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Foreword by Dr. Virendra M. Tiwari

The identification, transport and fate of pollutants (geogenic and anthropogenic) in
the water system are an intricate and challenging issues. I am extremely delighted to
note the publication of this contemporary and relevant volume on water systems.
The chapters in this book have focused on the water quality monitoring, manage-
ment and methods for mitigation of associated risks of water contaminations in
South Asia and highlighted the most recent advances on hydrogeography,
hydrology and water resource management.

There is scanty information available on the surface water–groundwater con-
taminant interactions under different environmental conditions across the world, as
it is considered to be an important driver for prediction of risk and management of
water cycle through hydro-geochemical events. Twenty-two contributed chapters
are embedded under three sections in this book by the learned experts of their
respective fields. The book presents problems, perspectives and challenges of water
ecosystem in its first section, whereas in the second section, an average estimation
of certain parameters (e.g. precipitation, soil moisture and snow water content) has
been highlighted for early prediction of risk and management purposes. On the
other hand, the third/last section explores the leading approaches in the field of
science and engineering of water management along with the human behaviour and
decision making based on life cycle as well as cost-benefit analyses.

Integrating the knowledge of water quality, quantity, monitoring, and engi-
neering of water resource systems are the uniqueness of all the contributed chapters
for a better understanding and progress of indispensable freshwater issues. The
book is designed to bring together and integrate the subject matter that deals with
data science and engineering, remote sensing, modelling, analytics, synthesis and
indices, disruptive innovations and its utilization in water management, policy
making and mitigation strategies in a single text.
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Thus, this book offers a comprehensive text for students and professionals in the
Water and Environmental Sciences.

Dr. Virendra M. Tiwari
Director

CSIR-National Geophysical Research Institute
Hyderabad, India
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Part I
Risk Management and Data Science

(Engineering) for Water Supply



Chapter 1
History, Evolution, and Future of Rapid
Environmental Assays Used to Evaluate
Water Quality and Ecosystem Health

Daniel D. Snow, Michael T. Meyer, Fernando Rubio,
and Efthimia Papastavros

1.1 Introduction

In general, an ideal analytical method should have a high recovery rate, a low detec-
tion limit, high selectivity and sensitivity, and good reproducibility. Currently, a num-
ber of techniques that meet these criteria are available for identifying and quantifying
the presence of analytes of interest in environmental samples. Selecting the appropri-
ate technique depends on variables such as budget, location, availability of technical
personnel, throughput, and project goals. Instrumental analytical techniques such as
gas and liquid chromatography are very sensitive and reliable, but are simply not
practical for high throughput or for field use. These techniques are time-consuming,
expensive, and must be performed by highly trained operators. Rapid or field tests
can detect or quantify the presence or absence of analytes through the determination
of the appearance or lack of a distinct color or signal (Hottenstein et al. 1996; Rubio
et al. 2005; Sanchis et al. 2012). A number of commercial rapid test methods, using
various formats, are available for quickly screening and quantifying the presence of
contaminants in environmental samples (Table 1.1).
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4 D. D. Snow et al.

Table 1.1 Analytes for which there are commercially available environmental immunoassays

2,4-D Chlordane Imidacloprid Penoxsulam

Acetochlor Coplanar PCBs Isoproturon Progesterone

Acrylamide Cotinine Lasalocid Total Pyrethroids

Alachlor Cyclodienes Maduramicin Salinomycin

Alkyl Ethoxylate Cylindrospermopsin Malachite Green Saxitoxin

Alkylphenol DDT Metolachlor Spinosyn

Alkylphenol Ethoxylate Dioxin Microcystins Streptomycin

Anabaenopeptins Diuron Monensin Sulfamethazine

Anatoxin-a Domoic Acid Narasin Sulfamethoxazole

Atrazine/Triazines Estradiol Nodularins Testosterone

Benzo(a)pyrene Estrone Okadaic Acid Tetracycline

Bisphenol A Ethinyl Estradiol Organophosphates Total Estrogens

Brevetoxin Fluridone Total PAH Toxaphene

Total BTEX Fluoroquinolones Paraquat Triazine Metabolites

Caffeine Gentamicin Total PBDE Triclopyr

Carbamates Glyphosate Total PCB Triclosan

Carbamazepine

Here, we briefly review the typical rapid test methods that are used to assess
the presence of contaminant residues in environmental samples. An overview is pre-
sented of the development and use of rapid, economical, quantitative testing methods
for measuring pesticides, pharmaceuticals, natural toxins, and synthetic chemicals
in environmental matrices.

1.2 Background and Theory of Immunoassays

Immunoassay is a bio-analytical technique used in many fields to detect and quantify
the presence of an analyte in a sample by an antibody. The principle of immunoassays
is based on the reaction of an antigen or analyte (Ag) with a specific antibody (Ab)
to give a product (Ag–Ab). The product is measured by using a detectable label;
the label can involve an isotope (radioimmunoassay, or RIA), enzyme (ELISA),
fluorescence (FIA), chemiluminescence (CLIA), latex, gold, and other options. As
with any chemical reaction, the reaction between an antibody and antigen may be
described by the law of mass action:

[
Ag

] + [Ab] → [Ag−Ab]

Since the invention of immunoassays in 1959, there has been constant innovation
of the technique as well as an immense range of new applications. The technique was
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created by R. Yalow and S. Berson at the Bronx, N.Y. VA Hospital to study insulin
levels in diabetes mellitus (Yalow and Berson 1959) by radioimmunoassay. They
were later awarded the Nobel Prize in Medicine, in 1977 (Plaza et al. 2000). Since
RIA uses radioactive markers, researchers sought a safer alternative, and in 1972,
Engvall and Perlman (1972) published a paper describing methods for the use of
enzymes in combination with a substrate/chromogen for the performance of enzyme
immunoassays (EIA,ELISA). Enzymes are usually obtained frommicroorganismsor
plants such asEscherichia coli, Rhizopus niveus,Aspergillus niger, Bacillus pasteurii,
and Armoracia rusticana. Examples of commonly used enzymes include alkaline
phosphatase, horseradish peroxidase, β-galactosidase, glucose oxidase and urease
(Plaza et al. 2000).

Lateral flow sticks or immunochromatographic strips or devices are another varia-
tion of an immunoassay, where the sample flows along a solid substrate via capillary
action. The sample is added directly to the device where it encounters a colored
reagent which mixes with the sample as it migrates up the substrate. The solutions
encounter lines or zones which have been pretreated with a capturing reagent (anti-
body or analyte protein). After a brief period of time, the color between a control
and a test line is compared and the variation in intensity determines the analyte con-
centration. The first reported lateral flow device used an enzyme as the label (Pappas
et al. 1983). Current lateral flow sticks use simpler and more stable labels such as
colloidal gold.

Lateral flow devices dramatically reduce the test time from hours to minutes and
are true field tests requiring no instrumentation or operator training, allowing almost
anyone to use them. These tests can also be used as a qualitative, semi-quantitative,
and even quantitative detection of analytes and can be configured so that several
analytes can be tested simultaneously on the same strip. In the environmental field,
the sample may be water, soil, or vegetation extract. Since the first commercial strip
test in 1988, a pregnancy test, this technique has become a very popular platform in
clinical, veterinary, agricultural, food safety, biowarfare, and environmental appli-
cations. There are many different formats, and the choice of format depends on
the target molecule and application. Environmental immunoassays are usually com-
petitive assays employing coated plates, tubes, magnetic particles, or lateral flow
sticks.

Since its inception, immunoassay and its various formats have been extensively
used, from over the counter pregnancy tests to proteomic research. Immunoassay has
been applied to detect and quantify well over 1000 substances including hormones,
vitamins, drugs of abuse, viruses, environmental pollutants, mycotoxins, marine and
freshwater toxins, allergens, metals, and geneticallymodified proteins. It is estimated
that over one billion tests are runworldwide every year. The sensitivity and specificity
of immunoassays are remarkable; some immunoassays have detected concentrations
in the fg/mL range (Vashist and Luong 2018).
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1.3 History

Pesticide (2,4-d, triazine, acetamide herbicides) immunoassay and enzymatic test kits
have been developed. Enzymatic test kits are used to detect the presence of a wide
range of organophosphate and carbamate pesticides in water, soil, vegetable/fruit
extracts, and other environmental matrices. These kits are qualitative, colorimetric
assays (modification of the Ellman method) based on the inhibition of the enzyme
acetylcholinesterase (AChE). AChE in the absence of an inhibitor (organophosphate,
carbamate) hydrolyzes acetylcholine (ATC), which in turn reacts with 5, 5′-dithiobis-
(2-nitrobenzoic acid) to produce a yellow color that can be read visually or at 405
nm with a colorimeter. If organophosphate or carbamate compounds are present in a
sample, they will inhibit AChE, and therefore, color formation will be less intense or
absent, depending on the concentration present in the sample. Enzyme activity, before
and after exposure to pesticides, can bemeasured using amperometry, potentiometry,
spectrophotometry, fluorimetry, and thermometry.

Since the early work on the development of a radioimmunoassay for aldrin and
dieldrin (Langone and Van Vunakis 1975), the development of an RIA for 2,4-
D and 2,4,5-T in surface waters (Rinder and Fleeker 1981), the development of
an RIA for parathion (Ercegovich et al. 1981), followed by the prolific work of
BruceHammock’s group atU.C.Davis, several commercial environmentally focused
immunoassay companies were founded in the late1980s, mainly in the USA (Agri-
Diagnostics, Ensys, Immunosystems, Ohmicron). The number of commercial envi-
ronmental immunoassays currently in the market has expanded to 65 + kits, offered
mainly by threeUS-based companies:Abraxis, Beacon, Envirologix, and aUK-based
company: Modern Water.

There are several commercially available enzyme-based kits for pesticide detec-
tion. Among them are an organophosphate/carbamate screening kit (Abraxis,
Warminster, PA, USA), the Neuro-IQ Tox Test kit (Aqua Survey, Flemington, NJ,
USA), Eclox pesticide strips (Severn Trent Services, Fort Washington, PA, USA),
and a test kit for pesticides in water (PRO-LAB,Weston, FL, USA). Early field stud-
ies using commercial kits for triazine and chloroacetanilide herbicides conducted in
the early 1990s by Thurman et al. (1992) where the ELISA kits were used inside
a vessel navigating down the Mississippi River, showed that immunoassays were a
rapid, reliable, and low-cost analytical technique that could be used for the screening
of herbicides in water.

1.4 Accreditation/Validation of Environmental Rapid/Field
Tests

TheEPAOfficeofSolidWastewas receptive to the use of immunoassay for regulatory
purposes, and in 1992, the first commercial immunoassay, for pentachlorophenol.
was approved for inclusion into the compendium of Test Methods for Evaluating
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Solid Waste or SW-846. Between 1993 and 1995, ten other ELISA-based screen-
ing methods for various environmental analyte classes were included. All of these
methods were officially approved by the US EPA in 1997. The US EPA under the
Superfund Innovative Technology Evaluation (SITE) has conducted performance
verification studies; examples of verified technologies are rapid tests for dioxins and
coplanar PCBs (http://www.epa.gov/esd/cmb/site/index.htm).

The US Environmental Technology Verification (ETV) Program was established
by the US EPA in 1995. This program developed test protocols and verified the per-
formance of innovative technologies that had the potential to improve the protection
of human health and the environment. The ETV program aimed to provide users of
environmental technologies with a greater degree of confidence in the technology
that they were buying. It also provided the vendors of the technology with accredita-
tion that would give confidence to prospective buyers. The US EPA did not endorse,
certify, or approve technologies. Verification reports were published on the ETVWeb
site (www.EPA.gov/etv). Since 1995, over 250 environmental technologies were ver-
ified; some examples of field test technologies verified under the ETV program were
various test kits for atrazine, organophosphates/carbamates, and microcystins. This
program concluded operations in 2014.

Canada, South Korea, Bangladesh, Japan, China, Malaysia, Philippines, Cambo-
dia, and the EUhaveworked toward establishing individual ETVPrograms. TheETV
International Working Group (IWG) worked until 2010 toward international recog-
nition to ensure that a technology verified in amember programwould be accepted as
verified in other member programs: “verify once, accept everywhere” (http://www.
epa.gov/etv/inter-partic.html). IWG eventually made a request to the International
Standards Organization to develop an ETV standard. The EPA then worked with ISO
to develop an environmental management—ETV standard, ISO 14034:2016.

More recently, the US EPA validated and promulgated Abraxis Microcystins-
ADDA ELISA as US EPA Method 546 (USEPA Method 546). Method 546 is a
procedure for the determination of “total” microcystins (MC) and nodularins (NOD)
in finished drinkingwater and in ambient water using enzyme-linked immunosorbent
assay (ELISA). The term “total microcystins and nodularins” is defined as the sum of
the congener-independent, intracellular and extracellular microcystin and nodularin
that ismeasurable in a sample.Method 546measures the total concentration based on
detection of a characteristic feature common to microcystin and nodularin congeners
(structural variants), specifically, the Adda amino acid side chain: (4E,6E)-3-amino-
9-methoxy-2,6,8-trimethyl-10-phenyldeca-4,6-dienoic acid.

For over 120 years, AOAC has been meeting the needs of analytical scien-
tists for confidence in analytical results through the development and validation
of AOAC Official MethodsSM. These validated methods have been primarily related
to food analysis, as well as bacterial contamination. In September 2010, the AOAC
Stakeholder Panel on Endocrine Disruptors (SPED) approved standard method per-
formance requirements (SMPRs) for the quantitative measurement of endocrine-
disrupting compounds (EDCs) in freshwater. These are voluntary standards that can
be used to evaluate test kit methods for their appropriateness in meeting AOAC’s

http://www.epa.gov/esd/cmb/site/index.htm
http://www.EPA.gov/etv
http://www.epa.gov/etv/inter-partic.html
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needs for quick analytical solutions that are reliable and accurate in environmental
matrices (http://www.aoac.org).

1.5 Current and Future Directions in Rapid Screening
Methods

Environmental contaminants are often analyzed using LC/MS, LC/MS/MS, and
GC/MS. While these methods provide high accuracy, sensitivity, and reliability,
they are expensive, time-consuming and require highly trained personnel, as well
as extensive sample pretreatment. Alternative, rapid, field-portable and easy-to-use
screening methods, such as the immunoassay, at first proved to be reliable, sensi-
tive and selective in clinical applications (Plaza et al. 2000). The first environmental
application of immunoassays was in 1971 when Ercegovich used this technique for
pesticide analysis (Ercegovich 1971). The first commercially available immunoassay
kit to detect pesticides became available in 1988 and was used for atrazine (Andrews
1992). Immunoassays are ideal for large-scale screening of pollutants and have been
developed for a wide range of analytes in water, soil, and sediment samples. These
include pesticides, metals, and organic compounds such as polyaromatic hydrocar-
bons (PAHs), polychlorinated biphenyls (PCBs),microbial toxins, and trinitrotoluene
(TNT) (Plaza et al. 2000).

There are some disadvantages to using immunoassays, and these include devel-
opment costs as well as the risk of cross-reacting compounds and non-specific inter-
ferences (Plaza et al. 2000). In addition, they need to be validated by another method
(Plaza et al. 2000). Immunoassays are best used for qualitative assessment of envi-
ronmental contamination (Plaza et al. 2000). Farré et al. (2006) compared the perfor-
mance of four commercially available ELISA kits for the determination of estrogens
in water to results obtained using HPLC-MS/MS with a quadrupole mass analyzer.
The kits, based on monoclonal antibodies, were aimed at 17-β-estradiol, estrone,
17-α-ethynyl estradiol and estrogens in general. Their design involved a direct com-
petitive format with 96 microtiter plates. The samples analyzed included unaltered
and spiked riverwater, groundwater, aswell as urban and industrialwastewater. There
was very good agreement between the two methods. However, up to 20% overesti-
mation occurred using the ELISA kits. This inaccuracy was greater in wastewater
samples and likely resulted from the presence of interfering compounds, such as
estrone sulfate or other conjugated estrogens, residual concentrations of other pro-
gestogens and phytoestrogens, as well as the complexity of the sample matrix (Farré
et al. 2006). The lowest limit of detection for the ELISA analyses was 0.05 μg/L.
Despite overestimation of estrogens with use of the ELISA kits, the analysis was
very rapid; 2.5 h for 40 samples, as opposed to 90 h using LC-MS/MS. In addition,
the cost of analysis using ELISA was 50 times less expensive than LC-MS/MS. The
authors concluded that the simple and rapid prescreening that ELISA kits allowmake

http://www.aoac.org
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them valuable for preselection of samples to undergo further analysis by instrumental
methods (Farré et al. 2006).

In the last few years, nanoparticle (NP)-based optical, electrochemical, and mag-
netic relaxation environmental sensors have been developed. They have especially
high selectivity, sensitivity, and stability and are inexpensive and amenable to high-
throughput analyses. NP-based environmental sensors have been used to detect tox-
ins, heavymetals, and organic pollutants in water, soil, and air (Wang et al. 2010). For
example, Wang et al. (2009) used filter paper impregnated with single-walled car-
bon nanotubes (SWNTs) and antibodies to detect microcystin-LR (MC-LR) in water
from Tai Lake in Wuxi, China. Detection is electrochemical, with the SWNT-paper
strip serving as the working electrode, Pt wire serving as the counter electrode and
saturated Hg2Cl2 serving as the reference electrode. As the analyte spreads through
the SWNT layers, it interacts with the antibodies within the paper and forms an Ag-
Ab complex, driving SWNT layers further apart and decreasing the current passing
through them. Hence, there is a decrease in current with increasing analyte concen-
tration. This method is simple, portable, sensitive, specific, and inexpensive. It has
a linear range of 0–10 μmol/L and a limit of detection of 0.6 ng/ml, comparable to
those of ELISA, but is at least 28 times faster and does not require the training and
reagents that ELISA requires.

Zhang et al. (2010b) also used a NP-based immunoassay with electrochemical
detection to analyze MC-LR in water samples obtained from Tai Lake. Their device
was prepared by immobilizing MC-LR on oxidized single-walled carbon nanohorns
(SWNHs). The SWNHs coated a glassy carbon electrode (GCE). There was no
pretreatment of samples, other than mixing the water with MC-LR antibodies. The
linear range was 0.05–20 μg/L, and the limit of detection was 0.03 μg/L. There was
good correlation between results obtained using the immunoassay and those obtained
via HPLC for the lake samples.

NPs are suitable for sensing for several reasons. They have a large surface-
to-volume ratio, their electrons or holes are confined at the nanoscale, and
their chemistries can be modified. Materials used as sensors include gold NPs
(GNPs), quantum dots (QDs), and magnetic NPs (MNPs). Table 1.2 summarizes
nanoparticle-based environmental sensors (Wang et al. 2010).

There are several types of biosensors available for pesticide detection. These
include sensors based on enzymes, antibodies, artificial macromolecules, and whole
cells (Liu et al. 2013). Biosensors offer several attractive characteristics for use
in pesticide detection. These include rapidity and simplicity of analysis, selectivity,
sensitivity, low cost, and portability (Liu et al. 2013). Enzyme-inhibition-based pesti-
cide biosensors make use of the fact that organophosphorus and carbamate pesticides
inhibit cholinesterase (ChE) by blocking the serine in the active site. By measuring
the decrease in enzyme activity after exposure to the analyte, pesticide toxicity is
determined. Pesticide concentration can be measured by determining the percent
inhibition of enzyme activity resulting from pesticide exposure. Enzyme activity
can be measured by detecting substrates or products of enzymatic reactions using
amperometry, potentiometry, spectrometry, fluorimetry, or thermometry (Liu et al.
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Table 1.2 Summary of nanoparticle-based environmental sensors

Type of sensor Particular feature Nanoparticle
used

Detection
mechanism

Analytes
evaluated

Optical High signal-to-noise
ratio, GNPs used in
immunochromatographic
strip assays

GNPs Color change
during aggregation
or dispersion of
aggregates

Toxins, heavy
metals, nitrite,
small
molecules,
TNT, bacteria
(gold nanorods)

QDs Photoluminescence
changes

Electrochemical NP labels can also be
used for spectroscopic
detection

GNPs,
modified gold
colloid
surface,
SWNTs

Oxidation of metal
NPs

Copper ions,
microcystin-LR

Magnetic
relaxation

Radiofrequency-based,
unaffected by light-based
interferences (scattering,
etc.)

Biocompatible
magnetic NPs

Switching between
dispersed and
clustered states
produces spin–spin
relaxation times of
water T2 signals

Toxins, bacteria

Compiled from Wang et al. (2010)

2013). Enzyme-based biosensors are being improved through changes in immobiliza-
tion methods and the use of nanomaterials (Liu et al. 2013). Whole-cell biosensors
are based on the inhibition of photosynthesis or phosphorylation by herbicides. This
effect can be detected by an oxygen electrode, amperometrically, or optically.Whole-
cell sensors based on organophosphorus hydrolase (OPH) have been prepared using
microalgae and bacteria. OPH expressed on the cell surface, or in whole cells, cat-
alyzes hydrolysis of organophosphorus pesticides such as paraoxon, parathion, and
methyl parathion. The ensuing release of p-nitrophenol is detected electrochemically
or colorimetrically.

Molecularly imprinted polymers (MIPs) provide a synthetic alternative to
enzymes and antibodies, and avoid potential problems such as difficulty in find-
ing suitable antibodies, instability, binding that is too strong and high cost. MIPs
are stable under a wide range of temperatures and chemical environments. Polymer-
ization to prepare the MIP can take place on the surface of a transducer, allowing
for binding of the target analyte to create a measurable optical (e.g., fluorescence,
chemiluminescence, surface plasmon resonance), electrochemical ormass-based sig-
nal. Polymerization takes place in the presence of a template molecule representing
the target analyte. Upon removal of the template, the polymer has recognition sites
to which the analyte will bind. Possible disadvantages of MIPs include low binding
capacity and slow binding kinetics. The latter problem is a result of binding sites
being located inside a rigid polymer matrix. A possible way to overcome poor site
accessibility is to use nanomaterials as the support for preparation of MIPs (Liu et al.
2013).

Aptamers provide another option for artificial-receptor-based biosensors.
Aptamers are single-stranded DNA, RNA, or peptide sequences that bind target
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analytes with affinities and specificities comparable to those of antibodies. As with
MIPs, aptamers are very stable. A disadvantage of aptamers is the time-consuming
process of selecting them. This procedure is known as Systematic Evolution of Lig-
ands by Exponential Enrichment (SELEX). It involves repeated rounds of refining
selections of appropriate random combinations of nucleic acid or peptide sequences.
Electrochemical, optical, and mass-based transducers may be used with aptamer
biosensors (Liu et al. 2013).

Biosensors for pesticide determinations include optical transducers used in fluo-
rescence, Surface plasmon resonance (SPR) and chemiluminescence assays, electro-
chemical transducers, andmass-based transducers, such as a quartz crystal microbal-
ance (QCM).Optical transducers are based on a change in the intensity orwavelength
of absorption or fluorescence. Although optical biosensors have the advantages of
quick response times, resistance of the signals to electrical or magnetic interference
and the ability to process multiple signals, instrumentation costs can be rather high.
Fiber-optic biosensors are more amenable to miniaturization, remote sensing and
in situ monitoring. Some examples include fiber-optic biosensors based on sol–gel
immobilized ChE to detect dichlorvos; the enzyme glutathione S-transferase I to
detect atrazine; a disposable microbial membrane for detection of methyl parathion;
the immunological detection of 2,4-D and theMIP-based detection with europium as
the signal transducer (Liu et al. 2013). Detection may also depend on the conversion
of a substrate to a product, in which case the biosensor is reusable. Potentiometric,
optical, and amperometric transducers may be used in this type of biosensor (Liu
et al. 2013).

Surface plasmon resonance (SPR) immunosensors have been used to detect
atrazine (Minunni and Mascini 1993; Farré et al. 2007), 2,4-D (Kim et al. 2007;
Revoltella et al. 1998; Gobi et al. 2007), chlorpyrifos (Mauriz et al. 2006a, 2007a),
carbaryl (Mauriz et al. 2006b), DDT (Mauriz et al. 2007b), isoproturon (Gouzy et al.
2009), and other pesticides (Mauriz et al. 2006c; Chegel et al. 1998; Mouvet et al.
1997; Tanaka et al. 2007; Nakamura et al. 2003). SPR is an attractive detection
option because it does not require the use of labels and provides high sensitivity.
SPR immunoassays, including those in portable formats, have been used to detect
2,4-D and other pesticides at nanogram per liter levels (Mauriz et al. 2007a; Svitel
et al. 2000; Yang and Kang 2008). It was possible to reuse the same sensor surface
for over 200 assays. AChE coupled to gold nanoparticles has also been used with
SPR for pesticide detection (Lin et al. 2006; Huang et al. 2009).

A lateral flow immunochromatographic assay, in the form of a strip, has been
developed as a portable, easy-to-use, inexpensive and rapid screening method for
pesticides (Liu et al. 2013; Su et al. 2010; Lisa et al. 2009; Blazkova et al. 2009;
Guo et al. 2009; Kaur et al. 2007; Lan et al. 2020). Immunochromatographic assays
using gold nanoparticle–antibody conjugates have been used to detect the toxins
ochratoxin A (OTA), zearalenone (ZEA) and aflatoxin B1 (Liu et al. 2008; Shim
et al. 2009; Shim et al. 2007), and for the cyanobacterial toxins anatoxin-a, cylin-
drospermopsin, and microcystin (Eurofins-Abraxis). Antibiotics and pesticides have
also been detected, using a microimmunoassay on a disk (Morais et al. 2009). An
immunochromatographic fluorescent biosensor was also developed for the detection
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of 3,5,6-trichloropyridinol (TCP) (Zou et al. 2010). Colorimetric sticks or strips,
based on ChE, to detect organophosphorus and carbamate pesticides have also been
developed (Fu et al. 2019; Pohanka et al. 2010; No et al. 2007).

While most biosensors have been evaluated using standard solutions, there are
several examples of some that have been employed with real environmental samples
(Liu et al. 2013). These include several enzyme-based biosensors for pesticides in
lake, river and tap water (Andreou and Clonis 2002; Joshi et al. 2005; Halamek et al.
2005; Walker and Asher 2005; Arduini et al. 2006; Viswanathan et al. 2009; Wang
et al. 2011), as well as immunoassays for antibiotics and pesticides in natural waters
(Morais et al. 2009). There are many examples of fluorescent labels being used for
detection in immunological methods in order to improve sensitivity. However, high
background signals can be problematic. Time-resolved fluorescence makes use of
europium and terbium chelates that have narrow and strong emission bands around
600 nm, as well as very long decay times. The use of these types of labels eliminates
high background signals.

Majima et al. (2002) used a fluorescent europium chelate label in a time-resolved
fluoroimmunoassay (TRFIA) to detect 17β-estradiol and estriol in river water. This
method was sensitive and selective and enabled the authors to attain a detection limit
of 2.3 pg/ml for 17β-estradiol, which is on the same order of magnitude as that
obtained by ELISA. For estriol, the detection limit using the TRFIA was 4.3 pg/ml,
which is 1–2 orders of magnitude better than ELISA. This TRFIA method was used
to measure levels in river water of 32 pg/ml for 17β-estradiol and 5.5 pg/ml for
estriol. A volume of 20 ml of river water was required for extraction and concentra-
tion. Time-resolved fluoroimmunoassay (TRFIA) was tested by Zhang et al. (2010)
for the routine screening and quantification of sulfonamide antibiotics in environ-
mental waters. This method was chosen in order to avoid sensitivity issues, matrix
interferences, and other inadequacies of ELISA methods (Zhang et al. 2010). Limits
of detection ranged from 5.4 ng/L for sulfadiazine to 9.8 ng/L for sulfamethazine.
These were in the same range as the limits of detection for LC-MS/MS, which were
1–10 ng/L. In contrast to LC-MS/MS, TRFIA did not require sample preconcen-
tration. Limits of quantitation were 18.0 ng/L for sulfamethazine, 61.5 ng/L for
sulfamethoxazole, and 14.7 ng/L for sulfadiazine.

As with ELISA methods, TRFIA has the advantages of high sample throughput,
low cost, simple operation, and minimal sample preparation, i.e., filtration was the
only step required prior to analysis. In addition, TRFIA had superior sensitivity and
suffered less from matrix effects. Surface water and wastewater samples were tested
(Zhang et al. 2010a). Bacigalupo and Meroni (2007) also developed a rapid and sen-
sitive TRFIA screening method for the herbicide diuron in surface and groundwater.
This inexpensive method required no sample preconcentration or cleanup and offers
the possibility of analyzing 100water samples simultaneously in 2 h. Detection relied
on antibodies conjugated with Eu3+ labeled chelates, and detection at levels 20 ng/L
below the European Community limits was achieved.

A rapid TRFIA screening method involving liposomes trapping a terbium/citrate
complex was used by Bacigalupo et al. (2003) to monitor atrazine in surface water.
A detection limit of 0.1 ng/ml was achieved with this method, which allows many
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samples to be analyzed simultaneously. The cytolytic agent consisted of atrazine
covalently linked to the polypeptide mastoparan and allowed the release of terbium
citrate from the liposomes after a short incubation time.Mastoparan is easily prepared
as it is composed of 14 amino acids. Its lysine residues make it possible to conjugate
to a variety of target analyte molecules. An excess of dipicolinic acid (DPA) was
added because of the higher stability constant of the Tb/DPA complex than the
Tb/citrate complex and the enhanced fluorescence that results (Bacigalupo et al.
2003). A rapid and sensitive competitive TRFIA method was developed by Zhao
et al. (2009) to measure the endocrine disruptor diethylstilbestrol (DES) in water
samples. This method made use of europium chelate labeled antibodies and offered
a detection limit of 0.595 pg/mL (Zhao et al. 2009; Kumar et al. 2019).

Underwater mass spectrometry (MS) systems were developed by Kibelka et al.
(2004) and used in situ, to monitor municipal wastewater in St. Petersburg, FL,
USA (Kibelka et al. 2004). A modular design was employed, in order to facilitate
the anticipated need for repeated reconfiguration. The three subsystems were each
housed in a separate pressure vessel, one for the sample intake component, one
for the mass analyzer component, and one for the roughing pump component. A
linear quadrupole mass spectrometer system was used in the unit that was deployed
within the wastewater treatment plant, although the group also developed a system
employing an ion trap mass spectrometer for other applications.

A polydimethylsiloxane (PDMS) membrane was used to introduce analytes into
the mass spectrometry system via membrane diffusion. The MS system was placed
in the treatment tank, after coarse filtration of reclaimed water and raw sewage. The
sampling system automatically injected 1 mL samples of wastewater into a continu-
ously flowing stream of charcoal-filtered wastewater in contact with the membrane
interface, at 12-min intervals. The systemmonitored chloroform, a by-product of the
chlorination of drinking water (National Research Council 1987), as well as toluene,
in the range of 10 to 50 ppb, peaking daily at approximately 5 pm local time. After
30 hours, there was clogging of the stainless steel intake filter and the membrane
capillary, and data acquisition was stopped. However, all other components of the
underwater quadrupole MS system continued to function properly during the entire
deployment period. A replaceable filter for the MS inlet line could potentially allow
uninterrupted use of the sampling component.

1.6 Summary and Conclusion

Since the beginning of immunoassays in 1959, they have been continuously devel-
oped for countless analytes, including those of environmental concern.Commercially
available, field-portable test kits exist for the rapid analysis of environmental sam-
ples containing hormones, pharmaceuticals, pesticides, and other classes of contam-
inants. Immunoassays have provided the foundation for research that has produced
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environmental sensors, nanoparticle-based sensors, as well as sensors based on sur-
face plasmon resonance. These techniques have been used to detect a verywide range
of environmentally relevant compounds at low concentrations.

Although research is being done to develop a range of rapid techniques with
low detection limits, work with real environmental samples, such as lake and river
water, has been relatively limited. There has been considerable success in obtaining
results comparable to instrumentalmethods of analysis, and fieldmethods can also be
useful for prescreening samples before the decision is make to spend time analyzing
them in the laboratory. Aptamers and molecularly imprinted polymers are synthetic
alternatives to enzymes and antibodies. Although they have disadvantages such as
low binding capacity, slow binding kinetics, and time-consuming production, their
high stability and potential use with nanomaterials, for example, warrant investment
in future work.
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Chapter 2
Development of Operational Resilience
Metrics for Water Distribution Systems

Jaivik Mankad, Dinesh Borse, Laya Das, Nitin Padhiyar,
and Babji Srinivasan

2.1 Water Distribution Networks

Water distribution networks (WDNs) have prevailed in civilization since ancient time.
The Romans built the aqueducts, which later got upgraded by closed conduits. In the
modern era, sophisticated WDNs are developed to fulfil the water requirements of
the society. They are an integral component of town planning due to its economic
and social significance. Apart from domestic, commercial, agriculture and energy
generation sectors are the major consumers of water. Each year most of the nations
make a sizable amount of investment in their water systems (Van Ginneken et al.
2019). ThismakesWDNs critical below-ground infrastructure just like gas pipelines,
metro transportation and sewerage networks.

Pipes, pumps, tanks, reservoirs, valves and sensors are the major elements of
a WDN. The design layout of WDN depends on factors like the nodal demands,
topological parameters and presence of active elements. They are designed with the
primary objective to supply the required quantity of water to a population at an
adequate pressure. Since decades, least cost has been the primary factor considered
for the design of WDN (Geem 2006). However, with the increasing stresses on the
WDN, multi-objective factors are being deployed for its design (Farmani et al. 2005,
2006; Babayan et al. 2007).

Urbanization has stirred the focus towards a sustainable framework for the oper-
ation, monitoring, maintenance and security of the WDN. Intelligent networks are
being developed with an aim to uphold the performance and safeguard the services
provided by the WDNs. The task of cementing the communication between the
physical systems and the cyber modules with necessary features is performed by
cyber-physical systems (CPS). The water cyber-physical systems consist of sensing,
networking, computing and control technologies (Wang et al. 2015; Lin et al. 2009).
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The sensing technologies facilitate the monitoring of parameters in real time. They
are expected to be flexible and accurate to maintain reliability. Networking technol-
ogy aids in the transmission of the collected information to the central computing
facility. These facilities carry out the work of data management, prediction and mod-
elling. They also help to determine the critical variables, system performance and
generate necessary insights to take corrective measures. The control technologies
are expected to deliver the same to the physical systems in a synchronized manner.
The water CPS is a comprehensive framework towards strengthening security and
prevention of water losses in WDN.

2.1.1 Disruption in Water Distribution Networks

The natural calamities like earthquakes, hurricanes, floods, ageing infrastructures or
man-made disasters including terrorist attacks, cyber-attacks and hazardous material
released by industries lead to various failures in WDN (Workgroup 2009). Some of
these disruptions like floods and hurricanes can have long-term effects on the quality
of water supplied through the network (Chisolm and Matthews 2012). Apart from
such physical failures, cyber-attacks and water contamination are other challenging
threats to WDN (Taormina et al. 2017). Maroochy water breach (Slay and Miller
2007) exhibited the need for cyber-security of WDN and its components. The com-
plex nature of WDNmakes it prone to a high risk of failures. Many times the system
interruptions prove dangerous for the system and the population as they are detected
only after their failure. Potential impacts of such disruptions onWDNs comprise pipe
breaks, loss of facilities/supplies, damage to infrastructure, degradation of quality,
and financial and environmental losses. Such failures result in a degradation of the
system’s performance and delivered services. Parameters such as flow rate, pressures,
pH, TDS, hardness and conductivity can be used to identify these impacts and gauge
their magnitudes.

Resilience refers to the property of the system to function with minimal loss in
its targeted performance (Hosseini et al. 2016). It is the ability of the system to
bounce back after the occurrence of an unfortunate disruptive event. Pipe failure
is one of the most common failure scenarios noticed during disruptions in WDN.
Resilience towards the case of single pipe failure in a network has been studied
extensively in the literature. Ability of the network in maintaining connectivity and
surplus head during such an event is studied by Di Nardo et al. (2018). Berardi et al.
(2014) studied the effect ofmultiple failures occurring simultaneously on the supplied
demand. They used multi-objective search to determine severe performance losses in
the network. Studies have stated the importance of network’s geometry and topology
in the resilience measure of the WDN (Di Nardo et al. 2018; Meng et al. 2018).
Uncertain demand has been reported as another such event responsible for the decline
in network’s performance. A multi-objective problem was solved for minimization
of investment cost of the network while being able to retain nodal pressure under
uncertain demand scenarios (Babayan et al. 2007). Diao et al. (2016) developed a tool
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for analysingWDNs under various disruptions. Studies performed on some networks
revealed that while the networks were resilient to certain disruptions, they failed to
sustain when exposed to some other events. Networks were compared mainly based
on failure magnitude and duration under the scenarios of excess demand, pipe failure
and substance intrusion scenarios. Ayala-Cabrera et al. (2017) proposed metrics for
evaluation of resilience of water distribution networks giving special consideration
to the adaptive, absorptive and restorative capacities.

The first step to achieve the resilient cyber-physical design of water distribution
networks involves the ability to detect the abnormal situations. The abnormalities
might be some physical, operational or contamination faults. The following study
focuses on physical failures caused due to disruptions onWDN. During such events,
operational parameters such as pressures, flow in the network or nodal head are
instrumental in determining the performance of the network. The further sections
would discuss the techniques to measure network performance in cyber-physical
framework and its advantages in dealing with disruptive events.

2.2 Nodal-Level Performance of Water Distribution
Networks

Conventionally, the water distribution networks are operated in demand-driven (DD)
mode. In this mode, it is assumed that the pressures at the nodes are adequate to fulfil
the nodal demands. Thus, the nodal pressures are the function of the nodal outflows. In
case of failures, the nodal outflows are maintained even with some sustained pressure
losses. However, the network gets dragged into pressure-deficient situations with an
increase in the intensity of the failures. The state of the network when the design
nodal demands are satisfied at desired pressures is termed as normal operation. The
system may restore to its normal operation during single pipe failure but it might
not restore with the increase in the number of failed pipes. The researchers have
come up with the pressure-dependent demand (PDD) mode to analyse the network
in such pressure-deficient situations. In PDD mode, the nodal pressures govern the
nodal outflows, thus making it possible to study such scenarios of network failures.
Comparative study of the network operations in DD and PDD mode has shown the
advantages of analysing pressure-deficient networks in PDDmode over theDDmode
(Braun et al. 2017; Nyende-Byakika et al. 2012; Gupta and Bhave 1996).

Todini (2000), Prasad and Park (2004) and Jayaraman and Srinivasan (Jayaram
and Srinivasan 2008) proposed various resilience indexes to measure system per-
formance. The system’s energy, pipeline layout (branches and loops) and supply
sources are the factors considered for their calculations. These indexes quantify sys-
tem’s ability to maintain the nodal demands during failure events in WDN. These
studies can indicate the failures in the network as a whole, but they cannot identify
locally affected areas or node. Thus, these indexes are not applicable in terms of
selectivity. Baños et al. (2011) studied the networks ability to maintain the pressure
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at nodes under uncertain demands. It motivates for the exclusive consideration of
network topology for performance measure. Lack of information about the affected
nodes also compromises with the ability to decide upon control measures. Thus, the
proposed approach tries to overcome these drawbacks by quantifying nodal-level
performance measure for WDN.

Head and flow relationships have been studied in the literature by researchers,
and several relations have been proposed. Bhave (1981) proposed the head–flow
relation assuming that the node outflows always match the expected demand. How-
ever, partial flow condition is not considered in this study. Under normal operation,
either expected flow or a no flow condition exists. Theoretically, the head value can
range from [0, ∞). In contrast, assuming the flow to be unbounded, Reddy and
Elango (1989) proposed head-dependent analysis. Considering the nodal heads and
flow simultaneously could depict a more realistic situation. Both the head and flow
have been considered simultaneously in the literature (Germanopoulos 1985; Bao
and Mays 1990). Gupta and Bhave (1996) performed a comparative study of the
methods available in the literature for the performance of networks under pressure
deficiency. In this study, head and flow are utilized to calculate two performancemet-
rics on real-time basis. These metrices provide information about the performance at
the node and the state of network as a whole. Using this approach, various physical
and operational failures in WDNs at nodal level can be identified. In this work, we
have considered three failure scenarios: (i) pipe break, (ii) pipe clog and (iii) excess
demand.

2.2.1 Head Ratio

From studies in the literature, it can be seen that the failures in the water distribution
networks is accompanied by a drop in nodal head. The amount of drop in the nodal
head can be used to identify different kinds of failures.

The following ratio could give insight into the system’s current operation.

φHi = Ht
i

Hi
(2.1)

where Ht
i = mean of available head measured over time t at node i Hi= supply

pressure required for normal operation at node i

The numerator
(
Ht
i

)
represents the mean of available head at node i over past t

time units. It is taken as mean of the past few measurements so that the errors can
be reduced in case wrong measurement is obtained at any time due to errors from
the instrument or some other sources. The denominator is nodal head required to be
maintained during normal operations. The above ratio is calculated at each demand
node of the network. The performance of the node can be interpreted from the value
that the above ratio assumes.
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φH

⎧
⎨
⎩

< 1 insufficient head at node i
= 1 normal operation of node i
> 1 excess energy available at node i

The expression gives an insight into the current performance of node i. It compares
the real-time measurements with the head values required for normal operation of
the network. The desired nodal head for normal operation changes with the change in
nodal demand. A simple linear metric has been selected for the purpose of real-time
implementation of the cyber-physical water network in the future work.

Simulations demonstrate the effectiveness of the above ratio in failure identifi-
cation. Sensitivity analysis under different noise levels and with changes in pipe
resistance is also carried out to test to robustness of the above measure. Simulation
results on different networks are presented in the next section.

2.2.2 Flow Ratio

As reported in the literature (Bao and Mays 1990), nodal heads alone cannot deter-
mine the network performance. Thus, we here considered a similar ratio for nodal
flow. The following ratio also gives information about the current status of nodal
outflows.

φFi = Qt
i

Qi
(2.2)

where Qt
i = mean of nodal outflow measured over time t at node i Qi= normal

expected demand at node i

The numerator
(
Qt

i

)
represents the mean of nodal outflows at node i over past t

time units. We take the mean of the past few measurements so that the measurement
error can be reduced. The denominator is the nodal expected demand under normal
operation. The above ratio is calculated for each node in the network. The nodal
performance can be inferred from the value of the ratio above.

φFi

⎧
⎨
⎩

< 1 insufficient water supply at node i
= 1 expected demand satisfied at node i
> 1 excess water being supplied at node i

The expression (2.2) can be used to infer the percentage of the expected quantity
of water that is supplied. It is similar to the water service availability found in the
literature. The flow measurements at any time are compared with the flow values
required to satisfy the demand in the normal operation of the network. The simple
linear form helps in real-time implementation in the cyber-physical framework.
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Simulations have been performed on networks with active and passive elements to
validate the proposed strategy. Simulation results and discussion have been presented
in Sect. 2.3.1.

2.3 Case Studies

To demonstrate the effectiveness of the performance metrics introduced in Sect. 2.2,
several simulations were performed on various networks. Networks present in the
literature were chosen to evaluate their performance under different failures. The
networks and some of their properties have been listed in Table 2.1. The architecture
of the networks listed in Table 2.1 can be seen in Figs. 2.1 and 2.2.

Table 2.1 Summary of the
networks used for simulations

Network Hanoi Net3

Type Passive network
Intermittent supply
system

Active network
Continuous supply
system

Junctions 31 92

Pipes 34 117

Tanks 0 3

Reservoirs 1 2

Pumps 0 2

Fig. 2.1 Structure of Hanoi network
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Fig. 2.2 Structure of Net3 network

Hanoi network, popular in literature, was chosen for studying its performance
during disruptions. It is gravity-fed system with no active elements such as pumps
or valves. The structure of Hanoi network can be seen in Fig. 2.1. Net3 is an active
network that consists of tanks and pumps that help minimize the effect of disruption
which will be discussed later. The structure ofNet3 can be seen in Fig. 2.2. In each of
the network, the link to which the disruption is given and the nodes that are evaluated
for their performance are labelled.

The performancemetrics proposed in thisworkwere evaluated byperforming sim-
ulations after introducing disruptions of varied nature. Simulations were performed
for three disruptive scenarios: (i) pipe break, (ii) pipe clogged and (iii) excess demand.
The simulations have been performed assuming that only a single event occurs at any
given time. Water Network Tool for Resilience (WNTR), a python package devel-
oped for simulating disruptions to water networks, was used for simulation purpose
(Klise et al. 2018). The results are presented in this section along with necessary
discussion.

2.3.1 Effect of Disruptions on Performance Measures

Pipe break is one of the disruptive scenarios for which the simulations are done to
study qualitative behaviour of network. An event of pipe break would mean large
quantity of water exits the pipe network through the opening. This not only suggests
loss of water but insufficient supply at the demand nodes. Further, a situation of



26 J. Mankad et al.

pressure deficiency occurs as a result of energy loss. The supply takes place at
reduced pressure which is undesirable.

The parameters required for executing pipe break comprise of the broken link,
area of the leak, discharge coefficient, and leak start and end times. The remaining
parameters used for simulating pipe breaks are as given below in rows 2 to 4 of
Table 2.2. Time series plots have been generated for the nodes shown in the last
but one row of Table 2.2. This helps in understanding the nodal performance as a
function of time. The last row shows the time at which the heat maps are generated
to better evaluate the status of the entire network at any given time.

Hanoi network, an intermittent supply system, was simulated for 1 h. Link 20 of
the network was broken after 30 min of normal operation and was left broken till the
end of the simulation. This results in loss of a large quantity ofwater and also pressure
deficiency in the network. The nodal demands may not be completely satisfied in
case the pressure drops below nominal pressure. The drop in head ratio and flow
ratio of some of the nodes below unity can be seen in Fig. 2.3a, b, respectively. The
value of both ratios being unity indicates that the network operated normally prior
to 30 min. It implies that all the nodal demands were satisfied at sufficient pressures.
After 30min, the ratio started dropping as a result of introduced pipe break. The head
ratio reached its minimum value and stabilized at around 0.7 as can be observed in

Table 2.2 Parameters used
for simulating pipe breaks

Network Hanoi Net3

Link broken 20 173

Break start time (h) 0.5 6

Discharge coefficient 0.2 0.2

Nodal performance 4, 20,21,23 117, 119, 151, 159

Heat map time (h) 0.25, 0.75 12

Fig. 2.3 a Head ratio as a measure of system’s performance due to pipe breaks for entire period
of simulation for some nodes in Hanoi network under normal noise levels and b flow ratio as a
measure of system’s performance due to pipe breaks for entire period of simulation for some nodes
in Hanoi network under normal noise levels
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Fig. 2.3a. This resulted in a lack of supply as indicated by flow ratio at pressure
deficient nodes which can be observed from Fig. 2.3b.

Heat maps showing the status of the network before disruption (t = 15 min) and
after disruption (t = 45 min) are shown in Figs. 2.4 and 2.5, respectively. Figure 2.4a
shows the head ratio while Fig. 2.4b shows the flow ratio of the network before
disruption (t=15min).All the nodes in the network are close to a value of 1 indicating
normal operation. The pressure losses due to pipe break in the network at 30 min
cause the network nodes to underperform as indicated by the head ratio at 45 min in
Fig. 2.5a. It can be seen that a large part of the network gets affected due to just one
pipe break. The corresponding nodal outflows also reduce as indicated by the flow
ratio in Fig. 2.5b. The part of the network whose performance gets affected depends

Fig. 2.4 a Head ratio as a measure of system’s performance before disruption (t = 0.25 h) at every
node in the Hanoi network under normal noise levels and b flow ratio as a measure of system’s
performance before disruption (t = 0.25 h) at every node in the Hanoi network under normal noise
levels

Fig. 2.5 aHead ratio as a measure of system’s performance due to pipe breaks (t = 0.75 h) at every
node in the Hanoi network under normal noise levels and b flow ratio as a measure of system’s
performance due to pipe breaks (t = 0.75 h) at every node in theHanoi network under normal noise
levels
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Fig. 2.6 a Head ratio as a measure of system’s performance due to pipe breaks for entire period of
simulation for some nodes in Net3 network under normal noise levels and b flow ratio as a measure
of system’s performance due to pipe breaks for entire period of simulation for some nodes in Net3
network under normal noise levels

on a number of factors like the topology of the network that includes node degree,
connectivity, clustering coefficient and network physical attributes like elevations of
the nodes, pump locations and available head in the tanks among others.

Another network Net3 with active elements was chosen for the study. As shown
in Table 2.1, it contains two pumps, two reservoirs and three tanks. In the literature,
Net3 is also used as a benchmark network to test tools and techniques. To test the
approach of detecting disruptions, link 173 was broken after 6 h of normal operation
till the end of the simulation. Discharge coefficient of 0.2 was used for simulation.
It can be seen from Fig. 2.6a that there is a reduction in supply pressure starting 6 h.
The conditions worsen as the time proceeds and drops to a new level around 15 h.
However, the flow does not decrease immediately since the pressure is still higher
than the nominal head required for full flow to occur. Towards the later part of the
simulation, the flow starts decreasing as indicated by the flow ratio in Fig. 2.6b. The
heat maps of the network at time t = 12 h are showing the head ratio can be seen
in Fig. 2.7a. A large number of nodes in the network were observed to receive the
water at a lower pressure than desired. This implies that link 173 which is of larger
diameter is critical to network performance. Figure 2.7b shows the flow ratio at every
node in the network. A large number of nodes can be noticed receiving an insufficient
quantity of water.

Over a period of time, flow through pipes causes deposition of particles, growing
of biofilms and corrosion of pipe material. Clogging of the pipe is not a sudden event
but the area available for flow reduces over a period of time. This results in clogging
of the pipes thereby reducing effective area available for flow. Due to this, part of the
network downstream may experience pressure deficiency and insufficient supply of
water. However, drop in the performance of the network does not solely depend on
this. Presence of source or active elements may help minimize the effect of such an
event.
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Fig. 2.7 a Head ratio as a measure of system’s performance due to pipe breaks (t = 12 h) at every
node in the Net3 network under normal noise levels and b Flow ratio as a measure of system’s
performance due to pipe breaks (t = 12 h) at every node in the Net3 network under normal noise
levels

To simulate such a scenario, link 20 in Hanoi network was chosen. Clogging was
introduced to the same link to which pipe break was given to compare the effect
of the two on the networks’ performance. Clogging of pipe can be characterized by
placing a pressure reducer valve (PRV) along that link. The diameter of the valve
can be kept smaller than that of the pipe. Pipe was clogged for the entire period of
simulation. Table 2.3 shows the parameter used for simulating pipe clog scenarios
using WNTR.

For simulation purpose, PRV diameter of 90% of actual pipe diameter was placed
in link 20. Again, the time series plots showing the variation in the two ratios at some
of the nodes are shown in Fig. 2.8. The head ratio is seen in Fig. 2.8a while the flow
ratio in Fig. 2.8b is plotted for the entire duration of simulation. It should be noted
that, while the nodes downstream of the pipe clogged are at a lower head than that
required for normal operation, the nodes upstream of the pipe receive water at higher
heads than required. The relative positions of the nodes and links can be observed in
Fig. 2.2. The heat map in Fig. 2.9a shows the head ratio at each of the nodes in the
network at time, t = 15 min. The corresponding flow ratio can be seen in Fig. 2.9b.
It can be observed that almost half of the network underperforms indicated by the

Table 2.3 Parameters used
for simulating pipe clog

Network Hanoi Net3

Link clogged 20 238

Fraction of pipe diameter
Clogged

0.1 0.2

Nodal performance 4, 20, 21, 23 207, 211, 215

Heat map time (h) 0.25 5, 12
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Fig. 2.8 a Head ratio as a measure of system’s performance due to pipe clog for entire period
of simulation for some nodes in Hanoi network under normal noise levels and b flow ratio as a
measure of system’s performance due to pipe clog for entire period of simulation for some nodes
in Hanoi network under normal noise levels

Fig. 2.9 a Head ratio as a measure of system’s performance due to pipe clog (t = 0.25 h) at every
node in the Hanoi network under normal noise levels and b flow ratio as a measure of system’s
performance due to pipe clog (t = 0.25 h) at every node in the Hanoi network under normal noise
levels

head and flow ratio as a result of a single pipe failure in the network. On the contrary,
many other nodes in the other half receive complete supply but at an elevated head.

Net3 was simulated for a similar disruptive event. Link 238 that acts as a bridge
connecting two parts of a large network was chosen for simulation purpose. It should
be noted thatNet3 contains tanks, reservoirs and pumps. Figure 2.10a shows the head
ratio in the network. Notice that even though the pipe clogging was simulated for
the entire 24 h duration, the network continued supplying required quantity for 6 h
post disruption without significant loss in the head at which it was supplied as seen
in Fig. 2.10b. Tank 2 (T2) in the downstream of the link 238 continued supplying for
an extended period. Heat map plotted after 5 h of operation showing the head ratio
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Fig. 2.10 a Head ratio as a measure of system’s performance due to pipe clog for entire period of
simulation for some nodes in Net3 network under normal noise levels and b flow ratio as a measure
of system’s performance due to pipe clog for entire period of simulation for some nodes in Net3
network under normal noise levels

in the network can be seen in Fig. 2.11a. The corresponding flow ratio at every node
in the network is plotted in Fig. 2.11b. The path from reservoir to the tank passes
through the link 238. Due to this, the tank does not get refilled and hence unable to
satisfy nodal demands after 6 h. Hence, the performance further drops in terms of
head and demand as shown in Fig. 2.12a, b.

Firefighting operations demand an excess quantity of water in a short time span.
Large volume of water is extracted from the networks causing the network to loose
its performance. Drawing excessive water than the capability of the network causes
suction in the network. The pressure at some of the nodes depending on the networks
topology and presence of various elements decreases affecting their supply. However,
there may be nodes which receive more than normal demand. Hence, in excess

Fig. 2.11 a Head ratio as a measure of system’s performance due to pipe clog (t = 5 h) at every
node in the Net3 network under normal noise levels and b flow ratio as a measure of system’s
performance due to pipe clog after disruption (t = 5 h) at every node in the Net3 network under
normal noise levels
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Fig. 2.12 a Head ratio as a measure of system’s performance due to pipe clog (t = 12 h) at every
node in the Net3 network under normal noise levels and b flow ratio as a measure of system’s
performance due to pipe clog (t = 12 h) at every node in the Net3 network under normal noise
levels

demand scenario, while the supply pressure at some of the nodes goes down, the
flow ratio may assume a value higher or lower than 1.

The design peak factor of the gravity-driven networks is essentially less as com-
pared to that of the network supplied through pumping. Gravity-driven networks
are mostly deployed in the areas of low population density. Also, it is assumed that
there is availability of secondary water source to take care of occasional high water
demands. Sometimes lake or tube wells are those alternate sources that are expected
to meet the demands in such cases. In the areas of high-density population, the water
demand per hour in itself is very high due to which pumping stations are neces-
sary. Thus, mostly in urban or semi-urban areas, the water distribution networks are
pressure-driven. Such networks are expected to overcome the high uncertainty in
the water demand at adequate pressure. Hence, it is essential to study the behaviour
of pressure-driven systems in excess demand scenario as a part of system resilience
assessment.

Net3 was used for simulating excess demand scenario. As already mentioned,
Net3 contains reservoirs and pumps. Node 101 in the network was chosen for simu-
lating excess demand being an articulation point. An articulation point, from network
science perspective, is one that if removed disconnects the network into two parts.
A demand pattern was created for excess demand for 4 h from 6 to 10 h. For rest of
the time before 6 h and after 10 h, the default pattern was left unchanged.

From Fig. 2.13a, it can be seen that the head ratio at some of the nodes drops due
to the large volume of water being drawn from another node. Thus, excess demand
at one node affects the pressure at which other nodes are serviced. However, this
does not help differentiate excess demand situation with another situation such as
pipe break. The flow ratio shown in Fig. 2.13b reveals the situation. The heat map
for excess demand is shown in Fig. 2.14a, b for the head and flow ratio after 8 h.
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Fig. 2.13 a Head ratio as a measure of system’s performance due to excess demand for entire
period of simulation for some nodes in Net3 network under normal noise levels and b flow ratio as
a measure of system’s performance due to excess demand for entire period of simulation for some
nodes in Net3 network under normal noise levels

Fig. 2.14 a Head ratio as a measure of system’s performance due to excess demand (t = 8 h) at
every node in the Net3 network under normal noise levels and b flow ratio as a measure of system’s
performance due to excess demand (t = 8 h) at every node in the Net3 network under normal noise
levels

Even though node 101 is directly connected to the source, a significant part of the
network experience pressure deficiency after introducing excess demand.

2.3.2 Sensitivity Analysis

As discussed in the previous sections, the nodal flow analysis is a more compre-
hensive approach to deal with disruptions in WDNs. However, in order to use the
proposed approach, the performance metrics need to be accurate and robust at the
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same time. Sensor noise and pipe resistance are the twomost important factors which
can introduce uncertainties in its measure. Thus, a detailed analysis of the sensitivity
of the performance metrics towards sensor noise and pipe resistance is carried out.
The results for the same are discussed in this section.

Pipe resistance or pipe roughness as mentioned in some of the literature is one of
themost important factors that determine the hydraulic performance. It is extensively
discussed from the design perspective (Bhave and Gupta 2006). However, pipe resis-
tance properties are also vital for performance monitoring, system inspection and
real-time control of WDNs (Bhave 1988). Further, sensor measurements are always
accompanied by high-frequency noise. It is a random phenomenon that corrupts the
measurement with no useful information. High signal-to-noise ratio (SNR) is desired
as the noise levels are low in the signal. Monte carlo simulations were performed
to validate the approach of identifying abnormal network operations in presence of
such uncertain quantities. While the network is being operated in a real scenario, the
sensors would pick up noise and corrupt the measurements it would provide. Thus,
the true value always remains unknown. To mimic such a situation and validate the
approach to detect disruptions to the network, noise has been added to the values
obtained from simulations. The noise levels have been chosen as provided by the
instrument manufacturers for pressure and flow. For pressure measurements, noise
level of < 1% of the span, was found in manufacturer’s datasheet while that of ± 5%
for flow measurements. Simulations in this work were performed with normal noise
levels of 1% and 2.6% as found in the literature for pressure and flow, respectively
(Dias et al. 2013). Noise levels of ± 1.5% and ± 5% were chosen as an extreme case
for pressure and flow, respectively.

The results presented in this section were obtained using Monte Carlo simula-
tions. Monte Carlo simulations are performed to understand processes having vari-
ables with associated uncertainty. The technique helps determine the likelihood of
outcome of a process for variations in their input variables. Instead of using the mean
or the median value for a variable, this technique uses random sampling to choose a
value for a variable. The method is an effective way for determining the outcome of
processes/events involving a large number of degrees of freedom. A large number of
simulations are performed by randomly sampling values for each variable from prob-
ability functions and generating outputs that helps better forecasting for informed
decision making. The technique finds its applications in a variety of areas like busi-
ness and finances, statistical physics, research and development, transportation, and
environment.

For each of the three disruptions, viz. pipe break, pipe clog and excess demand,
1000 simulations were performed to obtain extreme values of the two proposed
metrics. Noise introduced varied in the range of ± 1% in pressure measurement and
± 5% in flow measurements. The pipe resistance for every pipe in the network was
allowed to change up to 40% of the initial value for each case.

To analyse the effectiveness of the two metrics in the presence of high sensor
noise, simulations were performed under extreme noise levels as mentioned above.
Even at higher levels of noise, the approach could successfully detect the abnormal
operation of the network. Noise magnitude of± 1.5% for pressure and± 5% for flow
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was added to check for the validity of the approach. Time series plots for the same
nodes of Hanoi network under pipe break scenario as in Fig. 2.3 are shown below
in Fig. 2.15a, b. It can be observed that the drop in network performance in terms of
the head at which the water is supplied and the actual flow of water at the nodes can
still be detected. The heat maps have been avoided owing to their similarity with the
results already discussed.

Next, simulating Net3 under extreme levels of measurement noise for both pres-
sure and flow, similar observations can be made. The time series plots for the sim-
ulations performed under uncertain demand can be observed in Fig. 2.16a, b for
head and flow ratio, respectively. The heat maps have been avoided owing to their
similarity with the plots shown in Fig. 2.14.

Fig. 2.15 a Head ratio as a measure of system’s performance due to pipe breaks for entire period
of simulation for some nodes in Hanoi network under extreme noise levels and b flow ratio as a
measure of system’s performance due to pipe breaks for entire period of simulation for some nodes
in Hanoi network under extreme noise levels

Fig. 2.16 a Head ratio as a measure of system’s performance due to pipe breaks for entire period
of simulation for some nodes in Net3 network under extreme noise levels and b flow ratio as a
measure of system’s performance due to pipe breaks for entire period of simulation for some nodes
in Net3 network under extreme noise levels
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The pipe resistance is the material property that changes over the period of time.
Pipe corrosion and salts in water affect the internal linings of the pipes. The effect of
the pipe resistance on the calculation of φHi and φFi at the nodes for two networks
is shown below. Here we discuss the case of Hanoi, which is a passive network and
Net3 which is an active network. The margin of noise consideration for flow (±
2.6%) and pressure (± 1%) measurements is standard as per the literature. In the
Hanoi network (Fig. 2.1), the link 20 is broken after 30 min of normal operation
and 20% of the actual flow is flowing out of the pipe walls as leak. The supply from
reservoir (R1) is able to satisfy the demand at the nodes 4 but not at nodes 20 and 23
as evident from the heat map shown in Fig. 2.17.

In the next simulation, the link 116 in the Net3 is broken after 6 h of normal
operation. The leak discharge coefficient is 0.4. As the carrying capacity of the pipe
decreases, the networks ability to satisfy the demands also decreases. The flow at
the nodes 191 and 111 shows decline when pipe resistance is increased to 30%.
The metric can measure the resilience of the system at higher pipe resistance and
Fig. 2.18a, b can be compared to see the effect of changes in pipe resistance on the
nodal outflows. The flow ratio indicates that the available flow at nodes 111 and 191
reduces due to changes in pipe resistance.

Clogging is another major disruption responsible for the loss of serviceability of
the network. Scaling, corrosion, deposition and sedimentation cause the closure in
pipes to variable extents. The effect of the pipe resistance on the detection of faults
due to clogging is discussed for different water distribution networks.

Fig. 2.17 Flow ratio as a measure of system’s performance due to pipe break (t = 0.75 h) at every
node in Hanoi network with 30% increase in pipe resistance
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Fig. 2.18 a Flow ratio as a measure of system’s performance due to pipe break for the entire period
of simulation for some nodes in the Net3 network with design pipe resistance and b flow ratio as
a measure of system’s performance due to pipe break for the entire period of simulation for some
nodes in the Net3 network with 30% increase in pipe resistance

In theHanoi network, blockage was introduced with 10% clogging in the link 20.
In case 1, the pipe resistance was kept the same as that of the design value. In case 2,
the carrying capacity of all the pipes in the network is reduced by 30% of the design
value (the decrease in the C value of all the pipes in the network). The clog in link 20
was introduced for the complete duration of simulation. The heat map of the network
after 30 min of operation in the clogged state can be seen in Fig. 2.19a. As link 20
is clogged, the nodes in the left loop of the networks show a drop in their head ratio.
This is expected from the hydraulic characteristics of the water networks. The flow

Fig. 2.19 a Flow ratio as a measure of system’s performance due to pipe break (t = 0.5 h) at
every node in Hanoi network with design pipe resistance and b flow ratio as a measure of system’s
performance due to pipe break (t = 0.5 h) at every node in Hanoi network with 30% increase in
pipe resistance
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Fig. 2.20 a Head ratio as a measure of system’s performance due to excess demand for the entire
period of simulation for some nodes in theNet3 networkwith design pipe resistance and b head ratio
as a measure of the system’s performance due to excess demand for the entire period of simulation
for some nodes in the Net3 network with 30% increase in pipe resistance

ratio at each node in Fig. 2.19b indicates that the entire left part of the network is
facing scarcity of water supply.

The components of the active network add some kind of dynamic nature to the
network.Net3 (Fig. 2.2) is an active networkwith two pumps connected to reservoirs.
Such kind of networks is common in urban areas where the supply is continuous.
Clogging was introduced in the link 238 which acts as a bridge in the network. Due
to the presence of the pump, flow ratios at the nodes in the upstream of link 238 are
maintained. With the decrease in the pipe carrying capacity, more energy is required
to maintain the flow. The increased head ratios in the nodes near the disrupted nodes
with higher pipe resistance as compared to design values can be seen in Fig. 2.20a,
b. Also, the head ratio at the node 207 away from the disrupted link is maintained in
both the scenarios.

Excess demand cannot be conclusively termed as a fault but a state of network
operation where the nodal demands are way beyond the design parameters. During
disasters to maintain the functionality of any infrastructure, water demand increases
considerably. Fire is one such scenario that causes an enormous increase in the
demand in short period of time. It is expected from the water network to deliver
their service in such a highly vulnerable scenario. Here, we have tried to study the
response of Net3 network in the case of excess demand. The node 101 in Net3 was
subjected to excess demand of peak factor 110 from 6 to 10 h.

Figure 2.21a, b indicates the comparative study of the effect on the flow ratio due to
increased pipe resistance. In Fig. 2.21a, the flow ratio with the design pipe resistance
during excess demand is nearly 59 times the normal demand. As the pipe resistance
increases, the maximum value of the flow ratio drops down to 44 times during excess
demand scenario. However, the flow ratio is able to determine the serviceability of
the system in the degraded state with due representation of the energy loss due to
pipe resistance.
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Fig. 2.21 a Flow ratio as a measure of system’s performance due to excess demand for the entire
period of simulation for some nodes in theNet3 network with design pipe resistance and b flow ratio
as a measure of the system’s performance due to excess demand for the entire period of simulation
for some nodes in the Net3 network with 30% increase in pipe resistance

2.4 Conclusion

The infrastructure of water distribution networks (WDNs) is considered to be of vital
importance as they accommodate the water supply needs of the society. They are
identified as critical infrastructure in many countries as they affect their economy,
security and social well-being.WDNs are designed with an objective to satisfy nodal
demands at sufficient pressures. However, they often encounter disruptions such as
breakage of pipe, uncertain demand, loss of facilities, power loss and substance
intrusion. Such failures prevent the system from achieving its design objectives. The
WDNs may or may not be able to withstand disruptions, resulting in a drop in its
performance. They need to be upgraded so that they could adapt, absorb or recover
to its normal state, in other words, they become more resilient to such disruptions.
Recent inclination towards cyber-physical systems motivates its utilization for the
application of resilient water distribution networks.

A water cyber-physical system is capable to identify faults, perform decision-
making based on some logic and restore to its normal state all by itself. The focus
in this work is on developing an approach that could give insight into the networks
performance at nodal level during such disruptive events. The simulations done on
both the networks, Hanoi and Net3, have demonstrated the ability of the proposed
metrics to identify disruptions. Furthermore, it also informs about the nature of
disruption and the affected area that can be useful in planning appropriate corrective
actions. This would help to minimize the degrading effects on its performance in real
time. Thus, the proposed approach is a step towards developing an intelligent water
supply system for the future.

The current study focuses only on the physical failures, and however, it can be
further extended to applications of water contamination and development of an inte-
grated secured and sustainable water supply system. The major assumption in this
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study is that the sensor measurements at every node in the network are available.
However, cost is an important aspect that limits the number of sensors that can be
placed. This work can be extended to solving a sensor placement problem and to pre-
dict the states of the nodes from limited available information. With the knowledge
of the disruptions and nodal states, appropriate control strategies can be designed to
recover the network from failed state and prioritizing them. Loss of pressure energy
is one of the common impacts of disruptions on water networks. Scheduling and
control of active elements such as pumps and valves can be developed for providing
energy during pressure deficient situations. Further, pumps can be operated as turbine
to recover excess energy available in the network for the design to be sustainable.
These could help realize a complete resilient cyber-physical framework for WDN.
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Chapter 3
An Overview of Big Data Analytics:
A State-of-the-Art Platform for Water
Resources Management

Nirav Raval and Manish Kumar

3.1 Introduction

Water resources have become stressed with the enhancement of population growth,
looming agricultural/industrial production, unprecedented rise in living standard, and
uncontrolled climate change (Kumar et al. 2019a; Roshan et al. 2020).Water scarcity
refers to the condition when sufficient water resources are not available to meet a
particular region’s water requirement (Kumar et al. 2019b, 2020). It is estimated
that worldwide approximately four thousand million people are not provided with
adequate quantity of potable water for at least one month a year. With the population
projected to expand to nine thousand million by 2050, the demand for potable water
is set to increase dramatically (du Plessis 2019; Patel et al. 2019; Singh et al. 2020).
Hence, tomeet the demand of blooming population for cleanwater,monitoring-based
management of water resources is essential.

Advancement of the engineered sensors, data monitoring, and communication
devices enables continuous monitoring of particular water system. As a result of
this, near real-time series data with high frequency can be recorded. Such perpetual
measurement produces bulk of data, called as big data (Gandomi and Haider 2015;
Mayer-Schönberger andCukier 2013). The term “Big data”which includes themajor
processes like, data acquisition, storage, extraction, and cleaning as well as analy-
sis and interpretation were first proposed by Michael Cox and David Ellsworth in
1997. The targeted use of advanced big data analytics is emerging for effective and
sustainable management of water resources in the scientific community. Application
of the computer models is increasing in the field of water science and engineer-
ing because of the urgent necessity for deeper perspicacity into water systems and
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demand for providing effective solutions toward stressed water resources in a sus-
tainable manner (Bibri and Krogstie 2017; Singh et al. 2020; Mukherjee et al. 2020).
However, heterogenous nature of big water data causes difficulty in its storing, han-
dling, and processing. Thus, to manage water resources effectively and sustainably,
proper application of advanced water analytics is one of the prime necessities of the
current decade.

A key contribution of this chapter is to bring forth the basic overview, character-
istics, applications, challenges, and open platform/proposed model supporting water
resources-based big data. Also, the future directions related to the integrations of
various platforms are provided.

3.2 Big Water Data and Associated Characteristics

Technological advancement facilitates constant acquisition and processing of data at
an unprecedented rate which can be further managed with the readily available soft-
ware and hardware. This capability can be inclusively termed as “big data” (Adamala
2017). To characterize the big data, commonly used parameters include (i) Volume:
As name suggests, volume is generally the quantity of data generated, processed, and
stored. In the twenty-first century, data generation is constantly increasing as a result
of which big data sizes are reported in multiple of terabytes and petabytes. For the
storage, handling, and processing of this bulk data, the distributed systems are used
instead of traditional database technology (Schroeck et al. 2012). (ii) Velocity: Speed
with which generated data can be transferred and processed is known as velocity.
At present time, streaming data (collected in real time) is one of the leading edges
of big data. The modern applications and computer-based programmes/softwares
enable the sorting, transmitting, and processing of generated data at faster rate (David
et al. 2014). (iii) Variety: The availability of different types of data represents the
variety. Water-related data is highly unstructured. The modern big data technology
enables simultaneous collection and usage of structured and unstructured data. In
water resource management, there has been more efforts require to integrate all
types of water data from across different sections/sectors into one continuous data
stream (Zikopoulos and Eaton 2011). (iv) Veracity: The quality or trustworthiness
of any water-related data is known as veracity and it is directly associated with the
health aspect as water is considered to be one of the primary necessities for the sur-
vival of living being. In general, it is a measure of the accuracy of the data. Quality
control is one the important parameters to be considered for big data. (v) Value: It
refers to the actionable perception gained from generated data. Having access to big
water data will not going to complete the work unless and until it’s conversion into
some value has not been performed. In case of water consumption survey study, the
availability of data is not sufficient to reach the decision making untill its conversion
into some deliverable value. With the help of the state-of-the-art models/softwares
and algorithms, large amounts of data can be converted into deductive information
for final decision making (David et al. 2014; Madden 2012).
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3.3 Big Data Analytical Methods

Big data analysis can be useful in enlightening the decision-making process in numer-
ous areas such as environmental, natural disaster, and resources management. Num-
bers of big data analyticalmethods are used to infer a value/decision from the acquired
big data (Chen et al. 2012; Manyika 2011). Most important of them are listed with
their characteristics in Table 3.1.

3.4 Big Data and Water Resources Management

Water usage is more than double the rate of the population growth in the last century,
which makes water as one of the precious resources of the present decade. This also
increased the importance of effective management of water resources via the big data
analytics. The major 5 “V” capabilities of big data (shown in Fig. 3.1) can help in
proper perception and management of these scarce water resources.

3.4.1 Types of Water Data and Data-Sharing Methodologies

A diverse set of information that addresses the environmental, physical, ecologi-
cal, social, economic, cultural, and political parameters of water usage, availability,
and accessibility is known as water data. Water data can be divided into five cat-
egories: (i) water quality: The physical, biological, and chemical characteristics of
water are often referred as water quality, an important parameter to determine the
potability of water. To identify the water quality, single measurement is not enough
but measurement of the number of water characteristics is required. It is a measure
of the condition of water usually in reference to the requirements of some ecologi-
cal process or anthropogenic purpose. (ii) Water quantity: It is often regarded as a
rate at which volume of water is moving downstream (Wanielista et al. 1997). (iii)
Water use: It includes the human consumptive uses (i.e., per capita), application by
various sectors (i.e., agriculture, industry), environmental practice (i.e., evapotran-
spiration rates), and ecosystem services. (iv) Water extremes: Hazard and natural
disaster-related data that include drought/flood monitoring and weather data. (v)
Water indicators: Such indicators are generally linked to few common aspects of
human or environmental health. Water indicators integrate other water-related data
to provide a metric for water sustainability and utilization for human well-being
(Sternlieb and Laituri 2010). Water data can be generated as primary and secondary
data. The collection of water quality and quantity-related raw data can be defined
as the primary data. For the measurement of the primary data, different methods are
used depending upon the characteristics of water and availability of resources. Data
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Table 3.1 Big data analysis methods and their characteristics

Sr. No. Methods Characteristics

1. A/B or bucket or split testing For the improvement of given objective
variables, determination of the required
treatment is done by comparing the
control group with a variety of other test
groups

2. Association rule learning or fuzzy
learning

This method compromises variety of
algorithms to produce and test possible
rules for determining interesting
relationships

3. Classification It consists of supervised and
unsupervised learning techniques to
recognize the appropriate categories in
which new data points fits

4. Cluster analysis As training data are not used in this
method, it is considered as a type of
unsupervised learning

5. Crowd sourcing In this method, data has been collected
from the large group of people. Open-call
technique has been used for this purpose

6. Data fusion and integration It is used for the integration and analysis
of the data from variable sources in order
to develop insights in more accurate and
effective manner

7. Data mining As the name suggests it is basically the
data extraction technique. It includes (i)
association rule learning, (ii)
classification, (iii) cluster analysis and
(iv) regression methods

8. Ensemble learning In this type of the supervised learning,
multiple predictive models have been
used to obtain better predictive
performance

9. Neural networks It is a series of algorithms that undertake
to recognize underlying relationships in a
set of data through a process that mimics
the way the human brain operates.
Various water quality parameters can be
simulated using this computational
method

10. Network analysis It is basically used to characterize
relationships among discrete nodes in a
network or graph

(continued)
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Table 3.1 (continued)

Sr. No. Methods Characteristics

11. Optimization In this method, complex systems and
processes are redesigned to improve their
efficiency according to the specified
objectives

12. Pattern recognition It is a set of machine-learning methods
that assign label (some sort of output
value) to instance (given input value)
according to a particular algorithm

13. Predictive modeling In this method, a mathematical model is
created/selected to best predict the
probability of an outcome. Water quality
predictive models can incorporate both
mathematical expressions and expert
scientific judgment

14. Regression A set of statistical methods to understand
how the value of the dependent variable
changes when one or more explanatory
(independent) variables is modified. Ex.:
Water usage can be estimated indirectly
by applying multiple regression analysis

15. Spatial analysis It is a set of analyses methods used for
the identification of geometric,
topographic, and geographic
informations encoded in a dataset

16. Statistics Statistics refers to the science of the data
acquisition, organization and
interpretation. For example, Response
Surface Methodology (RSM) explores
the relationships between several
explanatory (independent) variables and
one or more response variables

17. Simulation Modeling the behavior of complex
systems, often used for forecasting,
predicting, and scenario planning

18. Time series analysis Temporal analyses of data points are
significant methods to extract significant
results from the acquired datasets. For
example, water quality and quantity data
collected from specific time intervals to
represent the real situations

which is derived directly from the sensors or hydraulic measurements are known as
secondary data. Primary data can be easily shared as compared to secondary data.

Water resources-based data is highly fragmented as data is generated by number of
entities and warehoused in many locations. Due to the fragmented nature, water data
sharing is considered as a barrier toward big data capabilities. The data fragmentation
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Fig. 3.1 Characteristics of Big data

problem can be overcome by using three common methodologies: (i) one-to-one: As
name suggests, the data is generated by one entity and used for a single purpose.
The most common example includes the academic research study or a contracted
consulting project, (ii) one-to-many: In this case, data are generated by one entity
and provided to many users for many purposes, and (iii) many-to-many.

3.4.2 Appositeness of Big Data to Water Resources

Science has been driven by the data but with advancement of technology, the word
data has been replaced by big data. Water resources, one of the significant fields of
environmental science, comprise a big data issue and flourishes increasingly. Big
data helps in identifying the suitable data to resolve the problems, which are difficult
to be addressed by traditional data. Some of the major applications of big data are
highlighted here:

Irrigation processwhich requires appropriate amount ofwater ismainly dependent
on the number of climatic factors as well as on crop and soil types. These data can be
easily provided with the help of the automated sensors and continuous monitoring
systems. By using the big data farming, efficiency can be improved through reducing
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water requirements. Variety of automated sensors, continuous monitoring systems,
robotics, and computational technology provide useful information related to the
water quality which enables to understand the movement of chemicals. In addition,
big data can be helpful in monitoring flood, tsunami, and drought conditions as well
as the melting of ice and related climatic problems can also be monitored.

In addition to the above-discussed water resources-based applications, big data
techniques have been also utilized formany applications such as oceanic (e.g., oil spill
pollution detection), agriculture (e.g., foodmonitoring and security), urban planning,
management, and sustainability, climate change (global warming, acid rain), energy
assessment, disease problem, ecosystem assessment, land development and use, and
so on.

3.4.3 Limitations of the Big Water Data Analytics

Big data analytics help in identifying, analyzing, and interpreting the available data
for the proper management of water resources. However, at present, water resources
systems in many developing countries are organized with the help of hydrological
data. This represents potable water accessibility and availability data from which
demand for the current and future generations can be derived. Such type of the
conventional datasets mostly leads to ineffective planning, design, and functioning
of water management schemes. The following listed limitations need to overcome
to acquire complete benefit of the big data analytics.

Because of its large volume, the quality of stored and transmitted database is one
of the major concerns in big data. Errors can be introduced from the first stage of data
collection to the final deposition.Most of the automated instruments are either battery
operated or need some kind of power supply. Sudden failure of which is directly
associated with the gap in time series data. For example, data gap usually happens
during the measurement of water consumption data using the smart water meters.
Water resources quality data are complex to handle, store, and process because of
their heterogeneous nature. Hence, modeling is still being done using traditional
simulation models supported by GIS data.

3.5 Big Water Data Platform Components and Structure

Water resources management-related conceptual framework of the big water data
open platform is shown in Fig. 3.2. It basically consists of nine blocks as dis-
cussed below: (i) The first bloc, i.e., decision support tools contain decision sup-
port technique to resolve the real-world difficulties. Because of the various available
techniques, the first difficulty lies in the selection of the best decision method. (ii)
Knowledge-based system deals with collection and storage of water data and ulti-
mately transfers that information to stakeholders, including professionals and experts
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Fig. 3.2 Big data open platform for water resources management

in the field of water research. (iii) The third block geographic information system
(GIS) is generally used to capture, store, analyze, and integrate complex hydrological
data. ArcGis normally collects maps, applications, data, and allows users to recog-
nize data in order to quickly deduce the best conclusion. (iv) The most important
bloc of the big data platform is big data analysis system which consists number of
tools to arrange, investigate, envisage, and extract useful water sources regarding
information from large quantities and varieties of datasets. It requires suitable tech-
nologies (like, big data computing, analytics, mining, and security) to competently
process large quantities of data.

(v) With help of the fifth bloc called simulation models, the data acquired from
GIS will be linked and tried to simulate the water-associated difficulties using the
simulators and interface. (vi) Sixth block of the big data platform, computation
and processing, furnishes a receptacle of tools like hydraulic/hydrological models
and high performance/grid computing. These tools help for the advancement of
water resources prediction. (vii) After acquiring and processing the water data, the
next important bloc is the communication system which makes pertinent data and
information available to achieve efficiency and effectiveness. (viii) Search engine as
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the eighth block enables users to find the suitable information from the big water
data warehouses. (ix) User interfaces as the ninth and final bloc help operators to
formulate thewater resources-based problems by entering related data and portraying
the obtained results and graphics.

3.6 Modern Big Data Cycle in the Context of Water
Resources

Some meaningful outputs from the collected data can be drawn in order to reach
up to the final conclusion. In general, two main processes, i.e., data management
and analytics are used for extracting meaningful results from the big water data. The
term datamanagement can be defined as the acquisition of data, its temporary storage
and final preparation for suitable for analysis. Analytics refer to methods utilized to
investigate and get conclusive findings from big data. Both of these processes are
normally divided into five stages as shown in Fig. 3.3. Data management is the first
process which needs to be performed, after acquiring the big data. From this process,
the structured data can be stored and retrieved using some traditional methods such
as data marts and data warehouses. Extract–load–transform (ELT) tools are used for
extraction, transformation, and loading of data into the final database.

One or more analytical methods discussed in the above section have been used by
water engineers and scientists for the modeling and management of water systems.
(Shafiee et al. 2018) proposed the framework for the state of the flow of water data as
represented in Fig. 3.4. Number of sensors have been installed in the environment for
the collection of data. After proper data management, the stored data was embedded
into models for analysis and interpretation. In this system (Fig. 3.4), the water data
lake collects data during every stage. Analytics handles and further processes raw

Fig. 3.3 General classification of the big data processes
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Fig. 3.4 Typical water data lake

data and finally, returns cleaned/forecasted data. Middleware pulls, aggregates, and
formats data for amodel. Awrapper provides communication capabilities to amodel.

3.7 Future Perspectives of Big Data for Water Resources
Management

At present, a number of big data platforms are available related to thewater resources.
Table 3.2 displays some of the common big data platforms pertaining to the water
resources with their major objectives, significance, and limitations. Based on the
associated limitations, the prospective applications of big data in water resources
management are highlighted below.

As it has been mentioned, big data techniques have demonstrated wide applica-
tions in the decision-making process by predicting the outcomes. However, despite
having access to a broad range of data sources and technical resources, the water
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Table 3.2 Common big data platforms pertaining to thewater resourceswith theirmajor objectives,
significance, and limitations

Sr.
No.

Model Objective Importance Limitation References

1. Big data
platform

To solve water
resources
problems
using big data
analytics

It is important
in providing
effective tools
to solve
complex water
resources
systems, water
modeling
issues and
helps in
decision
making

The
heterogeneity
of water data
coming from
various
sources causes
problem in
architecture of
the big data
platform

Chalh et al.
(2015)

2. Cloud GIS
platform

To develop the
water
resources and
hydropower
cloud GIS
Platform

It has powerful
ability of data
mining and
analysis. Big
data-based
cloud GIS
platform of
water resources
and
hydropower
can provide the
suitable
decision
support for the
design,
development,
operation, and
maintenance

The security of
the data is the
key element
which restricts
the
development
of the cloud
GIS platform.

Wang and
Sun (2013)

3. Big data water
resource
management
standards

To apply big
data method in
the
development
of water
management
standards

It can assemble
and organize
the basic data
of water
resources and
assists the
setting of water
resource
management
standards

Supervision
and data
standardization
are the major
associated
problems

Bai et al.
(2017)
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utility sector appears to make partial use of it for the enhancement of water quality
and source distribution. With the high-density survey of big data, the risk of the error
will also increase mainly due to the lack of the availability of instant processing
techniques. Hence, the future perspective of big data research is not to obtain more
and more data but it should mainly focus on the development of the new generation
of smaller, cheaper, and accurate sensors to produce real-time data. The integra-
tion techniques can be helpful in improved decision making and management of the
water resources. For example, machine learning, one of the analysis techniques, is
able to extract accurate patterns and relationships from the data. At present, a number
of the models, methodologies, and techniques are accessible for the planning and
management of the water resources. However, none of them provides a convenient
solution.

3.8 Conclusion

With advancement of the computer science and Web technology, the data genera-
tion has become increasing in day-to-day life. These large datasest ultimately pose
challenges in its storage, handling, analysis, and interpretation. Water is one of the
prime requirements for the survival of life and is progressively becoming a precious
resource due to its inflated usage. Increased population and economic/industrial
growth cause stress on available water resources. Similarly, climate change also
significantly affects the water resources due to its direct effects on important hydro-
logical processes, i.e., precipitation and evaporation. With the help of big data, each
and every component of environment, such as water resources, can be managed.

The aim of the current chapter is to present an overview of big water data, associ-
ated characteristics, applications, and limitations. It also gives a summary related to
the open big data platforms/proposedmodels supportingwater resources. The authors
can get the specific idea about the available models by referring to this chapter. It
also highlights the future perspective required for the proper utilization of big data
technique for the water resources management. Despite the increasing importance of
modeling in water resources management and planning, no single methodology/tool
provides an acceptable solution. Hence, more research is required in development of
single but comprehensivemethodology/tool. Thebasic availablemodels are generally
restricted to local/regional-level strategies, while the challenges are transdisciplinary
and encompass knowledge from various sciences and engineering backgrounds.
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Chapter 4
Role of Physical Parameters
in Developing a Geogenic Contaminant
Risk Approach

Ashwin Singh, Arbind Kumar Patel, and Manish Kumar

4.1 Introduction

The resilienceofwater quality is a direct functionof the extent and rate of urbanization
(Duh et al. 2008; Ren et al. 2003; Hall et al. 1999). With a two-fold increase in
population since 1978 and a projected increase of 100% in the urban population
by 2030, the stress on fresh water system will be the highest ever witnessed in the
centuries so far (Karnauskas et al. 2018; Chen et al. 2013). While half the population
in the world still lacks access to basic sanitation, it splits open multiple routes of
contaminations, taking the life of every one in three children across the globe from
contaminated drinking water.

Disrupting the nutrient and energy cycles of the ecosystem through sporadic
growth of urban fringes causes degradation of the natural water, leading to reduction
in agents of quality rejuvenation (Groffman et al. 2004; Pickett et al. 2001; Collins
et al. 2000). The excessive use of steroids, antibiotics and hormones for treating
animals and promoting their growth has caused its accumulation in freshwater sys-
tems (Pei et al. 2006; Fu et al. 2017; Bayen et al. 2014; Kumar et al. 2019b; Kumar
et al. 2020). Around 50 million pounds of antibiotics are produced in USA alone,
out of which 50% is used for agriculture under different applications (Levy 1998).
According to Elmund et al., 75% of the consumed antibiotics is excreted in the form
of active metabolites, which has high chances of participating as surface runoff from
catchments and finally, aiding in increasing the resistance of bacteria. According
to USGS 1999, a total of 95 stream networks in the USA are contaminated with
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antibiotics. There have been evidence from across the globe that the immunity and
resistance of the disease-causing bacteria have been rising (Chee-Sanford et al. 2001;
Guardabassi et al. 1998).

Natural geogenic contamination through high phosphorous and arsenic exposed
soils has life threatening consequences and therefore has put more severe risk of
developing cancer through contaminated drinking water at an earlier age (Spallholz
et al. 2004; Su et al. 2011; Hinwood et al. 1999). Heavy metal contamination of
groundwater and its possible coupling with physical parameters like precipitation
and temperature adds extreme vulnerability to the exposed population (Tyler 1975,
1990; Cheng 2003; Farombi et al. 2007; Wei and Yang 2010). Groundwater fluc-
tuations too aid in making conditions oxic and anoxic. This further accelerates the
processes of dissolutionwhich impacts thewater quality (Patel et al. 2019a, b; Kumar
et al. 2019a, b; Singh et al. 2020b). The problem of developing a water quality index
is therefore very complex and difficult. Integrating physical parameters like precip-
itation and temperature (which has a very active role in dilution and dissolution of
ions and changing the aquifer dynamics through forced evaporation under confined
conditions) could lead to meaningful assessment of water quality problem (Brunner
et al. 2004; Mumby et al. 2004; Ritchie et al. 1990). To include emerging pollu-
tant parameters such as Pharmaceuticals and Personal Care Products (PPCBs) and
microplastics require a rigorous chemical assessment of water on a seasonal basis
(Wilson et al. 2003; Ebele et al. 2017). Assessing the nature of water quality based
on major ion chemistry provides only a fraction of the information about the water
chemistry of the place. Therefore, there is a need to assess critically the current
practice of developing regional water quality index.

Till now, an index based on oxygen equivalent approach was supposed to provide
more insights to the overall problem of pollution risk assessment. But now the role
of satellite imageries has increased in the field of water quality assessment. Hyper-
spectral imageries have also been used to indirectly infer to the health of the coastal
ecosystems. Aquatic humus has been identified as one of the parameters which opti-
cally is very active and can therefore be used as an indicator of water quality using
remote sensing techniques, though with additional computational difficulties. Apart
from aquatic humus, chlorophyll also can be tracedwith the help of active and passive
radars and therefore it could be used as a parameter in predicting the water quality.
One limitation of excessive dependency on satellite imageries is its availability at
required spatial resolution. For example, parameters like soil and sub-soil moisture,
which actively carries the imprints of contamination are available usually at a spatial
scale of few kilometres (downscaling it further to smaller resolution often leads to
loss of information). This forces the practice of in situ data collection and makes the
study more region centric than having any global connotation.

While extreme climatic events like floods and droughts do impact the water quan-
tity for consumption, there is corresponding impact on the water quality too (Roshan
and Kumar 2020; Singh et al. 2019, 2020a). There have been numerous studies
suggesting that climatic extremes in highly urbanized settings have serious impli-
cations on the lives of the habitants but a parallel projection for water quality has
been a missing link so far. The IPCC projections under different Representative
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Concentration Pathways (RCPs) provide a method to understand the variations of
atmospheric parameters under different incident energy received by the earth based
on the CO2 concentration in the environment till 2100. To integrate it into a single
index will require assessing the behaviour of individual parameter in impacting the
water quality. Groundwater fluctuation anomalies obtained through Gravity Recov-
ery and Climate Experiment (GRACE) satellite have known impact in changing the
carbonate/bi-carbonates strength in groundwater. Therefore, assimilating the sea-
sonal storage anomalies is a key for developing the future water quality index. One
potent threat to the surface freshwater resource has been the sediment flux intrusion
from different geomorphic zones. In this regard, the sediment connectivity holds a
key in understanding the possible increase or decrease in the Total Dissolved Solids
(TDS). For developing a water quality index in Himalayan region having catchment
in the range of 103–104 km2, will require a rigorous connectivity analysis considering
factors like connectivity response unit, stream power and morphometry of the river.

The present chapter explores the current criteria and status of developing regional
water quality index through a possible insight for incorporating the various physio-
chemical parameters which traditionally have been left out owing to un-matching
skills, computational complexities and assessment methods required from different
fields.

4.2 Parameters Impacting the Water Quality—Mode
of Acquisition and Assessment

The factors impacting the water quality can be sub-divided into three categories, i.e.
physical, chemical and biological. All these three factors differ with respect to their
mode of acquisition, analysis and interpretation. Apart from this, there co-exists a
very delicate relationship between these three groups of parameters. For example,
chemical parameters like arsenic which has been a known carcinogen in the lower
Gangetic as well as Brahmaputra alluvial plains have been found to relate highly
with the physical geological conditions. The presence of vertisols with expansive
clay content of calcic and haplic origins has high correlations with arsenic con-
centration. Calcisols and Luvisols have also been found to have some effect on
fluctuating arsenic concentration and therefore they are used as active predictors of
arsenic contamination. Since arsenic is usually not included as a parameter in esti-
mating Heavy Metal Pollution index (HPI), therefore a water source may appear to
be devoid of metal contamination but may contain arsenic in cancer causing concen-
tration. The Global Gridded Soil Information uses ensemble models for estimating
soil information at a spatial resolution between 1000 and 250 metres. Information
regarding the soil type, geological past and physical properties like soil gradation can
be obtained with certain level of associated probability (Mukherjee et al. 2020). The
Cation Exchange Capacity (CEC) of the soil does have a coupling with the soil pH in
terms of KCl and H2O. Therefore, ignoring factors like CEC and including only pH
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in developing water quality index have certain drawbacks with regards to the whole
understanding of water chemistry. One of the most important physical parameters
driving the entire water dynamics is the temperature. Temperature does change the
direction of aquifer reactions and can have an active role in driving the rock–water
interactions at sub-soil level.

The Soil Organic Carbon Stock (SOC) is another important factor that decides the
level of pollution in the groundwater and surface water systems. In a usual ground-
water setting, the Gross Primary Productivity and Net Photosynthesis (Table 4.1)
are extremely low. The SOC leaching to the sub-surface coming from catchment
runoffs becomes the only source of energy. This is more evident in glacial regions
where snowmelt is accompanied by a corresponding jump in the SOC content of the
groundwater. Excluding SOC from considering as a parameter in water quality index
leads to exclusion of our understanding of bio-geochemistry of water. The Food and
Agriculture Organization (FAO) therefore has maintained an inventory of total soil
carbon stock in units of tonnes/hectare. Assessment and preservation of SOC are
essential for another reason also. A climatic extreme event may lead to change in the
landscape which will cause the carbon stock of the ground to get soaked away by
the atmosphere. This will force the CO2 concentration in the atmosphere to increase.
This will further start a chain reaction where due to a blanket of water vapour, the
heat received per unit of the surface will increase and will further cause the SOC to
escape in the form of gas. The International Soil Reference and Information Centre
(ISRIC) maintains an inventory of SOC at surface and sub-surface level. The ISRIC
also maintains a global inventory of soil salinity. The soil salinity has been derived
based on parallel processing of thermal imageries and soil maps. The soil salinity has
a very strong relationship with the soil moisture (Table 4.1). Atmospheric sulphate
is another important factor which can be derived using MERRA reanalysis products
(Fig. 4.1). Wet deposition of acidic anions has the capability to alter the weatherabil-
ity of theminerals, therefore higher concentration overGanga andBrahmaputra flood
plains carries the possibility of future changes in the alkali desorption processes.

Another equally important parameter causing the water chemistry to change is
groundwater fluctuations. Excessive utilization of groundwater forces the CO2 to
release to the atmosphere. The release of CO2 is accompanied with further changes
in carbonate chemistry of the groundwater. In tropical countries, significant changes
in the groundwater characteristics are observed with seasonal shift. This also has
a significant impact in changing the saturation state of minerals like Dolomite
(CaMg(CO3)2) and Calcite (CaCO3) which has the potential to undergo carbon-
ate weathering. Usually, in tropical climate, the concentration of carbonates/bi-
carbonates increases after the monsoon season but the situation could sometimes
be reversed owing to strong silicate weathering of the aquifers following the under-
saturation of Halite (NaCl). As far as anions like SO4

2− and Cl are concerned, they
both have geogenic (minerals) and anthropogenic (agro-chemicals) occurrence and
therefore are always difficult to pinpoint the exact source.

Human Health Risk Index (HRI) is yet another powerful tool that can help in
developing hazard quotient based on differential risk on age and gender. In Fig. 4.2,
the probability of Cancer Incidence (CI) per million population has been estimated
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Table 4.1 Some of the parameters impacting water quality and their method of aquisition

Parameter Parameter Affect Acquisition

Heavy Metal Pollution Index Chemical Direct In situ + Laboratory analysis

Water Quality Index Chemical Direct In situ + Laboratory analysis

Lead Chemical Direct In situ + Laboratory analysis

Iron Chemical Direct In situ + Laboratory analysis

Zinc Chemical Direct In situ + Laboratory analysis

Gross Primary Productivity Physical Direct MODIS—MOD17A2H

Net photosynthesis Physical Direct MODIS—MOD17A2H

Enhanced vegetation index Physical Indirect LANDSAT 8

Normalized difference vegetation
index

Physical Indirect LANDSAT 8

Leaf area index Physical Indirect AVHRR

Fraction of photosynthetically
active radiation

Physical Direct AVHRR

Landcover Physical Indirect Multi-sensors

Land surface temperature Physical Direct MODIS—MYD11A1

Albedo Physical Direct MODIS—MCD43A3

Vegetation transpiration Physical Indirect PML_V2 Product

Interception from
vegetationcanopy

Physical Indirect PML_V2 Product

Water body evaporation Physical Indirect PML_V2 Product

Soil organic carbon stock Chemical Direct ISRIC

Bulk density (fine soil) Physical Indirect ISRIC

Clay content (<2 µm), mass
fraction

Physical Direct ISRIC

Coarse fragments in volumetric % Physical Indirect ISRIC

Silt Content (2–50 µm) in mass
fraction

Physical Direct ISRIC

Sand Content (50–2000 µm) in
mass fraction

Physical Indirect ISRIC

Cation Exchange Capacity of Soil Chemical Direct ISRIC

Soil pH in terms of H2O Chemical Direct ISRIC

Soil pH in terms of KCl Chemical Direct ISRIC

Digital Elevation Model Physical Indirect ASTER

Calcic Vertisols Physical Direct Soil Grid

Gleyic Luvisols Physical Direct Soil Grid

Haplic Acrisols Physical Direct Soil Grid

Haplic Calcisols Physical Direct Soil Grid

Haplic Cambisols Physical Direct Soil Grid

(continued)
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Table 4.1 (continued)

Parameter Parameter Affect Acquisition

Haplic Fluvisols Physical Direct Soil Grid

Haplic Gleysols Physical Direct Soil Grid

Haplic Luvisols Physical Direct Soil Grid

Haplic Vertisols Physical Direct Soil Grid

Leptic Phaeozems Physical Direct Soil Grid

Absolute Depth of Bedrock Physical Indirect Soil Grid

GRACE Groundwater Storage Physical Direct Multi-model—JPL

GRACE Terrestrial Storage Physical Direct GRACE

Canopy Water Storage Physical Indirect CLM, VIC, NOAH, MOSAIC

Soil Moisture (Modelled) Physical Direct CLM, VIC, NOAH, MOSAIC

Jan, 2015 Feb, 2015 Mar, 2015

Apr, 2015 June, 2015 July, 2015

Modern Era Retrospective Analysis for
Research and Applications (MERRA)
derived Sulphate surface mass
concentration in kg.m-3

0 - 0.000000006
0.000000006 - 0.000000012
0.000000012 - 0.000000018
0.000000018 - 0.000000024
0.000000024 - 0.00000003

Fig. 4.1 Country-level mapping of sulphate surface concentration on a monthly basis based on
reanalysis product derived through modern era retrospective analysis for research and applications
(MERRA)

based on in situ collection of arsenic water samples in Darbhanga, district of Bihar.
Due to less skin surface area, children are at very high risk of developing cancer.
Further with lesser water intake and higher aggregation the Chronic Daily Intake is
also very higher. Identifying vulnerable regions is extremely important for a heavily
urbanized setting where arsenic contamination has been reaching to about 50 ppb.
For example, in case of a city like Guwahati where the problem of arsenic contam-
ination has been persistent over the years, the city future urbanization plans are not
in accordance to fight the current problem of arsenic contamination (Fig. 4.3). As
can be seen from the figure, the current trend of urbanization is driven towards the
direction of heavily contaminated arsenic regions. This further point out our current
inability in regards to developing a policy that could limit anthropogenic activities
in such region. In cities like Guwahati, excessive abstraction of groundwater despite
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Fig. 4.2 Evaluation of (non)-carcinogenic risk through oral and dermal exposure of arsenic in the
groundwater based on cancer index in the Darbhanga district of Bihar, India

the presence of Brahmaputra has been one of the leading reasons to make aquifer
situation anoxic and causing increased formation of oxyhydroxides.

Another problem that arise with consistent exposure of arsenic is with regards to
development of “Arsenic Resistant Genes”. Arsenic has been one element which can
mimic the properties of phosphorous and can accumulate in the cell cytosols during
the cell conduction of glycerol. The only response in terms of efflux mechanism
remains extrusion through activation of ATP binding cassettes. Further, it has been
well documented that arsenic has detrimental rection with thiol functional groups to
inhibit the process of energy release by ATPs.

The increased consumption of Pharmaceuticals and Personal Care Products
(PPCBs) and the prescription antibiotics has increased the concentration of active
metabolites in the water bodies. Various researchers already suggested devising a
new holistic risk assessment mechanism for assessing water quality but till date, a
multi-model approach integrating all the factors ranging from physical, chemical and
biological is missing. As opposed to agro-chemicals, the discharge of PPCBs can
take place through multiple domestic as well as commercial routes. The existence of
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Fig. 4.3 Population risk vulnerability index based on arsenic contamination of groundwater of
Guwahati city. The red pixels show the built-up areas. The different shades of blue show the arsenic
vulnerability zones (Singh et al. 2019; Kumar et al. 2019b)

such large uncertainties in quantifying the contamination routes makes the study of
PPCBs so difficult.

4.2.1 Method of Integrating Multiparameter Data
into a Common Index

To spatially integrate the factors into a single-piece information requires the usage
of interpolation techniques. The process of converting point datasets into continuous
surface phenomenon demands the use of geographical information system (GIS) in
conjugation. Kriging as used bymany researchers in the past associate special impor-
tance to spatial autocorrelations. A simple mathematical explanation of kriging’s
functioning can be understood with Eq. 4.1.

X(e) : e ∈ D (4.1)

The equation states that a variable or a function X is estimated at e number of
locations. The variable e while belongs to a set of values from D. The function can
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either has a two- or three-dimensional space occupancy. Tomake the entire computa-
tion simpler, the variation of the function is assumed to be real rather than belonging
to complex number group. The entire calculations can also be approximated to a
stochastic process where definite time interval data is used. The main objective of
kriging in mathematical terms is to estimate the value of X at e0, while the value at
e1, e2, e3…… etc., is known. It is assumed that the value at the unknown location is
a weighted sum of contributions from all the known location values.

X(e0) =
∑

factor · X(ei ); (4.2)

where i is ranging from 1 to number of known sampling sites.
Usually, the auto-correlation function is used in selecting appropriate values of

factor.
A better technique is when regression is used along with kriging as in case of

regression kriging (RK) approach. A slight difference between regression and krig-
ing is that regression offers an edge while predicting values based on known factors
having little association among themselves. Kriging on the other hand is more accu-
rate when individual behaviour of a parameter is to be mapped spatially. In this
approach, regression plays the role of estimation fitting and kriging calculates the
bias or drift experienced in prediction.

X(e0) =
∑

β · var(ei ) +
∑

α · X(ei ) (4.3)

where β is the estimated intercept through regression, α is the associated kriging
weight and var(ei) shows the considered variable for prediction.

The values of coefficients are determined using a suitable curve fitting technique.
Usually, either ordinary least square (OLS) or generalized least square (GLS) meth-
ods are used for such purpose. For the GLS technique only the matrix of predictors
and co-variance is required to make a prediction through known vectors at unknown
location. The coefficient β and α can be estimated by Eqs. 4.4 and 4.5.

β =
[(
var(ei )T · Co − var−1 · var(ei )

)−1
]

· [
var(ei )T · Co − var−1 · X(ei )

]

(4.4)

α = X(e0) · β + factor0 · [X(ei )−var(ei ) · β] (4.5)

where var(ei) is the predictor matrix and Co-var is the co-variance matrix
Literature suggests that in the field of water quality analysis selection of an appro-

priate interpolation technique is the real challenge. Environmental ProtectionAgency
(EPA) has laid guidelines to use cumulative frequency diagram (CFD) as a standard
process to assess the exceedance criteria of parameters which further requires using
suitable interpolation techniques. Even EPA in USEPA, 2007, has admitted that krig-
ing could be a better technique for water quality assessment. The process becomes
challenging when a hydro-dynamic process is expected to capture high variance
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through very small observation dataset. The Chesapeake Bay in USA is one such
classic example. To assess the water quality of the bay, interpolation techniques in
conjunction with hydro-dynamics numerical models are applied. Kriging being a
powerful tool helps to reduce a snap-shot (grid) static data into a continuous surface
model. Through a collaborative effort with USEPA, continuous temporal monitoring
of the water quality of the bay is being taken for the last three decades. Sometimes,
there is a requirement to reduce the dataset before doing the interpolation. In this
case, factor reducing technique such as principal component analysis (PCA) can be
used.

4.3 Potential of Satellite Imageries in Developing
an Ensemble

While few of the chemical parameters may be required to be estimated at the site but
most of the water quality parameter can indirectly be estimated using optical remote
sensing techniques. For example, Coloured Dissolved Organic Matter (CDOM) can
be estimated through Moderate Resolution Imaging Spectroradiometer (MODIS)
sensor. When the concentration of CDOM exceeds its threshold limit, it imparts
yellow to brown colour to thewater. CDOMexhibits a very distinct spectral signature
absorption. While wavelength near ultraviolet regimes is totally absorbed, it almost
drops to zero when wavelength reaches the red band. Scientists have often used this
property to numerically fit a model to understand the absorption characteristics of
CDOM.

α(λ) = α(λo) · exp(S(λ−λo)) (4.6)

where α(λ) denote the absorption in the λ band and S is the fitted slope and α(λo) is
the reference band absorption which is usually 375 nm.

With the knowledge of α(λ) and S, the total amount of CDOM in a water system
can be identified. This concept can be applied further to even understand the concept
of mixing and removal of CDOM. Further, MODIS sensors can be used to estimate
chlorophyll a, total phosphorus and total nitrogen. This techniquewas used byHarma
et al., to estimate the water quality of 102 coastal ecosystems and 85 lakes in Finland.
However, these techniques are prediction methods based on irradiance values; there-
fore, requires usage of a regression model simultaneously. Further koponen et al.
2004, developed Bio-optical Reflectance Model (BRM) based onMODIS irradiance
data to study the quality of water bodies. The team further stretched their model
to estimate turbidity in water system. A more detailed methodology was developed
by Wang et al., for estimating the change in the water quality of reservoirs using
Landsat 5 Thematic Mapper imageries. The start point of the analysis was chosen to
be March, 1996, when the reservoir is chemically stable as it being the dry season.
Also, the probability of atmospheric hindrance through clouds is less. The method
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Fig. 4.4 TheLandSurfaceTemperature (LST inCelcius) ofMarathawada region inMaharashtra for
the month of April has been estimated temporally and spatially using grid interpolation techniques.
LST often changes the aquifer dynamics forcing evapo-transpiration of minerals during rock–water
interactions

involved a combination of in situ as well satellite image-based processing. A radio-
metrically corrected image is correlated with known in situ collected data points for
developing a regression model for water quality prediction.

In case of surface and groundwater, precipitation and evaporation are the two
major phenomena along with rock–water interactions mediated via mineral interac-
tion. Assessment of Land Surface Temperature (LST) is possible using the satellite
imageries (Fig. 4.4). Based on the albedo characteristics, there exists a possibility
of sodic formations which is one of the leading reasons for loss of agricultural pro-
ductivity in regions like Marathwada of India. Further, there is a complimenting
impact on the groundwater characteristics through a change in the mineral saturation
states. Presence of soils like calcisols is considered a boon in these scenarios as they
have high capability to precipitate free fluoride ions available in the groundwater.
High LST-driven transpiration also helps in increased conduction of arsenic during
biomass accumulation in the root zones of the crops especially rice. It has been argued
that the presence of microplastics in arsenic contaminated soil may bring down its
uptake by crops. The problem is often simpler for surface water as compared to the
groundwater. For example, in Oak Lake, USA, due to heavy fireworks on the eve of
Uncle Sam Jam event, there is high accumulation of perchlorate (Fig. 4.5). Absence
of a strong circulation mechanism for lakes makes the situation more vulnerable for



68 A. Singh et al.

Fig. 4.5 A probable perchlorate transport plume of Oak Lake in Nebraska based on kriging
interpolation technique (Modified from Kumar et al. 2019b)

future. Therefore, using a kriging-based zoning of lake based on perchlorate con-
centration helps in identification of contamination plume transport. The process of
surface adsorption led transport of contaminant is especially very high for Ganga
and Brahmaputra flood plains mainly due to high concentration of atmospheric soot
particles like Black Carbon (BC) which has been proved to be great adsorbing mate-
rial (Fig. 4.6). Through MERRA-based temporal and spatial mapping of India, it
could be seen that situation is fast changing since 1980. If we compare it with today
(2019), we can see that there exists a high vulnerability for almost all the major river
basins of India with regards to black carbon led solute transport.

4.4 Understanding the Geogenic Impact and Sediment
Connectivity on Water Quality

Geogenic occurrences like weathering, volcanic eruption and biological degradation
are believed to be the responsible factors for the release of arsenic in the atmosphere.
Anthropogenic factors including activities like uranium and gold mining have also
resulted in elevating arsenic concentration above permissible level. The excessive
release of arsenic in the Younger Deltaic Deposition (YDD) of West Bengal and
Bangladesh has caused the situation to turn into a calamity. A probable cause for
such high arsenic concentration in oxic groundwaters of Bangladesh is explained
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Fig. 4.6 Using surface mass concentration of Black Carbon of Modern Era Retrospective Analysis
for Research and Application (MERRA) a possible vulnerability assessment with respect to water
quality can be made

through reductive dissolution of arsenic from the surface of iron-oxyhydroxides
but the hypothesis is challenged for its validity in the Gangetic aquifers of Bihar
where there is considerably lower concentration of base metal sulphides. It has been
speculated that the quaternary sediments of Gangetic Plain, rich in clay and organic
carbon, have high initial retention capacity of arsenic. It is also not clear how the
relationship of arsenic varieswith depth.WhileNickson et al. 1998, argue that arsenic
concentration decreases with depth, studies like Acharyya (1999), state otherwize.
Similarly, it has also been argued that anoxic conditions too can facilitate reductive
hydrolysis at different aquifer depths (Singh et al. 2020b). The study of arsenic
geochemistry is therefore region and condition specific requiring testing of all the
available hypothesis for understanding the fate and occurrence of arsenic.

It is now known that 50 blocks situated in 11 districts of Bihar are affected by
arsenic contamination. Various studies have confirmed the arsenic contamination of
Bihar and have listed reductive hydrolysis as the probable cause. Smith et al., have
confirmed that excessive abstraction of groundwater can also lead to arsenic con-
tamination. There also exists a scientific gap in understanding the extent of arsenic
contamination in theMGP.While Chakraborty et al., suggest that arsenic contamina-
tion could be a widespread problem in Bihar based on their study on groundwater of
Bhojpur district, Acharya, argue that the extent is geographically very small, limited
to a small linear path along the flood channel.
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The problem of arsenic contamination becomes complicated with the co-
occurrence of heavy metals above the permissible limits. Various neurotoxicological
studies have shown that exposure to lead (Pb) along with arsenic above permissi-
ble level leads to alterations in the central monoaminergic system, memory loss in
children and damage of central nervous system (CNS). Manganese (Mn) exposure
also has a direct impact on the IQ of the children, leading to both verbal issues and
memory loss. Chuang et al. 2007, have shown that heavy metals like Pb and Mn are
responsible for ailments like hearing impairment.

Sediment connectivity determines the fate of sediment reaching the downstream
from upper reaches of the stream network. While it has a dominant role in changing
the river morphology, it could also be used as an active indicator of water quality
degradation. Usually, the Himalayan Rivers carry excessive sediments during the
monsoon season due to high rainfall being received in the plains. However, the trend
continues till the post monsoon season, due to corresponding decrease in the snow
cover and an active increase of glacial sediments coming due to snowmelt. Sediment
connectivity is a direct function of the hinterland properties (such as slope, relief and
catchment characteristics), channel and vegetation characteristics. The rivers when
they flood in the plains carry themetal contaminants in high concentration. Thiswhen
adsorbed on to the surface of the sediments becomes active carriers of contamination.
The Gangetic Plains of India have imprints of heavy industrial contamination. How-
ever, much of the arsenic contamination of Middle Gangetic Plains is assumed to
be of geogenic in nature. This could be due to the sediments being transported from
high arsenic-rich mineral system through active sub-surface flow. Another equally
important factor is connectivity response unit (CRU). There is a high correlation of
the connectivity parameters in a relatively flat terrain with the change in the LULC.
Total stream power and specific stream power also impact the loading of sediment
transportation.

4.5 Conclusion

The present chapter discusses various satellite data products as a possible substitute
to in situ data collection of water quality parameters. This integration will help in
developing a water quality assessment tool on a temporal and spatial scale. This
will further aid in devising continuous pollution monitoring techniques of water
resources at a global level. Through a comprehensive literature review, merits as well
as demerits of various studies done in this direction has been studied. The practice
of understanding the water quality problem only at a regional and time specific level
will not help in formulating strategies at a pace required to mitigate the effects of
environmental degradation of water resources. Therefore, there is an urgent need for
critically assessing the process of developing global water quality index.
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Chapter 5
Water Indices: Specification, Criteria,
and Applications—A Case Study

Bhairo Prasad Ahirvar, Shivani Panday, and Pallavi Das

5.1 Introduction

Water is a fundamental segment and crucial substance for every single living being
on Earth. Contamination of water is a major issue affecting both surface and ground-
water. Water quality is getting deteriorated by indiscriminate discharge of pollutants
into the water bodies from various sources. Water pollution is a key issue which
causes deaths and various diseases in worldwide (Shivhare et al. 2017). Moreover,
progressive pollution of the river and groundwater is critical as these are important
source of drinking water (Das et al. 2016; Singh et al. 2020). Water quality monitor-
ing is a key process to assess the pollution status of anywater body. About 3.4million
people die every year due to waterborne diseases (WHO 2014). In India, about 128
million people are not getting safe drinking water. A report from World Bank, 21%
of communicable diseases caused due to contaminated water (Bhattacharya et al.
2011). As a result, 1600 children below the age of 5 die every day (WHO 2014).
A report from State Environment Protection Administration of China (2006) stated
that out of 161 environment emergency accidents, 95 accidents (59%) were due to
water pollution (Lu et al. 2008). Along these lines, it is important to research water
quality by different water quality index parameters. Water Quality Index (WQI) is
a well-organized method for evaluating water quality in terms of qualitative and
quantitative measure (Mishra and Patel 2001; Naik and Purohit 2001; Singh et al.
2019a, b). The primary goals of the water quality index are to safeguard, maintain,
and access the water quality status for drinking, farming, household and industrial
purposes (Chiaudani and Premazzi 1988). Horton (1965) first suggested the idea
of indices representing degree of purity in water quality. For his index, Horton has
chosen ten most prevalent water quality parameters, including coliforms, dissolved
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oxygen (D.O.), pH, specific conductance, chlorides, and alkalinity. Using a linear
sum aggregation feature, the index was achieved weight from 1 to 4 in range and
index score. For monitoring physical, chemical and biological parameters, water
quality indices are implemented.

These parameters can obviously indicate whether or not the water is suitable for
use. WQIs are an effective tool for comparing and surveying the status within the
definite ecosystemor among different geographical zone (Mutairi et al. 2014;Kannan
1991; Pradhan et al. 2001). Abbasi and Abbasi (2010) described and highlighted the
benefit of using WQIs in detail. Numbers of water quality indices are developed
everywhere so that the general water quality indices can be examined quickly and
effectivelywithin a givenmoment and area (Venkateshraju et al. 2010). Dinius (1972)
suggested anotherWQI (explication of individual importance index) as a quantitative
unit that can assess the price and effect of pollution on social and human welfare.
Another WQI has been formed similar to index of Horton (Brown et al. 1972). He
suggested an index multiplier type where the weighting of individual parameters
was allocated based on the choice of author and critical analysis-based subjective
opinion. Prati et al. (1971) regarded in their research 13 parameters of equal weight,
these parameter values range from 0 to 13 with values greater than eight indicating
pollution of heavy metals. Inhaber (1975) formed two distinct subindices, one for
industrial and domestic effluents and the other for ambient water quality. In WQI,
Dee et al. (1973) used various water quality parameters (such as D.O., pH, TDS,
turbidity, and temperature) to assess the environmental effect of large-scale water
development initiatives. Walski and Parker (1974) developed an index specifically
for recreational water. Steinhart et al. (1982) used a fresh environmental quality
index to evaluate the water quality of the Ecosystem of Great Lakes using physical,
chemical and biological parameters.

Several researcher have developed different water quality index (WQIs) in India,
namely Bhargava Index (1985), Overall Index of Pollution (Sargaonkar et al. 2008)
and The River Water Quality Index. The Scatterscore Index (2005), Chemical Water
Quality Index (2006), Oregon Water Quality Index, NSF-Additive Water Quality
Index, and NSF-Multiplicative Water Quality Index developed in the USA. Taiwan
developed Index of RiverWater Index (2004). Canada developedWQI in the mid 90s
by water quality guidelines. The Canadian Council of Ministers of the Environment
Water Quality Index (CCMEWQI) developed by the British Columbia Ministry of
Environment Land and Parks, Canada, in mid ‘90s’, and it is adapted by various
countries and all across Canada to measure water quality (Bharti and Katyal 2011).

Thewater quality index is an effective technique for assessing surface and ground-
water health status. The application ofWQIs can easily determine the pollution status
of any water body in single effort. For drinking, irrigation, industrial and other pur-
poses, each nation has its ownwater quality requirements. To express the information
in a very simplified and logical way, WQI has the potential to reduce the large data
into a single value (Semiromi et al. 2011). It requires data from various sources
and provides information on a water source and provides information on a water sys-
tem’s general status (Karbbasi et al. 2011;Mukherjee et al. 2020). It makes aware and
increases understanding capability to users of the water resources and policymakers
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regarding water quality issues. Some of the significant water quality indicators used
in water quality assessment are evaluated in the current research and present their
numerical equation, application of water quality indices (WQIs) in different fields,
and their advantages and disadvantages that are used globally.

5.1.1 Categories of WQI (Tirkey et al. 2013)

Water quality indices are categorized into four groups according to their applications
in different fields:

1. Public indices: These indices use general parameters for the evaluation of water
quality. Eg., National Sanitation Foundation Water Quality Index (NSFWQI),
Horton Index.

2. Specific consumption indices: These indices used for specific consumption of
water (drinking, industrial, irrigation). Eg., OregonWaterQuality Index (OWQI),
British Columbia Water Quality Index (BCWQI).

3. Designing or planning indices: These indexes used for the planning and
development projects of water resources and management.

4. Statistical indices: Statistical indices use a statistical andmathematical approach
to asses water quality without considering any public and expert opinion.

5.1.2 Steps in Developing Water Quality Index (Sutadian
et al. 2016, 2017)

Generally, there are four steps were followed to the development of water quality
index:

1. Parameter selection: Parameters of water quality that fulfill the minimum infor-
mation requirements and are within permissible limit are chosen. Based on the
type of research on the water body, parameters are also chosen.

2. Generation of subindices values: The subindices are generated to transform
the data into a single or common scale. Minimum standards of individual water
quality parameters prescribed by the country are the following to generate
subindices.

3. Weight establishment: Each selected parameters assigned weight to their rel-
ative significance in water quality evaluation. If the WQI research is on the
groundwater, parameters that have a strong impact on groundwater quality will
be provided maximum weight.

4. Aggregating of subindices to get final index: The particular formula is
implemented depending on the type of WQI to get the final index.
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5.1.3 Benefits of Application of WQIs

1. It is the best tool to evaluate physico-chemical and biological parameters of any
water body.

2. WQIs provide a final result in simplified form.
3. Statistical and mathematical formula approach of WQIs provides an efficient

result of water quality status.
4. Qualitative as well as quantitative assessment of water body can be done by using

WQIs.
5. WQIs are helpful for the government to establish water quality criteria.

5.2 Overview of WQIs and Its Applications

Water quality index is an essential tool for monitoring of water pollution. Groundwa-
ter quality indexwas used byAcharya et al. (2018) for the assessment of groundwater
quality in SouthWest Delhi, India. Kukrer andMutlu (2019) used Horton’s index for
the assessment of surface water quality of Sarayduzu Dam Lake in Turkey. National
Sanitation Foundation Water Quality Index (NSFWQI) was used by Chaurasia et al.
(2018) for the analysis of groundwater quality of Korba city, Chhattisgarh, India.
Zeid et al. (2018) assessed water quality of El-Our city, Egypt, by using Canadian
Council of Ministers of Environment Water Quality Index (CCME WQI). Surface
water quality of Lepenc river basin (Republic of Kosovo) was assessed by Bytci
et al. (2018) by using modified water quality index. Irrigation Water Quality Index
(IWQI) was used by Abbas et al. (2018) for the assessment of groundwater quality
for irrigation purpose in Iran. Biological Water Quality Index (BWQI) was used by
Araman et al. (2013) for the analysis of Melan River (Johor) water quality. Shah
and Joshi (2015) used Weight Arithmetic Water Quality Index (WAWQI) for the
assessment of water quality of Sabarmati River, Gujarat, India. Bascon Index was
used by de Oliveira et al. (2018), for the assessment of water quality. Sutadian et al.
(2017), developed West Java Water Quality Index (WJWQI) for analysis of water
quality of rivers of Indonesia. Average Water Quality Index (AWQI) was used by
Sahid and Iqbal (2016), for the assessment of groundwater quality of Lahore city,
Punjab, Pakistan.
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5.2.1 Advantages and Disadvantages of Some Selected Water
Quality Indices

Water quality index
(WQI)

Parameters used Advantages Disadvantages

National Sanitation
Foundation (NSF)

pH, DO, Fecal
coliform density,
BOD5, Total
Phosphate, NO3

−

1. The final result
comes from a single
index in less time
2. Evaluation
between area and
water quality changes
3. The index value is
related to water use
4. It facilitates to
communicate with
common people

1. It provides
information about
common water
quality, not a
particular quality
2. Some data lost
during data handling
3. It generates some
complicated
problems when
dealing with
uncertainty and
subjectivity

Canadian Council of
Ministers of the
Environment
(CCME)

pH, Total N, Total P,
DO, TDS, EC, Heavy
metals, COD

1. It represents all
variables in a single
number
2. Flexible in data
input and parameter
selection
3. It is suitable for all
type of water quality
assessment
4. It provides a
simple form of
multivariate
statistical analysis
5. Professionals and
common people can
easily understand
6. The calculation is
very easy

1. Some pieces of
information lost in
single variables
2. The index is very
sensitive
3. The result can be
easily manipulated
4. All variables have
same weighting.
Some parameters of
water quality cannot
be used

(continued)
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(continued)

Water quality index
(WQI)

Parameters used Advantages Disadvantages

Oregon water quality
index (OWQI)

NH3, NO3
−, BOD,

DO, Total P, TS, pH,
temperature, fecal
coliform

1. It enables the
parameter with the
biggest effect on the
water quality index to
be imparted
2. It provides
meaning to distinct
factors on the general
quality of water at
distinct moments and
location
3. The formula is
inclined to various
circumstances and
critical consequences
for the nature of
water

1. Does not reflect on
toxics
concentrations,
habitat or biology
modifications
2. Cannot determine
for particular
purposes the water
quality
3. Health hazardous
parameters, e.g.,
bacteria, metals,
pesticides cannot be
evaluated

Bhargava index TDS, Total hardness,
SO4

2−, Ca2+
1. The water quality
parameters are
categories into four
groups (Physical,
biological, inorganic
and toxicants) which
included all essential
parameters
2. Sensitivity curve
used for weighting of
water quality
parameters
3. Best index for
river, industrial
effluent, and sewage
water quality
assessment

1. It is mainly
proposed for surface
water quality
2. The parameters
weightage system
depends on
sensitivity curve
which is
software-based work

Contamination index Heavy metals, trace
metals, Cl−, EC,
NO3

−, PO4
2−,

Hardness

1. This index is
useful for
groundwater
contamination
assessment
2. It is a useful index
for assessment of
chemical
contamination of
groundwater and
associated health
issue

1. There are no fix
parameters for
groundwater
evaluation
2. There is no place
for important
parameters like
pesticides and
fertilizers
contamination in
groundwater

(continued)
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(continued)

Water quality index
(WQI)

Parameters used Advantages Disadvantages

Aquatic toxicity
index

pH, DO, turbidity,
F−, K+,
orthophosphate,
NH3, TDS,
hazardous metals
(Zn, Cu, Cr, Pb, etc.)

1. This index is used
for assessment of the
health of aquatic
ecosystem
2. It is also helpful to
determine
biomagnifications
from the aquatic
organism

1. The index is
similar to smith index
2. Basic parameters
were ignored

5.2.2 Applications of Water Quality Indices in Groundwater
Quality Assessment of Anuppur District of Madhya
Pradesh

In the current research, WQI of groundwater of Anuppur district of Madhya
Pradesh is assessed. The total area of Anuppur district is 3701 km2. Total 30 ground-
water samples were collected from December 2018 to March 2019 from Anuppur
district (Fig 5.1 and Table 5.2). The hand pumps were pumped to remove the remain-
ing water for at least 10 min to guarantee minimum oxygen interference. Samples of
groundwater were gathered for anion and cation assessment in 250ml polypropylene
bottles. The water samples were stored in refrigerator at 4 °C temperature. pH, DO,
temperature, EC, and TDS were calculated in situ using a multi-parameter probe
(Multi-Parameter PCSTestr 35), while alkalinity (HCO3

−) was measured in situ by
Titrimetric method using 0.1 N H2SO4.

Fig. 5.1 Study area map
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Table 5.1 Statistical summary of chemical constituents of groundwater samples of Anuppur

Groundwater samples

Parameters Units Maximum Minimum Average Stdev.

pH 8.2 6.1 6.96 0.62

Salinity mgL−1 590 87 287 133.91

TDS mgL−1 542 94 263 115.47

Conductivity µS/cm 861 97 411 241.67

NO3
− mgL−1 8.33 0.22 3.1 2.8

Na+ mgL−1 11.4 0.03 2.55 2.08

K+ mgL−1 2.25 0.65 1.35 0.42

Ca2+ mgL−1 124 15 65 38.08

Mg2+ mgL−1 206 45 117 45.06

Hardness mgL−1 210 52 132 41.94

Cl− mgL−1 199 25 112 46.09

Acidity mgL−1 170 38 94 34.94

Alkalinity mgL−1 210 64 124 34.31

SO4
2− mgL−1 61.8 18.5 32.5 10.81

Table 5.2 Depth of groundwater in bore well of sampling sites (in ft)

Sampling
sites

Depth of
groundwater
(ft)

Sampling
sites

Depth of
groundwater
(ft)

Sampling
sites

Depth of
groundwater
(ft)

AN1 155 L1 200 K1 250

AN2 158 L2 160 K2 220

AN3 153 L3 180 K3 280

AN4 162 L4 175 K4 295

AN5 170 L5 190 K5 300

AM1 252 R1 180 J1 170

AM2 260 R2 186 J2 155

AM3 250 R3 188 J3 160

AM4 280 R4 200 J4 165

AM5 320 R5 230 J5 150

AN Anuppur, AM Amarkantak, L Lalpur, R Rajendragram, K Kotma, J Jaithari

Correlation Analysis
Correlation provides significant relationship among variables. A high correlation
coefficient implies a decent connection between factors. The zero correlation coeffi-
cient implies no connection between factors, positive estimation of r shows a positive
relationship, while negative worth s demonstrates the inverse relationship. Thirteen
water parameters have been used for the correlation coefficient matrix analysis.
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In Table 5.3 the stronger association corresponds to the couples TDS-salt, EC-salt,
EC-TDS, Ca2+-EC, Ca2+-salt, Ca2+-K+, EC-K+.

A significant positive correlation was observed for (EC-Ca2+, EC-Salt, Ca2+-Salt,
Mg2+-K+, Hardness-K+, Ca2+-TDS).

Ca2+-K+, EC-K+, K+-TDS, SO4
2−-TDS, SO4

2−-Ca2+, Mg2+-Ca2+ show signifi-
cant negative correlation.

The significant correlation between Ca2+-salt and Ca2+-HCO3
− may be due to the

interaction of water with dolomite and calcite minerals.
TDS of water represents any minerals, metals, and ions. Positive correlation

between TDS-Ca2+ may be due to the presence of soluble calcium carbonate in
groundwater.

There is significant high correlation between hardness and magnesium ion may
be due to the presence of magnesium carbonate, but there is negative correlation
between calciumandmagnesium ion, and this ismay be happening due tomagnesium
replacing the calcium in groundwater (Table 5.3).

The Brown et al. (1972)Weight ArithmeticWater Quality Index (WAWQI) is used
to obtain a detailed image of the general groundwater quality. The WQI calculations
were based on the Indian standard indicated for drinking water IS 10500 (2012). The
WQI calculated through four steps. Eleven important water quality parameters total
dissolved solids (TDS), HCO3

−, EC, pH, hardness, NO3
−, SO4

2−, Ca2+, Mg, Na,
and Cl−) were selected.

First, a weight was allocated to every 11 parameters based on its comparative
significance in the general quality of drinking water (Table 5.4). NO3

−, pH, EC,
and TDS were allocated the maximum weight 4, and Ca2+ and Mg2+ were allocated
the minimum weight 2 based on their comparative importance in the water quality
assessment. Second, the chemical parameter relative weight (Wi) was calculated
using the following equation:

Table 5.4 Water quality index (WAWQI) of groundwater samples

S. No. Chemical parameter (mg/l) Standard Weight (wi) Relative weight (Wi)

1. pH 8.5 4 0.111

2. EC (µS/cm) 750 4 0.111

3. TDS 500 4 0.111

4. Hardness 300 3 0.083

5. HCO3
− 200 3 0.083

6. Cl− 250 3 0.083

7. SO4
2− 200 4 0.111

8. Ca2+ 75 2 0.055

9. Mg2+ 30 2 0.055

10. Na+ 200 3 0.083

11. NO3
− 45 4 0.111

∑
wi = 36

∑
Wi = 0.997
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Wi = Wi
n∑

i−1
wi

where ‘Wi’ is comparative weight and ‘wi’ is the weight of each parameter and ‘n’
means the number of parameters.

Third, a quality rating scale (Qi) is calculated by dividing it is in each water sam-
ple’s concentration by its own standard according to IS 10500 (2012) and multiplied
by 100:

Qi = (Ci/Si ) × 100

where ‘Qi’ represents the quality rating scale (QRS), ‘Ci’ means the concentration
of each parameter in each water sample, and ‘Si’ denotes the drinking water standard
for each chemical parameter according to the IS 10500 (2012).

Fourth, the SI (sub-index) is first determined for each chemical parameter, which
is then used to determine the WQI as per the following equation:

SIi = Wi × Qi

where SIi denotes the sub-index of the ith parameter and ‘Qi’ represents the rating
based on the concentration of ith parameter.

All subindices values of water sample added together to calculate final WQI as
follows:

WQI =
∑

SIi

After calculating WQI value, then the values are usually classified into five cat-
egories: excellent, good, poor, very poor, and unfit water for drinking purposes as
shown in Tables 5.5 and 5.6.

Irrigation water quality parameters
Permeability index (PI), magnesium hazard (MgR), sodium absorption ratio (SAR),
sodium soluble percentage (SSP) and residual sodium carbonate (RSC) were calcu-
lated for the assessment of water quality (Singh et al. 2019a, b) from using following
formulas:

PI = Na + √
HCO3

Na + Ca + Mg
× 100

KR = Na

Ca + Mg

SAR = Na
/√

(Ca + Mg)/2
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Table 5.6 Water Quality
classification based on WQI

S. No. WQI range Type of Water % of the sample

1 <50 Excellent 13.33

2 50.1–100 Good 86.66

3 100.1–200 Poor 0

4 200.1–300 Very poor 0

5 >300.1 Unfit for drinking 0

SSP = Na + K

Na + K + Ca + Mg
× 100

RSC = [
HCO−

3 + CO2−
3

] − [Ca + Mg]

5.2.3 Entropy Weighted Irrigation Water Quality Index
(EIWQI)

There are four steps to develop EIWQI. The first step involves selection of water
quality parameters. The essential water quality parameters are selected on the basis
of significance on the water body. In the second step, the sub-index was formulated
in a scale of 0–100. Using 0–100 scale and BIS classification, best fitted curves (fig)
were drawn, and their equations were used to transfer all selected parameters into a
common scale.

Following equations were used for subindices (j):

SI(EC) = 0.012EC

SI(SAR) = 0.012SAR

SI(RSC) = 0.012RSC

SI(SSP) = 0.012SSP

Third step was involved the assignment of weight to all the selected parameters.
Entropy weight is a scientific approach and also incorporates the variability of water
quality parameters.

Following steps has been used for the calculation of entropy weight:
Step 1 Normalization of data

Vi j = ai j
ai j + · · · + amj

; +∀ j ∈ {1, . . . , c}
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Table 5.7 Variation of
irrigation water quality
suitability parameters

Anuppur

PI 6.36

Kelly’s ratio 0.014

Mg ratio 119

SAR 0.25

Na % 2.11

RSC 0

where ‘aij’ denotes the concentration of jth parameter at ith sampling period, ‘c’
represents the total number of parameters, and ‘m’ the total number of sampling
periods.
Step 2 Calculation of information entropy (E)

Ei = −1/ lnm
m∑

i=1

vi j ln vi j ; ∀ j ∈ {1, . . . , c}

Step 3 Determination of weight (w) of each selected water quality parameter;

Wj = d j/d1 + · · · + dc

where dj = 1 − Ej.
After calculation of entropy weight, the calculated values were multiplied with

sub-indices. The final value of EIWQI obtained by addition of all subindices
(Table 5.7)

EIWQI =
n∑

j=1

w j × SIJ

5.2.4 Classification of Water Quality in the Overall Pollution
Index (Sargaonkar et al. 2008)

Overall index of pollution: The OIP index was adopted by Sargaonkar et al. (2008).
It is useful WQI for the estimation of water pollution status of any water body in
Indian conditions.
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The formula for calculating the index is as follows

OIP = 1/n
n∑

i=1

pi

where pi represents pollution index of ith parameters and n denotes numbers of
parameters.

Pi = Vn/Vs

where Vn denotes observed value of parameter and Vs denotes standard value of
parameter.

On the basis of water quality status of water body, Sargaonkar et al. (2008)
classified the water quality in to five categories as shown in Table 5.12.

According to OIP categories, the value or score of OIP is less than 1.9, and then,
the water quality is excellent and comes under class C1, if score is less than 3.9, then
the water quality is acceptable and falls under category C2. The OIP score is less
than 7.9, 15.9 and greater than 16 show to some extent of polluted and falls under
C3, C4, and heavily polluted (class C5), respectively.

5.2.5 Result and Discussions

Overall status of groundwater quality is assessed by using three important water
quality indexes, namely weight arithmetic water quality index (WAWQI), entropy
irrigation water quality index (EIWQI), and an overall index of pollution (OIP). The
result of the chemical analysis of groundwater parameters shows extensive variation
(Table 5.1). The pH of the water samples ranges from 6.1 to 8.16 with an average
of 6.96 and stdev. 0.62. The value of electric conductivity ranges from 97 to 861
µS/cm. Rao et al. (2002) classified EC as three types based on salt enrichment in the
sample. First type when the value of EC is ≤1500 µS/cm, type-II when the value
of EC is between 1500 and 3000 µS/cm, and type-III when the EC value exceeds
≥3000 µS/cm. According to the above classification of EC, the entire groundwater
sample comes under the type-I (low salt enrichment). Total dissolved solids (TDS)
represent the soluble salt concentration groundwater. The value of TDS ranges from
94 to 542 mg/l. The calcium concentration varied from 15 to 124 mg/l, which is
slightly higher than the BIS drinking water standard. The higher concentration of
calcium denotes the dissolution of carbonates and its minerals, e.g., calcite, dolomite,
gypsum, and anhydrite. The magnesium ion ranges from 45 to 206 mg/l which may
be due to the high dissolution of dolomite rocks and minerals. The concentration
of sodium ranges from 0.03 to 11.36 mg/l. The potassium concentration ranges
between 0.65 and 2.25 mg/l. The concentration of chloride ranges between 24 and
198 mg/l. The sulfate concentration in samples varied from 18 to 61 mg/l. The
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Table 5.8 Classification of
EIWQI

S. No. Class Range of EIWQI

1. Very good 0–25

2. Good 25–50

3. Average 50–75

4. Poor Above 75

Table 5.9 Final value
EIWQI

Site EIWQI

Anuppur 20

Table 5.10 Classification of irrigation water quality parameters

S. No. Class Range of EC Range of SAR Range of RSC

1. Low 0–1500 0–10 0–1.5

2. Medium 1500–3000 10–18 1.5–3

3. High 3000–6000 18–26 3–6

4. Very high Above 6000 Above 26 Above 6

nitrate concentration in groundwater of study area ranges from 0.22 to 8.33 mg/l,
and finally, the bicarbonate concentration ranges from 64 to 210 mg/l. The present
study on groundwater quality of Anuppur district, Madhya Pradesh, by using weight
arithmetic water quality index (WAWQI) shows that 13.33% of the sample is in
excellent quality and remaining 86.66% samples in good quality (Table 5.6). Another
water quality index, entropy irrigation water quality index (EIWQI) is also applied
on the groundwater samples and which shows that the overall value of EIWQI is
20 which is in the excellent category according to EIWQI classification of water
quality (Tables 5.8 and 5.9). The third WQI is an overall index of pollution (OIP) is
used which shows that groundwater quality is in excellent and class 1(C1) category
according to the classification of water quality of OIP (Tables 5.11 and 5.12). The
overall quality of groundwater of Anuppur is in good condition for drinking as well
as irrigation purposes (Table 5.10).

5.2.6 WQI Studies from Worldwide

See Tables 5.13 and 5.14.
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Table 5.12 Classification of
water quality

Water quality status Class Class index (OIP score)

Excellent C1 1

Acceptable C2 2

Slightly polluted C3 4

Polluted C4 8

Highly polluted C5 16

5.2.7 Conclusion

Water Quality Indices (WQIs) are a useful tool in the evaluation of water qual-
ity status. In the present study, 35 studies from worldwide on WQIs have been
reviewed. From the review, it is observed that the weight arithmetic water quality
index (WAWQI) is the most frequent WQI which is applied in both surface and
groundwater quality evaluations due to easy in calculations and parameter selection.
GroundWater Quality Index (GWQI) and The National Sanitation FoundationWater
Quality Index (NSFWQI) have applied mostly for the assessment of the groundwater
quality. Specific water quality index is an important WQI for surface water quality
assessment which includes Physico-chemical and biological parameters and heavy
metals. The selected 35 studies from worldwide reveal that there is an irregularity in
the parameters selected in the WQIs, and the same WQI includes different param-
eters for their study. The WQIs study should have fix parameters that can specify
the application of WQI at the ground level. The overall quality of groundwater of
Anuppur district is in good quality for drinking as well as irrigation purposes. Three
WQIs applied on the groundwater quality of Anuppur reveal that the groundwater
quality is in good condition. There is a need to include some specific water quality
parameters like pesticides, heavy metals, and toxic chemicals which are important
parameters in examining water quality for drinking and household purposes. There
should be a specific water quality index for the drinking water quality analysis which
has worldwide acceptance.
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Table 5.13 List of selected water quality indices applied in surface water by various researchers

Name of WQI Parameters Type of work References

WAWQI and
NSFWQI

pH, Temperature,
TDS, Turbidity,
NO3

−-N, PO4
3−,

BOD, DO

Physicochemical and
biological
characteristics of the
Narmada river water,
Madhya Pradesh,
India

Gupta et al. (2017)

Hortons index DO, Salinity, pH,
Temperature, EC,
TSS, COD, BOD,
Cl−, PO4

3−, SO4
2−,

S−, Na+, K+, Total
Hardness, HCO3

−,
Mg2+, Ca2+,
NO2

−-N, NO3
−-N,

NH4-N, Fe, Pb, Cu,
Cd, Hg, Zn, Ni

Water quality index
and multivariate
statistical analyses of
surface water
Sarayduzu Dam
Lake, Turkey

Kukrer and Mutlu
(2019)

NSFWQI Temperature,
Turbidity, PO4

3−,
NO3

−, DO, BOD,
EC, TS, pH

Water quality index
and multivariate
analysis of
Beheshtabad River,
Iran

Fathi et al. (2018)

BallsonWQI pH, Temperature,
EC, DO, TDS, TSS,
Ca2+, Mg2+,
Hardness, Cl−,
SO4

2−, PO4
3−-P,

Total Phosphorus,
NH4-N, NO3

−,
NO2

−, BOD, COD

Water quality
assessment of
Bagmati River and
Urban water using
water quality indices
and dissolved oxygen
(DO) as an index

Kannel et al. (2007)

Biological water
quality index

BOD, COD, NH3-N,
pH, DO, TSS

Comparative study of
water quality index
and biological water
quality index of
Melana River, Johor,
using physico-
chemical and
biological analysis

Araman et al. (2013)

Bascaron index DO, EC, Turbidity,
Temperature, pH

Application and
comparison of a
different method of
water quality indices

de Oliveira et al.
(2018)

WAWQI pH, DO, BOD, EC,
NO3

−-N, Total
coliform, Vr

Water quality index
of Sabarmati River
water, Gujarat, India

Shah and Joshi
(2015)

(continued)



94 B. P. Ahirvar et al.

Table 5.13 (continued)

Name of WQI Parameters Type of work References

Canadian water
quality index
(CCME)

pH, Fecal coliform,
BOD, Total coliform

Water quality index
of Hoogly River
water, West Bengal,
using cluster analysis
and artificial neural
network modeling

Sinha and Das (2014)

West Java water
quality index

Total Fe, B, F−, K+,
Ca2+, Hardness, Cl−,
Mg2+, Mn, Total Mn,
Natrium, Na+,
SO4

2−, Silica
reactive, RSC, SAR,
CN−, Cl2, H2S, Se,
KMnO4

Water quality index
of rivers in West Java
Province, Indonesia

Sutadian et al. (2017)

WAWQI EC, pH,
Temperature,
Turbidity, Total
Hardness, Alkalinity,
DO, BOD, COD,
NH4-N, NO3

−-N,
NO2

−-N, PO4
3−-P

Water quality index
of Karacomak Dam
water in Kastamonu
City, Turkey

Imneisi and Aydin
(2016)

WAWQI pH, EC, TDS, Total
alkalinity, Total
Hardness, TSS, Ca2+,
Mg2+, Cl−, NO3

−,
SO4

2−, BOD

Evaluation of
drinking water
quality and water
quality index an
urban water body in
Shimoga Town,
Karnataka

Yogendra and
Puttaiah (2008)

Index of river water
quality

DO, BOD5,
suspended solid,
NH3-N

Assessment of water
quality of Keya River
Taiwan using water
quality index (WQI)
and principal
component analysis
(PCA)

Liou et al. (2004)

Chemical water
quality index

Total N, Particulate
phosphorus, Total P,
Dissolved P, DO, Pb

Development of
chemical index as a
measure of in-stream
water quality in
response to land-use
and land cover
changes

Tsegaye et al. (2006)

(continued)
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Table 5.13 (continued)

Name of WQI Parameters Type of work References

Overall index of
pollution

DO, pH, TDS,
Turbidity, Total
Hardness, Cl−,
SO4

2−, NO3
−, F−,

TC, BOD

Development of an
overall index of
pollution for surface
water based on a
general classification
scheme in Indian
context

Sargaonkar et al.
(2008)

Specific Water
Quality Index

Temp. Turbidity, EC,
pH, TS, SS, TDS,
BOD, DO, Total
coliform bacteria,
fecal coliform
bacteria, Hardness,
Alkalinity, SAR,
Cl−, Na+, K+, Mg2+,
Fe, Cd, Total Cr,
Total Hg, Mn, Ni,
Zn, Cu, Pb, NH3-N,
NO3

−-N, NO2
−-N,

PO4
2−-P

Application of
specific water quality
index using Delphi
technique in Thai
River, Thailand

Prakirake et al.
(2009)

CCME Turbidity,
temperature, pH, EC,
TDS, TSS NO3

−,
As, Be, Cd, Cu, CN,
Fe, Li, Mn, Mo, Ni,
Ag, Zn

Evaluation of water
quality of Mackenzie
River, Canada,
through water quality
index

Lumb et al. (2006)

Bhargava WQI Temperature, pH,
EC, Salinity,
Turbidity, DO, COD,
BOD5, NO3

−, NH3,
PO4

3−, TS, hardness,
total dissolved iron,
Total coliform, Fecal
coliform, SAR

Water quality index
of Huong, Thach
Han, and Kien Giang
rivers of Central
Vietnam

Hop et al. (2008)
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Chapter 6
Review on Mixture Toxicity
of Pharmaceuticals in Environmental
Waters and Wastewater Effluents

Y. B. P. Kahatagahawatte and Hiroe Hara-Yamamura

6.1 Introduction

In the last few decades, an increasingly large number of groups of pharmaceuti-
cals have been detected in various environmental water media, municipal wastew-
aters, and treated wastewaters, at the very low concentrations mostly raging from
ng/L to μg/L: anti-inflammatory drugs, lipid regulators, β blockers, synthetic hor-
mones, antibiotics, antiepileptic drugs, analgesics, antidepressants, stimulants, anti-
histamines, antiseptics, antineoplastic agents, anxiolytic agents, anticancer drugs
(Azuma et al. 2019; Cizmas et al. 2015; Deo 2014; Gogoi et al. 2018; Heberer
2002; Kimura et al. 2005; Luo et al. 2014; Murray et al. 2010; Reungoat et al. 2010;
Zhang et al. 2018). Since any pharmaceutical is originally designed for a certain
therapeutic use, their impacts on ecosystem and adverse health effects have been
highly concerned, particularly in the context of direct and indirect potable water
reuse (Angelakis et al. 2018; Jones et al. 2004).

Previous studies suggested limited adverse effects of ambient pharmaceuticals at
their “single” exposure (Debroux et al. 2012; Kumar et al. 2019a, b). In the actual
water environment and wastewater effluents, however, pharmaceutical compound is
unlikely to exist alone. They should, in most cases, coexist with other micropollu-
tants, transformation products, and any other by-products of wastewater treatment,
or natural organic matters derived from drinking water, etc. (Fig. 6.1), and the pres-
ence of those wastewater matrices may affect the biological impacts of a compound.
Indeed, only 1% of the nonspecific toxicity measured by the bioluminescence inhibi-
tion assay in the reverse osmosis concentrate, and 0.0025% in the treated water were
reported to be explained by the quantified 106 emerging pollutants (Escher et al.
2011).
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Fig. 6.1 Nomenclature of xenobiotics and other dissolved residuals found in water. PPCPs: phar-
maceuticals and personal care products; EDCs: endocrine-disrupting compounds; OWCs: organic
wastewater contaminants. Adopted from Debroux et al. (2012)

In this chapter previous findings on human health risk and toxicity posed by phar-
maceuticals in environmental water and wastewater were reviewed. First, human
health risk assessment studies of pharmaceuticals in environmental water were
overviewed for potential water reuse scenarios, and then, previous researches on
mixture toxicity of pharmaceuticals for aquatic organisms were summarized since
relatively abundant literatures have become available in the field of ecotoxicology.
Finally, recent researches on application of the TSB bioassay (TSB assay) for eval-
uation of chemical mixture or complex environmental samples were reviewed as
a potential tool to investigate mixture toxicity of pharmaceutical in human model
system.

6.2 Human Health Risk Posed by Pharmaceuticals
in Environmental Water

Human health risk posed by pharmaceuticals in environment water is of particular
concern in the context of water recycling, where municipal wastewater which did
or did not undergo advanced water treatment processes (e.g., rapid sand filtration,
ozonation,membrane separation) are intentionally reused for agricultural, landscape,
recreational, domestic, and potable use, or unintentionally entered into the drinking
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water source (de fact reuse). A review published in 2012 well covered the past
important findings on human health risk posed by non-regulated xenobiotics includ-
ing pharmaceuticals and personal care products (PPCPs) (Debroux et al. 2012). The
authors reviewed papers from the late 2019s and the early 2020s to conclude that
no adverse health effects were expected from the presence of these compounds in
drinking water at typical concentrations, which may occur as a result of wastewater
impacts to drinking water sources and potable reuse. However, the following two
points were suggested as limitations.

• Risk assessments were conducted for the selected compounds, not all compounds
that may be present, including all pharmaceuticals and other xenobiotics in use,
their metabolites, and their wastewater treatment degradation products

• Detailed toxicological data are only available for some of the many potential con-
stituents of concern, which may result in bias risk assessments toward compounds
with high availability of data

In this section, recent updates on human health risk assessments of pharmaceuti-
cals inwater environment, whichwere published in the last five years, were reviewed.
Seemingly, the two gaps of knowledge suggested by Debroux et al. (2012)—incom-
plete detection of some pharmaceuticals, metabolites, and treatment degradation
products, and biased accumulation of toxicological data—have not been closed yet.

6.2.1 Agricultural Irrigation

Among the various water reuse applications, agricultural irrigation has the longest
history from the Bronze Age and is even expanding in its variety with improving
effluent quality (Angelakis et al. 2018). Accordingly, relatively abundant literatures
have become available for human health risk posed by this application, via dietary
intake of PPCPs in vegetables, crops, and tree fruit irrigated by wastewater effluents
or grown in the biosolids-amended soil. Although their experimental conditions
such as growing medium, exposure concentration, exposure time, plant species were
different, thus the estimated human exposure values varied widely, they resulted in
a common conclusion that the human exposure to majority of PPCPs in the edible
plant tissues was likely to be small (Wu et al. 2015).

Recent researches have brought new insights based on their field studies, which
were not frequently conducted in the past. Prosser and Sibley (2015) investigated
the uptake of triclosan and triclocarban by crops including radish, carrot, green bell
pepper, tomato, cucumber, and lettuce in the biosolid-amended soil. The estimated
consumption of the two antibacterial agents accounted for 0.13–0.39% and 0.73–
1.5% of an acceptable daily intake (ADI) for an adult and toddler, respectively. On
the other hand, Malchi et al. (2014) investigated the uptake of carbamazepine and
caffeine by vegetables irrigated by wastewater to show that an adult would require
to consume hundreds of kilograms of sweet potatoes or carrots daily to reach the
threshold of toxicological concern (TTC) level. Similarly, Wu et al. (2014) estimated
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that total annual PPCPs exposure due to the treated wastewater-irrigated vegetables
was 3.69 μg per capita, which was more than three orders of magnitude smaller than
that in a single medical dose for one compound (typically in the 10–200 mg range).

Franklin et al. (2016) investigated uptake of sulfamethoxazole, trimethoprim,
ofloxacin, and carbamazepine in wheat plants irrigated with treated wastewater, and
estimated daily intake of PPCPs via grain was 166–332 ng, which was six orders of
magnitude smaller than a typical daily dose (400–800 mg). Riemenschneider et al.
(2016) studied the uptake of 28micropollutants and carbamazepinemetabolites in ten
different field-grown vegetable species. The daily human intake of nine pharmaceuti-
cals was calculated to 0.003–15 ng/kg of body weight. The estimated annual intakes
for carbamazepine, gabapentin, ciprofloxazin, and diclofenac are about 0.001% of
theminimum daily doses (typically 10–200mg). Based on TTC concept, at least 9 kg
of vegetable materials are allowed to eat before the TTC level would be reached in
terms of carbamazepine, trans-DiOH-carbamazepine, and gabapentin. On the con-
trary, the TTC level of EP-carbamazepine and ciprofloxacin would be exceeded for
a 70 kg person by the daily consumption of only one potato or half an eggplant.

So far, only one study examined the health risk of PPCPs in long-term irrigation.
Christou et al. (2017) irrigated tomato crops usingwastewater for three years to reveal
that the concentration of sulfamethoxazole was the highest in the soil (0.98 μg/kg)
throughout the studies period, followed by trimethoprim (0.62μg/kg) and diclofenac
(0.35 μg/kg). The calculated fruit bioconcentration factors were extremely high for
diclofenac in the second (108) and third year (132) of the experimental period,
compared to sulfamethoxazole (0.5–5.4) and trimethoprim (0.2–6.4). The estimated
TTC and hazard quotient (HQ) values suggested a de minimis risk to human health
caused by the consumption of tomato fruits irrigated with the wastewater in this
study.

González García et al. (2019) predicted the uptake of the three non-steroidal
anti-inflammatory drugs (i.e., ibuprofen, ketoprofen, and naproxen) by treated
wastewater-irrigated lettuce based on a steady-state plant uptake model with added
phloem transport. These pharmaceutical compounds are weak acids, and predicted
concentrations in roots were higher than in the edible leaves, mainly due to phloem
transport downwards. The highest concentration predicted in the leaves of the three
varieties of lettuce were 28 ng/gdw for ibuprofen, 80 ng/gdw for ketoprofen, and
57 ng/gdw for naproxen, leading to a daily uptake of 575 ng/d, 786 ng/d, and 560 ng/d,
respectively. The daily dietary intake of the selected pharmaceuticals was estimated
to be far below usual therapeutic doses.

6.2.2 Landscape Irrigation

Landscape irrigation is another applications of reclaimedwastewater, which involves
the irrigation of golf courses, parks, school grounds, etc., being widely practiced in
the cities of the southwest US, China, and the middle eastern countries (Aleisa and
Al-Zubari 2017; Semerjian et al. 2018; Wang et al. 2017; Wu et al. 2009). As for the
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human health risk posed by PPCPs in this practice, however, very limited number of
researches have been available so far. Semerjian et al. (2018) assessed health risk of
ten PPCPs toward children playing green areas, adult landscape workers, and adult
users of athletic and golf courses irrigated by treated wastewater. The estimated risk
quotients (RQs) were the highest to lowest in the order of acetaminophen, meto-
prolol, ciprofloxacin, erythromycin, ofloxacin, sulfadiazine, sulfamethoxazole, sul-
fapyridine, risperidone, and sulfamethazine, and all PPCPs for all receptors exhibited
safe exposure (RQ < 1) through both dermal and ingestion exposure pathways.

6.2.3 Potable Water Reuse

Potable water reuse is one of the rapidly growing applications of reclaimed water. At
present,more than 20 planned indirect potable reuse (IPR) projects are operated in the
world, and over half of those are located in the western coast in US (USEPA 2018).
Turning our eyes into the orient, the largest amount of reclaimed water is produced
at the Changi NEWater plant, Singapore (i.e., 0.45 million m3/d), and totally, five
NEWater plants cover 40% of the domestic water needs, which may increase up to
55% by 2060 (PUB 2018). The extreme droughts in California and Texas in US
led to the further exploitation of potable water reuse. Direct potable reuse (DPR) is
temporally implemented in Big Spring and Wichita Falls, Texas, and a permanent
DPR plant in El Paso, Texas, is now waiting for regulatory approval (USEPA 2018).

The risk assessment studies demonstrated that potential exposure of major active
pharmaceutical ingredients from drinking water would not pose any appreciable risk
to human health, based on the comparison of PPCPs concentrations in river water
samples and predicted no effect concentrations (PNECs) calculated from accept-
able daily intakes (ADIs). Bercu et al. (2008) evaluated the risks from residues of
atomoxetine, duloxetine, and olanzapine, whose PNECs were calculated for chil-
dren as 25.7, 19.1, 35.9 μg/L, respectively. The margins of safety ranged from 147
(duloxetine-children) to 642 (olanzapine-adults), while all PEC/PNEC ratios were
more than two orders of magnitude below the value of 1.

Similarly, Cunningham et al. (2009) assessed human health of 44 active pharma-
ceutical ingredients marketed by GlaxoSmith Kine, representing approximately 22
general pharmacological classes with a broad spectrum of therapeutic activities. The
calculated PEC/PNEC ratios varied from 7× 10−2 to 6× 10−11, which indicated that
the selected compounds do not appear to pose an accreditable risk to human health
from drinking water and fish consumption. According to Schwab et al. (2005), 26
active pharmaceutical ingredients and their metabolites, representing 14 different
drug classes, were assessed to exert no appreciable human health risk when the sur-
face water is used as drinking water source. The calculated approximate margins of
safety for exposures from drinking water and eating fish by children ranged from 30
to 38,000, based on a comparison of maximum reported MECs to PNECs.
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6.3 Mixture Toxicity of Pharmaceuticals on Aquatic
Organisms

In response to the rapid increase of pharmaceutical usage and release into the water
environment without identification of the toxicity and a targeted treatment proce-
dure, previous researches raised an alarm that the pharmaceutical impacts on the
aquatic organisms would have become non-negligible level. In this section, evalua-
tion methods used for mixture toxicity of pharmaceuticals were briefly summarized
first, and then, previous researches on mixture toxicity of pharmaceuticals on aquatic
organisms were further discussed by therapeutic classes. Some studies investigated
the mixture toxicity of pharmaceuticals from the same therapeutic category such
as non-steroidal anti-inflammatory drugs (NSAIDs), antibiotics, synthetic steroidal
hormones, and lipid regulators, or those from various categories specially blended
in a laboratory (Backhaus 2014). Table 6.1 shows a summary of the previous studies
on mixture toxicity of pharmaceuticals toward the aquatic organisms.

The research findings obtained so far are mostly about their individual toxicity,
and there are only few researches addressed the combination effect of pharmaceuti-
cal mixtures to the aquatic organisms. Among those researches, several studies have
demonstrated synergism or antagonism effects caused by pharmaceutical mixtures
at the environmental relavant concentrations (i.e., 0.012–333 ng/L) (Coors et al.
2018; Li and Yu-Chen Lin 2015). However, most of these experiments have been
conducted in a laboratory scale, and very limited pharmaceutical compounds and
simple mixtures were used for the toxicity evaluation, which did not fully reflect
the complex combined effects of pharmaceuticals from same and/or different ther-
apeutic classes in the environmental samples. In addition, environmental chemical
mixtures may occur in a variety of doses with more complex response patterns, such
as dose–dependent, endpoint (conventional and multiple biological level) dependent
synergism/antagonism, thus indicating the necessity to go beyond the established
concepts (Hendricksen et al. 2007).

6.3.1 Models of Mixture Toxicities

Mixture toxicity of pharmaceuticals has been evaluated using different reference
models with variety of predictions and statistical approaches. Concentration addition
(CA) and the independent action (IA) are the models which predict the effects of the
mixture by linking the single compound toxicity based on the dose-response curves.
CA is highly applicable for the compounds whose mode of actions are similar with
each other towards the target site or narcosis-type compoundswhich induces baseline
toxicity toward aquatic species. On the contrary, IA is based on the idea of dissimilar
mode of action of compounds in a mixture which shows different effects toward
target sites. These two are principal concepts used for years, and several researchers
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Table 6.1 Summary of past investigations on toxicity of different pharmaceutical mixtures toward

Combination of
pharmaceuticals

Endpoint Toxicity Reference

1. Daphnia magna

Ibuprofen, Diclofenac Immobilization Showed
synergistic effect

Cleuvers (2003)

Clofibrinic acid,
Carbamazepine

Diclofenac, ibuprofen,
naproxen, acetylsalicylic acid

Immobilization Showed
synergistic effect

Cleuvers (2004)

Sertraline and fluoxetine Immobilization Cause additive
effects, no
indications of
synergism or
antagonism

Christensen et al.
(2007)Sertraline and citalopram

Fluoxetine and citalopram

Bezafibrate, clofibric acid,
gemfibrozil, and fenofibric
acid, a metabolite of
fenofibrate

Immobilization No any negative
effect on D.
magna

Rosal et al. (2010)

Carbamazepine, diclofenac,
17a-ethinylestradiol and
metoprolol

Life history and
morphological
parameters over
six generations

Reduced the age
and increased the
body length at
first reproduction

Dietrich et al.
(2010)

Diclofenac, ibuprofen, and
clofibric acid

Survival and
reproduction

No significant
toxicity

Han et al. (2006)

Ciprofloxacin,
17α-ethinylestradiol, and
5-fluorouracil

Immobilization
and reproduction

Mixture caused
adverse effects
where,
individually
cause no harm to
organisms in
environmentally
relevant
concentrations

Affek et al. (2018)

Fluconazole, fluoxetine,
metoprolol, climbazole
tris(2-chloropropyl) phosphate,
5-methylbenzotriazole,
methylparaben propiconazole

Reproduction Showed no
adverse effects

Coors et al. (2018)

2. Pseudokirchneriella subcapitata

Erythromycin, levofloxacin Growth rate
inhibition

Synergistic effect
was predominant

Gonzá Lez-Pleiter
et al. (2013)Norfloxacin, erythromycin

Erythromycin, tetracycline

Levofloxacin, norfloxacin

Levofloxacin, tetracycline

Tetracycline, norfloxacin

(continued)
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Table 6.1 (continued)

Combination of
pharmaceuticals

Endpoint Toxicity Reference

Erythromycin, levofloxacin,
norfloxacin and tetracycline

Sertraline, fluoxetine Growth rate
inhibition

Cause additive
effects, no
indications of
synergism or
antagonism

Christensen et al.
(2007)Sertraline, citalopram

Fluoxetine, citalopram

Perfluorooctane sulfonic acid
(PFOS), triclosan

Growth rate
inhibition

Antagonism
effect

Boltes et al. (2011)

PFOS, 2,4,6-trichlorophenol

PFOS, gemfibrozil

PFOS, bezafibrate

Triclosan,2,4,6-trichlorophenol

Bezafibrate, gemfibrozil

PFOS,
triclosan,2,4,6-trichlorophenol

Very strong
synergistic effect

PFOS, bezafibrate, gemfibrozil Antagonism
effect

Benzalkonium chloride [BAC]
and 5-fluorouracil [5-FU

Growth rate
inhibition

Synergistic effect Elersek et al.
(2018)

3. Desmodesmus subspicatus

Ibuprofen and diclofenac Growth rate
inhibition

Showed
synergistic effect

Cleuvers (2003)

Clofibrinic acid and
carbamazepine

Diclofenac, ibuprofen,
naproxen, and acetylsalicylic
acid

Growth rate
inhibition

Showed
synergistic effect

Cleuvers (2004)

Ciprofloxacin,
17α-ethinylestradiol and
5-fluorouracil

Growth rate
inhibition

Mixture caused
adverse effects
where
individually
cause no harm to
organisms in
environmentally
relevant
concentrations

Affek et al. (2018)

4. Cyanobacterium Anabaena

(continued)
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Table 6.1 (continued)

Combination of
pharmaceuticals

Endpoint Toxicity Reference

Erythromycin, levofloxacin
norfloxacin and erythromycin
erythromycin and tetracycline
levofloxacin, norfloxacin
levofloxacin, tetracycline
tetracycline and norfloxacin
erythromycin, levofloxacin,
norfloxacin and tetracycline
amoxicillin

Bioluminescence
inhibition

Showed
synergistic effect

Gonzá Lez-Pleiter
et al. (2013)

Gemfibrozil, bezafibrate,
bezafibrate, fenofibric acid,
fenofibric acid, gemfibrozil,
gemfibrozil, bezafibrate,
fenofibric acid

Bioluminescence
inhibition

Strong synergism
at the lowest
effect levels and
a very strong
antagonism at
high effect levels

Rodea-Palomares
et al. (2009)

Bezafibrate, clofibric acid,
gemfibrozil, and fenofibric
acid, a metabolite of
fenofibrate

Bioluminescence
inhibition

Very toxic Rosal et al. (2010)

1. Daphnia magna, 2. Pseudokirchneriella subcapitata, 3. Desmodesmus subspicatus, and 4.
Cyanobacterium Anabaena

reported that these approaches gave accurate and reliable results. (Cleuvers 2004,
2003; Coors et al. 2018; Geiger et al. 2016; Thrupp et al. 2018; Xiong et al. 2019).

González-Pleiter et al. (2013) suggested that the combination index (CI) method
could predict deviations from additivity more accurately than the classical CA and
IA model. This model involves dose-response curves for each compound and their
combinations in multiple diluted concentrations by using the median effect equation;
thus, it does not depend on the mode of action of individual compounds. CI value
elicits clear idea about the behaviors of tested endpoints of aquatic organismwhere the
CI < 1,=1, and >1 indicate synergism, additive effect, and antagonism, respectively.
CI model has been used for many researchers in the ecological toxicity filed as well
(Boltes et al. 2011; Rodea-Palomares et al. 2009; Rosal et al. 2010).

6.3.2 Mixture Toxicity of Non-steroidal Anti-inflammatory
Drugs

The two studies which examined NSAIDs for their mixture toxicity to the aquatic
organisms reported synergistic effect even at concentrations at which the single sub-
stance showed no or only very slight effects (Cleuvers 2004, 2003). Binary mixtures
of ibuprofen and diclofenac and a mixture of diclofenac, ibuprofen, naproxen, and
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acetylsalicylic acid have been studied over the endpoint of acute immobilization
of Daphnia magna and algal inhibition of Desmodesmus subspicatus. The concept
of CA and IA was adopted for these analyses, where each compound was mixed
at the half of the calculated effect concentrations (EC5/2, EC10/2, EC20/2, EC50/2,
and EC80/2 or EC90/2) for binary mixtures, or at a quarter of the calculated effect
concentrations (EC5/4, EC10/4, EC20/4, EC50/4, and EC80/4) for quaternary mix-
tures. In the Daphnia test, the binary mixture effect was higher than the measured
single compound toxicity in every EC value. As an example, at the EC80/2 level,
the concentrations responsible for the singly measured effects of ibuprofen (~12%
immobilized daphnids) and diclofenac (~2% immobilized daphnids) caused a strong
mixture effect of about 95% immobilization of the daphnids. Furthermore, the binary
mixture exhibited even stronger toxicity than the predicted toxicity by concentration
addition. However, the quaternary mixture of diclofenac, ibuprofen, naproxen, and
acetylsalicylic acid showed a stronger toxicity only in EC50/4 and EC80/4. In the
algal test, both binary and quaternary mixtures have shown the inhibition of algal
growth rate in each EC value and have followed the concept of concentration addi-
tion. The concentrations examined these studies (i.e., 1–320 mg/L) were still much
higher than the actual environmental concentrations (i.e., ng/L ~μg/L) (Stumpf et al.
1999; Ternes 1998).

6.3.3 Mixture Toxicity of Antibiotics

Synergistic effects of antibiotics were reported for binary mixtures of ery-
thromycin and levofloxacin (EC50: >20.4 mg/L), norfloxacin and erythromycin
(EC50: 18.2 mg/L), erythromycin and tetracycline (EC50: 0.27 mg/L), levofloxacin
and norfloxacin (EC50: 15 mg/L), levofloxacin and tetracycline (EC50: 4.6 mg/L),
tetracycline and norfloxacin (EC50: 9.2 mg/L), and a quaternary mixture of ery-
thromycin, levofloxacin, norfloxacin, and tetracycline (EC50: 16.0 mg/L), in the algal
test done for the endpoints of relative growth inhibition of Pseudokirchneriella sub-
capitata. However, some of those binary mixtures showed antagonistic effects on
Cyanobacterium Anabaena, which are the pairs of erythromycin and levofloxacin
(EC50: 2.5 mg/L), norfloxacin and erythromycin (EC50: 4.5 mg/L), levofloxacin and
norfloxacin (EC50: 4.3 mg/L), and other binary mixtures showed synergistic effects.
A quaternarymixture showed increased synergistic effects over their binarymixtures
toward the two aquatic organisms (González-Pleiter et al. 2013).

Guo et al. (2016) evaluated mixture toxicity of three veterinary antibiotics of fre-
quent use (trimethoprim, tylosin, and lincomycin) toward the algae and cyanobacteria
in European surface waters. The EC50 value was reported as 0.248 μmol/L, where
the combination of the three compounds could cause adverse impacts on primary
production and nutrient cycle of algal communities. This research also supported
the applicability of the CA model with the accurate predicted results to the exam-
ined endpoints. A mixture of sulfamethazine and sulfamethoxazole exhibited higher
toxicity toward Scenedesmus obliquus with the EC50 value of 0.89 mg/L than their
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single exposure, where the EC50 values of each compound marked 1.23 mg/L and
0.12 mg/L, respectively. The observed mixture toxicity was more in line with the
predictions of CA model rather than the IA model, indicating the similar mode of
action of sulfonamides. The binarymixture can be categorized as very toxic to aquatic
environment according to the EU directive 93/67/EEC, which classifies chemicals
as per their EC50 values into three categories: very toxic (EC50 < 1 mg/L), toxic
(EC50 = 1–10 mg/L), and harmful (EC50 = 10–100 mg/l) (Xiong et al. 2019). The
antibiotic mixture showed toxicity even at the low concentrations which were likely
to be present in the aquatic environment (Xiong et al. 2019).

6.3.4 Mixture Toxicity of Synthetic Steroidal Hormones

Another study investigated the egg production of the fathead minnow, Pimephales
promelas, exposed to the mixture of five different synthetic steroidal hormones such
as EE2 (estrogen), trenbolone (androgen), beclomethasone dipropionate (glucocor-
ticoids), desogestrel, and levonorgestrel (progestogens). The results showed that the
steroidal mixture of the lowest concentration (i.e., 351.44 ng/L) exhibited a 50%
reduction of egg production, and that of themedium concentration (i.e., 1159.4 ng/L)
exhibited completely ceased egg production in all fish pairs after seven days of expo-
sure, while any single exposure of the selected compounds would produce no statis-
tically significant effect (Thrupp et al. 2018). This study suggested that small effects
can add up to reach a statistically and biologically significant response when there
is simultaneous exposure to multiple chemicals in fish.

6.3.5 Mixture Toxicity of Pharmaceuticals from Different
Therapeutic Classes

Quaternarymixture of drugs such asmetformin (antidiabetic), bisoprolol (β blocker),
ranitidine (histamine), and sotalol (β blocker) did not induce any adverse joint effects
on development and behavior ofDanio rerio embryos, at the four different total con-
centrations of 0.1, 1.0, 10, and 100 mg/L, which included the concentrations usually
found in surface freshwaters (Godoy et al. 2019). Another study of Dietrich et al.
(2010) have resulted that both pharmaceutical mixture and single compound did not
provoke any significant effects on daphnia. They performed amultigenerational study
over six generations using D. magna with a mixture of pharmaceuticals from dif-
ferent therapeutic categories such as carbamazepine (antiepileptic drug), diclofenac
(anti-inflammatory drug), 17α-ethinylestradiol (synthetic hormone), and metoprolol
(beta blocker) at the average concentrations found in rivers and streams of southern
Germany.
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6.3.6 Mixture Toxicity of Pharmaceuticals in Wastewater
Effluents

Among few number of studies which examined the effluents of a municipal wastew-
ater treatment plants, Coors et al. (2018) demonstrated that there were no adverse
effects on the reproduction of Daphnia Magna by the exposure of a pharmaceu-
tical mixture consisted of fluconazole, fluoxetine, metoprolol, climbazole, tris(2-
chloropropyl) phosphate (TCPP), 5-methyl benzotriazole (5-MBT), methylparaben,
and propiconazole. Moreover, a wastewater sample containing 30 compounds did
not exhibited toxicity to Daphnia magna, with immobilization rate of <5%. In the
bioluminescence inhibition test using Vibrio fischeri, a luminescence increased by
nearly 50% during the first five minutes and decayed thereafter, which resulted in
unusual negative toxicity values. This is probably due to the salinity correction of
the sample. In addition, wastewater sample was found to be very toxic to Anabaena
CPB4337, inhibiting its luminescence by 84.24% (Rosal et al. 2010).

A mixture of 11 pharmaceuticals (ibuprofen, naproxen, gemfibrozil, bezafi-
brate, carbamazepine, sulfapyridine, oxytetracycline, novobiocin, trimethoprim, sul-
famethoxazole, and caffeine) incurred a slight decrease in morphology of the fresh-
water cnidarian Hydra attenuata at 0.1, 10 and, 100-times high concentrations of
ambient concentrations but a significant increase at 1000-times high concentration.
Toxicity was investigated using both lethal (based on morphology) and sub-lethal
(based on morphology, feeding behavior, hydranth number, and attachment) end-
points over 96 h exposure of the mixture (Quinn et al. 2008). Chronic exposure
of fish to pharmaceutical mixtures and pharmaceuticals in discharged wastewa-
ter affected reproduction and induced histopathological changes which may cause
negative impacts on reproductive capacity and health (Galus et al. 2013).

Furthermore, a study done by using a mixture of pharmaceuticals present in
a wastewater effluent (i.e., atenolol, metoprolol, propranolol, caffeine, diphenyl-
hydantoin, fluoxetine, hydrochlorothiazide, diclofenac, ketoprofen, and naproxen)
demonstrated a synergistic effect over the rainbow trout. The lowest observed effect
concentrations and concentrations causing EC50 were within the range 0.05–54.61
μg/L which can be found in the effluent (Fernández et al. 2013).

6.4 Transcriptomics-Based Bioassay for Mixture Toxicity
of Pharmaceuticals

Due to the limitation of conventional approach targeting on a few key chemicals,
the effect-based approach has been gaining its popularity as a monitoring method
of water environment (Altenburger et al. 2015; Bruneau et al. 2016; Zhang et al.
2014). Such kind of approaches include the transcriptomics-base (TSB) bioassay
which is capable of giving broad understanding about complex mixtures induce
toxicity to by evaluating various biological pathways at genome-scale on aquatic
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organisms or human cells (Wang et al. 2018). Previous studies demonstrated that
transcriptomic response of the organisms could represent the toxicmodes of action of
the complex chemicalmixtures and environmental samples. So far, DNAmicroarray-
based transcriptomic analysis has been widely applied to municipal wastewaters and
treated effluents, in the most cases, using aquatic organisms as a test organism. In
this section, recent researches on application of the TSB bioassay for evaluation and
characterization of chemical mixtures and environmental samples were reviewed as
a potential tool to investigate mixture toxicity of pharmaceuticals.

6.4.1 Methods of Transcriptomic Analysis

DNA microarray-based transcriptomic analysis is a powerful gene expression anal-
ysis approach which has been applied to evaluation of wastewaters and treated efflu-
ents quality, using aquatic organisms (Martinović-Weigelt et al. 2014; Prokkola et al.
2016) and human cells (Fukushima et al. 2014; Hara-Yamamura et al. 2013, 2020)
as a test organism. The multiple-endpoints gene alteration-based (MEGA) assay is a
rapid, cost-effective, and high-throughput real-time PCR-based assay (qPCR assay)
that targets cellular responses to contaminants present in wastewater effluents at the
transcriptional level, therefore optimum and powerful screening test for monitoring
the toxicity of wastewater effluents (Fukushima et al. 2017).

More recently, the novel RNA sequencing technique (RNA-seq), instead of the
DNAmicroarray, has been applied in this field to understandmore extensive response
of organism to the effluents. The RNA-seq approach could provide information
regarding the mode of action of pollutants and then be useful for the identification
of which parameters must be studied at higher integration level in order to diagnose
sites where the presence of complex and variable mixtures of chemicals is sus-
pected (Bertucci et al. 2018). However, high-throughput analysis of transcriptomics
in chemical assessment is also limited due to the high cost and lack of “standardized”
toxicogenomic methods (Wang et al. 2018).

Reduced zebrafish transcriptome ampliseq embryo approach is a novel concept
developed by Wang et al. (2018) to represent the whole transcriptome and to profile
bioactivity of chemical and environmental mixtures in zebrafish embryo. It provides
an efficient and cost-effective tool to prioritize toxicants based on responsiveness
of biological pathways (Wang et al. 2018). Digital gene expression profiling (DGE)
based on Illumina Genome Analyzer sequencing platform was also suggested as an
effective tool to identify global gene alteration affected by environment contaminants
in hepatic cells, with twice lower cost and less time required (Zhang et al. 2014).
Validation of the transcriptomic profiles from this method can be conducted by qPCR
assay as used in microarray analysis.
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6.4.2 Application to Human Model Systems

Effluentwastewaters consist of dissolved organicmatters forwhich humic substances
usually account a large percentage in its concentration (Artifon et al. 2019). The
humic substances have long been recognized as a mitigator of toxicants. However,
Hara-Yamamura et al. (2020) provided a new insight regarding toxic unknowns
in effluent wastewater based on the transcriptomic analysis of human cells using
affymetrix human focusmicroarray.HumanhepatoblastomaHepG2cellwas exposed
to wastewater effluents from activated sludge process (AS) and advanced mem-
brane bioreactors (MBR) at the same dissolved organic carbon level (i.e., 30 mg/L).
The qPCR assay of selected marker genes suggested that responsible constituents
for potentially adverse, abnormal transcriptomic response in HepG2 could have
hydrophobic nature and actwithmetal-DOMcomplexes in 1 kDaor smaller size frac-
tion. The humic substances with acidic nature were further suggested as an inducer
of effluent toxicity, probably by mediating the accumulation of micropollutants on
cell membrane. Fukushima et al. (2014) also applied the DNA microarray analysis
to HepG2 cells exposed to chlorinated wastewater samples after AS and MBR pro-
cesses to conclude that biological impacts of chlorinated effluents were dependent on
the effluent organic matter characteristics such as disinfection by-products (DBPs)
and O/C ratio.

Aquatic environment has been threatened by semi-volatile organic compounds
(SVOCs) and volatile organic compounds (VOCs) from petrochemicals which are
not completely removed by wastewater treatment processes (Zhang et al. 2014).
Transcriptomic analysis of mice liver revealed that the exposure to effluent mix-
ture of polycyclic aromatic hydrocarbons (PAHs), phthalic acid esters (PAEs), and
organochlorine compounds (OCCs) related to disruption of fatty acid metabolism,
glycerolipid metabolism, arachidonic acid metabolism, linoleic acid metabolism,
PPAR signaling pathway, and adipocytokine signaling pathway related to lipid
metabolism, with altered genes and serum metabolites in liver and hepatotoxicity
on mice (Zhang et al. 2014). Similarly, Prokkola et al. (2016) demonstrated that
exposure of effluent sample with di-n-butyl phthalate (DBP), which is the second
most common phthalate, to three-spined sticklebacksmale fish at themedian concen-
tration in wastewater effluents in Germany and Denmark (i.e., 0.7–2.4μg/L) induced
adverse genetic response on retinoid metabolism, creatine kinase activity, and cell
adhesion.

6.4.3 Application to Aquatic Organisms

Berninger et al. (2014) reported the adverse impacts on hypothalamic–pituitary–
gonadal (HPG) axis in female fathead minnows by the exposure to the wastewater
effluent, based on alteration of pathways associated with oocyte meiosis, TGF-beta
signaling, gonadotropin-releasing hormone (GnRH), and epidermal growth factor
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receptor family (ErbB), and gene sets associated with cyclin B-1 and metallopro-
teinase. The authors studied the digestive glandofC. flumineaby theRNAsequencing
analysis and identified a set of 3181 transcripts in response to wastewater effluent at
thewhole-transcriptome level. Enrichment of gene sets playing key roles in the teleost
brain–pituitary–gonadal–hepatic (BPGH) axis function indicated that wastewater
treatment plants serve as an important source of endocrine-active chemicals that
alter the cholesterol and steroid metabolism (Martinović-Weigelt et al. 2014).

Jackman et al. (2018) studied TH-disruption by endocrine-disrupting chemicals
in wastewater effluents from two different treatment systems: anaerobic membrane
bioreactor (AnMBR) and membrane-enhanced biological phosphorous removal
(MEBPR) with pharmaceutical cocktail over TH-response gene transcripts of olfac-
tory system and olfactory bulb of Rana (Lithobates) catesbeiana tadpoles using
RNA-seq analyzing method. AnMBR effluent had no effect on biomarkers; dio2,
Heket, st3, and trpv1 transcript levels; however, thibz-all expression was increased
at the high effluent concentrations (AnMBR: 1.9-fold, MEBPR: 1.4-fold). Major-
ity of transcripts showed no change in abundance relative to the MEBPR effluents.
Thus, it appears that the cause of the endocrine disruption was already in the inflow-
ing stock wastewater, is independent of measurable PPCP chemistry, and was not
removed upon treatment (Jackman et al. 2018). In addition, oxidative stress-related
genes (i.e., glutathione reductase andglutathione peroxidase) in the liver, and immune
system-related genes (i.e., complement component 1, and macrophage-inducible C-
type lectin) in gonad of female large-mouth bass were also altered, after exposure to a
synthetic estrogen 17Alpha-ethinylestradiol (EE2) (Colli-Dula et al. 2014). Overall,
these studies promote our understanding on molecular responses to antiandrogens
and estrogens in wastewater effluents over fish testis, providing a basis for further
studies on their roles in endocrine and reproductive disturbances.

Transcriptomic analysis of Lemna minor revealed that psychoactive drug mix-
ture (i.e., valproic acid, citalopram, carbamazepine, cyamemazine, hydroxyzine,
oxazepam, norfluoxetine, lorazepam, fluoxetine, and sertraline) induced transient
alteration of marker genes of cyp4, sod, andmdr1 under the exposure concentrations
normally found in effluent wastewater (ng/L ~μg/L), while any significant alteration
of cat and pi-gst marker genes were not observed (Bourioug et al. 2018). Perfluo-
rinated compounds (PFCs) are commonly used in consumer products such as stain,
water, and grease repellents in carpets and clothing or in cooking utensils as nonstick
coatings. Thus, PFCs can be found in municipal wastewater effluents as complex
mixtures and wastewater treatment plants have been recognized as important direct
pollution sources to the aquatic environments. PFCs are persistent, and some of
the substances bioaccumulate and biomagnify in the environment and bind to the
serum albumin, L-FABP, and membrane structures in the liver. Houde et al. (2014,
2013) conducted experiments with twelve perfluorinated acidic compounds includ-
ing perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic acid (PFOS) in the
downstream of municipal wastewater treatment plant by using the gene expression
analysis over liver, gill, muscle, and blood of adult northern pike fish. Transcrip-
tomic responses were tissue-specific and indicated significant up-regulation of genes
encoding metallothionein in blood, and metallothionein, glutathion-S-transferase,
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superoxide dismutase, and cytochromes P450 1A1 in gill tissue of the fish collected
in the municipal wastewater treatment plant (Houde et al. 2013).

Eleven perfluoroalkyl substances (PFASs) in wastewater effluents on the fish also
suppressed immune response genes, which suggested that the exposure to wastew-
ater effluents impaired the fishy immune system, increasing their susceptibility to
pathogens and/or parasites (Houde et al. 2014). Transcriptomic results of yellow
perch living in St. Lawrence River, where the flame retardants, metals, and perfluo-
roalkyl substances have been found in sediments, water, and fish, also down regulated
the genes related to lipid, glucose, and retinoid as well as a decrease in retinoid stor-
age (Bruneau et al. 2016). Furthermore, genes related to lipid metabolism, retinol
metabolism, detoxification processes, cellular proliferation, and membrane/cellular
transport were also impacted by the PFCs in wastewater effluent (Houde et al. 2014).

Ings et al. (2011) demonstrated that tertiary-treated municipal wastewater elicited
multiple stress-related pathways such as an organismal and cellular stress response
in trout, which may lead to an enhanced energy demand in the exposed fish. The
study was undertaken on rainbow trout,Oncorhynchus mykiss at an upstream control
or 100, 50, and 10% municipal wastewater treatment sites. The DNA microarray
analysis revealed that expressions of stress-related genes, hormone receptors, glucose
transporter 2, protein expression of glucocorticoid receptor, heat shock proteins 70
and 90, and cytochrome P4501A1 and genes related to immune function were altered
(Ings et al. 2011). Similarly, exposure to the textilemill effluent induced up-regulation
of oxidative stress-related genes such as AHP1, ATX1, GRX1, TRX1, and TRX2 in
Saccharomyces cerevisiae (Kim et al. 2006).

Interestingly, Hasenbein et al. (2014) suggested that transcriptomic analysis can
be utilized not only to investigate the effects of complex contaminant mixtures, but
also to identify the contaminant sources. The authors investigated transcriptional
responses of larval delta smelt exposed to water samples collected at Department of
WaterResources FieldStation atHood in the downstreamof theSacramentoRegional
Wastewater Treatment Plant (SRWTP), by theDNAmicroarray. Then, transcriptomic
profiles were compared between 9% effluent samples from SRWTP, water from the
Sacramento River at Garcia Bend (SRGB)—upstream of the effluent discharge, and
SRGB water spiked with 2 mg/L total ammonium (9% effluent equivalent). Results
indicated that transcriptomic profiles from Hood are similar to 9% SRWTP effluent
and ammonium spiked SRGB water, but significantly different from SRGB.

6.5 Conclusions

In this review, previous researches on mixture toxicity of pharmaceuticals in envi-
ronmental water and wastewater were discussed in the scopes of human health risk
assessment, mixture toxicity of pharmaceuticals to aquatic organisms, and applica-
tion of transcriptomic-based bioassay (TSB assay) to evaluation of mixture toxicity.
Conclusions of this review are summarized below.
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1. Our present knowledge on the human health risk of residual pharmaceuticals in
environmental water and wastewater effluents (as a potential source of drinking
water) were exclusively based on the single exposure of the compound, and the
fundamental information on their impacts as a mixture is still very limited.

2. Mixture toxicity of pharmaceuticals to aquatic organisms has been studied over
several decades. The toxicity test using the same aquatic organism for the same
or similar pharmaceutical mixtures sometimes ended up with contradictory con-
clusions. The antagonistic or synergistic effects of pharmaceuticals at the envi-
ronmentally relevant concentrations are often undetectable with conventional
endpoints.

3. Transcriptomics-based bioassays (TBS assay) targeted on the gene expression
changes, an early biological response, are useful in charactering potential adverse
impacts of chemical mixtures and environmental at the sub-lethal concentrations.
TheTBSassay has a potential to represent themixture toxicity of pharmaceuticals
at the environmentally relevant concentrations.

4. Residues in the treated wastewaters contain not only pharmaceuticals but also
various kinds of other micropollutants and dissolved organic matters with natural
or anthropogenic origins. Future studies on mixture toxicity of pharmaceuticals
are required to consider mare mixture of pharmaceuticals to the matrix effect of
such constituents.
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Chapter 7
Microplastic Vulnerability
in the Sediments of the Sabarmati River
of India

Arbind Kumar Patel, Chandrasekhar Bhagat, Kaling Taki,
and Manish Kumar

7.1 Introduction

Demands of plastics are increasing constantly and hence its production also; since
the 1950s, there is an increase of 37% over the last decades (Plastics Europe 2017).
Recently, microplastics are a great concern for study because the use of plastics
has increased in different sectors like in transportation, telecommunications, cloth-
ing, footwear, etc. The production of plastics has increased to 260 Mt/year in the
twenty-first century (Plastic Europe 2013). Most plastics have high persistence in
the environment, hence they remain in initial form in the environment and the degra-
dation rate is too slow (Hopewell et al. 2009). Because of their chemical and physical
properties, plastic particles are able to contaminate the soil as well as the water on a
global scale. National Oceanic andAtmospheric Administration (USNOAA) defines
the microplastic as the plastic particle whose size is less than 5 mm is considered as
a microplastics (McCormick et al. 2014; Thompson et al. 2004; Arthur et al. 2009;
Kumar et al. 2009). Many studies have proven that the abundance of microplastic
is increasing in the sea as well as river sediments (Besley et al. 2017; Lazure and
Desmare 2012; Van Cauwenberghe et al. 2015, Mukherjee et al 2020). Microplastics
are differentiated into two types: primary microplastics and secondary microplas-
tics. The plastics whose size is lesser than 5 mm initially are known as the primary
microplastics, whereas the plastics which are having a size greater than 5mm and are
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Fig. 7.1 Nomenclature of plastic debris based on size (MSFDGES Technical Subgroup onMarine
Litter, 2013)

disintegrated from large debris which is known as secondarymicroplastics. They also
differentiated into nanoplastics, microplastics, and microplastics and their sizes are
shown in Fig. 7.1. Microplastic attracts more in recent decades and popularly known
as an emerging pollutant. First time microplastic is recorded in the 1970s (Carpenter
et al. 1972). As per the published literature microplastics has spread all over the
world in different environmental matrices. The dominant type of microplastics in the
river water and sediments is pallets, fibers, fragments, polystyrene, and polyethylene
terephthalate (Hidalgo-Ruz et al. 2012; Imhof et al. 2012; Ng and Obbard 2006).

The immense interests about microplastics (MP) in the environment are associ-
atedwith poisonous chemicals and consequent acquaintance of these toxic chemicals
to the several types of micro-organisms that consume the plastics debris (Bakir et al.
2014; Bejgarn et al. 2015; Browne et al. 2011). MP debris is proficient in concen-
trating hydrophobic organic contaminants such as PAHs, PCBs, and DDTs (Gauquie
et al. 2015; Hirai et al. 2011), rising their concentration up to the order of 106
(Mato et al. 2001). MP debris could also accrue metals from the surrounding and the
accumulation has been revealed by lab experiments (Holmes et al. 2014) and envi-
ronmental monitoring (Rochman et al. 2014). Metal contamination is increasing and
common in the various environment matrixes and is resulting from several sources
like the industrial and domestic waste discharges, mining, smelting, and e-wastes
(Wang et al. 2013). Though, the data on the content of metals accumulation by MP
in the actual environment system is very limited.

Accordingly, more and more research efforts should be contributed to inspect the
occurrence and characteristics, especially the interface with heavy metals, of MP in
the aqueous environment so as to additional measure the potential environmental
risks. Furthermore, coastal sediment samples could reveal the result of long last-
ing interfacial contact between waters and land surface (Yu et al. 2016), and thus
deliver crucial information on the transportation and fate of contaminants and alike
types of MPs in the water column as in sedimentary habitations have been formerly
shown (Thompson et al. 2004), Advising that density (mass/volume ratio) is not
an influential factor impelling the distribution of MPs and sediment samples are
good demonstration for the long lasting accruing the result of MPs. In this work,
thus, MPs were recovered in the surface sediment samples from the Sabarmati River
Ahmedabad, Gujarat India

Surface water is used for drinking purposes all over the world but recent studies
show that contaminant concentration in the water has increased (Singh et al. 2020).
The sources of microplastic in river water are improper waste disposal, insufficient
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waste management, and urban runoffs (Barnes et al. 2009), and microplastics in
washingmachine effluent from synthetic textiles. These are not removed by treatment
plants due to small size and buoyancy (Browne et al. 2011). There are chances
to detect the traces of microplastics in the Sabarmati river sediments because of
improper waste dumping practices in the city. In this work, thus,MPs were recovered
in the surface sediment samples from the Sabarmati River Ahmedabad, Gujarat India
and the main objective is to investigate the abundance microplastics in the sediments
along the Sabarmati River and also finding the relation with sediment texture/grain
size, organic matter.

7.2 Materials and Methods

Study Area
The study was conducted, on the Sabarmati River, Gujarat, India, in the month of
October 2017. The Sabarmati River flowing through the Ahmedabad city and carries
huge amount of liquid as well as solid waste and hence this river is know for the one
of the largest waste flowing rivers in the state of Gujarat India. TheAhmadabad city is
one of themajor city in the state of Gujarat andwell known for business activity in the
country. River Sabaramati originates in the Aravalli Range of the Udaipur District of
Rajasthan and meets the Gulf of Khambhat of the Arabian Sea after traveling 371 km
in a south-westerly direction across Rajasthan and Gujarat. Our study stretch is near
to Ahmedabad city in the state of Gujrat, India. Ahmedabad is one of the major cities
in the Gujarat state, mainly popular for trade, business, and factories of plastics,
metals, pharmaceuticals, etc. This city also is known for the diamond business. Four
sites are selected along the stretch of river as shown in Fig. 7.2 (A2, A6, A7, and A8).
The river is flowing from Gandhinagar to Ahmedabad as shown in Fig. 7.2.

7.3 Methodology

River (Sabarmati river) sediment samples (n= 4, A2, A6, A7, and A8) collected and
were analyzed for microplastic using the methodology adopted by Nel et al. (2018)
and Klein et al. (2015). Grain size distribution is carried out by dry sieving, and
removal of organic matter carried out by the ignition test, so that sample is free from
the organic matter. To quantify the abundance of microplastics, the river sediments
were sampled at four (n = 4) different locations at upstream and downstream of
the Ahmadabad city as shown in Fig. 7.2. At every location, 2.5 kg sediments were
collected using a stainless-steel scoop from the upper 5 cm layer. Then the sediments
were dried in the open air to reduce the moisture for 24 hrs and then oven-dried at
50 °C for 48–72 h, until it will reach to constant weight, and sorting of sediment
carried out according to size (75 µm–212 µm and 212 µm–4 mm). To minimize the
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Fig. 7.2 Map showing sampling locations of Sabarmati River, Gujarat, India

risk of sediments sample contamination for example clothing fibers during on-board
recovery, samples were held against the wind to avoid any airborne contamination.
In the lab, sediment samples are first passed through the series of metal sieves (5
mm, 2 mm, and 212 µm) and hand sieving is done, with M-Q water. Pieces of
biological organic material sized >5 mm were rinsed and discarded to minimize
the error in estimation. All fractions were kept at 5 °C in the fridge to avoid the
temperature influence. A 1 kg of the sieved sediment was shifted into a glass beaker
by rinsing with local M-Q water and subsequently stored in 10% NaCl in glass jars
for conservation. The mixture of the slurry was stirred exuberantly to dis-aggregate
and suspend plastic particles for 1 h completely and permitted them to settle for 24
h (one day). The supernatant mixture was filtered through Whatman GF/A (Reddy
et al. 2006) and filters were dried at room temperature and sealed in Petri dishes.
Microplastics upon themeshwere carefully rinsedwith distilledwater into cleanPetri
dishes. The samples were then visually sorted at ×50 magnifications, whereby all
possible microplastic particles were enumerated and The SEM (scanning electron
microscope) analysis carried out for all sediments samples. Microplastic particles
were identified by possessing unnatural coloration and/or unnatural (Hidalgo-Ruz
et al. 2012).

Filtration, as shown in Fig. 7.4 of supernatant, is carried with help of 0.45 µm
filter so that microplastic get to catch on the surface of the filter (we take it granted
that microplastic is always greater than 0.45 µm).

Weight of wet filter paper (W1) is taken and after that, filter gets oven-dry, and
the weight of filter paper is a note (W2). The quantity of microplastic is found out
with the help of a simple formula given below.
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Methodology  for extraction of Microplastics (Klien et.al 2015)

Sediment sample (n=4) 

Air dried (24 hrs) + Oven dried 
(12 hrs @ 50-600C) 

Sieving sediments 

H2SO4 [1:3] and Mixing 

Filtration of supernatant (0.45 μm 
filter paper)

Weigh wet filter paper (W1)

Visual sorting of microplastic

Stirring 15 minutes
And Stealing for 24 hrs

Add NaCl (0.4 g/L)

Oven dry (50-600C)
Standing 24 hrs

SEM Analysis 

Scratch microplastics

Weigh dry filter paper (W2)

Oven dried filter paper 

Finding the quantity of  microplastics
(mg/kg)

= (W1 - W1) / dry weight of sediment

Fig. 7.3 Flowchart to quantify the microplastics in sediments samples

Fig. 7.4 Schematic of vacuum-enhanced density separation; floating plastic debris is transferred
by the addition of saturated sodium chloride solution by means of a vacuum directly to the glass
fiber filter. Diagram is taken from Klein et al. (2015)

Quantity of microplastic(mg/kg) = (W1)− (W2)mg

weight of sediment sample(kg)

SEM analysis is carried out to know the surface roughness and to observe
the microstructure of microplastics. Morphology of different sediment as well as
microplastic particles is as shown in Fig. 7.5.

Grain size distribution by dry sieving and organicmatter content by loss of ignition
test according to Konare et al. (2010).



132 A. K. Patel et al.

Fig. 7.5 SEM analysis to comprehend morphology of different microplastics

7.3.1 Sediment Grain Size Analysis of Sabarmati

Sieve analysis is performed to know the types ofmicroplastics (primarymicroplastics
less than 5 mm and secondary microplastics greater than 5 mm). Also, grain size
analysis was performed to know the types of sediment. The samples of Sabarmati
river sediments were containing sandy gravel, gravelly sand, and slightly gravelly
sand. This analysis is useful to decide the methodology to quantify the microplastics.
If sediment’s size is less than 75µm, it is classified into clay soil, which carries charge
on its surface and hence this influences the transport of microplastic in the river.
Cations derived from mineral weathering and pollution sources are preferentially
adsorbed onto clay (negatively charged surface), which has the highest surface area-
to-volume ratio of any particle size class. This suggests that since there is least
clay fraction, therefore, the probability of finding the pollutants in labile forms is
maximum, thus, posing a higher risk of exposure. Figure 7.6 shows that different
soil composition is in the sediment sample, which helps to identify the type of
soil and composition of the soil. From Fig. 7.6, it is inferred that the maximum
sediment sample is classified under the sandy gravel soilmeansmixed soil is available
throughout the stretch of Sabarmati River throughout the Ahmedabad city.

Figure 7.7a sample A2 showing the gap-graded or poorly graded soil and Fig. 7.7b
classified in well-graded soil as the range of soil particle is good and hence the
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porosity of sediment sample is less, Fig. 7.7c also well-graded sediment and having
less permeability and less porosity, Fig. 7.7d shows the poorly graded sediment
and having high porosity and high permeability means having potential to transport
the pollutants (microplastics) along with the soil particles. This analysis helps to
understand the pollutants transport phenomenon in the surface water as well as the
flow through the porous media.

7.3.2 Organic Matter in Rivers

Organic matter (Humus) has the ability to interact with oxides, hydroxides, mineral,
and organic compounds, including toxic pollutants, to formwater-soluble and water-
insoluble complexes. Through the formation of these complexes, humic substances
can dissolve, mobilize and transport metals and organics in soils and waters, or accu-
mulate in certain soil horizons. Accumulation of such complexes can contribute to a
reduction in toxicity. The organic matter content is found little in the Sabarmati River
and it also influences the transport mechanism of pollutants like microplastics. The
organic matters carry charges on the surface and hence, it has the ability to attract the
pollutant which carries charges and hence, represence of organic matter enhances the
contaminant transport process and increases the resistance to the treatment process
as they have to make the ionic bond with the pollutants.

Microplastics
The maximum concentration of microplastic (212 µm–4 mm) is found to be
581.70 mg/kg at A2 location at the downstream of the city and 134.53 mg/kg at
the location A6 (75–212 µm) as shown in Fig. 7.8. Table 7.1 show that abundance
of microplastics in the different River sediments in the world and also for this study.
The maximum quantity of microplastics (660 Particles. kg−1) are reported in the
Thames River, UK (Horton et al. 2017). Sarkar et al. 2019 conducted the study on
River Ganga, eastern India and reported that abundance of microplastic is 99.27–
409.86 particles. kg−1 and found that the dominant species of microplastic in the
river sediments are Polyethylene terephthalate and polyethylene. The larger size of
microplastic is present at the extreme end of study stretch whereas the smaller size
smicroplastic is found just behind the last point. The concentration of microplas-
tic along the river bed is increased from upstream to downstream of the city; since
the river passing from the city, it accumulate all the residue on the bank of river
and also the waste discharge in the river without proper treatment (Ram and Kumar
2020). The quantity of the major size of microplastic is found to be greater on the
downstream as they may get a float and deposited at the downstream of the city and
create pollution in the river. The treated effluent also enhances the problems of pol-
lution just because there is no sufficient efficiency of the treatment plant to remove
microplastics from wastewater. That is why the wastewater treatment plants are the
important point source of emerging pollutants, i.e. microplastics.
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Table 7.1 Microplastics abundance reported in the different river sediment of the world

Types of
microplastic

Size Quantity Location References

Polyethylene,
polypropylene,
polystyrene

<5 mm 1 gm. Kg−1 or
4000 particles.
Kg−1

Rhine River
Germeny

Klein et al. 2015

Polyethylene
terephthalate
and
polyethylene

mesoplastics
(<5 mm) and
microplastics
(>5 mm)

11.48 to 63.79
ng/g or
99.27–409.86
particles. kg−1

River Ganga,
Eastern India

Sarkar et al.
2019

Sheet shaped
and fibers

1–4 mm 660 Particles.
kg−1

Thames River,
UK

Horton et al.
2017

Fiber and plastic
debris

2.8 mm–11µm 296.5 particles.
L−1

Kelvin River,
UK

Blair et al. 2019

Fiber and plastic
debris

2 mm–5 mm 550 particles.
L−1

Canadian lakes
and rivers

Anderson et al.
2016

polyethylene
(PE),
Polypropylene
(PP),
copolymer, and
paint particle

0–5mm 178–554
particles. kg−1

Beijiang River
China

Wang et al. 2017

Plastic debris
and fiber

4 mm–75 µm 134.53 mg.
kg−1 to 581.70
mg. kg−1

Sabarmati River,
Gujarat India

This study
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7.4 Conclusion

The gravimetric analysis to quantify microplastics is an easy and simple technique.
The soil gradation results infer that sediment grain size distribution of Sabarmati are
sandy gravel, gravelly sand, and slightly gravelly sand suggesting least clay fraction
and therefore the probability of finding the pollutants in labile forms is maximum
thus posing a higher risk of exposure. Concentration of microplastic is found to be
having increasing trend from upstream to downstream of the city. The SEM analysis
is confirmed that the microplastic is also present in the sediments, and hence it is
difficult to be removed and monitored. The sources of microplastics are non-point
source and hence difficult to manage and the important- and dominant-point sources
arewaste disposal site (landfill) andwastewater treatment plants. This study provided
the status of microplastics contamination in the Sabarmati River and the result proves
that the disposal of pollutants is going on the river directly inmanyways.Microplastic
concentration of both the sizes (75–212 µm and 212 µm–4 mm) is found higher in
downstream sites.
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Chapter 8
Evaluation of Water Quality
of Community Managed Water Supply
Schemes (CMWSS) in Galle District

M. N. M. Shayan, G. G. Tushara Chaminda, K. C. Ellawala,
and W. B. Gunawardena

8.1 Introduction

Dr. Sarath Amarasiri, according to book Caring for water (2008), states that the
quantity of water which is easily accessible to the man is to be 0.75% globally.
As a consequence of this, globally, 1.2 billion people live without access to safe
water supply and 700 million are living without water supply, mainly in developing
countries. Therefore, clean access to drinking water enhances the public health and
save lives (Maggie and Menachem 2007; Kumar et al. 2017). On the other hand,
it is an indisputable logic which delinates that, a considerable amount of people
around the world are facing the problems of water scarcity (Water Stress). As a
consequence, about 50% of population in the developing countries encounter water-
borne diseases such as diarrhea, cholera, ascaris, hookworm (Murcoot 2001). And
millions of people suffer from preventable illnesses and die every year (World Health
Organization 2004).

In the context of Sri Lanka, it is an island gifted with natural water sources still
water scarcity is not obvious. Although Sri Lanka is self-sufficient in drinking water,
due to population growth the potable water demand has been raised immensely.
In Sri Lanka, the sole body which is responsible for drinking water supplying and
maintenance of quality is governed by National Water Supply and Drainage Board
(NWSDB). According to statistics of NWSBD reports of (2011), NWSDB and local
authoritywater supply schemes (WSS) supplywater to 34% and 10%of the country’s
population, respectively. The water supplied by the NWSDB is up to its standard as
mentioned in the guidelines of SLS 614 in 2013. But NWSDB caters this water

M. N. M. Shayan (B) · G. G. Tushara Chaminda · K. C. Ellawala
Department of Civil and Environmental Engineering, University of Ruhuna, Galle, Sri Lanka
e-mail: shayanpera2@gmail.com

W. B. Gunawardena
Department of Civil Engineering, University of Moratuwa, Moratuwa, Sri Lanka

© Springer Nature Singapore Pte Ltd. 2020
M. Kumar et al. (eds.), Resilience, Response, and Risk in Water Systems,
Springer Transactions in Civil and Environmental Engineering,
https://doi.org/10.1007/978-981-15-4668-6_8

139

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-4668-6_8&domain=pdf
mailto:shayanpera2@gmail.com
https://doi.org/10.1007/978-981-15-4668-6_8


140 M. N. M. Shayan et al.

mainly for municipalities and its suburbs (NWSDB 2011). The supply of water to
rural areas by the NWSDB is comparatively less. Therefore, community managed
water supply schemes (CMWSS) became popular schemes in which the pertinent
community where potable water is inadequate, people collaborate to gain potable
water by gathering their own resources and extracting water from an in situ source
which has been located to the close proximity of that community (Montgomery
et al. 2009). As of definition given by Mimrose et al. (2011), Community Managed
Water Supply can be explained as a public water system that serves at least 25
residents throughout the year and may consist of one or multiple wells or reservoirs
(actually from in situ sources). As some literature reviews that community which
have maximum of 5000 feeders are to be fallen under this scheme (NWSDB 2011).

In southern province, communitywater supply nutures 10% from total supplywith
approximately about 700 community-based organizations (CBO) (Southern Province
annual report 2016). In Galle, which is a component city of southern province, at
present, mainly people in 12 Divisional Secretariats (DS) out of total 19 DS have
formed 172CMWSS to cater thewater needs of 10,814 families catering 7,376,600 L
ofwater per day.Among these schemes, 56 are shallowwell schemes, 111 are stream-
based schemes while remaining five schemes are deep well schemes (Community
SupplyDepartment 2014; Patel et al 2019). Although these rural people receivewater
for their daily consumption, it does not mean that they endure hygienic potable water
which meets the specifications given by Sri Lanka Standards (Mimrose et al. 2011;
Kumar et al. 2019). Although these rural people receive water for their daily con-
sumption, it does not mean that they endure hygienic potable water which meets the
specifications given by Sri Lanka Standards Institute which is the legal organization
which is responsible to look after the quality requirement of potablewater.As of some
reviews, quality could be of two versions. That is organoleptic quality (i.e., sensorial
information from taste, odor, color, and turbidity) and inorganoleptic quality where it
is not perceptional to human beings through his sensation. Therefore, consumers can
sense the quality of the water through these organoleptic qualities. On the other hand,
water can be contaminated with chemical and microbiological contaminants which
may enter orally, through drinkingwater and tend to suffer from health-related issues.
In Sri Lankan contest, chemical contamination is not often like in India, Nepal. In
almost all small community water supply systems, fecal bacteria are likely to be
found (Hofkes and Hiusman 1983). At the same time, in Sri Lankan context too, this
condition is valid and common in CMWSS. As some local researchers have found
that some areas in Sri Lanka, there is a probability of contamination of heavy metals
and chemical contaminants such as nitrates mainly where the water sources are of
close proximity to agricultural lands and regions. So as these CMWSS do not adopt
treatment trains in advance, there is a probability of contamination of such above-
mentioned contaminants. When considering about Galle district, it seems to worse
as mentioned above, only five schemes adopt treatments among 172 CMWSS and
they also use primary methods for the treatment. On the other hand, the total system
of CMWSS in Galle district neither has regular nor once in year, surveillance pro-
gram to investigate the quality of the potable water and its acceptability in advance.
Because most of the schemes (about 97.5% of total CMWSS) are providing the raw
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water of the in situ source without any preliminary treatment and schemes where it is
subjected to treatment (about 3.5% of total CMWSS) are also not addicting pertinent
treatment techniques (Community Supply Department 2014). On the other hand, the
total system of CMWSS in Galle district, neither has regular nor once in year surveil-
lance program to investigate the quality of the potable water and its acceptability in
advance. As a result of that, issues related to health and other social issues bound
with health have been arised in these communities (Community supply Department
2016). Therefore, in this study, the main objective is to evaluate the hygienic quality
of community managed water supply schemes in Galle District based on physical,
chemical, and biological parameters and to develop a water quality index (WQI)
based on overall quality.

8.2 Materials and Methods

8.2.1 Study Area

In Galle district, all the 172 community water supply schemes were selected for the
study. Water samples from all schemes were tested. These 172 distributes around
following DS divisions shown in Table 8.1. These all schemes are distributed among
12DSdivisions andmain sources of these schemes are streams,wells, and deepwells.
Table 8.1 delineates the distribution of samples with respect to divisional secretariat
wise and source wise in Galle district.

Table 8.1 Distribution of community supply schemes in Galle district

Divisional
Secretariat (DS)

Number of
stream schemes

Number of
shallow well
schemes

Number of deep
well schemes

Total amount of
schemes

Akmeemana 0 4 0 04

Ambalangoda 0 4 0 04

Baddegama 7 4 2 13

Balapitiya 0 6 0 06

Benthota 0 5 0 05

Elpitiya 10 4 0 14

Imaduwa 0 7 1 08

Nagoda 13 11 0 24

Neluwa 34 0 2 36

Niyagama 9 8 0 17

Thawalama 34 0 0 34

Yakkalamulla 4 3 0 07

Total 111 56 5 172
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8.2.2 Data Description

All the 172 samples were subject to testing under physical parameters such as tem-
perature, turbidity, and conductivity. Chemical parameters such as pH, fluoride, Fe,
total nitrate, total hardness, heavy metals, Mn, Cd, As, and Pb. Biological parameters
such as E-Coli and T-Coli. Moreover, all the tests were followed ASTM guidelines.

8.2.3 Evaluation of Water Quality

Water quality index (WQI) is a universal language to communicate the in situ quality
of a water source. As literature reviews, following are the advantages of a developed
WQI for a region or a country.

• The use of an index can translate water quality monitoring data into a form that
the public and policy makers can easily interpret and utilize (House 1990; and
Yogendra and Puttaiah 2008).

• Indices facilitate quantification, simplification, and communication of complex
data allowing for an effective way to convey environmental information (Swamee
and Tygai 2007).

• WQI is valuable and unique rating to depict the overall water quality status in a
single term that is helpful for the selection of appropriate treatment technique to
meet the concerned issues (Shweta.et al. 2013).

• These indices assess the appropriateness of the quality of the water for a variety
of uses (Cude 2001).

However, a huge number of water quality indices viz. Weight Arithmetic Water
Quality Index (WAWQI), National Sanitation Foundation Water Quality Index
(NSFWQI), Canadian Council of Ministers of the Environment Water Quality Index
(CCMEWQI), Oregon Water Quality Index (OWQI), etc., have been formulated by
several national and international organizations (Shweta et al. 2013). So there are
a lot of adhered techniques of developing a WQI for a region or a country. In the
world, numerous indices have been introduced. Among them, Canadian Council of
Ministers of the Environment Water Quality Index (CCMEWQI) is a compatible
index due to following reasons (Terrado et al. 2010).

• A unique value is used to represent large number of data.
• Have flexibility in the selecting input parameters and objectives.
• Statistical techniques are used to interpret the complex multivariate data.
• Clear and intelligible idea is given to general public
• Easy to calculate
• Tolerance to missing data
• Suitable for analysis of data coming from automated sampling.
• Combine various measurements in a variety of different measurement units in a

single metric.
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The following steps will depict the format of adhered mathematical steps to
generate the proposed water quality index.

Step 01—Calculation of F1 and F2
F1 (Scope) represents the percentage of variables that do not meet their objectives
at least once during the time period under consideration (“failed variables”), relative
to the total number of variables measured:

F1 =
(
Number of failed variables

Total Number variables

)
× 100

F2 (Frequency) represents the percentage of individual tests that do not meet
objectives (“failed tests”):

F2 =
(
Number of failed tests

Total number of tests

)
× 100

Step 2—Calculation of excursion
Excursion is the number of times by which an individual concentration is greater
than (or less than, when the objective is a minimum) the objective.

When the test value must not exceed the objective:

excursion =
(
Failed Test Value i

Objective j

)
− 1

When the test value must not fall below the objective:

excursion =
(

Objective j

Failed Test Value i

)
− 1

Step 3—Calculation of normalized sum of excursions (NSE)
The normalized sum of excursions NSE is the collective amount by which individual
tests are out of compliance. This is calculated by summing the excursions of individ-
ual tests from their objectives and dividing by the total number of tests (both those
meeting objectives and those not meeting objectives).

NSE =
∑

excursion i

number of tests

Step 4—Calculation of F3
F3 is calculated by an asymptotic function that scales the normalized sum of the
excursions from objectives to yield a range from 0 to 100.

F3 =
(

NSE

0.01NSE + 0.01

)
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Table 8.2 WQI categorization according to quality

WQI Descriptor words Category Drinkability Treatment nature

91–100 Excellent A Yes No

75–90 Good B Yes Preliminary

51–74 Medium C No Primary

26–50 Bad D No Secondary

0–25 Very bad E No Secondary/Advanced

Step 5—Calculation of WQI

WQI = 100 −
(√

F12 + F22 + F32

1.732

)

According to above equations, it is possible to derive a unique index as a per-
centage for its quality of potability. At the same time, a level of its quality should be
implied by adhering to a range. Hence, to achieve that, a range has been specified
based on the quality of water as depicted in Table 8.2. At least the users to allow
for usage of a scheme, it should be equal or more than 75% of WQI (CCME 2008).
Although it is drinkable, it may cause health issues if any preliminary treatments are
not adhered. Only schemes with excellent water quality index do not need a prior
treatment train (Alison 2010).

8.2.4 Limitations of Current WQI

• For each and every element, no attention is paid-off
• Loss of information on interactions between variables. (Debel et al. 2005)
• Same weight is given to every parameter (Mnisi 2010)
• F1 not working appropriately when too few variables are considered or when too

much covariance exists among them. (Khan et al. 2003)
• Difficulty of understanding the method of calculation to general public.

8.3 Results and Discussions

WQI was calculated adhering to above equations as specified in the above section.
For each sample, it has tailored 15 water quality parameters and calculated five
independent parameters for each sample as shown in WQI calculation. The results
and corresponding discussions are shown below. Note: All blue dots indicated in
all graphs represent the calculated WQI of a scheme and the yellow horizontal line
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indicated in all graph shows the drinkable WQI (75%) (less than 75% is not allowed
for drinking).According to Fig. 8.1, only 2% out of total 172 samples are excellent
as of Table 8.2. 32% are good. 47% are medium quality while 19% are bad. No any
single samplewith very badwater quality. At the same time, 34% samples can be used
for drinking purposed as per the guidelines (75%) which has been depicted in yellow
line in the graph (Fig. 8.2.) itself, as of Canadian water quality index guidelines.

Among all the schemes, 111 schemes are stream-based schemes. Their water
quality variation has been graphically represented in Fig. 8.2. According to Table 8.2
categorization, no any single sample is with excellent water quality. Out of all 111
stream schemes, 26% are good quality, while 48% and 26%medium and bad quality,
respectively. No any sample with very bad quality. But according to guidelines, only
26% schemes can be used for potability.

56 schemes from 172 schemes are shallow well-based schemes. Their variability
of WQI index is shown in Fig. 8.3. Among them, there are three schemes with

Fig. 8.1 WQI of total
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Fig. 8.2 WQI of stream
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Fig. 8.3 WQI of shallow
well sources
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excellent water quality while 5, 43, 45, and 7% out of shallow well schemes, good,
medium, and bad water quality index, respectively. No scheme is there with very
bad water quality index. Only 48% are with the quality of drinking. There are only
five deep well schemes for all 172 schemes (for water quality variation see Fig. 8.4).
Among them, no any scheme with excellent water quality. 40% are good schemes
by quality. Another 40% are medium water quality schemes. While 20% are bad in
quality and no any scheme with very bad water quality. Among these samples, only
40% schemes are with drinkable quality. The following table depicts comparison of
maximum and minimumwater quality with other countries as according to literature
reviews with respect to Canadian water quality indices.

Fig. 8.4 WQI of deep well
sources
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When we analyze the maximum and minimum water quality indexes of South
Asian countries such as India, Nepal, as in Table 8.3, it is obvious that maximum
WQI is 87 and 91 for India and Nepal, respectively. If we compare it with Sri Lanka
(Galle), maximumWQI is 95. Through that, it is clear thatWQI of Galle is high. This
is also very obvious when we compare the maximum with South African countries
such asMalawi and SouthAfrica as of Table 8.3.Whenwe compare theminimum,we
can observe that WQI of Galle is categorized under “bad” criteria. When compared
with South Asian Countries like India and Nepal, their minimumWQI is categorized
under “very bad” category. Same is for Malawi and South Africa. Therefore, it is
obvious that quality of water in Sri Lanka is good with respect to other countries.
The results of calculated WQI of all 172 CMWSS’s are shown in Fig. 8.1. There are
three sources of water supply to these CMWSS. They are stream, shallow well, and
deep well. According to Fig. 8.1, only 2% out of total 172 samples are excellent as of
Table 8.1 while 32% are good. In addition to that 47% are medium quality while 19%
are with bad water quality. At the same time, 34% samples can be used for drinking
purposed as per the guidelines (75%) which has been depicted in yellow line in the
graph (Fig. 8.2.) itself, as of Canadian water quality index guidelines (Fig. 8.5).

Following GIS map shows (Fig. 8.6) how the distribution of samples and their
level of quality.

Table 8.3 Comparison of
WQI with other countries

Country Maximum Minimum

India 87 21

Nepal 91 23

Malawi 83 18

South Africa 87 18

Sri Lanka (Galle) 95 34
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Medium Streams       
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Fig. 8.6 GIS location of sampling points and quality variation

8.4 Conclusion

The results of this study indicate that out of all the schemes, only 34% (58 schemes)of
schemes can be used for drinking purposes (even though they are drinkable, they
should undergo preliminary treatment as their WQI falls between 75 and 90) (see
Table 8.2). Among them, only 2% (3 schemes) are with excellent water quality
where no treatment should be adhered. The rest should be followed after a treatment
procedure before drinking. The 66% schemes should be developed to potable level as
only 34% are reached to drinkable level, by adhering at least to a primary treatment
technique. Therefore, all the stream sources, deep well sources, and majority of
shallow well sources (95% of schemes) have been contaminated. Therefore, a prior
treatment technique should be followed in each and every scheme (preliminary,
primary or secondary as of Table 8.2) in order to enhance the water quality. If not,
it would create huge social and health problems. Therefore, CMWSS water has
been contaminated to a considerable extent. In addition to that, when we analyze
the schemes under sources, they all show their mean WQI value in the range of
medium water quality index. Although CMWSS water is contaminated, Sri Lankan
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potable water gained through CMWSS is not contaminated when compared with
other countries.
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Chapter 9
Scenario of Worldwide Preponderance
of Contaminants
of Emerging Concern in the Hydrosphere

Kiran Patni, Chitra Pande, and Tanuj Joshi

9.1 Introduction

Humans always tend to deteriorate the provided natural sources. Organic contami-
nants introduced in the environment are an emerging issue from a long time. They are
getting introduced in the hydrosphere which significantly affects both human health
and the environment. Hydrosphere consists of total amount of water present in the
planet. Hydrosphere includes water that is present on the surface of the earth, under-
ground and in the air. In the early 1800s, a new class of pollutants called emerging
contaminants (ECs) also known as contaminants of emerging concern (CECs), and
emerging organic contaminants came into light in water and aquatic environment
(Miraji et al. 2016; Kumar et al. 2019a, b; Dey et al. 2019). Various definitions have
been proposed to define emerging contaminants. ECs or CECs may be defined as
the substances which are released in the environment, but no regulations are estab-
lished for their environmental monitoring (Thomaidis et al. 2012). According to
Alexandros, ECs may be defined as the recently discovered group of unregulated
contaminants that are present in groundwater and surface water (Stefanakis and
Becker 2015). They are known as emerging contaminants because previously they
were unrecognized and lacked standard guidelines for their monitoring, but now due

Objectives This book chapter consists of description of various CECs in aquatic environment, their
classification and various conventional and advanced techniques available for the removal of these
contaminants.
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to their health effects, they are gaining scientific attention (Nosek et al. 2014). They
form a newly discovered class of chemicals present in groundwater and surfacewater.
These emerging contaminants include compounds that are being used in our daily life
and are involved with various industrial activities. These emerging contaminants are
also known as micropollutants, and the reason behind their presence can be anthro-
pogenic as well as natural. They are present in water sources at trace levels ranging
from nanograms per liter (ng/L) to micrograms per liter (μg/L) (Luo et al. 2014).
All the chemical pollutants like Dechlorane plus (DP), hexabromocyclododecanes
(HBCDs), phthalate esters, pyrethroids, etc., were being used as the replacement of
toxic chemicals in the following manner: DP was being used as a substitute of mirex
which is a persistent organic pollutant (Xian et al. 2011), HBCDs were being used
as a halogenated flame retardant and as an alternative of polybrominated diphenyl
ethers (PBDEs). Nowadays, short-chain chlorinated paraffin (SCPPs) is gaining a lot
of interest among scientists, and they are working on the persistence of SCPPs in the
environment and its accumulation in humans (Zeng et al. 2011). Contaminants of
emerging concern are not newly developed chemicals, they are dwelling in the envi-
ronment for decades, but their presence is being investigated recently after noticing
their health hazards.

The number of contaminating pollutants is increasing continuously which include
industrial compounds, pharmaceuticals, personal care product, antibiotics, hor-
mones, biocides, alkylphenols, plasticizers, plant protection product, perfluorinated
compounds, nanomaterials, pesticides, flame retardant (Montagner et al. 2019).Many
natural water sources, e.g., river, lakes, reservoir, contain these contaminants world-
wide (Lai et al. 2016; Mukherjee et al. 2020; Singh et al. 2020; Wanda et al. 2017;
Jaimes et al. 2018). These emerging contaminants get introduced in thewater through
discharge ofwastewater and surfacewater including urban stormwater runoff (Kolpin
et al. 2004; Fairbairn et al. 2018), agricultural runoff, streams, rivers (Kolpin et al.
2002; Lee et al. 2011), lakes (Ferrey et al. 2015), source drinking water and in shal-
low groundwater (Furlong et al. 2017). Their presence can be a cause of concern if
used for drinking purposes (Riva et al. 2018). Sometimes, the transformation prod-
ucts (TPs) are more hazardous in comparison with their parent ECs (Richardson and
Ternes 2018).

There are various conventional methods available for the removal of CECs from
the water like coagulation, sedimentation, sand filtration, chlorination and advanced
treatment processes like ozonation, activated carbon and ultra-membrane filtration
(Lv et al. 2016). In addition to this, it is also important to evaluate the concentration
of these emerging contaminants in water as they are being a serious issue concerning
health and safety. Aquatic life is found to be the most affected due to these con-
taminants, so there is an urge for immediate research in the field of ECs. The USA,
China, Canada, Spain, Germany, Japan, Africa, India, Brazil, Sweden, Norway and
Switzerland are some countries that are involved in research on ECs (Bao et al. 2014).
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9.2 Occurrence and Fate of CECs

The CECs in our environment can occur as pharmaceutical drugs, herbicides, pes-
ticides, insecticides, etc. Antibiotics, analgesics, anti-epileptic, anti-inflammatory,
betablockers, fragrances, barbiturates, diuretics, lipid-lowering agents, etc., are some
classes of drugs that comprise emerging contaminants. Also, various insecticides,
pesticides, herbicides, etc., which are frequently used in agricultural practices, enter
the water bodies and form the CECs. CECs can enter the water bodies through dif-
fuse sources and point sources of pollution. Examples of point sources of pollution
that can lead to the occurrence of CECs in water bodies include municipal sewage
treatment plants, septic tanks, industrial effluents, etc. Diffuse sources of pollution
include urban and stormwater runoff, runoff from agricultural manures, runoff from
leakage of urban sewage. It has been found that pharmaceutical products find their
presence in various water bodies throughout the world. Like in Germany, effluents
from sewage treatment units and rivers have been found to contain carbamazepine,
diclofenac, naproxen, etc. Also, CECs like carbamazepine have been found in rivers
of Madrid, Spain. In sludge of sewage, synthetic musk has been detected in countries
like Germany, United Kingdom, China, Switzerland, Spain, Hong Kong, etc. It is
found that the concentration of CECs varies to different extents in different countries.
This probably depends upon the extent of use of various CECs and the efficiency of
the technology of the particular country in removing CECs from waste material and
sewage. The fate of a CECs can depend upon various factors. Factors like physic-
ochemical properties (water solubility) of a particular CEC and also environmental
conditions will dictate the dissipation of a particular CEC. The duration for which
a particular CEC will persist in the subsurface and groundwater will depend upon
various factors. Some of these factors are groundwater residence time, properties of
the contaminant, redox conditions, etc. Certain mechanisms that operate to control
the levels of CECs in nature are ion exchange in the aquifers and soils, sorption and
degradation by microbes (Thomaidis et al. 2012).

9.2.1 Classification of Contaminants of Emerging Concern

There is a wide range of contaminants which are called as emerging. Some of them
are represented below in Table 9.1 (with theirmolecular formula and possible sources
of contamination) and Fig. 9.1 (representing structures of some of the CECs).

9.2.1.1 Endocrine-Disrupting Chemicals (EDCs)

EDCs are a group of natural or synthetic compounds that interfere with the func-
tioning of the hormone system resulting in unnatural responses in the receiving
organism. It may also be classified as a group of endocrine disruptors that alter the
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Table 9.1 Representation of various contaminants of emerging concern (https://pubchem.ncbi.
nlm.nih.gov)

S.
No.

Contaminants of
emerging concern

Examples Molecular
formula

Source

1 Pharmaceuticals
and personal care
products (PPCs)

Bisphenol A C15H16O2 Release of
antibiotic to
the
environment,
shampoos,
soaps,
deodorants,
cosmetics

Triclosan C12H7Cl3O2

Triclocarban C13H9Cl3N2O

2 Perfluorochemicals Perfluoromethanesulfonic acid C8HF17O3S Used for the
preparation of
heat, oil,
grease,
water-resistant
products

Perfluorooctanoic acid C8HF15O2

3 Siloxanes Polydimethylsiloxanes C8H24O2Si3 Used in paints,
cosmetics,
medical
products

4 Quaternary
ammonium
compound

Benzyldimethyltetradecylammonium
chloride

C23H42ClN Disinfectants,
fabric softner,
surfactants,
antistatics

5 Artificial
sweetners

Sucralose C12H19Cl3O8 Domestic
wastewater,
groundwater

Acesulfame C4H5NO4S

Saccharin C7H5NO3S

6 Anticorrosives Benzotriazoles C6H5N3 Used as
corrosion
inhibitors,
herbicides,
antialgal
agent,
slimicides in
paper and
pulp industry

Benzothiazoles C7H5NS

7 Polybrominated-
diphenyl ethers

2,3,4,5,6 penta bromo diphenyl
ethers

C12H5Br5O Used in
dielectric
fluids, engine
oil additives,
electroplating
masking
compounds,
wood
preservatives,
lubricants and
for dye
production

https://pubchem.ncbi.nlm.nih.gov
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Bisphenol A Triclosan

 Polydimethylsiloxanes  Acesulfame

Perfluoro octanoic acid Sucralose

   Saccharin Benzothiazole

Fig. 9.1 Structures of various emerging contaminants. Source https://www.pubchem.ncbi.nlm.
nih.gov

https://www.pubchem.ncbi.nlm.nih.gov
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      Benzotriazoles       Triclocarbon

   Benzyldodecyldimethylammonium       Perfluorooctanesulfonic acid 

Fig. 9.1 (continued)

functions of the endocrine system resulting in adverse health effects (Damstra et al.
2002). EDCs can be introduced through sewage effluents and industrial wastewater
in the mainstream and affect aquatic life as well as humans and animals. Initially,
EDCs were studied for their influence on estrogenic hormones (Gómez et al. 2013),
but later research showed that they disrupt thyroid hormones (TH) and androgenic
hormones (AH) as well (Gong et al. 2014). Some irreversible changes like mental
retardation, neurological deficits and testicular cancers are observed as a result of TH
or AH disruption. Some chemicals that interact with the endogenous system cause
serious health risks and classified as emerging contaminants are polycyclic aromatic
hydrocarbons (PAHs), pesticides, alkylphenol, phthalate esters, 17 β estradiol (E2,
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natural estrogenic steroid), 17 α-ethynylestradiol (EE2, synthetic steroid), 4-tert-
octylphenol (4-t-OP), 4-n-nonylphenol (4-n-NP), bisphenol A (BPA, an industrial
chemical), nonylphenol and octylphenol (Shi et al. 2016; Ying and Kookana 2003).
Infertility, impairments in pregnancy, birth defects, ovarian failure and growth retar-
dation can also be caused due to EDCs. At present, EDCs are being considered as a
possible reason for the degradation of aquatic life (Wang and Zhou 2013). A lot of
literature is available which indicates that endocrine disruption in aquatic life occurs
at a higher rate in comparison with the telluric lives since water body forms the most
common sink for the disposal of almost all domestic wastes, industrial effluents,
etc. (Jafari et al. 2009). Seven hundred and eighty-five species including mammals,
seabirds, fish, crustaceans and gastropods have become extinct or are at the edge of
extinction (Stork 2010) over the last 100 years and the reasons suggested for this
extinction are overexploitation, climate change, loss of habitat, pollution, etc. Studies
suggest that EDCs are one of the reasons for the decrease in wildlife in recent years
(Millsa and Chichester 2005).

9.2.1.2 Pharmaceuticals and Personal Care Products (PPCPs)

The aquatic occurrence of PPCPs is getting more attention nowadays. Chemicals
used in these products cause a harmful effect on the public. Pharmaceuticals have
gained attention as EC due to their pharmacological activities. Many countries are
being aware of these ECs and adopting a precautionary approach by dealing with
ECs at their point sources like hospitals and WWTP. ECs enter the aquatic envi-
ronment through the discharge of effluents released from the wastewater treatment
plant (WWTP). PPCPs are such products that are resistant to degradation, persist
in the aqueous system, environment and cause harmful effects (Kümmerer 2009).
Personal care products (PCPs) consist of a wide range of products like soaps, sham-
poos, lipsticks, lotions, creams, cologne, toiletries, etc. (Sang and Leung 2016). PCPs
may get introduced in the aquatic environment through showers, cleaning, washing
machines, use of sunscreen/lotions, etc. (Rodil and Moeder 2008; Tsui et al. 2014).
PCPs are prevalent and are considered as ‘pseudo-persistent’ because of their con-
stant presence and inefficient removal fromwater (Blüthgen et al. 2014). Octocrylene
(OC) which acts as a UV-filter is a main component of sunscreen to protect the skin
from harmful UV-radiation. OC is used in other skincare products also and acts as
a stabilizer for other UV-filters in different formulations or in plastics. OC is non-
degradable, photostable and a lipophilic neutral compound (Zhu et al. 2016). Other
factors like population, climate, dilution potential of water, availability of manufac-
turing sites, anthropogenic activities in that particular region are also responsible
for the accumulation of chemicals in the environment and aquatic life. Most of the
antibiotics are not metabolized completely and get excreted in urine and feces. They
then enter sewage treatment plant (STP)/WWTP from where after degradation, they
finally get introduced in surface/groundwater (Behera et al. 2011). Due to all these
reasons, STP/WWTP effluents require efficient monitoring regarding antibiotics as
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they are being used excessively for treating the infection as well as for promoting
fruit growth (Samaraweera et al. 2019).

9.2.1.3 Artificial Sweetner

Artificial sweeteners are used as a substitute for sugar all over the world in food,
beverages, drugs, etc. Artificial sweeteners are regarded as water contaminants. Two
artificial sweeteners acesulfame (ACE) and sucralose (SUC) are found to be present
in the aquatic environment in higher concentrations in comparison with other waste
specific anthropogenic organic chemicals (Lange et al. 2012). Due to their use as
food additives, artificial sweeteners are extensively tested for adverse health effects
in humans. Few studies are available regarding the ecotoxicological impact of SUC,
which was the first artificial sweetener detected in the environment (Lange et al.
2012).

9.2.1.4 Perfluorooctane Sulfonate/Perfluorooctanoic Acid
(PFOS/PFOA)

Perfluorooctane sulfonate andperfluorooctanoic acid are globally present compounds
(Squadrone et al. 2015). Due to their chemical stability, surface tension lowering
properties, they find use in coating, fire-fighting, foams; as water repellent agents
in leather; paper and textiles (Van Asselt et al. 2013). Various health problems like
hepatotoxicity, developmental toxicity, neurobehavioral toxicity, immunotoxicity,
reproductive toxicity, lung toxicity, etc., were encountered due to the continuous use
of PFOS and PFOA (EFSA 2011).

9.2.1.5 Benzotriazoles and Naphthenic Acid

Benzotriazoles are used as anti-corrosives and widely used in engine coolants, air-
craft deicers and antifreeze liquid. It can cause harmful effect on endocrine system.
Neurotoxicity in fish was also found due to benzotriazoles (Casado et al. 2014).

9.2.1.6 Algal Toxins

Blue–green algal (cyanobacterial) blooms can cause the production of toxins that
pollute the drinkingwater. Some of themost common species of algae involved in this
process are Anabaena bergii, Aphanizomenon ovalisporum,Microcystis aeruginosa,
Aphanizomenon flosaquae, Umezakia natans, and Raphidiopsis curvata (Falconer
and Humpage 2006). In America, Europe and Australia, algal toxins have shown
hazardous effects on humans (Falconer and Humpage 2005).Microcystis aeruginosa
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acts as a hepatotoxin that can cause liver damage, and Anabaena flos aquae produces
a neurotoxin that can attack the central nervous system (Hal et al. 2007).

9.2.1.7 Perchlorate

Perchlorate is a highly stable anion that resides in nature due to anthropogenic activi-
ties as well as natural reasons. It is a strong oxidizing agent used for various purposes
likemissile fuel, fireworks, vehicle airbags and fertilizers (Steinmaus 2016). Perchlo-
rate can be found in water, soil and plants. Perchlorate is soluble in water and shows
high mobility in soil (Steinmaus 2016). The higher concentration of perchlorate may
result in thyroid disorder (Cal Baier-Anderson and Anderson 2006).

9.2.1.8 Herbicides

Herbicides are used widely for the protection of crops by killing weeds. Herbi-
cides can be classified as organic and inorganic herbicides. Chloroacetanilide and
chloroacetamide are widely used herbicides. The primary degradation of these herbi-
cides includes metabolism in the soil, and the prime metabolites obtained are ethane
sulfonic acid (ESA) and oxalic acid (OXA), which are water-soluble (Vargo 2013).
Although many of the available herbicides are not toxic, yet they can be converted
to toxic products, which can produce various carcinogens, teratogens, phytotoxins
and insecticidal or fungicidal products. There are many herbicides that pass through
farms and agricultural lands to water bodies in the nearby area. Some of these her-
bicides like oryzalin, ronstar, roundup and trifluralin can be harmful to the aquatic
life found in these water bodies (Rashid et al. 2010).

9.3 Methods of Removal of CECs

The presence of the contaminants of emerging concern has been a barrier in the field
of water pollution control, so the proper disposal and treatment of these contaminants
become very necessary. There are various methods proposed for the removal of these
contaminants viz. biological method, physical and chemical separation, coagulation
and sorption, chemical oxidation, etc.

9.3.1 Biological Treatment for the Removal of CECs

Out of the total available techniques present for the removal of CECs, biological treat-
mentmethod is one of the effective, sustainable and economical technique. It is one of
themethods, which is widely used for the removal of CECs fromwastewater (Ahmed
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et al. 2016). Biological treatment involves the removal of CECs through biodegrada-
tionmethod inwhich highmolecular weight CECs are degraded into small molecules
and biomineralized to small inorganic molecules like water and carbon dioxide with
the help of bacteria, algae and fungi (Rodríguez et al. 2014). This process can be
divided into conventional and non-conventional methods. Conventional methods for
the removal of CECs consist of biological activated carbon, biological nitrification
and denitrification, microalgae/fungi-based treatment and activated sludge process.
Non-conventional methods consist of biosorption, membrane bioreactor (MBR) and
constructed wetlands which are discussed below.

9.3.2 Conventional Biological Treatment Methods
for the Removal of CECs

9.3.2.1 Activated Sludge

Activated sludge is one of the most used treatments for the removal of CECs, in
which bacteria and protozoa are used for treating sewage and wastewater. It is a
process in which biomass produced in wastewater by the growth of microorganisms
in aeration tanks takes place in the presence of dissolved oxygen (Buttiglieri and
Knepper 2008). This method is generally designed to remove the pathogens, organic
and inorganic contaminants. This process has lower capital cost in comparison with
advanced oxidation processes (AOPs) and is more ecological than chlorination pro-
cess (Luo et al. 2014). This process is helpful in the removal of almost 102 target
contaminants which include EDCs, pesticides, beta blockers, personal care products
(78–90%, except for celestolide which is degraded up to 60% only), surfactants and
pharmaceuticals (65–100%). Some beta blockers viz. atenolol, metoprolol were not
removed efficiently through this method. For the better removal of contaminants,
activated sludge method can be coupled with ozonation or MBR also.

9.3.2.2 Biological Activated Carbon (BAC)

Biological activated carbon is developed on the basis of activated carbon process.
Mostly, BAC process is coupled with some other oxidation processes like ozonation
in order to obtain better removal of the contaminants (Jin et al. 2013). At present,
BAC has become a widely used treatment for the removal of contaminants from
industrial wastewater as well as for wastewater reclamation. It is generally applied
after ozonation process for further removal of contaminants (Kalkan et al. 2011), and
it was found to be more effective in the removal of some pesticides, betablockers and
pharmaceuticals when used after the ozonation process, but some other EDCs (E3,
bisphenol A, octylphenol) were not removed efficiently (Gerrity et al. 2011).
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9.3.3 Non-conventional Biological Treatment Methods
for the Removal of CECs

9.3.3.1 Biosorption

This method is used for the removal of contaminants from water through the united
action of adsorption and biological destruction. For adsorption, activated carbon is
used, but sometimes, other solids like gravel, sand, clay, porous organic adsorbants
are also used (Pidlisnyuk et al. 2003). This method is effective in 100% removal
of some pharmaceuticals like ibuprofen, naprox and gemifibrozil. Along with this,
some other contaminants like 17 β-estradiol- 17 α-acetate, pentachlorophenol, 4-
tert-octylphenol and triclosan were also removed very efficiently (Banihashemi
and Droste 2014). Estrogens can be removed effectively by the combination of
biosorption and biodegradation interaction due to low Henry’s law coefficient, low
biodegradation and high octanol-water partition coefficients (Kow) (Kumar et al.
2009).

9.3.3.2 Membrane Bioreactor (MBR)

MBR is a widely used technology for removal of contaminants from municipal and
industrial wastewater treatment plant. It can effectively remove a large number of
pollutants which are resistant to activated sludge process and constructed wetland
(Radjenović et al. 2009). Even, when higher removal of effluents is required, some
amount of activated carbon can also be added which can remove the contaminants
more efficiently (Li et al. 2015). Various pesticides, beta blockers, PCPs and EDCs
can be removed through this technology. MBR is a better technology than conven-
tional sludge process as it can remove high amount of EDCs from water (Nguyen
et al. 2013).

9.3.3.3 Constructed Wetlands (CWs)

Constructed wetland is an engineered land-based treatment method which is an inte-
grated combination of biological, physicochemical and chemical interactions (Töre
et al. 2012). CWs can be classified as subsurface/surface flow (SFWC), horizontal
flow (HFWC) and vertical flow (VFWC) on the basis of the wastewater flow man-
agement, and hybrid CWs can also be formed by mixing of these different systems
(Rodríguez et al. 2014). CWs are highly effective in the removal of pharmaceuticals
and personal care products. It can easily remove pesticides, herbicides, beta block-
ers, NSAIDs, diuretics, etc. Some EDCs like E1, E2, EE2, bisphenol A, phthalates
can also be removed successfully (75–100%) through this method (Matamoros et al.
2008). Although out of total available treatmentmethods, thismethod for the removal
of contaminants is only partially explored. It is a very environmental friendly, low
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operating cost and green method available for the removal of contaminants (Töre
et al. 2012).

9.3.4 Chemical Treatment for the Removal of CECs

All the biological treatments are not effective for the removal of CECs fromwater, so
a wide range of chemical treatments is used for that purpose. Chemical treatment for
the removal of CECs can be broadly classified into conventional chemical treatment
methods and advanced oxidation processes (AOP). Conventional methods consist of
photolysis, chlorination, Fenton process, and AOPs consist of ozonation, heteroge-
neous photocatalysis (UV/TiO2), photo-Fenton process (UV/H2O2), electro-Fenton
process, etc.

9.3.5 Conventional Chemical Treatment Methods
for the Removal of CECs

9.3.5.1 Photolysis

Photolysis is one of the conventional methods, used for the decomposition of CECs
in water. In this process, removal of CECs using UV remains a commonly used
technique. Basically, there are two types of photolysis viz. direct photolysis in which
there occur the direct absorption of photons, resulting in the degradation of CECs and
another one is indirect photolysis in which photosensitizers are used for processing
the reaction. This process is helpful in the complete removal of some pharmaceu-
ticals like diclofenac, iopamidol, ketoprofen, mefenamic acid, oxytetracycline and
tetracycline. Although UV photolysis was found to be less effective in the removal
of beta blockers (Rodríguez et al. 2008), some pesticides were removed efficiently
(80–100%) through this method (Liu et al. 2009; Nguyen et al. 2013).

9.3.5.2 Chlorination

Chlorination is one of the conventional treatment method used to reduce the
pathogenic content of biologically treated wastewater. Endocrine-disrupting chem-
icals (EDCs) and non-steroidal inflammatory drugs (NSAIDs) are characterized as
CECs, and they cannot be removed completely through biological wastewater treat-
ment methods (Noutsopoulos et al. 2014). So, this method is used for their removal.
It was also found that 17 β Estradiol was 100% removed within 10 min using chlori-
nation method (Belgiorno et al. 2007). But on comparing chlorination process with
ozonation, it was found that rate constant value for ozonationwas around three orders
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of magnitude higher than that of chlorination during the removal of some ECs viz.
amitriptyline hydrochloride, methyl salicylate, etc. (Real et al. 2014). Along with
this, it is also found that during wastewater treatment through this process, some
sub-products are formed (Utrilla et al. 2013).

9.3.5.3 Fenton Process

It is an oxidation process in which hydrogen peroxide reacts in the presence of iron
to produce hydroxyl radicals. pH plays a very important role in Fenton process as it
has been observed that maximum degradation occurs at pH range 2–4 (Petrovic and
Barcelo 2007).

Fenton process is represented below:

Fe+2 + H2O2 = Fe+3OH· + OH− (1)

Fe+3 + H2O2 = Fe+2 + HO·
2 + H+ (2)

Although Fe+2 can be regenerated from Fe+3, but reaction (2) is much slower
than reaction (1), due to which Fe+3 accumulates in solution and forms precipitate
of Fe(OH)3. Along with this, this process requires significant amount of reagents
due to which it becomes costly, and there occurs the unintended consumption of OH
and ferrous ions. The removal of CECs using Fenton process was not found to be
satisfactory in comparison with other oxidation processes (Ahmed et al. 2015).

9.3.6 Advanced Oxidation Process for the Removal of CECs

9.3.6.1 Ozonation

Ozonation is one of the AO processes, which can go through two mechanisms direct
and indirect for the removal of CECs. In direct mechanism, there occurs the reaction
with ozone directly, and in indirectmechanism, hydroxyl radical (OH·) obtained from
ozone in aqueous solutions participates in the reaction (Rizzo et al. 2019; Utrilla et al.
2013). Ozone selectively reacts with olefins and aromatic ring containing emerging
contaminants (Acero et al. 2015). Ozonation is effective in the removal of ECs viz.
E1, E3, E2, EE2, bisphenol A and nonylphenol, atrazine, chlorfenvinphos, alachlor,
diuron, isobroturum with 90% or higher removal efficiency (Esplugas et al. 2007).
The drawback of this process is that it requires high amount of energy, formation of
by-products and interference of radical scavengers (Luo et al. 2014).
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9.3.6.2 Heterogeneous Photocatalysis (UV/TiO2)

In photolysis process, the rate of degradation of CECs is quite low, so this advance
process is used for the better results. In this process, heterogeneous catalyst is used
for the removal of CECs, which is activated in the presence of light (Macwan et al.
2011). TiO2-based materials are widely used as catalyst for this process which may
be due to its photo stability, economic, particle size and inert nature (Gaya and
Abdullah 2008). UV/TiO2 process is effective in degradation of E1, E2, EE2, E3,
bisphenol A, progesterone up to 100%. Along with this, this method can also be used
for the degradation of pharmaceuticals (mainly analgesics) and pesticides (Gaya and
Abdullah 2008).

9.3.6.3 Photo-Fenton Process (UV/H2O2)

This method is also widely used for the removal of CECs from wastewater. In this
method, UV light is used for the formation of radicals, and the formation occurs by
the reaction of hydrogen peroxide in the presence of ferrous ion, but this process can
also be possible in the absence of UV light, by using sunlight only. Photo-Fenton
process is a pH dependent method, and generally, this reaction takes place in acidic
medium (optimum pH = 2.8). Ferrous ion in acidic medium forms [Fe(OH)2]+2,

which by the absorption of hν, go through photoreduction and form OH and Fe+2

(Eq. 3).

[Fe(OH)]+2 + hν = Fe+2 + OH (3)

Now, this Fe+2 ion can further react with H2O2 and form OH again (Will et al.
2004). In this process, amount of Fe+2 is increased continuously (Tamimi et al. 2008),
and during this process, pH reaches to near neutral. The oxidized ligand can further
involve in various reactions for the degradation of CECs (Cruz et al. 2012). H2O2 and
iron concentrations, pH and organic/inorganic content in wastewater are some factors
that govern the efficiency of Photo-Fenton process. This process is effective in the
removal of various types of pharmaceuticals (except penicillin). In the degradation
of some anti-inflammatory pharmaceuticals, viz. antipyrine, 4AA, 4AAA, 4FAA,
4MAA and metronidazole, this process is more effective in comparison with other
processes (Tijani et al. 2013).Various pesticides including atrazine, diuron,mecoprop
and terbutryn were also oxidized efficiently with the help of photo-Fenton process
(Klamerth et al. 2013).

9.3.6.4 Electro-Fenton Process

It is an advanced process of classical Fenton process which has been developed for
the better removal of CECs. In this process, H2O2 is generated electrochemically in a
controlled way (Roth et al. 2016). This method is useful in the removal of iopromide,
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atenolol, metoprolol, propranolol, triclosan, triclocarban and some antibiotics also
(Ganzenko et al. 2014; Estrada et al. 2012). This process of CECs removal is very
effective as it avoids the cost of reagent and formation of sludge, etc. (Ganzenko
et al. 2014).

9.3.7 Physical Treatment for the Removal of CECs

There are various physical techniques like membrane process, carbon adsorption,
mineral surface adsorption and ion exchange, which can be used for the treatment of
CECs in water.

9.3.8 Membrane Process

This process is one of the assuring methods among the physical methods of removal
of contaminants from surface water and wastewater. Ultrafiltration (UF) and micro-
filtration (MF) are used for the advanced treatment of urban wastewater to remove
the total suspended solids (TSS) and microorganism. Nano-filtration (NF) and RO
membranes are used for treating that water which is already filtered and has low
TSS concentration. Various studies show that the pharmaceutical compound, carba-
mazepine can be removed by 60–90%, 32–40% and >97% by using NF membranes,
and in the case of ROmembranes, the rejection of carbamazepine was reported to be
>99%. Other than carbamazepine, other CECs like diclofenac, E2 a natural steroid
hormone, NDMA (undesired by-product of oxidation and disinfection processes)
can also be removed using NF and RO process (Rizzo et al. 2019).

9.3.9 Activated Carbon Adsorption

In this process, there occurs the transfer of CECs from liquid phase to the solid
phase.Activated carbon (AC) can be applied in two forms namely powdered activated
carbon (PAC) and granular activated carbon (GAC), which will be decided on the
basis of the nature of adsorbate and absorbant both (Luo et al. 2014). Along with
this, the effectiveness of the process also depends upon adsorbate solubility, the
adsorbate and adsorbent hydrophobicity. This process is very useful for the removal
of pharmaceuticals, and the advantage of this method is that it does not form toxic
and pharmacologically active products (Utrilla et al. 2013).
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9.4 Conclusion

Emerging contaminants are present in our environment due to various activities of
humans. ECs or CECs have been defined as those contaminants for which no strict
regulations have been imposed. Thus, there is a constant need to monitor ECs or
CECs. With increase in globalization and industrialization, their number and con-
centration are increasing day by day. However, concern regarding emerging con-
taminants is only being developed lately. Emerging contaminants have been present
in industries, wastewater treatment plants, cosmetics, pharmaceuticals, etc., but it is
only recently that scientists and common people are realizing their non-degradable
and long-lasting nature in the environment. The above-mentioned problem com-
bined with their harmful effects on human and animal health has emerged as a threat
for both humans and animals. Many CECs like PPCPs, POPs, disinfectants, insec-
ticides, PFOS, PFOA, algal toxins, etc., are harmful to health. Detection of these
CECs from time to time is the need of the hour. Many countries around the world are
suffering from problem related to CECs. Anthropogenic activities are the key fac-
tors responsible for occurrence of these contaminants in the environment and water
bodies. Various conventional and advanced techniques are available for the detection
of these emerging contaminants. The ECs can be dealt with by biological, chemical
and physical processes. Sedimentation, membrane filtration, chemical treatments are
some important methods for the removal of ECs from our environment. The threat of
ECs can be fought by avoiding/limiting the use of harmful chemicals in industries.
Also, the threat can be tackled by using bio-degradable substances obtained from
nature in the manufacturing process and developing newer technologies to remove
emerging contaminants from our environment. It is very important for humans to
identify the substances, drugs and chemicals having the characteristics of ECs or
CECs. After identification of ECs or CECs, governments around the world should
take quick actions to set up regulations which will help in the removal of these
contaminants so that the environment in which mankind resides remains safe and
pure. Extensive and exhaustive research needs to be carried out by various countries
around the world for developing newer methods for eradication and removal of ECs
and CECs from our environment.
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Chapter 10
Water Crisis in the Asian Countries:
Status and Future Trends

Vandana Shan, S. K. Singh, and A. K. Haritash

10.1 Introduction

Water is the most important natural resource required for the economic development
of a nation. Safe and clean water is the basic necessity of humankind for their rational
use. In general, the global water crisis is majorly related to decrease in the availability
ofwater quantity due to irrational use by the human population. Not only the freshwa-
ter accessibility but water quality is also affected due to various natural degradation
and anthropogenic activities subjected to frequent floods, drought and uneven rainfall
pattern and dumping of effluent from industries, untreated sewage waste, agrochemi-
cals run-off from agricultural fields into water bodies, respectively (Abbaspour 2011;
Mukherjee et al. 2020). Six transboundary rivers, namely Mekong, Irrawaddy, The
Red, Salween Ganges-Brahmaputra-Meghna and Indus Rivers and their tributaries
are responsible for higher socioeconomic growth, food production, environmental
stability and sustainable development in variousAsian countries (Ismail 2016). But in
recent years, conditions have become worse as we stepped into twenty-first century.
Water scarcity with respect to quantity and water pollution with respect to quality
has become major issues in developing as well as developed nations. The current
situation in Asian developing countries is highly variable and majorly affected by
socioeconomic and physical conditions along with various phases of civilisation and
industrialisation. Human Development Report (2006) of UNDP stated that water
crisis is the most serious problem for human in Asian countries due to increased
demand for domestic, industrial, irrigational as well as various economic and devel-
opmental activities (Srivastava et al. 2008) which exerted multiple pressure on the
water resources of the region. Water-related issues in Asian countries are serious
and diverse. It was stated that an increased number of East, West and South Asian
countries will be facing a water deficit situation by 2050 (Falkenmark et al. 2009;
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Singh et al. 2020). Expanding population and unsustainable use of natural resources,
especially water, are causes of great concern in Asian countries. Around 31% of
the earth’s total arable land supports nearly 56% of the world’s population only in
Asia. Rapid urbanisation has also robbed many of the Asian countries’ environmen-
tal wealth by deteriorating the quality of soil, air and water. Accessibility of clean
and safe water is essential for human health and development. Both are affected if
the water is polluted and unfit for consumption. Also, polluted water poses a major
threat to human health (UNEP 2016). More than 50% of the population in most of
the Asian countries, viz. China, Malaysia, Indonesia, Iran, Brunei, Mongolia, Sin-
gapore, North Korea, Japan, Pakistan, Kazakhstan, South Korea, Philippines and
Turkmenistan will be urban by 2025. The estimated urban population proportion
percentage projected to be 52, 53 and 45 in East Asia, South-east Asia, and South
and Central Asia, respectively (EWCRP 2002). Not only the problems of surface
water pollution but depletion of groundwater reserves due to excessive utilisation
for irrigation in many Asian countries is of great concern threatening current and
future generations. According to current situation it was estimated that by 2080, the
percentage of the world population have to live forcefully in water-scarce regions
will increase from 28 to 50.

10.2 Global Water Distribution on Earth Surface

Water in lakes, rivers, streams, reservoirs and groundwater is the principal source
of water for human use (Srivastava et al. 2008). The total volume of water on earth
surface is 1.39 billion cubic kilometres (Table 10.1). Around 96.5% of earth water is
saline and constituted mainly by global oceans. In case of freshwater content and its
availability, a very small amount of freshwater is available for human consumption
on the earth surface as approximately 1.7% freshwater is locked up in glaciers, polar
ice caps and snow and only 1.7% is stored in groundwater, lakes, ponds, streams,
rivers and soil (Table 10.1). About 1% of total water exists in water vapour on the
earth’s atmosphere (Graham et al. 2010).

10.3 Global Water Consumption

It was estimated that a large amount of freshwater is available on the earth surface
to support 9 billion population and more. But most of it is in inaccessible form.
Due to the unequal distribution of water in various geographical regions and unequal
consumption of it has created water-scarce conditions in major regions of the world.
Global water consumption is maximum for Asia and least for Australia and Oceania.
More than half of the world’s water consumption is in Asian countries which support
more than 50% of the world population. Around 70% of freshwater is consumed
in agriculture, after that in industries and rest is used for various developmental
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Table 10.1 Worldwide distribution of water content on earth surface (Gleick 1996)

Estimate of
worldwide water
distribution

Volume (103 km3) Total water percentage Freshwater percentage

Oceans, seas and bays 1,338,000 96.5 –

Ice caps, glaciers and
permanent snow

24,064 1.74 68.7

Groundwater 23,400 1.7 –

Fresh (10,530) (0.76) 30.1

Saline (12,870) (0.94) –

Soil moisture 16.5 0.001 0.05

Ground ice and
permafrost

300 0.022 0.86

Lakes 176.4 0.013 –

Fresh (91.0) (0.007) 0.26

Saline (85.4) (0.006) –

Atmosphere 12.9 0.001 0.04

Swamp water 11.47 0.0008 0.03

Rivers 2.12 0.0002 0.006

Biological water 1.12 0.0001 0.003

Total 1,385,984 100.0 100.0

activities, domestic use and human consumption. Consumption of water is 10 times
more in developed countries than developing nation but overall consumption is more
in developing nation due to large population and extensive economical activities
(UNWWD 2015) (Table 10.2).

Table 10.2 Global
distribution of water
consumption

Geographic location Percentage

Asia 55

North America 19

Europe 9.2

Africa 4.7

South America 3.3

Rest of the world 8.8
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10.4 Global Water Stress

Being a relative concept, water scarcity can appear at any stage of water supply or
demand. Water scarcity leads to unavailability or shortage of freshwater resources
which leads to unsatisfied demand, economic competition for water quality and
quantity, fast abstraction of groundwater, conflicts between states at national and
international level and irreversible impacts on the environment and its segments.
According to hydrologists (Falkenmark et al. 1989), population–water equation is
an indicator of water stress conditions in a particular region or country. Population
in a particular region having annual water supply level below 1700 m3 per person
experiences water stress and faces water scarcity if annual water supply falls below
1000 m3 per person and absolute water scarcity is due to annual water supply drop
below 500 m3 per person. In general, periodic or limited water shortage levels are
expected to be at levels between 1700 and 1000m3 per person per year. Those regions
which have water level below 1000m3 per person per year have to face water scarcity
(Falkenmark and Lindh 1976). It was stated that about one-third of the population
in developing nations will have to face severe water scarcity by 2025 (Seckler et al.
1998; Patel et al. 2019a, b) (Fig. 10.1).

Physical water scarcity is related to the quantity and economic water scarcity
is related to quality. Physical water scarcity in most of the regions is due to lack
of enough water resources and economic water scarcity is due to lack of access to
safe water. Water scarcity is a global issue. Around 1.2 billion people of the world
population live in the regions of physical scarcity and about 500 million and more
are approaching along with this harsh situation. About 1.6 billion people are facing
economic water scarcity even if the water is present locally (HDR 2006; UNDP
2006). Around 700 million populations in 43 countries of the world were reported
to live below 1700 m3 per person (WWDR 2012). One-fourth of the population

Fig. 10.1 Physical and economical water scarcity at global level (WorldWaterDevelopment Report
4. World Water Assessment Programme (WWAP), March 2012a)



10 Water Crisis in the Asian Countries: Status and Future Trends 177

in China, India and Sub-Saharan Africa countries are living under water-stressed
conditions, and the number is continuously increasing. Middle East is known as the
world’s most water-stressed region having an average value of 1200 m3 of water
per person (WWDR 2012). Water availability per person, per year, is decreasing
continuously likely to cause water crisis in coming years as shown in Fig. 10.2.

10.5 Current Scenario in Asian Countries

Demographic and economic growth in most Asian countries is responsible for
increasedwater withdrawal andwater utilisation in the last 20–30 years (Kundzewicz
et al. 2007). In the year 2000, Industrial, agricultural and domesticwater consumption
was about 18%, 70% and 13% of total water withdrawal by continents, respectively,
while in Asia, its consumption varies by 85% in agriculture, 7% in industries and
8% in domestic use (Gleick et al. 2006; Wada et al. 2011; Kumar et al. 2009). A
number of Asian countries have expanding economies which require large water
supply for energy generation and infrastructure development. A reliable supply of
freshwater is a basic need in various industrial processes which is required for the
economic growth of the region. Increased communities’ wealth further triggers in
the requirement for protection of ecosystem (AWDO 2013; Patel et al. 2019a, b).

10.5.1 Southeast Asia

Myanmar, Laos, Cambodia, Malaysia, Thailand, Vietnam, Indonesia, Philippines
and Singapore, these nine countries are situated in South-east Asia. TheMekong and
Salween Rivers fed almost all of these countries situated near and in their basin and
could beused for economic and social development of the region.This region is facing
a tremendous pressure of population growth along with urbanisation. According to
current estimates, it was found that out of 22 of 34 Indian cities face shortage of
water daily. Geographical and economic inequalities in South-east Asian zone have
made most of these countries to face the problems of unavailability of safe and
clean water and sanitation. World Bank Report stated that in Indonesia, around 80%
population is unable to access safewater and in Jakarta, 4.5million of population have
facilities of piped water and 35% of population use water from artesian wells, 15%
consume bottled water and 8% population is still dependent on rainwater (Arshad
2016). Governments are planning to overcome current situations by 40% by 2019.
In 2011, Thailand faces a great impact on its economy and experiences extensive
flooding which made government look into the situation of water scarcity. Thailand
is the country where increased economic growth is enabling a great impact on water
quality management and environmental conservation. To maintain a proper balance
between the use of various water resources between industrial, domestic, energy,
agricultural sectors in developed economies in this region is highly needed.
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Fig. 10.2 Water availability scenario based on temperature, population and industrialisation
(WWAP 2012a, b)
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Fig. 10.2 (continued)

10.5.2 East Asia

In East Asia, major consumer of water is agriculture sector, while industries and
municipal water supply accounts 22% and 14%, respectively. Water plays an impor-
tant role in economic growth and poverty reduction in a country. So considering the
importance of water, Government of Republic of China State Council has started
water sector investment programme which deals in improved quality of water in
lakes and rivers, increased water productivity and its use efficiency and total national
water abstraction at 700 km3 by 2030 (CSC 2012). Due to increase in demand in
thermal energy generation, demand for water has also been doubled improved water
use efficiency.

10.5.3 Central and West Asia

Mostly, the Central Asia regions producing cotton and wheat are deficient in agricul-
ture and food security. Since the last five decades, the ecosystems of Aral Sea have
been depleted due to various agricultural activities. Lack of appropriate technologies
and nonavailability of financial facilities resulted in deterioration of the irrigational
system.Moreover, the development of irrigation canals crossing international bound-
aries increases new limitations related to themanagement of irrigational system along
with water allocation to a different region. Apart from this scanty rainfall, conven-
tional irrigation methods and saline groundwater resources add up to the agricultural
production of the Central Asia Region (Asian Water Development Outlook 2013).
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10.6 The Major Contributing Factor for Water Stress
Conditions

Asian zone is a highly populous region which is undergoing urbanisation, energy
production, agricultural and industrial advancement with a fast pace. All of these are
highly needed aspects for the social and economic growth of the region. But these
aspects may act as a driving force which may lead to unfavourable situations of water
stress and decreased region’s capacity tomaintain a proper balance in socioeconomic
need of water development.

10.6.1 Increased Population and Pollution

The main contributing factor of water scarcity in developing nations is the expo-
nential growth rate of the human population which extensively and unsustainably
use renewable freshwater resources (Marcoux 1996). It was roughly estimated that
our world’s population will shoot 10 billion people by 2050. Increased population is
responsible for alleviating various environmental issues, ultimately exerted tremen-
dous pressure on natural resources. Enhanced growth in population will demand
additional land for cultivation, human settlements and various economic activities
which lead to deforestation, forest clearing, overexploitation of water resources and
wildlife habitat destruction. China and Vietnam are only two countries which affirm
the slowing down in population growth and have positive impacts on the environ-
ment, and Singapore and Malaysia favour in population growth. No country is ready
to slowdown the process of urbanisation (WorldBank 1989).Most of theAsian coun-
tries have sufficient natural resources, but the continuous annual increase in human
population in various Asian countries like in China, Indonesia, Philippines and Viet-
nam is 13 million, 3 million, 1.4 million and 1.6 million, respectively (World Bank
1995; Yimin 1994; SRV 1995; Cruz and Cruz 1990). Extensive uses of fertilisers
and pesticides have further worsened the quality of freshwater bodies. Eutrophica-
tion of lakes is the major problems encountered in many emerging economies. Some
researchers have also reported that around 80% of untreated sewage is discharged
in surface water bodies in developing countries (UNWWAP 2009) which affect not
only the water ecosystems but also human health (Palaniappan et al. 2010). Also,
arsenic, nitrate and fluoride pollution of groundwater has affected the health of a large
human population and aquatic biota which are the dependents on these resources for
their livelihood (Gun 2012; Das et al. 2016). Illegal dumping of untreated indus-
trial waste has further deteriorated water quality and decreased the self-purification
capacities of major rivers. River health index stated that around eighty per cent of
rivers in Asian region is in very poor health conditions. Pollution from cities is only
a part of the challenge to the security of the water environment. Most of the rivers
in South Asia and Central and West Asia are reported rivers that are in very poor
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health condition where environmental water security is threatened in river basins of
Azerbaijan, Thailand, Bangladesh, Sri Lanka and Pakistan.

10.6.2 Increased Water Consumption by the Agricultural
Sector and Food Security

Increased population will lead to increased food demand which will be more than
50% by the current value. If the same trend in the current consumption of freshwater
resources will continue then about two-thirds of the global population would have to
live in water-stressed conditions by 2025. India and China are two major countries
which support more than 60% of the total Asian population. Agriculture is a major
factor inwater scarcity. A huge amount ofwater is required for the production of good
amount of crop. More than 70% water is used in agricultural production (FAO 2011;
Oude Essink et al. 2010). To feed increasing population, farmers of next generations
have to face challenges to double the food production to feed increasing population
by using half the water available, without use of fossil fuels, costly pesticides, chem-
icals and fertilisers, less available arable land, infertile or less fertile soil and under
the pressure of changed climatic conditions. Today, one-fourth of total world land
has been highly degraded compounding with mining, hazardous pollutants, recre-
ation, urban shifting and rising sea levels. It was estimated that in last two decades,
15–80% degradation of global agricultural land has been noticed (Bindraban et al.
2012; Oldeman et al. 1991; Pimentel and Burgess 2013; Bai et al. 2008). And figure
increased in present years by 25% for highly degraded, 44% slightly degraded and
about 10% recovering from degradation (Bindraban et al. 2012; FAO 2011; Cribb
2010). As most of the developing countries in Asian region have insufficient or
unsuitable agricultural technologies as compared to developed nations and are not
helpful to overcome hunger and unsustainability due to high costs and less skill
(Rekacewicz 2008). In last two decades, around an average estimate of 2000 ha land
in more than 75 countries in arid and semi-arid regions have been degraded by salt,
reported by UN University’s Canadian-based Institute for Water, Environment and
Health. Recently, about 20% of world’s irrigated land area have affected several soil
properties and food products due to less rainfall, poor rainwater percolation through
the soil, unscientific irrigation practices without drainage system in dry areas (Sinha
2014). Researchers gave a rough estimate of around 50% of irrigated land in parts
of Central Asia which are waterlogged and affected by high salt content (Qadir et al.
2009). About 88% of water withdrawals from the Brahmaputra, Indus and Meghna
River Basin and used for irrigation and often the excess run-off water contaminated
with agricultural chemicals and pesticides from irrigated land return flows to the
river systems and affect water quality (Babel and Wahid 2008).

At the global level, around 1989, due to various anthropogenic activities, 15%
of the land area was degraded globally. In this region, around 50% of the countries
are near to the global average, but most of them are highly degraded. Most affected
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regions are China, DPR Korea or Vietnam, and Thailand. Only Laos is markedly
better off than average from this standpoint. 18% of total Asian land proportion is
degraded till now (Beck et al. 2016).

10.6.3 Urbanisation, Industrialisation and Various
Developmental Activities

Rapidly expanding cities are experiencing increased in water scarcity (Vörösmarty
et al. 2000). Problems related to water pollution and waterborne diseases are escalat-
ing from 1995 to 2025 when the urban population doubled to 5 million from 1995 to
2025.Driving force behindwater demand and supply are fast-growing population and
economic growth with a small impact of climate change on natural resources (Foster
2010). Asia is one of the most populous and fast-growing regions in the world with
an annual urban population growth of 2.3%, which is more than the annual global
average urban population growth of 2%. Most of the largest megacities are situated
in Asia having more than 10 million urban populations in more than 10 metropolitan
cities. And the figure is estimated to increase in 2015 and in 2022 urban population is
expected to increase as compared to rural population (ADB 2008). Cambodia,Myan-
mar and Nepal are the countries which have the highest urban population growth rate
compoundedwith various problems related to developmental andmanagement activ-
ities. Rapid industrial and economic growth in South Asian regions has a negative
impact on the river health. Each year toxic and harmful chemical waste, organic sol-
vents, dyes and other substances are estimated to be discharged in major river basins
(Babel and Wahid 2008).

10.6.4 Abstraction Pressure

Excessive and unsustainable withdrawal of a large amount of groundwater has an
adverse impact on the aquifers and coastal regions where water table is near-surface
and is badly affected by seawater or brackish water intrusion which degrades the
quality of water in the nearby region and in the absence of surface water availabil-
ity pressure shifts towards groundwater resources. In most Asian developing coun-
tries, excessive groundwater abstraction causes groundwater depletion and increased
salination due to intrusion of seawater in nations near coastal regions (FAO 2011).

Most of the Asian countries are situated in arid and semi-arid zones where the
groundwater table is very low. But to meet the food requirements for a large section
of the population, these resources are exploited in an unsustainable manner which
further makes the situation worse as most regions have non-renewable groundwater
resources. Also, the regions having shallow groundwater experience the severe pol-
lution due to the disposal of untreated urban and industrial effluent discharge which
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Table 10.3 Maximum
annual abstraction of
groundwater in various
countries (as per 2010)
(Margat 2008)

S. No. Country Abstraction (km3/year)

1 India 251

2 China 112

3 USA 112

4 Pakistan 64

5 Iran 60

6 Bangladesh 35

7 Mexico 29

8 Saudi Arabia 23

9 Indonesia 14

10 Italy 14

ultimately degrades the quality of freshwater and may cause disasters over the long
term. Maximum annual groundwater abstraction of the top ten countries are given in
Table 10.3 (Margat 2008). Maximum annual abstraction is by India following after
China. Also among 10 countries, seven are Asian countries which indicate maximum
groundwater extraction (Table 10.3).

In Saudi Arabia, aquifers systems are facing highly declined groundwater levels
(Brown 2011; Van der Gun and Ahmed 1995), and also highland basins of Yemen are
reported with the same problem. Also, Iran’s mountain basins experience a constant
or steady decline in groundwater levels (Motagh et al. 2008) of various Indian states,
under Indus basin, especially Rajasthan, Gujarat, Punjab, Haryana and Delhi (Jia and
You 2010) suffer extensive abstraction of aquifer systems. The aquifer inNorthChina
has experienced a severe drop in groundwater levels (Kendy et al. 2004; Liu et al.
2001; Ismail 2016). Apart from these recorded studies, there are also a huge number
of aquifers located in various regions in the world where the groundwater table is
lowering or are still declining which exert a negative impact on the environment and
social well-being (Rodell et al. 2009).

10.6.5 Hydro-Morphological Alteration

Hydro-morphological alteration inwater bodies is due to flow alteration or regulation
by constructing dams on rivers and its tributaries for hydel power and water supply
in cities and extraction of excess water for irrigational, domestic and industrial use.
Also, canal constructions and deforestation in river basin cause change in water flow
direction and habitat destruction of various living species. Pollution and overharvest-
ing also affect the hydro-morphological characteristics of water resources and make
them unfit for human consumption and breeding place of various disease-causing
microorganisms (Dudgeon 2000). According to Fu et al. (1998), annual deforesta-
tion rate in Asia is estimated in a range between 0.9 and 2.1% and when coupled
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with high and low river discharge during wet and dry seasons, respectively, and influ-
ences the floodplain regions and their inhabitants (Fu et al. 1998). A number of Asian
countries like Bangladesh, Bhutan, India, Nepal and Pakistan are located near major
six transboundary rivers and their basins, viz. the Red, Mekong, Salween, Irrawaddy,
Ganges-Brahmaputra-Meghna and Indus River. Also, the river basins are extensively
used for various water infrastructure projects like canal and reservoir construction,
hydroelectric dam formation on rivers and its tributaries. Due to overexploitation and
unsustainable use of water resources, a number of south Asian countries are facing
a tremendous pressure of water stress and facing a permanent state of water stress
conditions (Chua 2015).

10.6.6 Environmental Degradation and Climate Change

Asia is one among seven continents which have a large region in an arid and semi-arid
zone, facing the strongest climatic impacts on the relative change in water scarcity.
But during the last two or three decades, adverse impacts on environmental changes
were also experienced by Europe, North America and South-east Asia (Schlosser
2014). The major impact of climatic change has been reflected in Asian countries.
As most of these are developing nations and indulge in urban, social and economic
development. There is extensive use of water resources in various developmental
activities which lead to negative pressure on the environment and various natural
resources like soil, air and water and adversely affect quality and accessibility in
Asia. Most of the developing Asian regions are characterised by rapidly growing
economies associated with increased problems related to safe and clean water, sani-
tation facilities, uniform water supply, depletion in groundwater levels, flooding and
water pollution (Dudgeon 2000). Water stress or severe drought is expected to be
increased in many other parts of Asia due to climate change (Ban Ki-moon). It is
expected that by 2050, there will be increased in earth temperature from 1.6 to 6 °C in
all around the world. Around 7% of the world population will have to face a decrease
in one-fifth part of renewable water resources. Increased temperature will increase
high crop water demand due to excessive evaporation and transpiration from surface
water resources and plant surfaces respectively. Also, water scarcity will produce
drought conditions and will affect agricultural productivity (Bandyopadhyay 2007).
The study indicates that the vast stretches of ice mass of Hindukush mountain range
are susceptible to changed climatic conditions which are the main region for storing
water and providing continuous river flows during dry periods. Thus, due to changed
climatic conditions, are affecting the energy, food and water supply of this region
(Rasul 2014).
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10.6.7 Water Sharing Conflict Within the Countries

Freshwater resources in Asian countries are facing drastic changes in water quantity
and quality due to accelerated growth in the human population increased urbanisation
and industrialisation in the last few decades. Growing pressure on thewater resources
has attracted developing countries towards this global issue (Arfanuzzaman 2017).
Also, South Asian region is known as the most water-stressed region in the world
with an annual growing population of 25 million. Due to the increase in human
resources, the demand for water, food and land has increased which subsequently
reduced the per capita water availability by 70% since 1950 (Singh 2008). Three
major Himalayan rivers, the Indus, the Ganges and the Brahmaputra, are among the
largest rivers of the world. These three rivers are the backbone of South Asian coun-
tries in terms of infrastructure and economic prosperity. Transboundary river basins
interconnect South Asian riparian countries and their states in a complex network of
economic, political and environmental interdependence (Ismail 2016). Only 80% of
annual water flow in IGBM river basin system occurs in monsoon (June to Septem-
ber) and the remaining 20% occurring during the rest of the drymonths period (Singh
2008). This type of alternative scene of water excess and scarcity is the main reason
for conflicts over water sharing between countries. Upstream countries which are
highly dependent on water flow from nearby countries are at higher risks. Also, the
countries with fast-growing populations and resource consumption are extremely
protective with respect to their water share. Most of the South Asian nations, includ-
ing two major populous countries, China and India, are going to plan diversion of
water flow in some of these transboundary rivers and their tributaries. Also, down-
stream countries near to transboundary rivers receive reduce water availability due
to infrastructure development and have to manage wisely to avoid tension (Kameri-
Mbote 2007). According to UNESCO, a number of conflicts have occurred inMiddle
East interstates due to Tigris and Euphrates rivers, among Iraq, Syria and Turkey;
and a serious situation among Jordan, Israel, Lebanon and the State of Palestine have
stated due to the Jordan River. Nile river water is a major cause of conflicts between
Egypt, Ethiopia and Sudan in Africa (Ismail 2016). As well as the Aral Sea conflict
among Kazakhstan, Uzbekistan, Turkmenistan, Tajikistan and Kyrgyzstan in Asia.
For India and Bangladesh region, Farakka barrage continues to be a source of ten-
sion between India and Pakistan, and Indus River is also another source of tensions.
To resolve issues between India and Pakistan, the Indus Water Treaty is playing a
major role since it was signed in 196 (Appelegreen 1992). In India, Bangladesh and
Pakistan, it is difficult to assess water resources at a basin-wide level due to frag-
mented water information. Lack of proper information related to river basins leads
a number of difficulties to develop treaties on use of shared water resources, which
further creates the regional tensions in the future and induced forced migration due
to complex water scarcity issues.
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10.7 Indian Scenario

Developed and developing countries both are facing water scarcity in their regions.
Only developed countries have the potential to adapt to water scarcity due to their
economic potential. But due to the high population, lack of infrastructure, techno-
logically backward and lack of water management policies in developing countries
made them face water stress conditions. Developing countries are the centre zone
where current and potential water conflict in the world takes place. UN climate report
stated that the Himalayan glaciers that feed Asia’s biggest rivers—Ganges, Indus,
Brahmaputra, Yangtze, Mekong, Salween and Yellow—could disappear by 2035 if
the temperature of earth surface continues to rise as a present (Bagla 2009). It was
later revealed that the source used by the UN climate report actually stated in 2350,
not 2035. Increasing demand in freshwater resources due to fast-growing population
in India is a great challenge to handle the current situation. Also the centre and state
government are not doing justice at their part in the proper management of water
quantity and quality in India. Also, the government is unsuccessful and helpless in
implementing existing laws and regulations. Also, the public and industries are vio-
lating these rules without taking care of the protection and preservation of existing
water resources. In the last 20–30 years, India is facing critical water stress conditions
which negatively affect the health of both human as well as the environment. Most of
Indian rivers are in very worse situation as compared to past. Increased pollution due
to organic and hazardous waste in the surface water is deteriorating the water qual-
ity with a large extent. Apart from this, the nation is facing rising interstate water
disputes for water share which are highly intensive and widespread and creating
most complex situation for management authorities. In most Indian states, Andhra
Pradesh, Tamil Nadu, Gujarat, Karnataka andMaharashtra, groundwater is declining
at an alarming rate due to overextraction and poor water infiltration. According to the
current estimate, annual groundwater consumption in India is 230–250 km3 which
account around one-fourth of the world’s groundwater consumption. Due to maxi-
mum groundwater consumption in agriculture (70%) and domestic use (85%), India
places next to China and USA combined. According to the NASA report in 2009,
Indus basin, which mainly includes the Indian granaries states, Punjab and Haryana,
was stated secondmost stressed aquifer all over theworldwith groundwater depletion
rate by one metre in every three years. If the present situations remain to continue,
more than 50% of aquifers in India will be in a highly critical situation by 2030which
will result in one-fourth of agricultural production at higher risk and lead economic
downfall. Also, less advanced agricultural techniques and unsustainable utilisation of
groundwater are creating a big problem in developing nation India as more than 85%.
In India, major reasons for water scarcity are unequal access and inequitable distri-
bution of water in different sectors, viz. domestic, agricultural, industrial and energy,
unsustainable and excessive use of surface as well as groundwater resources, sea-
sonal and annual variations in rainfall pattern, overexploitation of groundwater than
surface water in agricultural fields, degradation of surface and groundwater quality
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due to discharge of untreated sewage waste, industrial wastes and agricultural waste
which make water in most of rivers for unfit for human consumption.

10.8 Current Status and Future Trends for Water
Management in Asian Countries

10.8.1 National Level

Water resources are at greater risk in Asian countries as there a large gap between
water supply and demand. Almost half of the world population is unable to access
safe and clean water supply and sanitation. Population in the rural area is suffering
more as compared to urban areas, also declines in groundwater level and is drop-
ping drastically in most Asian parts and rivers in these regions which are running
short of water which is also a major issue of concern. Due to a wide pattern of
economies and water environment, management challenges are also highly variable
in Asia, the world’s fastest growing zone. Only 4.6% of global annual renewable
water resources (Hirji et al. 2017) are unequally distributed between South Asian
countries (Afghanistan, Bangladesh, Bhutan, India, Nepal, Pakistan, Sri Lanka) and
their river basins. Growth in Nepal and Afghanistan is slow as compared to India,
Bangladesh and Bhutan which are facing a lack of proper water supply and water
scarcity in large areas, including major cities.

Improved water management, viz. proper water supply, better monitoring strate-
gies for surface and groundwater, recycling and reuse of water, sustainable use of
surface as well as groundwater is the prime concern for the government and manage-
ment authorities because new water storage infrastructure is costly (Thomas 2014).
By 2030, water demand is expected to be increased twice as compared to currently
available water supply in Asian countries which affect their growth and develop-
ment. Both water demand and water supply management across the region is the
main component for various water management strategies. Main features for water
resource management at national level in Asian countries should be proper man-
agement of watersheds and groundwater aquifers, surface water bodies like lakes
and wetlands, protecting and maintaining water quality and managing watersheds,
aquifers, lakes andwetlands, sustainable use of freshwater resources. Judiciously util-
isation of existing water resources and improved planning and management in water
resources incorporate better utilisation of existing water resources in regions. Also,
enhancement of equitable and desirable water supply in different sectors, domestic,
industrial, agriculture is highly needed to meet water and energy demand and their
use for economic growth and development. A proper strategy between various ele-
ments, planning, development and management is highly required to overcome the
water-related problems like floods, drought and siltation. Also, a great need for coop-
erative and mutual beneficial management strategies should be adopted for shared
water between countries having transboundary river basins and aquifers among their
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neighbourhood states and nations. Water policies coherence and integration across
the economic sector and administrative jurisdictions can help out the water problems
efficiently and funded in investments in water supply, flood management and over-
coming drought problems. Also, technological advancement in the various sector
can also improve the management of water resources, for example, Drip or sprinkler
irrigation systems, rainwater harvesting, replacement of open canals by underground
pipes, change in crop pattern, soil management, IS technology in water resources
and land use pattern management (Suhardiman et al. 2017).

10.8.2 International Level

10.8.2.1 Water Sharing Plans Across National Boundaries

South Asian zone is characterised by a highly interconnected network of rivers and
aquifers. There is a high need for cooperation among these riparian countries is
required for water use agreements of some of the rivers. The situation of water
sharing is highly complex due to asymmetric equations between countries shar-
ing transboundary river water, depending upon economic, political and geographi-
cal locations. The most significant challenge to achieve such cooperation is based
on country priorities. Indo-Gangetic and Brahmaputra basins in Nepal, India and
Bangladesh are the main lifelines of people residing in these regions alone. South
Asian Association for Regional Cooperation (SAARC) and the South Asia Cooper-
ative Environment Programme (SACEP) exist in regional political systems. But due
to lack in progress, they lead only region-wide adaptation initiatives (Suhardiman
et al. 2017). In South Asia management of transboundary water is governed by bilat-
eral treaties which are signed by Nepal, Bangladesh, Pakistan with India (situated in
upper riparian zone in most cases, except with Nepal). Among these treaties, some
have worked and rest have not. And also all of them are have some controversy and
misgivings at different stages (FAO 1994).

10.8.2.2 Basin-Level Planning and Management

There is an extremely high need for the introduction of basin planning in south Asian
countries like Nepal, Pakistan and India. Basin-level water resources planning and
management practices in water resources instruments have already been adopted by
a number of Asian countries, Afghanistan, Bhutan, India and Nepal. Main functions
of these authorities in these regions are—developing rules for water allocation, mon-
itoring of water use and enforcing action if there is a violation of rules in water
use permits, issuing water use permit depending upon water availability, allocating
responsibilities to the sub-basin level during emergency. Also, water infrastructure
development responsibilities come under the supervision of basin authorities in some
countries.
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10.8.2.3 Water Resource Management

For overcoming the decline in thewater table in growing economies, variousmethods
for groundwater storage and management is implemented, which includes manage-
ment of green cover in recharge zone,maintaining river flows over recharge beds, land
use management in recharge zones, using aquifer recharge methods (MAR) to store
water during water shortage conditions. Awareness among land users to avoid con-
tamination of aquifers, basic education and behaviour change among groundwater
users and the development and enforcement of water quality standards is necessary
for groundwater protection. Rural and urban communities are largely affected by the
saltwater intrusion into coastal aquifers which further affect the groundwater quality
in these regions. The strong initiative should be taken for operations andmanagement
of existing coastal water supply planning in urban and rural areas, developing cost-
effective protective measures and proper monitoring of saltwater intrusion along the
large stretch of coastal regions of South Asian countries, Bangladesh, Pakistan, Sri
Lanka and India. Equal distribution of water supply in different sectors in the urban
region is a prime objective of the government. For this purpose, various policies
and frameworks are incorporated in the protection of urban water utilities, urban
planning, sewage management and stormwater management.

10.8.2.4 Policies and Legal Framework

A country required comprehensive national policy, for water distribution in differ-
ent sectors, utilisation and its conservation. Also, these effective policies and plans
are needed to mitigate various problems in the transboundary river basin. Imple-
mentations of policies and rules by government must effectively regulate the water
consumption by the population (World Bank 1993). Sustainable water utilisingmeth-
ods measures for improving efficiency levels in water utilisation (domestic, agricul-
tural or industrial) are extremely important. In semi-arid and arid regions due to a
shortage of seasonal water, it is highly required to conserve water. National water
conservation authorities and planners should introduce sustainable cropping systems,
water-efficient technologies, appropriate cost recovery level and work on reduction
in distribution loss, recycling wastewater and increasing public awareness. An effec-
tive legal framework of rules and regulations should incorporate to address various
issues like water inventory, planning, use, quality and protection. There should be
some act which covers the protection and preservation of water resources. New laws
should be implemented for the development of water resources.

10.8.2.5 Community Participation

Various awareness programmes and special practices are highly needed to aware gen-
eral public, communities, various authorities in different sectors about the harmful
and long-lasting impacts of water scarcity and required adaptation strategies which
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can further overcome these impacts. Adequate staff with advanced scientific tech-
niques can bring improvement in the field of water resource management and highly
skilled resource person. Also, a better understanding of various water institutions at
the national level is requiredwhich distribute the responsibility and provide resources
at the local level. LAPAs in Nepal, while needing further strengthening, provide a
model for community-level adaptive action.

10.9 Conclusion

Freshwater availability is facing rising challenges across the world due to its over-
consumption in developing as well as developed nations. Due to unsustainable use
and poormanagement of water in developing nations, this problem is becomingmore
complex. If proper attention is not given towards this problem, it might become a
major source of dispute and war between various countries. Not only the water is
utilised according to proper need and demands but also its quality is deteriorating
due to increased pollution. There is a great need for integrated water resource man-
agement. Effective system related to measurement and control at the local, national
and global levels is required to protect this basic commodity. Proper cooperation
and coordination between government, private sector and community are required
to work on this problem to find out a fruitful solution. A great need for global gover-
nance and new policies should be adopted to tackle this situation. To abate pressure
on various natural resources, international discussions and treaties will be helpful.
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Chapter 11
Water Supply, Urbanization and Climate
Change

Venkata Sandeep, Ashwini Khandekar, and Manish Kumar

11.1 Introduction

Urbanization refers to the gradual rise in the population of urban areas, the shift
of population from rural areas to urban areas (Accra 2000). The higher proportion
of urbanization is not occurring only in developed nations but also in developing
nations (Salerno et al. 2018; Kumar et al. 2019a, b). Besides economic growth, there
are many environmental impacts and implications regard to urbanization on water
supply. These implications are getting exacerbated due to climate change.

The implications of urbanization are insufficient supply of clean water, excessive
usage of energy, industrialization, contaminants of freshwater from factories, house-
hold effluents, land use change due to urbanization has changed the flow patterns of
wastewater and stormwater which in turn has an impact on rivers (Hassan Rashid
et al. 2018). When there is an insufficient water supply, people opt for private wells
as a source of water. Private wells make the particular house less vulnerable to the
water scarcity, but on a larger scale, the whole area where such thing is practised,
on a long time it makes the region more vulnerable to water crisis (Srinivasan et al.
2013).

The three main causes of urban flooding are climate change, urbanization and
lack of urban planning. As more evaporation rate and extreme precipitation caused
by the climate change, it further leads to urban flooding. In case of urbanization,
impervious surface areas lead to water run-off and decreasing number of wetlands,
ponds and lakes. Improper urban planning depicts improper drainage system designs
which cause the stormwater run-off the ground and make the water more polluted
(Nguyen et al. 2019). Climate change and urbanization are key factors affecting the
future of water quality in urbanized catchments (Salerno et al. 2018).
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From (Astaraie-imani et al. 2012) the case study, it clearly demonstrates that
climate change combined with increasing urbanisation is likely to lead to worsening
river water quality in terms of both frequency and magnitude of breaching threshold
dissolved oxygen and ammonium concentrations.

There are very few reviewswhich give overall glimpse of urbanization and climate
change implications onwater supply. This chapter discusses the detailed reviewof the
implications of urbanization and climate change on water supply and the adaptation
strategies or responses to improve water resilience in the face of climate change and
urbanization.

11.2 Water Supply

11.2.1 Introduction

The main forces that affect the global water scenarios are a rapid increase in the pop-
ulation, economic growth, demographic change and environmental quality. Along
with the rapid increase in population, climate change also introduces additional
stress to the hydrological cycle resulting in an alteration in the water resources sys-
tems (Manju and Sagar 2017; Singh et al. 2020). The increase in the flood events
in the country causes deaths and need to relocate people to safer places; whereas
on the other side, many regions of the country face water scarcity and need to go
kilometres in search of water (UNWWD Report 2006). The United Nations Devel-
opment Programme’s Sixth Sustainable Development Goal mentions that one of the
key elements for attaining Sustainable Development is the availability of clean water
(Sustainable Development Goals 2016).

The water shortage can be overcome by using the water in a sustainable manner
as well as developing new technologies which can provide safe drinking water and
also treat the wastewater and reuse it for other purposes. India gets nearly 75% of
total annual rainfall in monsoon, out of which 48% represents surface water. The
entire India receives less than 4000 billion cubic metres (bcm) of rainfall annually,
including snowfall (Manju and Sagar 2017). The main dependency for water supply
in urban and especially rural areas of India is groundwater, which ultimately depends
on the amount of precipitation occurring.

Due to urbanization, there is a high influx of people coming from rural areas to
urban and so the demand for water also increases. In shortage of water availability,
many developing countries have to provide intermittent supply resulting in less per
capita supply. According to United Nations World Water Development Report, in
2006, 54% of the population of the world had a piped connection to their dwelling,
plot or yard, and 33% population used other improved sources of drinking water.
The remaining 13% (884 million people) rely on some unimproved sources.
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11.2.2 Chennai Water Crisis 2019: A Case Study

According to the 2011 census, the household water supply in the city of Chennai was
55 litres per capita per day (lpcpd), which was much less than the Ministry of Urban
Development Benchmark of 135 lpcpd, making Chennai a water-deficient city. Even
then, the urban and industrial growth did not stop. Real estate had been growing
since then. Its municipal corporation boundary had expanded from 175 to 426 km2

in 2011, and the Chennai Metropolitan Area is now being considered for expansion
from 1189 km2 to more than 8878 km2. Despite the advancement in the prediction
of weather systems, it is still difficult to predict weak or strong monsoon precisely.
In 2015, the heavy flood was faced by the city and Chembarambakkam Lake was
overflowing while in 2019, the lake had dried up (Dhanapal 2019). The approximate
contribution to the city water supply is 51% from surface reservoirs, 1% from well
fields, 17% from the desalination plant, 19% from Veeranam lake and 11% from
Krishna River (Paul and Elango 2018; Kumar et al. 2019a, b). Three rivers Coovum,
Adayar and the Kotalaiyar supply Chennai with its water. Of these, the Coovum and
Adayar are highly contaminated by domestic waste and effluent and are very saline
due to saltwater intrusion from the Bay of Bengal. This is one of the reasons for the
poor drinkingwater supply. In addition, it is seen from the local water supply data that
even with an annual rainfall of between 700 and 1100 mm, Chennai has an absolute
water shortage (Sethuram and Cooper 2017). After the severe drought in 2000, it
was made mandatory in Chennai to have rainwater harvesting system and it worked
well initially, but later on, it suffered problems of poor maintenance and many of
the rainwater harvesting systems are now dysfunctional (Guntoju et al. 2019; Saikia
et al. 2017). According to a study by Paul and Elango (2018), using WEAP model,
the gap between demand and supply in the city of Chennai is increasing from the year
2016 and it will approximately double by 2030. It also shows that the demand would
increase by 20 MLD per year, but the supply cannot meet the demand and cannot
increase beyond 800 MLD due to the absence of any other sources of water. Thus,
proper management is required to save the city from any further crisis. One of the
solutions for such a huge demand ofwater can be solved by setting up the desalination
plant. CMWSSB (Chennai Metro Water Supply and Sewerage Board) is operating
two desalination plants successfully and has also initiated the process of constructing
a new desalination plant at Pattipulam. But the establishment of desalination plants
is not a sustainable solution to it as it consumes a lot of energy and creates a lot of
water wastage.

11.2.3 Desalination Plants as an Alternative in Fighting
Water Crisis

Desalination means removing the salts from the water in order to make it drinkable.
The seawater or saline water is processed in order to bring the TDS within the limits
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set byWHOor the limits set by national bodies. In the thermal process, the seawater or
the salinewater is heated andvapourized.This vapour is condensed anddistilledwater
is formed. There are various methods such as multi-stage flash (MSF) distillation,
vapour compression (VC), solar stills and multiple effect distillation (MED). The
membrane processes include reverse osmosis and electrodialysis. In these, the semi-
permeable membranes are used which act as selective barriers to separate salts and
impurities. In electrodialysis, the salt ions are separated using selective ion exchange
membranes, and in RO, the water is passed through a semi-permeable membrane by
high pressure, and thus, water is filtered (Manju and Sagar 2017). The demerits of
these processes are that it consumes a high amount of energy and also has a huge
carbon footprint (Abdelmoez et al. 2014). Solar stills are good alternatives to reduce
the carbon emissions but they can be established where the demand of water is less.
Again, the maintenance cost is high and there are additional costs if the water has to
be supplied for long distance. 0.86 kWh/m3 energy is used to desalinate the water
with salinity 34,500 ppm, but the plants use 5–26 times more than this depending on
the type of process used. In isolated places, where there is no good accessibility to
electricity, plants operated by renewable energy can be established. These plants can
be run using solar, wind or tidal energy to produce electricity for desalination plants
(Manju and Sagar 2017) (Fig. 11.1).

Establishing desalination plants seems to be a good option in water crisis condi-
tions, but it has a severe impact on the ecological environment. Manymarine animals
get entrapped and killed, while the water is being drawn. Also, it produces air pol-
lution and a large quantity of waste streams containing the cleaning waste, heavy
metals from corrosion and brine solution. It is essential to dilute and treat this waste
before disposing into the seawater (Manju and Sagar 2017; Kim et al. 2011).

There have been many cases of water crisis faced in different countries. Here are
some identified case studies (Table 11.1).

Desalination

Thermal 
process

Multistage 
flash (MSF)

Multiple Effect 
Distillation 

(MED)
Solar Stills Vapour 

Compression

Membrane 
process

Electrodialysis Reverse 
Osmosis

Fig. 11.1 Classification of the desalination processes of water
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Table 11.1 Extreme water crisis and faced in various parts of the world and its effects

Place Period Population
affected

Reason Effects Mitigation References

Chennai,
India

2019 Drought Drying up of
all the
reservoirs
which
supply water
Water
brought to
city by train
Supply of
water by
private
tankers

Desalination
plants
Rainwater
harvesting

Dhanapal
(2019),
Guntoju
et al.
(2019)

Cape
Town,
South
Africa

2017–2018 3.8 million Constant
drought
since
2015

Declaration
of day zero
where no
water would
be supplied

Increased tariffs
and penalties
for high volume
users
Voluntary water
restrictions
Campaigns to
reduce water
consumption
Releasing
critical water
shortages
disaster plan

Enqvist
and
Ziervogel
(2019),
Miller
(2019)

Most parts
of
Australia,
especially
East Coast

1996–2009 Below
average
rainfall

Fall in crop
production,
water level
got down

Recycled water
scheme,
desalination
plant

Caball and
Malekpour
(2019)

Sao Paulo,
Brazil

2014–2015 Reduction in
cost for those
who lowered
their water
consumption
Pressure
reduction in
water supply
pipelines

Millington
(2018)

California,
USA

2012–2016 Drought Death of 102
million
forest trees
Agricultural
and
economic
losses

Groundwater
sustainability
legislation
State urban
conservation
mandates

Lund et al.
(2018)

(continued)
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Table 11.1 (continued)

Place Period Population
affected

Reason Effects Mitigation References

Istanbul,
Turkey

2006–2007 Lowest
rainfall
since
last
50 years

Cotton
production
decreased
from 2.2 to
1.093 Gton

Grants to the
farmers who are
affected by
drought
Protection of
water sources

Kayam
and Cetin
(2012)

Kenya and
Uganda

2015–2016 6.4 lakh
(Kenya)
3.93 lakh
(Uganda)

Drought Herd size
sensibly
reduced,
below
average crop
production

Increasing
water
harvesting
capacity,
Improving
access to water

FAO
(2016)

Yunnan
Province,
China

2012 6.3 million Drought Lack of
access to
drinking
water to
2.4 million
people,
reduced
income for
farmers and
agri-business

Effective
monitoring,
early warning
systems to help
decision-makers
get timely
information

Horn et al.
(2008)

11.2.4 Water Supply System in India and the Problems Faced

Urban water supplies consist of a grid network or reticulate system in accordance
with the existing street pattern of the city. In India, the majority of the cities have
intermittent water supply which means the water supply is just for few hours daily.
According to the research carried out (Vairavamoorthy et al. 2001), the case study
revealed the design engineers stated that although it was known, while designing
that a system would operate intermittently, it was designed as a continuous system.
They acknowledged that this was not the correct approach, but argued that they did
not have any alternative as there were no proper guidelines and design tools were
developed specifically for intermittent systems. The problem faced with intermittent
supply system is that the pressure maintained is not sufficient and equal at all the
places. As the supply is for limited hours, people try to collect as much water as they
can and store it for further use. So, the residents of the areas where the pressure of
water is high get more amount of water and others get less resulting in unequal water
supply even though the supply hours are the same. Also, in the time of absence of
water supply, there are chances of the addition of contaminants into the pipelines
resulting in the degradation of water quality as well as an increase in chances of
occurrence of disease.

In some of the areas of India, especially the rural ones, there is serious health
threat as many people still practise open defecation. In a case study conducted in
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four villages inBihar (Vairavamoorthy et al. 2008), sanitary checkswere carried out if
the toilet was at least 10 m away from the water supply line (which is recommended)
or not. Also, 150 supplies were sampled for TTC thermotolerant (faecal) coliforms
and TLF tryptophan like fluorescence. It was found that 18% of the samples were
contaminated by TTCs and 91% of those were within 10 m of water supply. Also,
58% of TLF were above the detection limit. Thus, such kind of places tends to have
more serious threat as they leach into the underground water supply nearby.

To avoid the contamination in water, the water must be disinfected to make it safe
for drinking. But there are numerous reasons for which the water supplies are not
disinfected, which includes the intentional absence of disinfection due to consumer
resistance for the taste that disinfected water has (Diergaardt and Lemmer 1995).

Another reason for unequal or less supply of water is leakages in the pipelines or
illegal connections. Illegal connections also result in less pressure. When the supply
is not enough, people have to rely on some other sources of water like groundwater
and they have to bear the additional cost of installing the bore wells. It is estimated
that in India, more than 60% of irrigated agriculture and 85% of drinking water
supplies are dependent on groundwater (The World Bank 2012). Also, water costing
is not equal in India. The state governments are responsible for levying the tariffs.
This results in unequal tax being paid by the residents of different cities. To meet
the increasing demand of water in water-stressed cities of India, energy-efficient
measured must be adopted by the local governments. Energy efficiency lowers down
the cost in a longer time and results in a cleaner environment (Ray 2018).

11.2.5 Solutions for Sustainable Water Supply and Use

• 80% of the wastewater goes into the waterways without adequate treatment
(UNDP SDG:6, Facts and Figures). So, one must put the use of technologies
that reuse the wastewater (Fig. 11.2).

• Maintenance such as leak detection and repair, maintaining a minimum pressure
in the system, adequate pricing through setting tariffs, careful billing of users and
monitoring and evaluation of services provided.

• Installing water metres. A large amount of water gets lost and resulting in loss of
revenue. The metres should be automated and timely repaired. This would help
in keeping a check on the amount of water consumed.

• Providing nature-based solutions to the problems.

11.3 Urbanization

It refers to the gradual rise in the population of urban areas and shift of population
from rural areas to urban areas. Around half of the human population lives in the
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Fig. 11.2 Different levels in fighting water crisis

towns and approximately 60% of the population will be the urban residents within
two decades, globally. Every second, the urban population rises by 2 people.

• Globally, 141 million urban residents do not have access to improved drinking
water.

• Improved sanitation facilities were not in access by the one out of four city
dwellers, 794 million in total.

• 43% of South-central Asian urban dwellers and 62% of the Sub-Saharan Africa
town population resides in slums.

• In the cities like Accra which is in Ghana, the urban poor pay high about 12 times
more than richer neighbours, since they often depend upon non-public vendors
(Accra 2000).

11.3.1 Casual Factors Behind Urbanization

The foremost reasons for the rising urban population are migration of people from
rural areas to urban areas, including internationalmigration to smaller extent, enlarge-
ment or reclassification of existing boundaries of the city to incorporate more popu-
lation that were previously classified as being resident outside the city limits. These
are assessed to contribute about 60% of the region’s urban growth, while natural
increase counts for some 40% (Ichimura 2003). The higher proportion of urban-
ization is not occurring only in developed nations but also in developing nations
(Salerno et al. 2018). The driving forces for this rural to urban migration are services
and opportunities obtainable in cities.
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11.3.2 Risks of Water System in Face of Urbanization

Due to urbanization, population and construction of buildings, road enlargement
or reconstruction increase and that will eventually lead to urban flooding as more
impervious surfaces get raised. Low infiltration rate is causing due to water quality
is affected by a wide range of natural and human influences and the main source of
drinking water is from rivers. As the urban flooding water is mixing with the sewage
systems in urban areas, it leads to water run-off to rivers (Garg 2016).

11.3.3 Urban Water Management Strategies for Water
Resilience

Management ofwater is the primary feature regards to the sustainable development of
urban areas. Due to fast urbanization and dangerous weather, problems such as water
shortage, more urban floods, groundwater overexploitation, wasting of rainwater
sources and water pollution occur.

The three main causes of urban flooding are climate change, urbanization and
lack of urban planning. As more evaporation rate and extreme precipitation caused
by the climate change, it further leads to urban flooding. In case of urbanization,
impervious surface areas lead to water run-off and decreasing number of wetlands,
ponds and lakes. Improper urban planning depicts improper drainage system designs
which cause the stormwater run-off the ground and make the water more polluted
(Nguyen et al. 2019; Shafique et al. 2018).

11.3.4 Resourcing Rainwater

As population and industrialization are rising, water resources are being expunged.
In order to encounter this problem, harvesting rainwater is the better solution not
only to decrease the water demand and to attenuate the water run-off. To guarantee
the Sponge City effectively resources like the rainwater, it is essential to know the
hydrological characteristics of that area such as water surface run-off, flow time,
speed, discharge and peak time to well connect between natural water networks and
drainage systems. In this manner, the water storage capacity of urban infrastructure
can be improved (Nguyen et al. 2019).

Millions of gallons of freshwater fall on the earth each year through precipitation.
It is a solution to the problem of rising water demand, and it is for reducing water run-
off (Simhan 2018). Municipal water supply is significantly replaced by rainwater as
an alternative source. From Takagi et al. (2019), it is identified that by introducing a
standard size water storage tank, toilet water demand of 90% of four number families
can be satisfied by means of rainwater in the study area named Galle, Sri Lanka. By
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Fig. 11.3 Differences between pervious and impervious surfaces

resourcing rainwater, a tariff which is charged by the municipal corporation can
be avoided and along with that government itself will deliver the subsidy for the
construction of rainwater storage. It is the best method to follow if the water supply
is in adequate to satisfy the demand.Monthly and annual water demand was assessed
for flushing and laundry. Tank sizes are based on demands for harvesting rainwater
(Olowoiya and Omotayo 2010).

11.3.5 Changing Impervious Surfaces to Pervious Surfaces

As the rise of buildings and pavements due to population growth, stormwater runs off
the ground and with that the occurrence of urban flooding causes. The technological
remedy to address this issue is permeable pavement which is the utilization of per-
meable materials to construct ground pavement. By means of this technology, water
run-off has been reduced, groundwater is purified for urban and noise reduction and
aid rainwater infiltration, etc. Figure 11.3 shows the differences between pervious
and impervious surfaces (Nguyen et al. 2019).

11.3.6 Green Infrastructures

The objective of green infrastructures is to alleviate the passage of stormwater into
the systems of drainage(Salerno et al. 2018). The portion of roof surface areas is
40–50% out of total impervious surface areas in the urban areas. It can keep more
water than a normal roof to avoid stormwater run-off. The results show that average
run-off retention on green roof was 10–60% in all rain events (Shafique et al. 2018).
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The antecedent dry weather period (ADWP) is also considered a noticeable factor
which affects the hydrologic performance of the green roof. Poor construction of this
has an important effect on water bodies. However, additional investigations should
concentrate on the green roof construction materials, especially the substrate layer
and on the maintenance/management problems of extensive green roofs. Figure 11.4
shows the rainfall run-off management process at the site (Shafique et al. 2018).
They serve to mitigate stormwater run-off; attenuate energy utilization; alleviate the
urban heat island effect; enhance quality of air and water; improve wildlife habitat
and plant life; and boost recreational activities through green areas (Nguyen et al.
2019).

11.3.7 Wastewater Treatment

As surface water and groundwater are closely related, water run-off leads to the
contamination of both surface water and groundwater. The cost for the cleaning of
groundwater is very huge if it is polluted. So, by means of wastewater treatment
we can mitigate this issue. The techniques to achieve this treatment are ozonation,
coagulation–precipitation, biological treatment and activated carbon, reverse osmosis
(“Lenntech” 2019).

11.3.8 Ecological Water Management

Rising trend of population and industrial activities have endangered the water quality
in many areas. This new strategy guarantees that the water environment is reinstated
ecologically through a waterfront design with healthy landscapes for wildlife and
people and self-purification system. Self-purification comprises biological, chemical
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and physical processes. Among all biological process is eco-friendly and the factors
that influence self-purification of water are hydrodynamic force, soil and the third
one is plants that eliminate heavy metal pollutants, nitrogen and phosphorous and
the last one is microorganisms can help in the degradation of contaminants. The
objective of waterfront design is to integrate water system and cities to grow the
macro- and micro-urban environments (Nguyen et al. 2019).

11.3.9 Sponge City

China is taking consequences extremely. One repercussion of our warming world
is growing often and more extreme flooding. In order to encounter these problems,
a new urban water management strategy called Sponge City has been applied by
china in the year 2013 (Nguyen et al. 2019). Sponge City has been found to be of
huge value for urban resilience. The objective of this initiative is that 80% of urban
areas in China will reuse 70% of their rainwater by 2020 (World Economic Forum
2019). The four principles of Sponge City are resourcing rainwater, ecological water
management, urban permeable pavement and green infrastructure.

11.3.10 Barriers and Opportunities of Sponge Cities
Adoption

Public acceptance is one of the robust barriers in its approval. And insufficient subsi-
dies are provided by the central government because of the requirement of more and
long-term funding. So, funding from non-government organizations is very crucial.
In this case study, china central government and policymakers identified it in the long
term. So, they come with public and private partnership in this strategy to make it
feasible. The important technical troubles are deficient in a suitable simulationmodel
that incorporates the pertinent factors based on evidence for designs of Sponge City
implementation (Nguyen et al. 2019). The 30 towns comprised in the initiative have
received more than $12 billion in sponge projects funding. However, the national
government can provide funding in between 15 and 20%. And the remaining amount
of funding is from the private investors and local governments (World Economic
Forum 2019). To develop resilient, sustainable, healthier cities in the era of rapid
urbanization and climate change, urban policies and strategies will play a significant
role on promoting this concept (Nguyen et al. 2019).

Building code has been initiated in UK that assesses the sustainability of a new
home against the nine classes of sustainable design. This type of labelling targets
introducing evident criteria for buildings energy efficiency rating, delivering mar-
ket signals which support the building stock transformation towards high efficiency
(“Adaptation of urban planning: Water and energy” 2015). Table 11.2 shows the
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Table 11.2 Implications and responses of water supply in case of urbanization

Implications Responses References

Energy consumption
increases with urbanization

Installation of more efficient
appliances, i.e. water-efficient
fixtures
Adaptation of water-saving
measures

Topcu and Girgin (2016),
“Adaptation of urban
planning: Water and energy”
(2015)

Deterioration of river water
quality

Primary water treatment
plants
Strict laws for effluent to be
discharged

Astaraie-imani et al. (2012),
Kambole (2003)

Increase in water demand Recycling and reuse
Rainwater harvesting
Dual flush toilets
Water leakage reduction
programmes
Installing water metres

Simhan (2018), Mukheibir
(2007, 2008)

Decrease in groundwater
level

Technological use in water
transfer, Induced recharge
and collecting more water

Giordano (2009)

Surface water-run off Wastewater treatment Lenntech (2019)

Urban flooding Urban planning
Government subsidies to
implement mitigation
strategies

Nguyen et al. (2019)

Low infiltration rate Green infrastructures
Construction of pervious
areas

Nguyen et al. (2019)

implications and responses of water domain in the face of urbanization.

11.4 Climate Change

11.4.1 How Is Climate Change Impacting Water Cycle?

The water cycle designates the movement of water from the surface. Water evapo-
rates from the land, sea and condenses into snow or rain in clouds which ultimately
comes down to earth via rain and snow. Climate change strengthens this cycle as the
temperature of air rises, more water gets evaporated and hot air can grip more water
vapour which further leads to heavy forceful rainstorms, causes problems such as
dangerous flooding in coastal groups around the earth.
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11.4.2 Effects of Climate Change on Available Water

Climate change effects on available water are much hard to forecast because many
are combined. If the temperature rises, there will be more transpiration from plants
and evaporation from the soil and water flow will be weakened in rivers or seep into
underground aquifers. If precipitation is highly severe, more proportion of water will
flow into grounds as floods or deeper groundwater gets infiltrated through the soil.
Variations in the carbon dioxide concentrations, rainfall, temperature will influence
land use and plant cover which will in turn considerably affect the water behaviour
when it falls as rain (Muller 2007).

Singh and Kumar (2015) assessed the climate change thresholds for water
resources vulnerability throughout India. Enumerating the reliance on future water
availability on changing climate is critical for water resources management and
planning in water-stressed countries like India.

And the impacts due to anthropogenic activities also been considered—changes in
land use, for instance, thewater availabilitywill also be affected by cropping systems.
Hence, it is clear that the forecasting of stream flows and groundwater regimes under
climate change scenarios is an ambitious undertaking (Muller 2007).

11.4.3 Climate Change Implications on Water Supply:
Drought and Flood

Around 40%of theworld’s population liveswithin 100 kmof coast (Sedac 2017).Out
of which many are water-stressed and experiencing fast population growth. These
areas are facing the problem of sea-level rise may become unsuitable for living in,
shifting populations and forcing them to secure the water resources due to saltwater
intrusion. This is of specific concern for small low-lying islands and very low land
nations like Bangladesh. Groundwater levelsmay rise, where long-term rainfall rises,
alleviating the natural purification processes efficiency, rising infectious disease risks
and toxic chemicals exposure. Climate variability is already a danger to sanitation and
water supplies. Due to climate change, floods and droughts are occurring frequently
in many places. Floods can have disastrous results for basic water infrastructure. It
even takes years to repair the infrastructure which is affected by flood (World Health
Organization 2009; Kayam and Cetin 2012).

There are three types of drought. One is meteorological drought which is in
relation to rainfall, estimating degree of dryness (by comparing with local average)
and dry period duration. This type of drought is more specific to a region as average
rainfall might change spatially. Second type is hydrological drought which affects
streamflow, soil moisture, levels of reservoir and lakes, groundwater discharge by
reduced precipitation (UCUSA 2019). Thirdly, physiological drought articulated as
water deficiency that adversely impacts the production of crops (Střelcová et al.
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2009). US drought monitor has been producing weekly maps for the conditions of
drought since 1999 to mitigate the effects (UCUSA 2019).

The indirect effects of climate change on water supply and sanitation comprises
energy interruption impacts, growing the unreliability of piped water and sewerage
systems. Droughts can occur randomly, worldwide and become more frequent with
climate change. Falling groundwater tables and decreased surface water flows can
lead to desiccation of wells, increasing distances that necessarily be travelled to col-
lect water, and rising pollution of the water source as temperature increase leads to
lesser levels of dissolved oxygen in the water. Henceforth, the insects, fish and other
types of aquatic animals that depend on oxygen would be in stress. Other reasons
for alleviation in water quality due to climate change are increased run-off as more
precipitation happens (“Water andClimate change” 2018) In response, drilling rigs—
which are utilized to rise access—may be renewed or replaced out of service wells,
slowing progress in extending access. Climate change is not occurring separately.
Challenges like other sector’s water demands may worsen its impacts. These effects
were alleviated by rising the wastewater reuse for agriculture (World Health Orga-
nization 2009). Single measures like leakage minimization, management of demand
have significant potential in contributing to both adaptation of technologies and mit-
igation of adverse effects to increase resilience. In response to the multiple adverse
effects, improved planning events and the development and use of technologies will
give support.

To determine the water availability, the adaptive capacity of sanitation services
and water supply, vulnerability, management and technology interact with local con-
ditions such as demand. For both sanitation and water supply, conferring to their
climate change resilience technologies were classified, considering both vulnerabil-
ity and adaptive capacity. This classification was founded on published literature
information, a web-facilitated questionnaire survey and a series of semi-structured
interviews. More investigation is necessary to further enhance these categories and
consider multiple source use (World Health Organization 2009).

11.4.4 Climate Change Implications on Lakes and Rivers

Climate variability and rising global temperatures will increase the harshness and
occurrence of dangerous storm events.Due to rising temperature, there is an exponen-
tial rise in the atmospheric capacity to hold moisture which leads to higher capacity
in the events of precipitation and floods. Ambient air temperature may cause fluctu-
ation in water temperature thereby causing a variation in different water parameter
values which in turn affects the bio/physico-chemical equilibrium of aquatic envi-
ronment such as metabolic activities of aquatic species and determines the solubility,
availability and toxicity of certain bioactive compounds.

Across the nation, evaporation from lakes and reservoirs gets increased due to
hotter temperatures, balancing increases in precipitation in some regions and mag-
nifying cuts in western areas. Reservoirs on the Colorado River previously lose
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1.8 million acre-feet of water due to evaporation is about 13% in river’s annual flow
in an average year (“The impacts of climate change on rivers” 2017).

Rising temperature and warm weather conditions due to climate change increase
the nutrient load in rivers and lakes (Kumar and Taneja 2018). Nutrient load changes
are linked with transport rates of sediments and surface run-off, which are affected
by climate change (Todd 2015). Climate change will increase mosquito-virus borne
disease due to increased intensity of close contact between humans and spoiledwater.
Climate change enhances genetic changes in bacteria and allows them to live in water
(Kumar and Taneja 2018).

Figure 11.5 shows the linkages between climate change, water supply and
urbanization implications.
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Fig. 11.5 Direct and indirect indicators between climate change, urbanization, water supply
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Table 11.3 Water technology resilience to climate change by 2030

Group 1: Potentially resilient to all expected
climate changes

Utility piped water supply
Tube wells

Group 2: Potentially resilient to most of
expected climate changes

Small piped systems
Protected springs

Group 3: Potentially resilient to limited
climate changes only

Dug wells
Rainwater gathering

Technologies characterized by Joint
Monitoring Programme (JMP) as not
improved drinking water sources

Unprotected dug wells Unprotected springs
Carts with small tank or drum
Surface water (rivers, dams, lakes, ponds,
streams, canals, irrigation channels)

Source World Health Organization (2009)

11.4.5 Climate Change Adaptation Strategies

Ziervogel et al. (2010) focussed on the facilitation of adaptation of climate change
within urban water sector in the area of Cape Town. This study suggests government
support and commitment is needed in support of water supply adaptationwith respect
to climate change implications. Important factors that inhibit the implementation of
strategies for climate change implications are lack of local capacity, running cost of
most of the strategies, low financial resource base to cover the capital (Mukheibir
2007).

The adaptation strategies or responses for climate change impacts in supply side
and demand side are education programmes on water conservation measures, use
of greywater, utilizing saline water in toilets, local water resource management and
monitoring, artificial groundwater recharge, household-level rainwater harvesting,
dual flush toilets, water leakagemitigation programmes at distribution and household
level, regional water resource planning, conjunctive use of surface and groundwater,
initiation of tariff structures for alleviating water demand, groundwater desalination
and changes in agricultural management practices (Mukheibir 2007, 2008).

FromBertule (2018), climate change adaptation strategies in addition to the above
ones are shifting the time of use, water metering, water re-allocation, water savings
requirements in building codes, natural wetlands, solar water distillation, water recy-
cling and reuse and soilmoisture conservation techniques. Table 11.3 shows thewater
technology resilience to climate change from World Health Organization.

11.5 Conclusion

Rapid urbanisation is seen not only in developed countries but also in developing
countries. Urbanisation indirectly contributes to climate change. Major results of cli-
mate change are droughts and floods which lead to extra stress over water utilization
andwater supply issues.Many of the cities are facing issues related to thewater crisis.
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Insufficient rainfall or drought is the main reasons for it. Responses for the sustain-
able use of water can be rainwater harvesting, reusing the water, good water policy
planning, water tariffs and incentives. Technological advancements like establishing
desalination plants can be an alternative but they have ecological impacts and other
limitations. Climate change also leads to deteriorating water quality. Rising tem-
perature and warm weather conditions due to climate change increase the nutrient
load in rivers and lakes. Climate change will increase mosquito-virus borne disease
due to increased intensity of close contact between humans and spoiled water and it
enhances genetic changes in bacteria and allows them to live in water. Overutilization
of water, depleting groundwater, low infiltration rates of lands which lead to urban
flooding are some of the impacts of urbanisation. These problems can be handled
by proper planning by the government, smart planning of cities, technological use
and public awareness. The responses identified and enumerated from the literature
to mitigate the impacts of climate change are education programmes on water con-
servation measures, use of greywater, utilizing saline water in toilets, local water
resource management and monitoring, artificial groundwater recharge, household-
level rainwater harvesting, dual flush toilets, water leakage mitigation programmes
at distribution and household level, regional water resource planning, conjunctive
use of surface and groundwater and changes in agricultural management practices.
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Chapter 12
Climate Change—Implication on Water
Resources in South Asian Countries

Atul Srivastava, Anjali Singhal, and Pawan Kumar Jha

12.1 Introduction

South Asian countries extend between the tropics (Cancer and Capricorn). The geo-
graphical territory of South Asian countries from the northern Himalayan peaks
(Bhutan and Nepal) to the Indian Ocean in the south (India and Sri Lanka) and
Hindu Kush (Afghanistan) in the west to the vast delta of Sunderban (Bangladesh) in
the east, (Adhikari 2014; Kumar et al. 2017; Das et al. 2015). Everyone needs water
to survive. Water is used for irrigation of crops, fulfills the requirements of industries
to generate energy, and consumption for household purposes. South Asian countries
are highly populated and having large networks of rivers that flow down from the
great range of mountains and the large North Indian Plain basin aquifers. North
Indian Plain is the most fertile alluvial plain of South Asia region. It mainly supports
agriculture activities and nourishes billions of people. The two largest economies of
South Asia, India and Pakistan, are water-scarce and many areas, including major
cities, lack piped water supply system.

In South Asia region, the gross domestic product (GDP) is 7.0% at the present
time and will increase in the near future. For enhancing the gross domestic product
growth of the region, the contribution from the export and agriculture sector should
be increased to attain sustainable economical growth.Water availability is going to be
a key factor for the GDP growth rate and it may suffer a decline due to water deficit in
future decades (Artuc et al. 2019;Kumar et al. 2013). Thiswater deficit conditionmay
force migration of large populations from one geographic area to another leading to
more socioeconomic problems in the region (United Nations-WATER). South Asian
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regions are prone to a vast variety of natural hazards, including floods, earthquakes,
landslides, cyclones, and tsunamis, which put extra burden over the economy and
natural resources present in the region (Mani et al. 2018; Seth et al. 2019).

12.1.1 Effect of Climate Change on Water Resources

The overall impact of global warming on water resources is shown as a flow diagram
in Fig. 12.1. Global warming affects the melting of glaciers and polar ice which
leads to increase in seawater level (IPCC 2014). An increase in the seawater level
will affect the population residing in the coastal areas of South Asian countries. The
large section of population residing in these areaswill have tomigrate to other regions
which will create a socioeconomic crisis in the region (Ahmed and Suphachalasai
2014; Bush et al. 2011; Patel et al. 2019; Singh et al. 2020). The change in the
precipitation pattern due to global warming can result into lesswater supply in certain
part of South Asian region. This decline in water supply will result in low agricultural
productivity, shortage of food grain in the region, and resultant population migration
(Shah and Lele 2011; Hirji et al. 2017; Rahmasary et al. 2019; Mukherjee et al.
2020).

Fig. 12.1 Schematic diagram showing interlinked relation of climate change
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The increase in temperature may result in higher precipitation in certain parts of
South Asian region due to the increased supply of moisture from the evaporation
and evapotranspiration processes. This excess precipitation when combined with
the meltwater from glaciers can increase the overall water discharge and sediment
carrying capacity of rivers present in the region (Asia-Pacific water forum, ADB
2013). The change in the precipitation pattern map in the South Asian region from
2003 to 2018 is given in Fig. 12.2. The global warming may result in the shrinkage of
glaciers or its disappearance therefore reducing the flow of glacier-fed rivers during
the dry season (Turer andAnnamalai 2012; Hirji et al. 2017). The rate of urbanization
is also increasing, andwith the expansion of urban areas,more andmore surface areas

Fig. 12.2 PERSIANN-CCS, Annual Rainfall from 2003 to 2018. Source Centre for Hydrometeo-
rology and Remote Sensing, University of California, Irvine-UCI
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are getting impervious due to which we have increased in surface runoff and decrease
in the groundwater recharge (Field 2014; Ray et al. 2015).

A recent regional study estimates that the storage volume in the first 200 depths
of the Indo-Gangetic Basin (IGB) aquifer is almost 30,000 km3. This is nearly 100
times the total constructed surface water storage (dams, reservoirs, and tanks) in the
region (Ahmed et al. 2018). Also, its storage capacity is far more than the sum total
of the annual flow of many large rivers such as Brahmaputra, Ganga, and Indus. The
quality of IGB aquifer is deteriorating because of unscientific management water
flow that leads to long-term losses in socioeconomic sector (Aryal et al. 2019; Alam
and Huq 2019). The main objective of this paper to find out the answers to some of
the questions like, what is the importance of water in the South Asian region and on
its GDP? How climate change affects the water resources of South Asian countries?
What are the present and future scenarios for the management of water resource in
South Asia region?

12.2 Countries Profile on Water Resources, Climate Risks,
and Uncertainty

12.2.1 Bangladesh

Bangladesh is having a rich network of rivers; however, most of the rivers that flow
in Bangladesh originate from mountain ranges located in neighboring countries.
Bangladesh is the last points for the rivers like Ganga, Brahmaputra, and Meghna.
As a result, most part of Bangladesh is deltaic, floodplain, and wetland area. Approx-
imately, 93% of the annual runoff of Bangladesh is coming from neighboring coun-
tries. Bangladesh faces lots of conflicts with its neighbor countries for the allocation
of river water (Mukherjee et al. 2019; Ravenscroft et al. 2018). Ganga, Brahmaputra,
and Meghna (GBM) are three main rivers of Bangladesh. During the rainy season
(July–August), the combined peak flow of GBM varies from 80,000 to 140,000 m3/s
(WARPO 2001; Zevenbergen et al. 2018; Akanda 2019).

Bangladesh water resources will face more stress and problem due to changing
climate. Some problem is discussed below:

1. The increase in the meltwater from glaciers due to global warming results in
more water flow in Ganga and Brahmaputra rivers (Lacombe et al. 2019).

2. Increase in the precipitation as predicted bymost of the climatic andmeteorology
models in Bangladesh. This increase precipitation will result into the increase in
surface runoff and more flood-related disaster increase (Haigh et al. 2018; Singh
et al. 2019).

3. Rise in sea level will increase incidences of coastal flooding. There will be more
waterlogged in these rivers; thus, there will be prolonged riverine flooding. This
is adversely affecting agricultural land and residential area leading to the greater
socioeconomic burden on the country.
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4. Climate change is a global-scale phenomenon that governs the rhythmic oscil-
lation circulation pattern of the ocean system. Due to change in this pattern,
catastrophic hazards like cyclone will affect the coastal areas of Bangladesh and
most of the mangrove will be completely submerged after sea level rise (Kumar
et al. 2018).

12.2.2 Bhutan

Bhutan is extended between the Tibet, India, and Southeast Asia. Bhutan is well
known for its abundance of water resources, although the country facing water
scarcity at the local level due to improper management of water resources. The
areas that have reported water scarcity are Trashiyangtse, Trashigang, and Trongsa
and also some parts of South Bhutan. Most of the rivers of Bhutan originated from a
great and mid-Himalayan part. The Bhutan average water flow is 73 billion m3/year
(Amrith 2018). Irrigation and drinking water demands are mainly full filled by small
rivers and canal, but in Bhutan, unsustainable consumption of river watermakes them
dry in some season. According to a recent report in the Great Himalayan range, 24
glaciers aremelting at higher rate and poses flood hazard risk for Bhutan (Turner et al.
2017). The melting ice from retreating glaciers is increasing the volume of water in
glacial lakes. Bhutan is also famous for tourism flash flood that will destroy the flora
and fauna of the country and will affect the tourism and livelihood of people. Most
of the electricity generations in Bhutan are based on hydropower, and any change in
the water resource availability will affect the electricity generation (Mahanta et al.
2018; Sovacool et al. 2016).

12.2.3 India

India is the second highest populated country in the world. Most of the population is
dependent on agriculture for livelihood. A vast area of agricultural lands is dependent
on rainfall during monsoon season. Composite Water Management Index (CWMI)
report states that 21 Indian cities (Delhi, Bengaluru, Chennai, Hyderabad, Maha-
rashtra, Tamil Nadu, and others) are having declining groundwater level and will not
have any groundwater left for use by 2020, affecting 100 million population residing
in these cities. Due to current water scarcity, farmers commit suicide and lakhs of
people die every year due to contaminated drinking water (Niti Ayog 2018). India
receives 4000 billion cubic meter water per year from precipitation. An additional
500 billion cubicmeterwater is received by India fromneighboring countries through
rivers flow. A total calculated amount of replenishable groundwater is 1868 billion
cubic meters per year (Singh et al. 2018; Vinke et al. 2017). India is also facing the
problem related to climate change. Changing climate conditions have affected the
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precipitation pattern of India due to this some states receive an excess of precipi-
tation while others receive negligible. Flood and drought are directly affecting the
water resources of the country. A governing body National Water Mission, which
is a branch of the National Action Plan on Climate Change, is indicating threats to
Indian water resources that are discussed below:

• Lots of studies indicate that the glaciers of the Himalayan range are melting
rapidly that will affect the river water flow in glacier-fed rivers.

• India is surrounded by three large water mass bodies (Arabian Sea, Indian Ocean,
and the Bay of Bengal) that govern the Indian monsoon. Due to increases in sea
surface temperature and uncertainty of climate,monsoon in India becomesweaker
and stronger. This directly impacts on precipitation.

• Some time due to cyclonic activity, India faces torrential rain that leads to the
flood hazards.

• Changes in precipitation pattern and evapotranspiration directly affect groundwa-
ter recharge (increasing urbanization with time has also adversely impacted the
groundwater recharge).

• Melting of glaciers has increased water level in the sea, which results in the
flooding of coastal areas with seawater and increases groundwater salinity.

CWMI is an innovative program launched by NITI Aayog for managing, moni-
toring, and making policy for cities which are facing water crises. CWMI is the first
integrated water data set for India. Basically, it is a tool in which indexing of different
cities and states takes place on the basis of different criteria:

(1) It analyzes the current situation of water resources in cities and project data for
setting up a benchmark for better performance.

(2) CWMI evaluates themethods used by the cities to solve their water crisis-related
issues and also categorized them according to their achievements. Cities with
high achievements serve as a benchmark for other cities and government award
them by giving some incentive. CWMI also encourages competition among the
states for achieving incentives.

(3) This is a tool for grading the states on the basis of cities that require higher
concern and higher investment. Apart from that NITI Aayog is also mak-
ing an inventory of the water resource available in the country for its better
management.

12.2.4 Nepal

Water resources are abundant in Nepal. Nepal is having approximately 6000 rivers
with a total catchment cover area of 191,000 km2 (Devkota and Gyawali 2015).
Nepal is facing threats of climate change. Global warming results into increased in
the rate of Himalayan Glaciers melting (Sherpa et al. 2019).
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Glacier melting is the highest threat to Nepal. Most of the parts of Nepal lie in the
mountain range and are at the originating point of rivers. Glacier’s melting results
in the increase the volume water and greater flow velocity in the mountain rivers.
This might lead to increase in landslide and rock slides. The major source of water in
Nepal is meltwater present in rivers, and if these glaciers disappeared due to global
warming it will have a large impact over agriculture, tourism activities and livelihood
of the population residing in the country (Budhathoki et al. 2011).Melting of glaciers
may also result in the formation of artificial glacier lakes in the Himalayan region,
which may burst and results in the flash flood in the human settlement areas (Lala
et al. 2018; Ives et al. 2010).

12.2.5 Sri Lanka

The main sources of water in Sri Lanka are rainwater and permanent water bodies
like river, lakes, reservoir, and wetland. Precipitation is affected by climate change,
thereby increasing pressure on inland water resources. Apart from climate change,
there are multiple factors contributing to water stress in Sri Lanka (Schulz and
Kingston 2017). Sri Lanka is an island nation. Since it is surrounded by the Indian
Ocean, the intrusion of saltwater into the groundwater is a major problem. Excess
of groundwater is extracted near coastal areas for various activities including agri-
cultural and domestic requirements. This has lowered the water table and converted
many perennial rivers into seasonal rivers due to decrease in the groundwater con-
tribution in the base flow. Due to the expansion of urban area, impervious surface
has increased, thereby lowering the groundwater recharge. Anthropogenic activi-
ties pollute the surface water due to discharge of untreated sewage and industrial
wastewater and runoff from agriculture and urban areas into the river, lakes, and
pond (Udayakumara and Gunawardena 2018).

12.2.6 Afghanistan

Afghanistan is not self-sufficient for its water need, but also gets affected by the
neighbor’s water consumption. It is a landlocked country that shares four out of its
five rivers’ basins with other states. It only uses a small proportion (around one-third)
of water from the four major rivers that flow into neighboring countries that originate
here. In Hindu KushMountains, glacier height of above 2000 m, provides the bulk of
water resources, and therefore, it is considered as the key importance to the country
for the storage of natural water (UNFCC 2018).

Glaciers start freezing when temperature is down (winter) and melt when temper-
ature rises (summer). When the snow melts, it contributes water flow in the rivers of
Afghanistan. Amu Darya is main glacier-fed river of Afghanistan which contributes
55% of Afghanistan water resources that are originated fromHindu KushMountains
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(Aich et al. 2017). Due to an increase in the earth’s average temperature, melting
of Afghanistan glaciers increases. Large glaciers of central Asia Mountains have
been reported to be shrinking, and the small glaciers have been reported completely
melted which affects the wetlands and the flow of rivers in the country. Figure 12.3
shows the shrinking of Sistan wetland from 1993 to 2005. Sistan wetland is fed by
Helmand River, and satellite imagery study indicates that most of its area gets dry in
the year 2005 (Fig. 12.3).

Due to the dryness of Sistan wetland, most of the flora and fauna got affected
and the whole ecosystem of wetland collapse. Due to dryness of Sistan wetland,
waterfowl’s population decline rapidly. 150 species of waterfowls are reported in
this area but due to drying up of Sistan wetland, most of the species not remain
today (UNEP 2006). In Afghanistan, approximately 80% population depends on the
agriculture sector.Climate change changes the pattern of precipitation and also causes
the glaciersmelting due to this irrigation system get affected and crop productionwill

Fig. 12.3 Sistan wetland and Hamoun area dryness from 1993 to 2005. Source Google Earth
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decline, and Afghanistan GDP will also decline (Afghanistan Online Afghanistan
Online 2018).

12.3 Climate Change and Issues Related to Water Resource
Management

Sustainable management of surface and groundwater is a critical challenge for South
Asia’s growth and livelihoods. The first key component of the challenge is the avail-
ability of reliable supply of water for different purposes (e.g., domestic supplies,
agriculture, energy generation, cooling water for thermal plants, industrial produc-
tion, livestock, ecosystems). Proper recycling and reuse of graywater (“waste”waters
that result from different uses) are also required (Owusu and Sarkodie 2016; Souza
et al. 2015). The second component is variability, including managing the changes in
volume, timing, and frequency of supplies, to minimize the impact of natural hazards
like floods, droughts, and storms. The South Asian country’s economy and per capita
water availability is given in Table 12.1 (FAO, AQUASTAT 2017). India, the South
Asia’s largest economy and the most populous nation, has lower per capita water
availability while Pakistan, the second-largest economy, has the lowest accessibility
of water to its people (Berrang-Ford et al. 2015; Mertz et al. 2009).

12.3.1 South Asia’s Transboundary Water Management

Five rivers of South Asia, Ganga, Brahmaputra, Meghna, Helmand, and Indus, give
a major contribution to South Asian water resources. Brief introduction of these
rivers is given in Table 12.2. The decline in GDP of South Asia due to water stress
condition might affect the new irrigation projects, income, human well-being, and
damages to the human settlements and infrastructure (Howard and Howard 2016).
As per some studies, the demand for water is going to be double in some parts of
this region by 2030, leading to increase in the water stress condition the South Asian
region (Zeitoun and Warner 2006). The Ganges–Brahmaputra–Meghna (GBM) and
the Indus basins drain about half the South Asian region by area. Ganga is the most
exploited river for irrigation in the Indian region. The glaciers are a major source of
water in the rivers such as Indus and Ganga, and the seasonal changes in this area
are the key driver of the river’s flow (Hanasz 2017). The Helmand River shared by
Afghanistan and Pakistan also originates from the high mountains. In groundwater
terms, the transboundary Indo-Gangetic Basin (IGB) alluvial aquifers underlie most
of Pakistan, northern India, southern Nepal, and Bangladesh and are among the most
productive aquifers in the world (Rai et al. 2017; Giordano and Wolf 2003).
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Table 12.2 Brief Introduction of major Rivers of South Asia

Total surface area
of rivers (km2)

Annual mean
flow (km3/year)

Annual mean
runoff (mm/year)

Flowing
countries

Ganges 1,087,000 525.32 483 India, Nepal,
Bangladesh

Brahmaputra 552,000 624.78 1132 Bhutan, India,
Bangladesh

Helmand 306,500 15 45 Afghanistan,
Pakistan

Meghna 82,000 161.0 1963 India,
Bangladesh

Indus 1,165,000 207.0 178 India,
Afghanistan,
Pakistan

GBM 1,721,000 1311.19 762 India, Nepal,
Bhutan,
Bangladesh

Source SAWI, World Bank (2018)

12.3.2 Climate Change: Management Risks and Future Costs

The climate change losses will cost 1.8% of GDP of South Asia by 2050 and pro-
jected to grow up to 8.8% in 2100 if we assume the current scenario of greenhouse
gas emission (Ahmed and Suphachalasai 2014). Countries that depend mostly on
agriculture will be facing huge loss due to climate change because agriculture totally
based on climatic condition. Poor countries will be also affected due to lack of tech-
nology to predict natural hazards for reducing the infrastructure, life, and property
loss. The climate change will have substantial impact over South Asian economy
with worse effect will be on Nepal, Bangladesh followed by India and Bhutan if the
average temperature rises within 2 °C (Jongman 2018; Sayers et al. 2018). A recent
case study suggested that in India the productivity of crops is being decreased due to
climate change which results in the increase in the poverty of the country. It was also
reported that the decrease in productivity of staple crop may cause loss of US $208
billion by 2050 and if unabated the losses can grow up to US $366 billion in 2100
(Chaturvedi 2015; Jung et al. 2018). Economic impact assessment (EIA) analyzed
that uncertainty of climate affects the agriculture and hydropower sector because of
change in the pattern of precipitation (Schäfer et al. 2018). The EIA estimates climate
change to have a direct cost to GDP of 1.5–2% (US $270–360 million/year in 2013
prices) per year rising to a GDP cost of 5% per year in extreme years (Arent et al.
2015). Bangladesh would experience these impacts through declines in agricultural
production as well as through loss of land availability due to melting glaciers that
cause sea-level rise (Barnosky et al. 2012).
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12.3.3 The Present Strategy of South Asia’s Water Resources
Management

• Developing reliable supplies for meeting growing domestic, industrial, and
agricultural water demand and energy use.

• Promoting sustainable use, protecting water quality, and managing watersheds,
aquifers, lakes, and wetlands.

• Systematic planning, development, andmanagement to address the systemic risks
emerging of.

• Water-related disasters, i.e., droughts, floods, sedimentation.
• Promoting collaborativemanagement of sharedwaters across districts, river basins

and aquifers, states and provinces, and nations.
• Integrating water policies and actions with those outside the water sector

(environment, land use, energy).

12.4 Role of the Different Institution for Water Resource
Management

12.4.1 Role of Global Water Partnership (GWP)

GWP works with integrated water resource management (IWRM). The main func-
tion of the institute is to manage water- and land-related natural resources with an
integrated approach that enhances the strength of social and economic and environ-
ment factors without compromising sustainability principle (Table 12.3). In areas of
water stress, several adaptations for interventions could consist of (Mollinga 2006;
Giupponi and Gain 2017).

• Limited consumption of water at the time of shortage.
• Reuse of wastewater discharged from industrial and agricultural production.
• Increased collection and storage of surface runoff.
• Recycling and reuse of wastewater after treatment.
• Desalination of salty or brackish water.
• Better recharge systems, monitoring, and use of groundwater resources.
• Rainwater harvesting to augment availability and increase groundwater recharge

capacity.

In areas where water quality is affected, possible measures are:

• Improvements in drainage systems to reduce the mixing of different water types
(blue, green, and gray).
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• Upgrading or standardization of water treatment at different levels and scales.
• Better monitoring for variation in the quality of water.
• Special measures should be taken during high precipitation seasons to manage

impacts on water quality.

12.4.1.1 Water Management Plan in Bangladesh

From 2012, Global Water Partnership organized numbers of workshop, college
courses, trainings, conferences for encouraging sustainable water management. Data
shows that thousands of participants attend these events all over theworld and learned
the basic principle and application of integrated water resource management (Global
Water Partnership (GWP) 2018). According to Alauddin Ahmed Choudhury, who
is the Deputy Team Leader of the Bangladesh Delta Plan 2100 formulation Project,
“more than 200 water management expert’s starts the trainings in different parts of
Bangladesh to protect the rivers basin under the Bangladesh delta plan 2100.” Many
IWRM centers have been established and managed by local engineer of the coun-
try to facilitate the implementation of small-scale irrigation projects. The southwest
region IWRM is operated and managed by Bangladesh Water Development Board
(Islam et al. 2019; Zegwaarda et al. 2019).

12.4.1.2 Urban Water Planning in Rajasthan, India

Most of the populationmigrates toward the urban area. So it is compulsory to provide
drinkingwater to all people in a healthy and safer way. Themain role of the integrated
urban water management monitoring, planning, and designing urban water system
for fulfilling the Sustainable Development Goal (SDG-6). Local governing body
for sustainability has been working to develop and implement integrated urban water
management (IUWM) action plan for Kishangarh Town, Ajmer District of Rajasthan
with the help of European Union Fund (EUF) and International Council for Local
Environmental Initiatives (ICLEI). In 2017, GWP India provided financial support to
update the existing plan and apply the IUWM toolkit in a pilot project focused on the
collection of household waste and composting. To enhance the capacity of the urban
local authority and to showcase the adaptability of the approach is the main aim of
this program. After conducting a fact-finding study, the partners organized a series
of training and capacity building workshops for stakeholders from local govern-
ment offices, non-governmental organizations, municipal contractors, and sanitation
workers. These events along with additional training courses on sanitation and waste
collection gave stakeholder an innovative practice water management. If the pro-
gram will achieve its objectives, then it will encourage other city to adopt these plans
(Dillon et al. 2018; Pingale et al. 2016).
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12.4.1.3 Kabul and Kunar Basin Development

Afghanistan and Pakistan are two neighboring countries. Kabul and Kunar basin
development creates a strong system within the governments of these two countries
for the establishment of law, regulation, and norms for transboundary water and basic
facilities, to provide communication between the two nations and to increase mutual
understanding on the development andmanagement of theKabul River Basin (KRB).
Several agendas have been developing to build up the relationships between coun-
tries with riverbank in the Indus Basin region. For future growth and development,
numbers of the seminar, workshop, and internship program will be conducted that
will make an international relationship more strong (United Nations-WATER 2017;
Rai et al. 2017). This program helps to consumption water of both river and creates
hydropower plant for energy securities.

12.4.2 South Asia Water Initiative (SAWI)

SAWI worked in basin management of three rivers Indus, Ganga, Brahmaputra that
contain seven countries detail information about this organization in Table 12.3.

12.4.2.1 Indus Basin Management

In 2013, theWorld Bank started a conversation with those countries which are part of
Indus River Basin (IRB) countries. For the participant of conversation, Indus Forum
programwas launchedwith the objective to create credence for establishing a positive
ecosystem for basin wise co-operation. Indian River Basin along with the Indus
Forum makes an agenda that focuses on technical collaboration on the issues which
are earlier explained by the Indus Forum. Along with these other initiatives such
as Atlantic Council Indian-Pakistan Dialogue, Upper Indus Basin (UIB) Initiative,
and Institutes such as International Centre for Integrated Mountain Development
(ICIMOD) Himalayan Adaptation, Water and Resilience project promote the faith
among the participating countries (SAWI-World Bank 2018).

12.4.2.2 Ganges

Ganges Basin Plan—For maintaining the river health of Ganga, India developed
a comprehensive river basin model. Ganga basin is the most fertile basin of India,
so it is necessary to make this river pollution-free and increases its ecological flow
to meet the consumption of water and supports river, lakes, canal, waterway nav-
igation (Wahid et al. 2016). Ganges Basin Plan integrated and collaborated with
different government ministries that operate numerous important schemes such as
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Ganga Action Plan, Namami Gange, National Groundwater Management Improve-
ment Project (MIP), National Ganga River Basin Project (NGRBP), and the Uttar
Pradesh Water Sector Restructuring Project (Srinivas et al. 2019).

Ganges Basin Development Plan—This program was launched to develop a
river basin model for India and Nepal. This model requires some technical support
to make basin-wise dialogue for hydrologic water resource modeling. Ganges basin
made the most fertile land of India and provides agriculture and fisheries income to
millions of people. So forGangaRiver basin,modeling scientist and expert are invited
all over the world from the different technical institutions, and they are diligently
committed for the modeling in the river Ganges (Srinivas et al. 2018; SAWI-World
Bank 2018).

12.4.2.3 Brahmaputra

Brahmaputra Basin Management (BBM)

Climate change is the urgent threat for all water resources, due to glaciers melting
water level continuously increase in Brahmaputra River. More than 60% of Majuli
Island is submerged under Brahmaputra River. BBM works on remediation and
proper monitoring of climate change by creating information infrastructure of the
basinwith the help of climaticmodels and also finds a different alternative that invests
on BBM project for basin development (Fischer et al. 2016). This program analyzes
the scenario of dam failure duringmonsoon season also figures out the buffer area that
will affect by the flood. The whole work is a part of NHP—a World Bank initiative
program for water resources management and also Assam flood erosion and river
basin management activity that is initiative of the Assam government (Borgohain
2019; SAWI-World Bank 2018).

Brahmaputra Basin Development Plan (BSDP)

This scheme is developed to expand the regional contribution by providing a plat-
form to discuss and shared issues related to water. BSDP program encourages and
enables working relationships stronger between basin bank countries to optimize the
consideration of river basin management of the Brahmaputra. To achieve the objec-
tives, teamwork on the country-specific problem is with their local bodies (Barua
2018). Brahmaputra symposium organized by BSDP suggests some reliable steps
such as project team should visit the local area for the understanding of problem,
and they should also participate in national and international workshops, seminars,
conferences for the exchange of ideas and better understanding of the issue.
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12.4.3 Role of International Water Management Institute
(IWMI)

The main aim of this scientific organization is to focus on the sustainability of water
resources and issues related to its crisis. Keeping this in mind, they are working on
producing a large quantity of food by consuming less water so as to maintain equi-
librium between mankind and natural resources. Some relevant information about
this organization is given in Table 12.3.

Revitalizing irrigation—The IWMI is working on many irrigation-related plans
that can be more fruitful and sustainable for the irrigation system. An innovative
method of irrigation called canal irrigation has been introduced in many rural areas.
The canal system is based on the division of the main canal into many secondary and
tertiary canals that created a network and reach to the irrigation field. This method
has increased the production of crops and thereby possesses a profitable impact on
South Asian agriculture system (Giordano et al. 2018). A canal-based irrigated land
has shown more yield as compared to the land that depends on rainwater.

Improving agricultural water productivity—The organization is also working
on policies related to water resources that need to be modified so as to get more food
without excess exploitation of natural resources. This will help to tackle the problem
like poverty which has become a major problem in many developing countries.
They also help to promote the necessary knowledge about the time management for
planting and sowing, techniques such as drip irrigation and utilization of rainwater
for irrigation and by introducing genetically modified crops to the farmers that can be
utilized to achieve high production of crops (Shah et al. 2018). An advanced method
that is based on GIS and computer software has also been introduced which can able
to find out the current status of availability of water which will be helpful to enhance
the farm remuneration by targeting the infrastructure and establishing the security of
food in that region which cannot be accessed by any other methods (Qureshi 2018).
According to the recent report, China with a well-managed system is producing three
times more food as compared to India by minimal use of water. Furthermore, South
Asia has a strong capability to increase the yield of water as evidenced by successes
elsewhere (IWMI 2016).

Transboundary water transfers—On a global scale, IWMI focuses on
transboundary-related issues and to develop a best-suited method for policymak-
ers over sharing of water resources across the south Asian river basins. This practice
may able to develop an amicable relationship between the countries (Zhupankhan
2018). National river linking project of India was one of the biggest contributions of
IWMI on the international platform participating actively on the debate over the shar-
ing of the surface water with the neighboring country. They also provide information
to the countries sharing the common water resource that would help to achieve a
proper management system on water boundaries.

Groundwater—Groundwater is an essential source of drinking water, and hence,
its sustainable use is the prime objective of this organization. They are still working
on developing a method that is convenient for both farmers and for governmental
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authorities to develop policies. To achieve this, many technologies that can recharge
groundwater have been established in many rural areas. It will increase the level
of groundwater and hence makes it available to utilize it for irrigation purposes.
South Asia has an abundance of groundwater, yet its overexploitation and unaware-
ness cause the depletion of the groundwater table that would probably affect the
availability of water (Pavelic et al. 2018). IWMI is also working on various parts
of South Asia that have plenty of groundwater by providing suitable methods and
investment strategies. They are also organizing an awareness campaign to understand
the water-energy relationship and sustainable use of water (Ray 2018).

Environmental flows—Natural resources directly affect the quality of life in both
rural and urban areas. Hence, IWMI is committed to maintain equilibrium between
the natural systemand living being by the help of their computer-based environmental
calculator that correlates and provides information about water demand in the region.
The organization along with their local partners first time worked on environmental
flow of Ganges which is well known for its cultural as well as religious importance.
Also, they are working to fix the conflict between the collaborators for a peaceful
exchange of the trade.

12.5 Conclusions

South Asia and their water resources’ management have been studied which shows
that many factors affect the utilization of water resources. These factors depend
on individual countries, regions, and even continents. Increases in global tempera-
ture (climate change affects both surface and atmospheric) that melt the ice mass
(cryosphere), due to which there is a seasonal variation which ultimately affects the
size and duration of the monsoon that put an adverse effect on the rate of evapora-
tion and ecological flow of the river. Groundwater resources are the major source
of drinking water and for agriculture in South Asia. Nowadays, it is facing a high
risk of depletion due to its overexploitation and less groundwater recharge due to
increase in the rate of urban area growth. The poorly managed and uneconomical
use of natural resources along with the pollution created by industries and urban cen-
ters is the prime reason for climate change that ultimately affects the annual rainfall
and rise in the sea level. The uncertainty of rainfall causes catastrophic hazards that
affect the lives and economic status of millions of people. This chapter has put an
effort to understand the present scenario of water resources in South Asia and their
management policies that have been adapted to tackle the problems related to water
resources and climate change.
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Chapter 13
Attenuation and Fate of Pharmaceuticals
in River Environments

Seiya Hanamoto

13.1 Introduction

Pharmaceuticals have been widely detected in surface waters (Kolpin et al. 2002;
Kasprzyk-Hordern et al. 2008; Nakada et al. 2008). Due to the potential risk to
aquatic organisms, pharmaceuticals are recognized as contaminants of emerging
concern (Cooper et al. 2008; Boxall et al. 2012; Cizmas et al. 2015). In addition, the
presence of antibiotics in aquatic environments is possibly linked to antibiotic resis-
tance (Ågerstrand et al. 2015; Kumar et al. 2019a), which is “one of the most impor-
tant challenges to the health care sector in the twenty-first century” (Carvalho and
Santos 2016). Therefore, in order to assess their risks and aid in their management,
the environmental fate of pharmaceuticals should be modeled.

In the aquatic environment, pharmaceuticalsmay be attenuated by physical, chem-
ical, and/or biological processes. Studies on the natural attenuation of pharmaceu-
ticals during river transport suggest that rapid removal is possible for some of the
pharmaceuticals (Gurr and Reinhard). To the best of our knowledge, there are no
reviews on the natural attenuation of pharmaceuticals since the study conducted by
Gurr and Reinhard (2006; Kumar et al. 2019b). The purpose of this review is to sum-
marize recent field studies on the in-stream attenuation of pharmaceuticals along
with the controlling factors and models for predicting in-stream attenuation.
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13.2 Natural Attenuation of Pharmaceuticals in Rivers

Field studies on in-stream attenuation of pharmaceuticals are summarized in this
section. The attenuation (%) of a compound in a river stretch indicates the percentage
of the compound removed from the water parcel during transport along the river
stretch.

13.2.1 Santa Ana River, California (CA), USA

Lin et al. (2006) observed the natural attenuation of pharmaceuticals along a 12-km
stretch of the Santa Ana River (CA, USA). The average flow rate, depth, width,
and water travel time of the river stretch were 1.4 m3/s, 0.3 m, 10–20 m, and 7.5 h,
respectively. During the sampling period, flow in the rivermostly consisted of tertiary
treated wastewater. Water grab samples were collected from the surface 0.8, 1.6,
3.6, 5.6, and 12 km downstream of a wastewater treatment plant (WWTP), three
times (i.e., morning, afternoon, and night) on September 15–16, 2004. The average
attenuation and corresponding first-order decay constants in the river stretch were
94% and 0.39 h−1 for naproxen, 85% and 0.26 h−1 for gemfibrozil, and 62% and
0.13 h−1 for ibuprofen, respectively.

13.2.2 Trinity River, Texas (TX), USA

Fono et al. (2006) observed natural attenuation of pharmaceuticals along a 500-km
stretch of the Trinity River (TX,USA). The average flow rate, depth, width, andwater
travel time of the river stretch were 21–23m3/s, 2 m, 50m, and 13–14 d, respectively.
During the sampling period, effluents from WWTPs accounted for approximately
83% of the flow of the river stretch. Water grab samples were collected from the
surface at five sites on the river stretch, four times in September 2005. The average
attenuation and corresponding first-order decay constants in the river stretch were
88% and 0.0067 h−1 for naproxen, 87% and 0.0063 h−1 for ibuprofen, 83% and
0.0054 h−1 for metoprolol, and 66% and 0.0033 h−1 for gemfibrozil, respectively.

13.2.3 Gründlach River, Germany

Kunkel and Radke (2012) and Li et al. (2016) observed natural attenuation of phar-
maceuticals along a 12.5-km stretch of the Gründlach River in Germany. The average
flow rate, depth, width, and water travel time of the river stretch were 0.029 m3/s,
0.15 m, 3 m, and 2.1 d, respectively. Surface water samples were collected by an
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automatic sampler at 0.6 and 12.5 km downstream of aWWTP in July 2010 (Kunkel
and Radke 2012) and June 2014 (Li et al. 2016). Sampling was carried out for a
week, and samples collected every hour were combined to form composite samples.
A persistent chemical, fluconazole, was used as the reference compound to account
for dilution by infiltrating groundwater or minor tributaries along the stretch. The
average attenuation and corresponding first-order decay constants in the river stretch
were 95% and 0.059 h−1 for acetaminophen, 90% and 0.046 h−1 for furosemide,
70% and 0.024 h−1 for propranolol, 60% and 0.018 h−1 for diclofenac, 55% and
0.016 h−1 for metoprolol, 50% and 0.014 h−1 for naproxen, 20% and 0.004 h−1 for
sulfamethoxazole, and ~0% and ~0 h−1 for carbamazepine, respectively.

13.2.4 Steinlach River, Germany

Guillet et al. (2019) observed natural attenuation of pharmaceuticals along a 1.3-km
stretch of the Steinlach River in Germany. The average flow rate of the river stretch
was 1.7 m3/s. At the baseflow, the depth and width were 0.2 m and 7 m, respectively.
During the sampling period, the flow rate and water travel time were 0.18 m3/s and
3.5 h, respectively, and effluents from a WWTP accounted for 73–77% of the total
flow in the river stretch. Water grab samples were collected from the surface at four
sites on the river stretch, with fluorescent tracer experiments in August 2015. The
average attenuation and corresponding first-order decay constants in the river stretch
were 50% and 0.20 h−1 for diclofenac, 50% and 0.20 h−1 for metoprolol, 30% and
0.10 h−1 for atenolol, 25% and 0.082 h−1 for trimethoprim, 20% and 0.064 h−1

for sulfamethoxazole, 10% and 0.030 h−1 for primidone, 10% and 0.030 h−1 for
sulpiride, and 5% and 0.015 h−1 for carbamazepine, respectively.

13.2.5 Erpe River, Germany

Jaeger et al. (2019) observed natural attenuation of pharmaceuticals along 1.6- and
3.1-km stretches of theErpeRiver inGermany.During the sampling period, flow rates
andwater travel times of the river stretches ranged from0.50–0.71m3/s and 3.1–5.4 h,
respectively. Surface water samples were collected hourly by an automatic water
sampler for 48 h at the beginning and end on the river stretches. A persistent chemical,
boron, was used as the reference compound to account for dilution. Samplings were
conducted twice in June 2016 before and after the removal of macrophytes from a
riverbed of the 1.6-km stretch. The first-order decay constants in the river stretches
were ~0–0.10 h−1 for diclofenac, 0.02–0.09 h−1 for metoprolol, and <0.03 h−1 for
sulfamethoxazole and carbamazepine.
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13.2.6 Three Rivers in Sweden

Li et al. (2016) observed natural attenuation of pharmaceuticals along a 7-km stretch
of the Fyris River (FY), a 6-km stretch of the Rönne River (RO), and a 7-km stretch
of the Viskan River (VI) in Sweden. The average flow rates and water travel times in
the three river stretches were 2.7–6.0 m3/s and 0.6–1.1 d, respectively. Surface water
samples were collected by automatic water samplers 0.5 and 6–7 km downstream
of WWTPs in June 2014 (FY) and August 2014 (RO and VI). Sampling was con-
ducted for a week, and hourly samples were combined to form composite samples.
A persistent chemical, fluconazole, was used as the reference compound to account
for dilution by infiltrating groundwater or minor tributaries along the stretch. The
average attenuation and corresponding first-order decay constants in FY, RO, and VI
were 40–80% and 0.019–0.112 h−1 for ketoprofen, 40–60% and 0.019–0.064 h−1 for
furosemide, 5–50% and 0.004–0.029 h−1 for acetaminophen, 10–35% and 0.007–
0.030 h−1 for diclofenac, 5–30% and 0.002–0.025 h−1 for propranolol, 5–20% and
0.002–0.015 h−1 for metoprolol, ~0−5% and ~0–0.002 h−1 for sulfamethoxazole
and carbamazepine, respectively.

13.2.7 Four Rivers in Spain

Acuña et al. (2015) observed natural attenuation of pharmaceuticals along an 18-km
stretch of the PuigcerdàRiver, an 8-km stretch of theGasteiz River, an 8-km stretch of
the Citruénigo River, and a 12-km stretch of the Alcanyís River in Spain. The average
flow rates and depth of the river stretches were 0.05–2.77 m3/s and 0.09–2.19 m,
respectively, and the average water travel time ranged from 15.8 to 28.8 h. Water
grab samples were collected from the surface from four sites at increasing distances
from the discharge point of the WWTP effluent in March 2012. The average first-
order decay constants in the selected four river stretcheswere 0.43 h−1 for diclofenac,
0.41 h−1 for acetaminophen, 0.33 h−1 for atenolol, 0.17 h−1 for ketoprofen, 0.17 h−1

for carbamazepine, 0.12 h−1 for sulfamethoxazole, 0.08 h−1 for naproxen, 0.07 h−1

for trimethoprim, and 0.07 h−1 for furosemide.

13.2.8 Segre River, Spain

Aymerich et al. (2016) observed natural attenuation of pharmaceuticals along a 4-km
stretch of the Segre River in Spain. The average depth, width, and water travel time of
the river stretch were 0.22 m, 13 m, and 3.8 h, respectively. Water grab samples were
collected from the surface every 4 h and combined to form 48-h composite samples
from 0.5 and 4.5 km downstream of the discharge of the WWTP effluent in October
2012. The average attenuation and first-order decay constants in the river stretchwere
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58% and 0.21 h−1 for ibuprofen, 16% and 0.046 h−1 for sulfamethoxazole, 12% and
0.033 h−1 for diclofenac, and ~0% and ~0 h−1 for sulfapyridine and carbamazepine,
respectively.

13.2.9 Glatt River, Switzerland

Golet et al. (2002) observed natural attenuation of quinolones along a 25-km stretch
of the Glatt River in Switzerland. The flow rate and water travel time of the river
stretch fluctuated in the ranges of 3–12 m3/s and 15–20 h, respectively. Twenty-four-
hour composite samples were collected from three sites in the river stretch and eight
WWTP outlets flowing into the stretch during a 4-day period in August 2001. Amass
balance approach was used to quantify attenuation during transport along the river
stretch. The average attenuation in the river stretch was 66% for ciprofloxacin and
48% for norfloxacin.

13.2.10 Thames River, UK

Hanamoto et al. (2018a) observed natural attenuation of antibiotics along an 8.3-km
stretch of the Thames River in the UK. During the sampling period, the average flow
rate, depth, and water travel time of the river stretch were 7.6 m3/s, 0.53 m, and 6.5 h,
respectively. Surface water samples were collected every hour by an automatic water
sampler as 24-h composite samples from three sites in the river stretch, and a mass
balance approach was used to quantify attenuation during transport along the river
stretch. Samplings were conducted once or twice in the summer between 2012 and
2015, yielding a total of seven samplings. A persistent chemical, carbamazepine, was
used as the reference compound to account for dilution. The average attenuation and
corresponding first-order decay constants in the river stretch were 92% and 0.37 h−1

for azithromycin, 48% and 0.15 h−1 for clarithromycin, 11% and 0.024 h−1 for
sulfapyridine, and ~0% and ~0 h−1 for sulfamethoxazole, respectively.

13.2.11 Katsura River, Japan

Hanamoto et al. (2013) observed natural attenuation of pharmaceuticals along a 7.6-
km stretch of the Katsura River in Japan. The average flow rate, depth, and water
travel time of the river stretch were 28.7 m3/s, 0.3–2 m, and 8.6 h, respectively.
Around 30% of the water consists of treated wastewater. Surface water or effluent
samples were collected every hour by automatic water samplers from a downstream
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site and two WWTP outlets, the major sources for the selected pharmaceuticals in
the study area, and once a day by grab from the other four sites. A mass balance
approach was used to quantify attenuation during transport along the river stretch.
Samplings were conducted 3 times in winter in 2011–2012 and 3 times in summer
in 2012. A persistent chemical, carbamazepine, was used as the reference com-
pound to account for dilution. The average attenuation and corresponding first-order
decay constants in the river stretch were 85% and 0.30 h−1 for azithromycin, 80%
and 0.26 h−1 for ofloxacin, 63% and 0.17 h−1 for ketoprofen, 29% and 0.082 h−1

for furosemide, 26% and 0.050 h−1 for trimethoprim, 25% and 0.048 h−1 for rox-
ithromycin, 19%and 0.036 h−1 for diclofenac, 13%and 0.035 h−1 for clarithromycin,
10% and 0.009 h−1 for sulpiride, 2% and 0.004 h−1 for sulfapyridine, and ~0% and
~0 h−1 for sulfamethoxazole and crotamiton, respectively.

13.2.12 Yodo River, Japan

Hanamoto et al. (2018b) observed natural attenuation of pharmaceuticals along a
20.0-km stretch of the Katsura and Yodo rivers in Japan. Samples were collected
by grab from four river sites and two outlets of WWTPs, and by an automatic
water sampler from the other two outlets of WWTPs. A mass balance approach was
used to quantify attenuation during transport along the river stretch. Samplings were
conducted approximately once a week between October 2009 and February 2010,
yielding a total of 17 sampling events. The average attenuation in the river stretch
was 91% for azithromycin, 82% for ofloxacin, 48% for ketoprofen, 29% for clar-
ithromycin, 22% for atenolol, 18% for trimethoprim, 13% for furosemide, 11% for
metoprolol, 8% for primidone, and~0%for carbamazepine, sulpiride, roxithromycin,
sulfamethoxazole, sulfapyridine, and crotamiton.

13.3 In-Stream Attenuation of Pharmaceuticals in Each
Therapeutic Category

The measurements of the natural attenuation of pharmaceuticals in the Santa Ana
River (Lin et al. 2006), the Trinity River (Fono et al. 2006), the Gründlach River
(Kunkel and Radke 2012; Li et al. 2016), the Steinlach River (Guillet et al. 2019),
the ErpeRiver (Jaeger et al. 2019), the Fyris River (Li et al. 2016), theRönneRiver (Li
et al. 2016), the Viskan River (Li et al. 2016), the Segre River (Aymerich et al. 2016),
the Glatt River (Golet et al. 2002), the Thames River (Hanamoto et al. 2018a), the
Katsura River (Hanamoto et al. 2013), and the Yodo River (Hanamoto et al. 2018b)
(see Sect. 13.2 above for details) were classified into therapeutic classes. As for four
rivers in Spain observed by Acuña et al. (2015), all pharmaceuticals including the
persistent pharmaceutical, carbamazepine, were highly attenuated during the river
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transport. This might be due to an error made by spot sampling conducted only once
without any tracer. Exceptionally high attenuation of carbamazepine in the Spanish
rivers was also pointed out by Jaeger et al. (2019). Therefore, measurements by
Acuña et al. (2015), are excluded from this discussion.

13.3.1 Sulfa Drugs

Attenuation of sulfamethoxazole was limited (<25%) in all reported rivers, i.e., the
Gründlach River, the Steinlach River, the Erpe River, the Fyris River, the Rönne
River, the Viskan River, the Segre River, the Thames River, the Katsura River, and
the Yodo River. The reported attenuation of sulfapyridine was also limited (<20%)
in all samples, i.e., the Segre River, the Thames River, the Katsura River, and the
Yodo River. Thus, in-stream attenuation is not effective for the removal of these sulfa
drugs. The factor affecting the attenuation of sulfapyridine in the Thames River and
Katsura River was estimated by biodegradation, sorption, direct photolysis, and indi-
rect photolysis experiments with a model estimation of direct and indirect photolysis
(Hanamoto et al. 2013, 2018a). The attenuation of sulfapyridine in the Thames River
was attributed to both direct and indirect photolysis, whereas attenuation was mostly
due to direct photolysis in the Katsura River.

13.3.2 Quinolone Antibiotics

The average attenuation of ciprofloxacin and norfloxacin was 66 and 48% in the Glatt
River, respectively. The average attenuation and corresponding first-order decay con-
stant of ofloxacin were 80% and 0.26 h−1 in the Katsura River, respectively. Thus,
all the reported quinolones were highly attenuated (>40%) during river transport,
though observations were limited. Individual laboratory experiments for biodegra-
dation, sorption, direct photolysis, and indirect photolysis revealed that direct pho-
tolysis and sorption to suspended solids (SS) and sediment could be responsible for
the attenuation of ofloxacin in the Katsura River (Hanamoto et al. 2013). Given that
degradation and sorption trends of ciprofloxacin and norfloxacinwere similar to those
of ofloxacin (Hanamoto et al. 2013), and the significant attenuation of ciprofloxacin
and norfloxacin observed in the Glatt River could be attributable to direct photolysis
and sorption to SS and sediment.

13.3.3 Macrolide Antibiotics

The average attenuation and corresponding first-order decay constants of
azithromycin were 92% and 0.37 h−1 in the Thames River, and 85% and 0.30 h−1
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in the Katsura River, respectively. For clarithromycin, those values were 48% and
0.15 h−1 in the Thames River and 13% and 0.035 h−1 in the Katsura River, respec-
tively; for roxithromycin, they were 25% and 0.048 h−1 in the Katsura River, respec-
tively. Thus, azithromycin was highly attenuated (>80%) in both the river stretches
with similar decay constants, whereas the other two macrolides were attenuated to
a lesser extent (13–48%). The decay constants of clarithromycin were 4.4 times
higher in the Thames River than in the Katsura River. Individual laboratory tests for
biodegradation, sorption, direct photolysis, and indirect photolysis revealed that sorp-
tion to SS and sediment could be responsible for the attenuation of these macrolides
in both the river stretches (Hanamoto et al. 2013, 2018a). Given the 5.5 times higher
linear sorption coefficient (Kd) of clarithromycin to the Thames River sediment than
to the Katsura River sediment, the probable explanation for the difference in the
loss rates between the two rivers was considered to be the sediment sorption capac-
ity (Hanamoto et al. 2018a). Similarly, given more than 10 times higher Kd value
of azithromycin in the Katsura River sediment than that of clarithromycin and rox-
ithromycin (Hanamoto et al. 2013), themuch higher attenuation of azithromycin than
that of the other two macrolides could be associated with their sorption affinities to
the sediment.

13.3.4 Anti-inflammatory Drugs

The average attenuation and corresponding first-order decay constant of ketoprofen
were 80% and 0.11 h−1 in the Fyris River, 63% and 0.17 h−1 in the Katsura River,
and 40% and 0.019 h−1 in the Viskan River, respectively. For ibuprofen, those values
were 87% and 0.0063 h−1 in the Trinity River, 62% and 0.13 h−1 in the Santa Ana
River, and 58% and 0.21 h−1 in the Segre River, respectively. For acetaminophen,
those values were 95% and 0.059 h−1 in the Gründlach River, 50% and 0.029 h−1

in the Rönne River, 35% and 0.016 h−1 in the Viskan River, and 5% and 0.004 h−1

in the Fyris River, respectively. For naproxen, those values were 94% and 0.39 h−1

in the Santa Ana River, 88% and 0.0067 h−1 in the Trinity River, and 50% and
0.014 h−1 in the Gründlach River, respectively. For diclofenac, those values were
60% and 0.018 h−1 in the Gründlach River, 50% and 0.20 h−1 in the Steinlach River,
35% and 0.030 h−1 in the Fyris River, 29% and 0.036 h−1 in the Katsura River,
15% and 0.007 h−1 in the Rönne River, 12% and 0.033 h−1 in the Segre River, and
10% and 0.004 h−1 in the Viskan River, respectively. Thus, ketoprofen, ibuprofen,
and naproxen were highly attenuated (>40%) in all the reported rivers, while the
reported in-stream attenuation of acetaminophen and diclofenac was highly differ-
ent among the rivers (5–95% and 10–60%, respectively). The decay constants were
8.6 (ketoprofen), 16.7 (acetaminophen), 33.3 (ibuprofen), 49.6 (diclofenac), and 58
times (naproxen) different among rivers. Individual laboratory tests for biodegra-
dation, sorption, direct photolysis, and indirect photolysis combined with model
estimation of direct photolysis revealed that direct photolysis by sunlight was the
major contributor to the attenuation of ketoprofen and diclofenac in the Katsura
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River (Hanamoto et al. 2013). Kunkel and Radke (2012) also concluded that direct
photolysis was only a relevant elimination process for diclofenac in the Gründlach
River by conducting in situ photolysis experiments at several sites within the river
stretch. A high contribution of photolysis to the in-stream attenuation of diclofenac
was also suggested in the Steinlach River by observing its much lower attenuation in
the nighttime sampling (Guillet et al. 2019). Significantly enhanced in-stream atten-
uation of diclofenac bymacrophyte removal suggested that photolysis also played an
important role in its attenuation in theErpeRiver (Jaeger et al. 2019).As for naproxen,
the modeling approach suggested that direct photolysis contributed to approximately
40% of the attenuation in the Santa Ana River; the factor affecting the remaining
60% of the attenuation was not identified (Lin et al. 2006). Laboratory-scale micro-
cosms suggested that biotransformation in surface water was more important than
photolysis for the attenuation of naproxen and ibuprofen in the Trinity River (Fono
et al. 2006). As the concentrations of naproxen and acetaminophen in the sediments
decreased relative to carbamazepine with depth, biotransformation in the sediments
was considered to be an important attenuation process for those pharmaceuticals in
the Gründlach River (Kunkel and Radke 2012). As the photolability of naproxen is
not as high as that of ketoprofen and diclofenac (Hanamoto et al. 2013), the contribu-
tion of photolysis to the in-stream attenuation of naproxen would fluctuate according
to the river conditions such as depth, turbidity, weather, latitude, and shading by
plants. The importance of biodegradation for acetaminophen and ibuprofen harmo-
nizes with their extremely high removal in WWTPs (Nakada et al. 2006; Hanamoto
et al. 2018b).

13.3.5 Antiarrhythmic Drugs

The average attenuation and corresponding first-order decay constants of metoprolol
were 83% and 0.0054 h−1 in the Trinity River, 55% and 0.016 h−1 in the Gründlach
River, 50% and 0.20 h−1 in the Steinlach River, 20% and 0.015 h−1 in the Fyris River,
15% and 0.007 h−1 in the Rönne River, and 5% and 0.002 h−1 in the Viskan River,
respectively. For propranolol, those values were 70% and 0.024 h−1 in the Gründlach
River, 30% and 0.025 h−1 in the Fyris River, 30% and 0.015 h−1 in the Rönne River,
and 5% and 0.002 h−1 in the Viskan River, respectively. For atenolol, those values
were 30% and 0.10 h−1 in the Steinlach River. Thus, the reported in-stream atten-
uation of the frequently used beta-blockers, metoprolol, propranolol, and atenolol
and varied considerably among the rivers (5–83%, 5–70%, and 30%, respectively).
The differences in the decay constants were 12.7 and 101.9 times among the rivers
for propranolol and metoprolol, respectively. As the concentrations of metoprolol
and propranolol in the sediments decreased relative to carbamazepine with depth,
biotransformation in the sediments was considered to be an important attenuation
process for these pharmaceuticals in the Gründlach River (Kunkel and Radke 2012).
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For the chiral chemical metoprolol, the importance of biotransformation in the sed-
iment was also indicated by a decrease in enantiomer fractionation in the deeper
sediments along the river stretch. Evidence for biotransformation of metoprolol in
the surface water of the Trinity River was also provided by measurements of its
enantiomeric fraction, which showed a gradual decrease as the water moved down-
stream (Fono et al. 2006). The attenuation of metoprolol significantly decreased by
removing macrophytes in the Erpe River, and its governing process was considered
to be biodegradation in the surface water (Jaeger et al. 2019).

13.3.6 Antiepileptic Drugs

The attenuation of carbamazepine was negligible (<10%) in all reported rivers, i.e.,
the Gründlach River, the Steinlach River, the Erpe River, the Fyris River, the Rönne
River, the Viskan River, the Segre River, and the Yodo River. Reported attenuation of
primidone was also limited (<10%) in the Steinlach River and the Yodo River. Thus,
these two antiepileptic drugs were considered to be persistent during river transport.
The persistence of carbamazepine is consistent with studies in rivers (Nakada et al.
2008) and groundwater filtration (Clara et al. 2004), WWTPs (Clara et al. 2004), and
in comprehensive laboratory experiments (Yamamoto et al. 2009). Although there
are few studies on the environmental fate of primidone, its persistence harmonizes
with its negligible removal in WWTPs (Hanamoto et al. 2018b).

13.3.7 The Others

The average attenuation and corresponding first-order decay constants of furosemide,
a diuretic drug, were 90% and 0.046 h−1 in the Gründlach River, 60% and 0.064 h−1

in the Fyris River, 40% and 0.021 h−1 in the Rönne River, 40% and 0.019 h−1

in the Viskan River, and 29% and 0.082 h−1 in the Katsura River, respectively.
For trimethoprim, an anti-infective drug, those values were 26% and 0.050 h−1 in
the Katsura River, and 25% and 0.082 h−1 in the Steinlach River, respectively. For
sulpiride, an antipsychotic drug, the attenuation was limited (<10%) in the Steinlach
River, the Katsura River, and the Yodo River. Thus, sulpiride was considered to be
persistent during river transport, which harmonizes with its negligible removal in
WWTPs (Hanamoto et al. 2018b; Singh et al. 2019). Reported in-stream attenuation
of furosemide and trimethoprim varied considerably among the rivers (29–90%)
and moderate (25–26%), respectively, and their decay constants were 4.3 and 1.6
times different among the rivers, respectively. The individual laboratory tests for
biodegradation, sorption, direct photolysis, and indirect photolysis combined with
the model estimation of direct photolysis revealed that direct photolysis by sunlight
contributed mostly to the attenuation of furosemide in the Katsura River, whereas
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sorption to SS and sediment was a probable factor for the attenuation of trimethoprim
(Hanamoto et al. 2013).

13.4 Factors Affecting the In-Stream Attenuation
of Pharmaceuticals

Factors controlling the in-stream attenuation of pharmaceuticals are summarized in
this section; the details are described in Sect. 13.3 above.

13.4.1 Direct Photolysis

Direct photolysis represents the degradation of a compound due to direct absorption
of light by the compound. Direct photolysis by sunlight was the dominant factor for
the attenuation of ketoprofen, diclofenac, furosemide, and sulfapyridine in the Kat-
sura River, though the attenuation of sulfapyridine was limited (<20%) (Hanamoto
et al. 2013, 2018a). Direct photolysis was considered to be a major contributor to
the in-stream attenuation of diclofenac in the Gründlach River (Kunkel and Radke
2012) and the Steinlach River (Guillet et al. 2019). Direct photolysis partly con-
tributed to the attenuation of ofloxacin in the Katsura River (Hanamoto et al. 2013),
of naproxen in the Santa Ana River (Lin et al. 2006), and of sulfapyridine in the
Thames River (Hanamoto et al. 2018a). Attenuation of the other two quinolones,
ciprofloxacin and norfloxacin, in the Glatt River was also considered to be partly due
to direct photolysis.

13.4.2 Indirect Photolysis

Indirect photolysis represents the degradation of a compound driven by reactive
species (e.g., singlet oxygen and hydroxyl radical) produced under light irradi-
ance to dissolved or particulate matter (e.g., humic substance and nitrate) in surface
water. Indirect photolysis partly contributed to the attenuation of sulfapyridine in the
Thames River, though the attenuation was limited (<20%) (Hanamoto et al. 2018a).

13.4.3 Sorption to SS/Sediment

Sorption to SS and sediment includes the mass transfer of a compound at the sedi-
ment–water interface, sorption of a compound to temporally re-suspended sediment,
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and sorption of a compound to SS loaded to the river stretch followed by sedimenta-
tion of SS. Sorption to SS and sediment was considered to be the dominant factor for
the attenuation of two macrolides, azithromycin, and clarithromycin, in the Katsura
River (Hanamoto et al. 2013) and the Thames River (Hanamoto et al. 2018a), which
could also be applicable to the macrolide antibiotic, roxithromycin. Sorption to SS
and sediment played an important role in the attenuation of a quinolone antibiotic
ofloxacin in the Katsura River (Hanamoto et al. 2013). The importance of sorp-
tion to SS and sediment may also be applicable to the attenuation of quinolones,
ciprofloxacin, and norfloxacin, as observed in the Glatt River. A significant contri-
bution by sorption to in-stream attenuation of macrolides and quinolones was also
suggested by their high concentrations in the sediment relative to those in the overly-
ing water (i.e., high pseudo-partitioning coefficients) observed in the rivers (Azuma
et al. 2017; Li et al. 2018; Tang et al. 2019; Li et al. 2019; Kumar et al. 2009).

13.4.4 Biodegradation in Surface Water

Biotransformation in surface water played an important role in the attenuation of
naproxen, ibuprofen, and metoprolol in the Trinity River (Fono et al. 2006), where
the travel time is as long as 2-weeks and the depth is around 2m, and of metoprolol in
themacrophyte-rich zone of the Erpe River (Jaeger et al. 2019). Thus, biotransforma-
tion in surfacewater could be relatively important in long deep river stretches because
sunlight intensity andwater-sediment contact decreasewith increasing depth.Macro-
phytes would also enhance biotransformation. Thus, though biodegradation did not
contribute much to the reported in-stream attenuation of pharmaceuticals, it could
become a beneficial factor for reducing their risks, given the increasingly reported
toxic photoproducts of pharmaceuticals (Schmitt-Jansen et al. 2006; Nasuhoglu et al.
2011; Yuan et al. 2011; Mukherjee et al. 2020).

13.4.5 Biodegradation in Sediment

Biodegradation of a compound in the sediment followed by mass transfer of the
compound at the sediment–water interface leads to its in-stream attenuation. The
hyporheic zone, which is defined as the portion of river sediment that acts as a mixing
zone between groundwater and surface water, could dramatically enhance the in-
stream attenuation by its abundant and diverse microbial communities and frequent
water exchange at the sediment–water interface. Therefore, the hyporheic zone is
believed to act as an efficient bioreactor (Schaper et al. 2018a). It was suggested that
the hyporheic zone may play an important role in the attenuation of acetaminophen,
naproxen, metoprolol, and propranolol in the Gründlach River (Kunkel and Radke
2012). Other pharmaceuticals, such as diclofenac and sulfamethoxazole, were also
attenuated by biodegradation in the hyporheic zone in the Erpe River in Germany
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(Schaper et al. 2018b) and the Sturt River in Australia (Schaper et al. 2018a; Patel
et al. 2019).

13.5 Modeling the Fate of In-Stream Attenuation
of Pharmaceuticals

Models for the direct photolysis rate constant, photoproduct occurrence, and sorp-
tion affinity to sediment are summarized in this section. Direct photolysis by sun-
light played an important role in the in-stream attenuation of pharmaceuticals (see
Sect. 13.4 for details). As the toxicities of some photoproducts were higher than those
of their parent pharmaceuticals (Schmitt-Jansen et al. 2006; Nasuhoglu et al. 2011;
Yuan et al. 2011), a model for predicting concentration changes of photoproducts in
the aquatic environment is also included. Sorption affinity to sediment is a key factor
controlling sorption to SS/sediment and biodegradation in the sediment, which also
played important roles in the in-stream attenuation of pharmaceuticals as described
in Sect. 13.4 above. As the hydrological conditions as well as biogeochemical factors
controlling sorption to SS/sediment and biodegradation in sediment have not been
fully understood, their full models are not included.

13.5.1 Direct Photolysis Rate Constants in Aquatic
Environments

Considering the attenuation of sunlight in the atmosphere and water, Zepp and Cline
(1977) developed the following equation for predicting the direct photolysis rate
constant in the aquatic environment:

kp = ϕ(1− R)

800∑

λ=297.5

(
1− 10−αλl

)
Lλελ

αλD
(13.1)

where kp = direct photolysis rate constant of a compound in the water body (h−1),
ϕ = quantum yield of the compound (–), R = fraction of sunlight reflected at the
surface of the water body (−), αλ = decadic absorption coefficient of the water body
at wavelength λ (m−1), l = path length of sunlight in the water body (m), Lλ =
annual average sunlight intensity at Earth’s surface at wavelength λ (10−3 einsteins
cm−2 h−1), ελ =molar absorption coefficient of the compound at wavelength λ (M−1

cm−1), and D = depth of the water (m). The quantum yield, which is the ratio of the
number ofmolecules that photoreact to the number of quanta of light absorbed, can be
quantifiedby a sunlight exposure testwith a chemical actinometer (USEnvironmental
Protection Agency’s harmonized test guideline, 1998). Hanamoto et al. (2013, 2014)
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verified Eq. 13.1 in river environments by combining Eq. 13.1 with sunlight intensity
measurements as follows:

kp = ϕ

{
UVB(1 - RUVB)

UVBt

315∑

λ=297.5

(
1− 10−αλl

)
Lλελ

αλD

+UVA(1− RUVA)

UVAt

490∑

λ=315

(
1− 10−αλl

)
Lλελ

αλD

}
(13.2)

where UVB and UVA = sunlight intensity at Earth’s surface in those wavelengths
(W/m2), UVBt and UVAt = annual average sunlight intensity at Earth’s surface
in those wavelengths (W/m2), and RUVB and RUVA = fraction of sunlight reflected
at the surface of the water body in those wavelengths (−). Diurnal and seasonal
in-stream attenuation of ketoprofen, furosemide, and diclofenac, pharmaceuticals
that are highly photolabile and insensitive to attenuation factors other than direct
photolysis was predicted well using Eq. 13.2 (Hanamoto et al. 2013, 2014). Tixier
et al. (2002) also predicted the attenuation of triclosan in a lake well by combining
measured and theoretical global radiationwithEq. 13.1. Thus, the equation developed
by Zepp and Cline (1977) was verified to be a useful tool for predicting direct
photolysis rate constants of chemicals in aquatic environments. The limitation of the
model is the difficulty in quantifying shading effects caused by rivermacrophytes and
riverbank trees. Though shading effects were negligible in rivers and a lake studied
by Hanamoto et al. (2013, 2014) and Tixier et al. (2002), they led to an 85% decrease
in the photolysis rate of a chemical in theGlatt River, whichwas roughly estimated by
comparing measured and predicted concentrations of the chemical (Kari and Giger
1995).

13.5.2 Concentration Change of Photoproducts in Aquatic
Environments

Poiger et al. (2001) predicted concentration change of a photoproduct in an aquatic
environment with the following equation:

dCP

dt
= xkACA − kPCP (13.3)

where C = concentration (ng/L), t = time (h), x = fraction of parent compound
transformed into photoproduct (−), k = direct photolysis rate constant in the envi-
ronment (h−1), and subscripts A and P indicate parent compound and its photo-
product, respectively. The fraction of transformation (x) can be estimated from the
concentration changes of the parent compound and its photoproduct in sunlight, as
performed with diclofenac (Poiger et al. 2001) and ketoprofen (Hanamoto et al.
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2016). Equation 13.3 was verified using 3-ethylbenzophenone, a photoproduct of
ketoprofen, in the Katsura River (Hanamoto et al. 2016). As not only ketoprofen but
also 3-ethylbenzophenone were insensitive to attenuation factors other than direct
photolysis, Eq. 13.3 predicted the concentration of 3-ethylbenzophenone in the river
water well.

13.5.3 Sorption Affinity to Sediment

Compounds that contain a basic group with a pKa > 7 occur largely as cationic
species in the aquatic environment. Approximately 45% of all pharmaceuticals con-
tain a single base moiety, and >70% of these bases have a pKa of >7 (Droge and
Goss 2013a). Macrolides and quinolones, highly sorptive antibiotics that showed
significant in-stream attenuation (see Sect. 13.4.3 above), also contain amino groups
and occur mainly in the cationic (macrolides) and zwitterionic (quinolones) forms
at neutral pH, resulting in low octanol–water distribution ratios (Dow) (McFarland
et al. 1997; Takacs-Novak et al. 1992). The sorption affinities of hydrophobic chem-
icals to soil or sediment were successfully predicted by considering partitioning into
organic matter (OM) (Karickhoff et al. 1978). However, such sorption models are
incapable of adequately predicting sorption affinities to soil or sediment for bases
that are largely protonated at environmentally relevant pH values (Franco and Trapp
2008; Stein et al. 2008).

The sorption of organic cations could be associated with the cation exchange
capacity (CEC) of sorbents. For example, sorption affinities of cationic beta-blockers
for soil or sediment were highly correlated with CEC (R2 = 0.73–0.84, P < 0.01)
(Kodesova et al. 2015; Al-Khazrajy and Boxall 2016). However, such high corre-
lations cannot be applicable to all organic cations because some showed an order-
of-magnitude difference in CEC-normalized sorption affinities between mineral and
organic components of soil or sediment (Droge and Goss 2013b). To overcome
this discrepancy, Droge and Goss (2013a) developed a cation exchange-based sorp-
tion model incorporating individual sorption affinities for OM and clay minerals as
follows:

Kd = KCEC,OMCECOM + KCEC,CLAYCECCLAY (13.4)

CECOM = 200× 1.7× OC (13.5)

CECCLAY = CEC− CECOM (13.6)

where Kd is the linear sorption coefficient (L/kg), KCEC is Kd values normalized to
CEC (so this is defined as Kd/CEC) (L/cmolc), KCEC,OM and KCEC,CLAY are KCEC on
reference OM and clay minerals (L/cmolc), respectively, CECOM and CECCLAY are
CECs of the sediment contributed by OM and clay minerals (cmolc/kg), respectively,
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andOC is organic carbon content (g/g). “1.7” in Eq. 13.5 indicates a conversion factor
from OC to dry weight of OM. “200” in Eq. 13.5 indicates CEC (cmolc/kg) of OM
itself and derives from the CEC of Pahokee peat. As the application of 200 resulted in
CECCLAY of <0 for some sediments collected from Japanese rivers where peat rarely
exists, Hanamoto and Ogawa (2019) used “160” instead of “200” in accordance with
Charles et al. (2006). Although the application of the CEC of the same OM (i.e.,
“200” in Eq. 13.5) to all sediments could introduce some error, the Kd values of soils
estimated by Eqs. 13.4–13.6 using sorption data on reference OM and clay minerals
were mostly within a factor of 10 from the measurements for a diverse set of organic
cations (Droge and Goss 2013a). The sorption of amacrolide antibiotic azithromycin
and a quinolone antibiotic levofloxacin to sediments was also reasonably predictable
by Eqs. 13.4–13.6 using individual sorption affinities for OM and clay minerals
(Hanamoto and Ogawa 2019).

13.6 Conclusions and Areas for Further Research

According to studies summarized in this review, the following conclusions regarding
in-stream attenuation and fate of pharmaceuticals could be drawn:

• Three quinolones (levofloxacin, ciprofloxacin, and norfloxacin), a macrolide
antibiotic (azithromycin), and three anti-inflammatory drugs (ketoprofen, ibupro-
fen, and naproxen) were highly attenuated (>40%) in all the reported river
stretches.

• In-stream attenuation was different in the rivers and moderate for two
macrolides (clarithromycin and roxithromycin), two anti-inflammatory drugs
(acetaminophen and diclofenac), three antiarrhythmic drugs (metoprolol, pro-
pranolol, and atenolol), a diuretic drug (furosemide), and an anti-infective drug
(trimethoprim).

• Attenuation was limited (<25%) for two sulfa drugs (sulfamethoxazole and sul-
fapyridine) and negligible (<10%) for two antiepileptic drugs (carbamazepine and
primidone) and an antipsychotic drug (sulpiride) in all the reported rivers.

• Direct photolysis by sunlight was considered a major contributor to the in-stream
attenuation of ketoprofen, diclofenac, and furosemide, and partly to that of sul-
fapyridine, naproxen, and the aforementioned three quinolones, whereas indirect
photolysis affected in-stream attenuation of only sulfapyridine in a river stretch.

• Biodegradation in the hyporheic zone played an important role in the in-stream
attenuation of acetaminophen, ibuprofen, naproxen, and three antiarrhythmic
drugs above, whereas biodegradation in surfacewater affected the in-stream atten-
uation of naproxen, ibuprofen, andmetoprolol in a long, deep, or macrophyte-rich
river stretch.

• Sorption to SS and sediment played an important role in the in-stream attenuation
of three macrolides and three quinolones mentioned above.
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• The direct photolysis rate constants of the pharmaceuticals and concentration
changes of their photoproducts in rivers or lakes were predicted well by using
their photochemical properties and river and meteorological data.

• Sorption affinities of pharmaceuticals to soils or sediments were reasonably
predictable by the cation exchange-based sorption model using their sorption
affinities for mineral and organic components.

Although in-stream attenuation of pharmaceuticals has been observed worldwide,
further study is needed given the large differences in the decay constants among river
stretches for some pharmaceuticals. In addition, to understand the mechanism of
in-stream attenuation, laboratory tests and model-based calculations should be per-
formed along with field measurements. Monitoring the breakdown products could
also help in understanding the mechanism of attenuation. As reports of the contri-
butions of the hyporheic zone to the in-stream attenuation of pharmaceuticals have
increased recently (Schaper et al. 2018a, b, 2019), more field measurements should
be focused on the hyporheic zone. Modeling approaches also should be focused
on biodegradation in the hyporheic zone and mass transfer at the sediment–water
interface.
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Chapter 14
Shifts and Trends in Analysis
of Contaminants of Emerging Concern:
Sulfonamides

M. S. Priyanka and Sanjeeb Mohapatra

14.1 Introduction

Antibiotics are commonly used to treat or control diseases and infections caused by
various microorganisms, such as fungi, bacteria, and parasites. The first antibiotic,
penicillin, was discovered by Alexander Fleming in the twentieth century. Chem-
ically, antibiotics, such as penicillin and streptomycin, are a class of secondary
metabolites produced by microorganisms (Ben et al. 2019; Kumar et al. 2019a).
With the advancement in manufacturing techniques in the field of biomedicines,
many antibiotics are produced synthetically on a large scale to treat various kinds of
infections leading the way to the so-called the antibiotics era (Aminov 2010; Schlip-
köter and Flahault 2010). The use of antibiotics led to a rapid decline in mortality
and morbidity due to deadly diseases like tuberculosis, pneumonia, syphilis, and
gonorrhea. Many infections, including respiratory, gastrointestinal and urinary, are
treated using a course of these specific drugs and are usually administered via both
oral and intravenous routes. Apart from human use, these drugs are also commonly
used in livestock and animal husbandry (Alanis 2005; Singer et al. 2003; Kumar
et al. 2019b).

The molecular weight of antibiotics is less than 1000 Da, and approximately, 250
such entities were already registered for various medicinal applications (Kümmerer
2009). Based on the mode of activity against infections, antibiotics can be classi-
fied into various classes (Yim et al. 2006). According to the 2017 revision of the
WHO Model List of Essential Medicines, antibiotics were grouped into three cat-
egories: Access, Watch, and Reserve (AWaRe) (WHO 2018). Antibiotics that were
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not included in the list were not categorized and were reported as “Others.” The first
category “Access” includes 48 antibiotics of first and second choice antibiotics for
the basic treatment of common infectious diseases/conditions, and they should be
extensively available in the healthcare units. The “Watch” category antibiotics have
the potential to develop resistance, and their use as first and second choice treat-
ment should be restricted or limited. It includes around 110 antibiotics. Finally, the
“Reserve” category includes “last resort” antibiotics whose use should be reserved
for specialized settings and specific cases where alternative treatments have failed.
Around 22 antibiotics fall under this category. In the year 2019, WHO has come up
with a new tool to limit the use of pharmaceuticals associated with the highest risk of
resistance and to increase the use of antibiotics in countries where supply and avail-
ability are low.Most of the sulfonamides (SAs), such as sulfadiazine, sulfamethizole,
sulfamethoxazole, sulfametrole, and sulfamoxole in combination with trimethoprim
fall under the category of “Access.” However, sulfadiazine and sulfamethoxazole are
not recommended these days.

Gerhard Domagk discovered antibacterial properties of the azo dye, Prontosil in
the year1935 which lead to the discovery and development of sulfa drugs. Since then,
numerous derivatives of SAs have been developed and used for treatmnet of vari-
ous antibacterial infection. These are structural moieties of amides of sulfonic acid
(Fig. 14.1). All SAs consist of aniline moiety in para-position to the sulfonyl group
with variations being incorporated in the structures which are attached to the amine
group, giving them a distinct five- or six-member heterocyclic ring (Jesus et al. 2016).
Sulfa compounds consist of two basic and one acidic functional groups. The acidic
functional group belongs to the sulfonamide group and is known to lose its proton
easily (pKa = 6.8) than any other groups present in the compound (Fabiańska et al.
2014). In addition to antimicrobial activity, when these groups are added to biolog-
ically relevant scaffolds, they produce versatile effects for the treatment of various
chronic complex diseases like Alzheimer’s disease (Mutahir et al. 2016), central ner-
vous system (CNS) disorders, diabetes, psychosis (Zajdel et al. 2014), cancers (Gul
et al. 2018), and tumors (Lu et al. 2015). SAs are also termed poly-pharmacology
compounds, capable of simultaneously affecting multiple pathways or mechanisms
(multi-target approach) (Winum et al. 2012).

Fig. 14.1 Typical structure of sulfonamide
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Administration of SAs is successful in acting against various species, such as
Chlamydia, Clostridium, Escherichia, Neisseria, Nocardia, Salmonella, Shigella,
Staphylococcus, and Streptococcus. However, they are also used against other
microorganisms like fungi (e.g., Pneumocystis carinii), protozoa (e.g., Toxoplasma
gondii), and parasites (e.g., Plasmodium malariae) (Baran et al. 2011). Zhang and
Messhnick (1991) have also reported that SAs exhibited the antimalarial activity by
competitive inhibition of the enzyme dihydropteroate synthase (DHPS) majorly pro-
duced in bacteria. Additionally, these drugs were effective in treating the neosporosis
outbreak in 1980s caused by Neospora caninum (protozoa) in cattle, goats, sheep,
dogs, and other domestic animals (Dubey and Lindsay 1996). In humans, they are
usually prescribed to treat bronchitis, eye and ear infections, bacterial meningitis,
Pneumocystis carinii pneumonia, urinary tract infections, travelers’ diarrhea, and
many other bacterial infections (García-Galán et al. 2008). Prescribed quantities of
SAs are used as growth promoters to enhance performance and production in poul-
try sector, swine husbandry, aquaculture, agricultural activities, and other livestock
farming sectors. Few of the antibiotics belonging to the SAs family along with their
molecular formula, molecular weight, solubility, dissociation constant (pKa,), and
octanol–water partition coefficient (Log Kow) values are listed in Table 14.1.

14.2 Available Techniques to Monitor Sulfonamides

Extensive production and consumption have increased the occurrence of SAs in vari-
ous environmental matrices including surface water, wastewater, sediments, and soil
(Menon et al. 2020). However, in natural environmental settings, these antibiotics
are commonly present in the order of ng/L toµg/L. Thus, monitoring and analysis of
these compounds are challenging and require tedious sample preparation and sophis-
ticated analytical instrumentation. As a result of which environmental samples go
through a rigorous sample collection, transportation, preparation, and storage before
final quantification. The high priority step is sample preparation that minimizes
interference arising due to background matrix components. It further helps in attend-
ing a low limit of detection (LOD) and quantification (LOQ). This section mainly
focuses on various research conductedworldwide on sample preparation and analysis
of SAs through state-of-the-art chromatographic instruments. A table summarizing
sample preparation for a set of SAs in different environmental matrices is presented
in Table 14.2. Sample preparation is mainly done through solid-phase extraction
(SPE), magnetic solid-phase extraction (MSPE), supported liquid extraction (SLE),
and pressurized liquid extraction (PLE) techniques.

Pharmaceuticals belonging to SAs class may have structural similarities, but their
solubility, hydrophobicity, and polarities vary to a greater extent (Table 14.1). Except
for sulfanitran, the majority of SAs experience low hydrophobicity (Log Kow <
1.5) which makes the isolation and pre-concentration step exigent. The selection
of pre-concentration conditions is very crucial as the polarity of SAs gets affected
at a low pH range. As a result of which, SAs reported to experience a significant
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Fig. 14.2 Schematic of sample preparation for SAs

difference in their recovery values ranging from 50 to 120% (Qian et al. 2016). In
such a scenario, compound-specific sample preparation techniques were developed
involving a variety of solvents and cartridges. A schematic of sample preparation
techniques for SAs is shown in Fig. 14.2.

14.2.1 Sample Preparation of Water and Wastewater Samples

The most commonly used sample preparation technique for the concentration of
antibiotics is SPE. Before the sample passes through the sorbents/cartridges, water
samples are pre-treated as per the acid–base dissociation of the target analytes to
obtain a better recovery. Immediately after sample collection, samples are usually
acidified to pH 2 by adding a suitable acidifying reagent to avoid degradation of
SAs by the native microbial population (Qian et al. 2016). However, acidification
poses a risk of acid-catalyzed hydrolysis and also increases the adsorption of tar-
get molecules on to organic matter. Apart from acidification, chemicals like sodium
azide (Zhou et al. 2012a, b) and formaldehyde (Matějíček and Kubáň 2008) are
used as a preservative. An antibiotic like SMX has shown no degradation even after
10 days of storage (Nebot et al. 2007). Whereas in tap water, use of sodium thiosul-
fate restricts oxidation of analytes with residual chlorine (Rosa Boleda et al. 2011).
Similarly, a variety of sorbents are available commercially for SPE. Most commonly
used sorbents are Oasis HLB (Shaaban and Górecki 2012; Kim et al. 2013), Strata-X
(Iglesias et al. 2012), or Bond Elut-ENV (Vosough and Mashhadiabbas Esfahani
2013), Hysphere C18 EC, and PRLP cartridges. Cartridges like subsidiary anion
exchange cartridge (SAX) are used for the removal of negatively charged humic and
fulvic acids (Pan et al. 2011). In a study conducted by García-Galán et al. (2010),
Hysphere C18 EC has given a better efficiency in extracting SAs (García-Galán et al.



14 Shifts and Trends in Analysis of Contaminants … 269

2010). Recent developments were made in sorbents for the isolation of SAs from
the water samples such as carbon nanotubes, composites based on Fe3O4 and either
carbon nanotubes (Herrera-Herrera et al. 2013a) or graphene magnetic iron oxide
nanoparticles coated with octadecyl trimethyl ammonium bromide (Sun et al. 2009).
Sun et al. (2014) have developed a portable graphene-based micropipette device
for flow micro-SPE of SAs (Sun et al. 2014). Zhoa et al. (2020) have synthesized
a molybdenum disulfide (MoS2)-based core–shell magnetic nanocomposite (Fe3O4

@MoS2) for the extraction of SAs and obtained > 80% recoveries (Zhao et al. 2020).
Extracting SAs from natural water can be performed by many other methods like
single-drop liquid-phase microextraction (Guo et al. 2012), dispersive liquid–liq-
uid microextraction (Herrera-Herrera et al. 2013b), and membrane microextraction
(Tong et al. 2013). Commonly used eluents are polar solvents likemethanol (MeOH),
acetonitrile (ACN), acetone (ACE), diatomite, and hexane. Methanol, acetone, and
combination of methanol–acetone mixture (1:1v/v) are considered as the best elu-
ents for SAs. Additionally, recovery of SAs depends upon the calibration methods.
Isotope dilution method (ISDM)-based approach reported to give better recovery
for sulfamethoxazole when sulfamethoxazole-d8 was spiked to wastewater samples.
Studies comparing the effect of ISDM and without ISDM on recovery of SAs were
studied elsewhere (Mohapatra et al. 2018).

14.2.2 Sample Preparation of Soil Samples

The presence of SAs in soils can affect the microorganisms and soil functions by
causing resistant genes or organisms. Relative low sorption coefficients of SAs, as
given in Table 14.1, indicate poor interactions with soil binding sites. In recent
times, extraction of SAs from soil has increased tremendously due to their pseudo-
persistence in the environment. Techniques like ultrasonic extraction (Ho et al. 2012;
Zhou et al. 2012a, b), microwave-assisted extraction (Raich-Montiu et al. 2010),
pressurized liquid extraction (PLE) (Raich-Montiu et al. 2010; Pamreddy et al. 2013)
and matrix solid-phase dispersion (MSPD), microwave-assisted micellar extraction
(MAME) are commonly employed for the extraction of SAs from the soil.

Solvents like acetonitrile (Salvia et al. 2012), methanol (Karci and Balcioǧlu
2009), nonionic surfactant Triton X-114 (Chen et al. 2010), and mixtures of these
solvents with different buffers (Ho et al. 2012; Karci and Balcioǧlu 2009) were
also employed for the extraction of SAs from soil and sediment samples. SPE is
operated in offline or online mode, and offline SPE requires time-consuming steps
of extensive sample handling which ultimately increases the method uncertainty. In
contrast, online SPE involves a repetitive injection of samples resulting in increased
detection frequency. Offline SPE is commonly performed for the purification and
pre-concentration of analytes of interest. For better recovery, it is suggested to keep
the organic content of the extract to less than 5% (Tetzner et al. 2016).
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14.2.3 Sample Analysis Through Chromatographic
Technique

The shift from the gas chromatography (GC) to liquid chromatography (LC) coupled
with high-resolution mass spectrometry (HRMS) has increased the reliability with
which such SAs can be detectedwith better precision and accuracy in various samples
like soil, surface water, and wastewater. Such methods are competent in terms of less
consumption of solvents and reduced cost of analysis. Usually, the cost is attributed to
the extraction, purification, and analysis of target compounds. Table 14.3 summarizes
the use of various chromatographic techniques, LOD, andLOQvalues for a set of SAs
detected in water, wastewater, soil and sludge matrices. Among the listed techniques,
both Tso et al. (2011) andZhao et al. (2020) developed extensive analysis protocols to
analyze a set of SAs in surfacewater andwastewater samples, respectively. Similarly,
García-galán et al. (2013) developed a robust method for the analysis of 21 SAs in
sludge and soil samples. They could attend LOD and LOQ ranging from 0.01 to
17.4, and 0.05 to 14 ng/L, respectively. García-Galán et al. (2009) also made several
attempts to develop sensitivemethods to analyze SAs in different watermatrices. The
most commonly used techniques such as LC-MS and GC-MS have also opened up
routes for the legislation departments to monitor, understand, and frame regulatory
standards for the disposal of such compounds into the environment.

14.3 Consumption and Occurrences of SAs in the Asian
Region

Growing economic opulence, rising incomes, increasing population, and diseases
have contributed to the increased consumption of antibiotics across the world. Glob-
ally, antibiotics consumption has increased by 65% from the year 2000–2015. The
consumption is estimated at 4.4–6.4 defined daily doses (DDD) per 1000 inhabitants
per day. In 2000, global consumption increased due to the higher consumption in
high-income countries (HICs) like the USA, France, New Zealand, Spain, and Hong
Kong. Between 2000 and 2010, global consumption of antibiotics increased by 76%,
and three-quarters of this increasewere accounted for byBrazil (68%), Russia (19%),
India (66%), China (37%), and South Africa (219%) (BRICS). In BRICS countries,
23% of the increase in the retail sales volume was attributable to India and up to
57% of the increase in the hospital sector was attributable to China. In 2015, the
increase in global consumption was mainly driven by the increased consumption in
low–middle-income countries (LMICs) like India, China, Pakistan, Turkey, Tunisia,
Algeria, and Romania. Countries like India, China, and Pakistan stood as the highest
consumers under LMICs in 2015. Between 2000 and 2015, antibiotic consumption
increased from 3.2 to 6.5 billion DDDs (103%) in India, from 2.3 to 4.2 billion
DDDs (79%) in China, and from 0.8 to 1.3 billion DDDs (65%) in Pakistan (Klein
et al. 2018). China was the highest antibiotic consumer in livestock followed by the
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USA, Brazil, Germany, and India. BRICS utilization of antibiotics in livestock is
anticipated to be doubled by 2030 as their population may increase by 13% (Done
and Halden 2015; Gelband et al. 2015).

SAs are one of the largest groups among the critically important antibiotic family.
Since 1950s huge quantities of SAs were employed across the globe, due to its
specific antimicrobial activity, to treat, and prevent diseases with low or micro-
level concentrations. Along with inhibiting or influencing pathogens in humans and
animals, they also act as non-therapeutic agents (animal growth promoters) in cattle,
poultry, and swine livestock (Sarmah et al. 2006). These chemotherapeutic agents
once administered, based on their efficacy may remain in the host and move out
in their native form or transformed form (metabolites). Only 15% of the SAs are
absorbed and metabolized in the body. Approximately, 30–90% of the drugs are
excreted as un-metabolized (Carvalho and Santos 2016) ofwhich 70–80% is excreted
in urine and 20–30% in fecal matter. These excreted antibiotics can be recalcitrant,
non-biodegradable, and persistent in the environment. Annually, over 20,000 tons
of sulfonamides enter into the environment and accumulate in natural water bodies.
Consequently, sulfonamide-resistant bacteria were developed and reported (Díaz-
Cruz and Barceló 2005; Klauson et al. 2019). SAs residues were detected in different
environmental compartments across the globe. A study conducted by Shimizu et al.
(2013) reported higher concentrations of SAs in the tropical regions ofAsia (Vietnam,
Philippines, India, Indonesia, andMalaysia) compared to USA, Europe, Canada, and
Japan. Table 14.4 summarizes the occurrence of SAs in a set of Asian countries. The
most frequently detected predominant member of SAs in wastewater was SMXwith
an average highest reported concentration of 1720 ng/L in Vietnam (Hanoi, Ho
Chi Minh, Can Tho) followed by 802 ng/L in Philippines (Manila). SAs were also
detected in India (Kolkata-538 ng/L), Indonesia (Jakarta-282 ng/L), and Malaysia
(Kuala Lumpur-76 ng/L) (Shimizu et al. 2013). Another study has also reported
a concentration of 16 ng/L for SMX in the environment (Tran et al. 2019). The
concentration of SAs in Sri Lankan hospital wastewater effluents ranged from 1000
to 18,000 ng/L. The concentration of SMX in the Kshipra River of India was found to
be 4660 ng/L. The lowest concentrations were reported in Malaysia and Singapore,
ranging from 0.6 to 2.6 ng/L.

14.4 Conclusions

Since 1935, SAs have been used extensively as antibiotics to treat bacterial infections,
Alzheimer’s disease, central nervous system (CNS)disorders, psychosis, cancers, and
tumors. These are the oldest and largest group to be used in clinical practices. This
class of antibiotics is also widely used as a growth promoter to enhance performance
and production in the poultry sector, swine husbandry, aquaculture, agricultural activ-
ities, and other livestock farming sectors. The shift from the GC/MS to LC/MS has
increased the reliability with which such SAs were detected with better precision
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and accuracy in various environmental matrices ranging from ng/L to µg/L. How-
ever, optimization of sample preparation technique, including choice of solvent, and
cartridges, extraction protocol, pH, concentration of organic matter and a combi-
nation of eluents plays a critical role in deciding the absolute recovery SAs. Some
of these shortcomings can be overcome by adopting the online SPE technique. Use
of HR LC-MS/MS over LC-MS has also increased the accurate quantification of
such compounds in complex environmental matrices. The concentration of SAs in
water, wastewater, soil, and sludge varies from 1.1–1559 to 0.9–19,700 ng/L, and
0.03–97, 0–8230 µg/kg, respectively. At this environmental concentrations, SAs are
reported to produce various adverse impacts on the environment including the rise
of superbugs. Hence, the development of assay-based monitoring technologies such
as immunoassays and biosensors followed by advanced treatment technologies such
as membrane bioreactors and advanced oxidation processes must be adopted.
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Chapter 15
Fate of Micropollutants in Engineered
and Natural Environment

Tejaswini Eregowda and Sanjeeb Mohapatra

15.1 Introduction

The consumption of synthetic compounds, such as nutrition supplements, natural and
synthetic hormones, artificial sweeteners, pharmaceuticals and personal care prod-
ucts (PPCPs), detergents, industrial chemicals, and products, pesticides, biocides,
disinfectants, cleaning agents, solvents and other chemicals, collectively termed as
micropollutants, has seen an exponential increase at the turn of this century. The
term micropollutants encompass both legacy contaminants (established toxic effects
and control measures) and the emerging contaminants (currently unregulated and
potential threat to the environment and human health and safety) (Yang et al. 2014;
Singh et al. 2019). The USA has the largest pharmaceutical market in the world with
a value of $333, 694 million followed by Japan ($94, 025 million) and China ($86,
774 million). Between 2003 and 2011, the production of pharmaceuticals in China
has increased to 2 million tones which were around 20% of the global average (Liu
and Wong 2013). The percent contribution to the total pharmaceuticals production
in China from 2003 to 2011 is shown in Fig. 15.1a. However, in Europe, Germany’s
pharmaceutical market is valued highest at around $45,828 million, followed by
France at $37,156 million. The average per capita pharmaceuticals consumption per
day in Western Europe is around 300 mg of which 60 pharmaceuticals majorly con-
tribute 90% of the mass. In Europe, around 3000 different types of pharmaceuticals
are commonly sold at various pharmaceuticals outlets (Margot et al. 2015). Similarly,
the USA, Japan, and China are the top three countries with the highest consumption
of personal care products (PCPs). With an average increase in the production rate
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Fig. 15.1 Percentage increase a active pharmaceutical ingredient production (2003–2011) and b
market scale of PCPs (2007–2013) in China (Reprinted with permisssion from Liu and Wong,
copyright Elsevier, 2013)

of 8% between 2011 and 2013, China’s average PCPs market value reached $21.3
billion, accounting for about 10% of the world (Liu and Wong 2013) (Fig. 15.1b).

The main source of micropollutants in water bodies is wastewater (domestic and
industrial). The design and operation of existing wastewater/effluent treatment facil-
ities are inadequate to handle micropollutants. Furthermore, awareness and instruc-
tions for monitoring and removal are not established (Luo et al. 2014; Kumar et al.
2019b). As a result, of improper treatment, most of the micropollutants inevitably
wind up in aquatic bodies and sediments, strongly impact the environment. The fact
that the micropollutants range in a concentration of parts per trillion to billion (ng/L
to μg/L) hinders their detection, analysis, and treatment (Mohapatra et al. 2018).
Furthermore, with an advance in the chemical technology sector, there is a contin-
uous inclusion of new synthetic compounds to the family of micropollutants. Since
1998, the US EPA has been releasing contaminant candidate lists (CCL) belonging
to various categories of environmental concern. The number of chemical contami-
nants made into the CCL list in the year 1998, 2005, 2009, and 2016 was 50, 42,
116, and 97, respectively. The European CAS database has registered >144 million
(nearly 300 million tonnes) of synthetic chemicals that potentially find their way into
aquatic bodies (Schwarzenbach et al. 2006; Kumar et al. 2019a). The occurrence of
micropollutants in the water bodies is an increasing concern not only because of their
adverse impact but for the unforeseen chronic toxic effect on the ecosystem.

15.2 Origin and Classification of the Micropollutants

Micropollutants can be classified in several ways based on their origin, use, poten-
tial effects, or environmental fate. Some major groups are: (a) pharmaceutical and
veterinary products, (b) disinfectants and biocides, (c) illicit drugs, (d) personal care
chemicals and other lifestyle products, (e) industrial chemicals, (f) food additives,
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(g) water disinfection by-products, (h) nanomaterials, (i) waterborne pathogens, (j)
biological toxins, and (k) heavy metals. A list of micropollutants belonging to var-
ious classes and their sources are shown in Table 15.1. EU FP7 project provides
a comprehensive list of 242 chemicals as micropollutants, among which 70% are
pharmaceuticals and personal care products (PPCP) and 30% are industrial agents
including perfluoro compounds, pesticides, herbicides, and food additives (Schueth
2014). PPCPs contributors in the wastewater are household (70%), livestock farm-
ing (20%), hospital effluent (5%), and non-particular runoff (5%) (Das et al. 2016).
Similarly, US EPA published a list of 97 organic pollutants relevant to drinking
water quality and their common application under Contaminant Candidate List-4
(CCL-4) (Table 15.2). Such contaminants fall under the category of chemicals used
in commerce, pesticides, biological toxins, disinfection by-products (DBPs), and
PPCPs.

Table 15.1 Classification of Micropollutants (Adapted with permission from Luo et al.,
copyright Elsevier, 2014)

Category Subclasses Sources

Pharmaceuticals Antibiotics, β-blockers, NSAIDs,
antiepileptic, psychoactive,
anesthetic, antihistamine,
anticoagulant

Household discharge (through
excretion) and medicine discards
Hospital effluent
Illegal discharges from
pharmaceuticals industries
Animal farming, aquaculture
facility

Hormones Lipid-soluble
Amino acid-derived hormones
Peptide hormones
Glycoprotein

Household discharge (through
excretion)
Animal farming

Personal care products Fragrances, sweeteners,
disinfectants, UV filters, and
insect repellents

Domestic wastewater (cleaning,
washing, bathing, spraying)

Pesticides Organochlorine insecticides,
organophosphorus insecticides,
herbicides and fungicides,
algaecide

Agricultural runoff
Discharges from gardens, lawns

Industrial chemicals Solvents, intermediates,
petrochemicals

Industries

Industrial products Additives, flame retardants,
lubricants, plasticizers

Industries

Surfactants Anionic
Non-ionic

Domestic wastewater
Laundry facilities

Heavy metals As, Cr, Cd, Pb, etc. Food containers, baby blankets,
towels, children’s toys, medical
bandages, gym socks, t-shirts

Nanomaterials Fullerenes, nanotubes, nZnO,
nCeO2, nAu, nFe(0)

Paint and pharmaceutical
industries
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Table 15.2 List of chemical contaminants and their application listed under the contaminant
candidate list-4 (CCL-4) (Adapted from https://www.epa.gov/ccl/chemical-contaminants-ccl-4)

Substance name Application

1,1-Dichloroethane Industrial solvent

1,1,1,2-Tetrachloroethane Industrial solvent

1,2,3-Trichloropropane Industrial solvent

1,3-Butadiene Production of rubber and plastics

1,4-Dioxane Solvent for cellulose formulations, resins,
oils, waxes, other organic substances, wood
pulping, textile processing, degreasing, in
lacquers, paints, varnishes, and stains; paint
and varnish removers

17 alpha-estradiol Estrogenic hormone

1-Butanol As a solvent for several commercial products
such as perfumes

2-Methoxyethanol Synthetic cosmetics, perfumes, fragrances,
hair preparations, and skin lotions

2-Propen-1-ol Production of other chemicals

3-Hydroxycarbofuran Insecticide

4,4′-Methylenedianiline Production of polyurethane foams, glues,
rubber and spandex fiber

Acephate Insecticide

Acetaldehyde Disinfection by-product from ozonation and
also used in the production of other chemicals

Acetamide Solvent and plasticizer

Acetochlor Herbicide

Acetochlor ethanesulfonic acid (ESA) Environmental degradation of acetochlor

Acetochlor oxanilic acid (OA) Environmental degradation of acetochlor

Acrolein Herbicide, rodenticide and industrial chemical

Alachlor ethanesulfonic acid (ESA) Environmental degradation of the pesticide
alachlor

Alachlor oxanilic acid (OA) Environmental degradation of acetochlor

alpha-Hexachlorocyclohexane It is a component of benzene hexachloride
(BHC) and was formerly used as an
insecticide

Aniline Industrial solvent for the synthesis of
explosives, rubber products, and in
isocyanates

Bensulide Herbicide

Benzyl chloride It is used in the production of other
substances, such as plastics, dyes, lubricants,
gasoline, and pharmaceuticals

(continued)

https://www.epa.gov/ccl/chemical-contaminants-ccl-4
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Table 15.2 (continued)

Substance name Application

Butylated hydroxyanisole Food additive (antioxidant)

Captan Fungicide

Chlorate Used as defoliants or desiccants and may
occur in drinking water because of the use of
disinfectants such as chlorine dioxide and
hypochlorites

Chloromethane (Methyl chloride) Foaming agent

Clethodim Herbicide

Cobalt Used as cobaltous chloride in medicines and
as a germicide

Cumene hydroperoxide It is used as a catalyst

Cyanotoxins Toxins naturally produced and released by
cyanobacteria (“blue-green algae”). The
group of cyanotoxins includes, but is not
limited to anatoxin-a, cylindrospermopsin,
microcystins, and saxitoxin

Dicrotophos Insecticide

Dimethipin Herbicide and plant growth regulator

Diuron Herbicide

Equilenin Estrogenic hormone used in hormone
replacement therapy

Equilin Estrogenic hormone used in hormone
replacement therapy

Erythromycin Antibiotic

Estradiol (17-beta estradiol) An isomer of estradiol found in some
pharmaceuticals

Estriol Estrogenic hormone used in veterinary
pharmaceuticals

Estrone Precursor of estradiol used in veterinary and
human pharmaceuticals

Ethinyl estradiol (17-alpha ethynyl estradiol) Estrogenic hormone used in veterinary and
human oral contraceptives

Ethoprop Insecticide

Ethylene glycol Antifreeze, pesticide

Ethylene oxide Fungicidal and insecticidal fumigant

Ethylene thiourea Vulcanizing polychloroprene (neoprene) and
polyacrylate rubbers. It is a metabolite of
some fungicides

Formaldehyde Ozonation disinfection by-product can occur
naturally and has been used as a fungicide

(continued)
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Table 15.2 (continued)

Substance name Application

Germanium Used in transistors and diodes, and
electroplating. Sold as a dietary supplement in
some cases

HCFC-22 Refrigerant, as a low-temperature solvent, and
in fluorocarbon resins, especially in
tetrafluoroethylene polymers

Halon 1011 (bromochloromethane) Fire-extinguishing fluid to suppress
explosions, a solvent in the manufacturing of
some pesticides. May also occur as a
disinfection by-product in drinking water

Hexane Component of gasoline and used as a solvent

Hydrazine Production of rocket propellants, and plastics

Manganese Steel production to improve hardness,
stiffness and strength

Mestranol Precursor to ethinylestradiol used in
veterinary and human pharmaceuticals

Methamidophos Insecticide

Methanol Industrial solvent, a gasoline additive and as
an antifreeze ingredient

Methyl bromide (bromomethane) Fumigant and fungicide

Methyl tert-butyl ether (MTBE) Octane booster in gasoline, in the
manufacturing of isobutene and as an
extraction solvent

Metolachlor Herbicide

Metolachlor ethanesulfonic acid (ESA) Environmental degradate of metolachlor

Metolachlor oxanilic acid (OA) Environmental degradate of metolachlor

Molybdenum As a steel alloy. It is an essential dietary
nutrient found in foods and nutritional
supplements

Nitrobenzene Production of aniline and also as a solvent in
the manufacturing of paints, shoe polishes,
floor polishes, metal polishes, explosives,
dyes, pesticides, and drugs (such as
acetaminophen)

Nitroglycerin Production of explosives, and in rocket
propellants and pharmaceutical for the
treatment of angina

N-Methyl-2-pyrrolidone Solvent in the chemical industry, and is used
in the formulation of pharmaceuticals for oral
and dermal delivery

(continued)
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Table 15.2 (continued)

Substance name Application

N-nitrosodiethylamine (NDEA) Additive in gasoline and lubricants, as an
antioxidant and as a stabilizer in plastics. It is
formed in cured foods and during
high-temperature cooking of meats and fish,
and maybe a disinfection by-product

N-nitrosodimethylamine (NDMA) Production of rocket fuels, antioxidants and
softeners for copolymers. It is formed in cured
foods and during high-temperature cooking

N-nitroso-di-n-propylamine (NDPA) Formed in cured foods and during
high-temperature cooking of meats and fish
and maybe a disinfection by-product. It is a
contaminant in dinitrofluralin herbicides

N-Nitrosodiphenylamine Vulcanization of rubber and as an inhibitor of
polymerization in the production of
polystyrene

N-nitrosopyrrolidine (NPYR) Rubber production. It is also formed in cured
foods and during high-temperature cooking of
meats and fish and maybe a disinfection
by-product

Nonylphenol2 Manufacture of nonylphenol ethoxylates,
commonly found in laundry detergents,
cleaners, degreasers, paints and coatings

Norethindrone (19-Norethisterone) Synthetic hormone used in oral contraceptives
and for hormone replacement therapy

n-Propylbenzene A constituent of asphalt and naphtha and used
in the manufacture of methyl styrene and as a
solvent for printing and dyeing of textiles

o-Toluidine Production of dyes, rubber, pharmaceuticals,
and pesticides

Oxirane, methyl Industrial chemical (pesticide)

Oxydemeton-methyl Insecticide

Oxyfluorfen Herbicide

Perfluorooctanesulfonic acid (PFOS) To make carpets, leathers, textiles, fabrics for
furniture, paper packaging, and other
materials that are resistant to water, grease, or
stains. It is also used in firefighting foams at
airfields

Perfluorooctanoic acid (PFOA) To make carpets, leathers, textiles, fabrics for
furniture, paper packaging, and other
materials that are resistant to water, grease, or
stains. It is also used in firefighting foams at
airfields

Permethrin Insecticide

(continued)
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Table 15.2 (continued)

Substance name Application

Profenofos Insecticide and an acaricide

Quinoline Component of coal tars and as a
pharmaceutical (antimalarial)

RDX (Hexahydro-1,3,5-trinitro-1,3,5-triazine) Explosive

sec-Butylbenzene As a solvent for coatings in organic synthesis,
as a plasticizer and in surfactants

Tebuconazole Fungicide

Tebufenozide Insecticide

Tellurium As a sodium tellurite in bacteriology and
medicine

Thiodicarb Insecticide

Thiophanate-methyl Fungicide

Toluene di-isocyanate Manufacturing of plastics

Tribufos Insecticide and cotton defoliant

Triethylamine Production of chemicals, as a stabilizer in
herbicides and pesticides, in consumer
products, in photographic chemicals, and
carpet cleaners

Triphenyltin hydroxide (TPTH) Pesticide

Urethane Paint and coating ingredient (polyurethanes)

Vanadium As a catalyst

Vinclozolin Fungicide

Ziram Fungicide

15.3 The Fate of Micropollutants in Water/Wastewater

The input of the micropollutants to the wastewater depends on several factors such
as the use of the consumable products, seasonal variation, disposal methods, rainfall
pattern, and lifestyle choice of the population. Climatic conditions could also affect
the overall concentration of micropollutants to a greater extent (Kolpin et al. 2004).
Use of pesticides is usually regional and seasonal due to the prevalence of pests in
different agro-climatic conditions. Rainfall is another important factor that affects
the flow pattern of wastewater when a combined sewer system is employed. The
concentration of most PPCPs in the raw wastewater was doubled when the flow
was halved during dry weather, suggesting that rainwater diluted the concentrations
of the compounds in the sewage (Kasprzyk-Hordern et al. 2009). Other weather
conditions, such as temperature and intensity of sunlight, also can affect the fate of
micropollutants at STPs.

For PPCPs, the concentrations in wastewater correlated well with their production
amounts and usage/consumption patterns. For orally ingested products containing
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potential contaminants (pharmaceuticals), rate of excretion plays a crtical role in
determining the introduction of pharmaceuticals into raw wastewater as they are
metabolized in the human body and are subsequently excreted. The rate of excretion
may be less than 5% for acetylsalicylic acid, carbamazepine, gemfibrozil, ibuprofen,
5–40% for diclofenac, metoprolol, primidone, sulfamethoxazole, 40–70% for bezafi-
brate, norfloxacin, trimethoprim, and more than 70% for various antibiotics such as
amoxicillin, ciprofloxacin, and tetracycline (Luo et al. 2014). Pharmaceuticals with
low excretion rates are not necessarily present at low levels in raw wastewater, pos-
sibly because low excretion rates are offset by the massive use of these compounds
(Luo et al. 2014). Moreover, incidence of common diseases can induce a higher
consumption of specific pharmaceuticals in certain periods.

Decrease of the micropollutants during wet conditions and an increase in the
occurrence level and concentration during dry weather conditions have been consis-
tently reported. Pharmaceuticals in summer water samples showed lower occurrence
than in winter, possibly due to increased biodegradation in warmer temperature and
elevated dilution during wet summer (Luo et al. 2014). However, rainfall did not
always reduce the concentration levels of micropollutants. For instance, few studies
revealed that the chemicals (e.g., bisphenol A and biocides) used in building material
(pavement materials, facades, and roof paintings) leached in rain and accumulated to
remarkable levels in roof runoff and subsequently ended up in surface water (Kolpin
et al. 2004).

Existing STPs usually employ a process consisting of primary, secondary, and
occasionally tertiary treatment for the optimal removal of suspended solids, dis-
solved organics, and nutrients from the wastewater. In primary treatment, colloidal
and suspended particles are removed using coagulants such as alum, ferric chloride,
and polymers and polymeric coagulant aids, during which, the organic compounds
attached with dissolved humic substances are removed. Secondary treatment aims
at aerobic removal of dissolved organics using a consortium of microorganisms in
suspension. Sludge from both primary and secondary clarifiers is digested anaero-
bically before disposal. Additionally, a tertiary treatment such as activated carbon
adsorption, ozonation, or filtration is used as a final polishing step to improve the
water quality before reuse, recycle, or discharging to the environment.

Micropollutants in an STP usually get adsorbed on suspended particles, humic
substances, primary and secondary sludge and are removed by processes such
as coagulation and sedimentation, biodegradation, and adsorption. Adsorption of
micropollutants on suspended solids (during both primary and secondary treatment)
is important in determining the fate of micropollutants in wastewater. Adsorption
occurs due to the hydrophobic interaction between the aliphatic and aromatic groups
of the fat and lipid fractions in primary sludge and the lipophilic cell membrane of
the microorganisms in secondary sludge. Furthermore, electrostatic interactions also
occur between the positively charged micropollutants and the negatively charged
microorganisms in secondary sludge. Several acidic pharmaceuticals are negatively
charged at neutral pH, and their sorption on sludge is negligible (Das et al. 2016).
The sorption of pharmaceuticals and antibiotics widely varies due to the non-polar
core and polar moiety and is difficult to estimate (Kinney et al. 2006). PPCPs show a
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varied property compared to conventional persistent organic pollutants whose source
has been banned or limited, making it more difficult to estimate, monitor, and treat.
Adsorption of micropollutants is also affected by pH of the system (e.g., sulfonamide
antibiotics). Besides, the desorption from the sludge seemed to be reversible, i.e.,
sorbedmicropollutants can be introduced into the environment if no further treatment
is employed to remove them from the biomass (Yang et al. 2011).

Although studies show that the removal of micropollutants, especially PCCPs by
the conventional method, is limited (Santos et al. 2007), the process of biodegra-
dation and adsorption is mainly responsible for the removal of PPCPs in an STP.
Biodegradation of PPCPs by active sludge is affected by factors, such as initial sub-
strate concentration, temperature, and biodegradation process type (Liu and Wong
2013). A study comparing the biodegradation of 12 PPCPs (in 2 STPs in Beijing,
China) by three processes, viz. conventional activated sludge process (ASP), bio-
logical nutrient removal and membrane reactor (MBR) revealed that MBR showed
the maximum removal (Sui et al. 2011). As a result of ineffective and unregulated
treatment, the micropollutants in the effluent from STP are released to the water
bodies.

15.4 Environmental Effects of the Micropollutants

The occurrence and persistence of a wide range of micropollutants in different envi-
ronmental medium strongly raised concern about their potential threat to the envi-
ronment and human health. Besides, few studies pointed out severe adverse effects
on wildlife population, such as the residues of veterinary diclofenac causing a signif-
icant decline of vulture population (Oaks et al. 2004), the risk of acute toxic effects
of the PPCPs is believed to be unlikely based on the toxicological data and environ-
mental concentration levels. However, the chronic effects of micropollutants cannot
be disregarded. The continuous input of micropollutants in the environment results
in their accumulation and irreversible harm to the entire ecosystem (Brausch and
Rand 2011). Chronic exposure of antibiotics to the environment can accelerate per-
sistence or emergence of antibiotic resistance genes (ARGs) that encode resistance
to a broad range of antibiotic species (Zhang et al. 2009), resulting in a “superbug”
(a multidrug-resistant bacteria such as methicillin-resistant Staphylococcus aureus,
MRSA).

Hormones possess 10,000–100,000 times higher estrogenic potency compared
with exogenous endocrine-disrupting chemicals (Khanal et al. 2006) which are
the most significant estrogenic compounds commonly present in sewage effluents
(Jobling et al. 2006). Several aquatic species, including but not limited to, crucian
carp, trout,minnow, and turtle, have been reported to be sexually inhibited or reversed
in the presence of estrogens hormones. Endocrine disruptors can induce a wide range
of reproductive and developmental issues including reduced fertility, the feminiza-
tion of males, induction of vitellogenesis in male (plasma vitellogenin induction),
and development of intersex individuals (Liu et al. 2012). Along with antibiotics and
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endocrine disruption by hormones, gemfibrozil (blood lipid regulator), triclosan, and
triclocarban (antimicrobial agents) are reported to inhibit the growth of algae. Caf-
feine (stimulant drug) results in endocrine disruption of goldfish (Liu et al. 2012),
and propranolol (β-blocker) can reduce the viable eggs of Japanese medaka. Carba-
mazepine (antiepileptic drug) and HHCB (polycyclic musk) may result in oxidation
stress to rainbow trout and goldfish. Diclofenac (a non-steroidal anti-inflammatory
drug) may cause renal lesions and gill alterations to rainbow trout (Liu and Wong
2013). Carbamazepine and diclofenac are reported to have antiestrogenic effects
based on in vitro studies conducted with estrogen receptor-positive human breast
cancer cell line, MCF-7 (Mishra et al. 2018). Similarly, species sensitivity distribu-
tion (SSD) conducted by Menon et al. (2020) predicted reproductive failure and/or
vitellogenin induction in aquatic species at ethinylestradiol (EE2) concentration of
the order of ng/L. For sulfamethoxazole, carbamazepine, and atenolol, such effects
were only observed in the concentration range of μg/L. Several groups of microp-
ollutants such as heavy metals, inorganic compounds, and PPCPs (UV filters, disin-
fectants, and synthetic musks) are likely to bioaccumulate (Brausch and Rand 2011).
Additionally, a synergistic effect of these toxic chemicals is of substantial concern.
Compared to the effects measured individually, tests with combinations of various
pharmaceuticals (carbamazepine, diclofenac, and ibuprofen) had stronger effects on
the target aquatic organism, i.e., Daphnia magna than anticipated (Cleuvers 2004).
To make the matter worse, the concern about the bioaccumulation and biomagnifica-
tion of the micropollutants in the aquatic food web undermines the above-mentioned
issues.

15.5 Treatment

Conventional STPs are although effective for the treatment of wastewater in terms
of suspended particles, dissolved organics, and nutrients, they are inefficient for
micropollutants. Given their diverse properties, a specific treatment will not suf-
fice the removal of various micropollutants. Biodegradation and adsorption are very
efficient for the removal of a few groups of PPCPs such as fluoroquinolones, hor-
mones, caffeine, antimicrobial agents, and preservatives. However, groups such as
macrolides and sulfonamides, penicillin, fluconazole, and carbamazepine are recal-
citrant to the conventional treatment processes and are subsequently discharged to
the water bodies. Based on their percentage removal in a conventional STP, in fact,
pharmaceuticals can be broadly categorized into three classes. PPCPs such as car-
bamazepine, metoprolol, and diclofenac are poorly removed (<40%), trimethoprim,
ketoprofen, clofibric acid, sulfamethoxazole, atenolol, and nonylphenol are mod-
erately removed (40–70%) while estrone, bisphenol A, triclosan, naproxen, gemfi-
brozil, caffeine, and ibuprofen are removed at a greater extent (>70%) (Luo et al.
2014). Overall, for the treatment of micropollutants, especially PPCPs, advanced
technologies need to be introduced (Liu and Wong 2013).
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15.5.1 Activated Carbon Adsorption

Adsorption by activated carbon, a commonly employed method for controlling taste
and odor in drinking water, has potential for the treatment of secondary effluent
and also shown effective in removing micropollutants in comparison with the coag-
ulation–flocculation process. The adsorption is affected by the properties of both
adsorbates (KOW, pKa, molecular size, aromaticity versus aliphaticity, and presence
of specific functional groups) and adsorbent (surface area, pore size and texture,
surface chemistry, and mineral matter content) (Eregowda et al. 2019).

Both powdered activated carbon (PAC) and granular activated carbon (GAC) have
been widely used in adsorption processes. PAC is an effective adsorbent for treat-
ing persistent/non-biodegradable organic compounds. The main application of PAC
is its addition in activated sludge tank or post-treatment configurations in the full-
scale STP, which showed to reduce the micropollutants by more than 80% (Luo
et al. 2014). An advantage of employing PAC is that it can provide fresh carbon
continuously or can be used seasonally or occasionally when the risk of trace organ-
ics is present at a high level. Considerable removals of steroidal estrogens from
sewage effluent were observed during the GAC tertiary treatment. By comparison,
the reduction of pharmaceutical concentrations varied. Higher removal (84–99%)
was observed for mebeverine, indomethacin, and diclofenac, while the removal was
low for compounds such as carbamazepine and propranolol (17–23%) (Grover et al.
2011).

15.5.2 Attached Growth Treatment

There are several factors which make attached growth-based treatment technol-
ogy distinct from conventional activated sludge-based processes. Some of these
factors include better oxygen transfer, high nitrification rate, higher biomass con-
centrations, effective removal of organic matter at higher organic loading rate and
shorter HRT, development of microorganisms at relatively low specific growth rates
(e.g., methanogens), and better performance under variable or intermittent loadings
rates. More importantly, attached growth-based treatment is a compelling biological
technique for micropollutant removal (Luo et al. 2014). Several laboratory/pilot-
scale attempts were made to evaluate the potential of the attached growth sys-
tem for removal of micropollutants including endocrine-disrupting hormones, 17α-
ethinylestradiol. In an aerated submerged fixed-bed bioreactor (ASFBBR), 96% of
this compound was removed at an initial loading concentration of 11 μg/L. How-
ever, a reduced removal of 81 and 74%was obtained when the loading was increased
to 40 and 143 μg/L, respectively. However, retro-fitting such treatment systems
by employing ammonia-oxidizing bacteria (AOB) has excellent potential for the
removal of micropollutants (Forrez et al. 2009). In such a system, micropollutant
removal was solely governed by co-metabolism and the removal can be enhanced
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through the addition of packing/moving carriers which will facilitate the growth of
slow-growing specific microorganisms. However, additional research is necessary
to make attached growth processes an excellent treatment alternative for effective
removal of micropollutants.

15.5.3 Membrane Process

Removal of micropollutants during the membrane process is governed by several
mechanisms including size exclusion, adsorption on the membrane, and charge
repulsion. However, such mechanisms are controlled by a set of factors such as
type of membrane process, characteristics of the membrane, and operating condi-
tions, characteristics of micropollutant, and membrane fouling (Schäfer et al. 2011).
Even though microfiltration (MF) and ultrafiltration (UF) can efficiently remove
water/wastewater turbidity, micropollutants are reported to be poorly removed due
to their lower molecular size compared to the pore size of the membranes used in UF
and MF. Partial removal of micropollutants in such systems attributed to adsorption
of contaminants on to the membrane polymers and hydrogen bridging, and Van der
Waals force of attraction with the organic matter present in water/wastewater. How-
ever, nanofiltration (NF) and reverse osmosis (RO) are reported to remove micropol-
lutants to a greater extent due to their inherent “tighter” structures. In contrast, some
ionized micropollutants can pass through such membranes as reported elsewhere
(Forrez et al. 2009; Steinle-Darling et al. 2010).

15.5.4 Membrane Bioreactor

Membrane bioreactor (MBR)-based STPs are gaining more acceptability compared
to conventional STPs due to their high effluent quality, excellent microbial separation
ability, absolute control of SRTs and HRTs, high biomass content and less sludge
bulking problem, and low-rate sludge production. SuchMBRs can effectively remove
a wide spectrum of micropollutants including compounds that are partially removed
during activated sludge processes (ASP) (Radjenović et al. 2009; Spring et al. 2007).
When the removal of 57 micropollutants in anMBRwas compared with ASP, higher
removal in MBR was attributed to higher retention of sludge to which many microp-
ollutants adhered, interception of micropollutants by membrane surface and longer
SRT in MBRs that promoted microbial degradation of these compounds (Goswami
et al. 2018). Higher biodegradation rate in the MBR led to significant removal of
bezafibrate, ketoprofen, and atenolol while triclocarban, ciprofloxacin, levofloxacin,
and tetracycline were primarily removed by adsorption on to MBR sludge.
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15.5.5 Advanced Oxidation Processes (AOPs)

AOPs majorly involve the generation of hydroxyl radical (OH•) and other non-
selective oxidants having high reaction potential of the order 2.8 V either in the
presence or absence of light sources followed by degradation of various contaminants
present in the water or wastewater matrices (Silva et al. 2017). Broadly, it is catego-
rized into homogenous or heterogeneous depending upon the reacting phases. In case
of homogenous systems such as O3, UV/O3, UV/O3/H2O2, UV/H2O2, Fe2+/H2O2,
and UV/Fe2+/H2O2, both catalyst and substrate or only substrate exist in a single
phase while in the heterogeneous system catalyst and substrate exist in two different
phases (Muruganandham et al. 2014). In the later system such as TiO2/O2/UV and
TiO2/H2O2/UV processes, catalyst mostly exists in solid form. Based on various
routes of radical generation, AOPs are again classified as chemical, electrochemi-
cal, sonochemical, and photochemical processes (Ortiz et al. 2019). Several authors
have explored the application of the above-mentioned techniques for the removal of
micropollutants in water and wastewater as discussed in this section.

Among the chemical methods, ozonation is used as a tertiary treatment process in
various water treatment plants across the globewhere the degradation of PPCPs takes
place via direct oxidation (at low pH) and/or through OH• generated (at high pH) due
to decomposition of ozone (Ikehata and El-Din 2004). More than 90% removal of the
parent compound was reported for some of the persistent micropollutants including
carbamazepine, gemfibrozil, and DEET in a water treatment plant (Sui et al. 2011).
During the O3/H2O2 process, HO• is formed via a chemical reaction between ozone
andH2O2 (Eq. 15.1) and degradation of the contaminant is achieved by the combined
actions of ozone and HO•, whereas during UV/O3/H2O2 process, HO• is generated
by the photolysis of ozone in the aqueous medium (Eq. 15.2). In such a system,
100% removal for PPCPs including bisphenol A, β-blocker (metoprolol), antibiotics
(ciprofloxacin and sulfamethoxazole) was seen at ozone, and H2O2 concentration of
5 and 1000 mg/L, respectively (Richard et al. 2014). Similarly, the process of HO•

formation during Fenton (Fe2+/H2O2) and photo-Fenton processes (UV/Fe2+/H2O2)
is shown in Eqs. 15.1, and 15.4, respectively (Muruganandham et al. 2014; Oturan
and Aaron 2014). Atrazine was reported to be removed more than 90% at an exper-
imental Fe3+, Fe2+, and H2O2, concentration of 0.06–0.5, 0.28, and 0.14–5 mM,
respectively, when the reactor studies were conducted for a period of 7 min at a
fixed pH of 3 (De Laat et al. 1999). An extensive review article on the application of
ozonation for the treatment of PPCPs is also available (Gomes et al. 2017). Although
ozonation is widely used as a tertiary treatment process at water treatment plants and
STPs, accumulation of degradation by-products due to low mineralization cannot be
ignored. Some of these by-products may cause acute and chronic toxicity. In such
a scenario, application of H2O2 or UV/O3/H2O2 not only enhances the removal of
PPCPs but also improves the mineralization.

H2O2 + 2O3 → 2OH
◦ + 3O2 (15.1)
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O3 + hv + H2O → 2OH
◦ + O2 (15.2)

Fe2+ + H2O2 → OH
◦ + Fe3+ + OH− (15.3)

Fe3+ + H2O2 + UV → OH
◦ + Fe2+ + H+ (15.4)

During heterogeneous photocatalysis, TiO2 is irradiated with a light source such
that the incident photon energy is equivalent to or greater than the energy corre-
sponding to the bandgap of the nanoparticle. As a result of which the excited elec-
tron promoted to the conduction band, generating both negative electron (e−) and a
positive hole (h+) in the valence band. As the hole carries high oxidative power, it
not only oxidizes the absorbed water and produces OH• but also oxidizes hydrox-
ide ions, OH•−, or any available substrate (Cincinelli et al. 2015). Both bench and
pilot-scale studies were conducted to explore the potential of this technology to treat
a variety of micropollutants including diclofenac and naproxen (Fernández-Ibáñez
et al. 2003). An attempt was made for 100% elimination of diclofenac in a system
of O3/TiO2/UVA at an initial O3 and TiO2 concentration of 10 and 1.5 g/L, respec-
tively, irradiated at 313 nm for a period of 30 min (Aguinaco et al. 2012). Water and
wastewater parameters, including the concentration of DOM, dissolved oxygen, and
pH, cations, anions, and radical scavengers hinder the large-scale application of this
technology. Additional research may be conducted with TiO2 doped with zinc (Zn)
or silver (Ag) to overcome this limitation to make the photocatalytic process more
effective with complete mineralization using sunlight or visible light.

15.5.6 River Bed Filtration (RBF)

During RBF systems, water is forced to infiltrate into the subsurface towards a series
of abstraction wells located near-surface water bodies such as river or lake. Tem-
perature, nature, and concentration of organic matter, residence time, river flow,
and redox conditions decide the fate of micropollutants during RBF. Depending
upon the physicochemical properties of micropollutants, both biodegradation and
sorption play a major role in such systems. The initial infiltration phase of RBF is
usually the oxic zone that favors the degradation of readily biodegradable microp-
ollutants such as phenazone, dimethoate, diuron, and metoprolol (Bertelkamp et al.
2016). Next to the oxic zone, i.e., in the nitrate-reducing and iron/manganese reduc-
ing zones, higher removal was reported for more than 70 micropollutants including
atrazine, primidone, sulfamethoxazole, and iopamidol (Storck et al. 2012). Based
on laboratory-scale column study, it was found that the presence of humic acids
enhanced depletion of caffeine and 17-β estradiol regardless of the temperature and
the level of oxygen. However, the attenuation was restricted to only 10 and 30% for
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carbamazepine and gemfibrozil, respectively (D’Alessio et al. 2015). When experi-
ments were conducted for an extended period of 45 days under oxic, suboxic (partial
nitrate removal) and anoxic (complete nitrate removal) conditions, higher removal
was observed for most of the compounds in the oxic zones. Even though strong cor-
relation could not be obtained between physicochemical properties (hydrophobicity,
charge and molecular weight) or functional groups of pharmaceuticals with the vary-
ing redox conditions, consistently, the removal was low for persistent PPCPs such as
atrazine, carbamazepine, hydrochlorothiazide, and simazine. Dimethoate, chlorida-
zon, lincomycin, sulfamethoxazole, and phenazone have shown adaptive behavior,
and such behavior has to be considered while modeling RBF (Bertelkamp et al.
2016).

Hamann et al. (2016) simulated the fate of 247 micropollutants during long-
term/long-distance RBF at a temporal scale for several years by incorporating
both linear adsorption and first-order rate equations. The modeled equation can be
expressed as:

R
∂C

∂t
= D

∂2C

∂x2
− ϑ

∂C

∂x
− λC

where R—retardation coefficient; C—aqueous concentration of a contaminant; x—
spatial dimension in flow direction; t—time; ϑ—pore velocity; D—longitudinal
dispersion coefficient; and λ—first-order degradation rate constant.

Retardation due to liner adsorption can be further expressed as:

R = 1 + ρb
Kd

θ

where Kd—distribution coefficient; ρb—bulk density; and θ—total porosity.
Similarly, Henzler et al. (2014) investigated the fate of several micropol-

lutants during RBF combining two-dimensional numerical flow and reactive
transport model. Out of twelve organic micropollutants, primidone, ethylene-
diaminetetraacetic acid (EDTA), and 1-acetyl-1-methyl2-dimethyl-oxamoyl-2-
phenylhydrazide (AMDOPH) showed neither biodegradation nor sorption. Slight
degradation was seen for 1.5 naphthalenedisulfonic acid (1.5 NDSA) and adsorbable
organic halogens (AOX); carbamazepine degraded with a half-life time of about
66 days. The model was well fitted for clindamycin, phenazone, diclofenac,
and sulfamethoxazole attributed to their characteristics temperature and redox
conditions-dependent biodegradation.
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15.6 Conclusions

Urbanization and change in lifestyle have increased the consumption and occurrence
of various micropollutants in different environmental compartments. Even at a con-
centration ranging from few ng/L to μg/L, micropollutants produce both chronic
and toxic effects in the living organisms. Several factors including, seasonal con-
sumption pattern, hydrogeological conditions, intensity of solar radiation, rainfall
pattern, type of sewage system, and zonal planning decide load of micropollutants
in the influent stream of STPs. As conventional STPs are unable to remove such
micropollutants and their toxic by-products, more research should be conducted on
heterogeneous advanced oxidation-based tertiary treatment technology. In general,
a combination of MBR and NF/RO, GAC/MF and NF, and TiO2 and UF can remove
micropollutants at an efficiency ranging from 50 to 100%. However, economically
viable and easily scalable synthesis routes with high yield for TiO2 should be the
focus. Immobilization techniques aiding easy separation of the nanoparticles from the
system also need special interest. In natural environmental settings, micropollutants
are present at a very low concentration and RBF has shown potential in attenuating
readily biodegradable micropollutants. Both site-specific factors and properties of
individual contaminants strongly influence the overall dynamics during RBF.
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Radjenović J, Petrović M, Barceló D (2009) Fate and distribution of pharmaceuticals in wastewater
and sewage sludge of the conventional activated sludge (CAS) and advancedmembrane bioreactor
(MBR) treatment. Water Res 43:831–841

Richard J, Boergers A, vom Eyser C, Bester K, Tuerk J (2014) Toxicity of the micropollutants
Bisphenol A, Ciprofloxacin, Metoprolol and Sulfamethoxazole in water samples before and after
the oxidative treatment. Int J Hyg Environ Health. https://doi.org/10.1016/j.ijheh.2013.09.007

Santos JL, Aparicio I, Alonso E (2007) Occurrence and risk assessment of pharmaceutically active
compounds inwastewater treatment plants. A case study: seville city (Spain). Environ Int 33:596–
601

Schäfer AI, Akanyeti I, Semião AJ (2011)Micropollutant sorption to membrane polymers: a review
of mechanisms for estrogens. Adv Colloid Interface Sci 164(1–2):100–117

SchuethC (2014)MARSOL: demonstratingmanaged aquifer recharge as a solution towater scarcity
and drought

Schwarzenbach RP, Escher BI, Fenner K, Hofstetter TB, Johnson CA, Von Gunten U, Wehrli B
(2006) The challenge of micropollutants in aquatic systems. Science 313:1072–1077

Silva LLS, Moreira CG, Curzio BA, da Fonseca FV (2017) Micropollutant removal from water by
membrane and advanced oxidation processes—a review. J Water Resour Prot 09:411–431

Singh A, Patel AK, Deka JP, Das A, Kumar A, Manish Kumar (2019) Prediction of Arsenic
Vulnerable Zones in Groundwater Environment of Rapidly Urbanizing Setup, Guwahati, India.
Geochemistry, 125590. https://doi.org/10.1016/j.chemer.2019.125590

Spring AJ, Bagley DM, Andrews RC, Lemanik S, Yang P (2007) Removal of endocrine disrupting
compounds using a membrane bioreactor and disinfection. J Environ Eng Sci 6:131–137

Steinle-Darling E, Litwiller E, Reinhard M (2010) Effects of sorption on the rejection of trace
organic contaminants during nanofiltration. Environ Sci Technol 44:2592–2598

Storck FR, Schmidt CK, Lange F, Henson JW, Hahn K (2012) Factors controlling micropollutant
removal during riverbank filtration. J Am Water Works Assoc 104:643–652

Sui Q, Huang J, Deng S, Chen W, Yu G (2011) Seasonal variation in the occurrence and removal
of pharmaceuticals and personal care products in different biological wastewater treatment
processes. Environ Sci Technol 45(8):3341–3348

Yang SF, Lin CF, Yu-Chen Lin A, Andy Hong PK (2011) Sorption and biodegradation of sulfon-
amide antibiotics by activated sludge: experimental assessment using batch data obtained under
aerobic conditions. Water Res 45:3389–3397

Yang W, Zhou H, Cicek N (2014) Treatment of organic micropollutants in water and wastewater
by UV-based processes: a literature review. Crit Rev Environ Sci Technol 44:1443–1476

Zhang XX, Zhang T, Fang HHP (2009) Antibiotic resistance genes in water environment. Appl
Microbiol Biotechnol 82:397–414

https://doi.org/10.1016/j.ijheh.2013.09.007
https://doi.org/10.1016/j.chemer.2019.125590


Chapter 16
Impact of Solid Municipal Waste
Landfills on Groundwater Resources:
Need for Integrated Solid Waste
Management Aligned
with the Conservation of Groundwater

Medhavi Srivastava and Manish Kumar

16.1 Introduction

When the well is dry, we’ll know the worth of water—Benjamin Franklin

It was times like the present that were dreaded by wise men in the past, and times
like this when the wells are finally dry or poisoned, demand for urgent focus. A
majority of modern problems revolve around water, not only the water that is there
for human use but also the water that is the fuel to earth system as a whole. Perturba-
tions in the water cycle by human actions have been recorded since the beginning of
civilization. These perturbations are overgrown now, caused by changes in infiltra-
tion; runoff and evaporation patterns due to land use and land cover change; increases
in streamflow due to channelization and changes in groundwater levels due to overex-
ploitation of aquifers. The present-day problems of climate change and urbanization
added on with the complexity of the hydrological cycle make groundwater more
polluted by the day.

The accessibility of water is not just a function of quantity, but also of quality,
space and time. Out of all the water that is present on our planet, only 2.5% of
water is fresh and even out of that just 1% is easily accessible (National Geographic,
Freshwater Crisis, Patel et al. 2019b; Das et al. 2015). Actually, only 0.007% of all
thewater is available for 7 billion people of theworld, which is obviously on a sharing
basis in our environment. People might not understand this quite well and these may
merely seem as figures, but the truth is, we are running out of time. Groundwater, one
of the most important resources of a nation, is a source of about 35% of water which
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is used by us. Other than overexploitation of this groundwater, which has caused
aquifers to run dry all over the world, the little of it that is left is being contaminated
by modern human practices (Saikia et al. 2017; Kumar et al. 2013; Kim et al. 2011;
Patel et al. 2019b).

The issue of water resource among such a large population is not the only prob-
lem; increasing population generates immense amounts of waste and with it comes
the concern of waste disposal. The rates of waste generation are rising all around
the world. According to a data of The World Bank, the worlds’ cities generated 2.01
billion tonnes of solid waste, which amounts to the unbelievable footprint of 0.74 kg
per person per day (Singh et al. 2020) This figure is only about to increase manifold
in the coming years! What is even more disturbing is the absence of sanitary waste
disposal methods and poor waste management. According to EPA’s Waste Manage-
ment Strategy, the most preferred waste management is source reduction and reuse,
followed by waste recycling and energy recovery. Waste disposal is the least pre-
ferred waste management strategy, but unfortunately it is also the most commonly
used method all over the world. Even in waste disposal methods, without treatment
disposal is predominant in developing countries. Landfilling in poorly monitored
and managed open landfills is a major threat to the water resources (Mukherjee et al.
2020; Singh et al. 2019; Das et al. 2015) (Fig. 16.1).

There is a lack of proper waste disposal methods which has left most cities with
vast open landfill as the only way of waste disposal, supporting tonnes of solid waste.
Landfills in densely populated cities which are pressurising resources over the top
should have groundwater management strategies like monitoring on regular basis,
designing of landfill in such a way as to reduce leachate migration to groundwater
and collection and treatment of leachate. Moreover, groundwater in and around the
landfill sites should be subjected to strict scrutiny and shall not be used for drinking
purposes unless it meets specific standards. Indiscriminate dumping of wastes should
be stopped without proper solid waste management practices. The leachate formed
from the decomposition of these open landfill waste materials is highly polluting and
finds its way to the underground water supply which is backed up by many reports in
scientific journals around the world. The leachate percolates through these piles of a
city’s concentrated garbage and reaches the groundwater onwhich the city eventually

Fig. 16.1 Facts and figures on municipal solid waste management (from http://www.epa.gov)

http://www.epa.gov
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relies. The leachate becomes a weighty source of pollution for the already dwindling
groundwater (Kumar et al. 2019a, b).

The importance of an efficient solid waste management is strengthened by the
knowledge and proof of threat posed to the very little amounts of groundwater left
to us by leachate. Risks of groundwater contamination and the impact of landfill
sites upon groundwater can be judged by monitoring the concentration of potential
contaminants monitoring points, and such studies have come into limelight recently,
all of which show an average increase in contaminants like heavy metals, total dis-
solved solids, nitrates, sulphates, etc. The current situation calls for the dire need of
shaping the idea of integrated sustainable solid waste management. It includes the
management of solid waste in a way as to sustain the existing water resources with-
out its further contamination. The management of water resources is to be aligned
with waste management in order solve these problems. The first step of this is the
understanding about the intricate relations between the both, because all the com-
ponents of our earth system are dynamically interactive. If there is a change in one
component, the effect of this change propagates to the other components. This means
that the environment has to be dealt with as a cohesive whole (or as an integrated
system) which often is not managed as a continuum in practice. Each component of
the continuum is considered separately, often with little accounting for its interac-
tion with other components. Due to this, there are huge gaps in the understanding of
sustainable solutions especially in developing countries such as India. As the pres-
sure on our resources continues to increase by the day, all the aspects of the system
should be considered in an integrated manner which could help in improvise better
environmental planning and policy making for sustainable development.

16.2 Overview of the Current Situation

16.2.1 Facts and Figures

Groundwater comprises 97% of the worlds’ accessible freshwater, and the pressure
on it is growing at an alarming rate. The unplanned, unmanaged and accelerated
increase in groundwater contamination has been neglected by governments espe-
cially in developing countries around the globe. At a time like this, when climate
change continues to affect surface water sources, the quantity and quality of ground-
water resource are becoming extremely valuable. The development of groundwater
conservation strategies is utmost at present and we cannot risk the limited water
resource merely due to improper solid waste management.

Approximately, 2.01 billion metric tonnes of municipal solid waste (MSW) is
produced annually worldwide according to TheWorld Bank report, 2018. According
to a report of EPA, the total generation of municipal solid waste in the USA in 2015
was 262.4 million tonnes which was a result of 4.48 lb per person per day increase
over last year (National Overview, EPA 2015). According to the Press Information
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Table 16.1 MSW generated by metro cities in India

City-wise municipal solid waste generation in metro cities/state capitals in India (1999–2000,
2004–2005, 2010–2011 and 2015–2016)

City Population
(Census-2011)

Waste generation (TPD)

1999–2000 2004–2005 2010–2011 2015–2016

Mumbai 12,442,373 5355 5320 6500 11,000

Delhi 11,034,555 400 5922 6800 8700

Bengaluru 8,443,675 200 1669 3700 3700

Chennai 7,088,000 3124 3036 4500 5000

Hyderabad 6,731,790 1566 2187 4200 4000

Ahmedabad 5,577,940 1683 1302 2300 2500

Kolkata 4,496,694 3692 2653 3670 4000

Pune 3,124,458 700 1175 1300 1600

Lucknow 2,817,105 1010 475 1200 1200

Source: http://www.mospi.gov.in/

Bureau, India generates 62million tonnes ofwaste every year, with an average annual
growth rate of 4%. The amount of MSW generated by major metro cities in India is
given in Table 16.1.

The World Bank also gives an estimate for overall waste generation which shows
to increase to 3.40 billion metric tonnes by 2050. The report also shows that almost
40% of the waste generated is not managed properly and dumped in open landfills
or improperly burned (The World Bank Report on Global Solid Waste management,
2018). The total quantity of waste generated in developing countries is expected to
rise even more than three times due to lack of proper management.

16.2.2 Challenges with Solid Waste Management

Solid waste management is plausibly the most important municipal service of a city,
and though the service level, environmental impacts and costs vary sensationally, it
serves as a prerequisite for other municipal actions. More than one-third of waste is
recycled or composted. A global review of solid waste management by The World
Bank states that municipal solid waste (MSW) management is the most important
service a city provides. The waste generation of a country greatly depends on its
economy along with other factors like population. In developing countries, MSW
is the largest single budget item for cities and one of the largest employers. Waste
collection rates vary widely from place to place. For instance, in developed or high-
income countries, there is a universal, proper and efficient waste collection, but
developing and low-income countries tend to collect up to 48% of waste in cities and
almost half of it outside urban areasmaking even thewaste collection very inefficient.

http://www.mospi.gov.in/
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Fig. 16.2 Waste management across the globe

Globally, about 37% of waste is disposed in landfills, 33% is openly dumped,
19% undergoes recycling and composting and only 11% is treated through modern
incineration. Overall, most of the waste ends up in some type of landfill which is the
most harmful method of waste disposal. Out of the global average, the developing
countries can have the percentage of open dumping as high as up to 90% (Hoornweg
and Bhada-Tata 2012) (Fig. 16.2).

MSW composition also varies greatly across the globe. The waste generated
by low- and middle-income countries mostly comprises of organics originated from
food and greens, whereas in high-income countries the fraction of organics goes
down to about one-third because of larger amounts of packaging and non-organic
wastes. The quantity of recyclables also varies; as countries rise in development, the
quantity of recyclables in waste stream increases. It is a clear sign indicating towards
very primitive solution of waste management by manufacturing more recyclable
products.

If a city is unable to manage its waste effectively, it would not be able to manage
more complex services such as health, education or transportation and of course,
sustainable and good water supply.

In the case of India, the basic problem is excessive urbanization and the resultant
slumming of cities. Municipal bodies cannot make the large investments required for
proper waste management because of poor finances (India Today 1994) (Fig. 16.3).
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Fig. 16.3 Waste generation per kg per capita

16.2.3 Groundwater Contamination

Groundwater plays a vital role for urban and agricultural water supply. It occurs
in permeable geologic formation known as aquifers. They are formations having
structure that can store and transmit water at rates fast enough to supply reasonable
amounts towells (Afolayan et al. 2012). The impact of landfill on groundwater quality
is dependent on many factors such as type and nature of waste, rainfall pattern, local
geology, hydraulic gradient and so on (Kumar et al. 2008). Groundwater contamina-
tion is usually uncommon compared to contamination of other water bodies because
contaminants get removed while infiltration through soil strata while replenishing
of groundwater systems by rainfall. Groundwater contamination observed all over
the globe these days is majorly anthropogenic. Mostly, in countries, where ground-
water is intensively used for irrigation and industrial purposes, land use change and
overexploitation are causing its contamination (Banerjee et al. 2012).

Municipal, industrial and agricultural, all activities affect groundwater quality.
Sources of groundwater contamination include accidental spills, surfacewaste ponds,
pipelines and injection wells, saltwater intrusion, landfills and waste disposal sites,
improperly constructed wells, land application of pesticides, acid mine drainage and
underground storage tanks. Out of all these, landfill practices, disposal of solid waste
by filling depressions on land with waste, have been identified as the most potent
threat to groundwater resources (Taylor and Allen 2006; Fatta et al. 1999). Waste
dumped in landfills is subject to underflow and/or infiltration from precipitation
resulting in the formation of leachate which seeps into the aquifers and contaminates
groundwater. Major groundwater pollutants due to leachate include heavy metals
such as cadmium, lead and arsenic. Increased total dissolved solids, ammoniacal
nitrogen and organic matter in groundwater are also result of leachate migration.
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Pesticides and fertilizers can accumulate and migrate to the water table. Contamina-
tion of aquifers due to rapid urbanization coupled with poor sanitization is the most
omnipresent pollution problem in countries like India. Additionally, unlike other
water resources, when groundwater becomes contaminated, it is very difficult and if
at all possible, then very difficult to clean up.

16.3 Municipal Solid Waste Landfills in the Developing
World

The heterogeneous waste produced in urban areas is collectively called as municipal
solid waste (MSW). MSW typically consists of organics, metals, glass, paper, plas-
tics, wood and composite products (Kumar et al. 2015). The nature of MSW varies
from region to region and depends on many factors. The characteristics and quantity
of MSW generated are function of economy, region, population, lifestyle and abun-
dance and type of natural resources there. The composition of MSW also varies from
country to country. The World Bank Overview on solid waste Management shows
that there is an increase in organic waste as we go from developed to developing
countries.

MSW is disposed of in thousands of municipal landfills throughout the world.
Landfills are engineered areas where waste is deposited, compacted and covered,
but the problem with them is that they remain widely open especially in developing
countries. Out of all municipal landfills, vast open landfills are most common in
developing countries like India. Out of all global waste, 40% of waste is disposed
of in MSW Landfills. In developing countries like India, this percentage hikes up to
almost 90% (Kaza et al. 2018) (Fig. 16.4).

Fig. 16.4 MSW composition a of the USA (from: https://www.epa.gov/landfills/municipal-solid-
waste-landfills) b of Indian landfill (Singh et al. 2008)

https://www.epa.gov/landfills/municipal-solid-waste-landfills
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16.3.1 Fate of Solid Waste in Urban Municipalities

Municipal solid waste (MSW) is collected by sanitation services from three types of
MSWgenerators—households, commercial and institutional. Out of these, themajor
portion of MSW comes from households, accounting for 55–65% of total MSW, fol-
lowed by commercial sector which includes solid waste from offices, stores, restau-
rants, etc. (Singh et al. 2008). The industrial sector is not included in MSW because
it mostly manages its own waste by recycling, reuse or disposal in separate industrial
landfills. However, these practices are not so common in developing countries yet,
and industrial waste also contributes to MSW.

After collection, MSW goes to landfills that accept “household waste”. But in
countries like India, municipal landfills may include various kinds of waste. In devel-
oping countries,many rag-pickers come to the picture at this timewho crowd the open
dumps and collect recyclable waste to sell it. They even roam around in residential
areas to collect recyclable waste directly. All MSW management systems have col-
lection and transportation of MSW as an important component. Collections of MSW
vary from regions by service of local government and collectors, by extent of col-
lection and by level of service provided to households. Collection vehicles (usually
tractor trailer trucks) are assigned for the transport of waste to landfills at centrally
located transfer stations. In developed countries, much sorted and pre-treated wastes
enter landfills and the site is subjected to leachate treatment regularly, later to be
covered up. But in countries like India, once the waste is in the landfills, it becomes
a part of a huge open pile of waste. The waste disposal in landfills is unscientific and
chaotic in India (Gupta et al. 1998).

16.3.2 Types of Municipal Solid Waste Landfills

Landfills are engineered containments which are made in depressions in earth,
designed to minimize the impact of MSW on the environment and health. In MSW
landfills, there is predominantly a liner system. The liner isolates the landfill con-
tents from surrounding and protects the environment this way; they also control the
migration of leachate from waste to groundwater to a limit. Landfill liners protect
the soil and groundwater from contamination by waste and leachate. Different kinds
of liners are installed in different types of MSW landfills which are defined by the
characteristics of waste to be dumped in it. Most of the landfills contain a leachate
collection system as well as a treatment unit along with liner system.

Landfill liner design focuses on creating a barrier between waste and soil and
draining the leachate in collection systems. In landfills without collection systems,
specialized linersmay be presentwhich reduce the contamination by leachate in some
way. The potential threat posed by type of MSW is the main criteria to determine
the type of liner required for each landfill because different wastes generate different
kinds of leachate. Linersmay be characterized into single, double or composite types.
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Fig. 16.5 A conventional landfill structure (from: http://www.semcolandfill.com/faq.html)

Single liners are used in designs which hold construction and demolition waste or
wastes which are mostly composed of earth materials (Bouazza and Van Impe 1998).

The purposes of single liner are just to create a barrier between waste and environ-
ment. Composite liners consist of a geomembrane with a compacted-clay liner. They
aremade for containment ofMSWwith large organic content, and they limit leachate
migration. Double liners consist of a combination of single liners or composite lin-
ers which functions to collect and control leachate. The collection part of landfill is
usually composed of sand and gravel or geonet. There are leachate collection pipes
to hold storage tanks. There are leak detection systems in some advanced double
liner landfills. Lining materials include clay, geomembrane, geotextiles, geosyn-
thetic clay and geonet, all of which are specially engineered for lining (Hughes et al.
2008) (Fig. 16.5).

16.3.3 Landfill Lifespan

The lifespan of landfills depends on their liners which act as barriers to leachate
migration. It is widely acknowledged that liners deteriorate over time and eventually
fail to prevent leachate migration (Jagloo 2002). So all landfills have a lifespan based
on life of its liner. The process of degradation (physical, biological and chemical)

http://www.semcolandfill.com/faq.html
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Fig. 16.6 The Pirana landfill site (a municipal Solid Waste Landfill) in Ahmedabad, Gujarat

of waste releases by-products which get dissolved in rainwater and flow as leachate.
This chemical-laden leachate interacts with the liner of landfills and eventually dete-
riorates it over time. It then reaches to groundwater. Though this movement is very
slow and cannot even be identified for a long time, leachate causes severe ground-
water contamination and reacts in unanticipated ways to affect the ecosystem as a
whole. In many developing countries, this fact is overall ignored and no attention is
paid to the lifespan of landfills (Abarca-Guerrero et al. 2015). In India, landfill sites
even in large metro cities are as old 30–40 years, with the very basic structure of the
landfills with short lifespans and no leachate collection or treatment systems, just
massive mounds of garbage (Fig. 16.6).

16.3.4 Existing Landfills and the Focus Towards the Problem

According to an article on World Atlas, six out of seven largest landfill sites in the
world are in Asia, though the largest landfill in the world is Apex Regional in Las
Vegas, the USA. The landfill designs and management vary considerably across the
globe. The largest landfill in Nevada is so well developed and fully planned that it
can handle even tonnes of more solid waste daily; it even has a gas collection system
which collects methane gas released from the landfills which are then used by power
plants to generate energy! EPA report states that the amount of methane generated
from this site accounts for almost 17% of methane emission of the USA. So the
utilization of this and its conversion in energy is a great achievement and boon for
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environment protection as methane is a greenhouse gas. On the contrary, we also
have the Ghazipur landfills in Delhi, India, which come in this list but are most
poorly managed of all. The Delhi landfills have reached their limit a long time ago,
but still tonnes of waste is dumped on it without any proper waste management. The
methane gas emissions from this landfill site could have generated 25 MW of power
if tapped effectively for such purpose according to a report of International Energy
Agency Reports. Classical unlined or poorly lined landfills pose a serious threat to
environment and groundwater resources via leachate and landfill gas directly. Though
there are many landfills constructed and managed very prudently like the landfills
in developed nations which use various lining materials to limit and even restrict
the leachate movement, these constructions, engineering and researches vary widely
across the globe due to many factors discussed earlier.

16.4 Leachate and Groundwater

16.4.1 Characteristics of Landfill Leachate

Whenprecipitation infiltratesMSWinopen landfills, leachate ladenwith by-products
of chemical, biological and physical degradation of waste is generated. Leachate
is mainly characterized by high dissolved solids and organics, inorganic macro-
compounds such as chlorides, iron and aluminium, heavy metals and large organic
xenobiotics like halogenated compounds. Other chemicals like pesticides and sol-
vents might also be present. Leachate from MSW landfill sites often include major
elements like calcium, magnesium, potassium, nitrogen and ammonia, heavy met-
als like iron, copper, manganese, chromium, nickel, lead and organic compounds
(Freeze and Cherry 1979). The leachate changes the physicochemical characteris-
tics of groundwater eventually. The concentration and proportion of these wastes in
leachate depend on the characteristics of MSW from which it is generated (Singh
et al. 2008).

16.4.2 Groundwater Quality Standards in India and Impact
of Leachate on Groundwater Quality

Groundwater quality is checked by physical, chemical and biological properties of
water which include temperature, colour, taste, turbidity, odour, pH, alkalinity, acid-
ity, total hardness, coliform count, etc. As the groundwater is getting contaminated
by the day, the deviations in its regular properties are observed. There are specific
standards set by government for the limit of specific concentrations in water. In India,
these standards are set by Bureau of Indian Standards (BIS) which are further kept in
check by Central Pollution Control Board (CPCB) or State Pollution Control Board
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Table 16.2 Extent of groundwater pollution in India

Extent of groundwater pollution in India

Pollutant Permissible limit Exceeded in number of states of India

Fluoride 1.5 ppm 14 Indian states, namely Andhra Pradesh, Bihar, Gujarat,
Haryana, Karnataka, Kerala, Madhya Pradesh, Maharashtra,
Orissa, Punjab, Rajasthan, Tamil Nadu, Uttar Pradesh and West
Bengal affecting a total of 69 districts, according to some
estimates
Some other estimates find that 65% of India’s villages are
exposed to fluoride risk

Iron 0.3 ppm 23 districts from four states, namely Bihar, Rajasthan, Tripura
and West Bengal and coastal Orissa and parts of Agartala valley
in Tripura

Arsenic 50 ppb Alluvial plains of Ganges covering six districts of West Bengal
aPresence of heavy metals in groundwater is found in 40
districts from 13 states, viz., Andhra Pradesh, Assam, Bihar,
Haryana, Himachal Pradesh, Karnataka, Madhya Pradesh,
Orissa, Punjab, Rajasthan, Tamil Nadu, Uttar Pradesh, West
Bengal and five blocks of Delhi

Nitrate 45 ppm 11 states, covering 95 districts and two blocks of Delhi

Source: Kumar and Shah (2004)

(SPCB). The evolving measures to control groundwater pollution are to check and
monitor groundwater to make sure the parameters do not exceed the permissible
limits. This involves careful water quality monitoring (WQM) done by WQM sta-
tions which are not enough in the first place unfortunately. Our country runs short of
proper monitoring which creates huge gaps even in primary analysis. WQM involves
expensive and sophisticated equipment which is not very advanced in our country.
Studies indicate that the concentrations of contaminants in groundwater are higher
than the standard limits and are backed up by experiments all across the nation,
especially in and around landfill sites (Table 16.2).

16.4.3 Factors Affecting Leachate Migration

There are many factors which affect leachate migration till the groundwater and then
its transport further. The geology of area, season of the year, natural discharge, etc.,
all has a serious impact on leachate migration. It is very important to understand
all of these intricate relations in order to understand the leachate migration and
groundwater contamination. In a landfill system, even more functions are added to
the leachate movement like the type of liner material, the characteristics of waste,
amount of waste, amount of precipitation, structure and design of landfill and many
others. When the leachate flows through the site to the groundwater, some of the
contaminants maybe adsorbed onto soil, and when it finally mixes with groundwater,
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it forms a plume which spreads by flowing in the direction of flow of groundwater.
The extent of contamination of the groundwater also depends on a number of factors
like the transport rate, infiltration rate, depository conditions, flow direction, nature
of media, etc. (Vasanthi et al. 2008).

16.5 Importance of Efficient Solid Waste Management

16.5.1 Risks and Threats Posed by Contaminated
Groundwater

Landfills pose a serious threat to the environment and human health through leachate,
landfill gas and open waste. In landfills, MSW or other wastes serve as input and
leachate serves as an output. The compound attributes of groundwater are controlled
by several chemical reactions and natural responses during the movement of water
through many zones (Kumar et al. 2015). Through leachate plume and groundwater
contamination, many disease outbreaks are likely, even the past eradicated diseases
because of degradation of buried wastes that initially caused those outbreaks (Nagen-
dran et al. 2006). Degradation of MSW also creates landfill gases which are a source
of air pollution. Methane is predominantly released from such sites, and as it is a
GHG, it causes global problems on large scale. Open dumps also serve as breeding
grounds for pests, flies and mosquitoes causing further health issues indirectly.

Contamination of groundwater with heavy metals is of major concern because
it makes groundwater highly toxic and may render it totally unusable. Not only
in human health, but also the groundwater contamination has severe impacts on
plant life and vegetation. It can cause shedding and other diseases in vegetation as
groundwater sustains many other elements of our ecosystem too!

Apart from poor drinking water quality and loss of water supply, contaminated
groundwater can cause irreversible losses. For example, estuaries that are affected
by high nitrogen concentrates from groundwater have shown loss of habitat for some
shellfish species. Groundwater contamination affects the economy of a country, as it
is very expensive and close to impossible to clean contaminated groundwater, high
costs for clean up along with high costs of alternate water supply.

16.5.2 Integrated Sustainable Solid Waste Management

The preferredmethod for solidwastemanagement should not be landfilling in the first
place, but in the current scenario, where landfills are prominently used for municipal
solid waste management, the ideal landfill should be confined to a small area with
proper lining to control leachate migration, leachate collection and treatment sys-
tems, groundwater monitoring wells and stations and even the gas collection systems
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Fig. 16.7 Integrated waste
management

for landfill gas. Over this, the idea of landfill lifespan should be carefully considered
and the landfill should be covered in due time. Multitudinous management strate-
gies, new designs, ideas and technologies have come into limelight to reduce such
serious impacts of solid waste landfills on groundwater resources. Integrated waste
management basically refers to implementation and designing novel waste manage-
ment systems for analysing the existing ones. It denotes that all the aspects of waste
management system should be considered while analysis as they all are actually
interrelated and any change in one affects the practices or activities in another. There
is a dire need for a better solution to the impact of landfills on water resources in
densely populated cities around the globe and for integrated solid waste management
aligned with the conservation of groundwater (Fig. 16.7).

16.5.3 Groundwater Resource Management

The problem with is that because of its slow movement, contamination often
remains undetected for long periods of time. But even in the known contamination
sources, like MSW landfills, groundwater contamination widely remains unchecked
especially in developing and low-income countries.

In India, the legal framework for groundwater protection is not simple. Distribu-
tion of groundwater is highly uneven in our country, and this clears that no single
management strategy can be adopted for the whole country as geomorphology, cli-
mate, hydrology, water utilization patterns should be kept into account (Jha and Sinha
2009). Neglecting the fact of low finance in these areas, enforcement of laws is also
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not easy. The Water Act of 1974 and EPA of 1986 deal with most pollution issues
related to groundwater in India with the support of many more policies, ordinances
and boards like CPCB and SPCB. But there is a wide gap between knowledge and
implication. Policies must be developed to improve finances and quality of ground-
water. The solution can be up-scaling and spread of community-based groundwater
management. This approach alongwith integratedwastemanagement would go hand
in hand in the development of integrated resource management.

16.6 Conclusion

Through this chapter, we have known the threat from landfill leachate to groundwater
pollution is real and big.Aquifers are being depleted, but before they run dry, theywill
become unusable because of pollutants. As unfeasible it may seem, these problems
are not completely without a solution. Backed up by the proof provided by the case
studies, a proper groundwater resourcemanagement alongwith integrated solidwaste
management is not very difficult to achieve. There is a need for integration of data
on water quality with data on water supplies and also with waste management for
various economic and environmental objectives. If the barriers between government
andwater using sectors are removed, and awareness is increased, approaches towards
resource protection will mutually be made by all groundwater users.

References

Abarca-Guerrero L, Maas G, Hogland W (2015) Solid waste management challenges for cities in
developing countries. Revista Tecnología en Marcha 28(2):141–168

Afolayan OS, Ogundele FO, Odewumi SG (2012) Hydrological implication of solid waste disposal
on groundwater quality in urbanized area of Lagos state, Nigeria. Int J Appl 2(5)

Banerjee DM, Mukherjee A, Acharyya SK, Chatterjee D, Mahanta C, Saha D, Dubey CS (2012)
Contemporary groundwater pollution studies in India. Proc Indian Nat Sci Acad 78(3):333–342

Bouazza A, Van Impe WF (1998) Liner design for waste disposal sites. Environ Geol 35(1):41–54
Das N, Patel AK, Deka G, Das A, SarmaKP, KumarM (2015) Geochemical controls and future per-
spective of arsenicmobilization for sustainable groundwatermanagement: a study fromNortheast
India. J Groundwater Sust Dev 1(1–2):92–104

EPA (2015) National overview: facts and figures on materials, waste and recycling. Retrieved from
https://www.epa.gov/facts-and-figures-about-materials-waste-and-recycling/national-overview-
facts-and-figures-materials

Fatta-Kassinos D, Papadopoulos A, Loizidou M (1999) A study on the landfill leachate and its
impact on the groundwater quality of the greater area

Freeze RA, Cherry JA (1979) Groundwater: Englewood Cliffs. New Jersey
Gupta S, Mohan K, Prasad R, Gupta S, Kansal A (1998) Solid waste management in India: options
and opportunities. Resour Conserv Recycl 24(2):137–154

Hoornweg D, Bhada-Tata P (2012) What a waste: a global review of solid waste management, vol
15. World Bank, Washington, DC, p 116

https://www.epa.gov/facts-and-figures-about-materials-waste-and-recycling/national-overview-facts-and-figures-materials


318 M. Srivastava and M. Kumar

HughesKL, ChristyAD,Heimlich JE (2008) Landfill types and liner systems. Ohio StateUniversity
Extension Fact Sheet CDFS-138-05, 4

Jagloo K (2002) Groundwater risk analysis in the vicinity of a landfill: a case study in Mauritius.
Royal Inst. of Technology

Jha BM, Sinha SK (2009) Towards better management of ground water resources in India. Q J
24(4):1–20

Kaza S, Yao L, Bhada-Tata P, Van Woerden F (2018) What a waste 2.0: a global snapshot of solid
waste management to 2050. World Bank Publications

Kim J, Kuwahara Y, Kumar M (2011) A DEM-based evaluation of potential flood risk to enhance
decision support system for safe evacuation. Nat Hazards 59:1561–1572

KumarMD,ShahT (2004)Groundwater pollution and contamination in India. Emerging challenges,
Hindu survey of environment. Kasturi and Sons

Kumar M, Herbert Jr R, Ramanathan AL, Rao MS, Deka JP, Kumar B (2013) Hydrogeochemical
zonation for groundwater management in the area with diversified geological and land-use setup.
Chemie der Erde- Geochemistry 73:267–274

KumarM,RamanathanAL,ChidambramS,GoswamiR (2015)Criterion, indices, and classification
of water quality and water reuse options. In: Eslamian S (ed) Urban water reuse handbook
(UWRH), 1st ed, Chap 6. CRC Press, pp 163–176. ISBN: 13-978-1-4822-2915-8

Kumar M, Ram B, Honda R, Poopipattana C, Canh VD, Chaminda T, Furumai H (2019a) Concur-
rence of antibiotic resistant bacteria (ARB), viruses, pharmaceuticals and personal care products
(PPCPs) in ambient waters of Guwahati, India: urban vulnerability and resilience perspective.
Sci Total Environ 693:133640. https://doi.org/10.1016/j.scitotenv.2019.133640

Kumar M, Chaminda T, Honda R, Furumai H (2019b) Vulnerability of urban waters to emerging
contaminants in India and Sri Lanka: resilience framework and strategy. APN Sci Bull 9(1).
https://doi.org/10.30852/sb.2019.799

Mukherjee S, Patel AK, Kumar M (2020) Water scarcity and land degradation nexus in the era
of Anthropocene: some reformations to encounter the environmental challenges for advanced
water management systems meeting the Sustainable development. In: Kumar M, Snow D, Honda
R (eds) Emerging issues in the water environment during Anthropocene: a South East Asian
perspective. Springer Nature. ISBN 978-93-81891-41-4

Nagendran R, Selvam A, Joseph K, Chiemchaisri C (2006) Phytoremediation and rehabilitation of
municipal solid waste landfills and dumpsites: a brief review. Waste Manage 26(12):1357–1369

Patel AK, Das N, Kumar M (2019b) Multilayer arsenic mobilization and multimetal co-enrichment
in the alluvium (Brahmaputra) plains of India: a tale of redox domination along the depth.
Chemosphere 224:140–150

Saikia R, Goswami R, Bordoloi N, Pant KK, Kumar Manish, Kataki R (2017) Removal of arsenic
and fluoride from aqueous solution by biomass based activated biochar: optimization through
response surface methodology. J Environ Chem Eng 5:5528–5539

Shibaji R (2014) NHRC seeks reports from environment ministry, Delhi govt on waste manage-
ment. India Today, Living Media India Limited, 2 May 2014, http://www.indiatoday.in/india/
north/story/nhrc-seeks-reports-from-environment-ministry-delhi-govt-on-waste-management-
191250-2014-05-02.

Singh UK, Kumar M, Chauhan R, Jha PK, Ramanathan AL, Subramanian V (2008) Assessment
of the impact of landfill on groundwater quality: a case study of the Pirana site in western India.
Environ Monit Assess 141(1–3):309-321

Singh A, Patel AK, Deka JP, Das A, Kumar A, Kumar M (2019) Prediction of arsenic vulnerable
zones in groundwater environment of rapidly urbanizing setup, Guwahati, India. Geochemistry
125590. https://doi.org/10.1016/j.chemer.2019.125590

Singh A, Patel AK, Kumar M (2020) Mitigating the risk of arsenic and fluoride contamination of
groundwater through a multi-Model framework of statistical assessment and natural remediation
techniques. In: Kumar M, Snow D, Honda R (eds) Emerging issues in the water environment
duringAnthropocene: a SouthEastAsian perspective. SpringerNature. ISBN978-93-81891-41-4

Taylor R, Allen A (2006) Waste disposal and landfill: information needs. IWA

https://doi.org/10.1016/j.scitotenv.2019.133640
https://doi.org/10.30852/sb.2019.799
http://www.indiatoday.in/india/north/story/nhrc-seeks-reports-from-environment-ministry-delhi-govt-on-waste-management-191250-2014-05-02
https://doi.org/10.1016/j.chemer.2019.125590


16 Impact of Solid Municipal Waste Landfills on Groundwater … 319

Vasanthi P, Kaliappan S, Srinivasaraghavan R (2008) Impact of poor solid waste management on
ground water. Environ Monit Assess 143(1–3):227–238



Part III
Response in Operational Water

Management



Chapter 17
Sustainable Water Management
in the Kelani River Basin

T. R. S. B. Bokalamulla, G. G. T. Chaminda, Y. Otaki, M. Otaki,
and Manish Kumar

17.1 Introduction

Kelani River is the most sensitive river in Sri Lanka, and the Kelani River serves as
primary source of water covering 80% of the portable water supply. The coverage
includes millions of people, more than ten thousands of industrial and business
establishments located around Colombo and suburb areas. The river upstream
has minimum exposure to the domestic and industrial waste discharges; however,
agriculture pollutions are present. The Kelani River is 144 km long and drains an
area of 2292 km2 (Herath and Amarasekara 2004). The most active part of the
river lies between Avissawella (59 km chainage) to downstream Ambathale (14 km
chainage). The poor local authority service delivery, weak environment management
and governance (Arewgoda 1986; IIeperuma 2000; CEA 2014; Patel et al. 2019; Das
et al. 2017) coupled with inadequate awareness and education have lead pollution in
Kelani River (Mallawatantri et al. 2016). The sources of pollutant entered into the
Kelani River include agricultural discharges, forest disturbances, grazing land fecal
bacteria, industrial discharges, discharges from septic systems, sewage treatment
plant effluent and urban runoff (CEA 2016; Kumar et al. 2019a; Das et al. 2017).
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There are eight number of water purification plants extracting water from the
Kelani River in the section between Avissawella to Kelaniya for producing drinking
water to the community. At present, those plants extract around one million cubic
meters of raw water per day. It has been forecasted that the future demand can
increase up to 1.85million cubicmeters per day (Rajapaksha et al. 2016)with ongoing
development activities, population growth and amplifiedurbanization in theColombo
and suburban areas. The flow of the river varies between 800 and 1500 m3/s during
the monsoon and 20–25 m3/s in the dry season (Abeysinghe and Samarakoon 2017;
Kumar et al. 2019b; Das et al. 2015). The shortages in river flow have already been
experienced during the dry season, and conditions are heading toward the critical
level with alteration in the global climate pattern and the increasing demand for
freshwater. The study focused on two types of analysis to review the present condition
in downstream of the Kelani River and future water quality characteristics. Also,
water consumption details of the consumers and their perceptions over the future
challenges in the water supply to the area were investigated. The results obtained
from the analysis are used to predict the extreme conditions of the river, possibility
of introducing alternative water source to reduce the raw water demand from the
Kelani River. (Kim et al. 2011)

Water quality investigations: There are diffident types of water quality
assessment tools used in water quality assesments in rivers, WASP3 (Himesh et al.
2000), QUAL2K (Hemant 2014) are two type of water quality simulation tools.
Availability of sufficient data for the model development, calibration and validation
process is the most important factor to ensure the accuracy (Himesh et al. 2000)
for all these tools. The QUAL2K is an Excel-based software, and according to the
literature, this has been used in number of water quality studies in rivers.

End User measurements: The studies on end user consumption are first-hand
experience in Sri Lanka. The literature shows three major methods for predicting
domestic water consumptions on end usage.

1. The direct measurements from outlet of the household,
2. Estimations through interviews and determination of each micro-component,
3. Collect time series data of total residential water consumption and calculate by

the water flow pattern.

The first two options are identified as suitable for developing countries as time
series measurement will not possible without highly built-up facilities. Adaptation of
correct methods has been considered to be significant for the end user consumption
(Otaki et al. 2008). Another study carried out in UK noted that “only way to record
an individuals’ water use behavior is through qualitative means (i.e., diary-based
questionnaires and interviews) combined with micro-component data. This method
can be subjective when it comes to identify actual versus perceived (or intended)
user behavior” (Zadeh et al. 2014). Being a developing nation and due to constrain
in water supply infrastructures in Sri Lanka, adaptation of more complex method is
not useful. The direct measuring of individual household is the most useful method
for estimation of consumption.



17 Sustainable Water Management in the Kelani River Basin 325

17.2 Materials and Methods

The area selected for the analysis starts 59 kmchainage atAvissawella and ends 14km
chainage at Ambathale. Based on the water quality data, industrial influences and the
river utilization as drinking water source are the most significant part of the river in
this section. Figure 17.1 shows Kelani River Basin and the research area. The quality
behavior was investigated through water quality modeling software (QUAL2k) and
the consumer consumption, and the perceptions were studied through the direct
household measurements and the questionnaire surveys.

Figure 17.2 shows overview of the methodology adopted for the data collections,
model development, calibration, validation, simulations and analysis of the results.
The river bathymetric and discharge data were collected from Department of
Irrigation. The water quality data was used as secondary data and was collected
from the Pavithra Ganga program conducted byNationalWater Supply andDrainage
Board (NWSDB) and the Central Environmental Authority (CEA). Qual2K software
was used for the development of rivermodel. The intake volumes and outfall volumes
from Avissawella to Ambathale are shown in Table 17.1.

The calibration and validation of the model were carried out referring to the water
quality parameters obtained from the NWSDB for wet and dry season, respectively.
The validated model was used for the analysis of three different flow conditions
forecasted on the water usage point of view.

20-year dryweather flowwith the present water demand (2020 year) and pollution
loading
20-year dry weather flow with projected water demand as at year 2030 with same
pollution loading
20-year dryweather flowwith the presentwater demand (2020 year) and increased
pollution loading of 50% from the existing.

The same scenarios were simulated under the wet flow conditions and compared
variations between wet and dry flow conditions.

Fig. 17.1 Study areas in downstream of Kelani River
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Fig. 17.2 Flow diagram of the methodology adopted

The end user household measurements were carried out through direct
measurement of each consumer outlet of 25 houses located in the area. A
questionnaire survey was carried out for 50 number of houses including end user
consumption measured households.

17.3 Results and Discussion

17.3.1 Present Status Downstream of Kelani River

Figure 17.3 shows the average river discharge over one year and the tributary flow
data during the wet and dry periods. As shown in the figure, the dry period of the
year falls in December, January and February months of the year (Fig. 17.4).

Ruwanwella is the next intake located around 65 km chainage in upstream of
Avissawella. The secondary data collected with referring to the Ruwanwella intake
shows PH, Coliform values of 7.7, 6000/(100/ml) and 7.3, 1100 (100/ml) for dry and
wet seasons, respectively. In addition, turbidity is around 2 (NTU) and Nitrate is less
than 1 for both seasons.
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Table 17.1 Intakes and outfall source to the Kelani river downstream (million meter cube per day)

Chainage (distance from the
sea)/km

Name of the
facility/location

Outfall/(MCM) Intake/(MCM)

51.25 Seethawaka Industrial Zone
WTP

0.1200

50.50 Seethawaka Industrial
ZoneWWTP

0.1160

41.34 Pugoda Oya (H5) 3.6900

33.44 Kosgama Water Intake 0.0600

30.04 Wak Oya 1.5900

29.90 Samanbedda (Water
Intake)-Future

29.71 Hanwella Water
Intake-Future

29.80 Varun Beverages 0.1200

27.20 Amunugam Ela 1.7000

25.89 Nawagamuwa Water
Treatment Plant

0.0200

22.21 Chico Water Intake

21.07 Fonterra Brand Lanka 0.1200

20.01 Pahuru Oya 1.0400

19.72 Maha Ela 1.9200

19.34 Coca Cola Beverages 0.1000

19.13 New Biyagama Village 0.2000

18.92 Lion Brevery (Ceylon) PLC 0.1200

17.6 Raggahawatta Ela 1.9400

16.27 Biyagama Water Treatment
Plant (KRBI)

2.3100

14.9 Ambathale Water Treatment
Plant

6.3600

Fig. 17.3 Daily discharge variation and the tributary flow data over the year
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Fig. 17.4 Average water quality data obtained from the NWSDB and its variation across the river
during the dry season (a) and wet season (b)

17.3.2 Calibration and Validation

The calibration was carried out for the month of February which is the driest month
of the year, and validation was carried out for the month of July. The calibration and
validation results are shown in Fig. 17.5.

Five parameterswere considered for themodel calibration and validation. Initially,
the rate coefficients were defined based on the similar previous studies. Then, the
coefficient was optimized to achieve the minimum difference between the model
representation and the field measured figures. Table 17.2 shows the route mean
squared errors of different parameters for calibration and validation.

According to the values shown in Table 17.2, the error percentages of all
parameters are less than 25% both in the calibration and validation processes except
BOD. The BOD has been further deviated from the observation where validation
values having best approximation of 32% deviation. The finalized model was used
to investigate various river flow conditions and the pollution loadings. The finalized
rate parameter used in the validated model is shown in Table 17.3

17.3.3 Model Analysis for Different Flow Conditions

17.3.3.1 The BOD Variation Over Three Different Flow Conditions

Similar to field observation, the BOD levels are high at the beginning of the section
predominantly due to the waste discharges from industrial zone located just upstream
of the sampling location. Subsequently, the conditions got diluted and stable up to
21 km chainage point downstream of Hanwella. Again, the BOD levels increased
with the increase of absorptions and addition of pollutant toward the downstream.
There is risk of exceeding the pollutant level beyond the tolerance limits of drinking
raw water quality just before Ambathale. Further, it is noted that worst condition will
occur once the absorption is increased to cater the future demand (Fig. 17.6).
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Fig. 17.5 Model calibration (dry season) versus validation wet season

17.3.3.2 The COD Variation Over Three Different Flow Conditions

Similar to characteristics shown in for BOD, the higher COD levels prevail at the
beginning of the section. The conditions beyond the tolerance limits for drinking
raw water are present at the upstream. Subsequently, the conditions get diluted into
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Table 17.2 Route mean squared errors of different parameters for calibration and validation

S. No. Parameter RMSE

Calibration % Validation %

1 Temperature 1.4 4.6 1.1 3.7

2 DO 1.3 25.3 0.8 11.5

3 BOD 0.5 41.6 0.4 32.0

4 pH 1.0 13.9 0.9 11.2

5 COD 3.9 15.1 6.0 22.4

Table 17.3 Major model
parameters finalized at end of
calibration and validation

Parameter Used value/day

Reaeration rate, ka 0–75

Hydrolysis rate, khc 1.8

BOD oxidation rate, kdc 3.5

Pathogens, decay rate, kdx 0.05

Decay rate 0.75

Fig. 17.6 Variation of BOD of three different flow conditions

stable level. However, marginal increase can be observed from 21 km chainage point
at downstream of Hanwella. The influence of COD levels is not seemed to be severe
compared to BOD, but possibility is there to increase with absorptions and mixing
of additional pollutants (Fig. 17.7).
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Fig. 17.7 Variation of COD of three different flow conditions

17.3.3.3 The BOD/COD Variation Over Three Different Flow
Conditions

As shown in the figure, the BOD/COD ratio is increasing with growth of demand
and pollution loading. The highest change was occurred at highest demand. As per
the Figs. 17.6 and 17.8 biological pollutions creased toward the downstream and the
pollution level was increased with increased demand. The overall results shows that
increase in demand and the biological pollution are the key aspects to be addressed
to mitigate the future risk of water supply.

Fig. 17.8 Variation of BOD/COD of three different flow conditions
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Fig. 17.9 Variation of pathogen for three different flow conditions

17.3.3.4 The Pathogen Variation Over Three Different Flow Conditions

Similar to characteristics shown in for BOD and COD, the pathogen concentration
has significant influence toward the downstream.Theworst conditionswere predicted
at the future demand with 50% additional pollutions. The results indicate that
extraction of the river causes to increase the concentration of pathogen and conditions
aggravated with the addition of more pollution (Fig. 17.9).

17.3.3.5 The River Characteristics at the Wet Season

During the wet season, the average river discharge volumes increase substantially
than dry flow volumes. Therefore, river carries high volume of water, and potential of
diluting pollutant loading is high. However during the wet flow conditions, the rate
of pollution entering the river through the industries and the extraction from the river
has no changes. Accordingly, the four scenarios considered for dry flow conditions
were modeled at wet flow situation. Fig. 17.10 show the results of the modeling.

As per the results shown from Fig. 17.10a–d for wet season, the influence
extraction of water from the river and addition of more pollutant to the river have no
significant effect over the overall pollution in river. The BOD levels vary between
2.0 mg/l and 0.5 mg/l which is well above the raw water quality requirements. The
COD variation was similar to the field observations and shows continuous reduction
from the high levels of COD at the start point, but the value is above the 15 mg/l
throughout the river indicating less oxidation characteristics. The BOD/COD ratios
have onlyminor increments compared to dry conditions. The pathogen concentration
has similar status both inwet and dry flows up to 22 km; thereafter only slight increase
could be observed in wet flows compared to rapid increasing shown in the dry flow.
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Fig. 17.10 a BOD variation at wet flow. b COD variation at wet flow. c BOD/COD variation at
wet flow. d Pathegen variation at wet flow

The pathogen values of 50,000–20,000 in dry season have changed to 10,000–15,000
at wet season in the downstream areas.

According to overall observation made for the wet flowmolding, it is emphasized
that most critical condition of the river occurred only in the dry flow condition.

17.3.4 End User Measurements

As per the results shown in Figs. 17.11 and 17.12, the average per capita water
consumption is 161 l/p/day. The water requirement for drinking and cooking
is 28 l/d/(17%) which is the highest water quality requirement (WQR). Water
requirement for washing clothes, washbasin, bathing, bidet and outdoor is 110 l/p/d
and accounts for consumption 68% which needs average WQR. Toilet flushing and
others are 23 l/p/d and account for 14% of total consumption and could be utilized
with lowest WQR.

Accordingly, the healthy purified water requirement is 17% of total consumption,
and water needs to match with all drinking water requirements. Out of the
total consumption, 14% is for toilet flushing, and alternative method could be
easily adopted by means of rainwater harvesting and partially treated recycled
water replacing 30–70% of the consumption. The other catenary has the highest
consumption but needs to be utilized with average quality water. This too could be
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Fig. 17.11 End user
consumption versus different
applications

Fig. 17.12 Water quality
requirements versus
utilization

utilized with alternative sources such as groundwater or treated rainwater. However,
finding average quality water is not possible as low quality water. Therefore,
replacement of major percentage of average quality water has constrains, and around
20–30% of the consumption will be within manageable level.
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17.4 Conclusion and Future Directions

17.4.1 Water Quality Variations in Kelani River Downstream

BOD levels have significant increase in river with high industrial and urbanization
effects. Increased BOD to COD ratios show comparatively higher biological
degradations than the industrial pollution. Mitigatory measure are needs to control
biological pollution stimulated from uncontrolled wastewater discharges, solid waste
discharges andother human activities. Future demand at dryflow increasesBOD level
above tolerance limits (5 mg/l) for raw water. Risk in drinking water supply systems
at future occurs if pollution and extraction are not managed.

17.4.2 End User Measurement

As per the outcome of the end user measurement, the alternative water sources
could be adopted to reduce the water demand. As shown in Table 17.4, 30%
alternative consumption for toilet flushing could save 600–1300 million rupees per
year, andwater demand can be reduced by 0.043MCM/Day asminimum. In addition,
alternative use of groundwater and water with limited treatment to cover 30% of
washing, bathing and bidet will reduce water demand by 0.377 MCM/Day in year
2030 and millions of investment required for the development of maintenance of

Table 17.4 Alternative water usage and respective projected saving

Type of
usage

Per capita
consumption
(L/P/day)

Proposed
percentage
to use
alternatives
(%)

Saving
volume/(MCM)

Project cost saving

Present
demand
(0.85)

Future
demand
(1.85)

Present demand
(million
rupees/year)

Future demand
(million
rupees/year)

O&M O&M
+
Capital

O&M O&M
+
Capital

Toilet
flushing
and out
door

28 75 0.09 0.19 1499 5180 3261 11,273

50 0.06 0.13 999 3453 2174 7516

30 0.04 0.08 599 2072 1305 4509

Washing
bathing
and
bidet

110 30 0.17 0.38 2911 10,063 6337 21,902

20 0.12 0.25 1941 5709 4224 14,602

10 0.06 0.13 970 3351 2112 7301

Total
project
saving

84 34 0.26 0.57 4410 15,243 9598 33,176

102 22 0.18 0.38 2940 10,162 6399 22,117

118.6 12 0.09 0.20 1570 5426 3417 11,810
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water infrastructure facilities. It will also reduce water absorption from the river and
risk of adverse pollution in Kelani River downstream in future.
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Chapter 18
Environmental Assessment
and Implementation of Mitigation Plan
to Protect the Environment: A Case
Study of New Nizamuddin Bridge
Project, Delhi (India)

Akansha Bhatia, Ankur Rajpal, Veerendra Sahoo, Vinay Kumar Tyagi,
and A. A. Kazmi

Abbreviations

EIA Environmental impact assessment
EMP Environmental monitoring plan
MoEF Ministry of environment and forests
GoI Government of India
MPN Most probable number

18.1 Introduction

India is the fastest growing country with high rate of urbanization and industrial
growth. Development through the use of technologies is required to improve the
standard of living. In view of the fact that development projects are interfering with
the environment, environmental concerns have to be addressed rationally before any
project is grounded.

Environmental Impact Assessment (EIA) is an effort to anticipate measure and
weigh the socio-economic and biophysical changes that may result from a proposed
project. The objectives of the EIA include prediction of environmental impact of
projects, finding ways and means to reduce adverse impacts, shaping the project to

A. Bhatia · A. Rajpal · V. Sahoo · V. K. Tyagi · A. A. Kazmi (B)
Department of Civil Engineering, Indian Institute of Technology, Roorkee, Roorkee 247667, India
e-mail: kazmifce@iitr.ac.in

© Springer Nature Singapore Pte Ltd. 2020
M. Kumar et al. (eds.), Resilience, Response, and Risk in Water Systems,
Springer Transactions in Civil and Environmental Engineering,
https://doi.org/10.1007/978-981-15-4668-6_18

339

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-4668-6_18&domain=pdf
mailto:kazmifce@iitr.ac.in
https://doi.org/10.1007/978-981-15-4668-6_18


340 A. Bhatia et al.

Table 18.1 MoEF proposed activities to conduct an EIA

Steps Activities

i Describe the proposed project as well as the options

ii Describe the existing environment

iii Select the impact indicators to be used

iv Predict the nature and the extent of the environmental effects

v Identify the relevant human concerns

vi Assess the significance of the impact

vii Incorporate appropriate mitigating and abatement measures into the project plan

viii Identify the environmental costs and benefits of the project to the community

ix Report on the assessment

suit local environment and presenting the predictions and options to the decision-
makers. Ministry of Environment and Forests (MoEF), Government of India (GoI),
provided theEIA rules (2006) as amajor tool tominimize adverse impacts of develop-
mental projects on the environment and to achieve sustainable development through
timely, adequate, corrective and protective mitigation measures. MoEF has made
it mandatory to conduct EIA for all the developmental projects, where tabulated
(Table 18.1) steps should be taken in sequence to complete an EIA in an efficient
manner.

Potential environmental impact and assessment, i.e., physical-chemical, biolog-
ical and socio-economical evaluation are likely to affect the environmental compo-
nents. The quality of water, air and noise pollution will be an environmental concern
in the operational stage. Soil erosion and sedimentation will mainly be significant
during the construction period, and with proper management, the impact can be min-
imized. Solid waste management will be an important component to be considered.
Biologically, the impact on the surrounding flora and fauna needs to be accounted.
Disturbance to theflora and fauna canbe controlled to theminimum level especially in
the constructional phase. Socio-economic aspects involve the land use, demographic
variable (number of individuals and households), literacy rate of the residing popula-
tions, availability of social institutions and health care centers. Also, theNizammudin
bridge is used for the greater accessibility and improved communication facilities
that are expected to be the part of benefit to the surrounding area.

An environmental monitoring plan has been prepared to check the efficacy of mit-
igation measures during construction and operation phases. The study plan includes
the monitoring of Nizamuddin bridge project and surrounding areas for air quality,
water quality of surface (Yamuna River) and ground water, soil quality, noise level
measurements and Floral ecology. An EMP is included as part of this mitigation plan,
which includes (i) mitigation measures for environmental impacts during implemen-
tation; (ii) an environmental monitoring program and the responsible entities for
mitigating, monitoring and reporting.

• To evaluate the adequacy of environmental assessment.
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• To suggest ongoing improvements in management plan based on the monitoring
and to devise fresh monitoring on the basis of the improved EMP.

• To enhance environmental quality through prior implementation of suggested
mitigation measures.

• Noise pollution analysis.
• Floral biodiversity identification.

18.2 Materials and Methods

18.2.1 Study Sites

The study sites were located near the eight lane new Nizamuddin bridge project over
river Yamuna, which was the part of “development of 6/8 lane highway (NH-24)
from km 0.000 to km 49.34 (Nizamuddin to U.P. border) in the state of Delhi.”

Two new bridges, each of four lane configuration was constructed on both
sides of existing Nizamuddin bridge. Two sites located near the construction
zone (28°37′1.76′′ N, 77°19′32.97′′ E, Site-1) and the camp zone (28°6′0.38′′ N,
77°15′50.26′′ E, Site-2) were studied (Fig. 18.1).The site camp zone was the place
to store construction materials where the office of the contractor was located about
5 km far from the construction site.

18.2.2 Sampling

In the present study, samples of river and groundwater were collected at two different
locations near the construction site of bridge (Fig. 18.2). Grab water samples were
collected in 1 L bottles for physicochemical analysis. Samples for microbiological
analysis were collected in sterilized 250 mL borosilicate glass bottles. Samples were
preserved in an ice container at 4 °C prior to the analysis. Ample air space was left
in the bottle (at least 2.5 cm) to facilitate mixing by shaking, before examination.
Soil samples were collected at two different locations in the flood plain of the river
Yamuna (downstream and upstream) to analyze the effect of construction on soil
quality. Particulate matter2.5 and PM10 in the air around the site were monitored.
Floral vegetation including herbs, grass and weeds were collected from the site and
identified in the laboratory.

The study periodwas divided in two phase, construction phase (August 2017–May
2018) and operation phase (June 2018–November 2018).
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a) b) 

c) 

Soil Sampling loca on 
A 

Soil Sampling loca on 
B 

Fig. 18.1 a River map of India. b River Yamuna (Blue line) with red spot highlighted location
at Delhi. c Location map of Nizamuddin bridge over river Yamuna at Delhi (source a, b: Harada
2008)

18.2.3 Methodology

The collected samples were transported to the Environmental Engineering laboratory
at IIT, Roorkee, for further analysis. Standard operating procedures/methods were
adopted to analyze the samples.

18.2.3.1 Water Quality Analysis

Physicochemical and microbiological analysis of the river and ground water samples
were carried out for the parameters such as pH, turbidity, alkalinity, total solids,
ammonia, nitrate, phosphorus, boron, heavy metals (Cr, Cd, Cu, Zn, Pb, Fe) and
most probable numbers (MPN) for coliforms according to StandardMethods (APHA
2005).
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Fig. 18.2 pH, TSS and turbidity in upstream and downstream of river Yamuna water

18.2.3.2 Air Monitoring

Particulate matter2.5 and PM10 in the air around the site were monitored. Particulate
matter was tested using the Respirable Dust Sampler (SLERDS 103, Spectro, India).

18.2.3.3 Soil Testing

Soil samples were collected from two different locations at construction site near
the river Yamuna (downstream and upstream) to analyze the effect on soil qual-
ity. Parameters such as pH, conductivity, organic matter, ammonia nitrogen, nitrate,
phosphorus, calcium, magnesium, sodium and potassium were analyzed according
to Standard Methods (APHA 2005).

18.2.3.4 Noise Pollution Analysis

Sound level meter (SLM 100, Envirotech, India) was used to measure the equivalent
continuous linear weighted sound pressure level (LEQ) and sound pressure level
(SPL) of noise near the sites.
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18.2.3.5 Flora Identification

Plants were identified, and the density was calculated as plants/m2 by using Quadrate
method (Aneja 1996).

Density = Number of individual of species in all sample plots

total number of sample plots

18.3 Findings

18.3.1 Water Quality of River Yamuna

The study period was divided in two phase, construction phase (August 2017–May
2018) and operation phase (June 2018–November 2018).

18.3.1.1 PH, Solids and Turbidity

pH values varied from 6.6 to 7.9 during the construction and operation phases. TSS
values ranged from 25 to 186 mg/L, except for the months of August and September
2017. Turbidity values reduced from 144 to 5 NTU and from 127 to 5 NTU in
upstream and in downstream river water, respectively. pH values were slightly lower
(<7) during the month of July and August attributing to the rainy season. TSS and
turbiditywere higher during the constructional phase.Variations inTSSvalues during
the study period especially construction phase may be due to waste demolition near
the banks of the Yamuna. However, the values of TSS significantly reduced during
the operational phase of the project.

18.3.1.2 Dissolved Oxygen (DO) and Biochemical Oxygen Demand
(BOD)

The dissolved oxygen (DO) concentration in river water was observed at the
lower side (0.11–0.29 mg/L) during the construction period and varied from 1.5
to 2.22 mg/L during the operation phase. DO in river water should be at least 5 mg/L
according to CPCB water quality standards. Values of BOD in the river water were
found higher (12–45 mg/L) than the standard limits of CPCB (30 mg/L) during the
construction and operational period. Low DO values the river water was mainly due
to the high load of waste dumped in the river near the construction site. Demolition
wastes from the construction sites include the heterogeneous mixtures of building
materials such as concrete, wood, paper, metal and glass, contaminated with paints,
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fasteners, adhesive and dirt. These types of non-biodegradable wastes increase the
toxins in the river water and become the homesite for the growth of unwanted weeds
in the river that directly or indirectly compete for the dissolved oxygen present in
the river. Simultaneously, the Yamuna River was not clean in the construction sites,
and the biodegradable wastes consume the dissolved oxygen. However, the values
of DO enhanced during the operational phase of the project owing to the rainy
months (August to October). Similarly, values of BOD were higher during the con-
structional phase owing to the waste dumping in the river site due to construction
activities, which decreased in the operational phase due to minimized disturbance to
the river water, and reduced BOD values were depicted in rainy season attributing to
the higher dilution of the river water.

18.3.2 Fecal Coliforms (FC)

FC values were higher in both upstream and downstream samples and ranged from
21,000 MPN/100 mL to 93,000 MPN/100 mL during the study period. This level
of contamination is not allowed in the river water samples according to CPCB river
water quality standards (500 MPN/100 mL). Fecal coliforms values were estimated
to be higher owing to the discharge of untreated and/or partially treated sewage
into the river during its course from the Delhi regions (DPCC 2018). The coliforms
values were found to be the least affected due to construction activities. Dumping
of fecal matters into the river from the hamlet settlement of the workers leads to
the much higher values in upstream as compared to the downstream. More number
of worker population was colonized near the upstream construction sites relating to
higher coliforms contamination (Fig. 18.3).

18.3.2.1 Heavy Metals in the River Yamuna

Heavy metals in river Yamuna varied for the different elements such as lead, nickel,
manganese, iron, copper, cobalt, chromiumand zinc.All the tested heavymetalswere
in standard limits except, zinc, iron and lead in the monthly samples monitoring
(Fig. 18.4). The higher values of iron and zinc were not considered as a threat
to river flora and fauna, but the values of lead were higher in the downstream river
water, which could be detrimental to biological activities. Lead (Pb)was incorporated
into the use electrical conduits, water tank pipe coating and gutters and cladding.
Constructionmaterials disposal into the river slightly increased the lead concentration
in river water especially in the rainy season (July to September’2017) due to leaching
of the heavy metals (Tables 18.2 and 18.3).
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Fig. 18.3 DO, BOD and coliforms tested in Yamuna River water (upstream and downstream)

Fig. 18.4 Soil quality parameters at Site 1 (Construction site) and Site 2 (Camp site)
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18.3.3 Quality of Ground Water

Ground water samples were collected from upstream and downstream sites (near the
construction site) of river Yamuna and analyzed for physicochemical and microbio-
logical quality. The water quality of all the analyzed samples was found satisfactory
and within the limit as per Indian Standards (Table 18.4).

Table 18.4 Physicochemical and microbiological quality of groundwater samples collected from
upstream and downstream sites of river Yamuna

Parameters Ground water (U/S) Ground water (D/S) IS 10500:2012
(drinking water)

pH 6.78 6.9 6.5–8.5

Alkalinity (mg/L) 370 390 200

Total acidity (mg/L) 60 80 –

EC (µS/cm) 1220 1182 –

Turbidity (NTU) 1.21 1.13 5

Total dissolved solids
(mg/L)

732 709 500

Total suspended solids
(mg/L)

Nil Nil –

COD (mg/L) Nil Nil –

BOD (mg/L) Nil Nil Nil

Ammonia nitrogen
(mg/L)

Nil Nil –

Nitrate (mg/L) 2.2 2.3 45

Phosphorus(mg/L) 0.02 0.02 –

Total Hardness as
CaCO3 (mg/L)

330 350 300

Calcium as Ca2+

(mg/L)
128.6 132.7 75

Magnesium as Mg2+

(mg/L)
4.7 7.1 30

Sodium (mg/L) 120 110 –

Potassium (mg/L) 17 16 –

Chlorides (mg/L) 210 215 250

Sulfate (mg/L) 56 51 200

Iron (mg/L) 0.46 0.41 0.30

Boron (mg/L) Nil Nil 1

Fecal coliforms
(MPN/100 mL)

Nil Nil Absent

SAR (meq/L) 1.49 1.69 0–9
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The pH concentrations ranged from 6.78 to 6.86 and found within the desirable
limits as per Indian Standards for drinking water. BOD values were tested to be neg-
ligible in the ground water samples. TSS were absent in the all the samples collected
and analyzed. Fecal coliformswere absent in the groundwater samples. The analyzed
samples are suitable for the drinking purpose as per the IS 10500:2012 standards (BIS
2012). Nutrients like ammonia, nitrate and phosphorus were analyzed. Ammonia–
nitrogen was absent, whereas the nitrate ranges around 2–2.5 mg/L. Phosphorus
limits were low, i.e., 0.2–0.5 mg/L. Chlorides values were at higher side ranging
around 210–250 mg/L. Sulfates values were around 55–60 mg/L.

18.3.3.1 Sodium Absorption Ratio (SAR)

SAR is a factor in determining the suitability of water for irrigation. SAR values
between 0 and 3 meq/L reflect toward excellent water quality, whereas if greater
than 9 meq/L, soil is not suitable for the irrigation purpose. However, the river water
values <3 meq/L depicted that the groundwater was not affected by the construction
activity and quality was satisfactory throughout the study period.

18.3.4 Sediment Quality Analysis of River Yamuna

Heavy sediment deposits affect river water quality as it can fill in drains, lakes, rivers
and sewage blockage. Sediment loss from the construction site includes plastic,
cement, etc., that can also cause flooding, which can carry toxins into the river water.
Table 18.5 summarized the sediments quality of Yamuna River near the project sites.
Organic matter content of sediment ranged from 2 to 3%. Sandy–clayey type of
sediments was observed. Ammonia nitrogen varied from 2 to 3 g/kg for both the
upstream and downstream sediment samples. Nitrate nitrogen and phosphorus were

Table 18.5 Sediment
samples quality parameters
near the sites

Parameters Yamuna (U/S) Yamuna (D/S)

pH 8.2 8.3

EC (µS/cm) 768 762

Organic matter (%) 2.8 2.9

Ammonia Nitrogen (g/kg) 2.34 2.32

Nitrate (g/kg) 1.9 1.8

Phosphorus (g/kg) 0.21 0.24

Calcium (mg/L) 8.5 8.6

Magnesium (mg/L) 6.12 7.22

Sodium (mg/L) 8 6.9

Potassium (mg/L) 7.8 6.9
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Table 18.6 Noise level
monitoring near the sites

Parameters Site 1 (construction site) Site 2 (camp site)

SPL (dB) 64.3 ± 12.4 65.2 ± 13.6

LEQ (dB) 66.4 ± 12.8 67.2 ± 16.4

1.9 g/kg and around 0.2 g/kg, respectively, in both U/S and D/S samples. Sodium
and calcium values ranged about 7–8 mg/L for both the samples.

18.3.5 Noise Level Measurement

Noise level was checked by using portable noise meter and measured in sound pres-
sure level (SPL) and equivalent continuous sound pressure level (LEQ) at the sites.
Average values for the study period are shown in Table 18.6. The noise pollution
measured was observed to be slightly affected during the construction phase owing
to the construction machines activity and vehicular movement nearby the monitoring
sites. However, it does not surpass the standard limits of 80–90 dB during the entire
study period that can adversely affect human audible range

18.3.6 Soil Quality Analysis

Sandy–silt type soil was collected having organic matter (1–2%) was analyzed in the
samples. However, the amount of nitrate-nitrogen was sufficient for the plant growth.
Phosphorus values were low in the analyzed soil samples on an average, and the soil
quality was satisfactory during the sampling at both the sites (Fig. 18.4).The findings
revealed that soil quality was not affected by the construction activities as the quality
of soil was sandy–silt type in nearby regions. However, the plantation activity was
recommended at the project sites to increase the afforestation in the area.

18.3.7 Air Pollution Monitoring

The results depicted the higher values of particulatematter in reference to theNational
Ambient Air Quality (NAAQ) standards, 2009 (100 µg/m3 for PM10 and 60 µg/m3

for PM2.5 @ 24 h). Values of PM10 and PM2.5 were higher near the construction
site, while the values considerably reduced at the camp site in the post construction
phase as compared to the construction phase. This may be attributed to the high
vehicular pollution in the winter season and the construction work carried near the
sampling locations (Fig. 18.5a, b). Particulate matter values were depicted to be
higher throughout the constructional phase attributing to the construction activities.
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Fig. 18.5 a Particulate matter at Construction (Site-1). b Particulate matter at camp office (Site-2)

The values were found to be higher in the winter season due to the accumulation of
pollutants in the lower atmosphere. Although the values reduced during the opera-
tional phase attributing to lesser constructional and vehicular activities at both the
sites.
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Table 18.7 Floral
identification and density

Scientific name Common name
(local name)

Density
(plants/m2)

Ipomoea alba White morning
glory

0.01

Dactyloctanium
sindicum

Crow foot grass 0.01

Ipomea aquatica Water morning
glory

0.01

Alternanthera
philoxeroides

Alligator weed 0.04

Amaranthus
viridis

Cholai 0.05

Cynodon grass Dhoob 0.00

Datura
stramonium

Datura 0.05

Phyllanthus niruri Amla 0.01

Portulaca
oleracea

Purslane 0.21

Persicaria
decipiens

Swamp willow
weed

0.11

18.3.8 Flora Identification

Floral vegetation nearby the study sites was identified, and density for each of the
found species was calculated (Table 18.7). Species found were locally known as
White Morning Glory, Crow foot grass, Alligator Weed, Dhoob grass, Datura and
Swamp Willow Weed. These species were observed to be located in the study region
for whole of the period without any disturbance from the construction of the bridge.

18.4 Socio-economic Analysis

Socio-economic survey near the Delhi–Meerut Expressway (DME) construction site
revealed that the project causes the least damage to the heritage sites of the national
capital. Social infrastructure such as schools and hospitals was established near the
sites. There was one Government hospital and two private hospitals in nearby area.
In addition, vaccination and health checkups of the workers were carried out through
the efficient team of doctors, hired by the contractor after every three to four months.
The contractor provided basic first aid facilities to workers.
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18.5 Mitigation Measures

Various mitigation measures and recommendations were given by the experts from
IIT, Roorkee. This includes water sprinkling should be carried out to suppress the
plant dust emissions. The site should be clean and tidy. The contractor must conduct
safety audit for site improvement and safety of workers. Safety barriers at construc-
tion site must be installed. Silt bearing water pumped from the cofferdam should be
diverted through an effective silt trap prior to discharge into thewatercourse. Contrac-
tor has tomakemore efforts to prevent any kind of constructionwaste spill inYamuna
River. Demolishing waste dumped uponYamuna River Bank side should be disposed
properly. It is suggested to provide regular training sessions to the workers about cor-
rect working techniques and on preventing injuries. Mitigative measures such as wet
suppression should be taken by the contractor to minimize exposure for the workers
to the particulate matters especially respirable dust matter. Planting of eight trees for
every single tree deforested was recommended. The floodplains around the bridge
required restoration as per the committee’s recommendation accepted by NGT. The
issue of trained and adequate manpower for enforcement of EIA recommendation
should be given due consideration.

18.6 Conclusions

The result of river and ground water testing near the construction site indicates the
satisfactory values. There is no improvement in the measured values of coliforms in
the river water samples. The results indicate the higher values of particulate matter
in reference to the National Ambient Air Quality (NAAQ) standards, 2009, at both
the sites during the winter season. Values for the PM10 and PM2.5 were higher near
the construction site, while the values considerably reduced at the camp site in the
operational phase as compared to the earlier month reports. Organicmatter content of
sediment ranged from 2 to 3%. Sandy–clayey quality of sediment was observed. No
records were observed for the zooplanktons and phytoplanktons in the river water.
In conclusion, EIA for any project will depend on the production of high quality
impact statements as well as proper reviewing and the subsequent policing to ensure
that the prediction of impacts is fair and mitigation measures are effective.
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Chapter 19
Assessment of the Significance
of Water-Energy-Food Nexus for Kuwait

Dr Amjad Aliewi and Dr Husam Alomirah

19.1 Introduction

The water, energy and food (WEF) nexus means that the securities of the water,
energy and food sectors are linked in a complex manner such that actions in one
sector do have impacts on the other two sectors. Hence, cross-sectoral and dynamic
perspective between the WEF sectors is important to identify so that the impacts of
a sector-related decisions on the other sectors should be considered. This effectively
helps determine the potential trade-offs and synergies between the sectors. There-
fore, it is important to assess and manage the water- energy-food nexus collectively
to suggest to the decision-makers suitable interventions, management options and
policy statements regarding the nexus resources. Managing natural resources for
water-food-energy security is a global challenge. Their sustainable management is
more profound in the hyper-arid areas which face harsh environment, infertile soil
and little rainfall. The WEF nexus is about keeping a balance among the needs of
the society, people, industry, agriculture and the environment for theWEF resources.
The nexus will help ease sectorial tension and encourage regulations and policies
that benefit water, energy and food security sectors equally. The nexus inter-linkages
should be used and managed to take into consideration changes in population, indus-
try, agriculture, regional trades, technological development and changes in climate
and diets (Fig. 19.1). As Kuwait is moving to achieve sustainable development goals,
it faces some stresses on the elevated demands onwater, energy and food resources in
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Fig. 19.1 Interconnectivity between the water, energy and food nexus (Ref. Al-Zubari et al. (2018)

an already water-energy-food-stressed country. Assessing the integration and inter-
connectivity among water, energy and food sectors to achieve sustainable develop-
ment goals for Kuwait is becoming essential because of the challenges this country
is facing. These challenges include climate change, population growth, economic
development, urbanization, extended agriculture and the increase in water demand.
In a study about the water-energy nexus, Siddiqi and Anadon (2011) assess the
importance of the water-energy nexus approach in the Middle East and North Africa
(MENA countries). Their results show a weak reliance of energy systems on fresh-
water but a strong reliance of water abstraction and production systems on energy.
They reported that 9% of the total annual electrical energy consumption in Saudi
Arabia is attributed to water generation. They also reported that other Arabian Gulf
countries consume 5–12% of total electricity production for desalination. They con-
cluded that the policy makers in Saudi Arabia have to take into consideration energy
implications during development of the agricultural sector and expensive desalina-
tion systems. Abderrahman (2001) carried out a nexus study for Saudi Arabia. He
showed that the energy plants at the Red Sea produce about 20% of the total national
electricity production in Saudi Arabia and that the energy requirements to pump 1m3

of groundwater fromwells range between 0.4 and kWh. In his analysis, he suggested
that there is a need to reduce power consumption and water demand to conserve
energy and water and to minimize negative impacts on the environment.

In 2015, the World Resources Institute placed Kuwait among the seven highest-
ranked countries that will be at ‘extremely high water stressed’ by 2040 (Luo et al.
2015) The only natural water resource in Kuwait is the groundwater as there are
no permanent rivers, dams or lakes and the long-term average rainfall is around
121 mm per annum; high evaporation rates and deficient soil moisture mean only
a small percentage of this infiltrates aquifers. The country has almost no internally
renewable sources of groundwater except for some lateral underflow from Saudi
Arabia. The groundwater withdrawal rate is 255 million m3 per year which is more
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than 10 times the annual recharge rates. In addition to this limited resource, Kuwait
relies on desalination, and recently on treated wastewater, to provide water for all
sectors including agriculture, which consumes 54% of this freshwater (FAO 2009;
Ismail 2015). The nexus is about improved coordination and integration among the
three sectors to provide wise ideas to support decision makers for better strategic
planning to achieve sustainable development goals. The nexus approach is normally
understood to produce a resource recovery through improving resource use effi-
ciency. However, Majgl et al. (2015) illustrated that the interactions among nexus
sectors are ought to be dynamic. The basis for the idea of the nexus is to try to estab-
lish balance between different uses of ecosystem resources (such as energy, water,
land and soil) with socioeconomic factors (FAO 2014). This balance helps achieve
sustainable development (Biggs et al. 2015; Andrews-speed et al. 2015). One more
major challenge in the context of this nexus is governance. What regulations and
governance arrangements can help address the growing industry, agriculture, econ-
omy and the securities in terms of water, energy and food? Toward its sustainable
development, Kuwait makes sure that the ecosystem is the center of the WEF nexus
(through environmental protection) which will assist in the development of policy
and management tools. In this context, it is always important to involve many rele-
vant sectors in meetings and dialogues about the proposed nexus in order to reduce
risks. Therefore, proper interconnectivity with an increasing number of trade-offs
among the resources of the nexus should be clearly identified for Kuwait, although
it is somehow complex because of the growing demands on these resources. The use
of renewable energy (as power sources) for water desalination plants (that produce
freshwater) and the use of virtual water concept for food production in Kuwait are
examples of integrated interconnectivity between the three sources. A number of the
GCC countries acquire farmlands from foreign countries (rich with water and agri-
cultural lands) for purchase or lease to grow essential crops. As an example, UAE
and KSA utilize 380,000 and 500,000 hectares from Sudan and Kenya, respectively,
for agricultural activities (Saif et al. 2014).

The aim of this chapter is to assess the interactions betweenwater, energy and food
systems in Kuwait in order to develop possible interventions and policy statements
with suggested effective governance against overarching national challenges such as
food security and the sustainable use/supply of energy and water. Kuwait is devel-
oping in a way to have sustainable and stable availability of water, energy and food
sources at all levels: individual, household andnational (Loring et al. 2013).Domestic
production of food in Kuwait can only supply a small fraction of the current dssse-
mand (http://www.phenometricsinc.com/; http://www.algaeindustrymagazine.com/
algae-wastewater-cleaning-technology-scores-wiscons). Unfortunately, Kuwait’s
arid climate, low soil fertility and scarcity of natural water resources make sus-
tainable food cultivation very challenging due to the associated water and cooling
energy requirements. Kuwait aims to become self-sufficient in food by 2040 (Ismail
2015). However, the sustainability of this action is questionable as Kuwait cannot be
a country with self-sufficiency in food because of water resources scarcity and the
poor suitability of its lands for agriculture. Such strategy risks depleting all freshwater

http://www.phenometricsinc.com/
http://www.algaeindustrymagazine.com/algae-wastewater-cleaning-technology-scores-wiscons
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resources and increases the need for more desalination with all the related environ-
mental and economic consequences. Therefore, optimization of resources among
sectors is mandatory for environment and production sustainability rather than aim-
ing to achieve food self- sufficiency. Climatic changes of witnessing more droughts
and floods events with changes in rainfall patterns over Kuwait will make the nexus
concept more challenging. The nexus requires identification of the inter-linkages
between water-energy-food sectors and how the inter-linkages can be used to sug-
gest policy statement principles about sustainable development in the sectors (Endo
et al. 2015). In this concept of WEF nexus, cities in Kuwait should be developed to
use water, energy and food resources toward the optimal use and reuse as much as
possible. There is a need to improve water quality management, optimal allocation
of water and energy resources, in addition to sustainability of food supplies. Energy
should be generated from waste, less water should be used for energy generation,
renewable energy should be used for desalination, waste must be reduced and the
supply management should be improved. The integrated concept and planning of
the nexus require suggesting a set of policy statements that help to understand the
inter-linkages between nexus sources, trade-offs and risks in order to develop inte-
grated solutions with minimum associated risks. There is a need to illustrate that
Kuwait will benefit on the national level from the nexus approach. The WEF nexus
for Kuwait is linked to several SDGs by directly addressing SDG2 (zero hunger),
SDG6 (clean water and sanitation), SDG7 (affordable and clean energy) and SDG12
(responsible consumption and production). The impacts of this study will be very
useful to serve SDG13 (climate action) and SDG17 (partnerships for the goals).

19.2 Identifying Potential Inter-Linkages Between
Water-Energy-Food Sources in Kuwait

The authors conducted a field survey and met several decision makers in the three
sectors of water, energy and food supplies in Kuwait. They managed to visualize
some potential inter-linkages that can be used to identify synergies and trade-offs
between sustainable water, energy and food security. It was realized that electricity
generated from solar power and geothermal (or renewables) can be used for pump-
ing groundwater for irrigation, to boil and sterilize water for drinking and cooking
purposes and for water desalination. Growth of some crops with smaller amount
of water can be used for biofuel production. Marginal water (e.g., brackish water,
produced water in oil production) can be used in energy production.

Energy can be saved and used more efficiently in adopting technologies that
can also make efficient use of water resources. In these discussions, the decision
makers ofWEF sources in Kuwait emphasized that irrigation systems can use energy
efficiently. In the same direction, they stressed that energy can be recovered from
biomass, organic waste and wastewater. Some crops that can be used for biofuel
production may be grown with smaller amount of water. There was an understanding
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at the decision-makers’ level that the use of brackish water should be maximized to
produce oil. As far as food and water linkages ar concerned, the improvements
in water use efficiency should support agricultural activities in a way to use less
water for more produced food mainly through irrigation. There is a need to use
non-renewable energy sources to increase food yields. Food imports and storage
are big issues in the context of the WEF nexus for Kuwait. The decision makers
agree that there must be reasonable investments in food imports and storage. The
use of treated wastewater for the development of inland fisheries and aquaculture
in agricultural activities should be encouraged in Kuwait. Hence, the investment in
reuse of drainage water and treated municipal and industrial wastewater to maintain
stable food production should be encouraged too. Kuwait cannot continue pumping
groundwater at unsustainable rates leading to its salinization and deterioration in
its quality. It can be illustrated that using virtual water concept may be relevant
to the overall economy of Kuwait. The cost of utilized water for agriculture and
industry will be significantly reduced if virtual water policy is implemented widely
in Kuwait. The preliminary discussions with Kuwait dairy received warm attention
and interest. Perhaps government cost share to offset the initial investment of virtual
water and desalination from renewable energy sources concepts could beworthwhile,
as done in the western countries. The inter-linkages between water and agriculture
require investigation about the efficiency to use phytoremediation for the plants to
remove chemical contaminants from water and to reduce salinity levels for efficient
irrigation to generate food. Hence, Kuwait may focus on selected food production
and promote water-efficient and drought-resistant crops and increase the reuse of
treated wastewater in agriculture, while keeping virtual water trade through some
food imports (especially high-water demanding foods) to alleviate the water stress,
achieve sustainability and build a food secure nation. Importing food and embedded
‘virtual water’ releases groundwater formore strategic use (Aliewi et al. 2017; Zubari
2014). In fact, sustainable growth of food crops in Kuwait requires (i) selection of
suitable and sustainable cultivation strategies, (ii) sustainable sources of irrigation
water and (iii) conditioned growth climates.

In the Arab region, there are few studies which were carried out to illustrate
the viability for conducting nexus concept. These studies were cited in (Al-Zubari
et al. 2018). An integration of good agricultural practices that combine technology
such as smart irrigation, green energy, optimization throughmodeling, crop selection
for better water productivity, improved efficiency, alternative water resources, land
management and food trade is needed to address the major challenges to sustainable
agricultural development in Kuwait. This integration and the modeling optimization
require understanding of the inter-linkages between the water-energy-food (WEF)
resources which allows the quantification of the trade-offs between water, energy
and food (Amy et al. 2017; Daher and Mohtar 2015; Degirmencioglu et al. 2019;
Lee et al. 2019; Mohtar 2017; Mohtar and Daher 2016; Mohtar et al. 2014; Mortada
et al. 2018). The WEF nexus has become the center of global policy, development
and research in order to meet the ever-increasing demand on water, energy and food
against strong resource limits (Al-Zubari et al. 2018). Another challenge that requires
attention in the development of the WEF nexus approach for Kuwait is to model and
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manage the availability of the WEF sources, waste generation and cost in order to
evaluate their development and management options.

19.3 Discussion on Suitable Strategic Solutions for Kuwait
that Maximize the Benefits from the WEF Nexus

The strategic solutions that this study realizes to be so important to Kuwait to max-
imize the benefits from the call of the WEF nexus approach are (1) virtual water,
(2) the use of treated wastewater in irrigation, (3) the use of renewable energy in
pumping water, wastewater treatment and desalination plants and (4) the reuse of
waste from livestock manure and organic waste These strategic solutions cannot be
interconnected and integrated in practical terms without developing suitable policy
principles, regulations and governance that increase efficiency and security in the
fields of water, energy and agriculture for Kuwait. In other words, some of the above
integrated solutions are vital for sustainable water reuse and efficient cultivation of
crops in conditioned greenhouses in Kuwait. These integrated strategic solutions will
quantify trade-offs and interactions between water, energy and food. These solutions
will be implemented while observing and assessing the environmental impacts as
well as the socioeconomic feasibility of food imports to Kuwait and how it should
be addressed. Some more details are provided below about these strategic solutions.

1. The virtual water as a strategic solution.

The concept of virtual water is about importing embedded water in food instead of
generating water supplies from scarce indigenous water resources for food (Aliewi
et al. 2017; Al-Rashed and Aliewi 2018). Allan and Lant (2003) illustrate that coun-
tries (like Kuwait) can save their scarce water resources for more critical needs by
relying more on imported food because 95% of water needs by a person is embed-
ded (hidden) as virtual water in food. In addition, if Kuwait develops as a food
self-sufficiency country, then it has to consume 90% of its national water resources
(including a good portion of the desalinated water) to produce its food. The concept
of the virtual water in Kuwait is very much connected with water security. Kuwait
is still behind with regards to implementing the concept of virtual water because its
benefits are not well recognized. Importers of essential food to Kuwait are in real
terms practicing the non-self-sufficiency policy in food. It is important to note that
Kuwait is already importing most of its food from abroad, but the concept of virtual
water that this paper is calling for Kuwait is special. This paper calls for a spe-
cial connection between trade in food with Kuwait shortages of freshwater through
purchasing large farms in countries rich with fertile lands for agriculture and rich
with freshwater resources. This purchase of these farms will benefit the economy of
Kuwait in two directions: from the ownership of the farms and from the embedded
water in the food produced from these farms especially if the labor forces belong
to Kuwait. As a result, Kuwait economy will be boosted by this special formula of
trade and from bridging the gap of freshwater needs for agriculture.
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This chapter analyzes that there is a lack of realizing the extent to which the
food trade can alleviate the worsening of water deficits on the national economies of
Kuwait. The link between livelihoods of Kuwait people (who live in an arid environ-
ment) and water security can be made through this special concept of virtual water as
explained above. It should be noted that food self-sufficiency policy for Kuwait is a
dangerous hope as it strengthens the highwater using sectors. It encourages farmers to
overpump brackish groundwater resources and overuse of freshwater resources from
desalination plants which affect the overall economy of Kuwait. Kuwait must make
up its food deficit by importing food from its own farms from abroad. Japan, Hong
Kong and Singapore have enough water to meet domestic and municipal demands,
but they do not have enough water resources to generate their foods. Because of
implementing the virtual water concept wisely, they are now water secure and food
secure (Allan and Lant 2003). It should be emphasized that the contribution of agri-
culture in Kuwait to employment, exports and national economy is weak. Therefore,
food imports from its own farms are much better for Kuwait economy than generat-
ing food locally to export. In real terms, Kuwait economy is a non-farm economy,
and as a result, it should not be diverted to depend on farming inside Kuwait itself.
Kuwait strongest income comes from the oil industry and that is far away from farm
industry which cannot be sustainable due to poor lands for agriculture and scarce
freshwater resources to irrigate in Kuwait.

2. The link between using brackish groundwater and treated wastewater for
irrigation.

Kuwait uses at the moment about 90 million cubic meter per year (Mm3/yr) as
brackish groundwater for agriculture and oil industry. The official statements of the
Ministry of ElectricityWater (MEW) indicate that this figure will increase in the near
future to 250 Mm3/yr for irrigation purposes. This is a large increase knowing that
agriculture consumes 60–90% of groundwater and provides a low contribution (less
than 1%) to Kuwait national economy (Aliewi et al. 2017; Al-Rashed and Aliewi
2018).Also,Kuwait at themoment uses 110Mm3/yr treatedwastewaters for greenery
purposes and 120Mm3/yr as reverse osmosis-treated wastewater for crop agriculture
(Aliewi et al. 2017; Al-Rashed and Aliewi 2018). This total of 230 Mm3/yr (36%
of the generated raw wastewater) of the reuse of treated wastewater in irrigation is
still low (Aliewi et al. 2017; Al-Rashed and Aliewi 2018). Our target is to improve
the sustainability of the existing brackish groundwater resources through recycling
(reuse) treatedwastewater. This is a wise reuse of the waste that should bemaximized
in Kuwait. Therefore, Kuwait should increase its reuse of treated wastewater in
irrigation tomuch higher than the current percentage of 36%. The concept of meeting
irrigation water needs from brackish groundwater or from desalinated water is not
a strategic solution. The utilization of waste (in this case wastewater) to a suitable
level of treatment, for irrigation and aquifer recharge is a strategic solution in this
nexus approach we are addressing.

3. The use of renewable energy in pumping water for irrigation, in desalination
plants and in treatment of wastewater.
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The renewable energy is a strategic solution in the call for the nexus approach for
Kuwait. Although its use in Kuwait is still humble, its use in the Arab region requires
special attention. Al-Zubari (Al-Zubari et al. 2018) showed that the improved effi-
ciency in theWEF sectors can be achieved by integrating hydropower and renewable
energy. (a) He discussed that increasing the efficiency of irrigation through coupling
hydropower with renewable energy has a potential to enhance food security in Egypt.
The plans for using renewable energy sources in Egypt includewind and solar energy.
Al-Zubari (Al-Zubari et al. 2018) explained that the farm powers 30 kW submersible
pump that has an average flow rate of 120 m3/h. The well which is powered by solar
energy serves a pivot irrigation area of around 120 acres. In our analysis, this is a
major achievement in this discipline as operating a well with 120 m3/h pumping rate
is considered suitable to meet irrigation needs in Kuwait. (b) Also, Al-Zubari (Al-
Zubari et al. 2018) showed that the use of renewable energy for wastewater treatment
in Jordan is very feasible. He showed that the annual average energy consumption of
the activated sludge system at a plant there was around 61.58 GWh. Improving the
efficiency of the operation of this plant by utilizing hydraulic renewable energy and
biogas produced through anaerobic digestion has resulted in better results for this
nexus approach. The results indicate that the biogas production generates thermal
and electrical power of 5.4 MW, and hydraulic energy accounts for 3.45 MW. In
addition to that, the system had reduced CO2 emission by around 300,000 tons/yr,
and the effluent of the treatment plant (100 Mm3/yr) is used for agricultural pro-
duction. (c) The use of renewable energy to operate desalination plants. Al-Zubari
et al. (2018) shows that Saudi Arabia pumps 300,000 barrels of oil per day to operate
desalination plants. Using renewable energy according to the Saudi Arabia plans will
reduce production costs of desalinated water from 2.2 to 5.5 SR/m3 to 1–1.5 Saudi
Riyals/m3. This is a saving in operational cost of 55–73%. Any increase in oil con-
sumption due to reason of natural development will definitely mean less oil export
and subsequently reduced revenues of the national economy. Saudi Arabia is plan-
ning complete use of solar energy to all water desalination plants in the near future.
The results will be extremely beneficial to Saudi Arabia economy and environment
as the operational costs, and GHGs emissions will be reduced significantly.

4 The reuse of waste from livestock manure and agricultural activities.

Most of Kuwaiti population lives in urban areas which increases the amount of
biowaste. One of the main challenges here is to ensure economic growth in Kuwait
without exponential growth in the volume of waste. Kuwait will benefit from this
waste as a valuable resource. Kuwait will develop to minimize the hazardousness of
urban wastes through separation of organic waste, efficient collection and transport
of organic waste that will be composted to produce organic fertilizers and gases. The
organic fertilizers are good for the soil life, and for the cultivation of crops. The reuse
of waste from livestock manure and organic waste through an anaerobic digester to
produce effluents rich with nutrients and high carbon solids will eventually be used to
generate power (as renewable energy), improve soil health, reduce GHG emissions,
control odor, control fly and improve livestock health. All these benefits will have
economic and environmental returns to Kuwait once it is utilizing them.
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19.4 Conclusions

The water-energy-food approach in Kuwait is needed because there is an urgent
requirement to address interconnectivity among WEF sectors in Kuwait so that sus-
tainable development goals can be optimized and achieved. This necessitates policies,
regulations and governance arrangements to support the nexus approach.Kuwait can-
not be a self-sufficiency food country becausewater resources are scarce and its lands
for agriculture are poor. Instead, Kuwait should seek the improvements in water use
efficiency and productivity in support of agricultural activities. Kuwait development
plans should be developed to use less water for more produced food mainly through
irrigation. Also, the use of modern energy should be utilized to increase food yields
with partial investments in food imports and storage.

In order to apply the WEF nexus approach in Kuwait successfully, strategic
solutions should be developed such as:
Use of wastewater from inland fisheries and aquaculture in agriculture activities.
Investment in reuse of drainage water and treated municipal and industrial
wastewater to maintain stable food production.
Use of plants to improve water quality.
The use of virtual water concept for food production.

Because the above solutions are not developed and integrated yet in order to benefit
Kuwait from them on the national level, it is believed that Kuwait should develop a
local technology for sustainable, cost-effective food production based on the needs
of Kuwaiti nationals and residents, including advanced crop production systems and
advanced water use. The option of using desalinated water in irrigation and testing
the use and efficiency of an integrated system driven by renewable solar energy
should be assessed for Kuwait. In addition, the options of using treated wastewater
in irrigation should also be assessed. Based on the quality of the treated water and
the use of biowaste as organic fertilizers, assessment of crops that can be irrigated
should be conducted. The assessment of the mixing of the treated wastewater and
desalinated water with freshwater for irrigation should also be assessed for the best
water use efficiency option. This assessment will take into consideration the social
acceptability by the farmers and end users of wastewater use in agriculture. Finally,
the critical components and design elements of the system that supplies water and
cooling energy to greenhouses in a local farm in Kuwait should be field tested.
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Chapter 20
Energy Recovery from Anaerobic
Digestion of Wastewater

Savita Ahlawat and Meenakshi Nandal

20.1 Introduction

The population of world is increasing day by day and directed toward urban centers.
According to a report by United Nations, 2012, by 2030, an additional 2.1 billion
population is predictable to be living in metropolitan cities. Enormous amount of
waste, i.e., billions of tons of waste is emitted every year by these cities, including
sludge and wastewater. These trashes/wastes can be end up by many ways depending
on the local framework: Firstly, they can be accumulated or not. Secondly, treated or
not and thirdly used directly, indirectly or end devoid of beneficial use.

The whole world is facing severe menace due to water pollution problems. Access
to safe drinking water is not guaranteed to a majority of the population. Mostly, in
developing countries like India, it is very vital tomaintain the quality of surface water
sources (Banu et al. 2007). According to the Census 2011, the demand for freshwater
for increasing population will become unmanageable. As per Indian Infrastructure
report 2011, due to no other source for irrigation, millions of small-scale farmers
depend on wastewater or polluted water sources to irrigate high-value edible crops
in urban and peri-urban areas. In 2015, it was computed that the sewage treatment
capability was only 22,963 MLD in contrast to municipal wastewater generation of
61,754 MLD in the India itself (CPCB Bulletin, July 2016). So, it can be concluded
that there is a hefty void among generation and treatment capacity. As per CPCB
Bulletin, July 2016, around 38,791 MLD of unprocessed sewage (62% of the total
sewage) is dumped openly into close-by water bodies. The demand for water supply
is incomparably raising due to increase in industrialization and urbanization. The
total number of cities and towns in India has swelled from 2250 to 5161 and 7936
in 1991, 2001 and 2011, respectively. Discharges of inadequately treated munici-
pal wastewater may have a great impact on natural water sources, i.e., surface and
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underground water bodies or land. When it is directly discharged into rivers, canals
and ponds, it can damage the aquatic life and quality of water sources. Due to hike
in BOD and COD, eutrophication happens due to heavy amount of organic mate-
rial and nutrients. So, due to all these reasons, there is a great need for treatment
of municipal wastewater in order to save our natural water resources from contam-
ination or depletion and also for the fulfillment of the water demand. So with the
help of wastewater treatment system, this problem can be figured out, and the treated
water can be reused for various purposes like industrial, agricultural, aquacultural
and municipal purposes. The treatment of wastewater has been an issue of high
antecedence in most of the developing countries, and they have therefore reached a
very satisfactory quality of their wastewater discharges.

This chapter basically focused on the basic principles of anaerobic digestion, basic
anaerobic technologies to establish their prospective for biogas generation. Anaero-
bic digestion basic principles are structured in Sect. 20.2. Various technologies for
anaerobic digestion of wastewater are depicted in the Sect. 20.3. The utilization of
biogas as a source renewable energy is highlighted in Sect. 20.4. Conclusions and
recommendations are discussed in the Sect. 20.5.

20.2 Key Principles of Anaerobic Digestion

20.2.1 Theory of the Process

Anaerobic digestion is a convoluted progression which transforms organic matter
into methane with the help of tons of microbial populations allied by their individual
substrate and product specificities, and this process also illustrates the direct and
indirect symbiotic association between different groups of bacteria. A balance is
formed with the help of a chain mechanism in which the product of one bacterium
is substrate for other, and in this way, the substrate concentration is maintained.
However, this biological conversion takes place in four steps, i.e., hydrolysis phase,
acidogenesis phase, acetogenesis phase and methanogenesis phase. All the chemical
reactions are described below in a flow diagram (Figs. 20.1 and 20.2).

20.2.2 Atmospheric Dynamics Impinging Anaerobic
Treatment

As anaerobic digestion is organic process, many environmental factors upset this
process such as temperature, pH, alkalinity and toxicity.
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Fig. 20.1 Chemical reactions involved in anaerobic digestion process

Fig. 20.2 Anaerobic microorganism digestion procedure

20.2.2.1 Functioning Temperature

Controlled digestion is splitted in three temperature ranges, i.e., psychrophilic (10–
20 °C), mesophilic (20–40 °C) or thermophilic (50–60 °C). Due to low temperature
conditions, bacterial growth and conversion processes are slower. Hence, a long
retention time is required by psychrophilic digestionwhichmay result in hefty reactor
volumes in contrast to mesophilic digestion which requires less reactor volume. For
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thermophilic process, high loading rates can be beneficial. At temperatures as low
as 0 °C, anaerobic digestion can occur; however, the pace of methane production
augments only by fostering of temperature from 35 to 37 °C. (Lettinga and van
Haandel 1993). At this temperature range, mesophilic organisms are involved. The
choice of temperature relies upon the relativity among energy constraint and biogas
yield. The extreme methanogenic bacterial activity befall at higher temperature of
about 55 °C where thermophilic bacteria supersedes mesophilic bacteria.

20.2.2.2 pH

In anaerobic digestion, the first step can transpire at a broad range of pH values, while
methanogenesis only ensues when pH is neutral (Lettinga and van Haandel 1993).
pH range of 6.3–7.8 seems to be most affirmative condition for the methanogenesis
process (Mirron et al. 2000). In an anaerobic digester while carrying the treatment of
domestic wastewater owing to buffering capability of the acid base system, the pH
lingers in this range devoid of addition of any additional chemical. Themethanogenic
bacteria perform at pH close to 7.0, but the most selected range for the entire process
is 6.0 to 8.0. Acid fermentation may preponderate over methanogenic activity at low
pHbecause acidogenic bacteria are less susceptible to pH variations. The degradation
of fatty acids especially propionate takes place at pH less than 6 due repressions of
methanogenesis of acetates. An optimum pH value should be maintained between
7.5 and 8, in order to obtain soaring yield of biogas.

20.2.2.3 Toxic Compounds

A numerous compounds show evidence of a noxious effect at excessive concen-
trations, for instance, VFAs, ammonia, cations such as Na+, K+ and Ca++, heavy
metals, sulfide and xenobiotics, which unsympathetically impinge methanogenesis.

20.2.3 Methane Production Potential

For the prediction of potential for biogas generation, the COD is exploited to quantify
the total organic contents present inwastewater. The oxygen correspondent of organic
matter that can be oxidized is appraised using a strong chemical oxidizing agent in an
acidic medium. The conclusive products of anaerobic degradation of organic matter
are gas in form of methane and fresh bacterial biomass.

Biochemical oxygen demand (BOD) is another extensively used stricture of
organic pollution. It is the scheme used for the measurement of dissolved oxygen
availed by oxygen-consuming microorganisms in biochemical oxidation of organic
matter during 5 days at 20 °C. By retaining time of 50 days at least, the total anaerobic
biodegradability is measured.
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The gas yield relies on various dynamics like digestibility of the organic matter,
digestion kinetics, the retention time and the digestion temperature. The progression
can be optimized by controlling conditions, for instance, temperature, humidity,
microbial activity.

20.2.4 Necessities for Anaerobic Treatment

In disparity to the aerobic treatment systems, the loading rate of anaerobic reactors
is not halted by the delivery of a reagent, except by the processing competency of
the microorganisms. Consequently, it is imperative that a satisfactory hefty bacterial
mass is retained in the reactor. The retention of biomass should be enlarged in contrast
with the retention of liquid in high-rate treatment systems. The following conditions
are vital for high-rate anaerobic reactors (Letting et al. 1999):

• It is exceedingly vital to keep hefty bacterial sludge under soaring organic
(>10 kg/m3/day) and high hydraulic (>10 m3/m3/day) loading conditions.

• Maximum contact among the influent wastewater and the hefty bacterial mass.
• Also negligible transport dilemma should be practiced with respect to substrate

compounds, intermediate and end stuffs.

Sludge Retention Time (SRT) is a vital parameter. The process will not crop up at
very low SRT, and as a result, it will acidify the reactor. To ensure the methanogen-
esis process, ample hydrolysis and acidification of lipids at 25 °C, SRT of not less
than 15 days is required (Miron et al. 2000). The SRT should be longen at lesser
temperatures since the growth rate of methanogens and the hydrolysis constant fades
with temperature. The SRT should be increased to ensure same effluent standards. In
completely mixed systems, the SRT is equivalent to the HRT, while in systems with
inbuilt sludge retention; the SRT is elevated than the HRT.
HydraulicRetentionTime (HRT): This is themost important parameter that usually
distress the performance of UASB reactor during the treatment of municipal sewage
(Vieira andGarcia 1992). HRT is that time inwhichwastewater remains in the reactor
and is calculated as:

HRT = Reactor volume

Wastewater flow

HRT is the factor which affects the COD reduction rate and important param-
eter with respect to the aimed degradation rate. The HRT should not be less than
2 h. According to the study by Trnovec and Britz (1998), during the treatment of a
carbohydrate-rich effluent of the canning industrywithUASB reactor, it was reported
that COD removal performance was higher than 90% at an HRT of 10 h. As per an
investigation done by Fang at 37 °C, the impinge of HRT on acidogenesis of dairy
wastewater and HRT stretching from 4 to 24 h and by escalating HRT from 4 to 12 h,
it was reported a boost in the acidification, i.e., from 28 to 54% [15]. But however, it
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is also accounted by number of scientists that there is no distinct impression of HRT
on the treatment effectiveness of UASB reactor (Halalsheh 2002), and this disparity
of outlook in scientific community is perhaps due to the discrepancy in the reactor
design, operating procedures and range of HRT.

20.2.5 Pros and Cons of Anaerobic Digestion

The pros and cons of the anaerobic digestion progression are formulated in the figures
given below (Lettinga 1999) (Figs. 20.3 and 20.4).

Fig. 20.3 Pros of anaerobic digestion process

Fig. 20.4 Cons of anaerobic digestion process
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20.3 Tools and Techniques for Anaerobic Digestion
of Wastewater

There are various techniques for the treatment of various wastewaters, but high-rate
anaerobic treatment systems are highly suitable for the diluted and concentrated
wastewater in spite of concentrated slurries. In these type of systems, SRT is much
soaring than the HRT. The sludge is protected in the reactor with the help of internal
settler systems or external settlers with sludge salvaging or fixation of biomass on
supportmaterial. These types of systems are highly recommended for thewastewaters
containing low SS contents in them. The paramount examples used worldwide are
contact process, upflow anaerobic sludge bed, anaerobic fixed film reactor, fixed film
fluidized bed system, expanded granular sludge bed, hybrid systems and anaerobic
filter (Lettinga et al. 1999). The above are conversed briefly:
Upflow Anaerobic Sludge Bed Reactor (UASBR): Till the advancement of the
upflow bed reactor, the anaerobic digestion was very atypical in the main treatment
system. Lettinga and co-workers in the late 1970s brought up the idea of this process
(Lettinga et al. 1980). In original, this reactor was blueprinted to treat the concerted
effluents of preliminary industries, but as with the extension of its relevance, its
use expanded to sewage treatment. In these days and age, the UASB reactor is
comprehensively exercised for the treatment of several types of wastewater, shaping
part of the high-rate anaerobic technology (Kavitha andMurugesan 2007) (Fig. 20.5).

The UASBR assembly chiefly consisted of influent tank, peristaltic pump, cylin-
drical UASB reactor, gas/liquid/solid separator, effluent outlet, gas collection system.
As stated by Simpson (1971) and Pretorius (1971), predecessor of UASBR can be
observed in alleged anaerobic contact process. An analogous system to UASBR was

Fig. 20.5 Upflow anaerobic
sludge blanket
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inspected in the name of ‘Biolytic tank’ somewhere in 1910. So, in view of above,
UASBR technology can be adopted for a variety of wastewater treatments (Lettinga
1995, 1996a, b).

Development of dense granular sludge bed at lowest part of the UASBR where
all microbial digestion primarily comes to pass illustrates the success of the UASB
process. Incoming suspended solids and bacterial growth get accumulated for the
configuration of sludge bed. According to some studies, flocs and granules get nat-
urally aggregated by bacteria under convinced conditions in upflow technologies
(Hulshoff Pol 1989). Under practical reactor conditions, these granules have excel-
lent settling property and hence non-vulnerable to get out of the arrangement. A
UASB arrangement facilitates good treatment at higher OLR rates due to retention
of active sludge, either the cylindrical reactor may contain granular or flocculent.
A pleasant contact between biomass and the wastewater is imparted by the natural
turbulence facilitated by the influent flow and the biogas production. As per Kato
et al. (1994), lofty organic loads can be applied in the UASB arrangement due to all
the above positives which cannot be supplied by the aerobic process.

As a result, a reduced amount of the reactor space and volume is required, and
additionally, paramount power is generated as biogas. Numerous alterations can be
adopted in UASB equipment with sand trap, screens for coarse material, drying beds
for the sludge, and this attributes to advancement of wastewater treatment system.
The primary settler, the anaerobic sludge digester, the aerobic step (activated sludge,
trickling filter, etc.) and the secondary settler of a conventional aerobic treatment
plant can be redeemed by UASB reactor.

Several treatments approximating stabilization ponds and activated sludge plants
are required for the UASBR bilge water to remove remnant organic matter, nutrients
and pathogens due to all these leverages. Lettinga discussed various economics of
anaerobic treatment in UASB arrangements.
Expanded Granular Sludge Bed (EGSB): The expanded granular sludge bed
(EGSB) process integrates the sludge granulation concept of UASBs. The focal
improvement of the EGSB system, trademarked ‘Biobed,’ compared to other types
of anaerobic fluidized or expandedbed technologies is the abolition of carriermaterial
as a mechanism for biomass retention contained the reactor. Hence, this technology
can be picked out as mutated conventional fluidized bed or ultra-high-rate UASB. It
can be used for the wastewaters of breweries, chemical plants, fermentation indus-
tries and pharmaceutical industries. This system is invented to operate at high COD
loading; it is very space proficient, entailing a smaller footprint size than a UASB
system (Figs. 20.6 and 20.7).
Anaerobic Fixed Film Reactors (AFFR) Effluents of high strength are treated by
AFFR with the help of mixed populance of bacteria immobilized on the surfaces of
support medium (Chua and Fung 1996).

To conquer the glitch between UASB and AF systems, the hybrid system was
invented. In anaerobic filter reactor (AF), there is a presence of channeling and
deceased precincts in the subordinate part of the filter. In UASB, the washout of the
sludge may be a dilemma. So, to cope with these problems, the hybrid systems may
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Fig. 20.6 Anaerobic filter
process

Fig. 20.7 Anaerobic contact
process

be helpful. Elmitwalli (2000) states that for COD diminution, the filter area plays a
physical job for biomass preservation and biological activity.

20.4 Recovery of Biogas as an Energy Source

After CO2, methane being the second most man-made greenhouse gas which
attributes 14% of the global GHG emissions. Although its natural life is shorter
than the CO2, its global warming potential (GWP) is 21 times extra than the CO2

which means it has more knack to block the heat. There are quite a lot of approaches
to wastewater methane mitigation and recovery and also several options for availing
of recovered methane. There are numerous recovery approaches given below:
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• Fixation of anaerobic sludge digestion (novel construction or retrofit of the
existing aerobic treatment systems).

• The new confine biogas systems for the existing open air anaerobic lagoons.
• Installing simple degassing devices at the effluent release of anaerobic municipal

reactors.
• Systems which are not operated correctly should be optimized by implementing

proper operation and maintenance (O&M).

Uses of Methane gas:

1. Methane can be used as fuel for the production of electricity and heat within the
treatment systems.

2. After proper treatment, the methane gas can be a best option for local gas supply.
3. Methane gas can be used to sell to the local industrial user or power producer for

the production of heat or power.
4. For a suitable fleet vehicle fuel, methane gas can be treated and compressed on

the site.

20.5 Conclusion

The anaerobic digestion of the municipal sewage is very limited to the tropical coun-
tries mainly. In countries like Asia and South America, large UASB treatment sys-
tems are installed, and there are limitations of the temperature disparity. To overcome
the problem, new developments in high-rate anaerobic treatment systems can lead
to wider application of anaerobic treatment of conventionally collected wastewater
even at low temperatures. At present, anaerobic treatment is a proven technique. The
process is almost applied to a variety of wastewater streams excluding the fact that it
is still limited. But owing to this, a hefty potential energy source is being abandoned.
Moreover some potential sources, which are now treated otherwise, are an excellent
substrate for anaerobic treatment. This could contribute to renewable energy pro-
duction rather than consuming energy during treatment. Anaerobic digestion merges
aspects of treatment and utilization, in form of treatment of wastewater with pro-
duction of methane with less greenhouse emissions in comparison with the use of
traditional fuel combustion. Millions of people in the world do not have effective
sanitation at their disposal. So, in the near future, more studies should be done on
the concept of anaerobic treatment of sewage water of isolated buildings so that each
and every person gets the facility of sewage disposal, and use of methane energy can
be also availed.
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Chapter 21
Dark Fermentative Hydrogen Production
from Lignocellulosic Agro-waste
by a Newly Isolated Bacteria
Staphylococcus Epidermidis B-6

Payal Mazumder, Dhrubajyoti Nath, Ajay Kumar Manhar, Kuldeep Gupta,
Devabrata Saikia, and Manabendra Mandal

21.1 Introduction

Air pollution, exhaustion of fossil fuel reservoir and global warming have led to the
relentless investigation for sustainable alternative fuels (Nagarajan et al. 2017). So,
the production and use of non-carbonaceous fuels are getting much more attention
nowadays. To elaborate, bio-based energy is a tenable and propitious replacement
for unsustainable sources of energy; this can substitute and fortify against a catas-
trophe in the energy supply and the ever-increasing demand. Lately, hydrogen (H2)
gas has gained worldwide heed and is a promising future fuel (Anwar et al. 2019;
Kumar et al. 2019b). H2 is a conceivable multifaceted energy currency that could
convert the utilization of non-renewable fossil fuels due to its an elevated yield per
unit mass of energy (~122 kJ/g), which is 2.75 times substantial than the yield from
hydrocarbon fuels (Mohan and Pandey 2019). Furthermore, upon ignition H2 pro-
duces water (H2O) after combining with O2, the only externality of the process. It
is an evidently commendatory denouement for greenhouse gases (GHG) emissions.
Discretely, H2 is more alike electrical energy and hence, an eminent solution (Onaran
and Argun 2019). Currently, molecular H2 is fundamentally generated from fossil
fuels via the process of steam reforming of methane (CH4) and/or natural gas. The
global produce of H2 presently surpasses at the rate of 1 billion m3 per day, out of
which around 48% is manufactured from 30% from oil, natural gas, 18% from coal
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and rest 4% is generated from splittingwater through electrolysis (vikaspedia).When
amalgamated with the steam reforming process, refined H2 is produced attained via
water gas shift reaction process, a crucial industrial process utilized peculiarly for
manufacturing ammonia (Singh et al. 2019). There are many more thermochem-
ical procedures/techniques obtainable for the manufacturing of H2 that comprise
autothermal reforming, catalytic oxidation, thermal decomposition, pyrolysis and
steam gasification, etc. (Devasahayam and Strezov 2018; Bu et al. 2019; Waheed
et al. 2016; Kouhi and Shams 2019). Nonetheless, the generation of H2 established
on natural fossil fuel reservoirs augment the discharge of harmful GHGs. In this
context, biologically produced hydrogen which is a carbon-neutral, sustainable and
eco-friendly technique is contemplated as the most propitious candidate. It possesses
high energy, is clean in nature and can be obtained froma broad range of inexhaustible
feedstock (Kotay and Das 2008; Winter 2009; Chong et al. 2009).

Considering the aspect of biomass conversion to energy, dark fermentativemethod
of H2 generation has been delineated to have huge prospective and more eco-
nomic over other physicochemical methods (Bundhoo 2019). Lignocellulosic waste
biomasses are promising raw materials for biofuel production due to high carbohy-
drate percentage (Taherzadeh and Karimi 2008; Nissilä et al. 2014). However, the
sugar polymer cellulose and hemicelluloses in lignocellulosic biomass remain bound
in compact form with lignin, which restrict them from easy microbial degradation. A
few fungi are capable of solubilizing lignin, and some bacterial species can degrade
cellulose, but the process takes a very long time (Lee 1997; Lynd et al. 2002; Kumar
et al. 2008, Kumar et al. 2019a). Thus, these substances require proper pre-treatment
prior to fermentative hydrogen production. Xylose shares a major fraction (35–45%)
of total sugar yield fromhydrolysis of lignocellulosicmaterials (Lavarack et al. 2002).
Extensive research has been done on H2 production via fermentation from substrates
such as glucose and sucrose. However, due to inefficiency of microbes for xylose
utilization, there are a very few reports (Li et al. 2010; Cheng et al. 2012; Chenxi
et al. 2013; Wu et al. 2014; An et al. 2014; Poladyan et al. 2018; López-Aguado et al.
2018; Zhao et al. 2019; Kongjan et al. 2019) on H2 production from xylose using
a pure culture of microbes. Hence, for complete utilization of sugar released from
lignocellulosic material, it is important to isolate bacterial species with efficiency to
convert xylose to H2. Thus, our current work is based on the isolation and identifi-
cation of new microbial (bacteria) species having the potential to utilize xylose for
fermentative H2 production. Parameters that are crucial for fermentation was also
studied to ascertain the optimum parameters for maximal H2 yield and high produc-
tion rate. This study also investigates the feasibility of the isolated bacterium for H2

production from acid hydrolysed rice straw under batch culture condition.
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21.2 Materials and Methods

21.2.1 Isolation of H2-Producing Bacteria

The bacterial strain for H2 production was isolated from the soil sample collected
from the outskirt of Kaziranga national park of North East India. For isolation of
bacterial strain, 1 g of the soil sample was homogenized with 0.85% NaCl (w/v)
followed by several-fold dilution. 100 uL of the diluted sample was then spread on
nutrient agar plates and kept at 37 °C for 24 h. Several bacterial colonies differing
by colony morphology were obtained and were subsequently maintained as a pure
culture for screening of H2 production ability from xylose.

21.2.2 Screening for H2 Production from Xylose and Culture
Condition

The preliminary screening of bacterial strains for H2 production from xylose was
done under batch culture condition. The medium used was GM-2 (Yeast extract—
1.0 g/L, K2HPO4 —1.0 g/L, MgSO4.7H2O—0.5 g/L and FeSO4.7H2O—1 mg/L)
with slight modification (Patel et al. 2014). The experiments were conducted in
125mLBODbottle under anaerobic condition. 100mL of themedium supplemented
with 5 g/L xylose was inoculated with 2% (v/v) of culture (1 O.D at 600 nm). After
bacterial inoculation, the bottles were made airtight and initial anaerobic condition
was established by flushing N2 gas. The bottles were then kept at 37 °C and evolved
biogas was collected bywater displacement method under acidic water. The potential
strain with maximum biogas production ability was selected for this study and was
named as strain B-6.

21.2.3 Identification of the Bacterial Strain B-6

For identification of the bacterial strain B-6, 16S rRNA gene sequencing was done
by using universal primers, 27F (5′AGAGTTTGATCCTGGCTCAG3′) and 1492R
(5′GGTTACCTTGTTACGACTT3′). The amplified product was purified by using
PCR purification kit (Qiagen) and sent for sequencing (Eurofins Genomics India
Pvt. Ltd., India). The obtained sequence was subjected to BLAST in National Centre
of Biotechnology information (NCBI) BLAST search tool and the phylogenetic tree
was constructed using the neighbour-joining method with MEGA 5.2 software.
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21.2.4 Optimization of Culture Condition

The parameters crucial for fermentative H2 production including initial pH, nitrogen
source and substrate concentrationwere optimized under batch culture condition. The
effect of pH was studied by adjusting the initial pH of the fermentation medium with
the pH range of 5–9 with incremental step of 1. The fermentation was carried out at
37 °C with xylose concentration 10 g/L. The effect of nitrogen source on H2 produc-
tionwas studied by fermentationmediumGM-2amendedwith inorganic (ammonium
sulphate, ammonium chloride) and organic (yeast extract, peptone) nitrogen sources
at a concentration of 1.0 g/L. The initial pH was 7.0, fermentation temperature 37 °C
and xylose concentration 10 g/L. The effect of xylose concentration on fermentation
was studied by varying the initial xylose load from 5–50 g/L under optimum pH, and
nitrogen source at 37 °C.

21.2.5 H2 Production with Different Carbon Source

The ability of the selected strain for utilization of other carbon sources were studied
at optimum conditions (pH–7, N2 source–yeast extract and incubation temperature
–37 °C). The different carbon sources usedwere glucose, fructose, sucrose, mannose,
lactose (10 g/L) and glycerol (10 mL/L).

21.2.6 Acid Hydrolysis of Rice Straw

Acid hydrolysis of the hemicellulose fraction of the rice straw was conducted by
treating the dry rice straw (1%, 2%, 3%, 5% and 7%, w/v) with diluted H2SO4

(0.5%, v/v) at 121 °C for one hour in autoclave. After hydrolysis, the hydrolysate
was filtered through a thin cloth to remove the solid fraction. Over-liming of the
hydrolysate was done by adding Ca(OH)2 with frequent stirring and the final pH
adjusted to 10. The resulting precipitate was removed by centrifugation at 1500 rpm
for 15 min. The supernatant was then re-acidified by lowering the pH to 7 and again
centrifuged. The final supernatant thus obtained was then used for fermentative H2

production (Nigam 2000).

21.2.7 Analytical Methods

The amount of biogas evolved during fermentation was measured by the water
displacement method. The gas components were analysed by gas chromatograph
(Nucon GC5765, India) equipped with Porapak-Q and molecular sieve columns
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using a thermal conductivity detector (Nath et al. 2015). Argon was used as carrier
gas with a flow rate of 20 mL/min, and temperature of oven, injector and detector
was set to 60, 80 and 110 °C, respectively. The xylose concentration was measured
by DNS method (Miller 1959).

21.3 Results and Discussion

21.3.1 Strain Identification and Phylogenetic Analysis

The sequenced 16S rRNA gene of the strain B-6 was aligned with gene bank
NCBI (http://blast.ncbi.nlm.nih.gov) using BLAST program. A phylogenetic tree
was constructed by neighbour-joining method with MEGA 5.2 software (Fig. 21.1).
The tree indicates that the strain B-6 belonged to the genus Staphylococcus and
showed maximum similarity with Staphylococcus epidermidis strain NBRC100911.
Thus, the strain was identified and named as Staphylococcus epidermidis B-6. The
gene sequence was also submitted to the NCBI gene bank with an accession number
KT072716.

Fig. 21.1 Neighbour-joining tree showing the phylogenetic relationship of the isolated strain B-6
and related species based on 16S rRNA gene

http://blast.ncbi.nlm.nih.gov
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21.3.2 Effect of Various Nitrogen Sources on H2 Production

The effect of various nitrogen sources on H2 production by Staphylococcus epi-
dermidis B-6 is shown in Fig. 21.2a–c. A significant change in H2 production was
observed by changing the source of nitrogen in the fermentation medium. The max-
imum H2 yield of 1.55 mol H2/mol xylose was observed using yeast extract with
the highest bacterial growth and 98% of xylose consumption (Fig. 21.2a, b). This is
due to the fact that yeast extract is a complex nitrogen source comprising of peptides
and amino acids, which can be easily taken up by the bacterium during fermentation
and directly incorporated into proteins or transformed into other cellular nitrogenous
constituents (Large 1986; Ferchichi et al. 2005). On the other hand, when inorganic

Fig. 21.2 Effect of N2
source on H2 production
performance of
Staphylococcus epidermidis
B-6, a volume and rate of H2
production, b H2 yield and
bacterial growth and c xylose
degradation rate and final pH
value
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nitrogen sources are used, the cells have to spend more energy in synthesizing amino
acids, and as a result, they spend a longer period of lag phase and decrease in H2

yield (An et al. 2014). The results suggest that yeast extract as a better nitrogen
source for maximum H2 production with high production rate and bacterial growth.
However, the other cheap nitrogen sources like ammonium chloride and ammonium
sulphate also showed relatively higher production of H2 (Fig. 21.2a). Thus, this can
be beneficial for industrial-scale H2 production by using cheap inorganic nitrogen
sources instead of expensive organic nitrogen sources.

21.3.3 Effect of Initial pH on H2 Production

The effect of initial pH on H2 production by Staphylococcus epidermidis B-6 was
investigated at pH 5–9 (with an interval of pH 1). The result (Fig. 21.3a–c) showed
that the initial pH of the medium is an important factor in the bacterial growth and H2

production process. The yield of H2 and cell growth was increased significantly by
increasing the initial pH from 5 to 7 and then decreased by further increasing the pH
(Fig. 21.3b). The rate of hydrogen production (Fig. 21.3a) and xylose degradation
(Fig. 21.3c) also showed a similar trend with cell growth and H2 yield as shown
in Fig. 21.3b. The maximum H2 yield is 1.6 mol H2/mol xylose with hydrogen
production rate of 342 mL H2/L. Day was observed at pH 7. The cell growth and
xylose consumption were also observed maximum at this pH. The H2 yield and cell
growth were very low at pH 5 and bellow that no growth and H2 evolution was
observed. This can be the fact that, at high concentration of H+ ion environment, the
cell’s ability to maintain internal pH get destabilized, consequently intracellular ATP
level drops and inhibiting xylose uptake (Nigamet al. 1985;Xu et al. 2010). However,
the strain B-6 was found to produce H2 above 1 mol/mol xylose within the pH range
of 6–9 and very little or no gas production was observed by further increasing the
pH. This can be the fact that at higher pH range, the activity of the key enzyme [Fe−
Fe] hydrogenase gets decreased and the changing direction of metabolic pathway
from acidogenesis to solventogenesis results into low H2 production (Zhu and Yang
2004; Gadhe et al. 2013).

21.3.4 Effect of Initial Xylose Concentration on H2
Production

The initial substrate load usually plays a crucial role in cell growth andH2 production.
Figure 21.4a–c shows the various effects of initial xylose concentration on fermenta-
tion. An increase in the H2 yield from 1.4 to 1.6 mol H2/mol xylose was observed by
increasing the xylose concentration from 5 to 10 g/L and was then decreased by fur-
ther increasing the concentration. Though the volume of H2 production (Fig. 21.4a)
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Fig. 21.3 Effect of initial
pH on H2 production
performance of
Staphylococcus epidermidis
B-6, a volume and rate of H2
production, b H2 yield and
bacterial growth and c xylose
degradation rate and final pH
value

was relatively higher by increasing xylose concentration above 10 g/L, but the rate
of production was found gradually decreases with H2 yield and xylose consumption
rate (Fig. 21.4b, c). However, cell growth was observed maximum at 20 g/L xylose
concentrations and was then decreased above this concentration. This is due to the
fact that at higher substrate concentration, the yield is decreased by inhibitory effect
of substrates (Lin and Cheng 2006). Another reason may be that at higher substrate
concentration, the carbon flux is directed more towards the production of reduced
by-products like organic acids and alcohols (Chittibabu et al. 2006). The undissoci-
ated organic acids get accumulated in the fermentation broth with higher substrate
concentration, which would leak into the cell and decrease the pH of the intracellular
environment. As a consequence, the cell growth and H2 yield get inhibited (Akutsu
et al. 2009).
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Fig. 21.4 Effect of xylose
concentration on H2
production performance of
Staphylococcus epidermidis
B-6, a volume and rate of H2
production, b H2 yield and
bacterial growth and c xylose
degradation rate and final pH
value

21.3.5 Utilization of Different Carbon Sources

It is important for H2 producing bacterial strain to have the ability to use various
carbon sources for better utilization of complex waste biomass. A variety of carbon
sources have been reported for fermentative H2 production. Therefore, different car-
bon sources were fed to evaluate their effect on H2 production by Staphylococcus
epidermidis B-6. The hydrogen production data (Fig. 21.5) showed that the bac-
terium can utilize diverse carbon sources. H2 production was observed with lactose
(305 mL H2/g), maltose (280 mL H2/g), xylose (240 mL H2/g), fructose (180 mL
H2/g), glycerol (120 mL H2/g) and glucose (70 mL H2/g). Thus, the ability of the
strain B-6 to utilize a wide variety of carbon sources for H2 production would be
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Fig. 21.5 H2 production performance of Staphylococcus epidermidis B-6 by using different
substrates

of great impact on waste management and converting the waste biomass to energy
(Kapdan and Kargi 2006; Chong et al. 2009).

21.3.6 Production of H2 from Rice Straw Hydrolysate

The lignocellulosic hydrolysate obtained from wood, agricultural waste by-product
and crop contains a major fraction of xylose (Lavarack et al. 2002). As the strain
Staphylococcus epidermidis B-6 was found potential in utilizing xylose for H2 pro-
duction, thus its feasibility to produce H2 from acid hydrolysate of rice straw was
examined. For this, the different concentration of dried rice straw was treated with
diluted H2SO4 and the hydrolysate was used for batch fermentation. The maximum
H2 yield of 30 L/kg rice straw was observed with hydrolysate prepared by treating
1% (w/v) rice straw and the yield was decreased by further increasing the rice straw
concentration (Fig. 21.6). Diluted acid was used for the hydrolysis process (0.5%
v/v). Increasing the acid concentration in acid hydrolysis could provide a strong or
complete reaction for hydrolysis, yielding more hydrolysed product (Chong et al.
2004). However, at higher acid concentration, the conversion of sugars to various
inhibitory compounds takes place, which retard the cell growth. Furfural is one such
compound, which is generated as a degradation product from xylose at higher H2SO4

concentration (Aguilar et al. 2002). The results suggest that the strain can be used
for large scale H2 production and can help on the way of complete utilization of
lignocellulosic waste hydrolysate. This will be a great benefit for the conversion of
waste into energy and reduce the waste generation (Fig. 21.7; Table 21.1).
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Fig. 21.6 Yield of H2 and final pH value at different concentration of rice straw hydrolysate by
Staphylococcus epidermidis B-6

Fig. 21.7 Food–Energy–Water ecosystem services nexus web
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Table 21.1 Comparison of H2 yield from various process utilizing different substrate

Substrate Treatment H2 yield References

Food waste Taihu Algae (Ultrasonic
pre-treatment)

31.42 mLH2/g-VS Xu et al. (2019)

Digested sludge Laminaria japonica
(Microwave irradiation)

15.8 mLH2/g-VS Yin et al.(2019)

Corn stover,
wheat straw, rice
straw, Corncob,
sorghum stalk

Simultaneous
saccharification and
fermentation

80.09, 62.49, 95.21,
102.62 and
81.94 mL/g TS

Li et al. (2018)

Asynchronous
hydrolysis and
fermentation

66.44, 62.86, 86.31,
90.03 and
77.36 mL/g TS

Rice husk Anaerobic granular
sludge

320.6 mL/g biomass Gonzales and
Kim (2017)

Sugarcane top White rot fungus
Pleurotus pulmonarium
MTCC 1805

77.2 mL/g-VS Kumari and Das
(2016)

Cassava residue Microwave-heated acid
pre-treatment (1% v/v
H2SO4, 135 C, 15 min)
þ Enzymatic hydrolysis

106.2 mL/g-VS Cheng et al.
(2015)

Anaerobic sludge Chlorella vulgaris
(pre-treatment with
Onozuka R-10 Enzyme)

39 mLH2/g-VS Wieczorek et al.
(2014)

Oil palm empty
fruit bunch
hydrolysate

Acid/heat pre-treatment
(6% w/v H2SO4, 120 C,
15 min)

1.98 moL H2/mol xylose Chong et al.
(2013)

Rice straw
hydrolysate

Clostridium butyricum
CGS5

0.76 moL H2/mol xylose Lo et al. (2010)

Corn stover Thermoanaerobacterium
thermosaccharolyticum
W16

2.24 moL H2/mol sugar Cao et al. (2009)

Wheat straw
hydrolysate

Thermophilic mixed
culture

178.0 mL/g sugars Kaparaju et al.
(2009)

21.4 Conclusions

Biohydrogen production by dark fermentative microbes is a sustainable solution to
manage lignocellulosic wastes which are hard to solubilize. Staphylococcus epider-
midis B-6 was used for the first time to produce bio-H2 from xylose and rice straw.
The highest H2 yield obtained was 1.6 mol H2/mol and 30 L/kg from xylose and rice
straw respectively. The results suggested that the strain could be used for complete
utilization of lignocellulosic waste hydrolysate and production of H2 on a large scale.
This will be a great benefit for the conversion of waste into energy and provide an
economic technology to manage generated waste.
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