8 (i.e. the middle one for each station). It can be
noticed from thefig. that except Jagdalpur,Nowrangpur stations there is no significant
association between IOD and streamflow is observed. For the two stations, high
significant coherence is observed at inter-decadal scale (128 months). Similarly,
in Fig. S1, the stations such as Perur, Tekra, Pauni show insignificant association
with IOD. However, for Pathagudem (128 months), Sakmur-Sirpur (64 months),
and Chindnar (128 months) linkage with IOD is significant. In case of Somanpally,
the significant association with IOD is highly scattered in nature. In Fig. S2, the
significant association is scattered in nature at different time periods is observed over
Yelli, Cherribeda, and Amabal stations. However, over Saradaput, and Kanhargaon
stations, the link between IOD and streamflow is significant at 128 and 64 months,
respectively. In Fig. S3, over all the 8 gauging stations, intermittency of other scales
is noticed over during different years, while high coherence is noticed at different
time scales in different years and over different stations (however, over all association
with IOD seems to be insignificant). In Fig. S4,Murthandi, Rajegaon, and Ramakona
have significant association at 32month scale during the initial years. However, other
5 gauging points have no significant linkage with the monthly streamflow.
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5.3 Association Between Monthly Streamflow and ISMI

As discussed, the availability of water resources is highly depending on the precipi-
tation during the monsoon seasons. Moreover, the monsoon rainfall is modulated by
the ISMI. Therefore, ISMI will also have the influence on the streamflow availability.
In this light, the teleconnection between the streamflow and ISMI is carried out at
40 different gauging stations over Godavari River basin. From Fig. 8, it can be noted
that Asthi, Bamni, Mancherial, Ghugus, and Konta stations have intra as well as
inter-annual linkage with ISMI. As monsoon precipitation has seasonal behaviour
and hence it is presumed that ISMI will have significant association with stream-
flow at intra-annual scale. The recent study by Das et al. [41] showed the significant
coherence of ISMI with monthly precipitation over different homogeneous meteo-
rological regions in India. In the present analysis, it is also found that (including all
the supplementary figures) all the gauging stations have significant teleconnection at
intra-annual scale. However, some of the station exhibits association at inter-annual
scale also. It is also noticed that the pattern of the association is not scattered over
the total time length; however, in most of the cases the coherence is continuous over
the entire time scale.

5.4 Water Availability Over Godavari River

The water availability is at each station is computed using the FDC and is presented
in Fig. 9. The FDC is plotted for the monsoon season as most of the precipitation
occurs during that period.

It is noted from the figure that the flow during the monsoon periods varies greatly
across the basin (from 0 to 26,700 m3/s). FDC is an important technique to analyse
the water availability for different purposes like irrigation, hydropower generation,
etc. In general, Q75 (i.e., flow that is equalled or exceeded for 75% of the flow record)
is used to analyse the irrigation potential based on the water availability. Similarly,
Q90 and Q95 are significant to represent the low flow parameter to assess the river
water quality and hydropower generation. However, the very low discharge is highly
sensitive to the proportional variability between the natural flow and the alteration
due to man-made water infrastructures. Therefore, Q75, Q90, and Q95 are extracted
from the FDC for each gauging station. According to the water availability at Q75,
the top four stations with maximum Q75 among 40 stations are Polavaram, Perur,
Tekra, and Pathagudem (presented in descending order). Moreover, the same order is
also observed in case of Q90 and Q95 during the monsoon season. The percentage of
station for different ranges of streamflow during the monsoon season is also plotted
and presented in Fig. 10.

It is noticed from the figure that the percentage of station below 50 m3/s is high
for Q75, Q90, and Q95 flows. In particular, more than equal to 50% of the total
stations have streamflow 50 m3/s. However, only 10% (for Q75), 5% (for Q90), and
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Fig. 9 Flow duration curve for the 40 selected stations over Godavari River basin

Fig. 10 Percentage of stations for different ranges of streamflow during the monsoon season for
Q75, Q90, and Q95 flows

5% (for Q95) stations have flow more than 1000 m3/s. Therefore, it is a matter of
great concern for the river basin management point of view to build a sustainable
and resilience water infrastructure to assure the water availability in the changing
scenario of climate change and fulfil the demand of growing population.



Water Resources Availability and Its Teleconnection … 299

6 Concluding Remarks

The present chapter, discusses various aspects of large-scale climatic variability on
streamflow. Moreover, the water availability over second largest river basin in India
is analysed using the FDC. It is observed from the analysis that the flow during
the monsoon periods varies greatly across the basin (from 0 to 26,700 m3/s). From
the analysis, it is found that mostly the ISMI has significant teleconnection with
the streamflow over all the stations in the basin. However, a uniform phase is not
observed between themonthly streamflow and the three studied climatic oscillations.
The present analysis enables hydrologists and water managers to understand the
hydro-climatic process and their association with climatic oscillations along with
the variability in the surface water resources over the Godavari Basin.

Water availability and its sustainablemanagement in the climate change and popu-
lation growth scenarios require proper adaptation. Here, the adaptation refers to the
adjustment in socio-economic and ecological system in response to the present and
projected climate change effects in order to alleviate the adverse impact and take
advantages of new opportunities [61]. The adjustment towards the adaptation can be
protective or opportunistic. Therefore, adaptation can include actions by individuals
and communities, from a simple water harvesting structure in a community to new
coastal infrastructure that can accommodate future sea level rise. Neil Adger et al.
[62] advocated that successful implementation of adaptation strategy incorporates
certain criteria like effectiveness in adaptation, efficiency of adaptation, equity and
legitimacy in adaptation. India with an agrarian economy has severe threat on the
water resources in terms of drought, flood, water quality, groundwater recharge etc.
Despite of implementation of different policies by the government at various scales,
water laws continues to remain inadequate and inconsistent in twenty-first century
[63]. The reason is attributed to the various elements at local, regional, national, and
international levels and their implementation issues.

7 Recommendations

As a paramount interest, the water resources and its variability in the context of large-
scale climatic variabilities should be assessed over different river basins to devise
sustainable water resources management plans. In addition to the present study, a
greater number of large-scale climatic variabilities can be selected to assess the
variabilities of not only streamflow but also other hydro-climatic variables around
the globe.

In order to combat the climate change impact on water resources, development in
the technical aspects, improvement in the understanding and computational facilities,
the estimation in the probable variability in the foreseeable future need considerable
research activities for robust adaptation strategies and policies. Themultidisciplinary
integrated approach will enable to make scientific decisions on water and clime
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change policy [64]. In addition, to improve the adaptation strategy and policy, the
researchers should make significant improvement in climate change assessment and
identify the suitable and robust approaches by involving key stakeholder organisa-
tions and local communities. In this light, significant steps should be taken to avail
the quality datasets, analysis of uncertainty, multi criteria based management prac-
tices and strategy, assessment of vulnerability and most essentially, establishing the
linkage between the academician and policy makers will enable to develop a climate
resilient nation as climate change impacts are highly underutilized in decision and
policy making.
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1 Background

Pollution of water is an important environmental issue in India. Untreated waste
is India’s largest source of water pollution. Many emissions sources include farm
runoff and unregulated small-scale industry. Many of India’s rivers, reservoirs, and
surface water are contaminated by agriculture, untreated wastewater, and industrial
waste. Untreated sewage discharge is the single most significant source of surface
and groundwater pollution in India. There is a major difference between domestic
wastewater generation and treatment in India. The problem is not only that India lacks
adequate capacity for treatment but also that the current sewage treatment plants do
not work and be not maintained.

Throughout India, the surface water quality is higher than the groundwater.
Contamination of water not only impacts water quality but also endangers human
health, economic development and social stability. It is vital that it is monitored on a
regular basis to maintain that the water quality is being preserved or restored at the
level desired.

Therefore, this chapter provides general findings of the assessment, treatment
and reuse of water in India. In planning sustainable water supply management, it is
necessary to give due consideration to the various resources used which make the
resulting production system unsustainable. The major issue of this book is that it
sheds light on water pollution management in India. So, the purpose of the book is
to strengthen and discuss the following key theme:

– Monitoring and assessment of polluted water
– Wastewater treatment and reuse
– Wastewater remediation
– Waste and sustainability

The next section presents a brief of the important findings of some of the
recent(updated) published studies on water pollution management in India, then
the main conclusions of the book chapters in addition to the main recommendations
for researchers and decision-makers. The update, conclusions, and recommendations
presented in this chapter come from the data presented in this book.

2 Update

The following are the major update for the book project based on the main book
theme.
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2.1 Monitoring and Assessment of Polluted Water

Three monitoring and assessment tools for polluted water in India were identified.
The first tool is “Coastal Reservoirs-a technology that can quench Indian thirst”. In
termsof natural resources such as freshwater, theworld is facing the crucial problems.
According to the World Health Organization, at home today 2.1 billion people lack
safe drinking water [1]. Despite India becoming the world’s second-most populous
country, water demand is projected to surpass all existing supply capability and the
country is predicted to become water-scarce by 2025 [2]. Roughly 70% of irrigation
and 80% of domestic water currently come from the rapidly depleting groundwater
[3]. To maintain towards this scarcity India needs stepping further on introducing
new strategies with alternative resources and water management systems. As India
is the 9th country by total renewable water resources [4] developing such strategies
at earliest can minimize water scarcity in future.

The second tool is “Heavy metal accumulation in dominant edible fish species of
River Kolab in Koraput District of Odisha.” Rivers play a vital role in connecting
habitats and their values to plants and animals that extends far beyond the surface
area they cover [5]. India is one of the world’s mega biodiversity countries and in
terms of freshwatermega biodiversity it occupies the ninth position. Due to their non-
biodegradable nature, accumulating properties and their long biological half-lives,
the study of toxic and trace metals in the environment is more important compared
to the other pollutants. Metal accumulation in fish is a part of the absorption and
excretion. Uptake is assumed passive, involving gradients of diffusion generated by
adsorption or binding of the metal to the tissue and cell surfaces. There are three
possible ways by which metals may enter the body: (i) the body surface, (ii) the gills,
and (iii) the alimentary tract. Yet little is known about heavy metals being taken up
by the skin. No extensive research has been done on the fish found at Kolab River in
Koraput Odisha district.

The third tool is “Essentials of water purification in mitigating water demand in
explosive global population: The changing patterns of cake and membrane filtra-
tion.” As the fundamental demand of the life processes, its purification, recycling
and reuse are essential for sustainable water management. One sustainable resource
management will be Zero Discharge, where 80% of the water used would be recycled
and used primarily for various industrial purposes. In this case origin and used water
nature is essential. MBST (Membrane Based Separation Technology) is applied to
purify the said used water for drinking purpose as amajor breakthrough in the history
of civilization. In addition to increasing water demands, the degree of contamination
may also increase (i.e. people usually use water from different areas where popu-
lation and waste are dense, which may also help group activities to create water
born diseases).It is possible to present the problem through technological innova-
tion specifically through MBST (Membrane Based Separation Technology) and jute
pulp cake filtration [6]. Cake filtration and MBST as integrated phenomena will be
cost-effective, environmentally friendly and suitable technologies to use for human
survivals.
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2.2 Wastewater Treatment and Reuse

Five potential approaches were identified for Wastewater Treatment and Reuse in
India: First possible approach is “Potential for Use of Treated Wastewater for Indus-
trial Reuse in India.” There is plenty of water on earth to sustain life, but keeping in
mind overuse and increased rates of pollution, we must do what we can to conserve
and protect water resources [7]. The water we actually waste (i.e. wastewater) must
also be treated and reused. It has been recorded that the largest population still has no
access to improved water supplies and adequate sanitation [8]. The diseases caused
due to contaminated water are the major cause of mortality and morbidity worldwide
[8]. The countries that are still making much of the investments in water and sanita-
tion have emphasized out-of-household water supply systems, wastewater treatment,
and main building facilities. As such, these services have no positive impact on the
lives of disadvantaged urban residents [9]. The key factors that affect the distribution
process and the continuous supply of water systems are the quality of the water and
the scheme is the quality of the water and the schemes given to the citizens [10, 11].
On the list of priorities, wastewater drainage, sanitation and treatment tend to rank
higher [12].

Second possible approach is “Understanding sustainable arsenic mitigation tech-
nology application in the Indian Subcontinent.” Often road to hell is paved with good
intentions and this is the case in groundwater problem with the origin of arsenic.
Trying to save the world from waterborne diseases and encouraging groundwater as
a protected supply without checking for the presence of arsenic is this century’s
grave unparalleled tragedy. Because of its widespread occurrence, high ground-
water arsenic combined with aquifers with strongly reducing conditions presents
the most serious threat from a public health perspective. In Bangladesh, India,
Vietnam, Cambodia, and Pakistan, for example, aquifers with strongly reducing
conditions exist. The most commonly known mechanism for releasing arsenic into
anoxic groundwater is reductive oxidation of iron oxides in the aquifer mediated by
microbes. The iron oxides in the aquifers allow for arsenic binding sites to remain in
the solid phase. The reductive dissolution of iron oxides decreases the binding sites
for arsenic which causes the mobilization of arsenic into groundwater [13]. MOSPI,
GoI. Subsurface arsenic removal (SAR) is a relatively new treatment method that has
been tested in Bangladesh and West Bengal [14–16]. SAR has the potential to be a
cost-effective option to provide safe drinking water in rural areas of Bangladesh and
West Bengal as existing shallow tube wells can be modified to perform SAR [15].

Third possible approach is “Sequential anaerobic-aerobic co-treatment of three
herbicides mixture in water: A comprehensive study on bio-transformation”. The
used herbicides and their derivatives have become a major concern in the field of
environmental engineering as they join freshwater sources by agricultural runoff
and then enter the downstream water bodies and increase its toxicity. The use of
herbicides before runoff has contributed to a rise in herbicide load on the downstream
bodies of water [17]. The origins of herbicides include pesticide processing plants,
soil leaching, surface runoffs, accidental spills, improper disposal, etc. Herbicide
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removal using pure cultures isolated from algae, fungi, and bacteria have also been
used to remove herbicides efficiently [18, 19]. But their adequacy is restricted to a
specific type of herbicides, and basically it is difficult to keep in pure form on a large
scale at field conditions. The bio-degradation of herbicides mainly due to breaking
up of the bond between the benzene ring and the substituent group by methanogens
in the existence of electron donor microbes [20]. They increase the rate of reaction
by shuttling electrons from primary electron donors or from bulk electron donors to
the electron-accepting organic compounds.

Fourth possible approach is “Wastewater management and treatment technologies
with recycling and reuse issues in India leading to Zero Liquid Discharge (ZLD).” A
very low amount of household and industrial wastewater is currently treated in India.
The wastewater created by the industrial and municipal sectors must be properly
handled before it is discharged. The need for fresh water in India has increased
steadily at a rapid rate. The reducing per capita supply of water and declining water
quality has forced the country to search for safe and efficient water technologies to
provide clean and reliable water. Wastewater treatment and its disposal problems
are seen as one of the biggest obstacles in today’s perspective leading to sustainable
practices inwatermanagement. Tomeet the regulatory discharge limits set byCentral
Pollution Control Boards (CPCB) in recent month, State and Local governments and
to protect the quality ofNation’swater, proper technology solutionsmust be provided
not only to treat these polluted and sometimes toxic wastewaters to meet the recent
stringent norms, the wastewater recycling and reuse issues at the same time need to
be think of for protection of our fresh water resources on long term basis. In addition,
Central Board has also introduced electronic monitoring of effluent quality levels for
close monitoring of wastewater related issues, and at the same time helps to protect
our fresh water supplies nationwide.

Further possible approach is “Wastewater and its impacts in India”. The primary
sources of wastewater production can be considered loosely divided into both
domestic and industrial sources. More than 50% of the sewage in India are generated
from the states ofMaharashtra, TamilNadu,Uttar Pradesh,Delhi andGujarat Besides
the domestic sources. A further source of wastewater is from the large number of
small-scale factories that are haphazardly situated in crowded places like residential
areas. In the context of industrial wastewater treatment, around 5,500MLDgenerated
by small-scale industries are left untreated [21]. This industry is unable to develop
its own treatment facilities because of a lack of sufficient financial capital. There-
fore, in order to reduce the polluting load of the receiving water bodies, there is
a need for specific effluent treatment plants (CETPs) built across the country for
these industries. Conventional centralized sewage treatment technologies, currently
widely used in India, are costly, require complex technology and, most importantly,
are incapable of meeting the demand for treatment of all the wastewater produced.
Now the emphasis will turn to the implementation of advanced treatment systems to
treat and reuse wastewater locally. Decentralized wastewater treatment network is
one of the possible approaches for sustainable treatment technologies. In a decentral-
ized wastewater system; besides lower operation and maintenance cost the capital



310 A. M. Negm et al.

investment requirement is also lower in comparison with conventional centralized
wastewater system.

2.3 Wastewater Remediation

Five methods were identified for Wastewater remediation as a potential way for
sustainability. First is “Nutrient loading impact on remediation of hydrocarbon
polluted groundwater using constructed wetland”. Rapid urbanization and popu-
lation growth have created an unparalleled global burden on the surface and sub-
surface water supplies. Shallow regions of Indian aquifer, particularly petrochemical
refineries, have been identified to be the most vulnerable to hydrocarbon pollutants
in the severe industrial growth. The water soluble compound like toluene, starts
dissolving to underlying groundwater resources and finally form a dissolved plume
[22]. As toluene is carcinogenic, the use of this polluted groundwater for drinking
beveragewill causemajor negative impacts onmicro biota and human health. For this
purpose, more attention is required from environmental scientists and geochemists to
remediate these contaminants from groundwater systems to meet the drinking water
(demand of that population and to reduce the effect of emissions from hydrocar-
bons. Several researchers have developed numerous approaches to bioremediation
in recent decades, with plant-assisted bioremediation/constructed wetlands among
the most cost-effective techniques documented [23]. Nevertheless, very little atten-
tion has been given to the performance evaluation of plant supported bioremediation
and developed wetland for the management of groundwater supplies polluted with
hydrocarbons. Some of these studies concentrate on storm water management and
wastewater management that include many contaminants including hydrocarbons
[24]. The results/results of these studies have limitations to be used specifically to
develop a bioremediation program for groundwater contaminatedwith hydrocarbons.

Second is “Municipal Wastewater: A remedy for water stress in India”. Total
sewage generation in India is 61754 MLD, out of which installed sewage treatment
capacity is only 22963 MLD. However, with respect to installed sewage treatment
capacity, India has only 12,000MLD. The difference between sewage generation and
installed sewage treatment capacity remains around 26000 MLD. This difference is
around 68.4% by percentage and even in some of the cities the current treatment
capacity remains underused [25]. While the population continues to grow, competi-
tion and water shortages become unmanageable. If India is estimated to rise to 1.6
billion by 2051, the water supply per capita is projected to decline to 1174 m3 per
year [13]. Therefore, ensuring 100% municipal wastewater treatments and enabling
the reuse of water, which can be one of India’s remedies for water stress, becomes
important for the country. Through reusing water, the country will benefit greatly
through making use of all available water sources to increase its effectiveness.

Third is “Biosorptive removal of a Herbicide, Glyphosate using waste activated
sludge of tannery industry”. Biosorption process is an efficient, eco-friendly, cost
effective and attractive option for removal of synthetic organic matter, as well as,
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toxic metals from aqueous solution. The mechanism also occurs through physico-
chemical interactions such as adsorption, exchange of ions, electrostatic attraction,
binding or complex formation between ions and functional groups present on the
surface of the biosorbents. Adsorptive glyphosate reduction has focused on the use
of different materials, such as waste industrial residues such as alum sludge [26],
clay based substances, and activated carbon [27]. The waste activated tannery sludge
was effectively applied for elimination of Ni(II), Co(II), Zn(II) and Cd(II) ions from
aqueous environment both as single and multi-metal removal system [28, 29]. The
potential of multi-metal laden spent biosorbent on removing glyphosate has inspired
us to exploit this kind of toxic sludge as adsorbents in wastewater for herbicide
remediation.

Fourth is “Wastewater treatment processes with special reference to activated
sludge process in Indian conditions”. Wastewater treatment is a procedure that
requires wastewater treatment before being released into the natural world, so that it
does not pose a hazard to human or animal health after disposal. Preliminary treat-
ment is the first step in treating wastewater. The primary aim is to eliminate coarse
solids and other large materials that are often present in raw wastes. The aim of
primary treatment is to eliminate larger floating particles and suspended solids. The
primary treatment’s main aim is to create a typically homogeneous liquid that can
be biologically treated, and a sludge that can be handled separately. Secondary treat-
ment is the additional application of the main application effluent to remove organic
residuals and suspended solids. In urban wastewater treatment plants, the advanced
wastewater treatmentmethod also known as tertiary treatment is usedwhen the higher
quality efficiency is needed.

Fifth is “Assessment of water resources in development of Rajasthan.” In context
of India, over the ages a relative share of water consumption is observed changing
as people are moving forward urbanization. Water consumption may increase more
rapidly in industrial and residential areas. A preference for water usage should be
determined on the basis of available water supplies. This is carried out at district level
with the help of data accessible to thewatermarket.Residential-industrial agricultural
demand data is obtained from the respective sources along with population data.
Business forecasts should bemadewise. There has to be a detailed calculationmethod
involved. Policy makers give significant attention to the question of urban residential
water scarcity.

2.4 Waste and Sustainability

Three potential methodologies were identified for waste and sustainability issue. The
first approach is “Evaluation of factors influencing surfacewater quality in a coalfield
area of Damodar Valley, India: A Sustainable Use Approach.” At this point of view,
assessing the surface water quality is necessary to determine the appropriateness of
water for a specific use. Scarcity of clean and potable water has emerged in recent
years as one of the most serious developmental issues in many parts of West Bengal,
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Jharkahnd, Orissa, Western Uttar Pradesh, Andhra Pradesh, Rajasthan and Punjab
[30]. The surface water quality problems are more severe in densely populated and
heavily developedmining areas. Coal mining is believed to be linked to the liberation
of Fe, Mn, Se and SO4

−2 in the environment [31]. Likewise, concentrations of soil
and surface water are also large of coal mining areas where toxic waste and waste
water from mining fields and coal power plants are disposed of to the atmosphere.
Also all three metals are known as being related to vehicle emissions.

The second approach is “Sustainable construction practices for residential build-
ings to reduce the water footprint.” Water is indispensable for life on the planet to
survive. Humanity, animals, and plants are a key requirement. GrayWater is wastew-
ater polluted with sand, soil, soap and oily substances but does not come into contact
with fecal matter [32]. It is obtained from bathing, dishwashing, laundry, and agricul-
tural runoff,whichmay include fertilizers andpesticides. Suchwater canbe recovered
and reused in different means including for agriculture [33]. It can be absorbed by the
soil, and filtered to water tables during its percolation cycle. The fecal matter contam-
inates the Black Water. This is the water that is collected by rinsing excreta from
humans or livestock. This has large fecal coliform and other pathogenic compounds.
Gray Water does not come into contact with the Black water. The primary impuri-
ties which contaminate Process water are toxins and heavy metals [34]. Therefore
all forms of water can be recycled by proper treatment. Wastewater regeneration is
necessary for the humanity’s survival. Direct water consumption (or WFP) is the
volume of water absorbed, for example, during mixing, binding, curing, hydration,
and dilution during the construction process, etc. [35, 36]. The indirect water intake
is the WFP as the building material is manufactured, packed, and transported to the
construction site. The overall WFP of the material or process is a combination of
direct and indirect WFP [37].

The third approach is “Water resources availability and its teleconnection with
large scale climatic oscillations over Godavari River Basin.” Sadly, India is facing
a crucial situation in its past of severe water shortages and threatening millions of
lives and livelihoods. With the terrifying figure, the present report by NITI Aayog
[38] advocates that about 820 million population [39] over the twelve river basins
have per capita water availability lower than 1000 m3, nearly 82% of rural house-
holds doesn’t have access to piped water supply, 70% of the available surface water
is contaminated [40]. So, to close the gap between supply and demand by 2030, an
investment worth $291 billion is suggested [41]. On top of that, India’s potential
demand and water availability projection is even more worrying. For example, by
2030 40% of the global population will be deprived of access to drinking water, the
supply of groundwater in 21 major cities will run out affecting 100 million people
by 2020 and a loss of 6% of GDP as a result of the water crisis by 2050 [42]. The
association between the large-scale climatic variability and stream flow is expected
to be highly complex and nonlinear in both space and time. Hydro-climatologists
have made an attempt to establish the association through teleconnection technique
around the globe [43]. By changing precipitation, temperature, snow cover and evap-
otranspiration, the interaction of large-scale climatic oscillationswith the streamflow
[44].
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3 Conclusions

In the course of the current book project the editorial teams took some conclusions
from this book. The chapter draws valuable lessons from the cases in the book,
particularly the positive characteristics ofwater quality, assessment, andmanagement
in India, in addition tomethodological observations. Such conclusions are significant
for India’s environmental management. The concluding remark for this chapter is to
highlight the following:

3.1 Monitoring and Assessment of Polluted Water

Coastal reservoirs could effectively mitigate flood disasters, and convert the disas-
trous floodwater into water resources in dry seasons. Once local runoff is developed,
downstream water demand is met and flood disasters are mitigated, the upstream
water crisis could be solved, e.g., Chennai and Bangalore, thus India will have suffi-
cient freshwater from the seawithout desalination.Water pollution is another problem
for India. The wetland pre-treatment can be developed to purify the river water prior
to storage. The total runoff in India is about 1887 km3/year (the average runoff coef-
ficient is about 0.47), among it 1033 km3/year of water could be developed by the
inland strategy and at least 854 km3/year of floodwater reaches at the sea, for which
coastal reservoirs can harvest in the sea. It is enough for India to quench its thirst, or
India is not running out of water, but water is running out of India.

The fish diversity study of river Kolab exhibits the presence of nineteen (19)
finfish species. Site 1 is more congenial compared to site 2 as confirmed by high
Shannon-Weiner index value and low Index of Dominance value. Pb accumulation
occurred in the intestine of Catlacatla by crossing the barrier of the safe limit as
prescribed by WHO, 1984. The statistical panorama suggests the negative impact
of pH and temperature on the magnitude of bioaccumulation. However, turbidity
exhibits a positive correlation which may be due to adsorption of the metal species
on suspended particulate matter. Management policy advocates are liming of the
effluents released from the industries to the river to trigger the alkaline condition of
the water body so that the heavy metal species get compartmented in the sediment
bed instead of entering in the body tissues of aquatic organisms. The dose of liming
has to be optimized depending on the pH of the waste water generated from these
industries.

MBST has been considered as efficient water purification system. Jute pulp cake
filtration is an alternative innovation, where the cake is formed on the surface of
jute pulp, attached to clarifier basin, rotating surface and the said cake is used to
separate pollutants up to 2 microns (µm). Cake filtration andMBST are as integrated
process. Membrane must be used to intensify water purifications. It is cost-effective,
eco-friendly and appropriate to maintain water quality, quantity of tertiary water
reservoir. Water treating in primary and secondary clarifies can be made by various
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chemical and biological system. Jute pulp cake filtration can be made before primary
and secondary treatment to remove sediment particles and slurry from water. Ganga
water can be treated in such integrated filtration process. MBST is used also for
desalination and for removals of heavy metals including As, Cr, and Phosphate. The
selection of membrane properties, and their modules, plate, hollow fiber and wickle
are important. Water treatments by microbes (Bacteria, fungi and Algae) are also
essential, amongst them algae took an important role in clarifications of waste water
and to use algal biomass for the fuel, food and fertilizer an alternative solution to
mitigate energy and pollution.

3.2 Wastewater Treatment and Reuse

The long-term study was conducted using two anaerobic reactors namely R1 (anaer-
obic control with no herbicide) and R2 (anaerobic reactor fed with 2,4-d + ametryn
+ dicamba mixtures). The effect of increased herbicides concentration on the anaer-
obic–aerobic reactor during 400 days of the treatment period was evaluated. Two
aerobic reactorswere operated simultaneously to give post-treatment to the anaerobic
effluent. The reactor performance was evaluated by monitoring herbicide removal
efficiency of chemical oxygen demand (COD) and biogas production. The reactor’s
stability parameters pH, alkalinity, volatile fatty acids (VFA) and oxidation–reduc-
tion potential (ORP) were monitored on a daily basis. Both the anaerobic reactors
were stabilized using 2 g/L of starch with total organic loading rate (OLR) of 0.21–
0.215 kg-COD/m3/d during 48 days, and aerobic reactors were stabilized in 14 days
using anaerobic effluent as feed having OLR of 0.02 to 0.038 kg-COD/m3/d. Sequen-
tial anaerobic–aerobic removal efficiency for A2 reactor was found to be >85%.
Addition of 5–10 mg/L of anthraquinone-2,6-disulphonate (AQS) as a redox medi-
ator enhanced the herbicides removal efficiency in the anaerobic reactors (R2) by
5–10%. The samples were analyzed using GC-HRMS to identify the intermediate
compounds.

Wastewater Management with recycle and reuse must be taken as a key perfor-
mance indicator to protect our fresh water resources. Looking into Industry, it is
the second largest user of water after agriculture. The amount of water used varies
widely from one industry type to another. Many businesses, notably the Textile,
food, beverages, and pharmaceutical sectors are highly water intensive and consume
water by using it as an ingredient in processing finished products. Many businesses
discharge of wastewater or wash water into natural fresh water ecosystems. Each
liter of water moving through a system represents a significant energy cost. Water
losses in the form of inefficient treatment, delivery leakages, theft, and consumer
waste all directly affect the amount of energy required to deliver water for its proper
use. Wastage of water directly leads to a waste of energy.

The treatment of wastewater is an essential process for the conservation of our
environment and needs to be encouraged in India. The sector has been characterized
with a huge gap between the infrastructure facilities and the amount of waste being
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generated, thereby leaving behind a significant portion of wastewater left untreated.
The failure to ensure a holistic wastewater management could be attributed to the key
challenges being faced by the sector. Some of the key challenges worth mentioning
are lack of budgetary resources, practice of treating only the wastewater conveyed
through underground sewers leading to low collection efficiency, preference for
centralized system which entails a huge capital investment, lack of interest to adopt
innovative sustainable treatment technologies.

3.3 Wastewater Remediation

The wetlands are the self-sustaining green aquatic ecosystems and are preferred
over conventional physio-chemical treatment methods. The biological processes of
periphyton (microorganism community of wetland ecosystem) along with physical
removal of pollutants by plant root biomass are responsible for pollutant removal
in constructed wetlands. Indeed the viability of any treatment wetland depends
on factors like type of plants, porous media, and characteristics of polluted water
along with the prevailing environmental conditions. Presence of plants to the treat-
ment wetland system drastically improved the decontamination efficiency from 68%
to >90% in the current case study which fortifies the crucial role of plants on
bioremediation.

Biosorption efficiency of waste tannery industry sludge could be increased from
26.18% to>92%for glyphosate removal after incorporation ofmulti-metal loadingon
the sludge. Binding with biosorbent surface functional groups, physical adsorption,
vanderwaal forces, chelation, complexation and ligand formation were established
in the studied biosorption process. Feasibility study for actual effluent treatment
showed 89% glyphosate removal efficiency in simulated municipal wastewater.

Three main steps in wastewater treatment are primary treatment, secondary
treatment and tertiary treatment. Activated sludge process is an important type of
secondary treatment, which aims to clean thewastewater by separating it into effluent
and sludge. The effluent can then be discharged into any water body while the sludge
can be used as manure or incinerated as per the requirement.

The rise in number of population values in Rajasthan is now just a normal
phenomenon with no exception. The population rise in Rajasthan follows a rate of
3.08% per annum compared to the overall population. With the increasing number
of inhabitants the throat cut demand for the sources also increases which results in
degradation of the surroundings and deterioration of the quality of life. The reason
behind the shortage of resources is not only because of increasing population but
one of the major causes of this is improper and insufficient management and usage
of them. It is extremely essential to study the various aspects of consumption and
management of various natural resources predominantly water.
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3.4 Waste and Sustainability

The overall study indicated the effect of mining and allied activities on the quality
of the surface water resources of the East Bokaro coalfield area. The geochemistry
indicated that dominance of rock weathering is controlling the surface water chem-
istry of the study area. Silicate weathering, carbonate weathering, and ion exchange
have been identified as the hydrogeochemical processes controlling the chemical
composition of water resources in the study area. The contamination is predicted to
be more along the Damodar River. Quality assessment for irrigation use shows that
surface water of the area is good to permissible quality and can be used for irrigation
purposes. The conservation measures that can be suggested for the enhancement of
quality of the water resources of the study area are rainwater harvesting, surface
water reclamation and treatment of the available water resources.

The sustainable construction practices primarily include three aspects namely;
the conservation and optimization of resources, waste management, and reduction of
energy and water footprint. Maximumwater was consumed in Brickwork, Roof slab,
plastering, foundation, flooring, excavation, and landfilling. The total WFP of the
buildingwas 190,300L,which is 37.94 L/ft2. By simplewater conservation, recovery
and reuse ofwastewater, theWFPmay be reduced by 4.59 L/ft2. Awastewater storage
tank and controlled drainage of wastewater were effective to save 23,030 L of water.
No spilled or runoff water was allowed to drain.

The variability and possible teleconnection of between monthly flow and Sea
Surface Temperature (SST), Indian Ocean Dipole (IOD), and Indian Summer
Monsoon Index (ISMI) are detected usingwavelet coherence technique at 40 different
stations. It is observed from the analysis that the flow during the monsoon periods
varies greatly across the basin (from 0 m3/sec to 26,700 m3/sec). From the wavelet
analysis, it is observed that ISMI has significant association with the monthly stream
flowat intra- and inter-annual scales over all the gauging stations.However, a uniform
phase is not observed between the monthly stream flow and the three studied climatic
oscillations. The present analysis enables hydrologists and water managers to under-
stand the hydro-climatic process and their associationwith climatic oscillations along
with the variability in the surface water resources over the Godavari Basin.

4 Recommendations

Throughout this book project the editorial teams recognized other areas that could be
explored to further develop.Based on the observations and conclusions of the authors,
this section contains a number of recommendations which provide suggestions for
potential researchers to go beyond this book’s scope. The following suggestions are
derived primarily from the chapters set out in this volume:

• It is beneficial that India has such a large stretch of coastline that provides the
country with possibly the best solution for its water supply shortages in coastal
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reservoirs. Coastal reservoirs would manage to capture and hold large amounts
of usable water that would otherwise go to waste. As the population of India
continues to increase, the water crisis will embellish so as action needs be taken
more drastically as time goes on, coastal reservoirs will more prominently become
the most viable option.

• The present study area needs constant monitoring of bioaccumulation pattern in
consumable aquatic fauna because of the presence of major industries in and
around its vicinity. Conservation of natural resources in the river Kolab needs
to be taken up through awareness programme involving the industrialists, policy
makers, fisherman and people of ranks of the society of Koraput in the loop.

• The cake filtration models are needed to be changed at secondary treatments.
MF (Microfiltration), UF (Ultra-filtation), NF (Nano-filtration) and RO (Reverse
Osmosis) membranes are used according to the decreasing pore sizes from 1
micron (m) till 0.001 µm for optimizing DWQ (Drinking Water Quality). For
treatments ofWW (waste water) combined jute pulp cake filtration andmembrane
could be effective. Heavy metals like Arsenic (arsenic As3+/As5+), Chromium
(Cr6+), Copper (Cu2+), Cd (Cadmium), and lead (Pb) originated from industrial
and domestic effluents can also be treated by microbes (Pseudomonas putida,
Aspegillusnieger, Candida species) by designing various flora and by fauna
cultures, like Water Hyansinth to grow in a reserved lowWLC (Wet land Cultiva-
tion) by bio-augmenting and bio-remediation to develop a healthy socio-economic
environment.

• Studies may be conducted to quantify the concentrations of intermediate
compounds formed due to herbicides biotransformation. Studies may be
conducted to treat high concentration of different herbicides using anaerobic–
aerobic system. Research may be extended to find out the type of bacteria present
in the reactor sludge by polymer chain reaction (PCR) amplification and 16 S
rRNA sequencing. Studies can be conducted to reduce the treatment time required
by modifying the existing anaerobic–aerobic method.

• Industries and municipalities must focused on effective water uses by reducing
demand, maximizing recycling opportunities; minimizing water losses due to
breakdowns and leakages; and investing in new water storage infrastructure. For
Sustainable development optimal management of water and wastewater leading
to zero discharge is now the another challenge before the industry. Finally, in
terms of working methodology, it may be looked as a-Systematic approach of
Identifying, Measuring, Monitoring and Reducing the Water Consumption by
different activities in an Industry and exercise of stewardship of water resources
through deployment of cost effective, performance oriented appropriate/advance
technology with a focus on recycle and reusing the wastewater for the greatest
good of society and the environment on sustainable basis.

• There is a need for paradigm shift in treatment of wastewater in India. The focus
should be to embrace new sustainable technologies for treatment in place of
the conventional treatment process. Practices of opting conventional centralized
wastewater system also need to be relooked in the light of the need to build in
flexibility in the system and making it cost effectiveness. The feasibility of opting
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decentralized wastewater system over the conventional system should be explored
with the objective to overcome the challenges being faced by the sector.

• The efficiency of bioremediation technique can be amplified by controlling the
prevailing environmental conditions and by modifying the constituents using
plants, termed as biostimulation. Biodegradation rate of toluene was found to
be augmented by the addition of the nutrient in planted wetland. A high removal
efficiency of toluene is attributed to biostimulation of the periphyton in the root
zone. Efficiency can further be enhanced by addition of the nutrients which will
increase the microbial metabolic activities. Further studies are required to quan-
tify the nutrient and pollutant uptake by plant root biomass to their subsequent
translocation to shoot biomass and to incorporate evapotranspiration losses.

• Mechanical drying of sludge can be carried out which will decrease the amount
of space required for conventional dewatering process and lessen the ground
water contamination possibilities. OSTP does not have the tertiary level treatment
process which can be considered there. Incinerators can also be installed which
will help in reducing excess sludge and even help in the disposal of screenings
and grit. Energy consumption can be reduced by substituting aerators with fine
bubble aeration system.

• To make water economy, it is essential to follow certain steps: Development
of technology is focusing on research and development. Make each and every
citizen aware of the importance of water and this should be done by seeking
their Corporation. Proper pricing policies and law and order. To strictly follow
the concept of recycling of water. Effective implementation of the awareness
programs, stating how to use water economically. Proper maintenance of all the
pipeline, service lines and feeder lines, canal and the catchment areas should be
executed time to time.

• A few additional sustainable construction practices such as prevention of leakage,
construction seasoning, use of sprinklers, solvent cleaning, etc., may further
reduce thewastewater and hence, theWFP of the building. Awareness and training
of the public are required to a large extent to change the orthodox construction
practices and construct low WFP buildings without any compromise on strength
and quality. Water conservation at a construction site is possible with a minimum
investment if it is considered during the planning and scheduling of construction
stages. Unsustainable construction practices have to be controlled immediately to
conserve the natural resources in the larger interest of the future generation.

• In order to combat the climate change impact on water resources, development
in the technical aspects, improvement in the understanding and computational
facilities, the estimation in the probable variability in the foreseeable future need
considerable research activities for robust adaptation strategies and policies. In
addition, to improve the adaptation strategy and policy, the researchers should
make significant improvement in the climate change assessment and identify the
suitable and robust approaches by involving key stakeholder organisations and
local communities.
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