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Foreword

Climate change, population growth, and urbanization create new challenges that

professionals must address to reduce negative impacts on water resources. Over the

past several decades, humans concerned with the environment have embraced the

notion that one of the most important indicators of the health of natural resources is

the quality of the water. It follows that when the quality of rivers, lakes, streams,

ponds, and wetlands is improved and protected, there will be more healthy lands,

wildlife, and overall environment. The integration, coordination, and management

of human activities within the natural boundaries of a watershed to protect or

improve water quality include a number of activities, such as river basin manage-

ment, water quality monitoring and assessment, water withdrawal, hydropower

production, wastewater discharge permit, control of nonpoint source pollution,

critical-area protection, and wetland restoration and protection.

Water recycling technologies can significantly reduce net water abstraction from

the environment, but many of those technologies require an increase in the con-

sumption of other resources, especially energy. In our resource-constrained world,

increasing the consumption of any resource, even for necessary functions such as

water management, must be carefully considered. However, with the growing water

demand, the rate of using reclaimed water is gaining pace in the Asian markets.

Water recycling involves a combination of technologies to treat the wastewater and

make it reusable or attain a safe standard for discharge. Technologies such as

nanotechnology and membrane technology have been widely used for water and

wastewater treatment depending upon the required quantity and quality and the

applicable cost as per the specific use.

The scientists and practitioners should develop the following environmental

skills and competencies for proper management of the environment such as ana-

lyzing or interpreting environmental samples and data; liaising and partnering with

stakeholders; presenting expert information on environmental matters; developing

sustainable development indicators, plans, or strategies; implementing or monitor-

ing sustainable development strategies or programs; conducting environmental
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assessments; and developing or implementing environmental communications and

awareness programs.

The chapters in this book provide a platform for scientists and practitioners to

discuss issues ranging from cutting-edge to practical levels on water environment

technologies in Asian context. The scientists and practitioners exchange their

knowledge on water environment technology, both in terms of local, region-

specific, and general aspects. This volume tries to address the various contemporary

issues such as wastewater treatment and monitoring, water quality problems, and

groundwater contamination, with particular emphasis on integrated scientific strat-

egies for management of these issues.

I would like to congratulate the great efforts of the editorial team of this volume

which will serve as a scientific information base for addressing the different water

quality issues in Asian context among the scientists, water quality practitioners,

researchers, and engineers for the effective dissemination of knowledge in the field

of water environment technology.

Research Center for Water

Environment Technology

Graduate School of Engineering

The University of Tokyo

Tokyo, Japan

Hiroaki Furumai
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Preface

Asia, as a whole region, faces severe stress on water availability, primarily due to

high population density. Many regions of the continent suffer from severe problems

of water pollution on local as well as regional scale. Water, environment, and

pollution together constitute a three axial problem that all concerned people in

the region would like to focus on. This book will attract a number of researchers,

policy makers, and graduate students who will get an invaluable knowledge

concerning environmental issues on water in Asia. This book aims to liven up the

discussion by scientists and practitioners to discuss issues ranging from cutting-

edge to practical levels on water environment technologies in Asian context.

It is a multidisciplinary book focused on global human health consequences of

exposure to water pollution in natural environment. The book provides a unique

platform for scientists from various fields including engineering, biogeochemical

sciences, hydrogeochemistry, social sciences, and public policy to exchange ideas

and share information on research for the possible solutions to water pollution.

Water, being the most important factor required for life, needs proper attention

in terms of uses as well as treatments. The scientists and engineers working in the

field of water have to encounter new challenges, where the effective use of new

techniques, such as tracers and modeling simulation, is becoming inevitable. The

purpose of this book is to define the emerging water problems and to provide

possible technical solutions to the arising problems. The research works included

in this book explore the various water research domains with relevant techniques

and the subject matter that deals with the concurrent “Emerging Water Quality

Issues.” This book gives emphasis on topics like (i) emerging water problems in

Asian countries, (ii) pollution dynamics in water environment, (iii) water quality

and risk, (iv) water and wastewater treatment and monitoring, (v) sociological

approach, and so forth.

The chapters included in this book comprise topics dealing with the subject

mentioned above and are intended for the students, professionals, researchers, and

engineers working on various aspects of water quality issues. The book seeks its

impact from its diverse topic coverage revealing situations of different
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contemporary issues, such as water quality problems, drinking water and wastewa-

ter treatment, metal contamination in water using isotope tracers, biological treat-

ment techniques, and sociological approach.

It is worth mentioning that all the chapters have been prepared by individuals

who are experts in their field. Honest effort has been made to check the scientific

validity, depth of study, and justification of each chapter through several iterations.

The editors, and hardworking water professionals, have put together a comprehen-

sive reference work with a belief that this book will be of immense use for present

and future colleagues who teach, study, research, and/or practice in this particular

field.

Tokyo, Japan Futoshi Kurisu

New Delhi, India AL. Ramanathan

Roorkee, India Absar Ahmad Kazmi

Tezpur, Assam, India Manish Kumar

viii Preface



Contents

Part I Wastewater Treatment and Monitoring: Physico-Chemical

Treatment

1 RSM and ANN-GA Experimental Design Optimization

for Electrocoagulation Removal of Chromium . . . . . . . . . . . . . . . . 3

Manpreet S. Bhatti, Ashwani K. Thukral, Akepati S. Reddy,

and Rajeev K. Kalia

2 Sunlight-Assisted Photo-Fenton Process for Removal

of Insecticide from Agricultural Wastewater . . . . . . . . . . . . . . . . . 23

Amrita Dutta, Sanjukta Datta, Mahua Ghosh, Debasish Sarkar,

and Sampa Chakrabarti

3 Catalytic Reduction of Water Contaminant ‘4-Nitrophenol’
over Manganese Oxide Supported Ni Nanoparticles . . . . . . . . . . . . 35

Pangkita Deka, Debajyoti Bhattacharjee, Pingal Sarmah,

Ramesh C. Deka, and Pankaj Bharali

4 Simulation of Nitrate Removal in a Batch Flow

Electrocoagulation-Flotation (ECF) Process by Response

Surface Method (RSM) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

E. Nazlabadi and M.R. Alavi Moghaddam

Part II Wastewater Treatment and Monitoring: Biological
Treatment

5 Decolourization Studies of a Novel Textile Dye Degrading

Bacterium . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

S. Menaka and S. Rana

6 Preliminary Study of Rapid Enhanced Effective Micro-organisms

(REEM) in Oil and Grease Trap from Canteen Wastewater . . . . . 71

T. Kornboonraksa

ix



7 Step-Feed Technology in SBR to Enhance the Treatment

of Landfill Leachate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

K.B.S.N. Jinadasa, T.I.P. Wimalaweera, H.M.W.A.P. Premarathne,

and S.M.A.L. Senarathne

8 Response Surface Optimization of Phosphate Removal from

Aqueous Solution Using a Natural Adsorbent . . . . . . . . . . . . . . . . . 93

Prangya Ranjan Rout, Puspendu Bhunia, and Rajesh Roshan Dash

9 Removal of Pharmaceuticals from Water Using Adsorption . . . . . . 105

V. Arya and Ligy Philip

Part III Hydrological and Quality Issues: Surface Water

10 Hydrological Regimes and Zooplankton Ecology at Tempe

Floodplains, Indonesia: Preliminary Study Before

the Operation of the Downstream Barrage . . . . . . . . . . . . . . . . . . . 117

Reliana Lumban Toruan and Fajar Setiawan

11 Organics and Heavy Metals Content in River Receiving

the Effluent of Municipal Landfill Leachate Treatment . . . . . . . . . 127

Indah R.S. Salami and Dimas K. Rizaldi

Part IV Hydrological and Quality Issues: Groundwater

Contamination

12 Tracing the Significance of River for Arsenic Enrichment

and Mobilization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139

Manish Kumar, Nilotpal Das, and Kali Prasad Sarma

13 Evaluation of Groundwater Quality in 14 Districts in Sri Lanka:

A Collaboration Research Between Sri Lanka and Japan . . . . . . . . 151

S.K. Weragoda and Tomonori Kawakami

14 Arsenic Contamination in Groundwater Affecting Holocene

Aquifers of India: A Review . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157

Babar A. Shah

15 Water Quality Evaluation in a Rural Stretch of Tezpur, Assam

(India) Using Water Quality Index and Correlation Matrix . . . . . . 169

K.U. Ahamad, N. Medhi, V. Kumar, and N. Nikhil

Part V Hydrological and Quality Issues: Water Resource

in Changing Paradigm

16 Meltwater Quality and Quantity Assessment in the Himalayan

Glaciers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183

Virendra Bahadur Singh and AL. Ramanathan

x Contents



17 Delineation of Point Sources of Recharge in Karst Settings . . . . . . 195

Gh. Jeelani and Rouf A. Shah

18 Identify the Major Reasons to Cause Vulnerability to Mekong

Delta Under the Impacts of Drought and Climate Change . . . . . . . 211

Bui Viet Hung

19 Multi-pathway Risk Assessment of Trihalomethanes Exposure

in Drinking Water Supplies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 223

Minashree Kumari and S.K. Gupta

20 The Study of Water Losses Using Knowledge Based System

Approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 237

Nassereldeen A. Kabbashi, Mohd A. Hasif, and Mohammed E. Saeed

Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 247

Contents xi



About the Editors

Futoshi Kurisu is an associate professor at the Research Center for Water Envi-

ronment Technology (RECWET), the University of Tokyo. He has received awards

for the excellent paper for young scientists from the Japan Society of Civil

Engineers in 2001. He has also won the Takeda Techno-Entrepreneurship Award

and Kurita Excellent Research Award for Water and Environmental Studies, in

2002 and 2010, respectively. He has more than 70 papers in peer-reviewed journals.

He is member of the Japan Society on Water Environment, Japan Society of

Microbial Ecology, Japan Society of Civil Engineers, Japan Society for Environ-

mental Biotechnology, Japan Society of Water Treatment Biology, International

Water Association, and International Society of Microbial Ecology. His current

research interests are microbial enhancement of soil/groundwater bioremediation,

microbial analysis of biological water/wastewater treatment processes, and water

quality evaluation of water resources for reuse.

AL. Ramanathan a PhD in sedimentary geochemistry, is currently a professor in

the School of Environmental Sciences, Jawaharlal Nehru University, New Delhi,

India. He is engaged in coastal research in different parts of the world, such as

nutrient dynamics, paleoenvironment, source identification, etc., with a number of

universities and research organizations in India, Australia, Russia, the USA, etc.

He has guided several PhDs in the above subject and published more than

60 papers in referred reputed journals. He has also published 5 books and several

chapters in many books. He has got three times IFS Sweden (Project) Awards for

his work on mangrove biogeochemistry besides working in national and interna-

tional projects from Indo-Australian, Indo-Russian, DST, MoEF, MoWR, etc. He

was a postdoctoral fellow under the STA Japan program, UGC-Russian Academy

of Science program, CSIR, INSA, DST, etc. He is chief editor of the Journal of
Climate Change and a member of the editorial board in the Indian Journal of
Marine Sciences and served as referee for many national and international

journals as well.

xiii



Absar Ahmad Kazmi is a professor of environmental engineering in the Depart-

ment of Civil Engineering, IIT Roorkee. He obtained his doctorate of engineering

from the University of Tokyo in 1999. After working as a project engineer in

Nishihara Environment Technology, Tokyo, during 1999–2004, he is actively

involved in teaching, research, consultancy, and continuing education programs

in IIT Roorkee. He has received many awards and published more than 150 papers

in peer-reviewed journals, book chapters, and conferences. He is a member and

chairman of several committees of national and state governments most notable are

the Ministry of Urban Development on the preparation of design and O&M

manuals of sewage treatment, Research Advisory Committee of the Ministry of

Environment and Forests, and National Green Tribunal. He chaired several confer-

ences, delivered expert lectures, did several sponsored research projects, and was

involved with various consultancy projects from various companies and

organizations.

Manish Kumar a PhD in environmental engineering from the University of

Tokyo, Japan, is a faculty member at Tezpur Central University, Assam, India.

He has four book publications to his credit. A well-proven publication record (>50)

with 12 years of experience in hydrology and water management and working

experience at prestigious institutes like the University of Tokyo, Japan Kunsan

National University, S. Korea Uppsala University, Sweden and Jawaharlal Nehru

University (JNU), Delhi, is credited to his name. He is the recipient of the research

grant award from the Kurita Water Environment Foundation (KWEF), Japan

(ID P:14009) major research project grant from the University Grants Commission

(UGC), India (2012–2015) uranium research grant by the Bhabha Atomic Research

Centre (BARC), Mumbai (2015) Water Advanced Research and Innovation

(WARI) Fellowship, USA (2016–2017) two best poster awards as coauthor of the

paper Best Research Award 2013 at the 4th Asia-Pacific Water Young Profes-

sionals (APWYP) conference at Tokyo by the International Water Association

(IWA) initiative DST Young Scientist Award (2012–2015) JSPS Foreign

Researcher Fellowship (2010–2012) COE Young Researcher Fund (2007) and

Linnaeus-Palme stipend from SIDA, Sweden (2005). He is on the editorial board

of the Journal of Groundwater for Sustainable Development (Elsevier Journal) and
International Journal of Earth Sciences and Engineering.

xiv About the Editors



Part I

Wastewater Treatment and Monitoring:
Physico-Chemical Treatment



Chapter 1

RSM and ANN-GA Experimental Design
Optimization for Electrocoagulation
Removal of Chromium

Manpreet S. Bhatti, Ashwani K. Thukral, Akepati S. Reddy,
and Rajeev K. Kalia

1 Introduction

Heavy metal removal from industrial wastewater is affected using conventional

treatment technologies such as chemical precipitation, ion-exchange, reverse osmo-

sis and biological treatment etc. (Adhoum et al. 2004). Electrocoagulation removal

of heavy metals is a fast process on account of quick start up, compact treatment

facility, reduced sludge formation and better removal efficiencies, thus becoming a

more common technology. Chromium is widely used in electroplating, metallurgi-

cal and refractory industries for chrome plating, chrome alloys, tanning, pigment

production and as corrosion inhibitor etc. CPCB (2001) prescribed wastewater

discharge standards of 2 mg/L for total chromium and 0.05 mg/L for hexavalent

chromium. Untreated effluents of electroplating, leather and textile industries have

high chromium concentration of 140 mg/L, 10–50 mg/L and 5–20 mg/L respec-

tively (Abassi et al. 1997). Wastewaters containing chromium, designated as a

priority pollutant by USEPA, have to be treated before being discharged into the

environment (Metcalf and Eddy 2003). Chromium speciation in effluent mainly

depends upon pH, redox potential and its kinetics along with presence/absence of

reducing agents (WHO 1996). A two-step chemical precipitation (reduction at pH

<3 followed by precipitation at pH ~8) of chromium is most widely used treatment

technology at industrial scale with precipitants of hydroxide, carbonates and sulfide
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Department of Botanical and Environmental Sciences, Guru Nanak Dev University, Amritsar,

Punjab, India
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(Eckenfelder 2000). This technique produces huge quantity of hazardous sludge

with poor process control. Whereas, electrocoagulation removal of chromium was

studied by various researchers in the recent past (Akbal and Camci 2011, 2012; Al

Anbari et al. 2012; Arroyo et al. 2009; Beyazit 2014; Bhagawan et al. 2014; Cataldo

et al. 2012; Dermentzis et al. 2011; Espinoza-Qui~nones et al. 2012; Liu et al. 2014;
Hamdan and El-Naas 2014; Heidmann and Calmano 2008; Odongo and McFarland

2014; Sarahney et al. 2012; Shahriari et al. 2014; Vasudevan et al. 2012; Verma

et al. 2013 and Zongo et al. 2009). Response surface methodology (RSM) based

optimization for electrocoagulation was studied by Bhatti et al. 2009, 2011a;

Espinoza-Qui~nones et al. 2012; Liu et al. 2014; Olmez 2009; Xu et al. 2014;

Zaroual et al. 2009 and artificial neural network (ANN) approach by Aber

et al. 2009 and Bhatti et al. 2011a, b. The present work aims at multiple response

optimization for maximizing chromium removal efficiency while minimizing

energy consumption for iron electrodes under different process conditions viz.,

chromium concentration, pH, current density and treatment time. Experimental

results were analyzed using RSM and artificial neural network-genetic algorithm

to optimized electrocoagulation of Cr(VI) from K2Cr2O7 solution.

2 Materials and Methods

A stock solution of K2Cr2O7 (Spectrochem, India) containing 500 mg/L of Cr

(VI) was prepared in deionized water. The stock solution was diluted to obtain

desired concentration. The pH was set using 0.01 M H2SO4 or 0.01 M NaOH.

Conductivity of the solution was maintained around 2000� 100 μS/cm using KCl.

AR grade reagents and chemicals were used in the present study.

2.1 Experimental Setup and Procedure

Experimental setup for electrocoagulation is given in Fig. 1.1. Cr(VI) solution

(32.5 mg/L to 72.5 mg/L) was used in the present study using iron-iron pair of

electrodes at 15 mm electrode spacing. EDX (Quanta F-200 FEI, Netherland)

spectrum of the iron electrode gave its composition as 93.55% iron with C

(4.25%) and minor impurities (<1%) for Mg and Si. Regulated DC power supply

(specifications 0–32 V and 0–10 A) was procured from Aplab, Mumbai (L-3210).

Current intensity was recorded using digital panel meter, and the energy consumed

was recorded and average of amperage at the start and at the end of the experiment.

A 540 ml of desired strength of Cr(VI) solution was taken in the electrocoagulation

reactor. The electrodes were submerged up to a depth of 20 cm in the solution, to

give 100 cm2 of effective electrode area. Treated wastewater was allowed to settle

for 2 h, and the supernatant analyzed for Cr(VI) and total chromium concentration.

Chromium removal efficiency and energy consumption were determined as

follows:

4 M.S. Bhatti et al.



Cr VIð Þ removal efficiency %ð Þ ¼ Ci � Cfð Þ=Ci � 100

Energy consumption Whð Þ ¼ V � I � h
Energy consumption kWh m�3ð Þ ¼Wh� 1000=Vol:
Energy consumption kWh=kgð Þ ¼ V I h� 1000½ �=� Ci � Cfð Þ � Vol:

where Ci and Cf represent the initial and final concentrations of Cr(VI) in mg/L,

V (voltage), I (amperage) and h (electrolysis time in hours) and Vol. (volume of

solution in litres).

2.2 Analytical Techniques

Cr(VI) and total chromium was determined colorimetrically as per method

no. 3500-Cr (APHA 1998). 1,5-diphenylcarbazide, MW 242.28 procured from

Central Drug House, Mumbai was used as complexometric reagent for Cr

(VI) estimation at 540 nm. Total chromium was determined after oxidizing Cr

(III) to Cr(VI) using KMNO4 under acidic conditions. The difference in Cr(VI) and
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Fig. 1.1 Electrocoagulation experimental setup (Reprinted with permission from ref. Bhatti

et al. (2009). Copyright 2009 Elsevier)
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total chromium was negligible (<0.1 mg/L) in many of the random samples. Thus,

chromium removal efficiency is reported instead of Cr(VI) removal efficiency.

2.3 Electrocoagulation Process

The process of electrocoagulation involves a sequence of several chemical and

physical phenomena. The in situ production of ions involves formation of coagu-

lants by electrolytic oxidation of sacrificial electrodes, destabilization of colloidal

contaminants, breaking of emulsion and flocculation. Generally, aluminum and iron

electrodes are employed for in situ generation of coagulating agents. A potential

difference is maintained across the electrodes with the help of external power

supply. In this process, the anode is sacrificed for the dissolution of electrolytic

coagulating ions as follows:On anode

Fe sð Þ ! Fe IIð Þ þ 2 e�

On cathode

2H2Oþ 2 e� ! 2OH�
aqð Þ þ H2 gð Þ

Overall reaction in bulk solution (pH between 6 and 8) is as follows:

CrO4
�2

aqð Þ þ 8Hþ
aqð Þ þ 6Fe IIð Þ aqð Þ ! Cr IIIð Þ aqð Þ þ 6Fe IIIð Þ aqð Þ þ 4H2O

Cr2O7
�2

aqð Þ þ 14 Hþ
aqð Þ þ 6Fe IIð Þ aqð Þ ! 2Cr IIIð Þ aqð Þ þ 6 Fe IIIð Þ aqð Þ þ 7H2O

Cr IIIð Þ aqð Þ þ 3OH�
aqð Þ ! Cr OHð Þ3 sð Þ

2.4 Experimental Design

Preliminary screening was done to determine significant process variables and

treatments were selected on the basis of significant differences in Cr(VI) removal

efficiency (>20%) for further studies. Working standards of each selected param-

eters were decided on the basis of preliminary experimentation. Factorial design

(24) was used for screening and determining the relative importance of the

independent process variables. The design was augmented to centre composite

design (CCD). The process variables were initial Cr(VI) concentration, pH,

current density and treatment time.

6 M.S. Bhatti et al.



2.4.1 Response Surface Methodology

RSM employs polynomial models for data fitting. CCD, the most widely used

experimental, is given as follows:

Y ¼ bo þ
Xv

n¼1

bnXn þ
Xv

n¼1

bnmX
2
n þ

Xv

n<m

bnmXnXm;

where bo is fixed response at the central point of the experiment; bn, bm and bnm are

linear, quadratic and cross product coefficients, respectively, and v is number of

variables.

Each variable was defined at five different levels (–α, –1, 0, +1 and +α) for
developing second order models (Anderson and Whitcomb 2004). ANOVA was

performed to determine the significance differences (p� 0.05) in responses under

different conditions. Cr(VI) removal efficiency (%) was used as a response. To

guard against systematic bias, the experimental runs were conducted in a random-

ized manner. The experiments were performed at optimum conditions to validate

and confirm the model. Generally, the experimental data was fit into second order

quadratic model with the help of multiple regression technique. Model fitting and

graphical analyses were carried out using Design-Expert 8.0.7.1 software (Stat-

Ease Inc., Minneapolis, MN, USA). Sequential model sum of squares table gives

cumulative improvement in the model fit with addition of model terms. ANOVA

table was generated for fitted model and model lack of fit was checked to compare

the residual error with the pure error obtained from the replicated runs.

Non-significant lack of fit was assessed from the tabulated F-values. Significant

model terms were identified at p¼ 0.95 and model reduction was done by elimi-

nating non-significant model terms, thereby improving predicted R2. Model good-

ness of fit was evaluated from coefficient of determination (R2) and coefficient of

variation (CV) to check the variability explained and robustness of the fitted model.

Signal to noise (S/N) was estimated from adequacy precision ratio, with S/N ratio

>4 being satisfactory for the model. Model selection and model building are

depicted in Fig. 1.2. Before moving to graphical analysis, diagnostic plots like

normal probability plots and actual vs. predicted plot were observed to eliminate

any outlier in the data. Regression equations for chromium removal efficiency and

energy consumption are simultaneously optimized for energy efficient chromium

removal using desirability function (Bhatti et al. 2011b).

2.4.2 Artificial Neural Network-Genetic Algorithm

ANNmodelling is a non-linear technique for data fitting. ANN model (three layers)

was generated from the experimental data and the fitted model was integrated with

GA toolbox using MATLAB software (The Mathworks, Inc. v7.6). Pareto front was

generated for two conflicting goals (maximizing Cr(VI) removal efficiency and

1 RSM and ANN-GA Design Optimization for Removal of Chromium 7



minimizing energy consumption). A fully connected three-layer feed-forward net-

work with the input, hidden and output layers was generated through optimum

selection of hidden layer neurons. Each node in the input layer (five nodes)

represents the value of one independent variable while the output layer (two

nodes) indicates the dependent variables. ANN model (neural network toolbox

v6) was trained using ‘TRAINBR’ function. This algorithm also computes the

number of effective network parameters (weights and biases) used by the network.

The convergence of effective number of network parameters was chosen as a

decision tool to allocate optimum number of neurons in the hidden layer, in this

case seven nodes. A number of training runs were performed to look out for the best

Actual responses

Model

selection

Selection of model viz. Linear, 2 factor
interaction, quadratic and cubic model.

ANOVA
Analyse model significance based on
F-value and p-value.

Model diagnostic
checking

Check Normal probability plot,
Max. to min response, Model
Lack of fit.

Data
transformation if
recommended
by Box-Cox plot

Response
sensitivity testing

Checking highly influencing
responses through residue,
Leverage, DFFITS and Cook’s
distance

Check
highly
influencing
responses

Graphical analysis
Process understanding through
response surface plots.

Process optimizationUsing desirability function

Fig. 1.2 Flow chart of model selection, model building and response optimization (Reprinted

with permission from ref. Bhatti et al. (2011a). Copyright 2011 Elsevier)
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possible weights in error back-propagation (BP) framework and the final selected

network architecture was trained.

The trained network was checked for mean square error (MSE) and correlation

coefficient. GA based multi-objective optimization achieves maximizing or mini-

mizing of an objective function. ANN model was integrated with GA (direct search

toolbox v2.3) to get the non-dominated Pareto optimal front using ‘gamultiobj’
function. Multi-objective optimization is the simultaneous optimization of chro-

mium removal efficiency and energy consumption. Multi-objective optimization

provides a set of equally good solutions called as non-dominated or Pareto optimal

solutions. Pareto front resolves the trade-offs between the competing objectives,

and identifies those solutions which are non-dominated. MATLAB’s ‘gamultiobj’
function uses a controlled elitist genetic algorithm which ranks the individuals in

objective function space on the basis of degree of non-domination or dominance

depth. Elitist selection mechanism selects the current best solutions in subsequent

generations without applying any operators to them. Controlled elitism maintains a

balance between exploration and exploitation of the objective function space. The

input decision variables corresponding to each of the Pareto optimal solutions are

tabulated.

2.5 Path Analysis

Path analysis reveals the structured relationships between a set of independent

variables, and is studied using the decomposition and interpretation of direct,

indirect and total effects of independent process variables on the response variables.

Chromium removal efficiency was taken as response variable and five process

variables as independent variables. In the present work an attempt is made to

separate the effect of five process variables—chromium concentration, pH, current

density, treatment time and effective reactor volume of 150 ml (electrode distance

of 15 mm) and 250 ml (electrode distance of 25 mm) in to direct and indirect

effects.

3 Results and Discussion

Four independent factors (chromium concentration, pH, current density and treat-

ment time) at two-level factorial design were used for conducting the experiments.

Responses monitored were chromium removal efficiency and energy consumption.

Then, additional experiments (axial runs) were also conducted to fit second order

model as per CCD. The results obtained for Fe-Fe electrode combinations is given

in Table 1.1.

1 RSM and ANN-GA Design Optimization for Removal of Chromium 9



Table 1.1 Experimental design with observed responses for chromium removal efficiency and

energy consumption for iron electrode combination

Exp.

no.

Process variables Response 1 Response 2

Cr conc. pH

Current

density

Treatment

time

Cr removal

efficiency

Energy

consumed

mg/L – A/m2 min (%) (Wh)

1a 32.5 4.89 20 6.5 66.4 0.023

2 72.5 4.94 20 6.5 58.2 0.023

3 32.5 6.21 20 7.2 60.7 0.026

4 72.5 6.64 30 6.5 53.9 0.035

5 32.5 5.44 40 6.5 80.6 0.047

6 72.5 5.25 40 6.5 70.5 0.047

7 32.5 6.7 40 6.5 80.6 0.047

8 72.5 6.72 50 6.5 66.5 0.058

9 32.5 5.44 60 6.5 95.9 0.124

10 72.5 4.94 60 7.2 76.0 0.138

11 32.5 6.21 60 6.5 91.7 0.124

12 72.5 6.64 60 6.5 66.4 0.124

13 32.5 5.26 90 6.5 99.5 0.187

14 72.5 5.25 100 6.5 94.2 0.207

15 32.5 6.7 80 6.5 98.9 0.166

16 72.5 6.72 100 6.5 89.4 0.207

17 32.5 4.89 20 11.5 93.4 0.041

18 72.5 4.94 20 11.5 73.2 0.041

19 32.5 6.21 20 11.5 86.4 0.041

20 72.5 6.64 30 11.5 69.1 0.062

21 32.5 5.44 40 11.5 99.3 0.083

22 72.5 5.25 40 11.5 89.7 0.083

23 32.5 6.7 40 11.5 97.9 0.083

24 72.5 6.72 50 11.5 91.7 0.104

25 32.5 5.44 60 11.5 99.7 0.221

26 72.5 4.94 60 11.5 97.2 0.221

27 32.5 6.21 60 11.5 98.7 0.221

28 72.5 6.64 60 11.5 92.9 0.221

29 32.5 5.26 80 11.5 99.5 0.295

30 72.5 5.25 100 11.5 99.2 0.369

31 32.5 6.7 80 11.5 99.1 0.295

32 72.5 6.72 100 11.5 99.4 0.369

33 52.5 5.65 60 9.0 86.1 0.135

34 52.5 5.61 60 9.0 76.7 0.135

35 52.5 5.61 60 9.0 73.4 0.135

36 52.5 5.61 60 9.0 71.41 0.135

37 52.5 5.76 60 9.0 78.38 0.135

38 52.5 5.76 60 9.0 68.04 0.135

39 52.5 5.65 40 9.0 77.87 0.090

(continued)
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3.1 RSM Modelling and Optimization

Experimental data for Fe-Fe electrode combination along with actual responses is

given in Table 1.1. Half probability plot predicted that current density, treatment

time and chromium concentration had the highest effects on Cr(VI) removal effi-

ciency (Fig. 1.3a). Pareto chart revealed that current density, treatment time and

chromium concentration have a significant effect on chromium removal efficiency

since it crossed the bonferroni limit. Similarly, 2FI between current density and

treatment time had a possible significant effect as it crossed t-value limit (Fig. 1.3b).

The fitted model was significant at 99.99% level of significance (F-value¼ 47.29 at

degree of freedom df¼ 4) with not-significant lack of fit ( p¼ 0.461). Final equation

in terms of unit-less regression coefficients and actual process conditions is given in

Table 1.2. The regression coefficients in coded equations were used to find the

relevant importance of individual terms on normalized scale. The current density

had the highest positive contribution in the chromium removal efficiency followed

by treatment time. The solution pH has no effect on chromium removal efficiency,

and has to be maintained within the range, preferably in slightly acidic conditions.

This minimises the use of acidic conditions for chromium reduction. Modelling of

energy consumption has current density and treatment time along with 2FI between

current density and treatment time as significant process conditions. ANOVA

model was significant at 99.99% level of significance (F-value¼ 287.41 at

df¼ 3) with R2¼ 0.965.

3.2 Centre Composite Design

CCD is the most widely used model development strategy. Fitted ANOVA model

was highly significant at 99.99% level of significance (F-value¼ 36.6 at df¼ 7)

Table 1.1 (continued)

Exp.

no.

Process variables Response 1 Response 2

Cr conc. pH

Current

density

Treatment

time

Cr removal

efficiency

Energy

consumed

mg/L – A/m2 min (%) (Wh)

40 52.5 5.65 40 9.0 72.90 0.090

41 52.5 2.82 50 9.0 83.75 0.113

42 52.5 7.81 60 9.0 75.80 0.135

43 52.5 5.64 60 9.0 89.72 0.135

44 52.5 5.67 10 9.0 48.66 0.008

45 52.5 5.65 100 9.0 99.87 ND

46 52.5 5.65 60 3.0 69.77 0.045

47 52.5 5.65 60 15.0 99.50 0.225
aExp. no. 1–40 are used in factorial modelling and Exp. no. 1–47 are used for CCD
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with not-significant lack of fit ( p¼ 0.3319) (Table 1.3). The proposed model has all

the linear terms, one 2-factor interaction (2FI) between current density and treat-

ment time, and squared terms for chromium concentration and current density. The

model lack of fit was not-significant, which is indicative of a strong signal as

compared to model noise. The data passed the Normal % probability test
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Fig. 1.3 (a) Half-Normal plot showing significant process variables in chromium removal

efficiency. (b) Pareto chart showing significant levels in chromium removal efficiency. (c) Normal

plot of residuals as per CCD. (d) 3D contour plot for current density and treatment time vs.
chromium removal efficiency. (e) Perturbation plot showing the effect of each process variable

while holding other process conditions at optimized process conditions for chromium removal

efficiency. (f) Desirability plot showing the effect of treatment time and current density on

chromium removal efficiency
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(Fig. 1.3c) and could be used for graphical plotting of the regression equations. The

unit-less regression equation for coded factors and actual regression equation is

given in Table 1.3. The unit-less regression equation indicated that current density

Table 1.2 Empirical models for predicting chromium removal efficiency

Experimental design Empirical model

Coded equations1

Factorial

CCD

Y %ð Þ ¼ 87:27� 6:26A þ 15:35C þ 6:95D� 4:41C � D
Y %ð Þ ¼ 80:15� 6:07A� 2:53B þ 16:04C þ 6:70D� 4:59C � D

þ 9:73A2 � 4:59C2

Actual equations2

Factorial

CCD

Y %ð Þ ¼ 32:266� 0:313A þ 0:777C þ 5:383D� 0:043C � D
Y %ð Þ ¼ 96:502� 2:865A� 2:764B þ 1:154C þ 5:389D� 0:0454

C � D þ 0:024A2 � 2:867 � 10�3C2

valid for A¼ 5–100 mg/L, B¼ 2.8–7.8, C¼ 10–100 A/m2, D¼ 3–15 min

1Coded equation: Y Chromium removal efficiency, A Chromium concentration, C Current density

and D Treatment time are in coded units
2Actual equation: Y Chromium removal efficiency, A Chromium concentration (mg/L), B pH,

C Current density (A/m2), D Treatment time (min)

Table 1.3 ANOVA statistics for chromium removal efficiency using iron electrode as per CCD

Source

Sum of

squares (SS)

Degree of

freedom df

Mean

squares (MS) F-value

p-value

Prob. > F

Model 8244 7 1178 36.61 <0.0001*

A –

Chromium conc.

1148 1 1148 35.69 <0.0001*

B – pH 219 1 219 6.82 0.0128*

C – Current

density

3988 1 3988 123.96 <0.0001*

D – Treatment

time

1844 1 1844 57.32 <0.0001*

C�D 276 1 276 8.58 0.0056*

A2 877 1 877 27.27 <0.0001*

C2 166 1 166 5.16 0.0287*

Lack of Fit 1175 35 34 1.68 0.3319

(NS)

Model statistics

Std. Dev. 5.7 R2 0.868

Mean 83.1 Adj. R2 0.844

C.V. % 6.8 Pred. R2 0.819

PRESS 1722 Adeq.

Precision

23.7

* Significant at p< 0.05

NS¼Not significant at p< 0.05
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has the highest positive contribution in linear terms. But, 2FI showed antagonist

interaction between current density and treatment time. The model revealed that

beyond 100 A/m2, there was no appreciable increase in Cr(VI) removal efficiency.

But, lowering treatment time had beneficial effect on energy consumption. By

keeping the treatment time around 6.5 min, the Cr(VI) removal efficiency was

96%. Thus, there was marginal reduction in Cr(VI) removal efficiency (~3%) if

treatment time was set at lower values (Fig. 1.3d). The perturbation plot showed

that three of the process variables, Cr(VI) concentration, current density and

treatment time, have significant effect on Cr(VI) removal efficiency (Fig. 1.3e).

Mild pH affect was observed and affected Cr(VI) removal efficiency by 5%

maximum. Current density had positive effect on chromium removal efficiency,

but rate of increase decreased for current density above 40 A/m2. Model for energy

consumption comprised two linear terms (current density and treatment time) and

one 2FI between current density and treatment time. The reduced 2FI model

explained 95.5% variance in the data. Multiple response optimization for maxi-

mizing chromium removal efficiency while minimizing energy consumption gave a

removal efficiency of 82% for 72.5 mg/L Cr(VI) concentration, pH of 4.9, current

density of 30 A/m2 and treatment time of 11.5 min with energy consumption of

0.065 Wh. Desirability plot revealed that lower current density favours chromium

removal efficiency, whereas on the higher side (100 A/m2), the chances of achiev-

ing desired efficiency was substantially reduced (Fig. 1.3f). It is inferred that

current density should be in the range of 40 A/m2 to 60 A/m2 and treatment time

�9 min to achieve the maximum Cr(VI) removal efficiency. The other process

factors should be maintained as per influent wastewater characteristics.

3.3 ANN-GA Modelling and Optimization

Experimental data as given in Table 1.1 along with additional experimental runs

obtained by varying distance between the electrodes from 15 to 25 mm was Fused

for fitting ANN model. The electrode distance is confounded in current density,

thus adding additional experimental runs at reduced current density to be incorpo-

rated in ANN model building. The fitted model had 77 optimum training runs and

trained network along with its biases as given in Table 1.4. The trained network

have mean sum of square errors (MSE) of 0.75 with correlation coefficient of 0.987.

The regression plot of the trained network is depicted in Fig. 1.4a. For multi-

objective optimization, ANN model was coupled with genetic algorithm. The

weighted average change in the fitness function value over 50 generations was

used as the criterion to stop the algorithm. The optimized Pareto front achieved

after 115 iterations is depicted in Fig. 1.4b and the corresponding decision variables

were taken from Table 1.5. Algorithm options were set at population size of

80, 0.75 with scattered crossover function, forward with migration fraction set to

0.2. The selection function was tournament of size two, adaptive feasible mutation

function and distance measure function set as distance crowding. From the Pareto

14 M.S. Bhatti et al.



T
a
b
le

1
.4

N
et
w
o
rk

w
ei
g
h
ts
an
d
b
ia
se
s
fo
r
th
e
A
N
N

m
o
d
el

In
p
u
t
la
y
er

to
h
id
d
en

la
y
er

w
ei
g
h
ts
(W

i)

W
1
(C
r
co
nc
.)

W
1
(p
H
)

W
1
(C
ur
re
nt

de
ns
it
y)

W
1
(T
re
at
m
en
t
ti
m
e)

W
1
(E
ff
ec
ti
ve

re
ac
to
r
vo
lu
m
e)

B
ia
s

P
E
1
a

�0
.2
1
6
3

�0
.1
3
4
2

�1
.0
5
0
6

�0
.4
0
8
5

�0
.6
1
4
0
9

0
.4
0
7
0

P
E
2

�1
.6
9
4
5

0
.2
0
3
1

0
.2
4
2
1

0
.0
7
1
0

0
.1
0
5
5

�0
.3
2
9
2

P
E
3

�0
.2
8
9
3

�0
.3
3
8
8

1
.0
1
7
3

0
.6
2
1
0

�0
.4
5
5
1

0
.3
9
5
9

P
E
4

0
.0
8
4
6

0
.2
1
2
7

�1
.6
1
2
4

�0
.0
8
7
6

0
.1
8
0
0

0
.2
3
9
2

P
E
5

0
.1
6
5
0

0
.1
0
6
7

�0
.7
4
7
2

0
.5
3
3
0

0
.0
9
3
4

�0
.6
9
3
2

P
E
6

�0
.0
2
5
8

0
.1
6
6
0

0
.5
9
9
6

1
.1
6
7
0

0
.0
1
3
5

0
.4
3
0
1

P
E
7

�0
.7
6
6
7

0
.0
6
7
9

0
.8
6
9
2
8

�1
.6
1
7
0

�0
.0
6
3
8

0
.6
9
0
1

H
id
d
en

la
y
er

to
o
u
tp
u
t
la
y
er

w
ei
g
h
ts

(W
i)

W
2
P
E
1

W
2
P
E
2

W
2
P
E
3

W
2
P
E
4

W
2
P
E
5

W
2
P
E
6

W
2
P
E
7

B
ia
s

O
u
tp
u
t
1

�0
.7
8
9
1

0
.9
0
2
8

1
.0
8
2
9

0
.8
1
3
7

�1
.0
0
4
3

�0
.5
9
4
9

�0
.9
1
0
8
3

0
.7
9
2
0

O
u
tp
u
t
2

�0
.3
1
5
3

�0
.0
0
6
1

�0
.1
9
4
0

�0
.7
2
7
1

�0
.9
7
4
5

0
.7
9
3
4

�0
.1
8
4
1

�0
.6
6
5
4

a
P
E
P
ro
ce
ss
in
g
el
em

en
ts
,
O
ut
pu

t
1
C
r(
V
I)
re
m
o
v
al

ef
fi
ci
en
cy
,
O
ut
pu

t
2
E
n
er
g
y
co
n
su
m
p
ti
o
n

1 RSM and ANN-GA Design Optimization for Removal of Chromium 15



front, maximum chromium removal efficiency (99.6%) was achieved consuming

0.244 Wh of energy, whereas minimum chromium removal efficiency (78.7%)

consumed 0.085 Wh of energy. This reduction in Cr(VI) removal efficiency from

99.6 to 78.7% decreases energy consumption by 65%. Minimizing energy con-

sumption to lowest values reduces removal efficiency around 80%. The best

Fig. 1.4 (a) Regression plot (Actual vs. Predicted) using ANN model. (b) Pareto front showing

multi-objective optimization of chromium removal efficiency and energy consumption
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operating conditions were obtained when normalized values of chromium removal

efficiency per unit energy consumption are around 1.67 (Table 1.5). This gives

corresponding input variables as pH of 4.6, current density of 48 A/m2 and 10 min

of treatment time to get 89.4% Cr(VI) removal efficiency consuming 0.131 Wh of

energy (Fig. 1.4b).

Table 1.5 Process decision variables corresponding to each of the Pareto-optimal solutions

depicted in Fig. 1.4b and chromium removal per unit energy consumption for iron electrode

(Chromium concentration ~40 mg/L, pH between 4.5 and 5.2)

Process variables Response variables Cr(VI) removal per

unit energy

consumption

Current

density

Treatment

time

Cr(VI) removal

efficiency Energy

A/m2 min % Wh Actual Normalized

1 70 10.0 99.6 0.244 408 1.00

2 69 10.0 98.8 0.240 411 1.01

3 66 10.0 97.8 0.226 434 1.06

4 64 10.0 97.1 0.214 453 1.11

5 63 10.0 96.6 0.208 464 1.14

6 61 10.0 95.9 0.199 482 1.18

7 59 10.0 95.1 0.188 505 1.24

8 58 9.9 94.0 0.178 527 1.29

9 57 9.9 93.4 0.172 542 1.33

10 55 10.0 93.0 0.163 570 1.40

11 54 9.9 92.5 0.158 586 1.43

12 53 10.0 92.3 0.156 592 1.45

13 52 9.9 90.9 0.148 613 1.50

14 51 10.0 90.4 0.142 638 1.56

15 48 9.9 89.4 0.131 682 1.67

16 48 9.9 89.0 0.128 696 1.70

17 46 9.9 88.0 0.120 733 1.80

18 45 9.8 87.1 0.116 749 1.83

19 46 9.7 86.6 0.115 753 1.84

20 45 9.6 85.7 0.111 769 1.88

21 45 9.6 84.8 0.110 770 1.89

22 46 9.3 85.6 0.111 771 1.89

23 45 9.1 83.4 0.104 798 1.95

24 45 8.9 82.6 0.103 803 1.97

25 45 8.7 81.5 0.098 829 2.03

26 45 8.6 80.9 0.097 834 2.04

27 45 8.1 79.2 0.088 899 2.20

28 45 8.0 78.7 0.085 922 2.26

1 RSM and ANN-GA Design Optimization for Removal of Chromium 17



3.4 Path Analysis

Current density followed by treatment time gave maximum positive direct effect,

whereas initial chromium concentration gave maximum negative direct effect on

chromium removal efficiency. Effective reactor volume had negative indirect effect

(–0.336) on chromium removal efficiency (Table 1.6). Negative indirect effect of

effective reactor volume is mediated through current density. Therefore, increasing

current density beyond optimum range had a cascading effect on chromium

removal efficiency. It is therefore recommended that current density should be

maintained between 20 and 40 A/m2 for best removal efficiency.

As per Espino-Quinones et al. (2012), the optimum conditions for

electrocoagulation using iron electrodes were current density of 97.7 A/m2, pH of

6.5, reaction time of 35 min and 170 rpm as agitation velocity for 100% chromium

removal. In the similar study, Liu et al. (2014) optimized chromium removal

efficiency (98.84%) using iron electrodes at initial chromium concentration of

105 mg/L, cell voltage of 4 V, pH¼ 6 and 60 min treatment time. Bhatti

et al. (2009, 2011a) reported electrocoagulation removal of Cr(VI) using aluminum

electrodes with chromium removal efficiency of 90.4% with energy consumption

of 137.2 kWh/m3. They further reported that energy efficient chromium removal

was 50% at 27.8 kWh/m3. Akbal and Camci (2010, 2012) reported 99.9% chro-

mium removal at 100 A/m2 in 20 min treatment time, and 100% chromium removal

in 60 min treatment time and 2 A current. Olmez (2009) proposed highly acidic pH

for complete reduction of Cr(VI). The other optimized conditions were 7.4 A

applied current, 33.6 mM NaCl electrolyte and 70 min treatment time. Hamdan

and EI-Nass (2014) worked on chromium removal from groundwater using

electrocoagulation. The optimized conditions were 79.4 A/m2 and 5 min treatment

time with 0.6 kWh/m3 of energy consumption. In another study, researchers studied

role of iron anode oxidation in two-electrode system separated by ion exchange

membrane for reduction of hexavalent chromium to trivalent chromium. The

process is more energy efficient under lower volumetric current density of

1.5 mA/L and follows zero order rate that is dependent on electric current density

(Sarahney et al. 2012). The present study concluded maximum chromium removal

Table 1.6 Path analysis for iron electrode

Independent

variables Ryx

Direct

effect

(DE)

Indirect effects (IE)

Total

IEX1 X2 X3 X4 X5

X1 �0.287 �0.361 0 �0.001 0.070 0.014 �0.001 0.083

X2 0.016 �0.102 �0.003 0 0.080 �0.006 0.001 0.070

X3 0.665 0.708 �0.036 �0.011 0 �0.010 0.013 �0.058

X4 0.371 0.402 �0.012 0.001 �0.018 0 0.001 �0.029

X5 �0.370 �0.029 �0.010 0.002 �0.328 �0.008 0 �0.336

X1 Cr(VI) concentration, X2 pH, X3 Current density, X4 Treatment time, X5 Effective reactor

volume
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efficiency of 99.9% and it was independent of initial chromium concentration.

However, for energy efficient chromium removal, 90.3% chromium removal

efficiency was achieved at 0.063 kWh/m3 of energy consumption. The optimum

conditions were 23 A/m2 of current density and 11.5 min of treatment time. Thus,

the present study led to significant reduction in energy consumption with compa-

rable chromium removal efficiency. For achieving discharge standards of 0.05 mg/

L for Cr(VI), the wastewater would require treatments in cycles in order to be more

economical and energy efficient. The present study therefore indicated that iron-

iron electrode combination is a highly efficient process for chromium removal, with

low energy requirements.

4 Conclusions

Electrocoagulation using iron electrodes could achieve 99.9% chromium removal

efficiency. Iron residuals (<1 mg/L) produced in the process imparts a light

yellowish colour to the treated water. Current density and treatment time are

important process variables for removal of hexavalent chromium from the waste-

water. Models developed using response surface methodology can be used to

predict chromium removal efficiency at any desired process conditions. Response

surface methodology helped in empirical model building to any set of process

conditions. ANN-GA helped in selecting best operating conditions for process

operator with respect to the removal efficiency as well as energy consumption.
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Arroyo, M.G., Pérez-Herranz, V., Monta~nés, M.T., Garcı́a-Antón, J. and Gui~nón, J.L. (2009).
Effect of pH and chloride concentration on the removal of hexavalent chromium in a batch

electrocoagulation reactor. Journal of Hazardous Materials, 169: 1127–1133.
Beyazit, N. (2014). Copper(II), chromium(VI) and nickel(II) removal from metal plating effluent

by electrocoagulation. International Journal of Electrochemical Science, 9(8): 4315–4330.
Bhagawan, D., Poodari, S., Pothuraju, T., Srinivasulu, D., Shankaraiah, G., Yamuna Rani, M.,

Himabindu, V. and Vidyavathi, S. (2014). Effect of operational parameters on heavy metal

removal by electrocoagulation. Environmental Science and Pollution Research, 21(24):
14166–14173.

Bhatti, M.S., Reddy, A.S. and Thukral, A.K. (2009). Electrocoagulation removal of hexavalent

chromium in simulated wastewater using response surface methodology. Journal of Hazardous
Materials, 172: 839–845.

Bhatti, M.S., Reddy, A.S., Kalia, R.K. and Thukral, A.K. (2011a). Modeling and optimization of

voltage and treatment time for the electrocoagulation removal of hexavalent chromium.

Desalination, 269: 157–162.
Bhatti, M.S., Kapoor, D., Kalia, R.K., Reddy, A.S. and Thukral, A.K. (2011b). RSM and ANN

modeling for electrocoagulation of copper from simulated wastewater: Multi objective opti-

mization using genetic algorithm approach. Desalination, 274: 74–80.
Cataldo, H.M., Barletta, L., Dogliotti, M.B., Russo, N., Fino, D. and Spinelli, P. (2012). Heavy

metal removal by means of electrocoagulation using aluminum electrodes for drinking water

purification. Journal of Applied Electrochemistry, 42: 809–817.
CPCB (2001). Pollution Control Law Series, Pollution control Acts, Rules and Notifications issued

thereunder. Central Pollution Control Board, Ministry of Environment and Forests, Govt. of

India, New Delhi.

Dermentzis, K., Christoforidis, A., Valsamidou, E., Lazaridou, A. and Kokkinos, N. (2011).

Removal of hexavalent chromium from electroplating wastewater by electrocoagulation with

iron electrodes. Global Nest Journal, 13: 412–418.
Eckenfelder, W.W. Jr. (2000). Industrial Water Pollution Control (3rd ed.). McGraw Hill,

Singapore.
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Chapter 2

Sunlight-Assisted Photo-Fenton Process
for Removal of Insecticide from Agricultural
Wastewater

Amrita Dutta, Sanjukta Datta, Mahua Ghosh, Debasish Sarkar,
and Sampa Chakrabarti

1 Introduction

Pesticides and insecticides are harmful and toxic organic chemicals that are used for

controlling pests and insects in agriculture, thereby considered as necessary evil.

Agricultural wastewater, contaminated with such toxic pesticides, pollutes surface

and groundwater. Pesticides are able to reach surface waters either directly or

indirectly via the discharge of agricultural drainage water from treated land and

via runoff after application on hard surfaces (Leu et al. 2004). Organophosphorus

pesticides are produced in mass and are widely used in the developing country. 2,2

dichlorovinyl dimethyl phosphate, commonly referred as Dichlorvos (Fig. 2.1) is an

organophosphorous insecticide, which is highly toxic, non-biodegradable and dif-

ficult to remove by conventional methods. During 2006–2010 period, consumption

of Dichlorvos in India was 5833 metric tons. Due to its fairly good solubility [~10 g.

L�1 (at 20 �C)] in water (WHO 1978, 1994) it is highly mobile in aquatic

environment. Various technologies and processes have been proposed for the

treatment of pesticide-contaminated waters. Some conventional techniques includ-

ing flocculation, filtration and adsorption of activated carbon are only based on a

phase transfer of the pollutant. These treatment procedures are either of high cost or

a source of secondary pollution due to sludge formation: therefore, there is a need to

seek better alternatives (Evgenidou et al. 2005). Advanced oxidation processes

(AOPs) are attractive methods for the treatment of wastewaters containing
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refractory organics due to their efficiency to oxidize a great variety of organic

contaminants by the generation of highly reactive hydroxyl radicals (OH•)

(Espulgas et al. 2002). Many pollutants, including pesticides, pharmaceuticals

and dyes can be completely mineralised by AOP as reported in the works of Chiron

et al. (2000), Perez-Estrada et al. (2005) and Lucas and Peres (2006). Heteroge-

neous photocatalysis using titanium dioxide (TiO2) and solar/UV radiation, com-

bined with hydrogen peroxide (H2O2), and homogeneous processes such as Fenton

(Fe2+/H2O2) and photo-Fenton (Fe
2+/H2O2/UV/sunlight) reactions are proved to be

useful techniques for the treatment of pesticide-contaminated wastewater. There are

different ways to produce HO•, among which solar photo-Fenton process is one of

the most efficient ones for the treatment of contaminated wastewater (Malato

et al. 2002; Oller et al. 2006; Maldonado et al. 2007; Ortega-Liébana et al. 2012;

Klamerth et al. 2013).

Degradation of triazine herbicides was reported by Burrows et al. (2002),

methylparathion by Chiron et al. (2000), fenuron by Acero et al. (2002) and diuron

by Burrows et al. (2002). Sakugawa et al. (2013) reported the degradation of three

pesticides at pH 2.8 and 7.2 in pure and natural waters using Fe2+/H2O2/UV-visible

light and Fe3+/H2O2 UV-visible light oxidation systems.

Dichlorvos is among the 24 insecticides registered and used in India. It has been

classified in category ‘C’ by US-EPA as potential carcinogen. Hence the present

work has been undertaken in order to explore the efficacy of sunlight-assisted

photo-Fenton oxidative degradation of dichlorvos pesticide in water in a batch

process. Process parameters studied were (i) dosing of H2O2, (ii) ferrous sulphate

dosing, (iii) pH and (iv) initial concentration of the insecticide. FTIR spectroscopy

was used to identify the functional groups resulting from degradation reaction.

Chemical oxygen demand (COD) was monitored to examine the extent of miner-

alization of the insecticide. Additionally, a kinetic model, representing the initial

rate of degradation as a function of initial reactant concentration, was proposed and

validated by experimental results.

2 Materials and Methods

2.1 Chemicals Used

Dichlorvos (76% purity) (molecular formula C4H7Cl2O4P, molecular weight

220.9 g/mol) was obtained from United Phosphorus Limited, India. Structure is

O

HC O P O CH == CCl

OCH

||

|
23

3

−− −− −−

Fig. 2.1 Structure of

Dichlorvos (2, 2

dichlorovinyl dimethyl

phosphate)
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given in Fig. 2.1. Crystalline ferrous sulphate (FeSO4�7H2O), was obtained from

Sisco Research Laboratories, India. For this experiment 0.5% of FeSO4 solution

has been used. Hydrogen peroxide (H2O2, 50% v/v) was obtained from Merck

Specialities, India. Sodium bi-sulphite (NaHSO3) was obtained from Loba Chemie.

5(N) NaHSO3 solutions have been used to stop the Fenton reaction at desired point.

All solutions were prepared using fresh distilled water.

2.2 Experimental Procedure

Solar photo-Fenton experiments were performed in a stainless steel box-shaped

batch reactor with a 3 mm thick quartz plate as its lid through which sunlight could

enter. The reactor was provided with cooling water circulation to maintain the

temperature at 30–32 �C. The schematic of the present experimental setup is shown

in Fig. 2.2. Simulated wastewater was prepared by adding Dichlorvos insecticide

into deionised water. Freshly prepared solutions of FeSO4�7H2O and H2O2 was

added in the synthetic wastewater. The solutions were continuously stirred using a

magnetic stirrer. Intensity of solar radiation was approximately 60–66 kLux

(24.12–26.53 mW.cm�2). Samples were withdrawn from time to time to measure

the extent of degradation. The reaction was stopped by adding sodium bisulphite

and analyzed for the residual pollutant with HPLC. All the experiments were

carried out within the time span between 12 noon and 2 pm during May-June in

eastern part of India.

2.3 Analytical Methods

Residual concentrations of the pollutant were analyzed at different time intervals

usingWATERS 2487HPLC equipped with a C18 Column (ZORBAX SB-C18 5 μm,

46� 150 mm). Mixture of acetonitrile and Milli-Q water (50/50 v/v for dichlorvos)

was used as the mobile phase with a flow rate of 1 mL.min�1 (Rice et al. 2005).

Chemical oxygen demand (COD) was determined by the APHA standard total reflux

method. FTIR analysis was performed in a Jasco-6300 instrument using KBr pellet.

3 Result and Discussions

Time-concentration data was collected for all the experiments varying different

process parameters. Each experiment was repeated more than once and the standard

deviation was less than �5%.
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3.1 Effect of pH

Photo-Fenton reactions are strongly dependent on pH (Tamimi et al., 2011).

Experiments were carried out in pH range of 3–7. From Fig. 2.3a it can be seen

that the photo Fenton oxidation efficiency monotonically decreases with increasing

pH. This is because pH value influences both the generation of hydroxyl radicals as

well as the oxidation efficiency. The degradation decreased at pH values higher

than 5, because ferrous sulphate gets precipitated as hydroxide, resulting in a

reduction in the penetration of solar radiation in the reaction mixture (Faust and

Hoigne 1990). Moreover, Dichlorvos in acidic solution is more susceptible to

hydrolysis than that in alkaline solution (Jiangtong 1981).

Figure 2.3b shows the effect of pH on the reduction of COD of wastewater

containing Dichlorvos. The results show that the percent removal of COD is more at

acidic pH. Raising pH from 3 to 7 decreased the removal efficiency of Dichlorvos

from 83 to 57%. Corresponding decrease in the removal of COD was from 86.6 to

61.8% respectively. Initial rate also followed the same trend.

3.2 Effect of Hydrogen Peroxide Concentration

H2O2 itself generates active oxygen species. In this experiment, the concentration

of H2O2 was changed from 14 to 58 mmol.L�1, but the concentration of ferrous

sulphate dosage was held constant (0.28 mmol.L�1). Other process parameters,

initial concentration of insecticide (0.133 mmol.L�1), pH (3) and temperature

(30 �C) were kept constant. From Fig. 2.4a it is observed that 95.33% of

0.133 mmol.L�1 Dichlorvos degraded after 120 min under sunlight of 66 kLux

Temperature

Cooling

Cooling
water in

water out

Sunlight

Quartz

Reaction

Magnetic
stirrer

Stir bar
mixture

Cooling water
jacket

plate

controller

Fig. 2.2 Schematic of experimental set-up
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using 30 mmol.L�1 of H2O2. Degradation of Dichlorvos was observed to increase

from 93.24 to 95.33 with increasing the dosing concentration of hydrogen peroxide

from 14 to 30 mmol.L�1. With the increase in H2O2-dosing, the initial reaction rate

of pesticide increased up to a particular dosing of 30 mmol.L�1. After that it

decreased due to the scavenging of hydroxyl radical by H2O2. Similar finding

was reported by Ghaly et al. (2001) who found that the recombination of hydroxyl

radicals and also hydroxyl radicals reaction with H2O2, contributes to the scaveng-

ing of OH• (Eqs. 2.1, 2.2, 2.3).

H2O2 þ OH • ! H2O þ HO2 • ð2:1Þ
HO2 • þ OH • ! H2O þ O2 ð2:2Þ
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Fig. 2.3 (a) Effect of pH on degradation of pesticide in water. Inset shows initial reaction rate at

different pH and (b) Effect of the pH on the COD removal
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OH • þ OH • ! H2O2 ð2:3Þ

It can be postulated that H2O2 should be added at an optimum concentration to

achieve the best degradation. Hence, 30 mmol.L�1 of H2O2 was selected as the

optimal dosage for the degradation of Dichlorvos in wastewater. Rongxi

et al. (2009) reported that 75 mL per litre of 30% H2O2 solution was the optimal

dosage for the treatment of industrial triazophos pesticide wastewater. Figure 2.4b

shows that percent of COD removal has increased with increasing H2O2 concen-

tration from 14 to 30 mmol.L�1.

3.3 Effect of Ferrous Sulphate Dosing Concentration

Dosing of ferrous sulphate is one of the major parameters to influence the photo-

Fenton processes. Solar-assisted photo-Fenton experiments were executed with

different doses of FeSO4�7H2O ranging from 0.072 to 0.36 mmol.L�1. The results

of these experiments are shown in Fig. 2.5a, b. It can be seen that 11% of

0.133 mmol.L�1 insecticide degraded without ferrous sulphate solution, when

H2O2 dosage was 30 mmol.L�1 and pH was 3. Moreover, the degradation and

initial reaction rate decreased with decrease in the concentration of FeSO4�7H2O

upto a critical value. Further increase in the concentration of ferrous sulphate

resulted in decrease of the initial degradation rate of substrate because production

of a large amount of Fe3+. Fe3+ decomposes H2O2 and produces Fe(OH)
2+ in acidic

condition. Tamimi et al. (2008) reported that higher the concentration of Fe2+, more

was the amount of Fe3+ generated from the process of H2O2 decomposition by Fe2+,

thus making Fe2+ unavailable for reaction.
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3.4 Effect of Initial Concentration of Insecticide

Degradation of pesticide and COD removal at various initial concentrations by

photo-Fenton oxidation is shown in Fig. 2.5a, b respectively. After 120 min reaction

time, degradation of pesticide were observed to be 99.42%, 93.49%, 95.42%,

88.08% and 88.22% at initial pesticide concentration 0.069, 0.133, 0.224, 0.308

and 0.376 mmol.L�1 respectively when the other parameters were fixed at

FeSO4�7H2O: 0.28 mmol.L�1, H2O2: 30 mmol.L�1 and pH 3. Initial rate remained

almost independent of the initial concentration within the experimental range of

concentration (0.068–0.224 mmol.L�1). Percent degradation decreased with

increasing initial concentration of substrate.

It can be seen that the removal of COD clearly increased with the decreasing

amount of pesticides (Fig. 2.6).

3.5 Rate Equation and Kinetics

Degradation of the oxidation reaction is assumed to proceed via hydroxyl and

peroxyhydroxyl radical attack to the pesticide molecule (represented as RH).

Hence rate of degradation is the rate of free-radical attack on pesticide.

In acidic medium, the scheme of the reaction can be represented as follows:

H2O2 þ hv!k1 ISð Þ
2OH • ð2:4Þ

Fe2þ þ H2O2!k2 Fe3þ þ OH • þ HO� ð2:5Þ
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Fig. 2.6 (a) Effect of initial concentration for the degradation of pesticide contaminated water.

The inset panel shows reaction rate vs. initial concentration. (b) Effect of initial pesticide

concentration on the COD removal
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Fe3þ þ H2O2!k3 Fe2þ þ • OH2 þ Hþ ð2:6Þ

Fe3þ þ H2Oþ hv!k4 ISð Þ
Fe2þ þ • OH þ Hþ ð2:7Þ

RHþ • OH!k5 R • þ H2O ! Products ð2:8Þ
RHþ • O2H!k6 R • þ H2O ! Products ð2:9Þ

Here rate constants k1 and k4 are considered to be dependent on the intensity of

sunlight i.e., IS. Hence k1¼ k1(IS) and k4¼ k4(IS).
From Eqs. (2.5) and (2.6), initial rate of degradation of pesticide,�rRH becomes:

�d

dt
RH½ � ¼ k5 RH½ � • OH½ � þ k6 RH½ � • O2H½ � ð2:10Þ

Active oxidant, •OH radical is generated by the reaction steps (2.1), (2.2) and

(2.4) and is consumed in the step (2.5). So the net rate of generation of •OH radical

is:

�d

dt
• OH½ � ¼ k1 ISð Þ H2O2½ � þ k2 Fe

2þ½ � H2O2½ �
þk3 Fe

3þ½ � H2O2½ � þ k4 ISð Þ Fe3þ½ � H2O½ � þ k5 RH½ � • OH½ � ð2:11Þ

Similarly the other reaction intermediates and oxidizing species, O2H•, Fe
3+ and

Fe2+ have their own pathways of generation and consumption as described in the

scheme. According to well known theory of non-elementary reaction, concentration

of all the intermediates are in pseudo-steady state, that is net rate of each of them is

zero. Therefore, the expression for the initial rate becomes:

�rRH ¼ �d

dt
RH½ � ¼ k1 ISð Þ H2O2½ � þ 2k2 Fe2þ

� �
H2O2½ � ð2:12Þ

For constant intensity of sunlight and constant dosing of Fe2+ (0.28 mmol.L�1),

�rRH ¼ m H2O2½ � ð2:13Þ

where m¼ {k1 (IS) + 2 k2 [Fe
2+]},

Initial rate varies with variation in dosing of H2O2. A plot with initial dosing of

H2O2 and corresponding initial rates is a straight line passing through (0,0) the slope

of which is m (Fig. 2.4a inset).

Similarly at constant dosing of H2O2 (30 mmol.L�1) and constant intensity of

sunlight,

30 A. Dutta et al.



�rRH ¼ p Fe2þ
� �þ q ð2:14Þ

where p¼ 2 k2 [H2O2] and q¼ k1 (IS) [H2O2].

Here initial rate varies with variation of initial dosing of Fe2+. A plot with initial

dosing of Fe2+ and corresponding initial rates [Fig. 2.5a inset] results in a straight

line with slope p and intercept q.
Solving, we get, k1(IS)¼ 1.3� 10�3 min�1 at IS¼ 26.53 mW.m�2. Value of k2

was determined from both the equations. The average value of k2 is reported.

k2 averageð Þ ¼ 0:0705
mM

L

� ��1

min�1

3.6 FTIR Spectra Analysis

Untreated and solar-Fenton treated pesticide aqueous solution were analyzed by

FTIR spectroscopy to check for presence of organic bonds. Evgenidou et al. (2006)

proposed a tentative degradation scheme of Dichlorvos during the photocatalytic

oxidation of the same over TiO2. Since this was also a case of OH• radical attack,

the products and intermediates are expected to be the same in nature. In the

mentioned scheme, formation of aldehydes, ketones and alcohols were proposed

in addition to the ultimate oxidized products like carboxylic acid, carbon dioxide

and water. Peak for P¼O in 1175–1300 cm�1 was present in the Dichlorvos

solution before reaction, but not in the product; indicating breakage of the bond.

After reaction, strong peaks at 2200–2300 cm�1 indicate CO2 and medium peaks at

2600–3000 cm�1 along with strong peaks at around 1700 cm�1 indicate carboxylic

acids (Fig. 2.7).

Strong peaks at 3200–3700 cm�1 and in 620–680 cm�1 indicate presence of

alcoholic and hydrogen bonded –OH group. –OH in –COOH is indicated by peak at

110

100

80

60

50
4000 3000 2000

Wavenumber [cm−1]
1000 400

%T

Fig. 2.7 FTIR spectra of

untreated and treated

insecticide aqueous solution

(%T¼ percent of

transmittance)
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2400–3400 cm�1 and O-C¼C in carboxylic acid is indicated by strong peak in

590–700 cm�1. From the structure of the Dichlorvos molecule (Fig. 2.1), formation

of dichloroacetic acid was envisaged. Strong peaks at 600–800 cm�1, indicating

Cl–C bond vibration, confirmed the proposition. Strong peaks of aldehydes and

ketones were observed at 520–565 cm�1 and 510–560 cm�1 respectively. Peaks for

organic ethers, indicated by medium strong peaks at 430–520 cm�1 and very strong

peaks at 1070–1150 cm�1, became more intense than that in the unreacted com-

pound. Peaks for vinyl ethers at 1000 cm�1 became more intense after reaction.

All the above evidences prove well that the insecticide Dichlorvos was oxidized

by sunlight-assisted photo-Fenton oxidative degradation into alcohols, aldehydes,

ketones and carboxylic acid with mineralization into carbon dioxide and water. The

mineralization was also evidenced by the decrease in COD as well.

4 Conclusion

Sunlight-assisted photo-Fenton oxidation reaction has been established as a very

good and rapid method for the degradation of Dichlorvos insecticides. The degra-

dation rate of insecticides and the respective COD were observed to increase with

the increasing amount of ferrous sulphate and H2O2. The COD removal efficiencies

of Dichlorvos wastewater treated by Fenton reagent are greatly influenced by the

pH value, dosage of FeSO4�7H2O and H2O2. FTIR analysis of the insecticide before

and after reaction indicates its degradation into lower organic fragments. In a

tropical country like India with abundant solar energy, this may be considered as

an economic and eco-friendly technology. The results of this work may be used to

design a continuous reactor, which may be suitably scaled up to meet industrial

requirement.
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Chapter 3

Catalytic Reduction of Water Contaminant
‘4-Nitrophenol’ over Manganese Oxide
Supported Ni Nanoparticles

Pangkita Deka, Debajyoti Bhattacharjee, Pingal Sarmah, Ramesh C. Deka,
and Pankaj Bharali

1 Introduction

Nitroaromatic compounds (NACs) are among the largest and most important

groups of industrial chemicals in use nowadays (Ju and Parales 2010; Tomei

et al. 2010). The NACs, such as nitrophenol, nitrobenzene, nitrotoluene, and

nitrobenzoates, are of considerable industrial importance as the main raw materials

in the manufacture of various dyes, pharmaceuticals, pesticides and explosives

(Tomei et al. 2010; Yi et al. 2006; Aditya et al. 2015). 4-Nitrophenol (4-NP) is

one of the most common and important NACs, both in terms of quantities used and

potential environmental impacts (Yi et al. 2006; Podeh et al. 1995; Aditya

et al. 2015; Sarkar et al. 2011). 4-NP is mainly used for the manufacture of drugs

(e.g. acetaminophen) and pesticides (e.g. methyl and ethyl parathion) and is also

used in leather treatment, in dyestuff production, and for military purposes. Because

of its regular and extensive use, 4-NP can be found as a pollutant in industrial

wastewater streams associated with its formulation, distribution and application

(Yi et al. 2006; Pozun et al. 2013). Moreover, hydrolysis of pesticides and herbi-

cides can also release 4-NP into the subsurface and then contaminate groundwater

resources (Labana et al. 2005). As the 4-NP released into the environment, its

contamination can cause a significant environmental and public health risk, due to

its acute toxicity and mutagenic potential (Yi et al. 2006; Podeh et al. 1995; Labana

et al. 2005; Aditya et al. 2015; Pozun et al. 2013). The acute exposing of 4-NP may

lead to blood disorders along with methemoglobin formation, liver and kidney

damage, anemia, skin and eye irritation, and systemic poisoning. In particular, it

may cause deleterious effects to ecological systems, due to the 4-NP contamination

of rivers and groundwater resources [Zieris et al. (1988), Aditya et al. (2015)].
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Therefore, 4-NP containing industrial wastewater should be uncontaminated before

being discharged into the environment.

Metal nanoparticles have been extensively investigated owing to their unique

physical and chemical properties compared to bulk metals and their various poten-

tial applications in the field of catalysis [Saha et al. (2010), Mori et al. (2009),

Zhang et al. (2011)]. They are used as catalysts in variety of organic and inorganic

transformations [Shin et al. (2009)]. Metal nanoparticles are usually dispersed on

solid oxide supports to prevent agglomeration, site isolation, good accessibility of

substrate molecules, mechanical robustness and so on [Jin et al. (2012)]. Moreover,

supported nanoparticles exhibits high catalytic activity and selectivity compared to

unsupported ones mainly through synergistic interaction with the support [Jin

et al. (2012)]. In particular, supported nickel nanoparticles on various carriers

have been extensively studied as heterogeneous catalysts [Wu et al. (2012b),

Basagiannis and Verykios (2006)]. Nickel-based catalyst, such as Ni/Al2O3

[Lu et al. (1998)], Ni/TiO2 [Wu et al. (2012b)], NiO-MgO [Choudhary

et al. (1997)], Ni/m-CN [(Yang et al. 2014)] and Ni/SiO2 (Jiang et al. 2012)

shows high activity and selectivity with low cost for various catalytic reactions.

In practice, Ni-based catalysts are more promising than noble metal catalysts

(Wang et al. 2004). It is well known that nickel is an active and facile catalyst in

hydrogenation/reduction reaction (Lu et al. 2008). 4-NP is among the most com-

mon organic pollutants in industrial and agricultural waste waters, but the

4-aminophenol (4-AP) is an important intermediate for the manufacture of analge-

sic and antipyretic drugs (Esumi et al. 2004; Wu et al. 2012a; Jin et al. 2012; Li

et al. 2010). The nickel catalysts have been widely used in the hydrogenation of

4-NP to 4-AP (Chen et al. 2003; Du et al. 2004; Yang et al. 2014; Jiang et al. 2012).

Chen et al. found that the unsupported nickel nanoparticle catalyst yields good

hydrogenation activity and selectivity, but sintering of nickel nanoparticle occurs

after hydrogenation.

Herein, a Ni/Mn2O3 catalyst, with small Ni-nanoparticles over Mn2O3 support,

is reported for catalytic conversion of 4-NP to 4-AP efficiently at room temperature.

The catalytic progress is monitored with the help of UV-visible spectrophotometric

method. The UV-visible data obtained from our experiment are further supported

by computational studies. In recent years, density functional theory (DFT) calcu-

lations have proved highly successful at predicting the structures and electronic

properties. In addition, time-dependent DFT (TDDFT) calculations are also useful

to determine the nature of the excited states of complexes and provide a better

understanding of observed electronic absorption spectra.
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2 Materials and Methods

2.1 Materials

Manganese chloride (MnCl2 4H2O) and sodium borohydrate (NaBH4) were pur-

chased from SRL chemicals. Nickel chloride hexahydrate (NiCl2 6H2O) and

Cetyltrimethylammonium bromide (CTAB) were purchased from Rankem. 4-NP,

NaOH and HPLC grade ethylene glycol were purchased from Merck, and distilled

water was used throughout the whole experiment. All the reagents were used as

received without further purification.

2.2 Synthesis

In the first step, 3.958 g of MnCl2� 4H2O and 0.8 g of NaOH were dissolved in

40 mL of 1:1 ethylene glycol:distilled water (volume/volume) separately to form

homogeneous solutions, respectively. The NaOH solution was then added dropwise

to the manganese chloride solution with stirring. The mixture was then transferred

to a 150 mL teflon-liner autoclave, which was sealed and heated at 120 �C for 6 h.

After the autoclave was cooled to room temperature, the resulting brown precipitate

was separated by centrifugation, washed three times with distilled water respec-

tively, and dried in oven at 45 �C overnight. The dried product was then calcined at

500 �C for 3.5 h in air atmosphere. The final black powders were then obtained as

manganese oxide. In the second step, to a suspension of manganese oxide particles

(0.25 g) dispersed in distilled water (50 mL), a solution of NiCl2� 6H2O (0.028 g,

0.118 mmol) and CTAB (0.041 g, 0.112 mmol), obtained by subsequent sonication

and stirring for 30 min, was added dropwise in 1.5 mL aqueous solution of NaBH4

(0.020 g, 0.526 mmol). The contents of the flask was vigorously shaken for 10 min,

resulting in the generation of manganese oxide supported Ni nanocatalyst as a black

suspension, which was collected by centrifugation and dried under vacuum at 45 �C
for 24 h.

2.3 Characterizations

The TGA curve was obtained on a Thermal Analyzer (Model TGA-50, Shimadzu)

instrument. The powder X-ray diffraction (XRD) patterns were recorded on a

Rigaku Multiflex instrument using nickel-filtered CuKα (0.15418 nm) radiation

source and a scintillation counter detector. Infra-red spectra were measured in a

FTIR spectrophotometer, Model Nicolet Impact I-410. Measurements are

performed by pelletizing the samples with KBr in the mid-infrared region. The

BET surface areas were determined by N2 adsorption using a Quantachrome
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Instruments (Model: NOVA 1000e). The pore size and pore volume is determined

following Barrett-Joyner-Halenda (BJH) method in the same instrument. To study

the surface topography, SEM analyses were carried out with “JEOL, JSM Model

6390 LV” Scanning Electron Microscopes, operating at an accelerating voltage of

15 kV. The transmission electron microscopic investigations were carried on a

JEM-2010 (JEOL) instrument equipped with a slow-scan CCD camera and at an

accelerating voltage of 200 kV. In the present work, UV-visible spectra were

recorded on a UV-visible spectrophotometer, Shimadzu Corporation (UV-2550).

2.4 Catalytic Reduction

To a 25 mL solution of 0.10 mmol/L 4-NP, 25 mL of freshly prepared solution of

NaBH4 was added which corresponds to a colour change of light yellow to yellow-

green. Then to this mixture desired amount of catalyst was added, the colour of the

solution faded as the reaction proceeded. Solution mixture was stirred during the

reaction and the upper solution was transferred to a quartz cuvette for the measure-

ment of UV-visible spectra. Once a spectrum was recorded, the solution was

immediately transferred back to the previous reactor and stirred for another few

seconds for the sequential catalytic reaction. UV-visible spectra were recorded at

short intervals to monitor the progress of the reaction. This procedure was repeated

during the UV-visible measurement. Blank experiments were also carried out to

show that the reactions do not proceed without catalysts only in the presence of

NaBH4. Concentration of NaBH4 and amount of catalyst were varied during the

reaction.

2.5 Computational Methods

In the framework of DFT, we employed the hybrid B3LYP functional [Becke

(1988), Lee et al. (1988)] to explore the stationary points on the potential energy

surface. The carbon, nitrogen, hydrogen and oxygen atoms are treated with 6–311

+G(d) basis set. To study the optical properties, TDDFT approach has been used at

the optimized geometries of the studied complexes both in gas phase and using

water as solvent. The Polarisable Continuum Model (PCM) (Miertus et al. 1981)

was applied for all gas-phase-optimized structures to study the effect of solvent

(water). All the calculations are carried out using Gaussian09 program (Frisch

et al. 2009).
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3 Results and Discussion

Figure 3.1 represents the XRD profiles of the synthesized support and catalyst. The

diffraction peaks of the support were observed at 2θ¼ 23.1, 32.9, 38.1, 43.6, 49.2,

55.1, 60.6 and 65.7� which could be assigned to (211), (222), (400), (420), (134),

(440), (611) and (622) reflections, respectively (Fig. 3.1a). These reflections could

be assigned to α-Mn2O3 having a cubic bixbyite structure (JCPDS card

no. 89–4836), which is in good accordance with the literature values (Cao

et al. 2009). Again for the catalyst the XRD pattern is shown in Fig. 3.1b. Along

with cubic α-Mn2O3 peaks two small peaks at 2θ¼ 45.0 and 58.9� which could be

indexed to (101) and (102) reflections of hexagonal primitive Ni (JCPDS card

no. 89–7129). The intensity of the two peaks is very less; this may be due to

presence of small amount of Ni over the α-Mn2O3.

The FTIR spectra for manganese oxide and Ni/α-Mn2O3 are depicted in

Fig. 3.2a. The bands at near mid-infrared from 550 to 800 cm�1 in both the two

spectra may be attributed to Mn-O bending vibration, asymmetric stretching bridge

oxygen species (Mn-O-Mn), and symmetric stretching of Mn-O of α-Mn2O3 group,

respectively [Cao et al. (2009)]. Elemental analysis was performed by energy

dispersive X-ray spectroscopy (EDX) for the catalyst which indicates the presence

of Ni with Mn and O signals devoid of any other metal and impurity (Fig. 3.2b). The

EDX measurement also confirms the atomic percentage of elements present in the

final product (inset of Fig. 3.2b). From the figure it is observed that Ni loading is

almost 3 wt% over the α-Mn2O3.

Figure 3.3a shows the SEM micrographs of the α-Mn2O3. It is observed that the

oxide particles exhibit icosahedrons-like structure with ca. 2–4 μm diameter in size.

Further, the Ni/α-Mn2O3 catalyst was characterized by TEM and corresponding

images are presented in Fig. 3.3b. TEM analyses demarcate that the synthesized

Ni/α-Mn2O3 nanostructures possess sheet-like structure as presented in Fig. 3.3b.

As observed from the figure the darker region correspond to α-Mn2O3 support, over

which lighter regions correspond to Ni nanoparticles. Highly dispersed Ni

nanoparticles of size 2–3 nm over the bigger α-Mn2O3 support are clearly visible

as shown in Fig. 3.3b. The size distribution of Ni nanoparticles (inset of Fig. 3.3b)

showed that most of the Ni particles fall in the size range 2–3 nm and the mean

particle diameter was about 2.6 nm. N2 adsorption–desorption (by BET method)

analysis of the α-Mn2O3 and Ni/α-Mn2O3 showed type-IV isotherm with combina-

tion of H1 and H3 hysteresis loop, which is a characteristic of mesoporous material

(Fig. 3.3c, d). The surface area and pore volume values are 5.62 m2/g, 168.83 m2/g

and 0.005 cm3/g, 0.294 cm3/g, respectively for the α-Mn2O3 and Ni/α-Mn2O3

(An et al. 2014). The pore-size distribution curves calculated from the BJH method

indicated the presence of mesoporosity in the samples, even though they support the

presence of regularly ordered pores (inset in Fig. 3.3c, d). A maximum pore

distribution was observed at around 30–50 Å for the α-Mn2O3 and 40 Å for the

Ni/α-Mn2O3, which confirms the mesoporosity of the samples.
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The catalytic activity of as-prepared α-Mn2O3 supported Ni nanoparticles was

evaluated for the reduction of 4-NP in presence of NaBH4 as mild reducing agent by

the spectrophotometric studies (Fig. 3.4a, c, e). The successive decrease of the peak

at 400 nm and increase of the peak at 298 nm with time indicates the catalytic

reduction of 4-NP to 4-AP. The UV–vis spectra also exhibit the isosbestic points

nm, which are evidently found at near 250, 270 and 325 which indicates that 4-AP

is the only product of the reaction (Saha et al. 2010). Because the peak at 400 nm

was much stronger than that at 298 nm, the kinetics of the reduction reaction was

studied by measuring the absorbance at 400 nm as a function of time. As the

concentration of NaBH4 is in great excess in the reactions a pseudo-first-order
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Fig. 3.1 X-ray powder diffraction patterns of α-Mn2O3 (a) and Ni/α-Mn2O3 (b)

Fig. 3.2 FT-infrared spectra of α-Mn2O3 and Ni/α-Mn2O3 (a) and energy dispersive X-ray

analysis pattern of Ni/α-Mn2O3 (b)
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kinetics can be applied with respect to concentration of 4-nitrophenolate ion. The

plots of ln(At/A0) against the reaction time are presented in Fig. 3.4b, d, f. The A0

and At in the plot of ln(At/A0) against reaction time are the absorbances of

4-nitrophenolate ion at time 0 and t, respectively. The linear fit with a coefficient

of determination for the plots ln(At/A0) against the reaction time very close to unity

supports the assumption of pseudo-first-order kinetics.

During the course of the reaction, concentration of NaBH4 has been varied to

study the effect of concentration of NaBH4 on the rate of the reaction (Table 3.1).

From the table it is observed that the rate of the reduction reaction increases as the

concentration of NaBH4 increases. Also the time taken for the completion of

reaction decreases as the concentration of NaBH4 is increased. Besides this,

according to literature (Saha et al. 2010) the concentration of NaBH4 has no effect

on further increasing its concentration. Therefore we took 60 mmol/L as the

optimum concentration for the reduction reaction and in further studies such as

recyclability test, effect of catalyst dosage are carried out by keeping the concen-

tration of NaBH4 as 60 mmol/L.

Fig. 3.3 SEM image of α-Mn2O3 (a); TEM image of Ni/α-Mn2O3 (inset particles size distribution

of the Ni nanoparticles) (b); Nitrogen sorption isotherms of α-Mn2O3 and Ni/α-Mn2O3 (the insets

shows pore size distribution of the respective samples) (c) and (d), respectively
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The recyclability of the catalyst carried out in presence of 0.020 g of catalyst at

60 mmol/L concentration of NaBH4 for four successive cycles are presented in

Fig. 3.5.

In the figure it shows that for the first two cycles, reduction is completed within

40 min whereas for fourth cycle it took 80 min. The main reason for decrease in

such catalytic activity may be due to the loss of catalyst during separation [Deka

et al. (2014)].

The influence of catalyst dosage is studied with the 60 mmol/L concentration of

NaBH4. Table 3.2 presents the time of the catalytic reaction, apparent rate constant

and R2 value for different amounts of catalyst at 60 mmol/L NaBH4.

It is observed from the table that the reaction proceeds faster with increasing

amount of catalyst. But after reaching certain amount of the catalyst the reaction

time almost does not affect the catalyst dose. It is evident from the table that

ca. 0.020 g is optimum dose for complete reduction of 4-NP.

For better presentation we have compared the present work with some earlier

reports and highlighted in Table 3.3. From the table it is observed that the present

catalyst shows superior activity compared to the other Ni-based catalysts. The

Fig. 3.4 Time-dependent UV-vis absorption spectra and plots of ln(At/A0) versus time in presence

of 20 mmol/L (a, b), 40 mmol/L (c, d) and 60 mmol/L (e, f) NaBH4, respectively, for the reduction

of 4-nitrophenol over 0.020 g Ni/α-Mn2O3 catalyst in aqueous media at 25 �C

Table 3.1 Reduction of 4-NP over 0.020 g Ni/α-Mn2O3 catalyst

Sl. No. Conc. of NaBH4 (mmol/L) Time (min) kapp (min�1) R2

1 20 70 0.0306 0.9785

2 40 45 0.0548 0.9933

3 60 24 0.1155 0.9726
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synergetic effect between the support and Ni may be the reason for better activity of

the catalyst than the results reported earlier.

3.1 Computational Studies

The various optical properties obtained from the TDDFT level are listed in

Table 3.4. From the table, it is clear that the wavelengths for the dominant peaks

in both the experimental and theoretical results of our study are in close agreement

with each other.

For 4-NP, we obtained two peaks in the TDDFT spectra. The dominant peak

with larger oscillator strength (absorption) is observed around 317 nm in water.

This is associated with the 36th electronic state which is the HOMO for the

molecule. Thus the peak is due to the transition from HOMO to LUMO which is

a π- π* type transition with excitation energy 3.86 eV. The peak around 242 nm is

found to be due to HOMO-LUMO+1 transition. In case of 4-AP, a sharp peak is

observed around 300 nm, which is also due to the transition of HOMO to LUMO

and is a π- π* type transition. The other peak obtained around 242 nm is charac-

terized by HOMO to LUMO+3 transitions. Finally we have observed the spectra

for 4-nitrophenolate ion, where a sharp peak appears around 373 nm as a result of

1.0 Cycle 1
Cycle 2
Cycle 3
Cycle 4

0.8

0.6

0.4

0
Time (min)

20 40 60 80

0.2

0.0

A
t/A

0

Fig. 3.5 At/A0 against the

reaction time over

Ni/α-Mn2O3 for four

successive cycles. Reaction

condition: [NaBH4]¼
60 mmol/L and catalyst

amount¼ 0.020 g

Table 3.2 Effect of catalyst dosages on the reaction time and apparent rate constants

Sl. No. Amount of catalyst (g) Time (min) kapp (min�1) R2

1 0.010 42 0.0789 0.9776

2 0.015 39 0.0800 0.9796

3 0.020 24 0.1155 0.9726

4 0.025 25 0.1297 0.9631

Conditions: [NaBH4]¼ 60 mmol/L and [4-NP]¼ 0.10 mmol/L
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HOMO-LUMO transition. The ion shows a sharp peak around 271 nm in contrast to

a broad peak in gas phase study at around 279 nm. The peak is a result of HOMO to

LUMO+1 transition with excitation energy 4.56 eV. Finally we plot all the

UV-visible spectra in both the phases as shown in Fig. 3.6. These computational

spectra provide strong evidence in support of our experimental spectral results.

4 Conclusions

In summary, a general strategy of reduction of 4-nitrophenol from industrial

wastewater using as-synthesized α-Mn2O3 supported nickel nanoparticles catalyst

is reported. The as-synthesized support and catalyst are characterized by XRD,

FTIR, SEM-EDX, TEM and BET surface area analyses techniques. The Ni parti-

cles are found to be distributed over α-Mn2O3 surface with spherical shape in

nature. The catalytic activity of the synthesized Ni/α-Mn2O3 were evaluated for

the reduction of 4-NP in presence of NaBH4. The reduction was found to be very

efficient and followed pseudo first-order kinetics. The catalyst efficiency of Ni

particles was determined on the basis of recyclability. The result indicates that the

Ni nanoparticles catalyze the reduction very efficiently with a good recyclability

upto fourth cycle at room temperature. It also indicates that these spherical Ni

Table 3.3 Comparison of rate constant values for 4-NP reduction using Ni-based catalysts

Sl.

No. Catalyst

[4-NP]

mmol/L

[NaBH4]

mmol/L

Rate constant, kapp
(min�1) Ref.

1 Ni/α-Mn2O3 0.1 60 0.1297 Present work

2 NiCo2 0.1 60 0.0730 Wu

et al. (2011)

3 Ni/SiO2 0.1 200 0.0680 Jiang

et al. (2012)

4 FeNi2 0.1 60 0.0570 Wu

et al. (2012a, b)

Table 3.4 Maximum absorption wavelength λ, oscillator strengths f and excitation energies E for

three different complexes at TDDFT/B3LYP level

Complex

Wavelength, λ (nm)

Oscillator strength,

f

Excitation energy, E

(in eV)

Gas phase Water Exp. Gas phase Water Gas phase Water

4-NP 293 321 317 0.26 0.35 4.24 3.86

228 231 225 0.05 0.06 5.41 5.36

4-AP 294 300 300 0.06 0.07 4.27 4.12

238 242 228 0.16 0.21 5.20 5.11

4-nitrophenolate 356 373 400 0.47 0.58 3.48 3.32

279 271 – 0.03 0.05 4.44 4.56
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nanoparticles can be effectively used as an attractive alternative to various noble

metal catalyst for the reduction of 4-nitrophenol. Experimental results are well

supported by TDDFT studies. Further works are under active process to check the

selectivity of the synthesized catalyst by using real industrial wastewater and also to

know the detailed mechanism of the reduction reaction. Our investigation of the

synthesis of nickel nanoparticle for the catalytic reduction is highly efficient, low

cost and thus has potential application for the chemical and pharmaceutical

industry.
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Chapter 4

Simulation of Nitrate Removal in a Batch
Flow Electrocoagulation-Flotation (ECF)
Process by Response Surface Method (RSM)

E. Nazlabadi and M.R. Alavi Moghaddam

1 Introduction

Electrocoagulation-flotation (ECF) is one of the newest treatment methods, which

has been used successfully to remove different kinds of pollutants (Behbahani

et al. 2013). ECF is a process which consists of three main parts: (1) Creating

metallic hydroxide flocs within the solution by electro-dissolution of soluble

anodes, (2) Formation of coagulants in aqueous phase, and (3) Adsorption of

pollutants on coagulants and then removal by sedimentation/flotation (Arroyo

et al. 2009; Zaroual et al. 2009).

Nitrate is a stable and highly soluble ion with low potential for co-precipitation

or adsorption (El-Shazly et al. 2011). Nitrate concentration is naturally a few

milligrams in litre for groundwater, but different factors like inappropriate sewage

treatment/disposal, unsuitable agricultural/stockbreeding activities, and the geolog-

ical structures of each region, makes this concentration to grow up. High levels of

nitrate can cause severe health problems (Moghaddasi et al. 2008; Azadegan

et al. 2012; Nazlabadi and Alavi Moghaddam 2014). Conventional methods of

removing nitrate include biological decomposition, ion exchange, chemical treat-

ment, reverse osmosis and membrane separation techniques (El-Shazly et al. 2011;

Lakshmi et al. 2012).

In recent years, ECF as a chemical treatment method has been focused on by a

large number of researchers for removal of nitrate due to its high treatment

efficiency, low sludge production, easy operation and relatively low capital cost.

In particular, electrocoagulation has demonstrated an attractive alternative to the

other traditional methods for treating nitrate contaminated water (Li et al. 2009;
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Emamjomeh and Sivakumar 2009; Kumar and Goel 2010; Kasiri and Khataee

2011; Lakshmi et al. 2012). However, the process is limited in practice due to

formation of by-products like nitrite during treatment (Lakshmi et al. 2012;

Nazlabadi and Alavi Moghaddam 2014).

The efficiency of ECF process is influenced by various factors such as initial pH,

initial nitrate concentration, applied current, number of electrodes and reaction

time. Simulation of these factors can be useful in order to achieve better nitrate

removal efficiency. As it is well known, some limitations of classical study methods

such as time consuming and high cost can be eliminated by statistical experimental

design such as response surface methodology (RSM) (Zodi et al. 2010; Behbahani

et al. 2013). RSM is only applicable for variables such as initial pH which is defined

by a range of numbers and this technique is not useful for parameters like electrode

material that are not numerical. Many research groups applied this method for

removal of different pollutants by ECF (Aleboyeh et al. 2008; Krishna Prasad

et al. 2008; Chavalparit and Ongwandee 2009; Sadri Moghaddam et al. 2010;

Behbahani et al. 2011; Behbahani et al. 2013; Taheri et al. 2013; Radaei

et al. 2014). However, to the best of our knowledge, RSM rarely has been used

for nitrate removal (Koporal and Ogutveren 2002; Emamjomeh and Sivakumar

2009; Kumar and Goel 2010; Vasudevan et al. 2010; El-Shazly et al. 2011; Lacasa

et al. 2011; Malakootian et al. 2011; Lakshmi et al. 2012; Sim et al. 2012).

The main objective of the present study is to simulate nitrate removal efficiency

and remained nitrite as responses using an ECF unit operating in batch regime. For

simulating this process, the relation between the responses and five quantitative

variables (initial pH, initial nitrate concentration, reaction time, number of elec-

trodes, applied current) is determined by a second order polynomial model.

2 Materials and Methods

2.1 ECF Reactor

A batch flow ECF reactor was made in the lab from Plexiglas with dimensions of

50 cm� 10 cm� 9 cm. Aluminum plate electrodes with the effective area of

42 cm2 and thickness of 1 mm were used in this research. Inter-electrode distance

was maintained at 10 mm and electrodes were connected to a DC power supply

(Micro, PW4053R, 0–5 A, 0–40 V) in bipolar mode. Two hotplate magnetic

stirrers (Labtech Hotplate Stirrer, LMS-1003, Korea) was applied for preparing

complete mixed solutions in the EC reactor. The EC reactor used in this study is

shown in Fig. 4.1.
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2.2 Experimental Procedure

Coagulation, flocculation, settling and flotation were taking place within the ECF

reactor. All the experiments were carried out at room temperature. Nitrate solutions

were prepared synthetically by dissolving proper amounts of NaNO3 (Merck,

solubility 874 g/l) in the range of 300–500 mg/lit and Na2SO4 (Merck, 99%) as

supporting electrolyte in 3.7 L of distilled water. The amounts of Na2SO4 added in

each experiment are depending on the applied currents. The initial pH of the

solution was adjusted before the experiment by H2SO4 and NaOH, and pH values

were measured using pH meter (340i, WTW, Germany). All effluent samples for

nitrate and some of them for nitrite were analyzed using a UV–vis spectrophotom-

eter (DR/4000, HACH, USA) by method of 8039 (nitrate) and 8507 (nitrite).

Percentage of nitrate removal was calculated by Eq. (4.1):

Nitrate removal efficiency %ð Þ ¼ Cr � Ctð Þ � 100=Cr ð4:1Þ

where Cr and Ct are the nitrate concentration in raw and treated solutions,

respectively.

2.3 Experimental Design and Data Analysis

RSM is a well-known up-to-date approach for developing approximation models

based on either physical experiments or computer experiments (simulations) with

minimum number of experiments, as well as analyzing the interactions between

selected parameters (Hameed et al. 2009; Raissi and Eslami Farsani 2009). The

most widely used class of second-order designs called central composite design

(CCD) was applied for the RSM (Nazlabadi and Alavi Moghaddam 2014). In the

Fig. 4.1 Photograph of the

ECF’s set-up
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present study, the CCD was selected for experimental design of the removal

efficiency of nitrate and remained nitrite. Five factors, including initial pH, initial

nitrate concentration, current, electrode number and reaction time with five-levels

were employed for response surface modelling in the ECF process. A total of

57 experiments were carried out according to a 25 full factorial CCD, consisting

of 32 factorial experiments, 10 axial experiments on the axis at a distance of� α
from the centre, and 15 replicates at the centre of the experimental domain. The

value of α for rotatability depends on the number of points in the factorial portion of

the design, which is given in Eq. (4.2):

α ¼ NFð Þ14 ð4:2Þ

where NF is the number of points in the cube portion of the design (NF¼ 2k, k is the
number of factors) (Behbahani et al. 2011). Therefore, α is equal to (25)1/4¼ 2.4

according to Eq. (4.2).

The statistical software “Minitab”, version 16.1.0 was also used for CCD and

developing a simulation model. Several experiments were initiated as a preliminary

study for determining the range of parameters prior to designing the experimental

runs. Five-level factors were used to build models as shown in Table 4.1. In the case

of remained nitrite, among the 57 run, the 22 critical runs were selected. The critical

runs include: minimum level (five runs) and maximum level (five runs) of each

factor, one factor in minimum level and other in maximum (five runs), one factor in

maximum level and other in minimum (five runs), and two of replicate runs.

Nitrate removal efficiency and remained nitrite of the ECF process were taken as

the responses of the experiments (Yi) according to Eq. (4.3):

Yi ¼ b0 þ
Xn

i¼1

bixi þ
Xn

i¼1

biix
2
i þ

Xn�1

i¼1

Xn

j¼iþ1

bijxixj; ð4:3Þ

where Yi is the response, b0, bi, bii, bij are the constant coefficient, the linear

coefficients, the quadratic coefficients and the interaction coefficients, respectively,

and xi and xj are the coded values of the variables.

Table 4.1 Experimental range and levels of independent variables according to RSM design

Variables Factor Unit

Levels

–α �1 0 +1 +α
Initial pH X1 – 1.9 4 5.5 7 9.1

Applied current X2 Ampere 0.95 2 2.75 3.5 4.55

Initial concentration of nitrate X3 mg/L as NO3
� 160 300 400 500 640

Electrode number X4 – 5 8 10 12 15

Reaction time X5 min 61 110 145 180 229
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3 Results and Discussion

3.1 Development of Regression Model Equation

In order to study the effect of selected variables, experiments were performed for

different combinations of variables using statistically designed experiments. The

P and the F values for nitrate removal efficiency and remained nitrite are listed in

Tables 4.2 and 4.3, respectively.

The second order polynomial equations for nitrate removal efficiency (Y1) and
remained nitrite (Y2) in terms of coded factors are given by Eqs. (4.4) and (4.5),

respectively.

Table 4.2 Analysis of

variance for nitrate removal

efficiency

Source df F value p-value Prob> F

Model 24 49.72 <0.0001

X1-pH 1 19.23 0.0002

X2-Current 1 2.98 0.0974

X3-Ini. Conc. 1 328.50 <0.0001

X4-Elec. 1 1.67 0.2089

X5-Time 1 160.08 <0.0001

X1X2 1 6.24 0.0198

X1X3 1 25.67 <0.0001

X 1X 4 1 2.19 0.1517

X1X5 1 66.98 <0.0001

X2X3 1 60.56 <0.0001

X2X4 1 6.24 0.0197

X2X5 1 6.85 0.0151

X3X 4 1 1.68 0.2076

X 3X 5 1 19.40 0.0002

X 1
2 1 0.51 0.4816

X 2
2 1 25.55 <0.0001

X 3
2 1 3.02 0.0949

X 5
2 1 34.20 <0.0001

X 1X2X3 1 1.84 0.1877

X1X2X4 1 15.44 0.0006

X1X2X5 1 13.29 0.0013

X1X3X5 1 36.37 <0.0001

X1
2X2 1 43.87 <0.0001

X1
2X5 1 74.27 <0.0001

Residual 24

Lack of fit 10 0.99 0.50

Pure error 14
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Y1 ¼ 76:24þ 3:28 X1 þ 1:49 X2 � 10:27 X3 þ 0:68 X4 þ 10:96 X5

þ 1:67 X1X2 þ 3:81 X1X3 þ 0:96 X1X4 þ 6:15 X1X5 þ 5:95 X2X3

þ 1:60 X2X4 þ 2:00 X2X5 � 0:87 X3X4 � 3:18 X3X5 � 0:40 X2
1

þ 1:87 X2
2 � 0:64 X2

3 � 2:16 X2
5 þ 1:06X1X2X3 � 2:52 X1X2X4

� 2:84 X1X2X5 þ 4:54 X1X3X5 þ 7:20 X2
1X2 � 9:62 X2

1X5 ð4:4Þ
Y2 ¼ 12:33þ 1:99 X1 � 9:9 X2 þ 11:68 X3 � 2:28 X4 � 2:61 X5 þ 1:7 X1X2�

1:52 X1X3 � 6:92 X2X3 � 0:91 X2
1 þ 2:84 X2

2 þ 3:36 X2
3 þ 0:94 X2

4 þ 0:22 X2
5

ð4:5Þ

Table 4.4 presents the observed nitrate removal efficiency and remained nitrite

for the 57 and 22 experiments, respectively.

The most important parameters, which affect the nitrate removal efficiency are

initial pH, initial nitrate concentration and time. Moreover it was found that square

terms of current and time and interaction terms except X1X4 and X3X4 were

significant to the response. Triple interaction terms of X1X2X4, X1X2X5, X1X3X5

and X2X3X5 were also significant to the response. In case of remained nitrite, initial

nitrate concentration and current are the most effective parameters. Also interaction

and square terms except of X2X3, X2
2 and X3

2, respectively, have negligible effect.

Table 4.5 shows the coefficient of determination (R2) for nitrate removal effi-

ciency and remained nitrite. High R2 values of 98% and 99% for nitrate removal

efficiency and remained nitrite, respectively, express a high correlation between the

observed and predicted values. Also the “Predicted R2” is in reasonable agreement

with the “Adjusted R2” in both response.

Table 4.3 Analysis of

variance for remained nitrite
Source df F value p-value Prob> F

Model 13 40.34 0.0004

X 1-pH 1 7.54 0.0405

X 2-Current 1 58.20 0.0006

X 3-Ini. Conc. 1 260.72 <0.0001

X 4-Elec. 1 9.92 0.0254

X5-Time 1 4.07 0.0998

X1X2 1 1.76 0.2416

X1X3 1 1.25 0.3141

X2X3 1 29.16 0.0029

X1
2 1 2.93 0.1474

X2
2 1 12.72 0.0161

X3
2 1 39.96 0.0015

X4
2 1 3.12 0.1377

X5
2 1 0.06 0.8118

Residual 5

Lack of fit 4 – –

Pure error 1
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Figure 4.2a, b illustrates the actual versus predicted values for nitrate removal

efficiency and remained nitrite, respectively. The figure indicates a good agreement

between the observed and predicted values.

4 Conclusions

In the present study, the effects of five main parameters including initial pH, initial

nitrate concentration, applied current, number of electrodes and reaction time on

nitrate removal efficiency by ECF, as a response, were investigated using RSM.

Also, due to the formation of by-products like nitrite during treatment process,

remained nitrite was also considered as a second response. According to the

ANOVA results, the model indicated high R-squared value of 98% and 99% for

nitrate removal efficiency and remained nitrite, respectively. The predicted R-
squared of 89% is in reasonable agreement with the adjusted R-squared of 96%

for removal efficiency of nitrate. Similarly, predicted R-squared of 96% is in

reasonable agreement with adjusted R-squared of 82% for remained nitrite. There-

fore the applied model showed an acceptable accuracy. In addition, it can be

concluded that ECF is a very efficient technology for treatment of nitrate waste-

waters and RSM is a powerful tool for simulation of nitrate removal efficiency and

remained nitrite by ECF process.

Table 4.5 Coefficient of determination (R2) for nitrate removal efficiency and remained nitrite

Parameter

Value

Nitrate removal efficiency Remained nitrite

R2 0.98 0.99

Adjusted-R2 0.96 0.96

Predicted-R2 0.89 0.82

Fig. 4.2 Actual versus predicted values: (a) nitrate removal efficiency and (b) remained nitrite
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Chapter 5

Decolourization Studies of a Novel Textile
Dye Degrading Bacterium

S. Menaka and S. Rana

1 Introduction

Textile dyes represent one of the most complicated pollutants because of their

complex nature and difficulty in degradation. More than 100,000 commercially

available dyes are known and the world annual production of the dyestuffs amounts

to more than 7� 105 tonnes (Robinson et al. 2001). It has been estimated that more

than 10–15% of the total dyestuff used in dye manufacturing and textile industry is

released in to the environment during their synthesis and dyeing process. Almost

2,80,000 tonnes of textile dyes are discharged every year worldwide (Mass and

Chaudhari 2005). In India, annual consumption of dyes by the textile industries is

around 6,01,225 tonnes. The release of textile dyes into the environment is of great

concern due to colourations of natural waters and also due to toxicity, mutagenicity

and carcinogenicity. Various physical and chemical treatment methods are avail-

able for colour removal but use more energy and chemicals than biological pro-

cesses. Moreover, they also concentrate the pollution into solid or liquid

sidestreams requiring additional treatment or removal. Therefore, biological treat-

ment is often the most economical alternatives when compared with other physical

and chemical processes (Solis et al. 2012). However, it is considered that due to the

recalcitrant nature of the textile dyes, the textile wastewaters impart toxicity to the

microorganisms making aerobic treatment difficult. On the other hand, treatment

under anaerobic conditions (by using anaerobic bacteria like Bacteroids sp., Eubac-
terium sp., Clostridium sp. etc.) produces aromatic amines which are toxic to the

environment (Archna et al. 2012).
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Over the past decade, many organisms capable of dye decolourization at lab

scale have been reported, but there are few reports available on their exploitation in

treatment processes. Efforts to isolate bacterial culture capable of degrading azo

dyes started in the 1970s with reports of a Bacillus subtilis. Bacterial isolates from
soil and sludge sample belonging to Bacillus sp., Alcaligenes sp. and Aeromonas sp.
were commonly found to have high dye decolourization ability. Other reports

suggested that Pseudomonas sp. Escherichia coli and sulphate-reducing bacteria

are efficient dye decolourizers. Many fungi and yeasts are also reported to be

effective dye decolourizers (Banat et al. 1996). Discharge of effluents into water

bodies without treatment is very common in many places. The effectiveness of

these treatment systems depends upon the survival and adaptability of microorgan-

isms during the treatment processes. Moreover, the effluents contain a diversity of

dyes with different concentrations and compositions.

There is a need to discover microorganisms that are able to degrade efficiently a

great number of pollutants at a very low operational cost. Therefore there is a need

to find effective dye decolourizing microorganisms with ability to decolourize

different types of dyes at a fast rate and under different environmental conditions.

Among the synthetic dyes released by the textile industry effluents, azo dye is the

most detrimental class as it is highly persistent in the aquatic environment. In the

present study, therefore, decolourization of azo dyes has been studied by taking

methyl orange as the supplement in the media. The main objectives undertaken for

the present study were isolation and screening of dye decolorizing bacteria from

textile industry effluents, morphological and biochemical characterization of the

best dye decolourizing bacteria, analysis of dye decolourization under different

culture conditions and evaluation of the potential to degrade a broad spectrum of

reactive synthetic dyes.

2 Materials and Methods

2.1 Source of Sample

Effluent samples in liquid and solid state were collected from the vicinity of textile

dying industries located in district Solan, Himachal Pradesh, India. Soil sample was

also collected from the surrounding of a dyeing shop situated in Fatehgarh Sahib

Road, Punjab, India. Both liquid as well as solid samples were stored under

refrigerated condition at 4 �C until use.
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2.2 Isolation of Dye-Decolourizing Bacteria

All samples were used for isolation of dye decolourizing bacterial cultures by

enrichment culture techniques using mineral salt medium (MSM) supplemented

with glucose (0.2 w/v) and yeast extract (0.2% w/v) containing anazo dye, methyl

orange, with the final dye concentration of 100 mg/L. The enrichment was carried

out in three different 200 ml MSM medium in 500 ml Erlenmeyer flask by adding

10 ml industrial effluent, 10 ml of industrial soil suspension and soil suspension

from dye shop (1 g soil in 10 ml water) respectively. The culture flasks were

incubated in an orbital shaker with 120 rpm, at 30 �C. One ml of the enriched

culture was transferred to fresh medium. Such serial transfers were performed till

7 days. At the end of incubation, 1 ml of sample was serially diluted from each flask

and plated on the agar medium with same concentrations of ingredients. The pure

cultures of individual bacterial strains were maintained by streaking onto nutrient

agar slants and stored at 4 �C, as well as in 40% glycerol stored at �20 �C.

2.3 Screening of Dye Decolourizing Bacteria
and Decolourization Activity

MSM supplemented with dye was inoculated with 1% of the respective inocula and

incubated at 30 �C for 48 h. After 48 h, the medium was centrifuged at 8000 rpm for

15 min. Then decolourization was determined with the help of spectrophotometer at

597 nm by using methyl orange dye as standard. Uninoculated media served as

blank.

The percent decolourization of dye containing medium was determined by using

the formula:

D ¼ A0 � A1Þ=A0½ � � 100

where D is decolourization in %, A0, initial absorbance and A1 is final absorbance.

2.4 Optimization of Different Parameters for Maximum
Decolourization

Various parameters were optimized to achieve the highest decolourization rate of

the dye. They were with respect to the effect of (a) Incubation period (24–168 h),

(b) pH (4–9), (c) Temperature (20–50 �C), (d) Nutrients—Carbon (sucrose, glucose

and mannitol) and Nitrogen source (ammonium sulphate, beef extract, peptone),

(e) inoculum percentage, and (f) dye concentration. Sucrose, mannitol and glucose

were used at 10 gL�1 with methyl orange at 100 mgL�1 concentration. Ammonium
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sulphate, beef extract and peptone were used at 2.5 gL�1 and methyl orange was

added as 100 mgL�1. Inoculum percentage was checked in the range 2–10% (v/v).

Effect of dye concentration on decolourization was studied by supplementing MSM

with methyl orange dye at different concentrations ranging from 50 to 250 mg L�1.

MSM without culture was served as control. All the flasks were incubated at 30 �C
under shaking conditions (150 rpm) for 6 days.

2.5 Decolourization Analysis with Optimized Condition

Experiment was set up to study the best decolourization for the methyl orange dye

with all optimum parameters obtained during standardization i.e., pH, temperature,

carbon and Nitrogen source, dye concentration and inoculum percentage.

Decolourization activity was checked thereafter.

2.6 Decolourization of Different Dyes

To study the decolourization pattern of different dyes, Acid Red 88, Safranin,

Bromophenol Blue, Mordant Red 3 and Congo red were used. Flasks were incu-

bated at 30 �C for 3 days. Decolourization of different dyes was thereafter checked.

3 Results and Discussion

3.1 Isolation and Screening of Dye Decolourizing Bacteria

Samples were collected from the disposal site of effluent of textile dyeing industries

since the chances of getting microbes having the ability to decolourize dyes are very

high. There were 11 isolates which grew on the MSMwith methyl orange dye as the

sole carbon source. These isolates were purified by streaking on fresh nutrient agar

plates and then preserved for further study on nutrient agar slants.

3.2 Dye Decolourization Activity

The decolourization activity was checked for all the 11 isolates by growing on

MSM for 120 h. The percentage decolourization of one particular isolate designated

as SM1 was the highest (67.8%). Therefore, it was chosen for further study. Using

Bergey’s Manual of Systematic Bacteriology, the isolate was identified as
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Staphylococcus sp. Previous studies have shown that strains of Staphylococcus sp.,
isolated from soil in a textile-effluent treatment plant, were able to decolourize the

sulphonate azodye Congo Red (Park et al. 2005). Chen et al. (2005) isolated the

gene encoding NADPH-flavinazoreductase (Azo1) from the human skin bacterium

Staphylococcus aureus ATCC 25923, which confirmed that the enzyme responsible

for dye decolourization could be an inducible flavoprotein using both NADH and

NADPH as electron donors, as previously reported for other bacterial strains

(Moutaouakkil et al. 2003).

3.3 Optimization for Maximum Decolourization

The operation conditions greatly influence the efficiency of decolourization. Max-

imum decolourization was obtained at a dye concentration of 100 mgL�1. The

activity decreased with increase in concentration of the dye. This might be due to

the toxicity of dye to bacterial cells. Reports on similar studies show that an enzyme

laccase isolated from a fungus Tramatestrogii had optimum dye concentration of

60 mgL�1 when methyl orange was used (Daassi et al. 2013). While in another

report of decolourization of methyl orange, it was shown that at a dye concentration

range of 50–100 mgL�1, maximum decolourization was obtained by a Pseudomo-
nas sp. strain (Shah et al. 2013). Among the C-sources chosen for study, glucose

was found to show highest decolourization activity (upto 94% at 120 h) for SM1.

On the other hand, among the N-sources chosen for study, peptone was found to

show highest decolourization activity (upto 90% at 120 h). The type of C-source

and N-source which enhances the decolourization effect depends on the microor-

ganism under study (Ponraj et al. 2011). It was observed that by varying the pH of

the medium, no significant difference in decolourization activity was observed

between pH 6 and 9, but pH 9 showed slightly more favourable. The effect of

temperature on decolourization activity showed that SM1 gave highest

decolourization activity upto 75% at 28 �C. It was also observed that the isolate

was able to decolourize upto 48% at 50 �C. Thus, the isolate has the potential to

decolourize dyes at high pH and temperatures. While studying the effect of inoc-

ulum percentage on dye decolourization, it was seen that with 10% bacterial

inoculum, the decolourization activity was highest (upto 90%).

The optimized conditions were pH 9, temperature 28 �C, glucose as carbon

source, peptone as nitrogen source and with 10% inoculum percentage. Under the

optimized conditions, decolourization increased upto 95% in 72 h as compared to

50.5% in 72 h before optimization.
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3.4 Decolourization Activity with Different Dyes

Among the different types of dyes based on chemical structure, azo dyes are the

most commonly used dyes in the textile industries (Ayed et al. 2011). Therefore, in

the present study, isolates were tested for decolourization of azo dyes mainly. But

out of different dyes used, SM1 isolate was found to degrade Bromophenol blue dye

with high efficiency (greater than 80%) followed by Acid Red 88, Safranin,

Mordant Red 3 and Congo red. This result shows that the isolate has the potential

to decolourize varied types of dyes and can be studied for its applications in

treatment of textile wastewaters.

4 Conclusions

The present study highlights the biological decolourization of azo dyes by a

bacterial isolate which is identified as Staphylococcus sp. obtained from effluent

samples of textile industries. The isolate designated as SM1 was found to be an

efficient dye decolourizer. It was able to decolourize efficiently at 10% (w/v)

concentration of certain dyes which are of the sulphonated azo dye type. Optimi-

zation studies for enhancement of dye decolourization showed that upto 95%

decolourization was obtained at 72 h compared to 50.5% before optimization.

SM1 isolate was able to decolourize methyl orange even at temperature as high

as 50 �C and at pH 9.

Overall, in the present study, the effluent bacterium had high potential to be used

as one of a biodegrading agent because it was able to flourish even at 10%

concentration of the dyes used. Moreover, the decolourization efficiency after

24 h is more than 40% which shows that it can decolourize at a very fast rate.
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Chapter 6

Preliminary Study of Rapid Enhanced
Effective Micro-organisms (REEM) in Oil
and Grease Trap from Canteen Wastewater

T. Kornboonraksa

1 Introduction

Characteristics of canteen wastewater and other commercial food service facilities

differ significantly from residential wastewater. Due to its high amount of organic

matter, oil and grease and suspended solids, it causes higher biochemical oxygen

demand (BOD). Oil and grease present in a form of low-biodegradable and fre-

quently cause problems for both on site sewage disposal systems and public sewer

systems. The water in contact with the free oil and grease (FOG) had high levels of

oil approximately 800 mg/L and this may indicate the poor FOG management

practices (Williams et al. 2012). Oil and grease in wastewater can exist in several

forms: free, dispersed or emulsified. The differences are based primarily on size. In

an oil-water mixture, free oil is characterized with droplet sizes greater than 150 μm
in size while dispersed oil has a size range of 20–150 μm and emulsified oil has

droplets typically less than 20 μm (Hu 2002). The majority of oil in canteen

wastewater is free oil which can be removed by an overflow weir grease trap

(Pollution Prevention Regional Information Center 2014). A grease trap is a

chamber designed for wastewater pass through and allow any free or mechanically

emulsified oil to float to the surface. Then clear wastewater can be treated in the

next wastewater treatment unit. Although grease trap tanks are supposed to prevent

oil and grease to enter the sanitary sewer line, high grease loads, emulsified grease,

and surge wastewater loadings often cause oil and grease bypass the grease trap

tanks. Some researchers found that grease trap tanks showed the removal efficiency

between 43 and 80% (Wong et al. 2007; Wongthanate et al. 2014).

From the design criteria, hydraulic retention time (HRT) of grease trap should be

approximately 30 min (Karia and Christian 2006). To enhance the removal
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efficiency of oil-water separator, effective micro-organisms could be the alternative

option. Effective micro-organisms is a liquid culture of specific facultative anaer-

obic microbes which are capable of living in air with oxygen, as well as in low

oxygen conditions. The development of effective micro-organisms mixed cultures

for oil and grease removal were documented by several researchers (Wakelin and

Forster 1997; Jeganathan et al. 2006; Cammarota and Freire 2006). The application

of effective micro-organisms was used to hydrolyze oil and grease and could

improve the biological degradation of fatty wastewaters, accelerating the process

and reducing time. In this experiment, Rapid Effective Enhancements Micro-

organisms (REEM) was applied to the conventional oil and grease trap. REEM

contained five strains of micro-organisms (1) Pediococcus acidilactici,
(2) Pediococcuspentosaceus, (3) Baciilus amyloliquifaciens, (4) Pichia farinose
and (5) Dekkera anomala. The function of each microorganism is shown in

Table 6.1. The objectives of this study were (1) to study the efficiency of REEM

at different concentrations (5, 10 and 15 g), (2) to study the optimum HRT (2 and

4 h) and (3) to study the mechanism of REEM in batch experiment. Wastewater was

sampled and analysed in terms of oil and grease, BOD and suspended solids.

2 Materials and Methods

2.1 Wastewater Characteristics

Wastewater in this experiment was collected from sump of canteen. On an average

the wastewater samples showed following characteristics: oil and grease concen-

tration of 1000–1300 mg/L, BOD of 1300–2700 mg/L, SS of 4600–4800 mg/L and

pH 6–7.

2.2 Characteristics of Rapid Effective Enhancements
Micro-organisms (REEM)

REEM contained five selected bacterial species such as Pediococcus acidilactici,
Pediococcus pentosaceus, Baciilus amyloliquifaciens, Pichia farinose and Dekkera
anomala. These bacteria were mixed with dry culture media. The dry culture media

was composed of 77% rice bran, 7% rice flour, 10% nutrient from soybean, 3%

whey powder, 1% dolomite, 1% dextrose and 1% other nutrients. As REEM was

kept as dry cells, REEM had to be inoculated in water for 12 h before use.

Characteristics of REEM areas are shown in Table 6.2.
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2.3 Experimental Set-up

REEM at different concentration of 5, 10 and 15 g with HRT of 2 h and 4 h were

applied to oil and grease trap (O&G trap). O&G trap was developed by using plastic

container and controlling wastewater flow by static head tank. After O&G trap,

wastewater was passed through filtration tank which was packed by brick, charcoal

and gravel respectively. The experimental set-up is as shown in Fig. 6.1.

Table 6.1 Microbe functionality (Biowish Technologies Inc., 2014)

Microbe Description Function

Pediococcus
acidilactici

Produces lactic

acid and pediocins

To inhibit growth of gram negative bacteria: Vibrio
cholerae, Salmonella sp. Pseudomonas sp., E. coli,
Clamphylobacter, etc.

To inhibit growth of gram positive bacteria: Clos-
tridium botulinum, Clostridium perfringens, Staphy-
lococcus aureus and Listeria monocytogenes

Pediococcus
pentosaceus

Produces lactic

acid and pediocins

To inhibit growth of gram negative bacteria: Vibrio
cholerae, Salmonella sp. Pseudomonas sp., E. coli,
Clamphylobacter, etc.

To inhibit growth of gram positive bacteria: Clos-
tridium botulinum, Clostridium perfringens, Staphy-
lococcus aureus, Listeria monocytogenes

Baciilus
amyloliquefaciens

Produces enzymes To break organic matter into smaller molecules:

amylase, lipase, protease, peptidase and sucrase

Produces iturins To inhibit growth of fungi including: Fusarium,

Colletotrichum, Rhizoctonia, Aspergillus and

Phytophtora

Pichia farinose Creates toxins To inhibit the growth of yeasts and neutralizes a wide

range of toxins: Alfatoxins, Mycotoxins, Endotoxins,

Exotoxins, etc.

Dekkera anomala Produces enzymes To break organic matter into smaller molecules: cel-

lulase, hermicellulase, xylanase, cellobiase, amylase,

pectinase, lignase, arabinase, etc.

Ferments carbohydrate, starch and sugar into acetic

acid without alcohol

Table 6.2 Characteristic

of REEM
Characteristics Value

Temperature tolerance 0–65 �C
Salinity tolerance 0–65 ppt

pH tolerance 1.5–9.6
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2.4 REEM Batch Experiments

To study effects of REEM concentration, various amounts of REEM were used

(5, 10 and 15 g) and these were inoculated separately each in 1000 mL of tap water

to make REEM solutions of different concentrations. The solutions were kept for

12 h before mixing with canteen wastewater of 3000 mL. The wastewater then were

sampled and analysed for oil and grease, BOD and SS at every 2, 4, 6 and 8 h.

Figure 6.2 shows the prepared REEM solutions before mixing with wastewater.

3 Results and Discussion

3.1 Effects of REEM on Oil and Grease Removal

Figure 6.3 illustrates the canteen wastewater before and after filtration tank. The

removal of oil and grease at two different hydraulic retention times (HRT) of 2 h

and 4 h were as shown in Figs. 6.4 and 6.5 respectively. Wastewater without REEM

was sampled and analysed at every 2, 4, 6 and 8 h. There was no significant change

in removal efficiency for the conventional grease trap between HRT of 2 h and 4 h.

At HRT of 2 h, the removal efficiency of conventional grease trap was only

62–64% and after filtration tank was 68–70%. With the increase of HRT to 4 h,

oil and grease removal from trap was increased to 62–65% and after filtration tank

was 71–73%. After REEM was applied in the grease trap, oil and grease removal

efficiency was increased for REEM 5 and 10 g. At HRT of 2 h, REEM 5, 10 and

15 g, oil and grease removal from trap were 74%–76%, 76%–78% and 68%–71%

wheareas after filtration tank were 79%–80%, 81%–82% and 75%–78%

Fig. 6.1 Experimental set-up
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respectively. It was found that increasing HRT from 2 to 4 h caused the removal

efficiency of oil and grease to increase only when REEM were 5 and 10 g. From

trap, the removal efficiencies were 77%–82%, 80%–87% and then dropped to

72%–73% and from filtration tank were 82%–86%, 85%–89% and 78%–80%

respectively. From these results, it could be concluded that enzymes that were

produced by REEM could enhance oil and grease removal. However, the enzymes

may cause a reduction in BOD removal due to the breakbond mechanisms of

molecules from larger to smaller that promoted the micro-organism to degrade

the substance faster compared to the treatment without REEM.

3.2 Effects of REEM on BOD Removal

The removal of BOD at different hydraulic detention times (HRT) of 2 h and 4 h

were examined and are as shown in Figs. 6.6 and 6.7 respectively. Samples were

collected and analysed without REEM at every 2, 4, 6 and 8 h. It was found that

without REEM, there was no BOD removal efficiency after HRT of 2 h. With the

increase of HRT to 4 h, the BOD removal after filtration was 19–28%. However,

with REEM the BOD removal efficiency increased. At HRT of 2 h, REEM 5, 10

and 15 g, BOD removal from trap were 3%–10%, 1%–10% and 4%–7%

wheareas after filtration tank the BOD removal were 12%–17%, 6%–15% and

5%–9% respectively. It was found that after increase of HRT from 2 to 4 h, the

removal efficiency of BOD increased only when REEM concentrations were of

5 and 10 g. From trap, removal efficiency were 4%–33%, 2%–25% and then

dropped to 2%–8% and from filtration tank were 21%–40%, 13%–31% and

11%–23% respectively. This could be because REEM worked as a facultative

bacteria and they also consumed the oxygen during the 5 days of BOD incubated.

Hence, there was higher oxygen demand which resulted in lower BOD removal

efficiencies for all REEM concentrations.

Fig. 6.2 Prepared REEM

solutions
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3.3 Effect of REEM on SS Removal

Effects of REEM on SS removal are shown in Table 6.3. Wastewater was collected

from oil and grease trap and filtration tank at every 2, 4, 6 and 8 h. It was found that

with and without REEM, there were no SS removal from oil and grease trap. No SS

removal was observed in oil and grease trap, may be due to the increased amount of

micro-organism in the reactor. After filtration tank, SS removal at HRT of 2 h with

REEM of 0, 5, 10 and 15 g were 5%–8%, 5%–8%, 1%–7% and 3%–9%

respectively. When the HRT was changed to 4 h, SS removal after filtration tank

were 5%–9%, 5%–8%, 2%–8% and 3%–9% respectively.

Fig. 6.3 Canteen wastewater characteristics. (a) Raw wastewater (b) After filtration tank
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3.4 Oil and Grease Removal in Batch Experiment

The results of oil and grease removal were confirmed by batch experiments. REEM

at the same concentrations were studied. The results showed that without REEM,

oil and grease removal efficiency showed the lowest value. With the increase of

REEM to 5, 10 and 15 g, oil and grease removal efficiency increased. The highest

oil and grease removal was observed at REEM of 10 g as shown in Table 6.4.
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4 Conclusions

The experimental results demonstrated that the application of REEM in O&G trap

could enhance O&G removal efficiency compared to w/o REEM. The range of

O&G removal with REEM was in the range of 75–89% whereas the efficiency was

68–73% w/o REEM. The effect of HRT on O&G removal was studied at 2 h and

4 h with different REEM dosage. It was found that REEM 10 g with HRT 4 h

showed the highest O&G removal efficiency (85–89%). However, there was no

significant effect on BOD and SS removals in the water treated both with REEM

and w/o REEM application. The increase in REEM dosage showed the decrease in

BOD and SS removal efficiency.
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Table 6.3 Average SS removal at different REEM concentrations and HRTs

REEM

(gram)

SS removal (%) HRT¼ 2 h SS removal (%) HRT¼ 4 h

After O&G

Traps

After filtration

tank

After O&G

Traps

After filtration

tank

0 0 5–8 0 5–9

5 0 5–8 0 5–8

10 0 1–7 0 2–8

15 0 3–9 0 3–9
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5 Recommendation

For the further research study, the kinetics of REEM on oil and grease removal

should be investigated.
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Chapter 7

Step-Feed Technology in SBR to Enhance
the Treatment of Landfill Leachate

K.B.S.N. Jinadasa, T.I.P. Wimalaweera, H.M.W.A.P. Premarathne,

and S.M.A.L. Senarathne

1 Introduction

Municipal solid waste leachate is the liquid leached from a landfill. The annual

production of municipal solid wastes in Sri Lanka, is mostly disposed via landfilling

or open dumping. The generation of leachate is caused principally by precipitation,

percolating through waste deposited in a landfill. Once in contact with decomposing

solid waste, the percolating water becomes contaminated and if it then flows out of

the waste material, it is termed leachate. This leachate (if not collected and treated)

poses dangerous environmental and health risks due to its impact on surface and

ground waters. Leachate may contain large amounts of organic matter (biodegrad-

able, but also refractory to biodegradation), where humic-type constituents consist

as the important group, as well as ammonia-nitrogen, heavy metals, chlorinated

organic and inorganic salts (Renou et al. 2008). It is very costly to clean up when

they contaminate the groundwater. Figure 7.1 shows a typical municipal landfill.

With the age of the landfill, characteristics of the leachate vary. An immature

leachate has higher C/N ratio in which biological processes can be easily adopted.

But with age, the biodegradable portion decreases and with the low C/N ratio

biological processes become difficult.

The sequencing batch reactor (SBR) is operated on a sequence of fill and draw

cycles. The conventional SBR cycle contains four steps: Filling, Reacting, Settling

and Idling. SBR treats the wastewater using microorganisms’ microbial metabo-

lism. Both natural and synthetic leachate were used in this research. In the natural
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landfill leachate, the characteristics are varied in large ranges. So at the latter part of

the research, synthetic leachate was used to keep the influent quality constant. So

that performances of the system can be monitored easily. Many authors have

reported COD removals up to 75%. Also, 99% NH4
+-N removal has been observed

during the aerobic treatment of domestic leachates in a SBR with a 20–40 days

residence time. Recently, nutrient reduction from pre-treated leachate was carried

out using a lab-scale SBR by Uygur and Kargi. Sequential anaerobic–aerobic

operations resulted in COD, NH4
+-N and PO4

3�-P removal of 62%, 31% and

19%, respectively, at the end of cycle time (21 h) (Renou et al. 2008).

High concentration of organics and ammonia nitrogen is commonly feature in

industrial wastewaters such as landfill leachate, textile and fertilizer wastewater.

Biological processes for nitrogen removal is very important because discharge of

nitrogen into surface water results in oxygen depletion and algae bloom (Junga et al.

2004).

In order to achieve high nitrification and denitrification rate, the step-feed SBR

with alternating aerobic and anoxic phases in the reaction phase can enhance the N

removal (Rodrı́guez et al. 2010). Except for advantages of the typical SBR, the

step-feed SBR can make good use of influent COD as the carbon source required in

the denitrification process. This means that, by step feeding and multiple aerobic/

anoxic phases, a carbon source is required to denitrify nitrite. Nitrate which is

formed in each aerobic period is provided by the subsequent anoxic period influent.

Moreover, step-feed strategy allows nitrification to occur under a lower organic

loading in the aerobic periods, which estimates the inhibition of high organic

loading on autotrophic nitrifiers and saves aeration consumption to oxidize these

organic matters (Guo et al. 2007). To authors’ knowledge, advanced nitrogen

removal from leachate through step-feed SBR process was never reported.

Based on these concepts and analysis, the main objective of this study is not only

to study the performance of SBR system for leachate treatment, but also to study the

Ground level

Solid waste

No liner,
no leachate

Infilltrating leachate

Water table

Leachate plurne

collection system

Liquid waste

Sludges
Hazardous waste

Fig. 7.1 Typical solid waste open dumping
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feasibility of nitrogen removal from landfill leachate using step-feed mechanism in

the SBR process and to examine the applicability of pH as a real time control

strategy for the SBR process.

2 Materials and Methods

2.1 Experimental Lab-Scale Reactor

Figures 7.2 and 7.3 show the laboratory scale SBR and the cross sectional view of

the reactor respectively.

A reactor of the model was made up of a cylindrical perspex tank where the

bottom was modified to have a slope made up out of a 2 mm thick steel cone. This

was merely to support the settling of solids during the settling phase. At the tip of

the cone, a stop valve was fitted for the purpose of draining the tank and to extract

samples. An influent pipe was inserted into the tank from the top opening and an

effluent motor was submerged in the tank at the level of 6.7 l cm. Mechanical

agitator powered by an electrical motor was fixed at the top tank and air supply was

done by an aquarium air pump where the blowers are fixed at the bottom of the tank.

During this research, the step-feed mechanism is introduced to the laboratory scale

model and the necessary modifications are done such as connecting a mini pump to

add external carbon source. The cycle operation is controlled by a programmable

logic controller.

Fig. 7.2 Laboratory scale SBR model
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2.2 Leachate Composition and Seed Sludge

The seeding sludge was obtained from Temple of Tooth Relic WWTP (Kandy, Sri

Lanka). Characteristics of natural leachate which was taken from dumping yard

Gohagoda, Kandy is shown in Table 7.1. Composition of synthetic leachate was

K2HPO4, K2CO3, MgCl2.6H2O, NaHCO3, MgSO4.7H2O, CaCl2, NH4Cl, NaCl,

CH3COONa, sugar, and trace metal solution were as 4.437 mg/l, 70.73 mg/l,

31.785 mg/l, 71.436 mg/l, 16.073 mg/l, 1400 mg/l, 19.92 mg/l, 200 mg/l,

3000 mg/l and 1 ml/l respectively.

2.3 Operating Strategy of Conventional SBR Cycle

Initially the lab scale model was operated for 2 weeks using synthetic wastewater to

acclimatize the microorganisms. Then leachate was introduced to the reactor.

Initially, the conventional SBR cycle was operated. Since the main objective of

the conventional cycle was to treat the biodegradable waste portion, the total

number of phases in a cycle was utilized as four in order to make the cycle operation

simple. The fill phase was set as a static fill and react, settle and decant phases used

under aerobic condition. Timing for each phase was fixed as fill, react, settle and

decant as 1 min, 9 h, 2 h 54 min and 5 min respectively.

Agitator motor

Agitator

Air pumpMini pump

Effluent pump

Blowers

Stop valve

Fig. 7.3 Cross-sectional view of the reactor
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2.4 Operating Strategy of Step-Feed SBR Cycle

To enhance nitrogen removal, the step-feed mechanism was introduced. At the

conventional cycle, the react phase consisted of only aeration and mixing but at the

step-feed process, the react phase consisted of six phases. There were three fill

phases, which are achieved in a very short time, just like pulse filling. There are

three aerobic-anoxic combinations and at the last anoxic phase, an external carbon

source (glucose) is added to the reactor as the electron donor for denitrification

(Fig. 7.4).

Timing of these phases was determined by using pH as a real-time control

parameter. Aeration and mixing took place at the aerobic phase and only mixing

was done at the anoxic phase. External carbon source was added using mini pump.

Aeration and mixing of the reactor ceased during the settle phase and the activated

sludge was allowed to settle under quiescent conditions. During the draw phase, the

clarified supernatant was withdrawn through the submersible pump fixed at the

minimum liquid level. Both anoxic and aerobic durations were not fixed but

distributed by real-time control.

2.5 Analytical Method

NO3
�-N, NH4

+-N, TN, mixed liquor volatile suspended solids (MLVSS), BOD5,

COD and pH were measured in this study. The Nesslar method and cadmium

reduction method were used to find NH4
+-N and NO3

�-N respectively. Reactor

Digestion method was used for the COD measurement and standard method was

used for the MLVSS.

Table 7.1 Characteristics of

natural leachate
Parameter Range

BOD5 (mg/l) 370–485

COD (mg/l) 3300–5600

NH4
+-N (mg/l) 280–640

NO3
�-N (mg/l) 120–230

NO2
�-N (mg/l) 32–54

pH 6.7–8.0

Temp (�C) 25� 1
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3 Results and Discussion

3.1 Overview of System Performance

During the operation of conventional SBR cycle, accumulation of NO3
�-N was

observed but organic matter removal was in a higher level. During this period,

natural leachate was used. Then with the introduction of step-feed process, syn-

thetic leachate was used to keep the influent quality constant, so that performances

of the system can be monitored easily. After the introduction of step-feed process

during first 3 weeks, effluent NH3-N was higher than the influent NH3-N. In order to

rectify this issue, urea at the synthetic leachate was replaced by NH4Cl. The colour

of the activated sludge was more of a blackish nature during the first few weeks.

Insufficiency of air at aerobic phase was the reason for this and it was solved by

introducing a new air pump. As the study progressed NH3-N removal and total

nitrogen removal efficiency kept constant, therefore in order to increase F/M ratio

BOD5 portion of the synthetic leachate was increased. But this increase has not

affected the nitrogen removal efficiency and it was kept constant further.

3.2 Performance of Conventional SBR Cycle

With the conventional cycle, BOD5 removal was around 80% and NH3-N removal

efficiency was around 70%. While 80% of COD removal was achieved. Influent

and effluent BOD5 quality is shown in Fig. 7.5.

NH3-N also shows improvement with the conventional SBR cycle. Figure 7.6

shows the variation of NH3-N with the time.

But there was an accumulation of NO3
�-N inside the reactor. Figure 7.7 shows

the accumulation of NO3
�-N in the reactor.

Fill Fill

Aerobic

2hr 10 min 1hr 20 min 1hr 30 min 1hr 10 min 2hr 55 min1hr 10 min1hr 30 min

Aerobic Aerobic SettleAnoxic Anoxic Anoxic

Fill DrawAdd External
Carbon Source

Fig. 7.4 Operational strategy in step-feed
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3.3 Evaluation of Conventional SBR Cycle

In this research, the SBR shows a significant role on removing BOD, COD and

ammonia. However, the nitrite nitrogen (NO2
�-N) and the nitrate nitrogen (NO3

�-
N) showed some accumulation process (Fig. 7.8). This may be due to lack of

denitrification process. Thus the nitrate concentration was higher compared with

the influent concentration.

After the nitrification, nitrate converts to nitrogen gas in the denitrification

process under the anaerobic condition. The denitrification is the reduction of

oxidized nitrogen compounds. The final product of complete denitrification process

is nitrogen gas (N2). Denitrification runs stepwise, from the most oxidized to the

most reduced compound:
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NO3
� ! NO2

� ! NO ! N2O ! N2

The resulting reduction of denitrification:

2NO3
� þ Hþ þ Organic matter ! N2 þ HCO3

�

Since there is no anoxic phase in the reaction phase, the formed nitrates and

nitrites remain as nitrates and nitrites in the system.

3.4 Performance of Modified SBR Cycle (Step-Feed Process)

The step-feed process was introduced to rectify this situation. The step-feed process

has an anoxic phase and denitrification was achieved in that period.

pH was used to determine the durations of each phase. A decrease in pH at

aerobic phase was observed and it was caused by the reduction of alkalinity and the

acid production during nitrification. After completion of nitrification, the pH started

to increase. The pH value continuously increased with denitrification and started to

decrease after the completion of denitrification. Such variation has been observed

by many authors (Changyong et al. 2007). pH variation within the cycle is shown in

Fig. 7.8.

After the introduction of step-feed process, the total nitrogen amount shows a

treatment, which means NO3
�-N accumulation was rectified with the step-feed

process. Figure 7.9 shows the behaviour of total nitrogen within the study time.

The variation of parameters within the reaction period is also monitored. These

results help to have an idea about the process taking place in each phase.
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Due to the intermittent filling stages, BOD5 is instantly increased before anoxic

1 and anoxic 2. The removal of BOD5 occurs mostly at the aerobic phases.

Figure 7.10 shows the BOD5 variation within the react period.

NO3
�-N variation within the cycle is shown in Fig. 7.11. Figure 7.11 clearly

shows that denitrification occurs at the anoxic phase. The lowest concentrations of

NO3
�-N can be observed at the end of the anoxic phases.

3.5 Evaluation of Modified SBR Cycle

As shown in Fig. 7.11, with the step-feed process, the NO3
�-N accumulation was

rectified. Average treatment efficiencies for step-feed process are shown in

Table 7.2.

4 Conclusions

SBR is a promising technology all over the world to treat landfill leachate. Gener-

ally leachate has higher nitrogen concentration; therefore nitrogen removal is vital

in leachate treatment. The SBR system is ideally suited to nitrification–denitrifica-

tion processes since it provides an operation regime compatible with concurrent

organic carbon oxidation and nitrification (Renou et al. 2008). The step-feed SBR

with multiple aerobic/anoxic phases was put forward in the study. The durations of

aerobic and anoxic could be distributed by real-time control using pH as nitrifica-

tion and denitrification control parameters. The conventional SBR cycle has some

issues with the NO3
�-N removal when treating ammonia-rich wastewater like

leachate. As a solution for this issue, the step-feed process with multiple aerobic/

anoxic phases was put forward.

It was observed that organic matter removal efficiency was above 80%. Effluent

BOD5 was below 30 mg/l, which satisfy the standard to discharge into the inland

surface water bodies; so it shows the validity of the modified SBR process in

organic matter removal.
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Table 7.2 Average treatment efficiencies for the step-feed process

Parameter Influent (mg/l) Effluent (mg/l) Efficiency %

BOD5 187 15 92

COD 2560 600 75

TN 191 134 30

NH4
+ 172 127 26

NO3
� 11 5 55
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But our system has not yet provided definite evidence on the satisfactory

nitrogen removal. Possible reasons for this behaviour could be under high ammonia

loading conditions. Ammonia oxidizing bacteria (AOB) suffered from a shortage of

O2 because the aeration phase was not long enough. AOB were thereby gradually

limited at the system. Also microorganisms would be inhibited due to the low F/M

ratio of the leachate. AOB are notorious for their slow growth and low maximum

growth yield, making their isolation and maintenance in pure culture difficult and

time-consuming.

While maintaining the cycle time as 12 h, we were able to maintain organic,

hydrological and nitrogen loading rates such as 1.2 kg COD/m3/d, 0.3 m/d and

58.1 g/m2/d respectively, while other usual leachate treatment options have rela-

tively low hydraulic and pollutant loading rates.

In future, we would like to operate the system with increased hydraulic retention

time. By increasing the length of aerobic phases, more time can be given to

ammonification, which will convert more ammoniacal nitrogen into nitrate or

nitrite.

Also rather than having all reactions in one reactor, two reactors can be

maintained with one as an anaerobic reactor and the other as an aerobic reactor.

Simultaneous growth of nitrifiers and heterotrophic microorganisms in a single

reactor leads to low nitrification rates due to overwhelming action of heterotrophic

microorganisms.
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Chapter 8

Response Surface Optimization of Phosphate
Removal from Aqueous Solution Using
a Natural Adsorbent

Prangya Ranjan Rout, Puspendu Bhunia, and Rajesh Roshan Dash

1 Introduction

Phosphorous exists in the form of orthophosphate, polyphosphates, pyrophosphate,

organic phosphate esters and organic phosphonates, and all these forms could be

hydrolyzed to orthophosphate (Majed et al. 2012). Orthophosphate could be uti-

lized by microorganisms, plants and animals for their growth and development.

Hence, considered as a vital nutrient in most of the ecosystems and due to its low

concentration occurrence in the environment, it usually serves as the limiting

nutrient (Huang et al. 2013). Sustained inputs of phosphate (more than 1 mg L�1)

to aquatic environments lead to increased rates of eutrophication affecting the

quality of domestic, industrial, agricultural and recreational water resources. Then

again, phosphorous is an important element, extensively contributing towards many

biological, agricultural, industrial, environmental, medical and household applica-

tions. Therefore, the excess discharge of phosphates to aquatic environments is

taking place through various anthropogenic activities such as the use of fertilizers,

pigments, detergents and electronic industry discharge, domestic wastewater dis-

charge, mineral processing, rural and urban sewage disposal etc. (Wang

et al. 2013). Excepting eutrophication, the increasing loads of phosphates in

water bodies stimulate the activity of a damaging microbe known as Pfisteria,
speed up the production of microsystin, a toxin that poisons aquatic animals and can

cause hepatocellular carcinoma in humans, and result in depletion of desirable flora

and fauna (Yuan et al. 2006; Rout et al. 2015a). In order to prevent these problems

phosphorous removal from wastewater is highly desirable before discharging. The

World Health Organization (WHO) recommended a maximum discharge limit of

phosphorous as 0.5–1.0 mg L�1 (Galalgorchev 1992). Therefore, in the current
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scenario, more and more stringent regulatory limits of phosphate discharge have

been set by many nations and regions worldwide.

In recent past, a lot of advanced treatment methods such as physical processes,

chemical precipitation, biological treatment and adsorption-based processes, etc.

have been practised for phosphate abatement, since phosphate is usually difficult to

remove by conventional wastewater treatment plants. Out of these various pro-

cesses, adsorption with the advantage of high removal efficiency, operation sim-

plicity, invulnerability to coexisting pollutants, economical and less sludge

production has attracted immense interest (Zong et al. 2013). The efficiency of

the adsorption process depends upon the adsorbent materials, which should be of

low cost, easily available and exhibits high uptake capacity (Huang et al. 2013).

The most useful materials are usually found among various wastes and natural

substances (Mateus et al. 2012).

A number of natural materials like various soils, laterite, andesite, granite, etc.

and waste materials like refuse concrete, waste paper, mussel shell, limestone

waste, used bricks, dolochar, RS, Ground Burnt Patties (GBP), etc. have been

reported as efficient adsorbents to reduce phosphorous concentrations in the efflu-

ents (Rout et al. 2014a, b, 2015b, c). In the present study the phosphate adsorption

potential and behavior of RS, a natural substance has been examined in batch mode

of experimentation. RS is the highest coverage of all soil groups of the state Odisha

(India). Presence of excess amounts of oxides of iron imparts red colour to the soil.

The soils are strongly to moderately acidic with low to medium organic matters and

poor water retention capacity. The soils are deficient in nutrients, have low cation

exchange capacity, high phosphate and sulphur adsorption property. All these

characteristic features contribute to the possibility of RS to be used as a phosphate

adsorbent.

With the help of conventional experimental methodologies, which are based on

one-variable-at-a-time (OVAT), prediction of the effects of multiple parameters

and their interaction is difficult. Moreover, by considering more experimental

parameters for a particular experiment, more number of runs will have to be

performed, which is cumbersome and time consuming. On the other hand,

Response Surface Methodology (RSM) has been attested to be a handy tool for

fulfilling the purpose of studying the effects of multiple parameters simultaneously,

while performing a reduced number of experiments (Box and Draper 1987).

Therefore RSM has been applied in this study to optimize experimental parameters

and to develop statistical models of phosphate adsorption by RS in batch mode of

operation.

2 Materials and Methods

2.1 Adsorbent

The adsorbent (RS) was collected from the Balibagada village area in Ganjam

district. The adsorbent was washed several times with distilled water to remove
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surface adhered particles, soluble materials and to remove the red colour of iron,

and dried in hot-air oven at 100 �C for overnight. Then it was crushed, passed

through 48-mesh sieve and particles less than 0.3 mm size were used in the

adsorption study.

2.2 Adsorbate

Chemicals of analytical grade used in the present experimental studies, were

procured from Himedia Laboratories, Mumbai, India. Phosphate stock solutions

of 1000 mg L�1 were prepared synthetically by dissolving calculated amount of

anhydrous potassium dihydrogen phosphate (KH2PO4) in distilled water. The stock

solution was further diluted to get the desired concentrations of experimental

working solution. This synthetic phosphate solution was used for optimizing

different adsorption parameters in both batch and column studies. The pH of the

phosphate solution was adjusted to desired value by addition of 0.1 M HCl

and NaOH.

2.3 Analytical Methods

Phosphate concentration in aqueous solutions was determined by the vanado

molybdo phosphoric acid method. 1 mL of vanadate-molybdate reagent, 0.5 mL

of distilled water and 3.5 mL of filtered sample were mixed and the solution was

analyzed after 10 min with a UV/VIS spectrophotometer (Perkin Elmer Lambd-25)

at the detection wavelength of 470 nm. Elemental distribution of RS before and

after adsorption was monitored using Field Emission Scanning Electron Micro-

scope (FESEM, ZEISS SUPRA 55), equipped with EDS at an accelerating voltage

of 15 kV by sprinkling adsorbents onto the carbon tape mounted on the SEM stub.

To determine pHzpc, 1 g of RS was added to a series of Elnermayer flasks

containing 100 mL of 0.01 M NaCl solution of variably adjusted pH (2.5–12),

agitated for 48 h and then final pH was measured. The pHzpc was obtained as the

point of intersection (pH¼ 0) of the resulting curve as obtained by plotting change

in pH (ΔpH) against the initial pH (pHi). The specific surface area of RS was

determined by the BET nitrogen gas adsorption-desorption method using a specific

surface area analyzer, QUADRASORB SI, USA. Design Expert version 7.0.3, Stat

Ease, USA was used for the application of RSM to fit and analyze experimental data

to various models. Statistical validation of the models was done by analysis of

variance (ANOVA). BET analysis was done by Quadra Win software.
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2.4 Adsorption Experiments

The batch study was performed for the optimization of process parameters (adsor-

bent dose, contact time, initial phosphate concentration and pH) involved in the

adsorption process as per central composite design (CCD) using RSM. 100 mL of

the phosphate solutions of varying concentrations (1.25–26.25 mg L�1) and vari-

ably adjusted pH (5–12.5) were taken in 250 mL Erlenmeyer flasks, a known

quantity of adsorbents (5–105 g L�1) were added to each flask and agitated for a

variable period of time (7.5–157.5 min) at 150 rpm in an orbital shaker at room

temperature. After the completion of adsorption process a pre-determined settling

period of 1 h was allowed and filtration of supernatant was done using 0.45 μm filter

paper, prior to phosphate analysis. The percentage removal efficiency of phosphate

was determined using Eq. (8.1):

Removalefficiency %ð Þ ¼ C0 � Ceð Þ
C0

� 100 ð8:1Þ

where C0 and Ce are the initial and equilibrium phosphate concentrations (mg L�1),

2.5 RSM-Based Experimental Design, Modelling
and Statistical Analysis

With the purpose of finding the optimum experimental conditions for the maximum

phosphate adsorption in batch mode, the experiments were designed by CCD of

RSM. The effects of the process parameters such as contact time (A¼ 7.5–157.5

min) (0.5–6.5 g L�1), adsorbent dose (B¼ 5–105 g L�1), initial phosphate concen-

tration (C¼ 1.25–26.25 mg L�1) and pH (D¼ 5–12.5) were investigated at five

levels i.e. �α (axial points), �1 (factorial points), and 0 (centre point) and three

replications of the central point is presented in Table 8.2. Quadratic model was

developed based on the CCD experiments correlating all the variables as per the

following equation (Rout et al. 2015b):

R ¼ bþ
Xn

i¼1
cixi þ

Xn

i¼1
ciix

2
i þ

Xn�1

i¼1
cijxixj ð8:2Þ

where R is the predicted response, b is the intercept coefficient, ci is the linear

coefficient, cii is the quadratic coefficient, cij is the interaction coefficient and xi and
xj are the coded values of the variables. Statistical validation of the RSM developed

models were done by ANOVA by solving the regression equation and by analyzing

the individual and combined effects of the variables through contour response

surface plots.
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2.6 Equilibrium Kinetics and Isotherms Studies

The experimentally obtained batch adsorption data were fitted to the pseudo-first

order and pseudo-second order in order to find out the best fit model. Similarly

Langmuir and Freundlich isotherm models were applied to adsorption equilibrium

data to figure out best fit isotherm model.

3 Results and Discussion

3.1 Characterization of Adsorbent and Adsorption Process

The chemical composition of the RS was analyzed by highly sophisticated exper-

imental techniques such as Proton Induced X-ray Emission (PIXE) and Proton

Induced γ-ray Emission (PIGE) and the major constituents are given in Table 8.1.

Despite being the major component of RS, the silicon oxide has a very insignificant

role in phosphate removal. Conversely, the presence of magnesium and calcium ion

facilitates phosphate removal via precipitation whereas iron and aluminium oxides

by ligand exchange forming inner-sphere complexes. The elemental composition of

RS before and after phosphate adsorption was analyzed by EDS. EDS in fact is the

easiest technique to get a direct evidence of adsorption process. Figure 8.1a displays

the EDS spectra of the entire electron image of the RS sample. The presence of Fe,

Al, Si, Ca, Mg, C, O, K etc. as primary elements were observed from the figure.

Both elemental composition (by EDS) and chemical composition (by PIXE and

PIGE) results are in accordance with each other. The presence of phosphorous peak

in the EDS spectra of phosphate adsorbed RS (Fig. 8.1b) validates the successful

adsorption of phosphate onto RS. Thus, the adsorption of phosphate by RS was

legitimated by EDS analysis.

Table 8.1 Properties and

compositions of red soil
Properties Compositions

Particle size (mm) <0.3

pH zpc 7.51

BET Surface area (m2g�1) 25.55

SiO2 (%) 52.45–54.3

Fe2O3 (%) 24.21–24.73

Al2O3 (%) 21.38–22.17

MgO (%) 4.85–5.01

Na2O (%) 0.46–0.49

CaO (%) 0.31–0.34
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3.2 RSM Model Fitting and ANOVA Analysis

The individual and interactive effects of different process variables on phosphate

were explored by performing CCD based experimental design. Total number of

27 five-level experiments were performed and the results are shown in Table 8.2.

The results signify a wide range of percentage phosphate removal (56–99%) for the

predicted response, suggesting that the selected response is strongly related to the

selected variables in this study. The CCD of RSM generated quadratic models for

the response. The empirical relationships of phosphate removal with the four vari-

ables in coded values are given in Eq. (8.3).

Percentage phosphate removal ¼ þ96þ 6:07Aþ 8:31B� 2:44C� 0:88D
þ 0:38ABþ 0:51AC� 0:16ADþ 1:78BC
� 0:81BD� 0:068CD� 5:41A2� 5:74B2

� 0:24C2 � 2:99D2

ð8:3Þ

where A, B, C and D are the coded terms for the independent variables of the

designated response as mentioned in Sect. 2.5. The positive and negative signs

indicate synergistic and antagonistic effects, respectively. The predicted values of

percentage phosphate removal were calculated using Eq. (8.3) and are listed in

Table 8.2. The predicted results are found to be in good agreement with experi-

mental results as per Fig. 8.2.

The validation of the response surface quadratic model for phosphate removal

was done by ANOVA and the findings are listed in Table 8.3. Generally, signifi-

cance of regression models is justified by the larger F-values (Fischer’s F statistics),

very small p-values (probability), non-significant lack of fit and high values of R2

(correlation coefficient), adjusted R2 and predicted R2 (Rout et al. 2015b; Box and

Draper 1987). Table 8.3 illustrates that the CCD based RSM quadratic model for

phosphate removal was statistically significant with high F-value 69.25, very low p-
value <0.0001, non-significant lack of fit 48.93, R2 0.98, adjusted R2 0.97 and

0
keVFull Scale 7258 cts Cursor: 0.000

2 4 6 8 10 12 14 16 18
0

a b

keV
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2 4 6 8 10 12 14 16 18

Fig. 8.1 EDS images of RS (a) before adsorption, (b) after adsorption
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predicted R2 0.99. Moreover, Fig. 8.2 exhibits an excellent agreement between the

actual and predicted values of phosphate removal. Thus, the statistical validity of

the model was confirmed by the reasonable evidences.

3.3 Interaction of Variables and the Effect on Response

The interactions among the variables and their combined effects by taking two

variables at a time and keeping the third one constant, on phosphate removal were

evaluated with the help of contour plots as shown in Fig. 8.3a–f. All the figures

clearly portray that increasing adsorbent dose and contact time increases phosphate

removal efficiency whereas, decreasing initial phosphate concentration increases

removal of phosphate (Rout et al. 2015c). The pH shows no significant effect on the

Table 8.2 Experimental design matrix generated by CCD for phosphate removal in batch mode

Standard order Run order

Actual variables Removal efficiency

A B C D Actual Predicted

1 19 82.5 5 13.75 7.50 56 56.42

2 24 82.5 55 13.75 12.5 81 82.29

3 15 45 80 20.00 10 82 80.12

4 8 120 80 20.00 5 96 98.76

5 16 120 80 20.00 10 93 93.72

6 13 45 30 20.00 10 61 62.31

7 2 120 30 7.50 5 81.5 82.26

8 25 82.5 55 13.75 7.5 96 96.00

9 21 82.5 55 1.25 7.5 99 99.92

10 11 45 80 7.50 10 83 83.81

11 7 45 80 20.00 5 85 84.54

12 5 45 30 20.00 5 64 63.51

13 3 45 80 7.50 5 86 85.51

14 12 120 80 7.50 10 96 95.38

15 18 157.5 55 13.75 7.5 88.75 86.51

16 22 82.5 55 26.25 7.5 91 90.17

17 26 82.5 55 13.75 7.5 96 96.75

18 14 120 30 20.00 10 75 74.38

19 17 7.5 55 13.75 7.5 59.9 62.24

20 20 82.5 105 13.75 7.5 90 89.67

21 6 120 30 20.00 5 76 76.20

22 4 120 80 7.50 5 98 97.70

23 27 82.5 55 13.75 7.5 96 95.81

24 1 45 30 7.50 5 71.3 71.59

25 23 82.5 55 13.75 2.5 87 85.81

26 10 120 30 7.50 10 81.7 83.17

27 9 45 30 7.50 10 77 73.12
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response. From Fig. 8.3a, it is observed that phosphate removal increases by

increasing both adsorbent dose and contact time. More adsorbent dose provides

more adsorption functional sites and more contact time helps in making more

interaction among the adsorbate and adsorbent molecules. Therefore, their com-

bined effect is influential in the model. The combined effect of contact time and

initial phosphate concentration as shown in Fig. 8.3b, suggests neutralize effect. At

higher initial phosphate concentration the adsorption saturation reached quickly

resulting in lesser phosphate removal (Rout et al. 2014a), but higher contact time

results in higher removal.

Figure 8.3c clearly demonstrates that the removal efficiency is solely governed

by contact time. The pH value up to 7.5 results in higher removal whereas beyond

7.5 results in lower removal efficiency. The observed effect can be explained on the

Fig. 8.2 Correlation of

actual vs. predicted

phosphorous removal

efficiency

Table 8.3 ANOVA for response surface quadratic model of percentage phosphate removal

Source Sum of
squares

df Mean
square

F value p-value
Prob>F

Model 3953.17 14 282.3 69.25 <0.0001 Significant

Residual 48.93 12 4.08

Lack of fit 48.93 10 4.89

Pure error 0.000 2 0.000

Cor total

Model

4002.1 26

Model Summary Statistics

Source Std. dev. R2 Adjusted R
2

Predicted
R2

PRESS

Linear 7.69 0.6753 0.6163 0.549 1805.05 Suggested

2FI 8.75 0.6942 0.5031 0.5047 1982.35 Aliased

Quadratic 2.02 0.9878 0.9735 0.9296 281.82

Cubic 1.07 0.9989 0.9926 0.8364 654.57
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Fig. 8.3 Contour response surface plots for phosphate removal (%): (a) Effect of adsorbent dose
and contact time. (b) Effect of adsorbate concentration and contact time. (c) Effect of pH and

contact time. (d) Effect of adsorbate concentration and adsorbent dose. (e) Effect of pH and

adsorbent dose. (f) Effect of pH and adsorbate concentration
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basis that at pH less than pHzpc (7.51) of the adsorbent, the surface charge of the

adsorbent is positive, so Columbic attraction between the binding sites and phos-

phate ions leads to a higher phosphate uptake. At pH higher than pHzpc, the negative

surface charge of the adsorbents repels the phosphate anions and resulting in lower

removal efficiency (Rout et al. 2014a). In Fig. 8.3d the effect of both the parameters

thwarts each other. Increasing adsorbent dose has positive effect while decreasing

initial adsorbate concentration shows positive effect. So maximum removal effi-

ciency was realized at 55 gL�1 of adsorbent dose and 13.75 mgL�1 initial phos-

phate concentrations. Figure 8.3e clearly demonstrates the dominance of adsorbent

dose on removal efficiency while pH was showing almost no effect. In case of

Fig. 8.3f, decreasing both the parameters has influential effect on removal effi-

ciency. Maximum removal efficiency of 96.63% was achieved at pH approxi-

mately 5.5 and initial phosphate concentration 7.5 mgL�1.

3.4 Process Optimization and Experimental Validation

Optimization was done by applying a multiple response method, called desirability

function (D) (Rout et al. 2015b). In point optimization of phosphate removal,

maximum removal efficiency, minimum adsorbent dose, maximum initial phos-

phate concentration, contact time in the range (45–120 min) and pH in the range

(5–10) were selected as the most desirable targeted criteria for the optimum

response. Out of 18 alternative solutions, the maximum desirability was found to

be a removal efficiency of 86.05% at an adsorbent dose of 38.42 gL�1, initial

phosphate concentration of 20 mg L�1, contact time of 104.53 min, pH 7.03 and

with a desirability level of 0.835. To check the adequacy of the suggested optimum

set of parameters, confirmatory experiments were carried out in replicates keeping

all the optimized parameters constant. The resultant removal efficiency (85.19%)

was close to the predicted value by the model, with the percentage errors of 0.86%.

The good agreement between the predicted and experimental results validated the

results of response surface optimization and its usefulness in predicting the

responses at optimal operating conditions.

3.5 Equilibrium Kinetics and Isotherms Studies

The experimental data were fitted to linearized forms of Langmuir and Freundlich

isotherm models and pseudo-first order and pseudo-second order kinetic models.

The kinetic parameters along with R2 values for all the models are given in

Table 8.4. From the table, it is observed that the Langmuir isotherm showed good

fit (R2¼ 0.98) to the experimental data than that of Freundlich isotherm (R2¼ 0.96).

Thereby, confirming monolayer sorption on surfaces containing finite numbers of

identical active sites (Rout et al. 2015c). Similarly good fit pseudo-second order
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model with R2 value (0.99) than that of the pseudo-first order model (R2¼ 0.54)

explains the proportionality relationship of the rate of adsorption with the square of

the number of unoccupied sites on the adsorbent surface and the concentration of

the adsorbate in the solution (Rout et al. 2015c).

4 Conclusions

The present study has confirmed RS as an efficient adsorbent for the phosphate

removal from aqueous solution. The adsorption of phosphate was supported by the

appearance of phosphorous in EDS spectrum of spent adsorbent. Statistical model-

ling generated quadratic model phosphate removal, with high R2 value of 0.98. At

optimized conditions of the process variables as recommended by the response

surface, experimental validation resulted in 85.19% phosphate removal. Well fitted

experimental data to Langmuir isotherm model and pseudo-second order reaction

kinetic models, confirms monolayer adsorption where, both adsorbent and adsor-

bate concentration administer the phosphate adsorption process. The statistical

designing, modelling and optimization study could be able to evaluate the perfor-

mance and established RS as an effective adsorbent for removal of phosphate from

aqueous solutions. High efficiency and abundant availability make RS a prospective

low cost adsorbent for phosphate removal from wastewater.
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Chapter 9

Removal of Pharmaceuticals from Water
Using Adsorption

V. Arya and Ligy Philip

1 Background

Drinking water should be free from any kind of contamination. The source of water

can be surface water or groundwater. The conventional water treatment plant takes

care of most of the organic contaminants and pathogens. However, analysis of

water samples by various researchers showed that the water bodies are contami-

nated with more complex compounds which are toxic at very low concentrations.

Extensive research on these compounds started in mid 1990s with the use of more

sophisticated instruments (Santos et al. 2010). These compounds are known as

emerging contaminants (ECs) which are widely being studied because of their

potential to cause long-term effects to living organisms. Even at very low concen-

tration (μg/L to ng/L), these compounds have very high hazard quotient. Many

studies have reported the presence of ECs in surface water and ground water. There

is lack of knowledge of their impact in long-term effect on human health, environ-

ment and aquatic environments (Deblonde et al. 2011).

Emerging contaminants include endocrine disrupting compounds (EDCs), phar-

maceutically active compounds (PhACs) and personal care products (PCPs). ECs

can cause serious health effects to the ecosystem (Daughton and Ternes 1999). The

removal of these compounds become difficult as these are present at very low

concentrations. There is no regulation in the water quality standards for these

contaminants. Hence, there is no measure to monitor these compounds in the

effluents of wastewater treatment plants (WWTPs). Besides, complete information

about the toxicity of these compounds is also not available. These compounds are

getting into the water through municipal sewage. Major part of the ingested
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pharmaceuticals is excreted from the body, and subsequently gets discharged into

the wastewater. Most of the conventional WWTPs are incapable of removing these

contaminants (Petrovic 2003). As a result, these compounds will be present in

WWTP effluent discharged into the water bodies. Many a time, this water will be

used as the source for water supply in the cities located downstream. As a result,

human beings are getting exposed to these compounds very regularly. Many studies

have identified the presence of these compounds in WWTP effluent (Kumar

et al. 2008; Mutiyar and Mittal 2014), surface water (Selvaraj et al. 2014;

Shanmugam et al. 2014), groundwater (Sacher et al. 2001), and even in drinking

water (Benotti et al. 2009). Figure 9.1 shows various sources and pathways of ECs

in the environment.

The ECs were first identified in surface water three decades ago in USA. After

that, numerous studies were carried out in USA, Europe and some parts of Asia

which reported the presence of various ECs in surface water posing threat to human

and aquatic life. There are only a few studies reporting the concentration of

emerging contaminants in surface water in India. The most significant study was

the analysis of pharmaceuticals from the effluents of pharmaceutical industries in

Patancheru (Larsson et al. 2007), which is one of the leading production sites in

world market. Studies reported the presence of antibiotics and EDCs in WWTP

effluents and in hospital wastewater (Diwan et al. 2010; Kumar et al. 2008; Mutiyar

and Mittal 2014). Ramaswamy et al. (2011) analyzed antiepileptic, antimicrobial

and preservative compounds in surface water and sediment from the Kaveri, Vellar

and Tamiraparani rivers, and in the Pichavaram mangrove in Tamil Nadu, India.

Recent studies reported the presence of bisphenol A, alkylphenol ethoxylates and

non-steroidal anti-inflammatory drugs, namely, diclofenac, ketoprofen, naproxen,

ibuprofen, and acetylsalicylic acid in ng/L in the above locations (Selvaraj

et al. 2014; Shanmugam et al. 2014).

Landfill
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treatment

plant

Surface waterSoil

SludgeAnimal
waste

Ground water
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wastewater

Industrial
wastewater

Domestic
wastewater

Fig. 9.1 Major sources and pathways of ECs in the environment
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2 Adverse Effects of ECs

Pharmaceuticals are extremely important as emerging contaminants because con-

tinuous consumption through drinking water even at very low concentrations can

cause irreversible effect on human health. Studies have been conducted on aquatic

organisms to measure toxicity in terms of growth rate, bioaccumulation, reproduc-

tion, geno-toxicity and morphological and physiological abnormalities (Santos

et al. 2010). There have been evidences on feminization of fish and significant

changes in physiological functions due to the presence of EDCs in surface water

and wastewater effluent (Beijer et al. 2013; Larsson et al. 1999). Antibiotics are

widely studied because of their utmost importance. Continuous exposure to antibi-

otics may lead the microbes to become resistant against these medicines. There

have been evidences on the presence of antibiotic resistant bacteria in wastewater

effluents (Diwan et al. 2010; Kümmerer 2004). Studies have reported the undesired

effects of ECs, in particular EDCs, in higher organisms such as rats and alligators

(Guillette Jr. et al. 1994; Kumar et al. 2008). All these data show that even in trace

amounts, ECs can cause significant effects to the environment. There is not much

data available on the toxicity to humans due to consumption of water containing

ECs (Daughton and Ternes 1999; Stackelberg et al. 2004). However, possibility of

future generations getting affected irreversibly cannot be ignored.

The fate of the compound during treatment depends on the nature of compound

and treatment schemes adopted. Even though the compound is not identified in

effluent, it may be present in some other form as a metabolite (Daughton and Ternes

1999). Hence, it is important to understand the fate of these compounds in generally

adopted treatment schemes. The increased toxicity at very low concentrations,

bioaccumulation, antibacterial resistance and the persistence of ECs after conven-

tional WWTP necessitates the use of advanced treatment technologies or modifying

the existing treatment schemes for water treatment. Various treatment technologies

are available for the removal of emerging contaminants from water. Depending on

the technology adopted, the compounds get completely mineralized, converted to

intermediate forms, adsorbed to material used for removal or become more hydro-

philic and more persistent. Hence, suitable technology should be selected consid-

ering the objective.

3 Treatment Technologies

Even though the treatment plants are efficient in removing the pollutant load and

nutrients from wastewater, the removal of ECs is not promising. The removal of

ECs in conventional treatment is complex because of their diverse physicochemical

properties. Removal efficiencies in WWTPs range from 20 to 90% depending on

the technology adopted and the compound to be removed. A lot of studies have

been conducted to assess the ability of the conventional treatment methods to
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remove ECs. Comparison of different treatment technologies is presented in

Table 9.1. Previous studies reported that coagulation and flocculation are not

effective in removing ECs from water (Adams et al. 2002; Westerhoff

et al. 2005). However, Snyder et al. (2007) reported that compounds with log

Kow value greater than 5 can be removed by coagulation if they are present in

anionic form. Adsorption, membrane processes and advanced oxidation are

reported to remove ECs from water to some extent.

4 Clay as Adsorbent

There are many studies on the removal of pharmaceuticals using activated carbon

(Westerhoff et al. 2005; Snyder et al. 2007). However, the fate of pharmaceuticals

during adsorption depends on their partition coefficient, pH of solution and sorption

coefficient. Clay is a natural adsorbent for most of the pollutants. Use of clay as an

alternative to conventional adsorbents can reduce the cost of the treatment. Clay

minerals are hydrous aluminum or magnesium phyllosilicates containing iron,

magnesium, alkali and alkaline earth metals and other cations present either in

Table 9.1 Removal of ECs by various conventional treatment technologies

Treatment Advantages Disadvantages References

Adsorption

using acti-

vated

carbon

Efficient in removing

non-polar compounds (log

Kow> 2). It can be coupled

with ozonation and coagu-

lation to improve the

efficiency.

Polar compounds are not

removed. Presence of

DOM, solubility of com-

pounds and contact time

affect the efficiency.

Kim et al. (2007),

Snyder

et al. (2007), and

Westerhoff

et al. (2005)

Activated

sludge

process

Commonly used in WWTPs

and cheapest treatment

option. Only less number of

ECs are removed

efficiently.

Most of the compounds

present as ions at neutral pH

bypass the treatment.

Increase in SRT enhances

the removal.

Bolong

et al. (2009) and

Clara et al. (2005)

MBR Flexibility to operate at high

MLSS concentration and

increased SRT. MBR

coupled with RO shows

higher removal efficiency.

More diversity of microbes,

over effluent quality is

improved.

Removal due to biosorption

requires further sludge

treatment, high capital and

operating costs.

Clara et al. (2005),

Dolar et al. (2012)

Advanced

oxidation

processes

Use of reactive oxygen

species with high oxidation

potential. Can be used as

tertiary treatment for the

compounds escaping the

pretreatment processes.

Needs UV for most of the

treatments which makes the

system expensive. High

doses are required for effi-

cient removal of ECs.

Adams

et al. (2002),

Andreozzi

et al. (2004), and

Pereira et al. (2007)
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the interlayer space or in the clay lattice (Zhou and Keeling 2013). The layered

structure of clay minerals makes them good adsorbent by adsorbing guest species to

the interlayer space. The ions present in the interlayer spaces are Ca2+, Mg2+, Na+,

K+ etc. These ions have high hydration energies thereby making clay minerals

hydrophilic in nature.

Clay minerals obtained considerable attention in adsorption due to their large

surface area, swelling properties, strong electrostatic interactions and micro to nano

sized particles (Zhou and Keeling 2013). There are a number of methods to change

the adsorption properties and surface characteristics of clay particles. Commonly

used method is modifying clay minerals by cationic or anionic surfactants and the

clay synthesized using organic molecules is termed as organo clay. Organo clay is

synthesized by intercalation of organic molecule to the interlayer space of clay.

This happens mainly through cation exchange mechanism. During the preparation

of organoclays, organic cations replace the inorganic cations in the interlayer

spaces and on the external surfaces of clay particles (Wu et al. 2014). This leads

to an increase in interlayer spacing, thereby accommodating large organic mole-

cules from water. Changes in the interlayer structure of clay are shown in Fig. 9.2.

While modifying clay using surfactant, surfactant retention occurs within the

interlayer space of clay and other layers of silicates present. These modified clay

exhibits hydrophobicity and can adsorb organic contaminants. Adsorption of

non-polar organics will be followed by the uptake of counter ions and these counter

ions further enhance the adsorption of anionic pollutants from water (Xu and

Boyd 1995). A number of studies using organo clay for the removal of contami-

nants from water have been conducted in the past. However, studies aiming at the

removal of pharmaceuticals from water are less. Table 9.2 lists studies conducted

using different types of clays in removing pharmaceuticals from water.

Proper selection of treatment is important in the removal of ECs from the

environment. Low cost adsorbents can be an alternative to conventional adsorbents.

Clay adsorbents are proven to be efficient in batch studies and as adsorption

column. Modified adsorbents can be applied in field as permeable barrier which

can improve the natural treatment processes. Research in this area requires more

attention. The main problem faced in adsorption is the regeneration of adsorbent.

Thermal regeneration is not feasible in most of the cases as it can affect the stability

of the adsorbent. Other methods such as biodegradation, photo-oxidation and

Interlayer

Intercalated
organic cation

a b

exchangeable
cations +

Clay layer

+

Fig. 9.2 Layered structure of clay before (a) and after (b) modifying using organic cations
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chemical extraction of pollutants for regeneration of organo clay are reported (Zhu

et al. 2009).

5 Experimental Studies on Organo Clay in Adsorbing
Ciprofloxacin from Water

Previous studies have reported considerable adsorption of ciprofloxacin on mont-

morillonite minerals (Wang et al. 2011). Ciprofloxacin is a commonly used antibi-

otic. More than 70% of the concentration consumed is excreted (Mompelat

et al. 2009). Studies were done to compare the adsorption capacities of

Na-Bentonite and organically modified bentonite. Surfactant CTAB

(Cetyltrimethyl ammonium bromide) [C16H33(CH3)3NBr] was used to modify

bentonite which had a CEC of 70 meq/100 g. Intercalation of the surfactant into

the clay layer was verified by FTIR spectroscopy. Figure 9.3 shows the FTIR

spectra of Na-Bentonite before and after modifying with CTAB. The common

bands present in both the samples include -OH stretching of Al-OH and Si-OH at

Table 9.2 Selected studies on removal of pharmaceuticals using different clay adsorbents

Material used

Target

pollutants Observations References

BDMHDA modified

montmorillonite

Tetracycline

and sulfon-

amide

antibiotics

Micelle-clay adsorption col-

umn was efficient compared to

activated carbon column.

Polubesova

et al. (2006)

Organo clay modified using

tetrabutyl ammonium

Flurbiprofen High adsorption capacity,

mainly chemisorption and was

found to be exothermic.

Akçay

et al. (2009)

Montmorillonite and

rectorite

Tetracycline Clays can remove hydrophilic

compounds by intercalation,

adsorption is highly dependent

on the pH.

Chang

et al. (2009)

Aluminum pillared K10 and

KSF (Al-K10 and Al-KSF)

Trimethoprim Removal was dependent on pH

of the solution, electrostatic

interactions dominated adsorp-

tion process.

Molu and

Yurdakoç

(2010)

Montmorillonite, illite and

rectorite

Ciprofloxacin Adsorption was due to the

electrostatic attraction of func-

tional groups and hydrogen

bonding.

Wang

et al. (2011)

Zeolites and pure and mod-

ified clays using organic

cations and transition

metals

Salicylic acid,

acetylsalicylic

acid and

atenolol

Adsorption capacities are

dependent on the characteris-

tics of the pharmaceuticals

such as hydrophobicity and

functional groups present.

Rakić

et al. (2013)
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3622 cm�1 and 3695 cm�1, respectively (Suchithra et al. 2012). The bands near

2927 cm�1 and 2850 cm�1 represents the symmetric stretching vibrations of –CH2

bonds and asymmetric stretching vibration of C-H bonds (Praus et al. 2006). This

clearly indicates the intercalation of modifier in the interlayer space of clay. CTA

ions get adsorbed on the clay due to electrostatic forces causing ion exchange

(Praus et al. 2006). Further, it was reported that longer the surfactant chain length

and higher the charge density of the clay, interlayer spacing of the clay will be

increased (Rakic et al. 2013). Moreover, charge density of the layer would deter-

mine the orientation of organic cations in the clay lattice. Orientation of exchanged

cations in organo clay could be identified by XRD analyses by observing the basal

spacing.

In the present case, the surfactant loading was not exceeded above the cation

exchange capacity (CEC) of the clay. It is evident that the properties of the clay will

change with respect to the surfactant loading, chain length of the surfactant and clay

mineral used. He et al. (2010) reported that the basal spacing of the clay minerals

increased with increase in surfactant loading. However, for the experimental study,

surfactant loading was not exceeded above CEC of the clay as it would increase the

hydrophobicity. Depending on the requirement, optimized loading of the surfactant

could be found out experimentally.

During kinetic adsorption studies, 1 g/L of adsorbent was used in solution

containing 1 mg/L of ciprofloxacin. Adsorption equilibrium was reached within

6 h. Adsorption of ciprofloxacin was higher in modified bentonite. Nearly, 50% of

the compound was adsorbed to pure bentonite whereas 67% of ciprofloxacin was

adsorbed to organo clay as given in Fig. 9.4. Ciprofloxacin is polar in nature with

low Kow values. In case of organically modified clay, hydrophilic head and

hydrophobic tail of the surfactant in the interlamellar space of the clay will attract

the polar and non-polar part of the molecules in the solution (Rakic et al. 2013).

Ciprofloxacin would be present in zwitterionic form at neutral pH. Even then the

main mechanism of adsorption to clay is assumed to be cation exchange, there

could be limited amount of adsorption owing to the interaction of COO- group in

ciprofloxacin with the cations in the interlayer space of clay (Wang et al. 2011).

Wave number, cm−1
4000

a

b

3000

%
T

2000

Fig. 9.3 FTIR spectra of

bentonite (a) and modified

bentonite (b)
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6 Conclusions

Removal of ECs from water and wastewater is not completely achieved in conven-

tional treatment methods due to the complex nature of these compounds and their

diverse chemical properties. Adsorption is found to be efficient in removing ECs

from water and is used as a tertiary treatment. Modified clay adsorbents can be used

to remove the pharmaceuticals from water if these materials possess the desired

surface characteristics. Clay is mainly hydrophilic in nature which limits its appli-

cations in water treatment. Hydrophilic nature of the clay can be altered by

incorporating surfactants into the interlayer space of the clay. Presence of surfac-

tants significantly alters the hydrophilic-hydrophobic nature of the organoclay.

Pharmaceuticals present in the water can get adsorbed onto the organo clay due

to hydrophobic interactions or the bonding between the functional groups in the

compounds to the clay surface. Surface characteristics of the organo clay can be

controlled by the surfactant loading. However, extent of removal of the compound

depends on the ionic form in which it is present at the desired pH. Column studies

need to be done and a suitable method should be adopted for regeneration of

adsorbents. The effect of DOM and presence of other ions in water should be

considered before developing treatment scheme.
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Chapter 10

Hydrological Regimes and Zooplankton
Ecology at Tempe Floodplains, Indonesia:
Preliminary Study Before the Operation
of the Downstream Barrage

Reliana Lumban Toruan and Fajar Setiawan

1 Introduction

Floodplain is one of a very productive ecosystems (Ning et al. 2013) and harbours

high biodiversity of micro-invertebrate (Shiel et al. 1998). Flood and drought cycles

induce high biodiversity, and thus productivity, in the floodplain systems where

connectivity between terrestrial and aquatic component plays an important role

(Sch€oll et al. 2012; Armitage et al. 2003). Floodplain ecosystem features a network

of riverine, and ditches habitats (Armitage et al. 2003), where flood events form a

large inundated area by which the terrestrial and aquatic ecosystems are connected.

During drought phase, habitats in riverine-floodplain systems are fragmented and

isolated from the main river channel forming distinct habitats with distinctive

abiotic and biotic characteristics (Thomaz et al. 2007). As opposed to dry condition,

floods will reconnect the fragmented habitats, allowing the connectivity between

riverine and floodplain systems; and reduce spatial variability within patchy hab-

itats which are formed during low water period. A number of studies suggest that

increasing water level during floods event results in increasing similarity between

habitats as the connectivity established (Thomaz et al. 2007; Tockner et al. 2000). It

is clear that hydrological regime is the key driving force of ecological function and

biodiversity in floodplain systems. There have been little study conducted about

zooplankton from the floodplain of tropical regions, especially, Indonesia, one of

the world’s biodiversity “hotspots”. This preliminary study has, therefore,

summarised the diverse assemblages of zooplankton of Lake Tempe as a response

to changing water level during dry and flood seasons. Planktonic organisms,

including zooplankton, are the key elements in the aquatic environment (Palmer
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and Yan 2013). The responses of zooplankton to changing environment due to

fluctuated water level are fundamental to our understanding of the dynamic of

planktonic organisms in floodplain habitats, mainly where they are moderately or

heavily regulated.

Lake Tempe is a riverine floodplain lake undergoing significant changes on

water level that affected the adjacent water course. Hydrological regimes of Lake

Tempe floodplain provide a chance to study the zooplankton dynamic in the lake.

The area of wetland was highly influenced by fluctuating water level resulting in

periodical inundation and drying cycles. Tempe system surface area ranges from

280 to 430 km2 with a maximum depth of 9 m during extreme high water level

where only about 10 km2 remain inundated during low water period with a

maximum depth of 1.5 m. In 2012, barrage at the downstream point was constructed

in order to regulate water level of the lakes and was planned to operate in late 2013.

The barrage will be closed during dry period to maintain water level at 5 m above

sea level (asl) or 3 m water depth. Floodplain ecosystem is the most productive

ecosystem where drying and flooding cycles play an important factor in ecosystem

richness. Zooplankton responds differently to hydrological variable depending on

the environmental factors and the biology of zooplankton (Crome and Carpenter

1988). Our study aims to look at the hydrological characteristic of Tempe flood-

plain and its association with zooplankton community. The study was conducted

during low water (LW) period in 2012 and high water (HW) period in 2013 to look

at the characteristics of hydrological parameters and its association with zooplank-

ton community specifically before the operation of the downstream barrage.

2 Materials and Methods

As part of multidisciplinary study on limnological and hydrological characteristics

of floodplain lakes in Indonesia, field surveys were conducted in October 2012

(LW) and June 2013 (HW) in Tempe Floodplain to measure hydrological parameter

including water discharge, water level and sedimentation rate, in situ water quality

measurement and qualitative sampling of zooplankton. Sampling for all water

quality parameters and zooplankton was done in seven stations; TMP1, 2, 3, 4, 5,

6 and 7, where TMP refers to Lake Tempe. Sedimentation rates were measured by

placing sedimentation trap at fixed point for a minimum of 24 h; sedimentation rate

was then calculated as settling velocity of suspended solid per day (mg/cm2/day). In

situ water quality data were recorded by use of HORIBA water quality checker

while other chemical parameters were analysed in laboratory according to standard

method for water and waste analysis (APHA 2013). Samples for qualitative ana-

lyses of zooplankton were taken from the pelagial and littoral zone with a vertical

tow of plankton net. Thirty litres water integrating the water column from bottom to

surface was collected and filtered through a 40-μm mesh sieve plankton net and

preserved with 4% formalin. The period of sampling coincided with extreme

drought in 2012 and large flood event in 2013. Figure 10.1 shows landsat imagery
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of the recorded large flood event back in 1989 and drought condition recorded

during sampling period. We were not able to produce image of flood event in 2013

due to time and data limitation. The figures show habitat disconnectivity between

the main floodplain (Lake Tempe) and the adjacent water courses during dry

condition.

3 Results and Discussion

3.1 Environmental Variables

Lake Tempe experienced hydrological changes associated with variation in dis-

charge from three river systems feeding the lake and with the rainfall events. During

our study period, significant increase of water level in Lake Tempe was observed

from May to July where the maximum area of inundation reached in July; then

water slowly decreased and reached the lowest water level in November. Maximum

and minimum water levels during LW and HW were 1.5 m and 0.4 m; and 1.7 m

and 5 m respectively. Sedimentation rate was 49.9 mg/cm2/day (the highest rate) at

TMP1 and 13.1 mg/cm2/day (the lowest) at TMP7 (Table 10.1).

Annual precipitation rate in Lake Tempe is highly variable with the highest rate

being recorded was 5300 mm which usually occurs in April to June, while the

lowest rainfall data has been observed at only 980 mmwhich occurs during October

to November. Highly variable precipitation rate at the catchment reflected in water

level fluctuation as shown in Fig. 10.2.

Fig. 10.1 Landsat images showing high water level (left) observed in April 1989 and low water

level (right) observed in October 2012 (Landsat images were processed by F. Setiawan in 2013)
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3.2 Zooplankton

Sixty-eight zooplankton species were identified during LW including ten copepods,

11 cladocerans, and 47 rotifers, whereas 48 species were identified during HW

consisting of 22 copepods, 11 cladocerans and 15 rotifers. Rotifer was dominant

during LW period which then were shifted by micro crustacean population during

HW, showing a clear species succession between the two hydrological periods.

Rotifers, which were well adapted to low water habitat, were the most abundant

species, with species from genus Brahchionus dominant in LW. Copepods of the

family Diapthomidae (naupli, copepodit and adults) were the most abundant group

Table 10.1 Summary of

average in-situ water quality

parameters and zooplankton

species composition

Env. parameter LW HW

Max depth (cm) 95 350

Min depth (cm) 25 300

Sechi depth (cm) 5–15 54–70

Average temperature (�C) 30.5 29

Dissolved oxygen (mg/L) 5.6–9.03 2.4–8.02

pH 7.1 7.5

Conductivity (μS/cm) 265 191.5

Total nitrogen (TN) (mg/L) 0.506 1.398

Total phosphate (TP) (mg/L) 0.161 0.129

Total suspended solid (TSS) (mg/L) 171.14 95

Zoop. composition

Copepods 10 22

Cladocers 11 11

Rotifers 47 15

Total abundancy (ind/L) 2680 844

10.00
9.00
8.00
7.00
6.00
5.00
4.00
3.00
2.00
1.00
0.00

Jan

Mean

Max.
Min.

Feb Mar Apr Aug Sep Oct Nov DecMay Jun Jul

Fig. 10.2 Monthly water level fluctuation at Lake Tempe (graph was generated according to data

from 1978 to 2001)
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in HW followed by cyclopoid and cladocerans. Figure 10.3a, b shows the separation

of the main zooplankton group, shifting the community structure from LW species

to HW species. The list of species and code used for ordination purposes is

presented in Table 10.2.

Species numbers as well as the abundance were higher in LW than in HW period

suggesting that low water period is the period where zooplankton recruitment is

high especially for benthic and littoral species (e.g. Rotifers). Rotifers are food

resources for micro crustacean that will start to colonise as flood occurs, and further

support fish productivity. Thus, low water period is also critical as it provides

suitable environment for food recruitment to support the foodweb.

During large flood events, habitat connectivity between river and the lakes is

high and there are larger freshly inundated areas allowing plankton groups to

dominate the habitat before the higher trophic organisms taking over. At this

stage it is suggested that the bottom up pressure (e.g. water quality, hydrological

regimes and other abiotic factors) regulate the zooplankton assemblage (Shiel

et al. 2006; Pinel-Alloul and Mimouni 2013) before top-down forces influence

the habitat when all biotic groups are established. Our study indicates that beta

diversity is also decreasing in flood season, and thus spatial variability within study

site is also lessened. Similar finding was observed by Deksne and Škute (2011) who

studied the relationship between ecohydrological factors and the zooplankton

assemblages in the Daugava River. They suggested that during dry period the

abundance of rotifers is also correlated with the low concentration of dissolved

oxygen. Rotifers are more tolerant to low oxygen compared to cladocerans and

copepods as they respire through their body surface and, thus, utilise the available

oxygen effectively. Furthermore, high turbidity and suspended solid during dry

period are negatively correlated with the abundance and biomass of micro crusta-

ceans (Škute et al. 2008). In this condition, rotifers fared better as they indirectly

benefited from the alleviated impact of competition and predation with other

zooplankton groups in high turbidity and suspended solid during low water period

(Thorp and Mantovani 2005). This result is also in agreement with other findings

from various studies of different floodplain systems (Shiel 1985; Beaver et al. 2013;

Shiel et al. 2006).

Overall, our result revealed low species richness in Lake Tempe floodplain

compared to other related studies that relate hydrological regimes with zooplankton

assemblages. For example, Shiel et al. (1998) identified more than a 100 species of

rotifers from arid floodplain of Australia; similarly 164 rotifers species have been

recorded from Brahmaputra basin (Sharma 2005). A recent study shows that

floodplain ecosystem is a home for high value of biodiversity (Shiel et al. 2006).

Therefore, we suggest that tropical floodplain ecosystems potentially harbour

higher biodiversity and species richness than our current records. In addition, the

abiotic and biotic condition in lotic systems of the riverine sections of the floodplain

are varied and changeable. Consequently data can differ time to time and, hence

long-term study is needed to fully understand the effect of hydrological regimes on

floodplain planktonic organism, importantly in tropical regions.
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Fig. 10.3 (a) Ordination of Nonmetric Multi-Dimensional Scale (NMDS) graph showing the

separation of zooplankton assemblages between the two hydrological phases (High and Low water

periods). (b) NMDS ordination showing the separation of zooplankton species between the two

hydrological phases (High and Low water periods)
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Table 10.2 Zooplankton species list identified from Lake Tempe

Species code Species list Species code Species list

Dia.sp Diaptomus sp. B.ley B.leydigi

Ski.sp Skistodiaptomus sp. B.cau B.caudatus

Lep.sp Leptodiaptomus sp. B.fal B.falcatus

Och.san Ochyodiaptomuss sanguenensis B.for B.forficula

Och.bir Ochyodiaptomuss birgei B.bid B.bidentatus

Lep.min Leptodiaptomus minutus B.qua B.quadridentatus

Lep.sic Leptodiaptomus sicilis B.var B.variabilis

Lep.ash Leptodiaptomus ashlandi B.kos B.kostei

Epi.lac Epischura lacustris B.ses B.sesilis

Epi.sp Epischura sp. B.pli B.plicatilis

Osp.sp Ospranticum sp. B.dim B.dimidiatus

Nau.Cop Nauplius copepod B.nil B.nilsoni

Mic.Sp Microcyclops sp. B.ser B.sericus

Dia.sp Diacyclops sp. B.ang B.angularis

Dia.tho Diacyclops thomasi B.ulc B.ulceolaris

Acan.ro Acanthocyclops robustus B.dic B.dichotomus

Cyc.scu Cyclops scutiffer B.div B. diversicornis

Mes.eda Mesocyclops edax B.sp B.sp1

Trop.sp Tropocyclops sp. K.tro Keratella tropica

Orth.mod Orthocyclops modestus K.val K.valga

Macr.alb Macrocyclops albidus K.sp Keratella sp.

Eu.agil Eucyclops agilis Kel.long Keliotica longispina

Eu.sp Eucyclops sp. Noth Notholca sp.

Mega.vir Megacyclops viridis Plat Plationus platulus

Harp Harpaticoidea sp. Anur Anuraeopsis

D.mag Daphnia magna F.long Filinia longiseta

D.Amb Daphnia ambigua F.sal F.saltator

D.Pul Daphnia pulex F.fas F.fassa

D.men Daphnia mendotae F.pej F.pejleri

D.par Daphnia parvula F.opo F.opoliensis

Cer.sp Ceriodaphnia sp. F.ter F.terminalis

Simo.sp Simocephalus sp. F.aus F.australensis

Juv Juvenile cladoceran L.cor Lecane cornuta

Diap.bra Diaphanosoma brachyurum L.sp2 Lecane sp1

Diap.bir Diaphanosoma birgei L.sp2 Lecane sp2

Daph.lon Daphnia longiremis L.lud Lecane ludwigi

Bosm.sp Bosmina sp. M.cop Monostyla copies

Eub.sp Eubosmina sp. M.sp Monostyla sp.

Moi.sp Moina T.sim Trichocerca similis

Sida.sp Sida sp. T.rou Trichocerca rouselleti

Chi.sp Chidorus sp. T.sp1 Trichocerca sp1

Leb.aeb Leberis aenigmatosa Euch Euclanis sp.

B.cal Brachionus calyciflorus Asp Asplanchna sp.

Dicra Dicranophoroides sp. Poly Polyarthra remata

Mono Monoarthra sp.
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4 Conclusions

Based on our survey for each hydrological phase, we can say that Lake Tempe

harbours a rich zooplankton community characterised by dense population of

rotifers during low water period followed by a succession to crustacean community.

Our results reveal that the connectivity between lakes and riverine ecosystems

strongly influence zooplankton composition and succession from high water period

to low water period. It is suggested that water level fluctuations benefit adaptation

strategies of dominant species while species that are poorly adaptable to drought

will undergo scarcity (Chaparro et al. 2011). The heterogeneity in zooplankton

between the two hydrological phases reflects the heterogeneity of habitats in

floodplain systems (Shiel et al. 1998). The importance of floodplain habitats in

terms of biodiversity and the ecosystem services they provide remain largely

uninvestigated and lagged behind other issues (e.g. fisheries and aquatic macro-

phyte) in Indonesia while the subsequent hydrological regimes modification con-

tinues to happen. It is no doubt that flowmodification will have deleterious effect on

floodplains biodiversity which has hardly been addressed in this region. Further

study to investigate the potential loss of biodiversity, and thus lake productivity, of

Lake Tempe, and probably elsewhere in Indonesia, in relation to environmental

changes, particularly due to human intervention, is essential. Importantly, the

concept of designing network of reserve in a floodplain habitats, comparing the

increase of water retention time due to flow regulation to the overall lake’s
productivity and biodiversity is worthy of further study.
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Chapter 11

Organics and Heavy Metals Content in River
Receiving the Effluent of Municipal Landfill
Leachate Treatment

Indah R.S. Salami and Dimas K. Rizaldi

1 Introduction

Municipal solid waste in Indonesia is commonly disposed in a landfill with leachate

treatment facility before the effluent is discharged to river. Sarimukti landfill is

located 5 km to the southeast of Cirata Reservoir, covers around 21.2 ha area and

accepts municipal solid wastes from cities of Bandung, Cimahi and West Bandung.

Cirata Reservoir is one of the cascade reservoirs along Citarum River and the

sustainability of Citarum River is important since it is utilised for electricity,

water supply, irrigation and also fishery activity for many cities along its

catchment area.

Leachate of solid waste disposal contains potentially significant concentration of

dissolved organic matter, xenobiotic organic compounds, inorganic macro compo-

nents as anions and cations and heavy metals (Christensen et al. 2001; Kjeldsen

et al. 2002). Their existence may contaminate the river water and potentially pose

adverse effect on aquatic environments. Study of contaminants in Cirata Reservoir

suggested that heavy metals content in the reservoir were originated from the upper

stream sources (Salami and Octaviana 2008; Salami et al. 2008). On the other hand,

Sarimukti leachate effluent is discharged to Cipanawuan River, one of the tributary

rivers of Citarum leading to Cirata Reservoir.

Therefore, this study was aimed to identify the concentration of certain pollut-

ants in river water due to Sarimukti landfill leachate effluent discharge to down-

stream flow rivers leading to Cirata Reservoir.
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2 Materials and Methods

Water samples were collected from 12 sampling locations starting from the landfill

outlet, Cipanawuan River, in the upper stream of Cipanawuan, to downstream

rivers of Cipicung River, Cimeta River, Citarum River and ended in Cirata Reser-

voir. Some locations in the upper stream of the river flow also measured to evaluate

the water quality before it was mixed with landfill leachate effluent. The water

sampling collection was conducted two times which were on July 2011 (SP I, dry

season) and December 2011 (SP II, rainy season). The sampling locations were

noted by GPS and the total length of the stream sampled was approximately

12.56 km (Table 11.1). Locations of sampling is illustrated in Fig. 11.1. The sizes

Table 11.1 The altitude of sampling locations

Sampling locations Positions Distance from the landfill outlet (km)

1 6�48021.0700 S 107�20055.9000 E 0

2 6�48020.9400 S 107�20056.2400 E –

3 6�48021.2900 S 107�20055.4300 E –

4 6�48035.4800 S 107�20051.3000 E 0.6

5 6�48035.7500 S 107�20051.6500 E –

6 6�48037.4700 S 107�20051.3900 E 0.66

7 6�4907.6600 S 107�19056.3400 E –

8 6�4906.8500 S 107�19055.2400 E 3.36

9 6�4902.8400 S 107�19024.5200 E 4.46

10 6�48057.0600 S 107�1908.9000 E –

11 6�47044.2000 S 107�18016.9900 E 8.06

12 6�46011.7400 S 107�1705.9300 E 12.56

Fig. 11.1 Sampling locations (Google Earth, 2011)
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of the rivers varied, started from 30 cm depth to 40 m in Cirata Reservoir. Sampling

locations deeper than 2 m were sampled with three depths (0.2, 0.5 and 0.8 of total

depth). These three depth samples were collected from sampling locations 10, 11

and 12. During the first sampling period it was not possible to collect water samples

from locations 9 and 10 because all the surface of the river was covered by dense

water hyacinth and the small boat could not pass through the area.

Parameters measured and analyzed in this study consisted of physical, chemical

and microbiological characteristics. Physical parameters analyzed included tem-

perature and microbiological parameters measured total coliform using MPN

methods. Chemical parameters assessed comprised pH, conductivity, solids

(Total Dissolved Solids/TDS and Total Suspended Solids/TSS), dissolved oxy-

gen/DO, organics content, BOD, COD, total phosphate, ammonium, nitrite, nitrate,

sulphate, and metals (iron, copper, lead, zinc, nickel, cadmium, chromium and

mercury). The methods of analyses were based on Standard Methods procedures.

Samples were collected in different bottles for chemical parameters, for metals,

BOD and microbial samples analyzed.

The water quality results were compared to governmental regulations for efflu-

ent standard for landfill effluent and stream standard for water quality in the rivers.

Governmental effluent standards used were based on the Decree of West Java

Governor No. 6 year 1999 about Industrial Wastewater Effluent Standards, specif-

ically waste Class II. Stream standard used was the Indonesian Government Decree

No. 82 year 2001 about Water Quality Management and Water Pollution Control,

specifically water Class III for freshwater fishery, animal husbandry and

agriculture.

3 Results and Discussion

The results of effluent samples measurement are described in Table 11.2. Waste-

water quality of effluent from Sarimukti landfill contained high TDS, BOD and

COD. TDS concentrations from effluent was 4235.41� 247.54 mg/L and the

allowable standard was 4000 mg/L. BOD was 477.22� 63.12 mg/L at average

(standard of maximum effluent BOD¼ 150 mg/L) and COD was

2000� 188.56 mg/L (maximum COD effluent¼ 300 mg/L). The effluent was

also shown high in pH (average pH¼ 8.26� 0.09) and very low DO of

1.25� 0.07 mg/L. The treatment facility had to be improved to comply with the

regulation. The effluent analyses showed that the time of samplings did not signif-

icantly measure different values. Dry season in July and rainy season in December

did not change the effluent quality significantly. Limited water sampling number

and period were the reasons of having different results with other studies.

Dan’azumi and Bichi (2010) measurement of water pollution at Challawa River

in Kano, Nigeria demonstrated rainy season pollution lower than those in dry

season. Hydrological observations demonstrated that the driest period was at the
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end of dry season, and also the wettest condition was detected at the end of rainy

season.

The average temperature of water was 28.73� 1.24 �C whereas average air

temperature was 30.98� 2.56 �C. During the rainy season the air and water

temperatures were not statistically different (at α¼ 5%). However, in dry season

the air temperature (33.45� 0.69 �C) was higher than those in water

(28.67� 1.47 �C). The water temperatures in both seasons were not statistically

different but air temperature differed between dry and rainy seasons (Fig. 11.2a).

Water temperature from the outlet of landfill leachate treatment to the water in

Cirata Reservoir decreased. Some slight increase of temperature inputs however

were found around Sampling Locations 7 and 8 which were occupied by agriculture

and human inhabitants.

Conductivity in the effluent (19.08� 1.87 mS/cm) was high but lower in the

downstream flow due to dilution. Landfill leachate was characterized by high

conductivity especially in the first year operation (Purwanta 2007). The dilution

was occurred soon as around 0.66 km downstream the conductivity was detected

less than 1 mS/cm. TDS of the effluent (4235.41� 247.54 mg/L) was higher than

the government’s effluent standard (4000 mg/L) and similar to conductivity the

TDS also diluted and complied with the standard at 0.6 km downstream of the

Table 11.2 Results of landfill effluent quality analysis

No. Parameters Units Concentrations

1 pH 8.26� 0.09

2 TDS mg/L 4235.41� 247.54

3 TSS mg/L 225.7� 7.89

4 Conductivity mS/cm 19.08� 1.87

5 DO mg/L 1.25� 0.07

6 Organics mg/L 2361.15� 361.09

7 BOD mg/L 477.22� 63.12

8 COD mg/L 2000� 188.56

9 Total phosphate mg/L 9.26� 0.47

10 Ammonium mg/L 2511.76� 281.41

11 Nitrite mg/L 1.82� 0.30

12 Nitrate mg/L 12.99� 1.69

13 Sulphate mg/L 343.10� 68.81

14 Iron mg/L 9.54� 0.75

15 Copper mg/L 0.10� 0.07

16 Lead mg/L 0.025� 0.01

17 Zinc mg/L 0.221� 0.02

18 Nickel mg/L 0.16

19 Cadmium mg/L 0.001

20 Chromium mg/L 0.1835

21 Mercury ppb 0.45

22 Total coliform MPN/100 mL 315
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outlet. There was no seasonal interference in terms of conductivity and TDS values

(Fig. 11.2b). TSS at the outlet of landfill facility (225.7� 7.89 mg/L) was high but

not exceeding the standard (maximum of 400 mg/L). However it was noted that

other input (Sampling Location 3) in the upper stream river contained quite high

TSS concentrations. TSS content was statistically shown to be affected by season

(Fig. 11.2c). The TSS during rainy season was significantly higher than those in dry
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season. TSS concentration considerably reduced in the downstream flow of the

river.

The pH of the effluent was alkaline with the pH higher than 8. The farther from

the landfill outlet the pH was becoming more neutral (Fig. 11.2d). There was no

significantly different pH between rainy and dry seasons. The pH of leachate

represented the stability of the process in the landfill. At the early stage of landfill

decomposition the pH of leachate was close to neutral under aerobic condition.

Later when anaerobic condition developed the acidogenic/acetogenic phase pro-

duced strong acidic pH. After months or years the process of degradation then

stabilized under methanogenic condition that created leachate with neutral or

slightly alkaline pH. Aerobic condition might return later and indicated hazardous

material ceased (Environment Agency 2003). Sarimukti landfill has been operated

more than 5 years, so this suggested that the process of waste degradation has been

stabilized under methanogenic condition.

The oxygen content in the river dropped as the effluent entered the river flow.

Before receiving the effluent, the Dissolved Oxygen (DO) in the river was higher

than 5.3 mg/L (Sampling Locations 2, 3 and 5), but it dropped to average DO of

1.7 mg/L after landfill effluent input (Sampling Location 4). At around 0.6 km

downstream (Sampling Location 6), the DO recovered to 5 mg/L again. The DO in

Sampling Locations 11 and 12 slightly reduced that has been influenced by the

activity in Cirata Reservoir. The fishery adds high amount of organics as the feed

for fish.

The effluent of landfill contained high organic content that utilized the oxygen

content in the river. The organic content of the effluent was very high (average of

2361.15� 361.09 mg/L) and as BOD was measured at average 477.22� 63.12 mg/

L and CODwas equal to 2000� 188.56 mg/L. Both BOD and COD of effluent were

higher than the standard for wastewater effluent (BOD max. 150 mg/L and COD

300 mg/L). However, the organics, BOD and COD contents decreased farther away

from the outlet. Similarly to the DO situation, before the effluent input the BOD of

the upper stream river was lower than 26 mg/L and lower than 35 mg/L for COD

(Sampling Locations 2, 3 and 5). These conditions of BOD and COD were

recovered after 3.36 km downstream of the input. This suggested that the self

purification of the river occurred in field and stated that the river was able to recover

within the distance of 3.36 km. The reason of longer distance recovery perhaps was

related to type of organics in the effluent. Calculating the BOD/COD ratio, it was

shown that the effluent contained lower biodegradable organics than chemically

degraded organics. This was in agreement with Christensen et al. (2001) that stated

ratio BOD/COD was lower under methanogenic condition. The ratio BOD/COD in

the upper stream of the outlet was higher than 0.5. After effluent input, the ratio of

BOD/COD in adjacent areas was lower than 0.5 and then increased again in the

Sampling Location 8 which was estimated around 3.36 km downstream. It was also

noted that during rainy season the BOD/COD ratio was slightly higher explaining

more biodegradable component existing in the river flow. However, some other

possible sources of more chemically degraded materials discharges entered the flow
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around Sampling Locations 11 and 12. This possibly originated from pollution of

industrial areas before Cirata Reservoir mouth.

With regard to inorganic components, the study indicated that landfill treatment

effluent generated high ammonium of average 2511.76� 281.41 mg/L. This con-

centration of effluent was considered very high compared to treated ammonium

effluents studied by Ozturk et al. (2003) that obtained ammonium of 250 mg/L in

the effluent. The Sarimukti landfill treatment facility had not successfully removed

the ammonium content. River water without effluent input showed low ammonium

of less than 10 mg/L except at Sampling Location 3 that was detected at average of

28 mg/L. It was also noted, that deeper the water the ammonium increased. Higher

nitrite and nitrate were also found in the effluent but the concentrations did not

exceed the standard. However, nitrate concentration was found to be higher than

nitrite. This showed that aerobic degradation of ammonium occurred in the river.

Total phosphate in the outlet (Location 1) and surrounding (Locations 2, 3 and 4)

was considered high as detected above 2 mg/L. Other locations contained total

phosphate of the highest as 0.94 mg/L. Total phosphate originated not only from

landfill effluent but also agriculture activity in the area. In the dry season, Sampling

Locations 9 and 10 were covered by water hyacinth and the calculation of data

showed that average total phosphate during dry season was higher than those in the

rainy season. Sulphate concentration from the effluent was the highest measured

(at average 343.10� 68.81 mg/L) compared to the water in the upper stream river

which only contained less than 10 mg/L sulphate. The concentration of sulphate

however decreased and in the reservoir it was detected at 21.3� 2.6 mg/L.

Heavy metals measurement analyzed eight metals namely Fe, Cu, Pb, Zn, Ni,

Cd, Cr and Hg. Among these metals, only Cu in the water of Sampling Locations

3, 11 and 12 showed concentration slightly above stream standard. Heavy metals

concentrations in the effluent were higher than those in the river water, but all still

were lower than the effluent standard. Fe concentration decreased along the river

flow (Fig. 11.3a). Ni, Cd and Hg concentrations could be measured in the effluent

but still complied with the standard. In some sampling locations these heavy metals

concentrations were under the range of detection limit of the equipment/analyzer.

Some sampling locations in the downstream river exhibited an increase of heavy

metals concentration. This suggested that heavy metals in the river came from other

sources such as agriculture and industrial activities. Other sources of Cu concen-

tration inputs were predicted and found in Sampling Locations 3, 11 and 12.

Figure 11.3b showed that Pb received other inputs beside landfill effluent. At

Sampling Location 12, Pb was considerably increased. Zn also increased in Sam-

pling Locations 10, 11 and 12 (Fig. 11.3c) whereas Cr had other inputs from

Sampling Locations 7 and 9. Heavy metals inputs were possibly originated from

agriculture origin because the land use in these areas are dominated by agriculture.

Some human inhabitant was also found around Sampling Location 7.

This study found that the heavy metals concentrations were considered in low

concentration. Christensen et al. (2001) stated that heavy metals were not signifi-

cant pollutants from landfill because of strong attenuation of heavy metals by

sorption and precipitation. However, complexation of heavy metals with dissolved
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organic matter could be performed. Colloids also posed high affinity for heavy

metals. Furthermore, it was observed that attenuation of heavy metals to ground-

water would not exceed 1000 m from the landfill site. This study noted that at

Sampling Location 4 with a distance of 600 m, all heavy metals concentrations

were lower than stream standard. This study also found that the highest concentra-

tion of heavy metals detected in the leachate was in the order of

Zn>Cr>Ni>Cu> Pb>Cd>Hg. Talalaj and Dzienis (2007) reported the

heavy metals contents could be ordered as follows: Zn>Ni>Cu>Cd. This was

shown that similar orders were detected in both landfill leachates. High Zn concen-

tration in the leachate was also found by Adewuyi and Opasina (2010) at dumpsite

in Abadan Nigeria (Zn> Pb>Cu>Ni>Cd), and also Nubi and Ajuonu (2011) in

groundwater closed to dumpsite area in Oyo State, Nigeria

(Zn>Ni> Pb>Cu>Cr>Cd). In all studies it was noted that Zn was detected

as the highest concentration, followed by metals group of Cu, Pb and Ni. Cd was

always found to be in the lowest concentration. Only Cr was considered in different

concentration order. Pollutant concentration and mixtures in leachate very much

depended on waste types dumped in the landfills.

Total coliform analyses showed that the effluent of landfill treatment did not

contribute to the total coliform in the river water. The landfill effluent only

contained at average total coliform of 315 MPN. The highest total coliform was

measured at Sampling Locations 3 and 5 that indicated of human activities origin.

The total coliform measurement during dry season demonstrated a slightly higher

number than those estimated in rainy season (Fig. 11.4).
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The impact of landfill leachate has been considered as a hazard leading to

increase risk on water and ecosystem. Experiment of local fish cultivation using

the river water receiving landfill leachate in the area of study between Sampling

Locations 6 and 8 showed that the fish were not capable to grow and the fish

mortality was found after 2 days’ exposure (Tobing 2012). The experiment was an

evidence for that leachate contamination to surface water created toxicity to

ecosystem. Therefore method to predict the impact of leachate to water and

ecosystem has been developed by other researchers. One among them was method

to quantify the hazard of leachate pollution reviewed by Kumar and Alappat (2003)

using Leachate Pollution Index (LPI) that by measuring leachate characteristics the

composite influence of it can be quantified at any site, any stage of landfill

processes. Leachate composition is always unique and site specific. Factors affect-

ing the composition of leachate include type of wastes, composition of wastes, the

particle sizes, compaction degree, the hydrology of the site, climate, age of fill, and

other site specific conditions (Kumar and Alappat 2003).

4 Conclusions

This study showed that Sarimukti landfill produced leachate effluent that had to be

further treated because some parameters namely TDS, BOD and COD were still

higher than effluent standard. The river water downstream also was affected by

leachate effluent up to some distance of the inputs. However it was concluded that

the effect of landfill effluent did not reach the Cirata Reservoir. Organic pollutants

represented by BOD and COD decreased along the river flow and recovered at

3.36 km after outlet discharge. Some other pollutants input beside landfill effluent

were also noted in the study. In the upper stream area (Location 3) some parameters

namely TSS, conductivity, total phosphate (including Location 2), ammonium and

Cu were contributed by agriculture and domestic activities. Total coliform origin

was definitely generated from human inhabitants in Locations 3 and 5. Other

pollutant sources predominated by heavy metals inputs were found in the down-

stream flow especially around Sampling Locations 11 and 12. Because the landfill

leachate contained potential hazardous pollutants it was recommended that the
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efficacy of landfill leachate treatment should be maintained. Surface water receiv-

ing landfill leachate effluent should also be monitored periodically to reduce any

adverse risk to ecosystem and human health.
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Part IV

Hydrological and Quality Issues:
Groundwater Contamination



Chapter 12

Tracing the Significance of River for Arsenic
Enrichment and Mobilization

Manish Kumar, Nilotpal Das, and Kali Prasad Sarma

1 Introduction

Arsenic contamination of groundwater has been found to be prominent in many of

the flood plain regions of the world where recent Holocene sediments are predom-

inant (Berg et al. 2008; Kumar et al. 2010; Shah 2010). Reductive hydrolysis of

metal (hydr)oxides, particularly those of Fe has been found to be the dominant

mode of As mobilization in groundwater of such regions (McArthur et al. 2001;

Smedley and Kinniburgh 2002; Berg et al. 2008; Kumar et al. 2010). Some of the

most well known regions with high groundwater As, where the aforementioned

conditions have been detected are Bangladesh, India, Vietnam and Cambodia

(Bhattacharya et al. 1997; Acharyya et al. 1999; Smedley and Kinniburgh 2002;

Ahmed et al. 2004; Berg et al. 2007, 2008).

Most studies on As contamination have concentrated on the hydrogeochemical

aspects, however closer observation of previous studies show that the rivers play a

very important role in the occurrence and distribution of As. High groundwater As

levels were found at close proximity to the river in the Red River Delta region of

Vietnam, indicating that proximity to the river played an important role in As

distribution and occurrence (Berg et al. 2008). A similar observation could be made

from the study of Shah (2010) wherein it was reported that very high groundwater

As levels were detected at close proximity to the river Ganga in the Middle

Gangetic plains (MGP).

A probable reason behind the observation of high As levels at close proximity to

the river could be the pre-dominance of newer sediments near the river. Arsenic

bearing minerals have been detected in both the Himalayan as well the older
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mountain ranges from peninsular India (Shah 2010). It has been proposed by Shah

(2010), that the weathering of As bearing rocks from these mountain ranges and

their deposition in the flood plains ultimately lead to high As in the groundwater of

these regions. Taking the above factor into consideration it can be said that there is a

greater chance of occurrence of elevated As at close proximity to the river. As

already mentioned earlier, redox conditions play a very important role in mobili-

zation of As. Freshly deposited sediments close to the river are expected to be

relatively un-oxidized, which could be another reason for occurrence of high As

close to the river.

Apart from proximity, the course and stage of the river has also been found to

play important roles in the occurrence and distribution of As. Deposition of higher

loads of sediments along concave parts of river meanders has been linked to higher

As levels in those regions. This can be observed in the studies of Berg et al. (2008)

in Red river delta of Vietnam, and Shah (2010) in the MGP. Previous works on As

contamination of groundwater also report much higher As in the plain and the

deltaic regions of rivers. Arsenic has been reported more from middle and late

stages of rivers like the MGP (Kumar et al. 2010; Shah 2010) and the Ganga

Meghna Brahmaputra Delta (Bangladesh) (Halim et al. 2008; Reza et al. 2010)

respectively. This indicates the role played by river stage in controlling the occur-

rence and distribution of As. Enhanced rate of sedimentation in the aforementioned

regions could be the cause behind higher As levels in such areas.

The Brahmaputra flood plains (BFP) is a system of extensive alluvial deposition

where high groundwater As levels have been detected (Singh 2004). The process of

As mobilization has not been studied extensively in this region; therefore the

mechanism and controls on As mobilization and distribution is not properly under-

stood. This study was conducted in order to shed some light on the impact of the

river on distribution and occurrence of As in fluvial regions.

2 Materials and Methods

2.1 Study Area

The BFP has been reported to be of tectonic origin (Evans 1964; Mahanta 1995),

the valley portion was formed due to compaction between the European and the

Indian plates; the same process was also responsible for giving rise to the Himala-

yan mountain (Evans 1964; Mahanta 1995). Subsequent sedimentation by river

Brahmaputra and its tributaries laid the foundation for the extensive plains that are

now known as the BFP. The major types of sediments in the BFP have been

reported to be undifferentiated alluvium (Jain et al. 2007) (Fig. 12.1). Based on

the mode of formation, the soil types have been classified into: (i) residual and

(ii) transported (Mahanta 1995). Younger alluvium has been found mainly in the

river banks, while the age of the sediments has been found to increase with distance
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from the rivers. The climate of this region has been classified as “Tropical Monsoon

Climate”, characterized by warm and humid summers and mild winters. Brahma-

putra River and its tributaries flow through and weather a number of different types

of rocks (Huizing 1971; Heroy et al. 2003). The deposition of these weathered

sediments determines the mineralogy of the region. The BFP has been divided into

two major hydrogeological units: (i) the dissected alluvial plains and (ii) the

inselberg zone (Jain et al. 2007). The Barpeta town lies in the BFP at close

proximity of two small tributaries of the river Brahmaputra, which are: Nakhanda

and Chawlkhowa (Fig. 12.5).

2.2 Groundwater Sampling

Groundwater sampling was conducted in the BFP from 2011 to 2012. A total of

129 groundwater samples were collected for major cations and anions analyses

using standard methods prescribed by APHA (2005). Arsenic and Fe were analyzed

Fig. 12.1 Geological base map of Assam modified from Geological Survey of India showing the

different geological formations
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by atomic absorption spectroscopy (AAS, Thermoscientific ICE 3000) and induc-

tively coupled plasma optical emission spectroscopy (ICP-OES, Perkin Elmer

Optima 2100 DV) respectively. A second set of groundwater sampling (n¼ 7)

was conducted in the Barpeta town area in 2014 (Fig. 12.5) for more detailed

observation of the influence of river proximity and course in the distribution and

occurrence of As. The As levels for the second set of groundwater samples were

also determined using AAS. Mineralogy was determined using X-ray powder

diffraction (Rigaku miniflex) and scanning electron microscope-energy dispersive

X-ray spectroscopy (SEM-EDX, JEOL, JSM-6390LV). Contour maps were pre-

pared for seasonal variation from the data on As levels generated from pre and post-

monsoon seasons of 2011 using the software ARC GIS 9.1. Total organic carbon

(TOC) was analysed using a total organic carbon analyzer [Multi C/N 2100

Analyzer (Analytik Jena AG, Germany)].

3 Results and Discussion

The general hydrochemistry of the BFP can be observed from the result of the

descriptive statistics (Table 12.1).

The unit for TDS, DO, Na+, K+, Ca2+, Mg2+, HCO3
�, Cl�, SO4

2�, PO4
3� and Fe

is mgL�1, while the units for EC, ORP and As are μScm�1, mV and μgL�1

respectively.

Table 12.1 Summary of descriptive statistics for different variables

Parameters Range Average� SD Co-efficient of variance

pH 10.12–5.04 6.99� 0.81 0.12

EC 1789–43.4 258.49� 197.7 0.76

TDS 851–21.5 160.10� 111.71 0.70

ORP 185–(�135.7) �4.90� 51.24 �10.45

Na+ 49.6–0.96 15.78� 9.88 0.63

K+ 14–0.1 3.34� 2.78 0.83

Ca2+ 118.5–3.12 23.71� 16.18 0.68

Mg2+ 35.5–2.38 9.18� 6.37 0.69

HCO3
� 400–50 177.66� 83.68 0.47

Cl� 332.28–5.68 28.53� 29.8 1.04

SO4
2� 142.36–.03 12.18� 16.14 1.33

PO4
3� 2.56–0.16 0.45� 0.38 0.84

NO3
� 2.10–0 (ND) 0.45� 0.53 1.18

F� 1.31–0 (ND) 0.23� 0.29 3.70

Fe 5.70–0.01 1.24� 1.37 1.10

As 22.1.10–0.80 3.49� 3.91 1.12
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The groundwater type in the BFP appears to be mainly of HCO3
� type with

mixed contribution from the cations (Fig. 12.2) (Piper 1953). Elevated levels of As

(>10 μgL�1) appear to be influenced by alkaline water type (Fig. 12.2).

The highest level of As detected in the BFP was 22.1 μgL�1, most of the

groundwater had As levels within the permissible limit for As in drinking water

(WHO 1993). Arsenic was found to exhibit a positive relation with proximity to the

river (Fig. 12.3a), while at the same time negative relation was observed with redox

potential (ORP) (Fig. 12.3b), indicating towards the presence of reductive hydro-

lytic processes. This is proved to be true by the high regression observed between

As and Fe in both the north and the south banks (Fig. 12.3d). Depth did not have a

significant influence on As distribution, but it appears that As decreased with an

increase in depth (Fig. 12.3c). Greater depths have been linked with sulphide

formation leading to reduction in the As levels again by co-precipitation (Kim

et al. 2012).

Contour maps based on As levels were prepared for pre and post-monsoon

seasons. Close observation shows that As level in groundwater decreased with

increase in the distance from the river (Fig. 12.4). Arsenic bearing minerals like

arsenopyrite (FeAsS) and walpurgite [(BiO)4(UO2)(AsO4)2.3H2O] have been

detected in the sediments of the BFP (Unpublished data). Sediments which occur

close to the river are newer and are relatively less oxidized; therefore such sedi-

ments may contain more of such As bearing minerals compared to older sediments

away from the river. Another possibility is that, the river could be directly involved

in recharging and mobilization of As in the groundwater resulting in higher As

levels close to the river and lower levels away from it.

The groundwater flow pattern depends on the surface topography to a large

extent; it is a very important factor considering the fact that groundwater flow is

Fig. 12.2 Groundwater

types in the BFP, the red
dots represent samples with

As level >10 μgL�1
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also responsible for the transportation and circulation of different chemical and

mineral species including pollutants. When it comes to pollutants, the groundwater

flow path can be used to predict zones of recharge and discharge in larger areas with

inter-connected aquifers. Contour mapping in both the pre and the post-monsoon

seasons (Fig. 12.4) show the presence of isolated hotspots of high As groundwater

in the BFP. It is observed that there are at least two major recharge points for

groundwater As in both the pre as well as the post-monsoon seasons. One is located

close to the Kaliabor region in the Nagaon district in the south bank of river

Brahmaputra (Fig. 12.4). The other recharge point is close to the Majuli river island

in the north of Jorhat district. In the rest of the BFP there appears to be mainly

isolated recharge points or hotspots rather than major recharge units.

Also contour maps suggest that the overall As level may be higher in the

pre-monsoon than in the post-monsoon season. Groundwater recharge due to

precipitation in the post-monsoon season could lead to dilution of As level through-

out the BFP, although on an average, the recorded groundwater As values were

found to be higher in the post-monsoon season in our study. The sudden increase in

groundwater As levels in the Jorhat district in the post-monsoon could be due to

mobilization of the highly mobile fractions of the As in the sediments which are

easily replaceable by other anions like SO4
3� and PO4

3� (Wenzel et al. 2001). It is

also evident from the pre-monsoon contour map that the level of groundwater As
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Fig. 12.4 (a, b) Contour map of As distribution in the pre and post-monsoon season respectively

in the BFP
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increases towards the west or downstream of the river Brahmaputra. This could be

due to an increase in the rate of sedimentation caused by the decrease in the velocity

of the river downstream. As the source of the groundwater As is most likely to be

the sediment brought down by the river, so higher rate of sedimentation would also

mean higher As in the sediments.

The town of Barpeta which lies in the BFP has a very unique hydrology; it lies

close to the river Brahmaputra, which is about 7 km away, while at the same it is

flanked by two minor tributaries of river Brahmaputra which are: Nakhanda and

Chawlkhowa. Very high levels of groundwater As were recorded in Barpeta town,

the highest recorded level of As was 131.5 μgL�1 (Fig. 12.5). The distribution of As

however showed a great peculiarity, it was observed that high groundwater As

levels were recorded only in the southern part of Barpeta, which borders the river

Nakhanda (Fig. 12.5). Field inspection and interaction with the local inhabitants

revealed that the aforementioned part of the town actually lied in a dead or a paleo

channel of the Nakhanda river (Fig. 12.5). Arsenic levels were found to change with

very little spatial variation (Fig. 12.5). The highest level of As was found to lie

closest to the river, and a quick drop in As levels were observed with increase in

distance from the river. The grab soil sample from this part showed a very high

TOC level (15.2 mgL�1), and SEM-EDX showed the presence of As along with

high amounts of Fe and Mn (Fig. 12.6).

Barpeta is a small town with a population of 48,826 as per the 2011 census, the

highly localized behaviour of As in such a small region is very interesting and

Fig. 12.5 Groundwater samples in Barpeta town with the As values
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highlights the influence of river course and proximity in As occurrence and

distribution. Deposition of recent sediments which are high in organic matter and

enriched in As bearing minerals along the Nakhanda river appears to be the reason

behind the unique pattern of As occurrence in the Barpeta town.

4 Conclusions

The process of As mobilization in the BFP appears to be reductive hydrolysis of Fe

(hydr)oxides, and proximity to the river appears to be a major influence on the

distribution and occurrence of the contaminant. This could be due to deposition of

recent sediments close to the river which are rich in As bearing minerals like

arsenopyrite. The newer sediments are also likely to be deposited more along

inner sides of river meanders, which explains the abundance of groundwater As

in such regions as seen from the micro case study of groundwater in Barpeta town,

Assam, India. Organic matter was found to be high in such sediments indicating

their relatively un-oxidized condition indicating the high potential of such sedi-

ments for As mobilization. We could not observe a clear relation between As

occurrence and river stage in this study. But it is likely that higher rate of sedimen-

tation in mid stages of rivers e.g. the BFP and late stages like the GMB deltaic

regions could be a reason for the elevated levels of groundwater As in such regions.

Thus it can be concluded that hydrogeochemical factors which are responsible for

mobilization of groundwater As in alluvial plains are regulated or influenced by the

river.
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Chapter 13

Evaluation of Groundwater Quality
in 14 Districts in Sri Lanka: A Collaboration
Research Between Sri Lanka and Japan

S.K. Weragoda and Tomonori Kawakami

1 Introduction

Groundwater is an indispensable source of drinking water in many rural commu-

nities in the dry zone of Sri Lanka. However in most of the areas in dry zone, many

residents suffer from health problems associated with high fluoride concentration in

drinking water (Tennakoon 2004). In addition, current medical data of these regions

have shown a significant increase of number of patients of Chronic Kidney Disease

of Unknown Etiology (CKDu) during the recent past. It is evident with several

studies done in recent past that there is an increasing trend on the reporting of

patients admitted with CKDu (Bandara 2008; Chandrajith 2010).

It is found that at least 87% of the population in the Anuradhapura administra-

tive district in the north central region, where most areas are affected by CKDu, use

either dug well or tube well water (Perera et al. 2008 cited in Chandrajith 2010).

Over one thousand people have been reported as dead due to CKDu and more than

35,000 patients have registered at renal clinics of several government hospitals in

the dry zone of the island (Weragoda et al. 2013). From many studies, it has been

clearly shown that the etiology behind the increased number of CKD patients in

NCP is neither diabetes nor hypertension (Bandara 2008). Etiology for this myste-

rious disease is suggested to be a combination of several environmental factors.

Chandrajith (2010) suggests that even though no single geochemical parameter

could be clearly and directly related to the CKD etiology, it is very likely that the

unique hydrogeochemistry of the drinking water is closely associated with the

incidence of the disease. Also many studies stresses the specialty of the spatial
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distribution of this disease, which is highly associated to the north central dry zone

of the country.

As the areas that have well water with high fluoride, overlapped with CKDu

prevalent regions, it is suspected that fluoride may be responsible for the disease.

Recently, a hypothesis has arisen saying that arsenic or cadmium is the etiology of

CKDu. Regrettably, long term data on water quality of these areas in Sri Lanka is

not available due to the civil war that lasted more than 30 years and also due to lack

of facilities available in the country. Therefore, investigation of groundwater with

special emphasis on contamination of fluoride and heavy metals was carried out

using groundwater samples obtained from 14 districts of Sri Lanka to explore the

possibilities for existing a relationship between the prevalence of health problems

and the contaminants in drinking water.

2 Materials and Methods

Water samples (n¼ 491) were collected from wells in 14 districts in Sri Lanka from

2010 to 2012. Samples were filtrated on site to remove particulate matters and

microorganisms by a membrane filter with a pore size of 0.45 μm before the

samples were brought to Toyama Prefectural University, Japan for appropriate

analyses. Major ion concentrations were determined by an ion chromatograph.

Heavy metals including arsenic and cadmium were measured by an ICP-MS.

3 Results and Discussion

The average concentration of fluoride from Anuradhapura, Trincomalee,

Hambantota, Kurunegala, Polonnaruwa and Vavuniya districts exceeded the Sri

Lankan standard of 0.6 mg/L (Table 13.1). The highest concentration of 7.0 mg/L

was observed in Anuradhapura District. The GIS mapping on density of CKDu

patients and F concentration has shown a clear correlation. In addition, CaCO3

(mg/L) was also measured to understand the hardness of water. Only Nuwara Eliya

District has water termed as soft based on average value of CaCO3 present. All

other waters were found as “hard” water (>250 as CaCO3 mg/L). Though there is

not any direct health impact reported from high hardness on CKDu, temporary

hardness which makes white colour deposits in water boiling pans causes reluctance

among villagers to consume groundwater.

Excessive fluoride amounts cause critical health issues such as dental caries,

bone fluorosis, and lesions of the thyroid, endocrine glands, and brain. This problem

is widespread in many parts of the world, and still many millions of people consume

groundwater with high amounts of fluoride which exceeds the recommended

guideline value by World Health Organization (WHO). As a country in the tropical

region, Sri Lanka has the upper limit value of F concentration as 0.6 mg/l. In Sri
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Lanka, dental and skeletal fluorosis is a widespread health issue in majority of the

residents in dry zone.

From the groundwater quality survey conducted including both CKDu endemic

and non- endemic regions it is reported that high fluoride amounts is a widespread

problem in dry zone Sri Lanka, highly relating with the regions associated with

CKDu prevalence. Anuradhapura, which is one of the most affected regions, has

reported the highest fluoride content of 7.03 mg/l with a mean value of 1.13 mg/l.

Polonnaruwa has reported a mean value of 0.84 mg/l with a maximum fluoride

content of 3 mg/l, while Badulla which is another endemic region resulting with a

mean fluoride content of 0.56 mg/l and a maximum value of 2 mg/l, which clearly

illustrate the excessive fluoride amounts in the CKDu endemic regions. In compar-

ison to these results, Batticaloa reports a mean fluoride level of 0.21 mg/l and a

maximum fluoride level of 0.7 mg/l. However according to Jayatilake et al. (2014),

Hambantota is a non-endemic area, with no reported CKDu cases. But the present

study reports 0.59 mg/l mean fluoride content along with a maximum fluoride level

of 2.0 mg/l.

Arsenic concentration of few well water from coastal belt exceeded the Sri

Lankan standard of 10 μg/L. Comparing the other heavy metal concentrations in

each district, none of heavy metal other than Fe in the well waters exceeded the Sri

Lankan standards. Although, As and Cd were reported recently to be the etiology of

CKDu, the well water analyses clearly indicated that As and Cd in well water was

not the etiology of CKDu, since no wells with their high concentration in ground-

water was found.

Arsenic has long been known as a poison and is best known for its harmful acute

effects. Long-term exposure to this poison through drinking water and/or food can

result in adverse health effects including dermal diseases such as melanosis (dark

and light spots on the skin) and keratosis (hardening of skin on hands and feet);

Table 13.1 Maximum and

average F concentration

(mg/L) in groundwater of dry

zone, Sri Lanka

District Max. Average SDa

Anuradhapura 7.0 1.1 0.8

NuwaraEliya 0.1 0.0 0.0

Puttalam 2.2 0.3 0.4

Mannar 1.2 0.4 0.4

Jaffna 1.3 0.2 0.2

Trincomalee 2.4 0.8 0.7

Batticaloa 0.7 0.2 0.2

Hambantota 1.5 0.6 0.4

Matale 0.8 0.3 0.4

Kurunegala 5.0 0.7 1.2

Polonnaruwa 1.8 0.8 0.6

Vavuniya 3.1 0.8 0.6

Killinochchi 1.3 0.2 0.3

Mullattivu 1.1 0.1 0.2
aSD Standard deviation
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vascular diseases; birth defects; low IQ; cancer of lung, kidney, skin and others

(Ngai et al. 2005). WHO recommended guideline value is 10 μg/l (WHO 2011).

According to this groundwater survey results, none of considered districts’ mean

arsenic concentrations exceeds this guideline value. Only in one location the

arsenic concentrations has exceeded this guideline value, and that is from Uppodai

Lake Road in Batticaloa out of all 504 well points water samples. All other reported

values are almost below 3.25 μg/l. According to the results in Table 13.2, high

arsenic values are reported only in four districts; they are 15 μg/l, 66 μg/l, 13 μg/l
and 14 μg/l in Puttalam, Mannar, Mullattivu and Baticcaloa respectively. But the

mean value in any district has not exceeded the WHO recommended value.

According to the data of Weragoda et al. (2012), it could be noticed when one

closely studies the well point locations of higher concentrations of arsenic levels,

that they are located nearby sea or bay. Hence, there can be a direct relation with

environmental factors associated with coastal area, to result with high arsenic levels

in four different well points in coastal regions in Sri Lanka. But according to overall

results a common relation with CKDu and the arsenic concentrations, could not be

recognized.

4 Conclusions

Investigation of well water in 14 districts in Sri Lanka was carried out to determine

the concentrations of fluoride, hardness and heavy metals. High concentration of

fluoride was detected in the north central region of Sri Lanka where CKDu are

prevailing, while high concentration of arsenic was detected only in the coastal area

and the concentration of cadmium was as low as 0 μg/L. This indicated that arsenic

Table 13.2 Maximum and

average as concentration (μg/
L) in groundwater of dry

zone, Sri Lanka

District Max. Average SDa

Anuradhapura 1 0 0.2

NuwaraEliya 0 0 0.0

Puttalam 15 4 4.1

Mannar 66 7 11.7

Jaffna 6 2 1.7

Trincomalee 9 1 1.7

Batticaloa 14 3 3.1

Hambantota 3 1 0.9

Matale 0 0 0.1

Kurunegala 1 0 0.1

Polonnaruwa 1 0 0.2

Vavuniya 2 1 0.6

Killinochchi 2 1 0.6

Mullattivu 13 3 3.6
aSD Standard deviation
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and cadmium in the well water could not be an etiology of CKDu. Hence,

researches on identification of causes for CKDu have to be diverted towards other

means of uptake.
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Chapter 14

Arsenic Contamination in Groundwater
Affecting Holocene Aquifers of India:
A Review

Babar A. Shah

1 Introduction

Groundwater arsenic (As) contamination have been reported in many parts of the

world such as Bangladesh, India, Pakistan, Nepal, China, Hungary, Vietnam,

Thailand, Cambodia, Taiwan, Inner Mongolia, Ghana, Egypt, Japan, Argentina,

Mexico, USA and Chile (Mandal and Suzuki 2002; Ravenscroft et al. 2009). The

mode of occurrence, origin and mobility of As in sedimentary aquifers are

influenced by local geology, geomorphology, hydrogeology and geochemistry of

sediments (Acharyya et al. 2000; Kinniburgh and Smedley 2001). The upper

permissible limit of As in drinking water is 10 μg/l, as per the World Health

Organization (WHO 1993), which has been endorsed by Bureau of Indian Stan-

dards (BIS 2003).

Groundwater As contamination in Quaternary aquifers are reported in India

(Fig. 14.1) viz., Bengal Delta (West Bengal), Middle Ganga Plain (Uttar Pradesh-

Bihar), Ghaghara Valley (Uttar Pradesh), Brahmaputra Valley (Assam), Barak

Valley (Assam) and Imphal Valley (Manipur). Groundwater As concentrations in

tubewell waters were tested within the Holocene Newer Alluvium aquifers, as well

as the Pleistocene Older Alluvium aquifers. The main objective of study is to

investigate the distribution of groundwater As in entrenched channels and flood-

plains in Quaternary domains under fluvial geomorphologic setting.
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2 Materials and Methods

The tubewell samples were collected from Bengal Delta, Middle Ganga Plain,

Ghaghara Valley, Imphal Valley and Barak Valley. The geographic locations of

all samples were recorded by a handheld Global Positioning System (GPS). The

information of tubewell depth was acquired from owner of the tubewell. GPS

location of all samples were recorded.

Iron (Fe) in tubewell water samples was analysed by 1,10 phenanthroline

method by the use of UV spectro-photometer. Arsenic in tubewell water and

sediments was analysed through flow injection hydride generation atomic absorp-

tion spectrometry (FI-HG-AAS) system. Details of the reagents and glassware are

given elsewhere (Samanta et al. 1999). Groundwater As-contaminations affecting

different geological domains in India are presented in Fig. 14.1.

Fig. 14.1 Quaternary sediments in the Indo-Ganga foredeep and Bengal Basin. Arsenic affected

areas of six geological domains in India are shown in the map. Abbreviations: K – Kanpur, A –

Allahabad, V – Varanasi, BX – Buxar, B – Ballia, C – Chhapra, P – Patna, BG – Bhagalpur
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3 Results and Discussion

3.1 Bengal Delta (West Bengal)

Four geomorphic and morphostratigraphic units have been identified in West

Bengal and bordering Bihar and Jharkhand States in India. The western uplands

of undulating hills of older rocks framing the delta are divisible into three stepped

alluvial plains, e.g., western belt of undulating hills of older rocks, the Laterite

Plain, Older Alluvial Plain (OAP) and the Younger Delta Plain (YDP) of the

Bhagirathi-Ganga river system, which gradually come down in elevation in the

east and southeast. The presence of characteristic soil profiles e.g., laterite/ferrisol

and calcrete are recognized at subsurface (Mallick and Niyogi 1972; Acharyya and

Shah 2007a).

Garai et al. (1984) first reported groundwater As-contamination in the Bengal

Delta (West Bengal). Currently, nine districts in West Bengal (Fig. 14.1) have

As-contamination in groundwater as reported by various workers (Mandal

et al. 1996; Bhattacharya et al. 1997; Acharyya et al. 2000; Mandal and Suzuki

2002; Acharyya and Shah 2007a, 2010; McArthur et al. 2008; Ravenscroft

et al. 2009; Bhattacharyya and Mukherjee 2009). Arsenic contaminated aquifers

are mainly confined in the Holocene entrenched channels and floodplains of the

Bhagirathi River. The Quaternary sequence along the western flank of the Bengal

basin usually has a wedge-like shape and thickens eastward. Areas covering ODP

and older surfaces are free of As contamination, which affects parts of YDP mainly

to the east of the Bhagirathi River.

Arsenic affected areas confined to the western part of the Bhagirathi River are

mainly discussed here. About 355 tubewell water samples were analysed from

Howrah and Hooghly districts in the western part of the Bhagirathi River. About

51% of tubewells have As >10 μg/l and 30% of tubewells have As >50 μg/l.
Maximum As and Fe concentrations in tubewell waters are 500 μg/l and 13 mg/l in

Ulubaria and Balagarh blocks, respectively. Arsenic contaminated aquifers are

mainly confined in the Holocene entrenched channels and floodplains of the

Bhagirathi River. Many affected areas in the Balagarh Block of Hooghly district

are located over the Damodar fan-delta, where maximum As concentrations of

85–90 μg/l have been recorded. The As-affected areas in Amta and Bagnan blocks

of Howrah district are located on either side of the present Damodar channel but

south of the Damodar fan-delta. Amta and Bagnan areas recorded maximum As

concentrations of 50 and 90 μg/l, respectively (Acharyya and Shah 2007a).

3.2 Middle Ganga Plain

Groundwater As-contamination has been reported from different parts of the

Middle Gangetic Basin (Fig. 14.1) in the states of Uttar Pradesh, Bihar and
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Jharkhand (Chakraborti et al. 2003; Shah 2008, 2014; Kumar et al. 2010; Raju

2012; Bhattachaerjee et al. 2005). The As-affected districts in Bihar are Buxar,

Bhojpur, Patna, Saran, Vaishali, Begusarai, Samastipur, Lakhisarai, Purnea,

Katihar, Khagaria, Darbhanga, Bhagalpur, Kishanganj and Munger. Most of the

As-contaminated tubewells are located within the depth of 15–40 m in the Holocene

Newer Alluvium sediments (Chakraborti et al. 2003; Nickson et al. 2007; Shah

2008, 2010; Kumar et al. 2010; Saha et al. 2010; CGWB 2010). The low-lying

entrenched channel and floodplain of the Ganga River that flank the northern tip of

the Rajmahal Hills and parts of the Sahibganj district in Jharkhand are

As-contaminated (Bhattacharjee et al. 2005).

Groundwater As-contamination has been reported in Ballia, Ghazipur and

Bahraich districts of Uttar Pradesh in the Middle Gangetic Basin, where most of

the contaminated (>10 μg/l) tubewells are located within the depth of 30 m.

However, the temporal variation of As concentrations in Ghazipur district are

greater in the pre-monsoon than that of the post-monsoon season (Ahmed

et al. 2006; Shah 2008; Kumar et al. 2010). Lakhimpur Kheri district of Uttar

Pradesh lies in Terai region along the Himalayan foothills. About 41% (42 out of

102) of handpumps of these blocks have As above 10 μg/l (Pathak et al. 2013).

Arsenic contamination in groundwater above 50 μg/L is reported in Allahabad and

Kanpur districts of Uttar Pradesh. Most of the tubewells are shallow with depth

ranging from 15 to 35 m (Chakraborti et al. 2009).

From Middle Ganga Plain, 224 tubewell water samples were analysed. About

73% of tubewells have As concentrations above 10 μg/l and 41% of tubewells have

As above 50 μg/l. About 77% of As-contaminated tubewells are from shallower

depth (21 to 40 m) in the Holocene aquifers. Maximum concentrations of As and Fe

in tubewell waters are 1300 μg/l and 12.93 mg/l at Semariya Ojjha Patti and Pandey

Tolla villages, respectively. Most of the As contaminated tubewells are located

within the depth of 20–50 m in the Newer Alluvium aquifers. The Fe content in

tubewell waters varies from 0.1 to as much as 12.9 mg/l. About 85% of tubewells

have Fe beyond its permissible limit of 1 mg/l (Shah 2014).

Arsenic contaminated tubewells in Vaishali, Patna, Ballia, Bhojpur, Buxar,

Mirzapur and Ghazipur districts are mostly located in entrenched channels and

floodplains of the Ganga River in the Holocene Newer Alluvium surfaces.

Tubewells located in Ballia, Ara, Chhapra, Patna, Hazipur, Buxar,

Muhammadabad, Ghazipur, Saidpur, Varanasi, Chunar and Mirzapur towns are

As-safe in groundwater because of their positions on the Older Alluvium upland

surfaces (Shah 2008, 2014).

3.3 Ghaghara Valley

In the Ghaghara Valley, 231 tubewell water samples were analysed from Faizabad,

Gonda and Basti districts (Fig. 14.1). About 38%, 61% and 42% of tubewells in

Faizabad, Gonda and Basti districts, respectively have As >10 μg/l. Moreover,
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15%, 45% and 26% of tubewells in Faizabad, Gonda and Basti districts, respec-

tively have As above 50 μg/l. Mean As concentrations in tubewells from Faizabad,

Gonda and Basti districts are 28.97 μg/l, 101.72 μg/l and 26.40 μg/l, respectively.
Maximum concentrations of As in tubewells from Faizabad, Gonda and Basti

districts are 350 μg/l, 510 μg/l and 150 μg/l, respectively (Shah 2013). Faizabad,

Ayodhya and Nawabganj towns in the Ghaghara Valley are located on the yellow-

brown coloured oxidized Pleistocene Older Alluvium upland surfaces and

tubewells are As-safe (<10 μg/l) in groundwater. About 47% As-contaminated

(As >10 μg/l) tubewells in these three districts are located within the depth of

10–35 m (Shah 2013).

3.4 Terai Plain of Nepal and West Bengal

Arsenic contamination of groundwater also affects Terai belt of Nepal (Shrestha

et al. 2003; Gurung et al. 2005). Major rivers in Terai belt (Fig. 14.1) originate from

the Higher Himalaya and minor rivers emanate from the nearby Siwalik hills and

deposit sediments in the form of fans along the flank of the Terai belt (Fig. 14.1).

Fine sediments and organic material are deposited in inter-fan lowlands in wetlands

and swamps. It was observed that sediments carried from the Siwalik hills by the

minor rivers release more As than those carried by major rivers from the Higher

Himalaya (Shrestha et al. 2003; Gurung et al. 2005). Terai belt of West Bengal has

similar sediments characters with Terai belt of Nepal and is As-contaminated in

groundwater (Bhattacharyya and Mukherjee 2009). The geology of the Terai Basin

of Nepal and West Bengal is similar, based on geochemistry, stratigraphy and

carbon-14 age. Average As content (9 mg/kg) of the Terai sediments is within the

range of normal sediments (Gurung et al. 2005).

3.5 Brahmaputra Valley

The Brahmaputra is one of the most sediment charged large river of the world. The

Brahmaputra Plain in Assam is located between the eastern Himalayas on the north

and east, the Patkai and Naga Hills on the northeast and Mikir Hills and Shillong

Plateau on the south. The Recent sediments in the Brahmaputra valley are deposited

as alluvial fan and braid-cum-flood plain sediments of the Brahmaputra and its

several tributaries.

The problem of As contamination in groundwater of Assam has been investi-

gated by various researchers (Singh 2004; Borah et al. 2009; Chetia et al. 2011;

Goswami et al. 2013). Arsenic has been detected in 21 of the total 27 districts of

Assam. Maximum As content was observed in Jorhat, Dhemaji, Golaghat,

Lakhimpur and Majuli Island in the state of Assam. Most of the arsenic contami-

nated tubewells are located in the entrenched channels and floodplains of
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Brahmaputra valley (Fig. 14.1). The concentration of As was relatively high in

shallow tubewell (15–40 m deep) as compared to deep tubewell. Available litera-

ture shows that groundwater of Assam valleys is highly ferruginous (Borah

et al. 2009; Chetia et al. 2011; Goswami et al. 2013).

3.6 Barak Valley

The major parts of the Barak Valley consist of Tertiary upland surfaces with the

presence of shale, sandstone, ferruginous sandstone, mottle clay, pebble bed and

boulder beds or lowland valley areas with thin cover of Holocene Newer Alluvium

sediments on top. The sediments deposited in this valley areas are characterized by

organic-rich grey to black coloured, fine grained, argillaceous sediments and are

poorly flushed by groundwater. Arsenic-contaminated tubewells are confined in

Holocene Newer Alluvium aquifers (Fig. 14.1). Groundwater survey (sample 86) in

Cachar and Karimganj districts shows that 66% of tubewells have As concentra-

tions above 10 μg/l and 26% of tubewells have As above 50 μg/l (Shah 2012).

Maximum As reported from these districts is 350 μg/l. About 90% of installed

tubewells in these two districts are from shallower depth (14 to 40 m). Arsenic-

contaminated tubewells are confined in the Holocene Newer Alluvium aquifers

(Shah 2012).

3.7 Manipur Valley

The Manipur Valley has been infilled by thick alluvium which is subdivided into

the Older (Pleistocene) and Newer Alluvium. The Older Alluvium is made up of

clay, silt, coarse sand, gravel, pebble and boulders, deposited adjacent to the

foothills and forming older river terraces in the lower part of Manipur Valley.

The Newer Alluvium is composed of clay, sand, silt and dark clay with carbona-

ceous matter, deposited mainly in the central and upper part of the Manipur Valley.

About 628 tubewell water samples were analysed from Imphal East, Imphal West,

Thoubal and Bishnupur districts of Manipur Valley (Fig. 14.1). About 63% of

tubewells have As >10 μg/l and 40% of tubewells have As> 50 μg/l (Chakraborti
et al. 2008). Arsenic-contaminated aquifers in the Manipur Valley are mainly

located within the Holocene Newer Alluvium, where the depth of tubewells varies

from 5 to 120 m (Singh 2004; Chakraborti et al. 2008; Devi Oinam et al. 2011).
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4 Source and Release of Arsenic to Groundwater

Arsenic-bearing minerals deposits in the Himalayan hill range include hydrother-

mal pyrite-chalcopyrite-arsenopyrite-galena mineralization associated with quartz

veins in Buniyal, Doda, Almora and J&K Hills (Tewari and Gaur 1977). The Indus-

Tsangpo suture in north India is marked by ophiolitic rocks, including olivine

serpentinites. These ophiolites are composed of serpentinized peridotite, layered

mafic to ultramafic rock, volcanic and oceanic sediments that contain high As

(Guillot and Charlet 2007).

Many coal seams from the Raniganj and Jharia coalfields of the Damodar

Valley, which flank the Bengal Basin, have As concentrations from 65 to

360 mg/kg. Biogenic As bearing pyrite often grow as cement-like overgrowth on

iron-rich heavy mineral like titaniferous magnetite (Acharyya and Shah 2007a).

The Peninsular India is also accounted for source of As where pyrite–bearing

shale in Amjhore mine has As 2.6 g/kg (Das 1977). In the gold mineralization belt

of Son Valley, As concentrations in bedrock locally range 1–28 g/kg (Mishra

et al. 1996).

Mineralogical studies on sediment cores and tubewell sludges from the

Bhagirathi-Ganga delta, Middle Ganga Plain and Bengal Delta in Bangladesh

corroborate that As-rich pyrite or any other As minerals are rare or absent in the

aquifers from affected areas. However, rare presence of biogenic pyrite is recorded

in reducing environment often in association of degraded plant remains. Biogenic

As-bearing pyrite often grow as cement-like overgrowth on iron-rich heavy mineral

like titaniferous magnetite (Acharyya and Shah 2007b). Studies on cores of aquifer

sediments from As-contaminated and adjacent safe zones from Chakda and

Baruipur areas, West Bengal, reveal following aquifer sediment fractions to be

As bearing: iron-oxide-coated quartz and clay (illite) grains, iron-manganese-sid-

erite, magnetite and biotite/chlorite. The XRD studies on iron-coated blackened

mineral grains and other grains have revealed the presence of chlorite and amphi-

bole. Arsenic is associated with some of these fractions (Acharyya and Shah

2007b).

Arsenic sorbed in discrete phases of hydrated Fe-Mn oxide was preferentially

entrapped in argillaceous and organic-rich Holocene floodplain and deltaic sedi-

ments (Bhattacharya et al. 1997; Kinniburgh and Smedley 2001). The anaerobic

heterotrophic Fe3+ reducing bacteria (IRB) preferentially reduce and dissolve least

crystalline discrete phases of hydrate iron oxide (HFO), with consequent release of

its sorbed As and other trace elements to groundwater (Islam et al. 2004; Saunders

et al. 2005).
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5 Conclusions

Groundwater As contamination is reported from Ganga-Meghna-Brahmaputra

(GMB) plains under fluvial geomorphology and Quaternary morphostratigraphic

setting. The river channels with the Newer Alluvium deposits are incised as narrow

entrenched river valley terraces, which normally occur above the active flood plain.

Tubewells in the Holocene Newer Alluvial aquifers are mostly As-contaminated in

groundwater.

The Pleistocene Older Alluvium upland surfaces are As-safe in groundwater.

Most of the towns on the GMB plains are As-safe in groundwater because of their

locations on the Pleistocene Older Alluvium upland surfaces. Most of the

As-affected villages are preferentially located close to abandoned or present mean-

der channels.

The Pleistocene oxidizing yellow-brown coloured sediments are well flushed by

groundwater flow due to high–hydraulic head and are low in As and devoid of

organic matter. The environment of the Pleistocene aquifers is not favourable to

release sorbed As to groundwater and aquifers are generally As-safe in

groundwater.

Acknowledgement The author thanks School of Environmental Studies, Jadavpur University for

the As and Fe analyses. The financial support of this study came from DST Young Scientist

Scheme, and CSIR Scientists’ Pool Scheme, which is gratefully acknowledged.

References

Acharyya, S.K., Lahiri, S., Raymahashay, B.C. and Bhowmik, A. (2000). Arsenic toxicity of

groundwater of the Bengal Basin in India and Bangladesh: The role of Quaternary stratigraphy

and Holocene sea level fluctuation. Environ. Geol., 39: 1127–1137.
Acharyya, S.K. and Shah, B.A. (2007a). Arsenic contaminated groundwater from parts of Damo-

dar fan-delta and west of Bhagirathi River, West Bengal, India: influence of fluvial geomor-

phology and Quaternary morphostratigraphy. Environ. Geol., 52: 489–501.
Acharyya, S.K. and Shah, B.A. (2007b). Groundwater arsenic contamination affecting different

geologic domains in India-a review: Influence of geological setting, fluvial geomorphology and

Quaternary stratigraphy. Environ. Sci. Health. Part A, 42: 1795–1805.
Acharyya, S.K. and Shah, B.A. (2010). Groundwater arsenic pollution affecting deltaic West

Bengal, India. Curr. Sci., 99: 1787–1794.
Ahamed, S., Sengupta, M.K., Mukherjee, A., Hossain, A., Das, B., Nayak, B., Pal, A., Mukherjee,

S.C., Pati, S., Dutta, R.N., Chatterjee, G., Mukherjee, A., Srivastava, R. and Chakraborti,

D. (2006). Arsenic groundwater contamination and its health effects in the state of Uttar

Pradesh (UP) in upper and middle Ganga plain, India: A severe danger. Sci. Total. Environ.,
370: 310–322.

Bhattacharyya, D. and Mukherjee, P.K. (2009). Contamination of shallow aquifers by arsenic in

upper reaches of Tista river at Siliguri–Jalpaiguri area of West Bengal, India. Environ. Earth.
Sci., 57: 1687–1692.

164 B.A. Shah



Bhattacharya, P., Chatterjee, D. and Jacks, G. (1997). Occurrence of arsenic-contaminated

groundwater in alluvium aquifers from delta plains, Eastern India: Options for safe water

supply. Water Resour. Devel., 3: 79–92.
Bhattacharjee, S., Chakravarty, S., Maity, S., Dureja, V. and Gupta, K.K. (2005). Metal contents in

the groundwater of Sahebganj district, Jharkhand, India, with special reference to

As. Chemosphere, 58: 1203–1217.
Borah, K., Bhuyan, B. and Sarma, H.P. (2009). Lead, arsenic, fluoride and iron contamination of

drinking water in the tea garden belt of Darrang district, Assam, India. Environ. Monit. Assess.,
169: 347–352.

Bureau of Indian Standards (2003). Indian standard: Drinking water Specification (first revision),

Amendment No. 2, New Delhi.

Central GroundWater Board (2010). Ground water quality in shallow aquifers of India. Faridabad.
Chakraborti, D., Mukherjee, S.C., Pati, S., Sengupta, M.K., Rahman, M.M., Chowdhury, U.K.,

Lodh, D., Chanda, C.R. and Chakraborty, A.K. (2003). Arsenic groundwater contamination in

Middle Ganga Plain, Bihar, India: A future Danger? Environ. Health Perspect., 111:
1194–1200.

Chakraborti, D., Ghorai, S., Das, B., Pal, A., Nayak, B. and Shah, B.A. (2009). Arsenic exposure

through groundwater to the rural and urban population in the Allahabad-Kanpur track in the

Upper Ganga Plain. J. Environ. Monit., 11: 1455–1459.
Chakraborti, D., Singh, E.J., Das, B., Shah, B.A., Hossain, M.A., Nayak, B., Ahamed, S. and

Singh, N.R. (2008). Groundwater arsenic contamination in Manipur, one of the seven North-

Eastern Hill states of India: A future danger. Environ. Geol., 56:, 381–390.
Chetia, M., Chatterjee, S., Banerjee, S., Nath, M.J., Singh, L., Srivastava, R.B. and Sarma,

H.P. (2011). Groundwater arsenic contamination in Brahmaputra river basin: A water quality

assessment in Golaghat (Assam), India. Environ. Monit. Assess., 173: 371–385.
Das, S. (1977). A note on prospecting of Amjhore pyrite, Rohtas district, Bihar with discussion on

the origin of the deposits. Ind. Min., 31: 8–22.
Devi Oinam, J., Ramanathan, AL., Linda, A. and Singh, G. (2011). A study of arsenic, iron and

other dissolved ion variations in the groundwater of Bishnupur District, Manipur, India.

Environ. Earth Sci., 62: 1183–1195.
Garai, R., Chakraborty, S., Dey, B. and Saha, K.C. (1984). Chronic arsenic poisoning from

tubewell water. Ind. Med. Assoc., 82: 34–35.
Goswami, R., Rahman, M.M., Murril, M., Sarma, K.P., Thakur, R. and Chakraborti, D. (2013).

Arsenic in the groundwater of Majuli, the largest river island of the Brahmaputra: Magnitude of

occurance and human exposure. Journal of Hydrology, doi: http://dx.doi.org/10.1016/j.jhydrol.
2013.09.022.

Guillot, S. and Charlet, L. (2007). Bengal arsenic, an archive of paleohydrology and Himalayan

erosion. Environ. Sci. Health Part A, 42: 1785–1794.
Gurung, J.K., Ishiga, H. and Khadka, M.S. (2005). Geological and geochemical examination of

arsenic contamination in groundwater in the Holocene Terai Basin, Nepal. Environ. Geol., 49:
98–113.

Islam, F.S., Gault, A.G., Boothman, C., Polya, D.A., Charnock, J.M., Chatterjee, D. and Lloyd,

J.R. (2004). Role of metal-reducing bacteria in arsenic release from Bengal delta sediments.

Nature, 430: 68–71.
Kinniburgh, D.G. and Smedley, P.L. (2001). Arsenic contamination of groundwater in

Bangladesh. British Geological Survey Report, WC/00/19, Dhaka.
Kumar, M., Kumar, P., Ramanathan, AL., Bhattacharya, P., Thunvik, R., Singh, U.K., Tsujimura,

M. and Sracek, O. (2010). Arsenic enrichment in groundwater in the middle Gangetic plain of

Ghazipur district in Uttar Pradesh, India. J. Geochem. Explor., 105: 83–94.
Mallick, S. and Niyogi, D. (1972). Application of geomorphology in groundwater prospecting in

the alluvial plains around Burdwan, West Bengal. Ind. Geohydrology, 8: 86–98.

14 Arsenic Contamination in Groundwater Affecting Holocene Aquifers of India 165

http://dx.doi.org/10.1016/j.jhydrol.2013.09.022
http://dx.doi.org/10.1016/j.jhydrol.2013.09.022


Mandal, B.K., Roy Choudhury, T., Samanta, G., Basu, G.K., Chowdhury, P.P., Chandra, C.R.,

Lodh, D., Karan, N.K., Dhar, R.K., Tamili, D.K., Das, D., Saha, K.C. and Chakroborti,

D. (1996). Arsenic in groundwater in Seven districts of West Bengal, India�The biggest

arsenic calamity in the world. Curr. Sci., 70: 976–986.
Mandal, B.K. and Suzuki, K.T. (2002). Arsenic round the world: A review. Talanta, 58: 201–235.
McArthur, J.M., Ravenscroft, P., Banerjee, D.M., Milsom, J., Hudson-Edwards, K.A., Sengupta,

S., Bristow, C., Sarkar, A., Tonkin, S. and Purohit, R. (2008). How paleosols influence

groundwater flow and arsenic pollution: A model from the Bengal Basin and its worldwide

implication. Water Resour. Res., 44: 1–30.
Mishra, S.P., Sinha, V.P., Tripathi, A.K., Sharma, D.P., Dwivedi, G.N., Khan, M.A., Yadav,

M.L. and Melhrotra, R.D. (1996). Arsenic incidence in Son valley gold belt. In: Shanker, R.,
Dayal, H.M., Shome, S.K., Jangi, B.L. (eds). Symp. Earth Sciences in Environmental Assess-

ment and Management, invited papers and abstracts. Lucknow. Geol. Surv. Ind.
Nickson, R., Sengupta, C., Mitra1, P., Dave, S.N., Banerjee, A.K., Bhattacharya, A., Basu, S.,

Kakoti, N., Moorthy, N.S., Wasuja, M., Kumar, M., Mishra, D.S., Ghosh, A., Vaish, D.P.,

Srivastava, A.K., Tripathi, R.M., Singh, S.N., Prasad, R., Bhattacharya, S. and Deverill,

P. (2007). Current knowledge on the distribution of arsenic in groundwater in five states of

India. Environ. Sci. Health Part A, 42: 1707–1718.
Pathak, V.K., Agnihotri, N., Khatoon, N., Khan, A.H. and Rahman, M. (2013). Hydrochemistry of

groundwater with special reference to arsenic in Lakhimpur Kheri district, Uttar Pradesh,

India. IOSR Jour. Appl. Chem., 6: 61–68.
Raju, N.J. (2012). Arsenic Exposure through Groundwater in the Middle Ganga Plain in the

Varanasi Environs, India: A Future Threat. J. Geol. Soc. India, 79: 302–314.
Ravenscroft, P., Brammer, H. and Richards, K. (2009). As pollution: A global synthesis. Wiley-

Blackwell, Chichester.

Saha, D., Sreehari, S.S., Shailendra, N.D. and Kuldeep, G.B. (2010). Evaluation of

hydrogeochemical processes in arsenic contaminated alluvial aquifers in parts of mid-Ganga

basin, Bihar, eastern India. Environ. Earth Sci., 61: 799–811.
Samanta, G., Roy Chowdhury, T., Mandal, B., Biswas, B., Chowdhury, U., Basu, G., Chanda, C.,

Lodh, D. and Chakraborti, D. (1999). Flow Injection Hydride Generation Atomic Absorption

Spectrometry for determination of arsenic in water and biological samples from arsenic-

affected districts of West Bengal, India, and Bangladesh. Microchem. J., 62: 174–191.
Saunders, J.A., Lee, M.K., Uddin, A., Mohammad, S., Wilkin, R.T., Fayek, M. and Korte,

N.E. (2005). Natural arsenic contamination of Holocene alluvial aquifers by linked tectonic,

weathering, and microbial processes. Geochem. Geophy. Geosys., 6: doi:10.1029/

2004GC000803.

Shah, B.A. (2008). Role of Quaternary stratigraphy on arsenic-contaminated groundwater from

parts of Middle Ganga Plain, UP-Bihar, India. Environ. Geol., 53: 1553–1561.
Shah, B.A. (2010). Arsenic-contaminated groundwater in Holocene sediments from parts of

Middle Ganga Plain, Uttar Pradesh, India. Curr. Sci., 98: 1359–1365.
Shah, B.A. (2012). Role of Quaternary stratigraphy on arsenic-contaminated groundwater from

parts of Barak Valley, Assam, North–East India. Environ. Earth Sci., 66: 2491–2501.
Shah, B.A. (2013). Status of groundwater arsenic pollution in Holocene aquifers from parts of the

Ghaghara Basin, India: Its relation to geomorphology and hydrogeological setting. Phy. Chem.
Earth, 58–60: 68–76.

Shah, B.A. (2014). Arsenic in groundwater, Quaternary sediments, and suspended river sediments

from the Middle Gangetic Plain, India: Distribution, field relations, and geomorphological

setting. Arab. J. Geosci., 7: 3525–3536.
Singh, A.K. (2004). Arsenic Contamination in Groundwater of North Eastern India. Proceedings

of national seminar on ‘Hydrology with focal theme on Water Quality’ held at National

Institute of Hydrology, Roorkee during Nov. 22–23.

Shrestha, R.R., Shrestha, M.P., Upadhyay, N.P., Pradhan, R., Khadka, R., Maskey, A., Maharjan,

M., Tuladhar, S., Dahal, B.M. and Shrestha, K. (2003). Groundwater arsenic contamination, its

health impact and mitigation program in Nepal. J. Environ. Sci. Health A, 38: 185–200.

166 B.A. Shah

http://dx.doi.org/10.1029/2004GC000803
http://dx.doi.org/10.1029/2004GC000803


Tewari, A.P. and Gaur, R.K. (1977). Geological conditions of formation of Pyrite-Polymetallic

deposits of the Himalaya and the Great Caucasus – A comparison. Him. Geol., 7: 235–245.
World Health Organisation (1993). Guideline for drinking water quality. Recommendations 2nd

edn., 1993, 1, Geneva.

14 Arsenic Contamination in Groundwater Affecting Holocene Aquifers of India 167



Chapter 15

Water Quality Evaluation in a Rural Stretch
of Tezpur, Assam (India) Using Water
Quality Index and Correlation Matrix

K.U. Ahamad, N. Medhi, V. Kumar, and N. Nikhil

1 Introduction

Groundwater resources have a major role in ensuring livelihood security across the

world, especially in economies that depends on agriculture. In India it is the major

source of drinking water in both urban and rural and its importance cannot be over

emphasized. It accounts for more than 85% of the rural domestic water needs, and

50% of the urban water needs (Ganeshkumar and Jaideep 2011). With an estimated

use of 230 km3 of groundwater every year, i.e. more than a quarter of the global

level, India is the largest user of groundwater in the world. At present apart from

depletion of groundwater level, India is also facing problems regarding the incre-

ments of pollutant concentration present in it. In the North Eastern region of India,

natural springs and dug wells are the only cost effective viable means of fulfilling

the domestic needs for present population. Information on groundwater quality of

northeast India is scanty (Suryawanshi et al. 2004). It has been reported that the

concentration of fluoride (F�), and iron [Fe(II)] in the groundwater is much higher

than the permissible limits of drinking water at different areas of Assam (Sushella

2001). Fluoride in the groundwater of Assam has been reported in the range of

5–23 mg/L (Meenakshi and Maheshwari 2006) and iron in the range of 1–25 mg/L

(Das et al. 2003; Mahanta et al. 2004). The permissible limit in drinking water is

1–1.5 mg/L for fluoride and 0.3 mg/L for iron (IS 10500 1991; WHO 1993). The

iron present in the groundwater causes visible colouration to the water, but fluoride

doesn’t impart any colour to the water. Therefore the quality of drinking water is of

vital importance for human being, though most consumers are unaware of the

various pollutants present in the groundwater.
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Whether water is safe for drinking or not cannot be judged simply by vision,

taste and smell. The levels of pollutants present in it are actually the deciding factor.

Extensive research and analysis are needed over a longer specified time to evaluate

the levels of pollutants and to study the seasonal variations and the causes of such

variation during the period. Attention on groundwater pollutants and its manage-

ment has become a need of the hour because of its far reaching impact on human

health. Therefore an attempt has been made in the present study to achieve the same

by evaluating the quality of groundwater and comparing the same with the standard

desirable limits as prescribed by World Health Organization (WHO) in a rural

stretch of Tezpur, Assam – a northeastern hilly province of India. People living in

rural and semi urban Tezpur are unaware of the various other pollutants present in

the groundwater except for iron, as it gives visible colouration to water. The use of

WQI could be of particular interest for developing countries, because they provide

cost-effective water quality assessment as well as the possibility of evaluating

trends. Water quality indices are intended to provide a simple and understandable

tool for managers and decision makers on the quality and possible uses of a given

water body (Horton 1965; Handa 1981; Suki et al. 1988; Sahu et al. 1991; Palupi

et al. 1995). Correlation, basically, is a statistical measurement of the relationship

between two variables. It is a useful statistical tool to determine the extent to which

changes in the value of an attribute are associated with the changes in another

attribute. The present study has been made to evaluate the current status of pollutant

and an effort has been made to study the inter-relationship between different

components of groundwater using Pearson correlation matrix.

2 Material and Methods

2.1 Sampling Area

Figure 15.1 shows the map of study area covering all the sampling locations. These

points were chosen for study after careful consideration. The sampling locations

selected are Panchmile, Dolabari, Neriwalm, Aambagan, Tribeni, Mission Chariali,

Parowa Chariali, Parowa Gaon, Near Kabristan and TU Main gate. Each location is

at a distance of 3 km from the previous covering an area of 30 km periphery.

2.2 Sampling and Analysis

The sampling strategy was designed to cover a range of determinants at sampling

sites that accurately represent the groundwater quality of Tezpur region. Sampling

was carried out at an interval of 10 days for 5 months (Aug–Dec 2013) to monitor

changes caused by the seasonal hydrological cycle. Sampling, preservation and
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analytical protocols were conducted by standard methods for surface waters (APHA

1998). All samples were collected in 1 L plastic bottles. Each was rinsed three times

before collecting, ensuring no adulteration and samples were collected from hand

pumps. Although as per WHO recommendations, the time between sample collec-

tion and analysis should, in general, not exceed 6 h and 24 h is considered the

absolute maximum. However for the present study samples were analyzed within

2–3 h of the collection. The physical characteristics were measured at the location

of sampling itself using calibrated digital equipment. The various water quality

parameters namely pH, electrical conductivity (EC), turbidity, total dissolved solids

(TDS), hardness, alkalinity, dissolved oxygen (DO), iron and fluoride were

analysed in laboratory using standard methods determined by American Public

Health Association (APHA 1998) and Bureau of Indian Standards (IS 1991).

2.3 Ground Water Quality Index

The Ground Water Quality Index (GWQI) is calculated using Weighted Arithmetic

Index method as suggested by Brown et al. (1970). The quality rating/sub index (Qi)

corresponding to the ith parameter is calculated using following expression.

Qi ¼
Xn

i¼1

Mi � Iij j
Si � Iij j

� �
� 100 ð15:1Þ

Fig. 15.1 Location of the study area (Source: Google map, 2014)
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whereMi is estimated values of the ith parameter in the laboratory; Ii is ideal values
of the ith parameter and Si is standard values of the ith parameter. All the ideal

values (Ii) are taken as zero except for pH for which ideal value is taken as 7. The

unit weight (Wi) was calculated by a value inversely proportional to the

recommended standard (Si) of the corresponding parameter.

Wi ¼ I

Si
ð15:2Þ

The overall ground water quality index (GWQI) is calculated by aggregating the

quality rating (Qi) with unit weight (Wi) linearly. Status of water quality based on

WQI is as follows: From 0 to 25¼Excellent, 26–50¼Good, 51–75¼ Poor, 76–-

100¼Very poor, 100 and above¼Unsuitable for drinking.

WQI ¼
Xn

i¼1
QiWiXn

i¼1
Wi

ð15:3Þ

2.4 Statistical Analysis

Correlation provides a “unitless” measure of association between two variables,

ranging from �1 (indicating perfect negative association) to 0 (no association) to

1 (perfect positive association). Both variables are treated equally in that neither is

considered to be a predictor or an outcome. The most commonly used version is the

Pearson product moment coefficient of correlation, rxy. The Pearson correlation

coefficient (rxy) is computed by using the formula:

rxy ¼ nΣ xiyið Þ � Σ xið ÞΣ yið Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
n Σ x2i � Σ xið Þ2
h i

nΣ y2i � Σ yið Þ2
h ir ð15:4Þ

where the variables x and y represent two different water quality parameters; and

n is the number of data points/number of groundwater samples. The inter depen-

dency of each water quality parameter over another was evaluated on the basis of

rxy from Eq. (15.4). Interpretation of the Pearson correlation coefficients, adopted in

the present study are: r¼�1 to�0.7 (strong negative association); r¼ +0.7 to +1.0

(strong positive association); r¼�0.7 to �0.3 (weak negative association); r¼
+0.3 to +0.7 (weak positive association); r¼�0.3 to +0.3 (negligible or no asso-

ciation). For the nine water quality parameters, the possible correlations between

every pair were computed and arranged into a correlation matrix. Precisely, a

correlation matrix is a table of all possible correlation coefficients between a set

of variables.
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3 Results and Discussions

3.1 Water Quality Parameters

The water quality parameters were analyzed for ten batches of samples collected

from the sampling sites and presented in Table 15.1, which summarizes the results

and basic statistics of the dataset. The various water quality parameters tested are

pH, electrical conductivity (EC), total dissolved solids (TDS), alkalinity, iron, total

hardness, turbidity, fluoride and dissolved oxygen (DO). Although not definitive,

pH of the system is an important indicator of water quality and extent of pollution.

WHO sets a desirable range of 6.5–8.0 of pH for drinking water. It has been

observed from the analysis of the data of the studied area that pH is almost within

the permissible limit (6.5–8.5).

Natural water possesses low conductivity but contamination increases the level

of conduction. For the studied area the values of conductivity varies in the range of

73–775 μS/cm, with a mean value of 351.46 μS/cm, which is within the permissible

limit of 400 μS/cm as recommended by WHO. The higher value of conductivity

beyond permissible limit of 400 μS/cm was found in the groundwater of Aambagan,

Neriwalm, Dolabari and Tribeni. The high value of conductivity represents the

presence of high concentration of dissolved salts. No health-based guideline is

proposed by WHO for TDS. TDS higher than 500 mg/L imparts taste to the water,

therefore, a desirable value of 500 mg/L is proposed by WHO. It is observed in the

present study that TDS values are well below the upper desirable value of 500 mg/L

for all the locations. The maximum TDS of 367 mg/L was found in Kabristan area,

which is within the permissible limit (500 mg/L). A variation in alkalinity has been

observed: maximum and average alkalinity is 524 mg/L and 133.67 mg/L, but are

below the permissible limit (600 mg/L), but substantially higher than WHO desir-

able level of 200 mg/L. The data indicates high concentration of alkaline salts in the

drinking water of these areas.

The variation of hardness in the study area has been observed to be varied within

the range of 16–280 mg/L which lies well within the permissible limit of 600 mg/L

as prescribed by WHO. It is evident from the analysis of the collected water

samples that at all the sampling stations, except Panchmile, Parowa Charali and

Parowa, the turbidity in water is less than the desirable limit of 0.5 NTU. On the

other hand a value upto 5 NTU is considered acceptable to the consumers (WHO

1993). It is evident that values of turbidity at all the sampling locations except

Panchmile is well below 5 NTU. For Panchmile mean value of turbidity for

sampling period is 20.25 NTU which is very high above permissible limit and is

a matter of concern.

Among the studied parameters iron and fluoride play the most important role in

the intend use of water in terms of aesthetic as well as health. Iron gives visible

colouration to water which is aesthetically unpleasant. The concentration of iron

lies well within the regulatory limits as prescribed by WHO and BIS for all the

sampling locations except in Panchmile—exceeding the regulatory limits and
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therefore this water has to be treated for iron before it can be used for drinking.

Variation in iron concentration at Panchmile area is quite abrupt throughout the

sampling period. However the variation in the concentration of fluoride in the

studied area has been found as quite low and it is within the limit as prescribed

by WHO and BIS. The presence of dissolved oxygen in groundwater is not

desirable. The maximum amount of dissolved oxygen is obtained in samples

collected just after rainfall.

3.2 Ground Water Quality Index

Ground Water Quality Index (GWQI) is calculated as per the procedure explained

in Sect. 2.3 for different stations using mean values of selected parameters during

the study period. The GWQI calculations are shown in Table 15.2, whereas the

status of groundwater based on GWQI calculations are presented in Table 15.3 for

each of the location. It has been observed from Table 15.3 that groundwater in the

Panchmile area is not suitable for drinking which is due to high iron concentration

along with turbidity. Same holds true for Parowa Chariali where high turbidity has

rendered water poor for drinking purpose. For remaining stations groundwater

quality is good.

3.3 Statistical Analysis

3.3.1 Basic Statistics

The maximum and minimum values of the water quality parameters namely pH,

electrical conductivity (EC), turbidity, total dissolved solids (TDS), hardness,

alkalinity, dissolved oxygen (DO), iron, and fluoride are tabulated in Table 15.4

along with the mean, standard deviation and variance for the entire study period.

The variation in the mean value from the standard value (as prescribed by WHO) of

various estimated parameters are presented in Fig. 15.2. It can be observed from

Table 15.4 that TDS, alkalinity, EC, fluoride, hardness, iron and pH lies within the

acceptable limit as prescribed by WHO. However at some places maximum value

for electrical conductivity exceeds the acceptable limit. Groundwater in Panchmile

area has a severe problem of iron as the concentration of iron is beyond the

permissible standard and hence requires treatment before used for drinking water.

The mean value of turbidity is just within the range specified by WHO while the

maximum value is quite high. Iron and fluoride are two parameters among the

studied nine parameters, significant from both potability and palatability point

of view.
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3.3.2 Correlation Coefficient

Correlation coefficient (r) provides a measure of degree of association between two

variables. It can be used to assess the interdependence of one variable upon other.

Table 15.5 provides the correlation matrix for the nine parameters which has been

Table 15.3 Status of

groundwater for each location
Stations GWQI Status

Panchmile 445 Unsuitable for drinking

Dolabari 45 Good

Neriwalm 36 Good

Aaambagan 31 Good

Tribeni 35 Good

Mission Chariali 44 Good

Parowa Chariali 62 Poor

Parowa 43 Good

Kabristan 50 Good

TU Gate 32 Good

Table 15.4 Basic statistics of groundwater for the study period

Parameters Standards Mean Min Max Std Dev Variance

TDS 500 160.19 35.00 367.00 108.02 11668.54

Alkalinity 600 133.67 32.00 524.00 79.83 6372.81

EC 500 351.46 73.00 775.00 237.73 56516.37

DO – 3.54 2.30 5.24 0.68 0.47

Fluoride 1.5 0.26 0.00 0.89 0.26 0.07

Hardness 300 97.33 16.00 280.00 64.87 4208.49

Iron 0.3 0.29 0.05 2.84 0.55 0.30

Turbidity 5 4.90 0.20 47.80 7.61 57.88

pH 6.5–8.5 6.28 5.27 6.93 0.34 0.12
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Fig. 15.2 Variation of mean value from the standard value prescribed by WHO
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analyzed during the study period. From the matrix it can be observed that there is a

very Strong Positive Association (r¼ 0.7–1) between TDS – EC. This is on the

basis of the fact that ionized substances which leads to conductivity of water also

contribute to total dissolved solids. However this association is not on one to one

basis as organic molecules and compounds dissolved in water without ionizing are

not measured. It can also be seen that there exists strong positive association

between TDS – Hardness, Alkalinity – Hardness and EC – Hardness. There exists

weak Positive Association (r¼ 0.3–0.7) between Alkalinity – TDS and Alkalinity –

EC, which may be accounted on the basis of the fact that alkalinity is a measure of

bicarbonates, carbonates and hydroxides present in water which contribute some-

what to conductivity and total dissolved solids. Similarly there exists weak positive

association between Turbidity – Iron concentration. It can also be seen that there

exists Weak Negative Association (r¼�0.3–0.7) between TDS – Turbidity, Tur-

bidity – EC, DO – Fluoride, DO – pH and Turbidity – Hardness. The remaining

parameters have no association with each other. Figure 15.3 shows a scatter plot

between total dissolved solids and electrical conductivity. It can be seen from the

plot that for low values, these two parameters are related on nearly one to one basis.

However for the higher values their interdependence is not so pronounced.

4 Conclusions

Following conclusions are drawn from the present study:

• The groundwater quality of the studied area is good, except for the Panchmile

area where the groundwater has iron beyond permissible limit as prescribed

by WHO.

• Groundwater quality index indicates that groundwater of Panchmile is

unsuitable for drinking whereas it indicated the quality of groundwater of

Parowa Chariali as Poor.

• Statistical analysis suggests that the mean value of turbidity is just within the

range specified by WHO while the maximum value is quite high. The concen-

tration of fluoride is well within the permissible limits as specified by WHO.

However the concentration of iron in the groundwater at one of the stations

(Panchmile) is very high.
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Fig. 15.3 Scatter plot

between TDS and EC
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• Correlation matrix suggests a very Strong Positive Association between TDS –

EC, TDS – Hardness, Alkalinity – Hardness and EC – Hardness. A weak

Positive Association between Alkalinity – TDS, Alkalinity – EC and Turbidity

– Iron concentration, whereas weak Negative Association between TDS –

Turbidity, Turbidity – EC, DO – Fluoride, DO – pH and Turbidity –Hardness.

• Modelling techniques like linear regression, artificial neural network, fuzzy

logic etc. can be applied to predict the level of significance.
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Part V

Hydrological and Quality Issues: Water
Resource in Changing Paradigm



Chapter 16

Meltwater Quality and Quantity Assessment
in the Himalayan Glaciers

Virendra Bahadur Singh and AL. Ramanathan

1 Introduction

Glaciers are the largest reservoir of fresh water on the earth. They play a vital role in

the hydrological cycle (Sangewar 2012). Snow field areas of the Himalayan glaciers

store about 12,000 km3 of fresh water and are the main source of water for great

Asian rivers: Ganga, Brahmaputra and Indus (Cruz et al. 2007). There are approx-

imately 9600 glaciers found in the Indian Himalayan region, covering an area of

about 40,000 km2 (Raina and Srivastava 2008). Himalayan glaciers control the

global climate change and are considered as a sensitive indicator for climate change

(Sharma et al. 2013a). Since last century, majority of the Himalayan glaciers have

been retreating significantly due to climate change (Kulkarni and Bahuguna 2002;

Kulkarni and Alex 2003; Kulkarni et al. 2005) and effecting the meltwater runoff

from the glaciers of Himalaya (Kulkarni et al. 2002). Discharge from the Himala-

yan glaciers is important for the generation of hydroelectric power, irrigation and

drinking water supply (Singh et al. 2006).

Studies on hydrology and suspended sediment transport from the Himalayan

glaciers play a vital role for the management of water resource in the downstream

region (Singh et al. 2015a). These glaciers have large lateral and terminal moraines

and are responsible for generation of large quantity of rock debris (Hasnain and

Thayyen 1999a). Suspended sediment transport from the Himalayan glaciers was

carried out at very fast rate during the summer season (Kumar et al. 2014). Hima-

layan glaciers contribute extensively to the continental solute budget; hence these

are recognised as the most important glaciers in the world (Kumar et al. 2009).

Solute chemistry of glacier meltwater has been used to understand the solute

acquisition processes in the subglacial environment (Raiswell 1984; Souchez and
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Lemmens 1987; Tranter et al. 1993; Brown et al. 1994). Weathering of rock

forming mineral along with minor input from atmosphere is the main sources of

dissolved ions in the melt water of glacier (Berner and Berner 1987). Various

studies are available on the assessment of meltwater quality

(i.e. hydrogeochemistry) and quantity (i.e. hydrology) of the Central Himalayan

glaciers (Hasnain and Thayyen 1999a; Kumar et al. 2002, 2009; Singh et al. 1995,

2004, 2005a, 2006, 2011; Kumar et al. 2014; Srivastava et al. 2014; Singh

et al. 2012, 2014, 2015a; Pottakkal et al. 2014) and Western Himalayan glaciers

(Singh 2011; Sharma et al. 2013b; Singh et al. 2013, 2015b, c, d, e; Singh and

Ramanathan 2015).

2 Assessment of Meltwater Quality

In this review paper we have mainly focused on meltwater quality assessment of the

Central and Western Himalayan glaciers of India.

2.1 Chemical Weathering and Hydrogeochemical Processes

The dominancy of major ions in the water can be understood by weathering of

various rock minerals in the drainage basin (Das and Kaur 2001). Table 16.1

summarizes chemical compositions of the meltwater draining from some selected

Central and Western Himalayan glaciers. Sulphate is the major anion in the

meltwater of Gangotri, Bagni, Dudu and Chaturangi glaciers, whereas bicarbonate

is the dominant anion in the meltwater of Dokriani, Kafni, Patsio, Chhota Shigri and

Bara Shigri glaciers. Calcium is the dominant cation in the meltwater of Himalayan

glaciers. The scatter plot between (Ca +Mg) vs TZ+ (Fig. 16.1a–e) shows strong

correlation among the plotted sampling points with high average ratio 0.71, 0.82,

0.94, 0.72 and 0.85 for Gangotri, Chaturangi, Patsio, Chhota Shigri and Bara Shigri

glaciers, respectively. The average (Na +K) vs TZ+ ratio in these glacier meltwaters

was found to be 0.29, 0.18, 0.06, 0.29 and 0.15, respectively. These high inputs of

(Ca +Mg) to the TZ+ (total cations) and low (Na +K) vs TZ+ ratios indicate that

hydrogeochemical characteristics of the meltwater of Central and Western Hima-

layan glaciers are predominantly regulated by carbonate type weathering followed

by silicate type weathering (Singh et al. 2012, 2015a, b, c, d). For weathering of

carbonate rocks, hydrogen ions (proton) sources are required (Khadka and

Ramanathan 2013). The C-ratio (HCO3/HCO3 + SO4) is used for assessment of

two main proton delivery mechanisms i.e. sulphide oxidation and carbonation

(Brown et al. 1996). The average C-ratio for the meltwater of Gangotri and

Chaturangi glaciers were calculated to be 0.43 and 0.26, respectively. These ratios

show that sulphide oxidation is the dominant proton producing mechanism in these

glaciers meltwaters (Singh et al. 2012, 2015a). The average C-ratio for the melt-

water of the Patsio and Chhota Shigri glaciers were computed to be 0.58 and 0.67,
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respectively, which indicate dominance of carbonate dissolution and dissociation of

atmospheric carbon dioxide is the dominant protons producing mechanism in these

glaciers meltwaters (Brown et al. 1996; Hasnain and Thayyen 1999b; Singh and

Hasnain 2002; Khadka and Ramanathan 2013; Singh et al. 2015b, c).

Mild acidity generated by dissolution of carbon dioxide plays an important role

for weathering capability of the natural water (Panigrahy and Raymahashay 2005).

The average Pco2 (carbon dioxide partial pressure) value for the meltwater of

Central and Western Himalayan glaciers was higher than the atmospheric Pco2
value, showing disequilibrium with respect to atmosphere and open system

weathering (Sharma et al. 2013b; Singh et al. 2012, 2015b, c). The Piper plot is a
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trilinear representation of the dominant ions present in the water and is applied for

classification of water type or hydrogeochemical facies (Anshumali et al. 2014).

CaSO4 is the dominant hydrogeochemical facies in the meltwater of Gangotri and

Chaturangi glaciers (Singh et al. 2012, 2015a), whereas for Patsio, Chhota Shigri

and Bara Shigri glaciers, CaHCO3 is the dominant hydrogeochemical facies (Singh

et al. 2015b, c, d).

2.2 Input from Atmospheric Precipitation
and Anthropogenic Activities

Although weathering of rocks is the dominant sources of various ions in the

glacierized area, atmospheric precipitation may also have some contribution to

the hydrogeochemistry of the glaciers meltwaters. Generally, sodium and chloride

are the dominant ions in the rainfall dominated water (Meybeck 2003). Chloride is

not much reactive within the ecosystem and not usually generated by rock

weathering; therefore it is utilized as a reference ion for the determination of

atmospheric precipitation to the solute budget of the river water (Meybeck 1983).

The significance of atmospheric input to the hydrochemistry of river water can be

understood by element to chloride ratio or by comparing the hydrochemistry of

river water with the local rain water (Sarin et al. 1989; Pandey et al. 1994, 1999;

Singh et al. 2005b). The average ratio of Na/Cl and K/Cl in the meltwater of

Gangotri, Chaturangi, Patsio, Chhota Shiri and Bara Shigri glaciers is significantly

higher than the sea aerosols, indicating relatively small input of these ions from

atmospheric fallout to the hydrogeochemistry of these glaciers meltwaters (Kumar

et al. 2009; Sharma et al. 2013b; Singh et al. 2012, 2014, 2015a, b, c, d). Trace

quantity of nitrate and phosphate was reported from the Central and Western

Himalayan glaciers, indicating palatability of these glaciers meltwaters. Many

pilgrims and tourists visit the Gangotri and Chaturangi glaciers; therefore anthro-

pogenic activities may be the possible source of these ions in these study areas

(Singh et al. 2012, 2014, 2015a). In the Chhota Shigri and Bara Shigri glaciers,

many shepherds arrive with lot of sheep and goats. Hence this could be one of the

possible sources of nitrate and phosphate in these glaciers meltwaters (Singh

et al. 2014; 2015c).

3 Assessment of Meltwater Quantity

3.1 Meltwater Runoff

Huge areas in the Himalayas are covered by snow and glaciers, which are the main

source of water (Singh et al. 2011). Hydrological investigation of mountainous
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areas’ mainly snow and glacier hydrology is lagging behind in proportion due to

lots of difficulties in data collection from mountainous areas (Singh et al. 2006).

Hydrological investigations for the Chhota Shigri glaciers in Himachal Pradesh

were carried out during the multi-disciplinary expeditions (1986–1989) sponsored

by the Department of Sciences and Technology, Government of India. Velocity-

area method was used for discharge measurements in Chhota Shigri meltwater

stream. Researchers from the School of Environmental Sciences, Jawaharlal Nehru

University, New Delhi also conducted the hydrological measurement on this glacier

meltwater stream since 2003 onward.

The average daily meltwater runoff from the Chhota Shigri glacier has ranged

from 7 to 12 cumecs between July and August 1987. Maximum runoff was

observed between 3.30 pm and 7.00 pm, while minimum runoff was observed

between 3.00 am and 7.00 am. The time lag between ice melting at the surface of

glacier and meltwater runoff at the discharge site was 2–3 h (NIH 1988). Central

Water Commission had observed Chhota Shigri glacier from 1986 to 1989. Aver-

age discharge during the study period August and September was measured to be

9.30 cumecs and 5.38 cumeces, respectively. Meltwater runoff varies directly with

temperature and it alone can explain about 60% of discharge (Vohra 1991a). Study

carried out by Singh et al. (2015g) on the Chhota Shigri glacier indicates that

meltwater runoff is showing increasing trend from May onward and attains its

maximum value in August and then starts decreasing.

Total discharge volume of meltwater draining from the Gangotri glacier was

estimated to be 581.87 and 547.47� 106 m3 in May-October 1999 and 2000,

respectively (Kumar et al. 2002). The daily discharge for June, July, August,

September and October in 1999 was observed to be 53.87� 34.04, 66.96� 11.83,

57.22� 12.85, 30.75� 6.90 and 7.97� 5.89 m3/s while in 2000 it was observed to

be 35.56� 9.16, 65.94� 23.67, 48.13� 13.61, 26.76� 8.88 and 15.20� 1.77 m3/s,

respectively (Kumar et al. 2002). The study carried out by Singh et al. (2006) on the

Gangotri glacier showed that mean monthly discharge for May, June, July, August,

September and October (2000 to 2003) was measured to be 27, 74, 122, 106, 61 and

22 m3/s, respectively.

3.2 Suspended Sediment Transport

Transportation of suspended sediment from meltwater of the Himalayan glaciers is

highly variable due to variability in types of weathering, rock, tectonic setting,

sources of sediment, climatic conditions and debris entrainment processes (Kumar

et al. 2002). Huge amount of sediment materials such as moraines, boulders and

debris are found on the surface of Himalayan glaciers. They play an important role

for the production of sediment from the glaciers. Ablation zone of the Himalayan

glaciers have large amount of sediment materials, hence this zone of glaciers

supplies a huge amount of sediment to the meltwater streams of the Himalayan

glaciers. Suspended sediment concentrations of the Central andWestern Himalayan
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glaciers are given in Table 16.2. Suspended sediment concentrations of the

Gangotri and Dokriani glaciers are higher than the Patsio, Dunagiri and Chhota

Shigri glaciers, may be due to high discharge and geology of the study areas. Daily

mean suspended sediment load of the meltwater of selected Himalayan glaciers are

shown in Table 16.3. Meltwaters of the Gangotri glacier have very high suspended

sediment load as compared to other selected Himalayan glaciers. Such type of result

may be due to high meltwater runoff, geology and high availability of rock debris in

the Gangotri glacier (Singh et al. 2014).

4 Conclusions

This review paper is focussed on assessment of meltwater quality and quantity of

the Himalayan glaciers. Table 16.1 shows that pH of the meltwater is acidic to

alkaline in nature. Among all anions, sulphate is the dominant anion in the melt-

water of majority of Central Himalayan glaciers (except Kafni and Dokriani

glaciers), whereas bicarbonate is the major anion in the meltwater of Western

Himalayan glaciers. Calcium is the dominant cation in the meltwater of Himalayan

glaciers. Carbonate weathering is a predominant mechanism regulating

hydrochemistry of the Himalayan glaciers. In the Gangotri and Chaturangi glaciers

meltwaters, Ca-SO4 is the major hydrogeochemical facies (Singh et al. 2012,

2015a), whereas CaHCO3 is the dominant hydrogeochemical facies in the meltwa-

ter of Patsio, Chhota Shigri and Bara Shigri glaciers (Singh et al. 2015b, c, d). The

reported low levels of NO3
� and PO4

3� reflect good quality of meltwater of the

Himalayan glaciers.

Discharge from the Chhota Shigri glacier (Western Himalaya) shows increasing

tendency from May onward and attains its maximum value in August and then

starts declining (Singh et al. 2015g). Mean monthly meltwater runoff from the

Gangotri glacier (Central Himalaya) for May-October (2000–2003) was observed

Table 16.2 Suspended sediment concentration of Central and Western Himalayan glaciers

meltwater

Glaciers Regions

Suspended sediment

concentration (mgl�1) References

Dokriani Uttarakhand,

India

2196 Kumar

et al. (2014)

Patsio (2011/2012) Himachal

Pradesh, India

28.1/48.8 Singh

et al. (2015e)

Dunagiri Uttarakhand,

India

229 Srivastava

et al. (2014)

Gangotri Uttarakhand,

India

1815 Singh

et al. (2014)

Chhota Shigri

(2008/2009)

Himachal

Pradesh, India

143/137 Singh

et al. (2015c)
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to be 27, 74, 122, 106, 61 and 22 m3/s, respectively (Singh et al. 2006). Meltwaters

draining from Gangotri and Dokriani glaciers have high suspended sediment

concentrations as compared to the Patsio, Dunagiri and Chhota Shigri glaciers.

This may be due to geology and high meltwater runoff from the study areas.
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Chapter 17

Delineation of Point Sources of Recharge
in Karst Settings

Gh. Jeelani and Rouf A. Shah

1 Introduction

Karst, a geomorphic landscape that arises from the combination of high rock

solubility and well developed subsurface drainage networks on rock types that are

easily dissolved by water notably carbonate rocks such as limestone, dolomite or

marble (Bretz 1942; Sweeting 1981; Jennings 1985; Palmer 1991, 2007; Bloom

1998; Klimchouk et al. 2000; Gunn 2004; Culver and White 2005; Ford and

Williams 2007) and to a lesser extent evaporites such as gypsum, anhydrite and

halite (Kozary et al. 1968; Klimchouk 2002; Johnson and Neal 2003; Ford and

Williams 2007), constitutes 20–25% of the earth’s land surface (Ford and William

2007; Bakalowicz 2005). These areas are regraded to represent the earth’s most

diverse, scenic and resource-rich terrains with much of their wealth hidden under-

ground including minerals, oil and natural gas, limestone quarries, apart from

beautiful housing sites for urban development (Lamoreaux et al. 1993; Schmitz

and Schroeder 2006). It is worldwide observed that nearly 40–50% of the human

population utilizes drinking water derived from karst aquifer systems, either

directly or indirectly (Cost 1995; Ford and Williams 2007; Cooper et al. 2011;

Brinkmann and Parise 2012). However, the unique hydrologic, geomorphologic

and hydrogeologic features of karst (White 1988; Ford and Williams 2007; Palmer

2007; Parise and Gunn 2007) make these aquifers more vulnerable to pollution and

contaminants (Drew and H€otzl 1999; B€ohlke 2002; Parise and Pascali 2003;

Bonacci 2004; Kovačič and Ravbar 2005; Ford and Williams 2007; Parise 2010).

Pollutants move rapidly from the land surface through large conduits in the

limestone down to the water table. Sinking streams, solution hollows, or dolines

provide direct entry points to groundwater, with little or no filtration or attenuation
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of contaminants (Williams 1993; Vesper et al. 2001; Parise and Pascali 2003; Sauro

2006; Ford and Williams 2007; Lerch 2011), which potentially have a serious

impact on sensitive karst environments and can degrade the quality of water

resource (Giné 1999; Vesper et al. 2001; Mijatović 1987; DelleRose et al. 2007;

Parise and Gunn 2007; Gunn 2007; North et al. 2009). The delicate equilibrium of

karst ecosystems, therefore, changes very easily, sometimes dramatically and

irreversibly, up to its destruction. This may occur as a consequence of both natural

and anthropogenic controls (Nicod 1972; Gunn 1993a, b; 2004; Urich 2002;

Spizzico et al. 2005; Brinkmann et al. 2007; Parise 2012). Consequently, karst

groundwater requires specific and appropriate protection against contaminants and

pollutants. The dumping and/or throwing of solid/municipal wastes at recharge sites

is one of the most important confronting environmental issue (Sauro 1993; Frumkin

1999; Giné 1999; Kacaroglu 1999; De Waele and Follesa 2004; Spizzico

et al. 2005; Delle Rose et al. 2007; Gunn 2007). Attention on such contamination

and its management has become a need of the hour because of its far reaching

impact on human health, as the value of groundwater lies not only in its wide spread

occurrence and availability but also in its consistent good quality (Rajmohan

et al. 2000; UNESCO 2000). This lies in delineating the catchment and actual

source areas that feed the aquifer to prevent the important resource from contam-

ination. The number of approaches are used to identify the capture zone or the

recharge areas of groundwater/springs, which include geological, geomorphologi-

cal, hydrogeochemistry, tracer tests and stable isotopes.

Kashmir Valley, a region that underwent an intricate and highly complex

geological and geomorphological evolution (Middlemiss 1910, 1911; Wadia

1975), provides a good general view of the most significant karst geomorphic

features and peculiar characteristics of karst landforms. Carbonate lithology in

the form of triassic limestone constitutes significant karst geomorphologic imprints

including solution features, swallow holes, conduits, shafts, caves and large springs,

which makes it as potential groundwater reservoir (Jeelani 2008). Kashmir karst has

a substantial socio-economical importance as it provides pristine water supply for

drinking and irrigation purposes in the form of karst springs. Keeping in view the

multi-faceted importance of karst landscapes in the region, very little information is

available on the karst geomorphology, hydrology, karst functioning, potential

recharge areas and geometry of karst network (e.g., Coward et al. 1972; Jeelani

2005). The present study is first of its kind towards this effort, which aims to

identify and to delineate recharge area of the Achabalnag karst spring located in

Bringi watershed of western Himalaya (Fig. 17.1), using multiple approaches so

that recharge areas can be protected, restricted and conserved from human activi-

ties. The watershed lies between latitudes 33�200�33�450 N and longitudes

75�100�75�300 E and covers an area of 595 km2. The elevation of this mountainous

catchment ranges from 1650 m above mean sea level (amsl) at Achabal town to

more than 4000 m amsl near Sinthan top. The Bringi watershed is drained out by

Bringi stream which is fed by a number of tributaries of which the most important

are east Bringi and west Bringi.
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The area receives an average annual precipitation of ~1200 mm amsl. During the

past two decades the mean monthly maximum and minimum temperatures ranged

from 4 to 27 �C and �4.6 to 15 �C, respectively (Fig. 17.2). March received the

maximum rainfall of the year (161 mm) and October the least (34 mm). However,

during the observation period (2013) the average temperature varied between 21 �C
and �1 �C which is higher than that observed in last decade. The precipitation was

recorded higher in March (173 mm) and lower in November (34 mm). It can be

clearly seen from the data that March received above normal precipitation in 2013.

The lower precipitation recorded in November showed a shift of 1 month compared

to last two decades precipitation data (Fig. 17.2).

Fig. 17.1 Location map showing the sampling sites
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2 Materials and Methods

Precipitation, stream water and groundwater samples were collected across the

mountainous watershed of Western Himalaya, for chemical and (δ18O and δD)
isotopic analysis (Fig. 17.1). The samples were collected during 2013 on monthly

basis. The precipitation samples were generally collected as rain, except in winter

when the samples were collected as snow at lower altitudes (accessible areas).

Rainwater samples were collected using a standard rain gauge with a long narrow

tube attached to the plastic container, fitted with a funnel, to minimize the evapo-

rative loss of stored rainwater. Groundwater samples were collected from springs.

The chemical analysis were carried out at the Department of Earth Science,

University of Kashmir. For chemical analysis the water samples were filtered

through 0.45 μm nucleopore membrane and collected in 500 ml HDPE bottles.

The parameters including temperature, pH, electrical conductivity (EC) and alka-

linity were measured in situ. Alkalinity was measured by HCl titration; Ca2+, Mg2+,

Na+ and K+ by AAS; Cl� by AgNO3 titration; and SO4
� and NO3

� by spectropho-

tometer. During the analytical procedures, blanks and standards were run to check

the reliability of the methods adopted. In most of the water samples, the total cation

charge (TZ+¼Ca2+ + Mg2+ + Na+ + K+ in meq/l) balances that of the total anions

(TZ�¼HCO3
�+Cl�+SO4

�+NO3
�+F� in meq/l) within analytical uncertainties

and the normalized inorganic charge balance is NCB ¼ TZþ�TZ�
TZþ � 100%

� �
found to

be within�8%. The isotopic analysis (δ18O and δD) were carried out at the Isotope
Application Division, Bhabha Atomic Research Centre (BARC) Mumbai and

Physical Research Laboratory (PRL) using an isotope ratio mass spectrometer

(Europa Geo 20–20) equipped with an equilibration unit (Europa WES) and
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Fig. 17.2 Average monthly variation of temperature and precipitation (average for last two

decades, from 1990–2009) and its relation with average temperature and precipitation during 2013
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following the gas equilibration method (Epstein and Mayda 1953). Secondary

standards used in the batch were pre-calibrated using the primary standards and

pre-analysed samples procured from the International Atomic Energy Agency,

Vienna (IAEA/WMO 1999). The δ18O and δD values, in per mil (‰) are reported

relative to Vienna Standard Mean Ocean Water (V-SMOW). In order to check the

consistency in measurements, few samples were analysed in duplicate in each cycle

of measurements. The precision of the measurements was within� 0.1‰ for δ18O
and�1.0‰ for δD. Tracer test was performed during August 2013. RhodamineWT

was injected at the identified sink at Adigam/Dewalgam along the course of Bringi

stream. Background Rhodamine WT concentrations were set using stream water

measurements prior to the start of an injection. Portable Fluorometer GGUN-FL30

(Albilla University of Neuchatel, Switzerland) (Schnegg 2002, 2003; Schnegg and

Flynn 2002) was used for the detection of Rhodamine WT dye.

3 Results and Discussion

3.1 Spring Hydrology

Hydrogeologists perceive a spring as an opening that allows to have a look into the

underground system of water circulation and its functioning. Hydrographs are

regarded as the valuable tools, which provide information about the internal

structural of the aquifer. The spring hydrograph of Achabalnag spring showed

that the spring discharge is highly fluctuating (Fig. 17.3) ranging 0.30–2.7 m3/s.

The higher discharge was observed in July/August whereas lower discharge in

January.

It is clear from the spring hydrograph (Fig. 17.3) that the temporal trend of the

spring discharge is similar to that of the ambient temperature trend. With increase in

ambient temperature the spring discharge showed an increase while as the decrease

in temperature decreased the spring flow. However, the higher temperature in July

with lesser spring flow is due to the fact that the seasonal snow pack completely

melted before July during the monitoring year. The peak discharge in August is

attributed to higher rainfall. The higher precipitation from December to February

with lowest spring flow reflects negligible melting and precipitation in the form of

snow. The high spring flow in August indicates the maximum potential of the karst

aquifer to store groundwater or the maximum recharge through point and nonpoint

sources. These observations suggest that the snow melt in the mountainous catch-

ment is the dominant contributor to spring flow. The stream hydrograph was similar

to that of spring hydrograph (Fig. 17.4) suggesting a strong link between the two.
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3.2 Hydrogeochemistry

The hydrochemical data of both the stream and spring was plotted in Piper trilinear

and Ludwig-Langliar diagrams (Fig. 17.5), which showed that both the surface

water and karst groundwater were of Ca-Mg-HCO3 water type. Ca2+ and Mg2+

dominate the cation budget whereas HCO3
� dominate the anion budget and the

order of major ions was Ca>Mg>Na>K> Fe in cations and

HCO3> SO4>Cl>NO3> F in anions. However, the concentration of the solutes

in surface water is less than that in the spring water reflecting more water-rock

interaction of groundwater primarily due to the dissolution of carbonate minerals,

limestone and dolomite. The solutes exhibited high concentrations at low discharge

during winter and low concentrations at high discharge during summer. The

decrease in the concentration of chemical constituents in the spring water with

increase of discharge reflects the simultaneous response of the spring to arrival of

new water. The decrease of water temperature in the stream and the spring with the

increase of discharge also indicate the onset of the melting season. The stream and

spring hydrogeochemistry suggest that the streams and springs have hydrological

connectivity.

3.3 Water Isotopes in Catchment Waters

Due to the peculiar distribution of precipitation throughout the year, the isotopic

signature of precipitation shows a significant spatio-temporal variation across the

globe. These isotopic signatures are modified by a multitude of processes, like

temperature and continual loss of moisture during the travel of airmass, i.e.,

Rayleigh distillation (Dansgaard 1964; Rozanski et al. 1993; Kendall and

McDonnell 1998), mixing of air masses from local vapour sources and storm

Fig. 17.5 Piper trilinear and Ludwig-Langliar plots (Piper 1994 and Ludwig 1942)
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trajectory (Friedman et al. 1992; Clark and Fritz 1997), altitude, amount and

continental effect (Dansgaard 1964; IAEA 1967; Rozanski et al. 1993; Clark and

Fritz 1997; Kendall and McDonnell 1998; Araguas-Araguas et al. 2000; Fleitmann

et al. 2004; Mook 2000; Lachniet 2009; Gat 2010). In the Bringi mountainous

catchment, the water isotopes of the catchment (precipitation, stream and spring)

were used to identify the recharge areas of the karst spring. The results showed that

δ18O and δD isotopic values in precipitation samples varied from �1% to �9.8%

and 10% to �54%, respectively. The lighter isotopic values (depleted in heavier

isotopes) in precipitation were found in the samples collected from higher eleva-

tions while as the heavier isotopic values (enriched in heavier isotopes) were found

in precipitation samples collected at lower altitude (Fig. 17.6). The altitude gradient

of�0.64‰ and�2.9‰ per 100 m changes in elevation amsl was observed for δ18O
and δD, respectively. The estimated gradient was used to infer the recharge altitude

of the Achabalnag karst spring.

The variation in temperature at a particular location generated the strong tem-

poral variation in isotopic composition of precipitation with more depleted values

in colder months and enriched values during warm period. January recorded the

most depleted value and July recorded the enriched isotopic value during the

monitoring period (Fig. 17.7).

In mountainous catchments δ18O and δD of the runoff water is considered to be

equal to that of the local or regional precipitation. However, the temporal variation

of δ18O and δD will be larger in streams/rivers where recent precipitation is the

main source of flow, and smaller in those streams/rivers where baseflow is the

dominant contributor. In Bringi watershed, the similar pattern was observed in

stream and spring water with depleted values during the melting season of winter

precipitation and enriched values in July. The stream water was observed more

depleted in mountainous areas towards the source and enriched values at lower
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parts towards the Valley floor. The enriched values during the February, March,

June and July reflect the response of rainfall event (Fig. 17.7). The negligible snow

melting/glacial melting due to sub-zero temperature and low discharge during

winter represents exchange of baseflow to stream. The similarity of isotopic

behaviour of stream and spring reflect recharge is dominantly contributed from

the melting of snow. The temporal variation in the δ18O and δD of Achabalnag karst

spring showed best correlation (r2¼<0.96) with the Bringi stream which indicate

potential recharge stream. With the help of the local vertical isotopic gradient of

Jan Feb

200
25

15

5

0

−5

20

10

160

120

80

40

0

0

−10

−3

−6

−9

−20

−30

−40

−50

−60

−70

−12
Mar May Jun Jul Aug Sep Oct Nov DecApr

P
re

ci
pi

ta
ti
on

 (
m

m
)

Precipitation amount

Precipitation
Spring

Temperature

Stream

T
em

pe
ra

tu
re

 (
°C

)

δ1
8 O

 (
%

)
δD

 (
%

)

Fig. 17.7 Monthly variation of stable isotopes in precipitation, stream water and spring water and

their relationship with ambient temperature and precipitation

17 Delineation of Point Sources of Recharge in Karst Settings 203



precipitation which has turned out to be the most powerful tool for tracing ground-

water as it distinguishes groundwaters recharged at high altitude from those at low

altitude (Clark and Fritz 1997), obtained from the weighted mean isotopic data and

elevation data of precipitation, the mean elevation of precipitation where the

recharge occurs was estimated as of �0.64‰ and �2.9‰ per 100 m increase in

elevation, for δ18O and δD, respectively. Since most of the groundwater samples

show mean oxygen and hydrogen isotope ratios ranging from �3.8‰ and �31‰,

respectively, the altitude of the recharge areas ranging from 1900 to 2000 m amsl

(based on δ18O) and 1900 to 2100 m amsl (based on δD) as calculated by equation

2 (Fig. 17.8). The average estimated recharge elevation of an individual karst spring

may be estimated by the following regression equations:

1. Using δ18O tracer: δ18O¼�0.006 (�0.00027)� altitude + 8.24 (�0.48)

2. Using δD tracer: δD¼�0.0037 (�0.0018)� altitude + 46.6 (�4.0)

The inferred recharge altitude estimated by these tracers could also be

overestimated or underestimated in areas where the depleted seasonal snowmelt

at higher altitudes is brought down by the stream flow to lower altitudes (recharge

sites) without much fractionation and in areas where effect of evaporation is

prevalent on groundwater.
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3.4 Field Investigations

The hydrogeological field examination was carried out, at an altitude of

1800–2500 m amsl across the Bringi catchments. The dominant surficial karren

fields and various conduits were identified across the catchment. A reduction in

discharge was noticed along the course of the Bringi stream at Dewalgam and

Adigam (Fig. 17.9). During dry period number of karst conduits were also identified

along the stream bank at these places. During high flow periods these conduits

along the stream banks remain under water. These conduits are the feeding channels

of karst groundwater.

3.5 Tracer Test

Tracer testing is an invaluable, commonly used, well-established technique in

carbonate aquifers for determining flow direction and transport parameters (Smart

and Laidlaw 1977; Käss 1998; Ford and Williams 2007). Given the hydrology of

karst terraines, dye tracing is generally the most applied and acceptable method to

delineate point-to-point connections between discrete recharge areas and discharge

points. Although injection of dye was performed at number of conduits, only two

sites (Dewalgam and Adigam) showed hydrological connectivity with the karst

spring. The tracer breakthrough curve obtained (Fig. 17.10) suggests less travel

time of less than 48 h. Because the flow is rapid and direct, dispersion, dilution and

retardation of contaminants is likely to be minimal and the spring is vulnerable to

contamination. Therefore, the recharge area of the spring must be protected,

restricted and conserved from human activities.

Fig. 17.9 Field photograph of the conduits identified along the course of the stream: (a) Photo-
graph taken during higher streamflow and (b) under lean flow
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4 Conclusions

The study was carried out in Bringi watershed, one of the mountainous catchments

of the Kashmir Valley. The highly fluctuating discharge of the perennial karst

spring indicates well developed subsurface karst. The analysis of spring and stream

hydrographs showed that there is a hydrological connection between the streams

and springs, which is also corroborated by the hydrogeochemical and isotopic data.

The study suggests that snow melt is the dominant contributor to stream and spring

flow. The mean recharge altitude of 1900–2200 m amsl was estimated for the

Achabalnag karst spring using the vertical isotopic gradient of precipitations.

Field investigation followed by tracer tests have confirmed the point sources of

recharge at Dewalgam and Adigam. The less travel time and rapid flow suggested

that spring is vulnerable to contaminants. Therefore, the recharge area of the spring

must be protected, restricted and conserved from human activities.
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Chapter 18

Identify the Major Reasons to Cause
Vulnerability to Mekong Delta Under
the Impacts of Drought and Climate Change

Bui Viet Hung

1 Mekong Delta

The Mekong Delta lies within the humid tropics, characterized by consistently high

mean monthly temperatures (25–29 �C) and high but seasonal rainfall

(1200–2300 mm). Discharge of the Mekong River exhibits strong seasonal varia-

tion in corresponding rainfalls. The low flow period (December to May) occurs

during the dry season and the earliest stages of the wet season. The low rainfall and

high evaporation during the annual dry season place constraints on human habita-

tion and activity in the Mekong Delta. Such conditions also give rise to other

problems such as salinity intrusion in coastal areas and acidification in ASS (Acid

Sulfate Soil) areas. Shorter periods of dryness, which occur during the onset, or

toward the end, of the wet season in some years, may also be extremely damaging to

newly planted crops (Thuan 2006).

The topography of Mekong Delta is flat with a dense canal network, which is

strongly influenced by the annual floods of the Mekong River. Due to its favourable

climatic features, the Mekong Delta has a year-round crop regime. However,

Mekong floods arriving late or ending early can lead to large scale drought

problems in the Delta. In addition, the main water flow of the Mekong River in

the dry season is rather small and its water level is low. Seawater intrudes deeply

inland, sometimes as far as 40–50 km from the sea, which has serious adverse

effects on rice and fruit trees (White 2002; Long 2014).

The Mekong Delta (MD) is the main agricultural production region in Viet Nam

due to fertile soils and abundant water sources. MD has about four million ha of rice

area, and more than 18 million tons of rice produced annually—half of the total
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amount of paddy rice in Viet Nam. It has also a large fruit production with

cultivating area more than 252 million ha and annual production about three million

tons. The MD had high economic growth in the 1996–2004 periods with an annual

growth rate of 11.2% (compared with the national growth rate of 7.0%). In the MD,

rice is still the most important crop. In 2004, the total rice area of the MD was

3.8 million ha, accounting for 86% of total crop area. The average rice yield was

4.9 t/ha and total paddy rice production was 18.5 million tons. In the period of

2000–2004, rice area decreased by 0.8% annually whereas the yield and output

increased by 3.3 and 2.4% per annum, respectively. With the regional economic

development, the fresh water demand for living and production is increasing higher

to cause pressure to support the fresh water of Mekong River. MD is sub-area 10 V

(Fig. 18.1) (MRC-FMMP 2010).

Fig. 18.1 Sub-areas of the Lower Mekong River Basin
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The Drought Phenomena in MD Historically, serious drought ravaged the region

from April to June of 1983, 1992, 1998, and from October to December of 1958 and

1992. Drought during these years affected 4000 ha to nearly 230,000 ha of farm-

land, and entirely destroyed 1000 ha to 390,000 ha. The winter-spring and summer-

autumn drought in 1998 caused shortage of water for 1.1 million people, affected

nearly 274,850 ha of summer-autumn crop area and destroyed over 320,000 ha.

Therefore, an effective and comprehensive hydro-meteorological disaster manage-

ment plan is required in this region, as one of the key economic zones of the nation,

to preserve and sustain its resources and richness (Nuoi 2007; SCFSC 2014).

Based on the summaries of Department of Cultivation (MARD), there was about

300,000 ha rice areas in Mekong Delta impacted by the drought-salinity situation in

the dry-season 2013. There were more than 100,000 ha rice areas impacted directly,

affected seriously to capacity.

The Increasing of Drought on Climate Change – Sea Level Rises Condition Based

on the climate change and sea level rises scenarios for Viet Nam published in 2011,

the average temperature will increase about 1.5 �C and the average annual rainfall

will decrease about 10–15% (see Fig. 18.2). Thus, the status of lack of water or

limited water supply will occur and become serious. These are the initial conditions

for drought happened. And if the status remains longer, the impacts of drought on

regional socio-economy will be larger and remain longer (IMHEN 2011).

The climate change Scenarios for Mekong Delta of Viet Nam have higher annual

average temperature in dry season, which increase the ability of drought occurence

Fig. 18.2 The changing levels (%) of (a) annual rainfall and (b) temperature in dry season, during

last twentieth century under middle emission scenario
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and longer drought period. The sea level rise and low flow in river are main factors

to lead the salinity water from sea to intrude deeply into Mekong Delta. The salinity

water intrusion into inland is deep and a long time to cause the adverse effects to the

water supply for living as well as production in region. In case, it is named the

agricultural drought, which is a last step of drought’s classification. The initial

assesment identifies the drought impacts but does not identify the underlying

reasons for these impacts (NHMFC 2010).

Therefore, the impacts by drought to Mekong Delta are very clear and really

serious. Drought impacts caused a lot of losses for Mekong Delta’s production and

livings of local community. It caused losses to especially economic, environment

and social sectors. Or, it caused vulnerability to Mekong Delta.

2 Assessment Method of Drought Impacts to Eco-social
Sectors

Impact assessment examines the consequences of a given event or change. For

example, drought is typically associated with a number of outcomes. Drought

impact assessments begin by identifying direct consequences of the drought, such

as reduced crop yields, livestock losses, and reservoir depletion. These direct

outcomes can then be traced to secondary consequences (often social effects),

such as the forced sale of household assets or land, dislocation, or physical and

emotional stress. This initial assessment identifies the drought impacts but does not

identify the underlying reasons for these impacts (NHMFC 2010).

Drought impacts can be classified as economic, environmental, or social,

although many impacts may span more than one sector. By using the checklist of

drought impacts, they can be identified/known in the region. Recent drought

impacts, especially if they are associated with severe to extreme drought, are

identified more heavily than the impacts of historical drought. Recent events

more accurately reflect current vulnerabilities. Attention should also be given to

specific impacts that are expected to emerge in the future (Sam 2007).

Impact assessment also provides a framework for identifying the social, eco-

nomic, and environmental causes of drought impacts. It bridges the gap between

impact assessment and policy formulation by directing policy attention to underly-

ing causes of drought impact types rather than the result i.e. the negative impacts,

which follow triggering events such as drought. For example, the direct impact of

precipitation deficiency may be a reduction of crop yields. Quick approaching

community method may have different ways, such as rapid assessment or rural

community participatory assessment (Participatory/Rapid Rural Appraisal –

PRA/RRA), by questionnaires combined with the direct interviewing. The impact

assessments caused by drought are implemented by using questionnaire combined

with direct interviewing each stakeholder or groups of stakeholders. The approach

has strong points which enable to get all different cases and opinions of many
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stakeholders. It has a weak point that the interviewers have to explain carefully to

all stakeholders before interviewing (Hung 2014).

For impact types assessment caused by the drought in Mekong Delta, consultant

has to follow the methodology shown below:

• Review the national/regional activity/response programme/strategy related to

the natural calamity prevention and other relevant documents of Viet Nam to

identify directions and priorities of the IWRM practices required in the agricul-

ture and irrigation developments in Mekong Delta.

• Meeting with all relevant stakeholders to assess all drought impact types and

impact levels in the Mekong Delta of Viet Nam which is officially identified as

one of the most drought prone areas of Viet Nam. They will have to find out all

methodologies which have been applied in their province in response to each

specific impact and map out the advantages and disadvantages of those applica-

tions. In Mekong Delta province like Tien Giang, Kien Giang, An Giang,

HauGiang, TraVinh, Bac Lieu, Ben Tre, Soc Trang, Long An, Vinh Long,

Dong Thap, Ca Mau provinces and Can Tho city will be under direct impacts

of drought and climate change.

• Collect and bind all provincial data from all national consultation meetings on

types of basal drought impact types and causes assessment.

• Compilation, analysis, and report writing. Analysis is based on the matrix tables

about the economic, environmental and social sectors impacted by drought and

the root causes of drought impact types. We count the number of stakeholders

agree or not about sectors impacted by drought and what the root causes of

drought impact types are at stakeholder’s locations.
• The total number of questionnaire used in vulnerability assessment is 76 which

covered three sectors (economic, society and environment). Each question has

three selection/choices (history, current and potential) in impact identification by

drought. Each question has six options (cost, distribution, growing, priority,

recovery and rank).

While assessing the vulnerability caused by drought impacts in Mekong Delta,

the climate change impacts will be evaluated and identify clearly the relationship

between them through the increasing impact ability and level of drought to the

production and living of regional people.

3 Identification of Drought Impact Types and Causes

Drought impacts to economic, environmental and social sectors awarded by local

community in Mekong Delta can be grouped into three different types: (1) historical

drought, (2) current drought, and (3) potential drought. Historical drought impacts

that occurred in the past and likely or unlikely to happen in recent years. Current

drought impacts are that happened in last years (1–5 years) and they are like or

unlike the types of impacts in the past. The recent drought impacts, especially if
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they are associated with severe to extreme drought, should be weighted more

heavily than the impacts of historical drought, in most cases. And potential drought

impact is the major impact which can cause significant damages to agricultural

product or main households’ income in future (Hung 2014).

3.1 The Identification of Drought Impact Types to Each
Sector in Mekong Delta

The Drought Impacts to Mekong Delta’s Economic Sector Based on the discus-

sions and choices of provincial representers in drought impacts assessment meeting,

we can see that most of type drought impacts to economic sector appeared in the

past, at present and potentially in future. All provincial representers, 12/12, have

agreed with this identification (see Fig. 18.3).

The Drought Impacts to Mekong Delta’s Environment Sector Based on the discus-

sions and choices of provincial representers in drought impacts assessment meeting,

we can also see that most of kinds of drought impacts to environment sector

appeared in the past, at present and potentially in future. Number of agreement’s
options is more than 10/12 (see Fig. 18.4).

The Drought Impacts to Mekong Delta’s Social Sector We can also see that most

of type of drought impacts to social sector appeared in the past, at present and

potentially in future like economic and environment sectors. Number of agree-

ment’s options is more than 7/12 (see Fig. 18.5).

Firstly, we can primarily conclude about the occurrence of drought impacts in

Mekong Delta such as: it has happened but uneven in the past and present. It is

12
1212 1212

10

8
6

9
8

History Current Potential

7

5
4 4

9 9
10 10 10 10

12 12
11 11

4

2
0

Lo
ss

 fr
om

 c
ro

p
pr

od
uc

tio
n

Lo
ss

 fr
om

 fi
sh

er
y

pr
od

uc
tio

n

Lo
ss

 fr
om

 d
ai

ry
 a

nd
liv

es
to

ck
pr

od
uc

tio
n

Lo
ss

 fr
om

 ti
m

be
r

pr
od

uc
tio

n

Re
ve

nu
e 

to
 w

at
er

su
pp

ly
 fi

rm
s

D
am

ag
e 

to
 a

ni
m

al
sp

ec
ie

s

D
ec

lin
e 

in
 fo

od
pr

od
uc

tio
n/

di
sr

up
te

d
fo

od
 s

up
pl

y

3

Fig. 18.3 The agreement’s levels about types of drought impact to economic sector

216 B.V. Hung



potential to occur in future. Most of the Mekong Delta provinces, which have

representers attending at the vulnerability assessment meeting (over 10/12) have

agreed with these identifications.

3.2 Major Drought Impacts to Each Sector in Mekong Delta

Based on above results about the identification of drought impacts types to eco-

nomic, environment and social sectors in Mekong Delta, we can analyse to find the
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major drought impact types to these sectors. The analysis and foundation of major

drought impact types were through three criteria such as (Hung 2014):

Cost From list of drought impact types occurring in the past, at present and

potentially in future, which types to cause damage to economic, environment and

social sectors; it is the highest number of selection.

Distribution From list of drought impact types happened in the past, at present and

potentially in future, which types are equally distributed or considered at most of

the areas in Mekong Delta; it is the highest number of selection.

Growing From list of drought impact types happened in the past, at present and

potentially in future, which types continuously grew in next periods; it is the highest

number of selection.

Publish Priority From list of drought impact types happened in the past, at present

and potentially in future, which types are known and cared a lot by local

community.

Recovery From list of drought impact types happened in the past, at present and

potentially in future, which branches were impacted by drought considered that

could be recovered after drought gone and selected with the highest number of

selection.

The priority levels of all major drought impact types mentions the impacted

levels or their serious levels to people (economic and society) and nature (environ-

ment). They are not generally like other. Based on the arrangement of priority levels

got in the vulnerability assessment meeting, the priority levels of all major drought

impact types are shown in Fig. 18.6. Therefore, the most priority issues of partic-

ipators belonged to the economic sector as annual and perennial crop, crop quality,

fish habitat, income or energy supported living.

Therefore, after assessment, we can consider some major drought impact types

to economic, environment and social sectors in Mekong Delta, such as:

Economic Sector (i) Annual and perennial crop losses; (ii) Costs to energy industry

and consumers associated with substituting more expensive fuels (oil) for hydro-

electric power; (iii) Damage to crop quality; (iv) Damage to fish habitat; (v) Income

loss for farmers and others directly affected; (vi) Increased energy demand and

reduced supply because of drought-related power curtailments; (vii) Insect infes-

tation; (viii) Loss of farmers through bankruptcy; (ix) Loss of young fish due to

decreased flows; (x) Loss to industries directly dependent on agricultural produc-

tion (e.g., machinery and fertilizer manufacturers, food processors, etc.); (xi) Plant

disease; (xii) Reduced productivity of cropland; (xiii) Unemployment from

drought-related production declines; and (xiv) Wildlife damage to crops.

Environment Sector (i) Water quality effects and (ii) Loss of biodiversity.

Social Sector (i) Population migrations; (ii) Rural areas and (iii) Increased poverty

in general.
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3.3 The Causes of Major Drought Impact Types

In the vulnerability assessment meeting, besides the identification of major drought

impacts to economic, environmental and social sectors, it also focussed on the

identification of their causes. We have used the drought risks reduction matrix table

in vulnerability assessment meeting to find the basic causes through the discussion

and interviews (Hung 2014).

The basic causes of drought impact types of the economic, environmental and

social sectors were related to the drought’s origins as well as its results such as:

The Natural Changes (the water resources, the land resources, hydro-

meteorology): The basic causes of drought impact types are identified as the salinity

intrusion from sea; the lack of fresh water for livings and production; the current

weather variations (rain reduced and non-rule; rain is less and occurred late; the

temperature increases high, the time lag of fresh water is more lengthened etc.).

The Economic Activities The non-conformity with breed crops about type, planting

methods; cropping schedule; fertilizer for crops; lack of fund as well as lack of

technology for production. The risks of production weren’t interested (production

insurance), it is especially in the agriculture and aquaculture where their products

were depended on the natural conditions very much. Additionally, the causes were

from the weakness of irrigation system which had the functions by keeping fresh

water and preventing salinity intrusion. The causes were also from the O&M.
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The Community’s Awareness The using resources was untrue, wasted and

non-scientific; the awareness about the drought and climate change as well as the

adaptation/responding activities were limited and low.

3.4 The Sectors Vulnerable Caused by Drought Impacts
in Mekong Delta

Vulnerability may be defined as “the conditions determined by physical, social,

economic and environmental factors or processes, which increase the susceptibility

of a community to the impact of hazards” (Balica 2007). Further vulnerability

assessment provides a framework for identifying the social, economic, and envi-

ronmental causes of drought impacts. It bridges the gap between impact assessment

and policy formulation by directing policy attention to underlying causes of vul-

nerability rather than the result, the negative impacts, which follow triggering

events such as drought.

Based on previous discussions, it is evident that agriculture and aquaculture is

going to get affected mostly due to drought and climate change. While agriculture

sector will suffer economic loss due to reduction in annual crop production and

associated deteriorated farmer’s condition, similarly in aquaculture production is

going to decrease and livelihood of farmers will be affected (Hung 2014).

3.5 Importance of Identification of Major Drought Impact
Types and Vulnerable Sector

It is very important issue to assess the vulnerability caused by drought impacts and

also climate change affected (Factor causes the increasing drought disaster in

future). The vulnerability identified as the property, resources, systems, and cul-

tural, economic, environmental, and social activity is susceptible to harm, degra-

dation, or destruction on being exposed to hostile agents or factors. The hostile

agent or factor researched here is drought calamity which is considered in increas-

ing sense of climate change. Also in the climate change impacts assessment,

climate change is the natural calamity with many affects/impacts to wide sectors

and many factors of regions. The major impact type’s identification as drought

impacts help us understand clearly, enough and correctly its causes and conse-

quences for economic and social development.

The major drought impact type’s identification is the foundation to assess the

vulnerability, consequence of all natural calamities impacting/affecting to regional

economic, environment and social sectors.
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4 Conclusion

The low rainfall and high evaporation during the annual dry season make the

pressures on human habitation and activity in the Mekong Delta. The dry season

was prolonged to become cause of drought. Economic, environment and social

sectors are impacted by drought and sea level rises when the climate change

happens in Mekong Delta. Through discussion of local participants in vulnerability

assessment meeting, the main sectors impacted by drought are agriculture, aqua-

culture, water supply, water quality and life quality in Mekong delta.

Causes of drought impacts types to these sectors are identified such as salinity

intrusion, lack of fresh water for living and production, O&M hydraulic works

system weakness. Through discussion, all participants agreed that application and

implementation of the mitigation and response activities help to reduce drought

impacts.

Drought is an extreme weather condition where there is lack of upstream flow in

Mekong Delta due to less or no rainfall. Most drought researches are based on the

equal water resources as upstream flow, groundwater or water stored in canal

system with demands from production and living. However, causes of drought

impacts types include salinity intrusion, ineffective O&M hydraulic works system

as well as production as cropping schedule, breeds of crop and community’s
awareness. Therefore, it needs to have special and professional researches about

drought impacts which contribute in climate change situation.
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Chapter 19

Multi-pathway Risk Assessment
of Trihalomethanes Exposure in Drinking
Water Supplies

Minashree Kumari and S.K. Gupta

1 Introduction

Disinfection is the last step in the water treatment processes for the protection of

public health. In India, chlorine is used as the primary disinfectant because of its

low cost and convenience for application in water purification. However, chlorina-

tion results in formation of trihalomethanes (THMs) in drinking water which can

pose severe health threat due to their potential carcinogenicity. In recent decades,

various epidemiological studies have been conducted to determine the relationship

between THMs and different health outcomes e.g., cancers and reproductive out-

comes (Hrudey 2009). Llopis-González et al. (2011) suggested that exposure to

THMs increase the risk of bladder, colon, rectum, leukemia, stomach and rectal

cancers. The results of animal studies have demonstrated that liver, kidney and

intestinal tumorigenesis are associated with chronic ingestion of THMs (Yang

et al. 2000). Since THMs are the most prevalent and well documented disinfection

by product (DBP) compounds in drinking water, they are generally considered as

indicators of DBP exposure in epidemiological investigations.

Recent studies have attempted to improve exposure assessment by considering

individual exposure durations, concentration levels and water intake per day.

However, only a few studies accounted for spatial and temporal fluctuations in

THM levels across the distribution system. Furthermore, seeking to improve the

exposure assessment, studies have begun to incorporate behavioural determinants

of different routes of exposure to DBPs such as dermal absorption and inhalation
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during bathing and showering, and ingestion of drinking water but the contribution

of these was unclear (Hoffman et al. 2008). Lee et al. (2004) calculated cancer risks

and hazard index of THMs through different exposure routes for tap water in Hong

Kong, and reported that exposure through oral ingestion had higher risk than

through dermal absorption and inhalation. Similar results were reported by Tokmak

et al. (2004) and Amjad et al. (2013), who concluded that the highest risk comes

from exposure to chloroform through oral ingestion. It has also been reported that

THMs are generally well absorbed, metabolized and rapidly eliminated by mam-

mals after oral or inhalation exposure (IPCS 2009). The discrepancy that the

importance of the three exposure pathways ranked differently in the studies may

be attributed to different concentration and speciation of THMs present in the

water.

Traditional risk assessment of water often consider only ingestion exposure to

toxic chemicals, but studies showed that inhalation and dermal absorption be

considered in the risk assessment studies since 1990 (Jo et al. 1990). Therefore,

the objective of this study is to conduct multi-pathway risk assessment of THMs

based on their concentrations within the distribution systems of five water treatment

plants (WTPs) in Jharkhand andWest Bengal. The THM concentrations in drinking

water samples were first analysed. Further, cancer and non-cancer risk associated

with these THMs were estimated using prediction models for both males and

females, respectively. Till date no such study has been carried out in this region

of India.

2 Materials and Methods

Drinking water samples were collected from five selected water treatment plants

(WTPs) situated in the Eastern region of India as shown in Fig. 19.1. Among

sampling locations, Kolkata and Raniganj are situated in West Bengal, whereas

the rest three are in Jharkhand, India (Table 19.1). Two main rivers (i.e. Ganga and

Damodar) were the source of raw waters to these WTPs. All these water treatment

plants (WTPs) follow the conventional method of treatment comprising

coagulation-flocculation, sedimentation, filtration and chlorination or disinfection.

For monitoring of THMs, 25 samples were collected at each sampling location.

The samples were collected in 40-ml clean glass vials with polypropylene cap and

PTFE-faced rubber septa and it was added with sodium sulphite (0.010 g) as a

de-chlorinating agent to eliminate any residual chlorine to stop further THM

formation. The samples were stored in dark at temperature <4 �C for further

analysis.

224 M. Kumari and S.K. Gupta



2.1 Analysis of THMs

The samples were subjected to liquid-liquid extraction using pentane as a

solvent. The vials were then shaken vigorously for 1 min and allowed to stand

for 3 min to facilitate phase separation. The pentane phase was removed and

placed in 2 ml auto-sampler vials. 1 μl extract was then analyzed using nitrogen

as a carrier gas at a flow rate of 1.2 ml/min. THMs were analyzed as per USEPA

method 551.1 (USEPA 1995). A Chemito CERES 800 Plus gas chromatograph

(Thermo Fischer) equipped with an electron capture detector (ECD) was used

for the determination and quantification of THMs. The column used for analysis

Fig. 19.1 Map of study area showing locations of WTPs

Table 19.1 Details of water treatment plants selected for the study

Name of the WTPs Location

Latitude &

longitude

Capacity

(MGD)

Mineral Area Development Authority

(MADA)

Jamadoba, Dhanbad,

Jharkhand

23�42025.0900 N 21

86�25007.9300 E
Asansol-Durgapur Development

Authority (ADDA) WTP

Durgapur, West

Bengal

23�37016.5700 N 5

87�07056.5100 E
Indira Gandhi Water Treatment Plant

(IGWTP)

Kolkata, West Bengal 22�46040.5200 N 260

88�20039.8400 E
Maithon WTP (MWTP) Maithon, Jharkhand 23�46047.1300 N 14.5

86�48042.1100 E
Swarnrekha Water Treatment Plant

(SWTP)

Ranchi, Jharkhand 23�26030.6000 N 37.5

85�28048.2300 E
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was fused silica DB-5, 30 m� 0.32 mm I.D. � 0.30 μm film thicknesses.

Analytical grade calibration standards with a purity of >99.5% were procured

from Sigma Aldrich (Germany). The mean recovery of four THM species ranged

between 86.9% and 102.3%.

2.2 Cancer Risk Estimation

The method developed by the USEPA (1999, 2002, 2005a, b) and recently

adopted by Lee et al. (2004) in Hong Kong and Tokmark et al. (2004) in Ankara,

Turkey was used for the estimation of lifetime cancer risk of THMs. The cancer

risks for exposure through oral ingestion, dermal absorption and inhalation

exposure were considered. The reference dose (RfD) of individual THMs were

as per the USEPA guidelines for assessment of cumulative risk over multiple

routes of exposure (USEPA 2005a). Equations (19.1) and (19.2) were used for the

estimation of total lifetime cancer risk and hazard index due to THMs through

different pathways.

RT ¼
Xn

m¼1

Cm � EF� ED

BW � AT
� SForal � IRwð Þ þ SFdermal � SA� Kp � ET

� �

þ SFinhalation � K � IRa � ETð Þ
� �� �

ð19:1Þ

HIT ¼
X n

m¼1

Cm � EF� ED

BW � AT
�

IRw

RfDoral

� 	
þ SA� Kp � ET

RfDdermal

� 	

þ K � IRa � ET

RfDinhalation

� 	

2
664

3
775

8
>><

>>:

9
>>=

>>;

ð19:2Þ

where RT is Total lifetime cancer risk (unitless), m – Number of different chemical

(unitless), I – Oral, dermal and inhalation expressed as the exposure route is oral,

dermal and inhalation exposure, respectively, Cm – Concentration of chemical m in

water (mg/L), EF – Exposure frequency (days/year), ED – Exposure duration

(year), ET – Exposure time (h/day), IRa – Daily indoor inhalation rate (m3/day),

IRw – Daily water ingestion rate (L/day), K – Volatilization factor (unitless), SA –

Skin-surface area available for contact (cm2), Kp – Chemical-specific dermal

permeability constant (cm/h), BW – Body weight (kg), AT – Average time (days),

HIT –Total lifetime hazard index (unitless), and RfDi is Chronic reference dose from

the specified exposure route i (mg/kg� day); i¼ oral, dermal and inhalation

expressed as the exposure route is oral, dermal and inhalation exposure,

respectively.

However, in the estimations, body weight was taken as 70 and 60 kg for males

and females, respectively and average water ingestion rate of 4.0 L/day, was

assumed as per the Indian conditions (ICMR 2009). In inhalation risk calculations,
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the daily dose was calculated by assuming 20 m3 aspirated air per day (Lee

et al. 2004). The concentration of THMs in air used for the estimation of risk

through inhalation was calculated using a volatilization factor of 0.0005� 1000 L/

m3 as suggested by USEPA (1991). The cancer slope factor and the reference dose

for THMs were provided in the integrated risk information system (IRIS) on the

web site of the United States Environmental Protection Agency (USEPA 2005a).

The values of other parameters were adopted according to the default values

represented by USEPA (1999, 2002).

3 Results and Discussion

3.1 Concentration Range of THMs in Drinking Water
Supplies

The concentration of THMs in different WTPs is given in Table 19.2. THMs

concentrations varied from plant to plant and was found to be in the range of

274–511 μg/l, which is much higher than the prescribed USEPA standards of 80 μg/
l. The values were also higher to those reported in countries like Pakistan, Turkey,

Istanbul and Iran (Amjad et al. 2013; Pardakhti et al. 2011; Legay et al. 2011;

Chowdhury et al. 2011). Higher values of THMs found in Indian conditions may be

attributed to the variation in the surface water quality and the treatment systems

adopted (IS, 10500, 2012). Amongst various THMs, chloroform was the predom-

inant contributing more than 97.2% to the total THM. Its value ranged from 236 to

503 μg/l. BDCM and DBCMmade a trivial contribution of 0.02–2% and 0.03–4%,

respectively. Many researchers also reported major contribution of chloroform in

drinking water supplies (Hasan et al. 2010; Karim et al. 2011). However, Charrois

et al. (2004) reported that bromoform was the major contributor to total THMs,

which was due to the presence of bromide in raw water. However, in our study,

bromoform was found below detection limit (0.01 μg/L) which may be attributed to

the absence of bromide in raw water. This result is consistent with the results

observed for other countries (Pardakhti et al. 2011; Summerhayes et al. 2011). The

Table 19.2 Concentration of THMs in selected WTPs alongwith their standard deviations

Concentration of THMs (μg/L) Standards

THMs MADA IGWTP SWTP ADDA Maithon

USEPA

(2011)

IS 10500

(2012)

CHCl3 503� 5 466� 3 255� 2.1 236� 3.5 501� 4.3 80 200

CHClBr2 2� 0.2 2� 0.3 11� 0.2 31� 0.1 2� 0.02 80 100

CHCl2Br 4� 0.1 12� 1.2 8� 0.2 14� 0.4 8� 0.2 80 60

CHBr3 – – – – – 80 100

TTHMs 509� 5.3 480� 4.5 274� 2.5 281� 3.9 511� 4.52 – –
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contribution sequence followed by THMs was in the order of

chloroform>BDCM>DBCM>Bromoform. Similar findings have been reported

in the literature (Uyak 2006; Legay et al. 2011; Karim et al. 2011; Pardakhti

et al. 2011).

3.2 Risk Assessment

3.2.1 Cancer Risk Through Oral Ingestion

Cancer risk from exposures to THMs was estimated based on its concentrations in

the drinking water supplies. Cancer risk through oral ingestion was calculated for

both males and females and are shown in Table 19.3. Chloroform exhibited the

highest cancer risk of 7.78� 10�4 for females and 6.65� 10�4 for males in MADA

WTP, which is 665–778 times higher than the acceptable risk level (10�6). DBCM

imparted the lowest cancer risk for both males and females, respectively which is

about 8.4 times higher in females and 7.14 times in males than the acceptable risk

level. The average cancer risk of THMs for both males and females was in the order

of chloroform>DCBM>DBCM.

Exposure to multiple toxicants results in additive and/or synergistic effects.

Hence these compounds, if not individually, together can result in significant

cancer risk. Lifetime cancer risk for total THMs was found highest in the

Maithon WTP (8.09� 10�4) whereas the lowest cancer risk of 4.65� 10�4 was

reported in ADDAWTP. Analysis of data also shows that females are more prone

to cancer risk compared to males. Chloroform made the highest percentage

contribution (97.3%) to total cancer risk followed by BDCM (1.5%) and

DBCM (1.2%). These results are comparable with the previous studies (Uyak

2006; Wang et al. 2007; Viana et al. 2009). Chloroform was found to be the main

contributor to cancer risk due to its predominance over other�THMs in the

studied water.

Table 19.3 Lifetime cancer risk of THMs through oral route

Chloroform DBCM DCBM TTHMs

Female Male Female Male Female Male Female Male

MADA 7.78E-

04

6.65E-

04

8.40E-

06

7.14E-

06

1.24E-

05

1.06E-

05

7.99E-

04

6.83E-

04

Maithon 7.75E-

04

6.63E-

04

8.40E-

06

7.14E-

06

2.48E-

05

2.12E-

05

8.08E-

04

6.92E-

04

IGWTP 7.22E-

04

6.17E-

04

8.40E-

06

7.14E-

06

3.72E-

05

3.19E-

05

7.68E-

04

6.56E-

04

ADDA 3.94E-

04

3.38E-

04

4.62E-

05

3.95E-

05

2.48E-

05

2.12E-

05

4.65E-

04

3.99E-

04

SWTP 3.66E-

04

3.13E-

04

1.30E-

04

6.68E-

05

4.34E-

05

3.72E-

05

5.39E-

04

4.17E-

04
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3.2.2 Cancer Risk from Dermal Absorption

It has been reported that skin contact with water during showering, bathing and

swimming resulted in the penetration of the contaminants into the body (Weisel and

Jo 1996). Although activities of washing and handling wet clothing may also cause

dermal adsorption. However, the frequency of exposure is very less. Therefore,

showering and bathing activities have been primarily considered in evaluation of

cancer risk through dermal adsorption. USEPA stated different available skin-

surface areas for males and females (male¼ 1.94 m2, female¼ 1.69 m2) (Gratt

1996).

As shown in Table 19.4, the cancer risk levels of all the THMs were found to be

lower than 10�9, which is very less than the prescribed USEPA risk level (10�6).

Therefore, dermal absorption does not possess any risk associated with these

THMs.

3.2.3 Cancer Risk from Inhalation Route

Inhalation exposure occurs when the air breathed contains compounds volatilized

during water usage like bathing, washing, showering and cooking (Lee et al. 2004;

Uyak 2006). As shown in Table 19.5, cancer risk for total THMs due to inhalation

exposure were less than 10�6, the acceptable cancer risk level recommended by

USEPA for both males and females, respectively. Unlike other routes of exposure

where chloroform is the major contributor, in this case, DBCM imparted the

highest average cancer risk followed by BDCM and chloroform, for both males

and females, respectively. This is mainly due to differences in the cancer slope

factor (CSF) values, which is very less for chloroform as compared to DBCM and

BDCM (USEPA 1999). The total cancer risk was found to be highest in SWTP

(6.24� 10�8) and lowest in IGWTP (1.79� 10�9). Individually, DBCM reported

the highest total cancer risk of 6.11� 10�8 in SWTP. Similar to other routes of

exposure, here also females have been found to have higher cancer risk than

males. The percentage contribution of average cancer risks demonstrated that

DBCM made the highest contribution (81.9%) to total risk followed by BDCM

(16.2%) and chloroform (1.9%).

3.2.4 Non-cancer Risk Assessment

The hazard indices of THMs were also calculated to determine their

noncarcinogenic risks. Figures 19.2 and 19.3 show the hazard index of THMs

through oral ingestion and dermal absorption for males and females, respectively.

The total hazard index was calculated for each compound by summing up the

individual index for males and females, respectively. As shown in Fig. 19.2, the

total hazard index of chloroform is highest followed by BDCM and DCBM for oral
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ingestion. The highest total hazard index for the TTHMs was found in MADAWTP

(2.17, 2.63) and lowest in SWTP WTP (1.06, 1.29) for both males and females,

respectively. Similarly, for dermal absorption as shown in Fig. 19.3, the average

hazard index of chloroform was found to be highest for both males and females

respectively. Chloroform exhibited the highest total hazard index of 2.32� 10�5

followed by BDCM (2.06� 10�7) and DCBM (1.537� 10�8). MADA WTP

reported the highest hazard index values followed by Maithon WTP whereas the

hazard index was lowest in ADDAWTP. In previous studies (Lee et al. 2004; Uyak

2006), chloroform was found to have the highest hazard index through oral and

dermal routes, which is similar to our study. When the hazard index is more than

1, concern exists over potential toxicity (USEPA 2000). Thus, non-cancer effects

due to THMs exposure may cause diseases like jaundice, neuro-behavioural effects,

subjective central nervous system effect, and enlarged livers (Viana et al. 2009).

For oral ingestion, hazard index is found to exceed 1, whereas for dermal absorption
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hazard index it was lower than unity. This implies that oral ingestion is mainly

responsible for the non-carcinogenic risk while the risk was negligible for dermal

absorption.

4 Conclusions

This study emphasized on establishing the concentration range of THMs and

evaluation of their potential carcinogenic and non-carcinogenic risk in drinking

water supplies. THM in drinking water supplies ranged from 274 to 511 μg/L which

exceeded the permissible USEPA and IS 10500 standards. The study depicted that

amongst various THMs, chloroform constituted the major fraction (>97.2%)

followed by CHBrCl2 and CHBr2Cl (0.02–4%). The risk assessment of THMs

revealed that the highest cancer risk comes from oral ingestion followed by

inhalation. However, the risk due to dermal adsorption was found to be insignifi-

cant. This may be attributed to low absorption coefficient and less exposure

frequency. Chloroform imparted the highest cancer risk. The average total cancer

risk was found to be 316 times higher for males and 379 times for females,

respectively indicating females are more prone to cancer risk. Non-carcinogenic

risk analysis revealed that the risk is mainly through oral ingestion whereas dermal

adsorption poses almost negligible risk. The regulatory issue of the THMs should

be reviewed carefully based on the results of the health risks calculated from the

specific THM species.
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Chapter 20

The Study of Water Losses Using Knowledge
Based System Approach

Nassereldeen A. Kabbashi, Mohd A. Hasif, and Mohammed E. Saeed

1 Water—Issues and Objectives

Water represents about 70% of the whole earth surface yet it is limited in its

availability as a freshwater to human benefits. The importance is on freshwater

assets since it is freshwater resources that are used for daily usage, agricultural and

industrial intentions. According to Hu (2006); Lambert and Taylor (2010), freshwa-

ter represents about 2.76% of the total water available on earth. And even with this,

it is only less than 1% which is readily available to be accessed and used by human.

About 20% of the world’s population lack access to safe drinking water and about

eighty countries, which inhabitat 40% of the world’s population are in severe water
crisis situation. Non-revenue water (NRW) can be defined as the amount or quantity

of lost water starting from the water treatment plant to the consumers (Farley and

Liemberger 2004). In other words, it occurs within the distribution systems added

with amount of water that is authorized to use but not billed (De Bonis et al. 2002).

The rapid growth of population, economic development, urbanization and

unpredictable climate change have affected the water demand (Cosgrove and

Rijsberman 2000). This often creates difficulties to identify water conditions and

pollution sources, which is necessary to control effectively pollution in addition to

construct successful strategies for minimizing wasting of the resources. The poten-

tial responses to this increasing demand are either meeting the new demand with

new resources (supply-side) or managing the consumptive demand to avoid the

need of developing new resources (demand-side) (Butler and Memon 2006).

Water management must not be taken for granted. There are five major compo-

nents of the water demand management: (1) Reducing the quantity or quality of
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water required to accomplish specific task, (2) Adjusting the nature of the task so it

can be accomplished with less or low water quality, (3) Reducing losses in

movement from source through use to disposal, (4) Shifting tie of use to off-peak

periods, and (5) Increasing the ability of the system to operate during drought

seasons (Trow and Pearson 2010). Reducing the water loss is an objective contained

in the water demand management and the aim is to reduce the losses and improve

the distribution efficiency of water distribution systems. The other parts of the

objectives are to investigate the factors which lead to the increasing of

Non-Revenue water around the world especially in Malaysia.

1.1 The Study Area

Approximate area of Kuala Terengganu is 60,528 ha which covers about 4.67% of

the state itself. Based on the report from the Population and Housing of Census

Malaysia, the population in Kuala Terengganu in 2012 was 343,284. Syarikat Air

Terengganu Sdn. Bhd. (SATU) originally belonged to a government department

known as Jabatan Air Terengganu (JBAT) that was responsible to provide potable

water to people (Terengganu Water Corporation 2010). There are six plants which

are introduced in every district around the state of Terengganu with management,

operation and water treatment process. As shown in Fig. 20.1, they are:

• Kuala Terengganu/Marang district

• Dungun/Ketengah district

• Hulu Terengganu district

• Kemaman district

• Besut district

• Setiu district

The piped water supplies in Kuala Terengganu district was started in 1956. The

department of water supplies in Kuala Terengganu and Marang district has the

largest area for water supply. Water supplies in Terengganu had been operated

separately with Jabatan Kerja Raya Terengganu since early 1985 with 170 workers.

The department of water supplies had a mission to give a clear water supply facility

and enough to support all consumers and population in Terengganu.

There are several reasons for the high level of NRW in the country. These

include age of pipe network where it is estimated that about 40% or 50,900 km

of the pipe network was laid 40–60 years ago or earlier; poor maintenance of pipe

network and lack of funding for asset replacement and poor construction which

resulted in increased leakage in the system; and illegal connections contributing

significantly to commercial losses and revenue loss to the utilities. Absence of

coherent implementation for Active Leakage Control has allowed NRW to hover at

its present level of 36% for some time now.
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1.2 Water Balance

The use of the term “Unaccounted Water” should be discontinued according to

International Water Association (IWA), because of widely varying interpretations

of the term worldwide on one hand and for that all components of the water balance

should be accounted for on the other hand (Koelbl and Gschleiner 2009). Instead,

IWA has recommended a new international standard water balance for water losses

using the term “Non-Revenue Water”.

Two main components of water loss are commercial losses and physical losses

where physical losses occur within the distribution system and commercial losses

occur during meter reading and billing. Commercial losses can occur due to

unauthorized consumption and customers metering inaccuracies added with data

handling errors. Example of unauthorized consumption are illegal connections,

meter by-passing and poor billing collection systems. Three components of phys-

ical loss are

• Leakage from transmission, distribution and reticulation mains

• Leakage and overflow from the utility’s reservoirs/storage tank
• Leakage on service connections up to customer’s meter.

Fig. 20.1 Map of Kuala Terengganu district
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There are two components for commercial loss which are

• Unauthorized consumption

• Customers meter inaccuracies and data handling errors.

2 Materials and Methods

For this non-revenue water assessment, the focus goes to quantitative data collec-

tion as it represents a quantity of some sort. How much the loss of water? How big

the leakage problem? How much the volume input? These kind of questions

normally give numerical answers (Farley and Trow 2003; Skinner 2003). In

addition, there also is a need to have qualitative data since it can give more

understanding about the current and previous situation, emphasizing the problem

and interpreting the actions. It can be said that qualitative methods seek to under-

stand people’s worlds and the reason of the problem. This secondary data collection

focuses more on the population of people in the district—previously, currently and

then in the future. If the population is known, many other aspects can be managed

such as the availability of the potable water. Analyzing the map also can help in part

of how the networking of the water distribution system can affect the amount of the

NRW or the progress of the NRW reduction programme.

2.1 Visual Basic Development

Expert system was developed to measure current NRW level and therefore predic-

tion of the NRW level in the future can be predicted approximately. Generally,

building an expert system is a highly iterative process.

3 Results and Discussion

3.1 Knowledge Base

Knowledge base in expert system is represented as sets of rules that are checked

against the collection of facts or knowledge about current situation, which includes

NRW composition, Treatment facilities, Transportation, Amount of NRW, Fre-

quency of billing, Public awareness, Maintenance and Rules & Regulations. For

developing the NRW expert system, it is important to identify the knowledge base

content which represents the purpose of system (Hassan 1997; Suciu 2008).
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3.2 User Interface

User interface is part of the expert system where the system can interact with the

user. The user interface controls the way in which the user interacts and performs

tasks with the expert system. It also provides varying opportunities for the user to

follow the inference process and to provide explanation features. The interface that

is designed by using visual basic is called Form. The main user interface includes

Knowledge, NRW composition, Treatment facilities, Rules & Regulations, Main-

tenance, Public awareness, Frequency of billing, Transportation, Amount of NRW.

Figure 20.2 shows knowledge base content.

3.3 Non-revenue Water Expert System (NRWES)

A unique feature of Non-revenue Water Expert System is that it contains several

sub forms by which the user can obtain a comprehensive background understanding

regarding current non-revenue water management in selected area which is Kuala

Terengganu. The sub forms were named as literature, photo gallery, legislations,

Fig. 20.2 Main user interface
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training tools, NRW, and finally the non-revenue water expert system itself.

Non-revenue water expert system also enables user to browse the concept of expert

system by clicking the ‘About’ button. ‘Help’ button is also provided for the user to
get an overview content of each button so that they can easily understand the

function of each button. In addition, for further information, user can find the

authors’ contacts at About Us button. A rule that is entered in knowledge base

will be applied in the development of non-revenue water expert system using Visual

Basic programming language. The rule applied is in the form of IF THEN and the

NRW expert system that has been developed consists of: (1) NRW components,

(2) NRW problems, (3) NRW reduction strategy, (4) Data comparison, and

(5) NRW estimation.

The interface for NRW form is illustrated in Fig. 20.3. It consists of choosing

different components that contribute to the particular amount of non-revenue water

production and the result will show the description for selected option. Then, the

user can select any types of recommendation if the consumers face common

situation of water leakage or other consumers doing illegal connection. It will

give information regarding the “how consumers can help to reduce the amount of

non-revenue water”. Picture of the common situation that has been selected is also

provided in order to get a clear view of the system. The next form is related to the

NRW management problem which is mostly faced by the user. There is a rule for

choices of NRW problem.

3.4 NRW Detections

This form contains problems associated with NRW and also problem solution. On

the other part, there will be also the methods of NRW detection and some expla-

nations about it. User needs to choose the method and then select any solution

proposed by the expertise. The solution provided act as a recommendation to that

kind of situation faced by the user. A comprehensive explanation for the solution is

given where the user would get a better understanding as shown in Fig. 20.4.

3.5 Non-revenue Water Estimation

The NRW estimation form consists of data taken from the literature review and

Syrikat Air Trengganu (SATU). This is very important knowledge where the user

enables to know the amount of NRW generation in the future. The amount of NRW

that is predicted until year 2020 is shown in Table 20.1 where user can make a

comparison with the previous data. The prediction of total NRW generation in

Kuala Terengganu is by taking assumption that the rate of population increase is

1.6% per year and the percentage of allowable NRW is 38% based on the scheme

from SATU. If no proper management is conducted for the next few years, the % of
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the NRW in Kuala Terengganu will have potential to increase more than 40%.

Assume that the user wants to know the amount of NRW generated in year 2015; IF

he/she selects 2015 which is case 4, THEN the population, amount of water

production per year (m3/year), NRW amount per year (m3/year) and cost of NRW

per year (RM/year) are displayed. Similar rule is applied for other choices.

3.6 System Validation

The forecasting for NRW estimation in NRW Expert System (NRWES) is done by

comparing it with the data from SATU. The amount of NRW (per year) that is

estimated for year 2012, 2013, 2014, 2015, 2016, 2017, 2018, 2019 and 2020 is

allowable to the rate of NRW limit set by SATU. For instance, if the current NRW

generation trends continue increasing at 38% rate per year and 1.6% rate increase

in the population, the NRW generation will follow the same trends as previous data.

These trends are used to predict the future tendency and also help with the design of

the maintenance and management strategy to avoid further increase of NRW.

Fig. 20.3 NRW components form
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3.7 System Maintenance

When the expert system has been successfully developed, it will not remain static.

As the world changes and our knowledge changes, so the knowledge base must

change (Forsyth 1989). It becomes necessary when additional knowledge will need

to be added to a knowledge base or existing knowledge deleted or changed at a later

stage. The rules in the knowledge base can be added, changed or deleted without

worrying about how the changes will affect the overall system.

Fig. 20.4 Illustrations of rule into NRW detection form

Table 20.1 NRW data from SATU

Year

Population of K.

Terengganu

(Thousands)

Water production

per year (m3/year)

NRW amount per

year (m3/year)

Cost of NRW per

year (RM/year)

2014 348,411 67,420,884 25,619,936 10,760,373

2015 354,016 68,499,607 26,029,850 10,932,537

2016 359,680 69,544,751 26,427,005 11,099,342

2017 365,435 70,657,490 26,849,468 11,276,935

2018 371,281 71,787,842 27,279,372 11,457,336

2019 377,221 72,936,351 27,715,813 11,640,641

2020 383,257 74,103,422 28,159,300 11,826,906
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4 Conclusions

In this project, the expert system tool in developing the NRW-ES is using Visual

Basic Express Edition 2010. It is an ideal programing language for developing

sophisticated professional applications for Microsoft Windows. The overall devel-

opment of expert system has been carried out in several phases, including problem

definition, knowledge acquisition, knowledge base, prototype development, proto-

type validation and implementation.

Although the expert system at this stage is useful among the potential users such

as local authorities, consulting firms, researchers and students, it can be improved

for the choices of proper management of non-revenue water for more efficient

expertise. The expert system can be improved by adding an assessment tool with

technical details such as terminology, calculations and examples. A related website

regarding NRW management and power point presentation also could be included

in the future study.
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