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ABSTRACT

Excess fluoride ion in drinking water is a serious public health problem because it
has beneficial and harmful effects. When an optimum amount of 1 mg/L is present in
drinking water it helps prevent decay in teeth, but long term consumption of water
containing excessive fluoride (> 1.5 mg/L) can lead to fluorosis of the teeth and
bones. There are several methods for removing fluoride, and one method that has
recently received attention is electrocoagulation (EC) technology. The word
“electrocoagulation” will be sometimes used with “electroflotation” and can be
considered as the electrocoagulation/flotation (ECF) process. Through the process of
electrolysis, coagulating agents such as metal hydroxides are produced. When
aluminium electrodes are used, the aluminium dissolves at the anode and hydrogen
gas is released at the cathode. The coagulating agent combines with the pollutants to
form large size flocs. As the bubbles rise to the top of the tank they adhere to
particles suspended in the water and float them to the surface. In fact, a conceptual
framework of the overall electrocoagulation process is linked to coagulant

generation, pollutant aggregation, and pollutant removal by flotation and settling.

Batch experiments were designed and conducted to study the different operational
parameters such as current density, electrolysis time, pH of solution, distance
between electrodes, initial fluoride concentration, electrolyte conductivity, particle
size, zeta potential, mass ratio of aluminium and fluoride in solution (AI**/F" mass
ratio), and ions effects (specially Ca** effect) on the defluoridation by EC process. In
the EC process the amount of aluminium ion produced is proportional to the charge

which is a product of the current supplied and electrolysis time. The charge affects



fluoride removal significantly, however to avoid excessive energy consumption one
must limit the charge applied. In this batch ECF process, the minimum electrolysis
time required to reduce the fluoride concentration to the desirable concentration (F°
=] mg/L), is defined as the optimum detention time (dy,). The results of batch
experiments showed that the residual fluoride concentration reduced from 10 to 1
mg/L. when dy, was 55, 45, and 35 min at a 1.5, 2 and 2.5 A current range,
respectively. The optimum charge values were found between 5000 -5400 C and
9500-10500 C respectively for the initial fluoride concentrations of 10 and 25 mg/L.
It has been confirmed that the rate of F” removal follows a simple first order process.
The batch experimental results showed that the AlI**/F" mass ratio was between 13
and 17.5 and the defluoridation process is found to be more efficient when pH is kept
constant between 6 and 8. Based on the effects of ion competition, the presence of

Ca”" ion enhances the defluoridation process.

Continuous flow experiments were also designed and conducted to investigate the
effects of different parameters including current input, initial concentration of
fluoride, initial pH, and flow rate on the efficient removal of fluoride. The most
efficient treatment was obtained from the highest rate of charge as observed in the
batch reactor. An XRD analysis of the composition of dried sludge obtained by
electrocoagulation shows the formation of aluminium fluoride hydroxide complexes
[Al,Fm(OH)3n-m] and confirms the main mechanism for removing fluoride in both
the batch and continuous flow reactors. To reduce F~ concentration from 5 to 1 mg/L,
it was found that the total operational cost of the current ECF process is less than 40

% of the Nalgonda (NA) process.
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The experimental results further showed that the rate constant (Kex,) depends on the
independent variables or critical parameters such as the current concentration (I/V),
the effect of Ca*' concentration, distance between the electrodes (d), pH of the
solution, and the initial concentration of fluoride (C,). An empirical model is
developed to predict both the optimum detention time and optimum flow rate for
fluoride removal. The results show good agreement between the experimental data
and the predictive equation. Overall, the electrocoagulation technology using
aluminium electrodes is an effective process for defluoridation of water that contains

excess fluoride.
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Ecin Initial conductivity (mS/m)

Eca Cathodic potential (V)

Ecenn Overall potential (V)

Eio Loss potential (V)

Eso Solution potential (V)

E°= E%e Standard cell potential (V)

E°A Standard anodic potential (V)

E°c Standard cathodic potential (V)

e Electron

& Residuals

F Faraday’s constant (F = 96500 C/ mol)
g Gravitational constant (9.81 m/s”)

h Hight of reactor (mm)

H Height of the sedimentation tank (mm)
H Height of liquid above the bottom of the V-notch (mm)
H'o Initial acidity

1 Current density (A/mz)

I Current input (A)

L Current pass across each electrode (A)
It Total current input (A)

v Current concentration (A/m3)

K Rate constant of the process (min)”
Kexp Experimental kinetic constant (min)”!
Kpre Predicted kinetic constant (min)"

Ko, K1, Ke2 Solubility product constant

K° Thermodynamic equilibrium constant
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Maly
MS

Length of the sedimentation tank (mm)
Molecular weight of Al (M = 27 g/ mol)
Mean square

Molecular weight (g/mol)

Number of electrodes in the electrocoagulator
Number of samples

Number of electrons consumed in the electrode reaction
Degree of freedom for a sample or number of independent variables
Quantity of mol electrolysed in the electrode reaction
Oxidant

Oxidant in the bulk solution

Initial alkalinity

Oxidised species

Oxidant in the surface region

Intermediate oxidant specie

Oxidant adsorbed on electrode’s surface
Number of values estimated

Initial pH

Final pH

Flow rate (mL/min)

Optimal flow rate (mL/min)

Quantity of electricity (C)

Reynolds Number

Reductant

Correlation coefficient

Gas constant (R = 8.314 Jmol'K™)

R squared

Coagulant generation rate (gr AP */s)
Reductant in the bulk solution

Reynolds number

Removal efficiency (%)

Bubble generation rate (gr H'/s)
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Rurt Reductant in the surface region

R Intermediate reductant

R,ads Intermediate adsorbed on electrode’s surface

S Surface area of a sphere

SE Standard error

SE¢ Standard error of the estimate

SS Sum of the squared residuals

S, Surface to volume ratio

Sy Standard deviations of the two independents variables
Sy Standard deviations of the two dependent variables
T Temperature (°C or °K)

t Time (electrolysis or treatment time) (min)

ta Detention time (min)

tdo Optimum detention time (min)

t; Residence time (min)

tro Optimum residence time (min)

U Cell voltage (V)

Up Cell voltage is applied between two feeder electrodes (V)
Ur Total cell voltage (V)

\Y Volume of reactor (m’)

Vi Horizontal velocity (m/s)

Vo Surface overflow rate (m*/m”.min)

Vs Stokes’ settling velocity (1/s)

Ve Sludge volume (mL)

Ve Volume of a sphere

\\ Width of the sedimentation tank (mm)

W Weber number

X1, X2, Xp Independent variables

X Mean of values of X

XA Total conversion of substance “A” after treatment time

X; Value of the variable for i® case

XNL Mean diameters of particles by definition of Number, Length
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XNs

Mean diameters of particles by definition of Number, Surface

XNy Mean diameters of particles by definition of Number, Volume
XLs Mean diameters of particles by definition of Length, Surface
XLy Mean diameters of particles by definition of Length, Volume
Xsv Mean diameters of particles by definition of Surface, Volume
Xvm Mean diameters of particles by definition of Volume, Moment
Y; Observed values of Y
i Predicted values of Y
Z Number of electrons involved in the oxidation/ reduction reaction
A Change or difference
AG® Standard Gibbs free energy change in a chemical process (J/mol)
AG Free energy of reaction at any moment in time
a Kinetic order of the process
€ Current efficiency (%)
(o} Surface charge density (C/m?%)
0 Inside weir angle
Y Activity coefficient
YoH molar ratio of hydroxide to A"
Ds Density of particle (kg/m3)
Pw Density of water (kg/m?)
o Variance
U Viscosity of water ( Pa.s)
ABBREVIATIONS
AA Activated alumina
AAS Atomic absorption spectroscopy
ANOVA Analysis of variance
ARMCANZ Agriculture and Resource Management Council of Australia and
New Zealand
AWWA American Water Works Association
AUD Australian Dollar
BAT Best available technology
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BSE
CC
COD
CMP
CMBR
DAF
DC
DOC
EC
EDS
EF
EFC
HRT
ICCD
ISE
LDV
NA
NEERI
NHMRC

PFR
PRB
RO
SEEC
SEM
SHE
SI
Sig T
Sig F
SPSS
SOR
SS

Back scattered electron

Chemical coagulation

Chemical oxygen demand

Chemical mechanical polishing
Completely mixed batch reactor
Dissolved air flotation

Direct current

Dissolved organic carbon
Electrocoagulation

Energy dispersive spectroscopy
Electroflotation
Electrocoagulation/flotation

Hydraulic retention time

International Centre for Diffraction Data
Ion selective electrode

Laser Doppler Velocimetry

Nalgonda process

National Environmental Engineering Research Institute
National Health and Medical Research Council
Negative logarithm of the hydrogen ion concentration in a solution
Plug flow reactor

Population Reference Bureau

Reverse osmosis

Specific electrical energy consumption
Scanning electron microscopy

Saturated hydrogen electrode

System International

Significant t-test

Significant F-test

Statistical Package for the Social Sciences
Surface overflow rate

Suspended solids
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STP

Surf

TDS
TOF-SIMS
UNESCO
UNIECEF
U.S
USEPA
uv

WEF
WHO

Standard Temperature and Pressure

Surface

Total dissolved solids

Time-of-flight secondary ion mass spectroscopy
United Nations Educational, Scientific and Cultural Organization
United Nations Children’s Fund

United State

United State Environmental Protection Agency
Ultraviolet

Water Environment Federation

World Health Organization

X-ray photoelectron spectroscopy

X-ray diffraction
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Chapter 1-Introduction

CHAPTER 1

INTRODUCTION

1.1 INTRODUCTION

We are aware that water is essential for life, for drinking, for producing food, for
washing, and for maintaining our health. In addition, water is needed for ensuring the
reliability and sustainability of the earth’s ecosystem. In 2002, 83 % of the world’s
population of around 5.2 billion used improved sources of drinking water. Of the 1.1
billion using water from unimproved sources, which represented 17 % of the global
population, nearly two thirds live in Asia (WHO, 2002). The world’s population in
2005 was reported to be 6.47 billion when 94 % of the urban population and 71 % of
the rural population were using drinking water from improved sources (PRB, 2005).
As the human population will increase to about 9.3 billion by 2050 (UNESCO,
2003), providing drinking water will be a critical problem in the future, especially in
developing countries with limited water treatment processes and strategies for
sustainable water management. The right of all people to access safe drinking water

is a challenge for attention to water treatment methods now and in future.

Better management of water resources and improvement of proper treatment
processes can limit environmental pollution. There is broad range of treatment
processes that can be used for water treatment. The quality of raw water can be
considered as an important parameter when selecting the actual treatment process.
Inorganic constituents, which may be present in natural or contaminated water

sources, become a major public health problem in drinking water. Excessive
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presence of fluoride concentration, as an inorganic element, in community water
supplies can cause dental and skeletal fluorosis. Removing Fluoride in drinking
water and wastewater has been the subject of many publications and studies that have
progressively developed the aspects of toxicity on man and the environment.
Fluoride can also be found in industrial wastewaters such as glass manufacturing
(Sujana et al., 1998), and in high concentrations in the semiconductor industries
(Toyoda & Taira, 2000). The discharge of these wastewaters without treatment into

the natural environment would contaminate groundwater and other sources.

1.1.1 Fluoride Health problems

Fluoride ion in water has beneficial and harmful effects on the environment and the
human. When an optimum amount of 1 mg/L is present in the drinking water fluoride
helps prevent teeth decay but long term consumption of water containing excess
fluoride can lead to fluorosis of the teeth and bones (WHO, 2004; NHMRC and
ARMCANZ, 2004). Artificial fluoridation of drinking water by municipalities at 1
ppm of fluoride ion probably dose not reduce tooth decay, except for a slight benefits
for the deciduous teeth of 5-year—old children (Kauffman, 2005). Long term
consumption of water containing 1.5 mg/L of fluoride leads to dental fluorosis
(WHO, 2005). Glistening white and yellow patches appear on the teeth which may
eventually turn brown. Skeletal fluorosis is a bone disease caused by excessive
consumption of fluoride. Health impacts from long term use of high fluoride

concentration in drinking water have been summarised in Table 1-1.
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Table 1-1 Health impacts from long term use of high fluoride concentration in
drinking water (WHO, 2004; NHMRC and ARMCANZ, 2004)

Fluoride concentration Effects
(mg/L)
<0.5 Dental caries
05-1.5 Promotes dental health
1.5-4 Dental fluorosis
>4 skeletal fluorosis

In groundwater, the natural concentration of fluoride depends on the geological,
chemical, and physical characteristics of the aquifer, the porosity and acidity of the
soil and rocks, temperature, the action of other chemical elements, and the depth of
wells. Water with high fluoride content is usually found at the foot of high mountains
and in areas with geological deposits of marine origin. Due to these variables, the
fluoride concentrations in groundwater can range from less than 1 mg/L to more than
35 mg/L (WHO, 2005). A study by UNICEEF, as shown in Figure 1-1, illustrates that

fluorosis is endemic in at least 27 countries across the globe (Qian et al., 1999).
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Figure 1-1 Countries with endemic fluorosis due to excess fluoride in drinking water
(Qian et al., 1999)
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These countries are: Algeria, Argentina, Australia, Bangladesh, China, Egypt,
Ethiopia, India, Iran, Iraq, Japan, Jordan, Kenya, Libya, Mexico, Morocco, New
Zealand, Palestine, Pakistan, Senegal, Sri Lanka, Syria, Tanzania, Thailand, Turkey,

Uganda, and United Arab Emirates.

The fluorosis problem is most severe in the two most populated countries of the
world, China and India. WHO has recently estimated that 2.7 million people in China
have a crippling form of skeletal fluorosis (WHO, 2002). An estimated 62 million
people in India in 17 out of the 32 states are affected with dental, skeletal, and/or
non-skeletal fluorosis. The extent of fluoride contamination varies from 1.0 to
48.0 mg/L (Qian, 1999). In Kenya, concentrations up to 25 mg/L have been reported.
The total number of people affected is not known but an estimated number would be
in the tens of millions (WHO, 2002). The fluoride concentration was recorded at 13
mg/L in a bore near the Indulkana region in central Australia. This bore is not used
for human consumption (Fitzgerald et al., 1999). Fluoride also can be found in
industrial wastewaters, such as in glass manufacturing industries (Sujana et al., 1998)
and in semiconductor industries (Toyoda and Taira, 2000). The discharge if theses
wastewaters without treatment into the natural environment would contaminate
ground and surface waters. To reduce major public health problems, high fluoride

concentrations in drinking water need to be removed.

1.1.2 Defluoridation process
There are several defluoridation processes that have been tested globally, such as
adsorption (Lounici et al., 1997), chemical precipitation (Parthasarathy et al., 1986;

Sujana et al., 1998; Toyoda & Taira, 2000), electrodialysis (Amor et al., 2001), and
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the electrochemical method (Ming et al., 1983; Li-Cheng, 1985; Mamer et al,,
1998). The important defluoridation technologies for drinking water have been
considered by Nalgonda technique (alum and lime) and Prasanthi technology
(activated alumina) in India (Susheela, 1992). In precipitation technology, alum or a
combination of alum and lime are respectively added to water with a high and low
concentration of fluoride, which is then removed by flocculation, sedimentation, and
filtration. Using chemical coagulants for precipitation is one of the essential
processes used to treat conventional water and waste water. But chemical
coagulation is less acceptable than other processes (Rajeshwar and Ibanez, 1997)
because it generates large volumes of sludge, is costly, and requires the hazardous
waste categorisation of metal hydroxides. If a new process can replace conventional
chemical coagulation the process would be more efficient with little modification to
present water treatment plants and many of the problems caused by chemical
coagulation would be solved. Electrocoagulation (EC) is a new electrochemical
technique with many applications, which has been suggested as an alternative to

conventional coagulation process (Mills, 2000).

1.1.3 Electrocoagulation technology

Electrocoagulation is an alternative technique for removing pollutants from water
and waste water. This process involves applying an electric current to sacrificial
electrodes, usually aluminium, inside a processing tank. The electrodes are arranged
at the bottom of a tank filled with water containing dispersed solids (Lesley, 2002).
The word “electrocoagulation” will be used with “electroflotation” and can be
expressed as the electrocoagulation/flotation (ECF) process. Through this process

coagulating agents such as metal hydroxides are produced. The coagulating agents



Chapter 1-Introduction

can adsorb pollutants from the waste water and consolidate the small suspended
particles to larger ones that can be removed by sedimentation. Indeed, in the ECF
process, the coagulant is generated in situ by the electrolytic oxidation of an
appropriate anode material (aluminium or iron). The removal mechanism can be
considered similar to coagulation with chemical coagulants. Interactions occurring

within an ECF process are shown in Figure 1-2.

Electrochemistry

EC: Electrocoagulation
EF: Electroflotation
ECF: Electrocoagulation/flotation

Flotation Coagulation

Figure 1-2 Interactions occurring within an ECF process

Electrocoagulation has been practiced sporadically for most of the 20" century with
varying popularity, as its history, application, and limitation will be discussed in the
next chapters (2 and 3). In this research, an electrocoagulation technology using
aluminium anode is used for defluoridation in water treatment. To understand how
the EC process works, it is important to discuss the mechanism of water electrolysis
and other related chemical reactions. So, understanding of EC fundamentals together
pollutant removal mechanisms and the speciation of Al-F complexes are vitally
important which were shortly considered in the literatures. The previous research

studies on the batch and continuous flow experiments using Al electrode in
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monopolar and bipolar configuration showed that EC method is an effective process
for defluoridation, yet more investigation needs to be done. A number of studies have
been also performed to describe the effects of the different operational parameters;
however, no empirical model has been developed using critical parameters for
fluoride removal by monopolar ECF process. The main aims of this thesis together

research programme undertaken are considered in the following of this chapter.

1.2 AIMS AND OBJECTIVES:

The aim of this study is firstly to understand the fundamental characteristics of
electrocoagulation and then to make an attempt to apply it for fluoride removal
through batch and continuous experiments in order to verify its applicability. The

specific objectives are:

e To review the literature for information and data on pollutant (especially
fluoride) removals by electrocoagulation and the fundamentals of the
electrocoagulation process.

e To design and construct a batch electro-coagulator and assess the removal
efficiency and select the appropriate EC technology for removing Fluoride.

e To design and construct a continuous flow electrocoagulator based on results
from the batch experiments.

e To determine how various operating parameters affect the efficiency of
removing fluoride with a view to optimize operating condition.

e To discover the mechanisms for removing fluoride in the electrocoagulator

based on the solution speciation and floc particle characteristics.
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e To develop an empirical mathematical model for correlating the experimental
rates of removing fluoride with a predetermined set of electrocoagulation
reactor operational parameters.

e To predict the efficient removal of fluoride using an empirical model and
compare the results from the model with the experimental laboratory data,

independent data, and continuous flow data.

1.3 SCOPE OF THE STUDY

To achieve the presented research objectives, the overall project was separated into

eight primary phases as shown in Table 1-2.

Table 1-2 Research activities

TASK

Phase 1: Literature survey on the fundamentals of the EC process and a
review of pollutant (especially fluoride) removal by EC technology
Phase 2: Presentation of the general theoretical consideration of the EC
process.

Phase 3: Designing and constructing a batch electrocoagulator to assess the
removal and appropriate EC technology for treating fluoride

Phase 4: Finding out the effects of various operating parameters on the
efficient removal of fluoride

Phase 5: Designing and constructing a continuous flow electrocoagulator
and evaluate the efficient removal of fluoride.

Phase 6: Investigation of the mechanisms for removing fluoride in the EC
process, based on solution speciation and dried sludge characteristics

Phase 7: Development of an empirical model using critical parameters such
as current concentration, distance between electrodes, pH of the solution, ion
competition effect (Ca*") and initial fluoride concentration

Phase 8: Prediction of the fluoride removal efficiency, calibration and
verification of the empirical model with dependent , independent and
continuous flow data
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In the first phase of this research a literature survey on the fundamental of
electrocoagulation and a review of pollutant removal (especially fluoride) by
electrocoagulation technology was carried out. The second phase dealt with the
general theoretical consideration of the EC process. A fundamental understanding of
electrocoagulation was applied for removing pollutions in water and waste water
treatment plants. Three different mechanisms including, electrode oxidation, gas
bubble generation, sedimentation and flotation of flocs formed in the
electrocoagulation/flotation processes were included in this stage. The third phase
involved designing and constructing a batch electrocoagulator and then assessing the
removal of and use of appropriate EC technology for clarifying pollutants, especially
excess of F in water and waste water supplies. The fourth phase was to elucidate the
effects of some operational parameters including, current density, electrolysis time,
current concentration, pH of the solutions, distance between electrodes, initial
concentration of fluoride, electrolyte conductivity, particle size, zeta potentiometer,
AIP*/F" mass ratio, cations effects (especially Ca®*) on the efficient removal of
fluoride by the ECF batch process. At phase five, a continuous flow
electrocoagulator was designed and constructed based on the results obtained from
batch experiments, The effects of current inputs, initial concentration of fluoride,
initial pH, flow rate, and detention time have been investigated. At phase six, the
fluoride removal mechanisms were investigated in the electrocoagulator based on the
solution speciation and dried sludge characteristics. The compositions of dried sludge
were studied in two steps, first by X-Ray Diffraction (XRD) spectroscopy, and then
soft analysis by relevant software. MINEQL" software (Environmental Research

Software, 1999) was utilised to show how different pH would influence the solubility
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of aluminium hydroxide [AI(OH)3]. The seventh phase was performed to develop an
empirical model using critical parameters such as current concentration, electrode
distance, pH of the solution, ion competition effect (Ca®*) and initial concentration of
fluoride. The theory of chemical batch reactor was used as the basis for developing
the semi empirical model. The eighth phase was carried out to predict the fluoride
removal efficiency using the empirical model and compare the results with the
experimental laboratory data and other data from the literature. It was also achieved
to provide a statistically good linear fit and present the agreement between the
independent data and predictive equation. The SPSS package was used as a statistical

tool to approximate the multiple correlations of all data by analysing the regression.

14 RESEARCH APPROACH

This thesis is presented in 9 chapters, with the flowchart showing how they are

arranged, illustrated in Figure 1-3.

o Chapter 1 presents a general overview of the research objectives together
with a background of the electrocoagulation technology basis for the removal
of fluoride. It is divided into four main topics, the introduction, the
objectives, the scope, and a summary of the tasks performed while
completing this research. The first section considers three aspects including
fluoride health problems, defluoridation process and electrocoagulation

technology.

10



Chapter 1-Introduction

CHAPTER ONE
Introduction
CHAPTER TWO

EC fundamentals and defluoridation process-A review

Y

CHAPTER THREE
Review of pollutants removed by EC

'

CHAPTER FOUR
Theoretical considerations

A

CHAPTER FIVE
Fluoride removal by a batch monopolar EC reactor

A

CHAPTER SIX
Fluoride removal by a continuous flow EC reactor

3

CHAPTER SEVEN
Solution speciation and removal mechanisms

A

CHAPTER EIGHT
EC modelling

|

CHAPTER NINE
Conclusions and recommendation for further research

Figure 1-3 Structure of the chapters in the thesis

Chapter 2 includes a review on the fundamentals of electrocoagulation.

During the early stages of this chapter a definition of electrocoagulation (EC),

11
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electroflotation (EF) and electrocoagulation/flotation (ECF) are presented.
Several sections contain information on the background of
electrocoagulation, the principles of electrocoagulation based on three
important sciences including electrochemistry, coagulation, and flotation, and
the advantages and disadvantages of EC, cell configuration, energy
consumption, and coagulant dosage. Towards the end a review of the
different defluoridation methods including, precipitation, adsorption/ion
exchange, membrane, and electrochemical or electrocoagulation methods is

included.

Chapter 3 includes a review of the removal of pollutants, especially fluoride,
by electrocoagulation in water and waste water treatment plants. The main
alm is to present bench scale and field scale research studies of
electrocoagulation technology for the different pollutants removed via water
and waste water processes. Although this chapter emphasises more concepts
related to defluoridation by electrocoagulation, a summary at the end presents
the different pollutants removed by electrocoagulation and associated

references.

Chapter 4 contains a general theoretical consideration of the
electrocoagulation process with information on the electrochemical
mechanism occurring in the reactor. The main aim is to understand
fundamentals of electrocoagulation as applied to the removal of pollution in
water and waste water. Towards the end information regarding the

mechanism of contaminants removed by EC, especially when aluminium

12
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electrodes are used by EC, is included. This is to present a theoretical model
based on three different mechanisms including, oxidation of the electrode,
gas bubble generation, and sedimentation and flotation of flocs formed in the
electrocoagulation/flotation processes. The basic equations are included to
present a theoretical as well as empirical model for predicting the efficient

removal of fluoride by the ECF process.

Chapter 5 deals with a laboratory batch monopolar electrocoagulation reactor
is designed and constructed for removing fluoride. The effects of some
operational parameters such as, electrolysis time, current density, current
concentration, pH of the solution, distance between electrodes, initial
concentration of fluoride, electrolyte conductivity, particle size, zeta
potentiometer, aluminium concentration (Al3 */F" mass ratio), mass balance,
and the ionic competition effects (specially Ca®* effect) are elucidated on the
efficient removal of fluoride in a batch scale. Towards the end of the chapter
information regarding the considerable amount of sludge produced in the
base and surface of the electrobox is included to explain the general
mechanisms  controlling  the  efficient defluoridation by  the

electrocoagulation/flotation process.

Chapter 6 shows the design and construction of a continuous flow
electrocoagulator based on the results of batch experiments. The effects of
some operational parameters including, current inputs, detention time, pH of
the solution, the volume of sludge produced, initial concentration of fluoride,

and flow rate on the efficient removal of fluoride in the continuous flow

13
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electrocoagulator are investigated. The optimum flow rate to achieve a
desirable concentration of fluoride is based on the time spent in the
continuous flow reactor. Towards to the end of this chapter information
regarding the specific electrical energy consumed (SEEC), including the total

operational cost of removing fluoride by the EC system.

Chapter 7 gives general information about the speciation solution in the
presence of fluoride and aluminium ions. A geochemical speciation package
(MINEQL") is used to characterise the electrolyte systems used in these
experiments. The results are shown as a function of pH for the solubility of
gibbsite [AlI(OH);]. As between pH 5 and 6, the predominant hydrolysis
products are Al(OH)2+ and AI(OH),". The solid AI(OH); is most prevalent
between pH 6 and 8.5 when the soluble species AI(OH)4 is the predominant
species above pH 9. The equilibrium concentrations of the soluble complexes
and the speciation are calculated by MINEQL" software. The fluoride
removal mechanisms are investigated in the electrocoagulator based on the
solution speciation and dried sludge characteristics. The composition of the

dried sludge is studied by XRD spectroscopy.

Chapter 8 shows the evaluation of the developed empirical model with
predictions of the efficient removal of fluoride. This chapter presents the
results of plotted experimental data as predicted by the model. The empirical
model is developed by a statistical tool known as “SPSS package”. The main
aim of this chapter is first to present an empirical model using critical

parameters including current concentration (I/V), distance between electrodes

14



Chapter 1-Introduction

(d), effects of ion competition (Ca’"), pH of the solution, and initial
concentration of fluoride (C,) on evaluating the rate constant (K) for
removing fluoride using a monopolar ECF process. Second, to determine the
optimal detention time required to achieve a desirable concentration of
fluoride. In this chapter the empirical model is calibrated with experimental
data gathered during this research and then the independent data set is used

for its verification.

e Chapter 9 summarises the results and principal conclusions of the research
work in this thesis, together with suggestions and recommendations for

further research.

A summarized flow diagram that the author developed during this research is shown

in Figure 1-4.

15
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Chapter 2- EC fundamentals and defluoridation process-A review

CHAPTER 2

EC FUNDAMENTALS AND DEFLUORIDATION
PROCESS — A REVIEW

2.1 INTRODUCTION

This chapter presents information regarding the basics of electrocoagulation and
electroflotation processes used in water and waste water treatment plants. The first
section presents a definition of electrocoagulation (EC), electroflotation (EF) and
electrocoagulation/flotation (ECF). The ECF process is defined as the sum of EC and
EF processes because electrocoagulation is found to generate coagulant at the anode
area when the electroflotation process generates bubbles to float the pollutants to the
surface at the cathode. In this process the aluminium dissolves at the anode and
hydrogen gas is released at the cathode when aluminium electrode is used. Several
sections in this chapter discuss information related to background and application of
the electrocoagulation process, the advantages and disadvantages of EC process, cell
configuration, energy consumption, coagulant dosage, removal process, and its
principles based on three important sciences including electrochemistry, coagulation,
and flotation. Towards the end of this chapter information regarding the different
defluoridation methods including precipitation, adsorption/ion exchange, membrane,
and electrochemical or electrocoagulation methods are included. The general

information for different defluoridation methods have been summarised in the

chapter summary.
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2.2 EC FUNDAMENTALS
2.2.1 Definition of electrocoagulation (EC)

Electrocoagulation is the process of destabilising suspended, emulsified, or dissolved
contaminants in an aqueous medium by introducing an electric current into the
medium. In its simplest form, an electrocoagulation reactor may be made up of an
electrolytic cell with one anode and one cathode. The conductive metal plates are
commonly known as ‘sacrificial electrodes’ and may be made of the same or
different materials as the anode (Mollah et al., 2001). Electrocoagulation is the
electrochemical production of destabilisation agents (such as Al, Fe) that brings
about neutralisation charge for removing pollutant. Once charged, the particles bond
together like small magnets to form a mass. This process has proven very effective in
removing contaminants from water and is characterised by reduced sludge
production, no requirement for chemical use, and ease of operation (Rajeshwar and
Ibanez, 1997). Colloid — destabilising agents that effect on-charge neutralisation are
produced by electrolysis in the EC process. For example, aluminium anodes are used
to produce aluminium cations which have the same effect as the addition of Al-based

coagulants in conventional treatment systems.

2.2.2 Definition of electroflotation (EF)

The electroflotation (EF) process is a separation technology for removing pollutants
by electrolytic gas generation. It is similar to the dissolved air flotation process
(DAF) except that gas bubbles are produced by electrolysis of water in the EF

process (Chen et al., 2002b).
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Electroflotation is a process for removing dispersed particles from liquid by gas
bubbles (Figure 2-1). By passing a steady electric current through a liquid, the
aluminium dissolves at the anode, hydrogen gas is released at the cathode, and
dissolution of Al anodes produces an aqueous aluminium species. The bubbles also
float to the top of the tank, collide with suspended particles on the way up, adhere to

them, and float them to the surface of the water (Lesney, 2002).
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— ' e Collector
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Figure 2- 1 Schematic of an electroflotation system (adapted from Lesney, 2002)

2.2.3 Electrocoagulation-flotation (ECF)

The electrocoagulation-flotation process provides an alternative technique for
removing pollutants from water and waste water. This process involves applying an
electric current to sacrificial electrodes inside a reactor tank where the current
generates a coagulating agent and gas bubbles. In addition, electrocoagulation-

flotation is a technique involving the electrolytic addition of coagulating metal ions
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directly from sacrificial electrodes. These ions coagulate with pollutants in the water,
similar to the addition of coagulating chemicals such as alum and ferric chloride, and
allow for easier removal of the pollutants by sedimentation and flotation. Interactions

occurring within an ECF reactor have been shown in Figure 2-2.
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Figure 2-2 Processes in an electrocoagulation reactor (adapted from Holt et al.,
2003)
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2.2.4 History

At the turn of the nineteenth century, the EC system was seen as a promising
technology when used for a water treatment plant in London. Electrocoagulation has
been practiced for most of the 20™ century with sporadic popularity. In the United
States, a patent for purification of wastewater by electrolysis of aluminium and iron
electrodes was received in 1909 (Vik et al., 1984). In the following decades, the
process was used to treat water and waste water in the U.S. A method for purifying
drinking water by electrocoagulation was first applied in the U.S in 1946 (Stuart,
1946; Bonilla, 1947). Aluminium electrodes were used to produce aluminium
hydroxide flocs by hydrolysis and reaction at the electrode for removing colour from
drinking water. Moreover, investigations in 1946 and 1956 showed that EC
technology was not developed for other industrial purposes because low level
environmental awareness and insufficient financial incentives were probably

responsible for abandoning this technology (Vik et al., 1984).

Since 1970, the concept has become increasingly popular in Europe, South America,
and Russia, where electrocoagulation technologies have been primarily used to treat
waste water from metal finishing and metal processing industries and to purify water
supplies. In North America, electrocoagulation has been successfully used for pulp
and paper, mining, and metal processing industries. In the 1980, there was an array
of study on EC technology by Russian scientists on the treatment of waste water.
Nikolaev et al. (1982) showed the possibility of treating natural water in small
systems by two-stage filtration under the influence of aluminium ijons which
produced electrolytic dissolution. In the first stage, removal of suspended solids was

90-92 %, which reached 98-99 % in the second stage. Removing colour reached 85-
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90 % using the EC process. In 1987, an investigation using electrocoagulation
technology for water treatment showed that aluminium ions and hydrogen gas are
released at the anode and cathode electrodes, respectively (Przhegorlinskii et al.,
1987). An ECF process was conducted by Zolotukhin (1989) to remove suspended
solids from mine water. After 15 min electrolysis time, the results showed that they
decreased from 1500 mg/L to less than 50 mg/LL when the consumption of electrical

energy did not exceed 0.5 kWh/m’.

In the 1980s and in recent years, smaller scale electrocoagulation processes have
been effective processes for treating water and waste water (Chen et al., 2002). This
process is very effective for removing a wide range of pollutants because they have

all been considered separately in chapter three.

2.2.5 Principles of the ECF process

The various foundations used in the ECF process considered here may be
conveniently classified according to the contribution of three basic sciences,
electrochemistry, coagulation, and flotation (as is shown in Figure 2-3). Each of

these areas have been summarised in this section:

2.2.5.1 Electrochemistry

Electrochemistry is a branch of chemistry concerned with the interrelation of
electrical and chemical effects. In a general case, EC and ECF technologies based on

the concept of electrochemical cells known as “electrolytic cells”.

22



Chapter 2- EC fundamentals and defluoridation process-A review

Electrochemical and
physical process

Coagulation I Electrochemistry I Flotation

Electrocoagulation Electroflotation

(EC) (EF)

Electrocoagulation , flotation
(ECF)

Figure 2-3 Schematic of main processes relating to ECF

In an electrocoagulator, electrolysis is based on applying an electric current through
the solution to be treated by electrodes. The anode is a sacrificial metal (usually

aluminium or iron) that withdraws electrons from the electrode which releases
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aluminium or iron ions to the bulk solution, and precipitation of AI(OH); or Fe(OH);
at the electrocoagulator. When electrodes are immersed into a solution to allow a
direct current to flow through the solution, a chemical change occurs at the
electrodes. The fundamentals of the chemical change depend on the type of
electrodes, the applied potential difference or electromotive force, and

characterisation of the solution (Sawyer and McCarty, 1994).

The material used at the anode determines the type of coagulant released into the
solution, depending on the type of electrode. Different electrode materials, including
aluminium (Vik et al., 1984; Ming et al., 1987; Mameri et al., 1998; Hu et al., 2003),
iron (Drondina et al., 1985; Larue and Vorobiev, 2003), stainless steel (Matteson et
al., 1995; Abuziad et al., 1998), and platinum (Poon, 1997), have been reported by
other researchers. To pass current to each electrode and release the coagulant, a
potential difference and current flow is required. The potential difference can be
assumed from the electro-chemical half cell reactions occurring at each electrode,
which differ depending on the pH and species present in the solution. A half cell is
an electro-chemical reaction from an electrode containing an oxidised and reduced
species.  For example, electrolytic dissolution of Al anodes in water produces
aqueous AI’" species:

l3+

Aligy—— A" +3e

E’y=-1.66 V (2-1)

where E%4 is standard anode potential. The Nernst equation is used to calculate the

equilibrium potential (E) for any half cell reaction (Rieger, 1994).

0
C
E=~AG _RTl ox

n (2-2)
nF nF  Cg,
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where C,, and Cg, are the product of concentrations of oxidised and reduced species,
respectively. AG? is a standard Gibbs free energy change in a chemical process. F, n,
T, and R are Faraday numbers, number of electrons consumed in the electrode
reaction, temperature (°K), and the gas constant (8.314 Jmol'K™") respectively. The
potential of an electrochemical cell is a measure of how far an oxidation-reduction
reaction is from equilibrium. The Nemst equation describes the relationship between
the free energy of reaction at any moment in time (AG) and the standard-state free

energy of a reaction.

AG =AG’ + RTInC, (2-3)

where C; is concentration of specie i. The sign of AG shows the direction of the
reaction has to shift to reach equilibrium. The magnitude of AG tells us how far the
reaction is from equilibrium at that moment. Thermodynamics are used to determine
the concentration of stable aqueous species that will be discussed in chapter 7

(solution speciation section).

Providing a minimum cell potential for the electrocoagulation reactor is necessary.
The overall potential (Ecen) for a reactor is calculated as the sum of the anodic (Eay),

cathodic (E..), solution (E), and loss (Ej,) potentials, as follows:

Ecel = Eca = Ean — Eso — £y, (2-4)

The loss potential (Ej,) is included to account for potential losses such as the energy
required to overcome the passivating layer. The solution potential (Es) is a function
of its conductivity (E.), the distance between electrodes (d), and the current density

(i) (Bard and Faulkner, 2001), as follows:
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ES = (2'5)

The electrical conductivity is an important parameter for carrying current through a
solution. It depends on the presence and concentration of ions in a solution and has a

significant effect on its potential. It will be discussed in chapters 4 and 5.

A study on the behaviour of electrochemical cells shows which parameters on the
rate of an electrode reaction are important (Bard and Faulkner, 2001). Some of these
parameters, including current value, electrolysis time, electrode material, pH

solution, and bulk concentration of species, are shown schematically in Figure 2-4.

External variables

J—

(b Temperature (T)
Pressure (P)
Time (t)
Electrode variables
Material Electrical variables
Surface area (A) Potential (E)
Geometry A Current (i)
Surface condition Quantity of electricity
Mass transfer vanablc\
Mode (diffusion,
convection, ...) Solution variables
Surface concentrations Bulk concentration of electro-active
Adsorption species
Concentrations of other species

(electrolyte, pH, ...)
Solvent

Figure 2- 4 Variables affecting the rate of an electrode reaction (after Bard and
Faulkner, 2001)
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The effects of these operational parameters on removing pollutant (e.g. fluoride) by
the ECF process will be discussed in chapter 5. In the electrocoagulation reactor the
coagulant addition rate is determined by the relevant electrode kinetics. An electrode
reaction occurs in the interfacial area between electrode and solution. As shown in
Figure 2-5, the oxidant (Oyyy) distributed from bulk solution to the electrode surface
area (Osuf). To make this process more understandable, Eq. 2-6 is expanded
schematically in Figure 2-5 to consider a series of steps that cause a change in the
oxidised species (O) to reduce from (R) in an electrode reaction (Bard and Faulkner,

2001), as follows:

O+ne<——R (2-6)

Electrode Electrode surface region Bulk solution

? Chemical
Adsorption »  reactions
7‘ o) ads rp O — O Surf i » O buik
% Desorpt1on
ne 2 Electron transfer
% Chemical
g R ads Desorptlon R % R surf 4..:::::::::::::? R surf
% Adsorption

Figure 2-5 Pathway of a general electrode reaction (based on Figure 1.3.6, Bard and
Faulkner, 2001)

An intermediate labelled O is formed before adsorption onto the electrode surface
(O as). Electron transfer appeared at the surface and the specie is reduced to form

R .. A similar process, in reverse order, the reductant (Reu) dispersed from the
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electrode surface region to the bulk solution (Rpuy). The processes limiting the rate
may be the charge transfer at each electrode when its relationship to the operating
current density in the electrocoagulation process will be considered in the next

chapters (chapters 5 and 6).

2.2.5.2 Coagulation

Using chemical coagulants for coagulation is one of the most essential processes in
conventional drinking water treatment. Coagulation and flocculation are both used
for treating pollutants in water treatment processes. Coagulation means a process
used to cause the destabilisation and initial coalescing of colloidal particles where
flocculation is an aggregation of smaller particles into large particles. In order to
overcome the stability of particles in treated water, a coagulant is added. The
coagulant can be added either chemically or electrically in the solution. For chemical
coagulation, destabilisation is induced by the addition of a suitable coagulant, and
particle contact is ensured through appropriate mixing devices. The most common
metals used in coagulation are aluminium and iron (III), as they both form insoluble
metal hydroxides at low concentrations. These metals are usually added as sulphates
or chloride species, for example, FeCls, Fex(SO4)3, AlICl3, and alum [Al(SO4)3,14
H,0]. The coagulants cause the aggregate in the particles to form into larger heavier
masses (known as flocs) which can be more easily removed by settling and filtration.
Precipitation pathways describe the interaction of the pollutant with the metal
hydroxide precipitate. These metal hydroxides are known as "sweep flocs". When the
coagulant precipitates it can react with particles of pollutant binding them to the

precipitate. Also, by continuous addition of more coagulants to a solution, the
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attracting force between the primary charges and other trivalent Al*"or Fe®* ions
increases, causing the double layer to minimise when the van der Walls forces
exceed the forces of repulsion. The required coagulant dose is a function of the
chemistry of the treatment water, particularly the pH, alkalinity, hardness, ionic

strength, and temperature (Binnie et al., 2002).

2.2.5.3 Flotation

The flotation process works by the attachment of fine bubbles to the particles
concerned. Since the overall density of the bubble-particle complex is significantly
less than the liquid, it then rises to the surface where the floated material (scum) is
skimmed off (King, 1982). The various processes used in flotation may be
conveniently classified according to the method of generating the bubbles. There are
three main methods including, Air flotation, dissolved air flotation, and

electroflotation (Matis and Zouboulis 1995).

The main difference between electroflotation and more conventional flotation
methods is the method of producing bubbles. The basis of electrolytic or electro-
flotation is the generation of hydrogen bubbles in a dilute aqueous solution by
passing a direct current between two electrodes (Chen et al., 2002b). One of the
advantages of electroflotation is the small bubbles generated (less than 50 pm in
diameter). Fukui and Yuu, (1984) reported that the diameter of an electrolysed gas
bubble is about 20 pum. The effectiveness of the flotation process for removing
pollutants depends on the type of electrodes and current values because the current
affects mixing within the reactor and also possible contact between individual

pollutant particles, coagulant, and bubbles. Thus, the pollutant removal rate by
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flotation was expected to increase accordingly when the current in the EF process

increased.

In the electroflotation process the gases raise particles and coagulant aggregates to
the surface by flotation. The process consists of the following basic steps: (Koren
and Syversen, 1995; Matis and Mavros, 1991)

o (as bubble generation.

e Contact between gas bubble and other liquid pollutant drops.

e (Gas bubble adsorption on the surface of the particle.

® The gas bubbles and liquid drops rising to the surface

In the EF process a layer of foam will be created at the surface which consists of gas
bubbles and floated particles that can be removed by skimming. The rate of flotation
depends on parameters such as the size of the particle, the water residence time in the
electrolytic cell and the flotation tank, the particle zeta potential, temperature and pH

value of solution (Rubio et al., 2002).

2.2.6 Advantages of ECF process

The advantages of ECF technology have been summarised by Mollah et al. (2001) as

follows:

1. ECF requires simple equipment and is easy to operate with sufficient operational
latitude to handle most problems encountered.

2. Waste water treated by ECF gives palatable, clear, colourless, and odourless water.
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3. Sludge formed by ECF tends to be readily settable and easy to dewater because it
1s mainly composed of metallic oxides/hydroxides.

4. Flocs formed by ECF are similar to chemical floc except that EC floc tends to be
much larger, contains less bound water, is more stable, and therefore can be
separated faster by filtration.

5. ECF produces effluent with less dissolved solid (TDS) content compared with
chemical treatments. If this water is reused the low TDS level helps lower the water
recovery cost.

6. The ECF process has the advantage of removing the smallest colloidal particles
because the applied electric field sets them in fast motion, thereby facilitating
coagulation.

7. The ECF process avoids using chemicals so there is no problem with neutralising
excess chemicals and no possibility of secondary pollution caused by chemical
substances added at high concentration, as when chemical coagulation of waste water
is used.

8. The gas bubbles produced during electrolysis can carry the pollutant to the top of
the solution where it can be easily concentrated, collected, and removed.

9. It needs less maintenance.

2.2.7 Disadvantages of ECF Process

The disadvantages of ECF technology have been summarised by Mollah et al. (2001)

as follows:

1. The ‘sacrificial electrodes’ are dissolved into solution as a result of oxidation and

need to be replaced regularly.

31



napter 2- EC fundamentals and defluoridation process-A review

2. The use of electricity may be expensive in many places. Unless, is supplied by
renewable energy sources.

3. An impermeable oxide film may be formed on the cathode leading to loss of
efficiency.

4. High conductivity of the waste water suspension is required.

2.2.8 Cell configuration

The electrode connections in an electrocoagulation reactor (Figure 2-6) are
monopolar and bipolar. With monopolar connections an electric potential is
connected between n pairs of anodes and cathodes (Mollah et al., 2004a; Jiang et al.,
2002). Parallel connections to each electrode cause current (Ip) to pass across each
electrode and solution but if an electrical potential (Up) is applied between two feeder
electrodes, a series connections to bipolar electrodes cause the same current to pass

through “n” electrode pairs.

Monopolar Bipolar
Cathodes — oo+ 4+ -
Anode ?atélode
feeder ceder
Anode electrode electrode
+
Cell voltége, Uo=Ur Cell voltage, Ur= Ug;+ Ugo+.....+ Upn
Cell current, It = Ig oo t+.....+on Cel} current, IT. =1y
Parallel connections Series connections

Figure 2-6 Monopolar and bipolar electrode connections in the EC reactor (adapted
from Jiang et al., 2002)
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A simple arrangement of an EC cell is shown in Figures 2-7 (a, and b) where the
electrodes are monopolar and bipolar connections in the electrocoagulation reactor.
Cell voltage and current are measured as digital and need to be controlled in all these

experiments.

— 10 Dg—

. DC power supply
Electrode (Anode)
Electrode (Cathode)
. Magnetic bar-stirring
Electrolytic cell
. Sampling valve
. Digital magnetic stirring controller
. PH meter
. Drain tube
0. Temperature control

Figure 2-7 Bench scale EC reactor with two electrodes connection: (a) bipolar, and
(b) monopolar
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