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Abstract

Water is an essential part of life. Water, fit for human consumption is available in
limited quantity. This demands for new treatment technologies to treat huge amount
of groundwater, which is not fit for human consumption. Presence of inorganic
constituents in water is a major public health problem and fluoride is one such problem.
Fluoride is known to occur in high concentrations in many parts of the world and can
have adverse effects on human health and well being. Drinking water is the major
source of fluoride uptake. Several defluoridation processes are being practised such as
adsorption, chemical precipitation, electrodialysis and electrochemical method.

The removal of fluoride from drinking water using aluminium compounds is
more prevalent than other defluoridation techniques due to the strong affinity between
aluminium and fluoride. Electrocoagulation (EC) with aluminium electrodes is one such
technique which is successfully used for defluoridation of water. But various monomeric
and polymeric hydroxyl species of aluminium and fluoride complexes are formed in
the process which may lead to high aluminium concentrations in drinking water. In
the recent past, the adverse effects of aluminium have been recognized. Aluminium is
found to be a potential neuro-toxicant. Therefore, it is imperative to control the residual
aluminium in the water.

The present study was proposed in view of the synergistic effects of the aluminium/
fluoride compounds and the induced toxicity in drinking water due to their high
concentrations. The main objective of the present study was to optimize the EC process
to control fluoride in treating water with minimum energy input and then control residual
aluminium in subsequent steps. For optimization of energy input, a program was
developed in FORTRAN to minimize energy used for target fluoride removal. It helps
in controlling aluminium dissolution and only amount necessary for desired fluoride
removal was introduced in the solution. In next step, flocculation and settling followed
by filtration was attempted. It appreciably reduces the aluminium concentration but not
below the permissible limit. Performing this step, gave a clear insight that the aluminium
concentration was mostly due to the flocs present in the water and efficient settling of
these flocs was required for aluminium control. Therefore, coagulants aids (bentonite
clay and activated silica sol) were used to improve settling efficiency Both coagulant
aids brought down the aluminium content below permissible limits. With optimised
dose of bentonite, residual aluminium was brought down to a range of 0.03−0.08 mg/L.
With optimised dose of activated silica sol, residual aluminium was brought down to a
much lower range of 0.003−0.034 mg/L.
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Chapter 1

Introduction

This Chapter includes a brief introduction to the research problem and the tasks to be
performed in the research work. It also outlines the framework of the thesis. In a nutshell
this chapter unveils the research work presented in the thesis.

1.1 Background of the problem

Water is an essential part of life. It is not only a resource, but instead it is a life
source. Due to increase in the world’s population and contamination of available water
sources, there is a rising increase in demand for new water treatment technologies. The
expected increase of human population is about 9 billion by 2050 [1]. With limited
water resources, providing drinking water to the consumers will be a problem in the
near future. Access to safe drinking water is the basic right and providing it to the
consumer is a challenge to water treatment engineering. Wide varieties of treatment
processes are available for water treatment. The amount and type of treatment applied
depends on the source type and quality of water. A major public health problem is the
presence of inorganic constituents in water and fluoride is one of them.

Fluorides occur naturally in the earth’s crust where they are found in rocks, coal,
clay, and soil. They are released into the environment through various natural processes
like: weathering of rocks, dissolution of minerals and volcanic emissions. Various
anthropogenic processes like: coal combustion, waste from various industrial processes,
including steel manufacture, primary aluminium, copper and nickel production,
phosphate ore processing, phosphate fertilizer production, glass, brick and ceramic
manufacturing, and adhesive production also contribute to fluorides in water [2]. The
main health concern regarding fluoride is likely to be from excessive oral exposure
in drinking water. Fluoride levels in surface water vary according to geographical
location and proximity to emission sources. Surface water concentrations generally
range from 0.001− 0.3 mg/L [3]. Sea water contains more fluoride than fresh water,
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with concentrations ranging between 1.2− 1.5 mg/L . Higher levels of fluoride are
found in areas where the natural rock content is rich in fluoride and near industrial
outfalls.

1.1.1 Status of groundwater fluoride

Fluoride is known to occur in high concentrations in many parts of the world and can
have adverse effects on human health and well being. An approximate view of the
fluoride concentration scenario ‘in the World’ and ‘in India’ has been presented here.

IN WORLD: Brindha and Elango [4] reported the prevalence of fluorosis in Arizona,
Arkansas, California, Colorado, Idaho, Illinois, Iowa, Kansas, Minnesota, Nevada, New
Mexico, North Carolina, North Dakota, Oklahoma, Oregon, South Carolina, South
Dakota, Texas, Utah and Virginia. Figure 1.1 shows the occurrence of fluoride in various
parts of the world and its approximate range found in the literature.

Figure 1.1: Fluoride concentration in various parts of the world [4].

IN INDIA: Twelve million tons of fluoride are deposited in India out of the
eighty-five million present in the earth’s crust [5]. Thus, it is obvious that fluoride
contamination in India is widespread. According to Susheela [6], sixty-six million of
the total population is consuming fluoride rich water. Figure 1.2 shows different parts of
India where high concentrations of fluoride is present in groundwater. A detailed list of
concentrations of fluoride in groundwater and their sources is given in Table 1.1. It can
be clearly observed from Figure 1.2 that 2− 8 mg/L range of fluoride is prevalent and
there are only four regions in which the fluoride contamination is beyond this range.
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Table 1.1: Fluoride distribution in India, enlisted from literature [4].

State Source Fluoride Range References
Andhra
Pradesh,

Kurmapalli
watershed

Fluoride
rich rocks Up to 21 mg/L [7]

Andhra
Pradesh,
Nalgonda

Fluoride
rich grantic

rocks
0.4−20 mg/L [8]

Andhra
Pradesh,

Visakhapatnam

Granitic
rocks 0.6−2.1 mg/L [9]

Andhra Pradesh
and Jharkhand

Coal ash 0.1−4 mg/L [10]

Assam,
Guwahati

Granite
Rocks 0.18−6.88 mg/L [11]

Delhi

Irrigation
water and

brick
industries

0.1−16.5 mg/L [12]

Gujarat,
Mehsana

Granite,
gneiss and
pegmatite

0.94−2.81 mg/L [13]

Haryana,
Bhiwani

Rocks 0.14−86 mg/L [14]

Karnataka,
Bellary

Apatite,
hornblende
and biotite

0.33−7.8 mg/L [15]

Kerala, Palghat
Hornblende
and biotite

gneiss
0.2−5.75 mg/L [16]

Maharashtra,
Yavatmal

Amphibole,
biotite &
fluoroap-

atite

0.3−13.41 mg/L [17]

Rajasthan,
Hanumangarh

Rocks 1.01−4.42 mg/L [18]

Tamil Nadu,
Erode

Host rocks
and

weathering
of fluorite

0.5−8.2 mg/L [19]

Uttar Pradesh,
Kanpur

——- 0.14−5.34 mg/L [20]

West Bengal,
Hooghly

Super
phosphate
fertilizer

0.01−1.18 mg/L [21]
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Figure 1.2: Fluoride concentration in various parts of India [4].

1.1.2 Health implications

Excessive ingestion of fluorides has adverse implications on human health. It causes
a disease known as fluorosis. Fluorosis is mainly of two types: dental and skeletal
fluorosis. Dental fluorosis is the loss of lustre and shine of the dental enamel. This
condition is termed as hypomineralization of dental enamel [22] and starts due to
incorporation of fluoride in the teeth during the time of tooth development. In more
severe cases of dental fluorosis the teeth are discoloured and pitted. Figure 1.3 shows
various levels of dental fluorosis.

Figure 1.3: Levels of dental fluorosis [23].

Skeletal fluorosis refers to the problem in bone due to excessive exposure of
fluorides. Fluoride changes the physicochemical properties of bone by replacing the
hydroxyl ion in hydroxyapatite to form fluorapatite. This might cause the bones to
become brittle and reduce their tensile strength [24]. Poisoning of fluoride leads to
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Figure 1.4: Depiction of skeletal fluorosis.

severe pain associated with rigidity and restricted movements of cervical and lumbar
spine, knee and pelvic joints as well as shoulder joints. Figure 1.4 depicts some
deformations of bones due to skeletal fluorosis.

1.1.3 Limits of fluoride in drinking water

Various regulating bodies have enforced the fluoride limit in drinking water. Table
1.2 enlists permissible levels of fluoride in drinking water as prescribed by different
agencies. For present study permissible limit of fluoride in drinking water has been
used as 1.0 mg/L as prescribed by various regulating authorities.

Table 1.2: Drinking water standards for fluoride as prescribed by various authorities.

Authority Permissible Limit (mg/L) Reference
Bureau of indian standards BIS

(IS-10500 : 2012)
1.0 [25]

Indian Council of Medical Research
1.0 [26]

The Committe on Public Health
Engineering Manual and Code of

Practice, Government of India

1.0 [26]

World Health Organisation (WHO) 1.5 [27]

1.2 Defluoridation Processes

Several defluoridation processes are existing such as adsorption [28], chemical
precipitation [29]-[31], electrodialysis [32] and electrochemical method [33] [34].
The two widely used techniques in India for defluoridation are Nalgonda process
and Activated Alumina (AA) process [35]. Generation of large volumes of sludge,
the hazardous waste categorization of metal hydroxides, and high costs associated
with chemical treatments have made the conventional chemical coagulation techniques
for defluoridation less acceptable [36]. The present scenario demands for a process
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which addresses the above mentioned problems. A new process is required which
solves the problems of existing coagulation processes. Electrocoagulation (EC) is a
promising alternative to the conventional coagulation techniques [37]. It has been
applied successfully to treat various wastewater and potable water [38].

1.2.1 Electrocoagulation process

EC is an electrochemical technique which removes pollutants from water. This process
involves applying electric current to the electrodes. The anode undergoes oxidation
and produce metal hydroxides which serve as coagulating agents. The generation
of coagulant in this process is in-situ. The removal mechanism of pollutant can
be considered similar to the chemical coagulation processes. EC is emerging as a
promising process that can be retrofitted to existing methods of defluoridation. EC has
been suggested as an alternative to conventional coagulation [39] [40]. Reduced sludge
production, no requirement for chemical handling and ease of operation are some of
the advantages of this process [41]. It has also been reported that the EC process for
fluoride removal does not require a big investment [33].

In the present work EC with aluminium electrodes has been used for defluoridation
of water. To understand the working of the EC process, it is important to understand
electrolytic reactions, fluoride removal mechanism and other fundamentals. These all
concepts have been discussed in the next chapter.

1.3 Role of aluminium in fluoride removal

Aluminium compounds are widely used for treatment of water, especially for removal
of fluoride owing to the high affinity of fluoride towards aluminium. But recently,
aluminium compounds have come under scrutiny due to the concerns about metal
residuals in the public water supply. In response, various regulations have been
promulgated for aluminium which have been presented in Table 1.3

Table 1.3: Drinking water standards for aluminium, prescribed by various authorities.

Authority Permissible Limit (mg/L) Reference

BIS (IS-10500 : 2012)
0.2 [25]

WHO
0.2 [27]

(USEPA SDWR)
0.05−0.2 [42]

Canadian operational guidance 0.1−0.2 [43]

Aluminium sulphate Al2(SO4)3 (better known as alum) or Polyaluminium chloride
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(PACl) are commonly used coagulants in drinking water treatment. They enhance the
removal of particulate, colloidal and dissolved substances via coagulation processes.
The treatment of surface water with alum has been used for centuries in all parts of
the world. The use of alum as a coagulant for water treatment often leads to higher
concentrations of aluminium in the treated water than in the raw water [44]. There
is considerable concern throughout the world over the levels of aluminium found in
drinking water sources (raw water) and treated water. Acid rain has also increased the
aluminium level in many freshwater sources [45]. A high (3.6−6 mg/L) concentration
of aluminium in treated water gives rise to turbidity, reduces disinfection efficiency, and
may precipitate as Al(OH)3 during the course of distribution [46]. Aluminium is not a
routine monitoring parameter in finished water, in most of the water treatment plants.
Furthermore, relatively lesser attention has been paid to the speciation of aluminium in
raw, treated and distributed waters [47].

1.3.1 Aluminium and fluoride toxicity

Aluminium was earlier regarded as a relatively innocuous element, but researchers
have found that its various bound forms with the hydroxide ion and inorganic ions
are toxic in nature. Aluminium is found to be a potential neuro-toxicant and medical
research and epidemiological surveys suggest that dissolved aluminium entering the
bloodstream may cause Alzheimer’s disease, Lou Gehrig’s disease and other forms of
senile dementia, encephalopathy, bone mineralization disorders, etc [48]. Aluminium
-fluoride complexes also increase the risk of developing Alzheimer’s disease. It causes
disruption of brain’s aerobic metabolism, reduction of effectiveness of acetylcholine
as a transmitter, and increase in free radicals. Strunecka and Patocka [49] studied the
nature of Aluminium- fluoro complexes and found that they act as phosphate analogs
in the G-protein. They become signal disruptors in the cellular regulatory mechanism
and are found to be a potential danger for all living organisms. The excerpts from
the Abridged Final Report on the Review of Toxicological Literature on Aluminium
Compounds prepared by Scott Masten [48], also elaborate on the toxicity of aluminium.

In a study of more than 3,500 French men and women above the age of 65,
a significant decrease in cognitive abilities was found when their drinking water
contained calcium, aluminium, and fluorine [50]. Their results confirm the importance
of estimation of aluminium speciation and assessment of the association between
aluminium exposure and Alzheimer’s disease. Researchers [51] hypothesized a possible
synergistic role of aluminium with fluoride in aggravation of skeletal fluorosis by
conducting studies on people in Sanganer area in Jaipur having high fluoride (1.19−
11.3 mg/L) and aluminium(0.017−0.125 mg/L) concentrations in their drinking water
sources. Health studies of the affected people by Jajoo [52] and Sayal [53] also revealed
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toxic effects of aluminium fluoride complexes in fluorosis endemic areas and report
some appearances of neuro-symptoms in patients affected with fluorosis. It mostly
affected the older generation, due to the consumption of contaminated water over a
longer period of time. All these studies indicate the synergistic associations of both
aluminium and fluorides in the drinking water supply and therefore suggest that it might
be prudent to make sure that residual aluminium was minimized in the defluoridated
drinking water supplies.

Ingestion of excess fluorides and aluminium by humans is found to cause many
neurological, skeletal, gastrointestinal and clinical toxic effects. The present study
was proposed in view of the synergistic effects of the aluminium/ fluoride compounds
and the induced toxicity in drinking water due to residual fluoride and aluminium
concentrations. The main objective of the present study was to optimize the EC
process to control fluoride in treating water with minimum energy input and then control
residual aluminium in subsequent steps. The present research has following subsidiary
objectives:

• Parametric study of the EC process for defluoridation to select operational
parameters and their operating range for design of experiments (DOE).

• Development of a model and assessment of the effect of selected input (operating)
parameters: initial fluoride, applied current and electrolysis time on three
responses (residual fluoride, residual aluminium and specific electrical energy
consumption (SEEC) for fluoride removal on the EC process.

• Development of regression equation for the responses and its experimental
verification.

• Optimization of the EC process using the grid search method programmed in
FORTRAN for minimum energy input to achieve target fluoride removal.

• Control of aluminium through flocculation, settling and filtration.

• Control of aluminium through the use of coagulant aid (bentonite and activated
silica sol), followed by flocculation, settling and filtration.

• Development of a model and assessment of the effect of operating parameters:
aluminium after EC and coagulant aid dose on the response (aluminium after
coagulant aid dosing).

8
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• Development of regression equation for the responses and its experimental
verification.

• Study of adsorption isotherms for both fluoride and aluminium removal.

• Sludge characterization.

1.5 Outline of the work

The present work has been broadly classified in two parts; fluoride removal and
aluminium removal. A description of present work is outlined in the Figure 1.5 and
the text following it gives an elaborate view.

Figure 1.5: Outline of the research work.

Fluoride removal: The EC process has been used for removal of fluoride. As a
first step, parametric study for fluoride removal was performed. The samples were
prepared in the laboratory using tap water, so it was necessary to investigate the effect
of operational parameters like initial fluoride concentration, applied current, electrolysis
time, pH, inter-electrode distance, etc. on efficiency of the EC process. These findings
help us to select operational parameters and their ranges for development of statistical
model. The parametric investigations lead to selection of three operating parameters
(initial fluoride concentration, applied current and electrolysis time) and three responses

9
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(residual fluoride, residual aluminium and SEEC) for development of statistical model.
Taguchi method was used to develop a statistical model and find the effects of input
parameters on the selected responses. The model was validated by ANOVA and residual
plots. Regression equations were developed for selected responses and its experimental
verification was done.

Aluminium removal: Regression equations were used to optimize the operating
parameters of the EC process. A program was developed in FORTRAN to optimize the
parameters for minimum energy input which leads to required dissolution of aluminium
in the EC reactor. The further work for aluminium removal was carried out on the
optimized sets. In subsequent steps, strategies to control aluminium were developed.
Two strategies were used to remove aluminium from the water treated after the EC
process. In the first strategy after optimizing the energy input; flocculation, settling and
filtration was done. In the second strategy, after optimizing energy input; coagulant
aid was added in the water, followed by flocculation, settling and filtration. Taguchi
method was used to design the experiments and develop a model for aluminium removal.
Regression equations were developed for the response and its experimental verification
was done.

1.6 Organisation of the thesis

The entire thesis is summed up in eight chapters. Presented below are the highlights of
the chapters.

Chapter 1 presents an overview of the problem statement and outline of the tasks
performed in the present research.

Chapter 2 includes a literature review designed to provide a summary of the base
knowledge already available involving the issues of interest. First section includes a
list of various defluoridation processes used for treatment. Second section presents the
basics of coagulation and flocculation. The third section gives a detailed insight into
the fundamentals of the EC process and review of proposed mechanisms for fluoride
removal by the EC process.

Chapter 3 gives the detailed description of methodology used for the research.
It also introduces the analytical techniques and softwares used for completion of the
research.

Chapter 4 discusses the various parameters affecting the EC process for fluoride
removal, which forms a baseline data for further research.

Chapter 5 illustrates all the findings related to the development of a model for
fluoride removal. In this Taguchi design is implemented and investigation of the effects
of input variables (operational parameters) on an output variable (response) is done. It
also describes about the EC kinetics and identifies the reaction order for EC process.

10
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Reaction kinetics and adsorption isotherm study for fluoride removal is also included in
this chapter.

Chapter 6 includes the strategies used for controlling aluminium concentration
in the treated water and discusses about the development of a model for aluminium
removal. It also includes study of adsorption isotherms for aluminium removal.

Chapter 7 includes the characterization of sludge and cost analysis.
Chapter 8 is the concluding chapter, which includes the main findings of the present

study.

11
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Chapter Summary

Fluoride contamination is a major health problem and poses problem like dental
fluorosis and skeletal fluorosis. Several fluoride treatment techniques are used for
defluoridation of water. But owing to the high affinity of fluoride with aluminium, the
techniques using aluminium for treatment purposes are popular. Initially, aluminium
was considered to be an innocuous element, but researches have proven aluminium to
be a potent neurotransmitter. Therefore, it is necessary to control the aluminium in
drinking water treated for high fluoride. A wide variety of treatment techniques are
available for removal of fluoride. But EC has emerged as an efficient technique owing
to a few of its advantages like low operating cost, lesser sludge production, no chemical
handling, etc.

The present study has focussed on treating fluoride contaminated water by the EC
process using aluminium electrodes. Also, as a subsequent step it delineates measures
for controlling the aluminium concentration in water treated by the EC process. The
next chapter gives an overview of the various defluoridation processes which are being
practised. It also explains the concepts of coagulation and the EC process.
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Chapter 2

Defluoridation processes, coagulation
and electrocoagulation

The chapter begins with the summary of various defluoridation processes. It further
provides insight into the basic concepts and theory of coagulation, flocculation and EC.
Also several investigations that have been carried out in the recent past for fluoride
removal by the EC process have been reported. The next part of the chapter includes the
introduction to the DOE and adsorption isotherms; as they also form an integral part of
the present study.

2.1 Defluoridation processes

Defluoridation refers to methods of water treatment that reduce the concentration of
fluoride in the water, in order to make it safe for consumption. Fluoride has been a
matter of controversy for human consumption, since long. Initially, it was of the opinion
that a minimum concentration of fluoride is needed for good strength of bones and teeth,
but subsequent evidences stated that there is no requirement of extra fluoride for human
consumption. Many methods have been investigated to remove fluoride from water. A
list of techniques with a brief description has been presented in the Table 2.1.
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2.2 Coagulation -Flocculation

To remove colloidal impurities from water, number of methods are used and among
all the methods, coagulation/flocculation is an important method for this purpose
[67]. Coagulation and flocculation phenomena have been practiced from earliest times
in water and wastewater treatment, using a variety of substances. The process of
withdrawing the forces, which stabilizes colloidal particles and cause aggregation of
colloidal particles is called coagulation/flocculation.

A colloid is a microscopic particle, typically having dimension in the range of 10 nm

to 100 µm, which is dispersed throughout the other substance [68]. These particles
cannot settle or be removed by ordinary filtration. Colloids can be defined as substances
that apparently go into solution but, in fact, remain dispersed as discrete particles. The
like charge of colloids causes repulsion in adjacent particles and hence prevents effective
agglomeration and flocculation. As a result, charged colloids tend to remain dispersed.
In coagulation the attachment of small particle to surface and one another is promoted,
thus the repulsive potential of electrical double layer of colloids is reduced and micro
flocs are produced. When microflocs aggregate they form larger structures, generally
stated as flocs. Inorganic coagulants like aluminium or iron salts are added to promote
coagulation. This process is necessary to remove particulate matter which is too small
in size and cannot be settled by gravity in sufficient time frame.

Colloidal suspensions are stable due to electrostatic charge. Usually, the net charge
on the colloids is negative. Ions present in the water will be affected by the charged
surface of the colloid. Negatively charge surface attracts the ions of opposite charge
(counter ions) towards itself, thereby forming a fixed layer. This layer displaces with
the colloid. Other ions present in the solution arrange themselves accordingly, with
greater concentration of counter ions being closer to the colloid. This arrangement
produces a net charge which is stronger at the fixed layer and decreases exponentially
as the distance from the colloid increases. Structure of colloid particle and arrangement
of charge around it is shown in Figure 2.1.

Figure 2.1: Colloid particle and the arrangement of charge around it.
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When colloids come in close proximity, two forces act on them. The electrostatic
potential created by counter ions surrounding the colloid, which prevents the contact and
the vanderwaal’s force which is force of attraction. Vanderwaal force is the strongest
force at close distances but decreases exponentially with distance. After a maximum
net repulsive force known as the energy barrier, is passed the contact between the
particles is possible. Overcome of energy barrier is important for agglomeration of
particles. Brownian movement, random movement of smaller colloids because of
molecular bombardment, might produce enough momentum to overcome the barrier
and collide. But these processes are too slow to be efficient for water purification.

Main mechanisms that take place in the process of coagulation and flocculation, are
listed to be colloidal destabilization, precipitation and co-precipitation, where colloidal
destabilization stands for coagulation and occur through addition of coagulants. Two
distinct steps must occur for coagulation to take place; repulsion forces must be reduced
and contact between the destabilized particles must be achieved with the help of particle
transport [69]. This can be achieved by three mechanisms [70]. These methods may
take place individually or collectively to destabilize colloidal particles, facilitating their
removal from suspension [71]-[73].

• Compression of electrical double layer: This is achieved through the addition of
a coagulant into a suspension of colloids. Ions possessing a net charge opposite
to the net charge of the colloidal material are attracted to the area surrounding
outside the particle, referred to as the diffuse layer. As more counter-ions are
added to the suspension they are attracted towards the suspended particles causing
the diffuse layer to become compressed. This, in turn, reduces the amount of
energy required to move the two colloidal particles of like surface charge together.
Sufficient compression of the ionized layer causes the Vanderwaal’s forces to
dominate and remove the energy barriers.

• Surface charge neutralization: This process involves the addition of a
coagulating agent with a net charge which is opposite to that of the net surface
charge of the suspended particles. These ions become part of ions already
surrounding the colloid. The added ions have greater affinity for the surface of
colloid so they are adsorbed and neutralize the surface charge of the colloid. As
the charge is neutralized the electrostatic potential present in the solution which
was preventing contact of particles, vanishes. Care has to be taken to prevent
overdosing of coagulant, as it can result in restabilizing the suspension.

• Inter-particle bridging: This occurs when high-molecular-weight polymers
branch out and adsorb to multiple particles. Also the process may occur when
polymer chemically reacts with other polymer or share ions directly to form ionic
bridges. The resulting aggregated particles may have reactive polymer branches
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extending into the suspension. The branched polymer that facilitates this process
must extend past the diffuse layer to avoid repulsion tendencies of similarly
charged particles. The polymer branches which are created, causes particle
destabilization and may cause re-stabilization. During interparticle bridging,
particles come together to form a mesh-like matrix consisting of destabilized
colloids and polymer branches. As the floc begins to settle, it may entrap
smaller particles. This process is referred to as sweep floc, flocs are generated
by the hydrolysis of coagulant. These flocs settle under gravity and as it settles
the colloids are swept away from the suspension. Most conventional surface
water treatment plants operate in the region where sweep floc is the predominant
mechanism of coagulation [73].

2.2.1 Flocculation

Flocculation is a stage that is rapidly followed by coagulation and relies on providing
turbulence to promote collisions. In coagulation the particles come together, while
flocculation is a phase in which the flocs begin to form larger aggregates. Flocculation
is a slow mixing stage. The particles are encouraged to form large aggregates while
the water is gently mixed. Rough mixing can cause the flocs to break and lead to
restablization. When the contacts are produced by Brownian motion, the process is
termed as perikinetic flocculation and when it is produced by stirring it is known as
orthokinetic flocculation. Collisions of the microfloc particles cause them to produce
larger, visible flocs called pinflocs. The floc size continues to build through additional
collisions and interaction with inorganic polymers formed by the coagulant or with
organic polymers added, thus forming macroflocs. High molecular weight polymers,
called coagulant aids, may be added during this step to help bridge, bind, and strengthen
the floc, add weight, and increase the settling rate. Once the optimum size and strength
of the floc has reached, the water is ready for the sedimentation process.

2.2.2 Coagulation chemistry

The chemistry of coagulants in solution is quite multifaceted. Coagulants (e.g. metal
coagulants Al or Fe) in solution complex with water to from aqua-metal complexes
[M− (H2O)6]

3−. In the present study the coagulation with aluminium is done so
coagulation details of aluminium are discussed.

Aluminium has a high tendency to hydrolyze in aqueous solutions [74]. When
Al(III) is added in water it will dissociate to yield trivalent Al+3 ions, which hydrate
to form aquometal complexes [Al(H2O)6]

3+. These complexes pass through a series
of hydrolytic reactions in which a water molecule in the hydration shell is replaced by
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the OH− ions. This gives rise to the formation of a variety of species. The hydrolysis
scheme of Al (III) as suggested by [75] and [76] is shown in Equation 2.1−2.7.

Al3++H2O→ AlOH2++H+ (2.1)

AlOH2++H2O→ Al(OH)+2 +H+ (2.2)

Al(OH)+2 +H2O→ Al(OH)3 +H+ (2.3)

Al(OH)3 +H2O→ Al(OH)−4 +H+ (2.4)

2Al3++2H2O→ Al2(OH)4+
2 +2H+ (2.5)

3Al3++4H2O→ Al3(OH)5+
4 +4H+ (2.6)

13Al3++28H2O→ Al13O4(OH)7+
24 +32H+ (2.7)

In the basic and acidic solution, Al ion will be found in anionic
(
Al(OH)−4

)
and

cationic
(
Al(OH)+2

)
forms, respectively [36]. In the absence of significant

concentrations of other anions, the aqueous Al will form various hydroxyl complexes,
the relative amounts of which will depend on both pH and initial concentration of the Al
in solution [77]. However, the hydrated ion Al(H2O)3+

x exists in the solution at pH < 4
but the hydroxide complexes are formed at pH > 4 [78]. The solubility of aluminium in
equilibrium with solid phase Al(OH)3 depends on the surrounding pH. At pH between
5 and 6, the predominant hydrolysis products are found to be Al(OH)2+ and Al(OH)+2 .
The solid Al(OH)3 is most prevalent in pH range of 5–8. The soluble species Al(OH)−4 is
the predominant species at pH values more than 9. Solubility of Gibbsite at different
pH is shown by MINEQL+ software in Figure 2.2. Solid Al(OH)3 precipitates at pH of
5 when it predominates over soluble complexes in the pH range of 5–9. At higher pH
(pH >10), the dominating species present is the soluble aluminates, Al(OH)−4 .

Thermodynamic calculations show that aluminium fluoride complexes are generally
the dominant inorganic aluminium species [79][80]. Changes are produced in the
progress of aluminium in water, when fluoride is present. Fluoride ion forms strong
complexes with aluminium due to which there is a considerable increase in the solubility
of Al [81]. It is reported that the fluoride complexes AlF2+, AlF+

2 , AlF3 and AlF−4
predominate in acid solution in the presence of 1× 10−5M fluoride, until Al(OH)3

precipitates [36]. Aluminium complexes are not precipitated until the solution pH has
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Figure 2.2: Solubility of aluminium hydroxide at different pH values by using
MINEQL+ software [36].

reached to 6. The complex of Al(OH)−4 is formed in alkaline solution. The charge
on hydrolysis products and the precipitation of metal hydroxides are both controlled
by pH. The hydrolysis products possess a positive charge at pH values below the iso-
electric point of the metal hydroxide [82]. These positively charged species can cause
destabilization of negatively charged colloids by adsorption and charge neutralization.
Negatively charged species, predominate above the isoelectric point and are ineffective
for the destabilization of negatively charged colloids.

According to Stumm and O’melia [69], Al(III) accomplish destabilization by two
mechanisms: adsorption & charge neutralization and enmeshment in a sweep floc. If
aluminium salt is added to water in concentrations less than the solubility limit of
the metal hydroxide, the hydrolysis products will form and adsorb onto the particles,
causing destabilization by charge neutralization. When the amount of aluminium
(III) added to water is sufficient to exceed the solubility of the metal hydroxide,
the hydrolysis products will form as kinetic intermediates in the formation of metal
hydroxide precipitate. In this situation charge neutralization and enmeshment in the
precipitate both contribute to coagulation [83]. Interrelations between pH, coagulant
dosage, and colloid concentration determine the mechanism responsible for coagulation.
Precipitation of amorphous metal hydroxide is necessary for sweep floc coagulation.
The solubility of Al(OH)3(s) is minimal at particular pH and increases as the pH
increases or decreases from that value.

2.3 Electrocoagulation process

EC has a long history and the first plant was built in London in 1889 for treating sewage
[84][85]. Though the EC process has shown promising results but its success has been
limited. However, there has been renewed interest in this technology due to demand

21



CHAPTER 2. DEFLUORIDATION PROCESSES, COAGULATION AND
ELECTROCOAGULATION

of water treatment technologies. According to Rajeshwar et al [86], benefits from
using electrochemical techniques include: environmental interests, versatility, energy
efficiency, amenable to automation and cost effectiveness. In addition to the mentioned
advantages electrochemical based systems also allow controlled and rapid reactions,
viability due to compact systems and instead of using chemicals they employ electrons
which facilitate water treatment.

EC is an in situ generation of active coagulant by electrically oxidizing anode
material. This is an effective technology for treating polluted water. To understand
EC; knowledge of electrochemistry, coagulation and flotation is required.

2.3.1 Electrocoagulation as a treatment technology for fluoride
removal

EC system comprises of electrodes: anode and cathode both of which are made of
aluminium. There are multiple electrochemical reactions which occur simultaneously
at the anode and the cathode. The schematic diagram of EC reactor is shown in Figure
2.3.

Figure 2.3: Schematic diagram of the EC process.

As the current is passed through the electrodes the anode undergoes electrolytic
oxidation and forms metal ions which act as coagulants. The electrolytic dissolution of
Al anodes by oxidation produces aqueous Al3+ species [87]. The Al3+ ions further react
to form Al(OH)3 flocs. These flocs are believed to adsorb fluoride [88]. Freshly formed
amorphous Al(OH)3 precipitates, that are required for sweep coagulation have large
surface areas. These precipitates (flocs) are beneficial for rapid adsorption of soluble
compounds and entrapping of colloidal particles. The formed flocs polymerize usually
at high aluminium concentrations. The reactions at anodes are summarized below in
Equation 2.8 −2.11.

Dissolutiono f metal : Al→ Al3+(aq)+3e− (2.8)
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Hydrolysation : Al3+(aq)+3H2O→ Al(OH)3 +3H+(aq) (2.9)

Polymerization : nAl(OH)3→ Aln(OH)3n(s) (2.10)

Mainremoval reaction : Al(OH)3n(s)+mF−(aq)→ AlnFm(OH)3n−m(s)+mOH−(aq)

(2.11)
The water is electrolysed and formation of hydrogen gas takes place. These bubbles

float to the top of the tank, colliding with particles suspended in the water on the way
up, adhering to them and floating them to the surface of the water. They form a stable
floc layer at the top surface of the reactor. The reactions at cathodes are summarized
below in Equation 2.12 and 2.13.

Reductiono f metal : Al3+(aq)+3e−→ Al(s) (2.12)

Hydrogenand hydroxide f ormation : 2H2O(l)+2e−→ H2(g)+2OH− (2.13)

2.3.1.1 Cell arrangement

EC cell is made up of two cells cathode and anode. The electrodes are generally made
up of aluminium in case of fluoride removal. Cathode could be made of iron or stainless
steel since coagulants are released from the anode. The electrodes are connected to an
external power source; anode will corrode and generate coagulant while cathode will be
subjected to passivation. The electrodes can be connected by using monopolar or bipolar
connections. In monopolar connection- series, a pair of electrodes placed between the
two outer electrodes. The outer electrodes are connected to the negative and positive
terminal, while the inner electrodes are interconnected (Figure 2.4a). In monopolar
connection- parallel, some electrodes are connected to the positive terminal and some
are connected to the negative terminal (Figure 2.4b). In bipolar connections only the
electrodes at the end are connected to the power source and the rest of the electrodes
are placed in-between them. These electrodes induce a charge in them when current is
applied to the outer electrodes (Figure 2.5).
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(a) series connection (b) parallel
connection

Figure 2.4: Monopolar electrode connection.

Figure 2.5: Bipolar electrodes in parallel connection.

2.3.1.2 Treatment parameters

• Electrode material: This defines the type of electrochemical reaction occurring
in an EC system. Aluminium and iron both have been successfully used for the
EC process. Inert electrodes, such as metal oxide coated titanium are used as
cathodes in some reactors. When water to be treated has significant amounts
of calcium or magnesium ions, the inert cathode is recommended [89]. There
are some studies where combinations of aluminium and iron electrodes have been
used [90][91]. Optimal material selection depends on the pollutants to be removed
and the chemical properties of electrolyte. For removal of fluoride aluminium
electrodes are used as fluoride has more affinity for aluminium.

• pH of the solution: The EC process is highly dependent on the pH of the solution
[33][92]. pH has an effect on the conductivity of the solution, dissolution of the
electrodes, hydroxide speciation and zeta potential of colloidal particles. During
the EC treatment process pH increases constantly, making it a constantly changing
parameter and therefore mechanistic studies are difficult to conduct. The increase
in pH is due to the formation of hydroxyl ions during the EC process, which are
formed by electrolysis of water. In the present study aluminium electrodes were
used and during the EC process aluminium hydroxide was formed. Aluminium
hydroxide is an amphoteric hydroxide. In the basic and acidic solution, Al ion
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will be found in anionic Al(OH)−4 and cationic Al(OH)2+ forms, respectively.
The solid Al(OH)3 is most prevalent between pH 6 and 8, but above pH 9 the
soluble species predominate [34]. To avoid the dissolution of aluminium in the
water, maintaining the pH is of prime importance.

• Co-existing ions: Hu and co-workers [93] , have reported the effect of co-existing
ions (SO2−

4 ,Cl−,Ca2+) on the process of fluoride removal. They reported that
SO2−

4 has a negative impact on the process of fluoride removal as it inhibits
local corrosion of electrodes which in turn reduces the efficiency of applied
current. Also, there is ion exchange competition between SO2−

4 and F−. Chloride
ions have a positive impact as it is found that they rupture the passive layer on
electrodes, thereby increasing the efficiency of current [94]. Also Ca2+ has a
positive impact due to the known fact of formation of calcium fluoride precipitate.

• Applied current and treatment time: Current is directly proportional to the rate
of electrochemical reactions taking place on the electrode surface and it also
has an influence on the electrode potential, which defines the reactions taking
place on the electrode surface. Coagulant produced by electrolysis can usually
be calculated according to Faraday’s law when current and treatment time is
known. Coagulant concentration produced by electrolysis on anodes is directly
proportional to the electric charge added per volume (coulombs per litre).

2.3.2 Benefits and drawbacks of EC treatment

EC has been thought of as a distinct economical and environmental friendly choice for
treatment of water. This technique is very efficient as adsorption of hydroxides is several
times greater on in situ rather than on pre precipitated hydroxides. EC requires simple
equipments and can be designed for any size. The operation is simple and cost-effective.
The start-up, maintenance and operating costs are low. Practically no chemical is added
to the solution so chances of secondary pollution also reduces. Low current is required
for operation and so can be run by green processes like solar, windmills and fuel cells.
The production of sludge by the process is also minimized. Flotation is self induced
by the production of gas bubbles in the process. It efficiently removes the colloidal
particles as compared to conventional chemical and biological techniques [95].

There are a few shortcomings of the process which are; periodical replacement
of sacrificial anodes and requirement of minimum conductivity without which the
current would not pass. Therefore, in the water with low TDS, conductivity has to
be introduced. Also an impermeable oxide layer may be formed on the cathode that
may interfere with the performance of the EC cell. However, if polarity is changed this
interference can be overcome.
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2.4 Research findings in the recent past

Due to increase in the problem of fluorides, extensive research techniques have been
practised for defluoridation. Among all the techniques, EC is emerging as a promising
technique and a lot of research work is being carried out in this area. A brief outline
of the work reported by various researchers about fluoride removal by EC has been
presented here.

Mameri et al. (2001) [81], studied the performance of pilot scale electrochemical
reactor equipped with aluminium bipolar electrodes. They concluded that water
defluoridation in a small plant by EC appeared very promising for in depth development
studies.

Hu et al. (2003) [93], have carried out batch experiments with bipolar electrodes
to investigate the effect of type and concentration of co-existing ions on defluoridation
in EC. They concluded that defluoridation efficiency is 100% in absence of co-existing
ions. In the system with co-existing anions, the defluoridation reaction takes place in
bulk solution and the residual fluoride concentration is controlled by Al(III) dosage. The
presence of sulphate ions decreases the defluoridation efficiency, whereas the chlorides
and nitrates prevent this inhibition.

Emamjomeh & Sivakumar (2006) [96], conducted batch experiments with
monopolar aluminium electrodes for fluoride removal. They developed an empirical
model using critical parameters such as current concentration, electrode distance, and
initial fluoride concentration. Fluoride ions were removed electrochemically from
solution by ECF process. The fluoride removal efficiency increases steadily with
increasing current values from 1 to 2.5 A. In the batch monopolar ECF process,
the optimal detention time was found to be 55 min when the operational parameters
including initial F−concentration, current value, and inter electrode distance were
respectively kept at 10 mg/L, 1.5 A, and 5 mm. The experimental results reported
that the rate constant for defluoridation by monopolar ECF process depends on the
current concentration (I/V), electrode distance and initial fluoride concentration. The
Al3+/F−mass ratio is found to be not significantly different between monopolar and
bipolar ECF systems. Overall, the results showed that the EC technology is an effective
process for defluoridation of water.

Hu et al. (2007) [39], derived a variable order kinetic (VOK) model from the
Langmuir equation to simulate the kinetics of the defluoridation of EC using bipolar
aluminium electrodes. The results reported good agreement between the predictive
equation and the experimental data. The critical parameters, ’Imax’ and ’k’ for VOK
model are constants when the initial fluoride concentration and current vary. Another
critical parameter, current efficiency, is independent upon initial fluoride concentration,
but varies with current density and needed to be obtained by experiment. The model
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cannot successfully simulate the defluoridation in the EC process if the pH changes too
violently.

Zhu et al. (2007) [40], investigated a new approach to study fluoride distribution
in the EC defluoridation process, which has divided the fluoride into three parts:
remained in water, removed by electrodes, and adsorbed on hydroxide aluminium
flocs. Several critical parameters such as pH, charge loading, current density and
initial fluoride concentration were investigated for fluoride removal. It was reported
that the removal by the electrodes was primarily responsible for the high defluoridation
efficiency, and the adsorption by hydroxide aluminium flocs gave a secondary effect.
The parameters affected the efficiencies of defluoridation in a way of changing the
fluoride distribution in the EC process. A chemical complex of Aln(OH)mF3n−m−k

k was
formulated to explain the mechanism inside the EC defluoridation process. The new
approach provides a detailed insight of the electrocondensation effect, which helps to
gain more scientific comprehension about the cooperation between electrochemical and
chemical ways occurring inside the EC process.

Zuo et al. (2008) [94], conducted experiments using combined EC and EF process
to remove fluoride from drinking water. Its efficacy was investigated by varying
parameters like initial pH, initial fluoride, charge loading and co-existing ions. The
total hydraulic retention time required was only 30 min. After treatment, the fluoride
concentration was reduced from initial 4.0− 6.0 mg/L to lower than 1 mg/L. It
was found that influent pH is an important variable that affected fluoride removal
significantly. Effective defluoridation was achieved at the influent pH range of 6.0–7.0,
also no pH readjustment was needed after treatment. In addition, it was found that
SO42− had negative effect, Ca2+ had positive effect, while Cl− had little effect on the
fluoride removal.

Hu et al. (2008) [97], have treated high fluoride synthetic wastewater by EC process
and considered the parameters like dose of SDS, charge loading and flow rate for their
investigations. They also reported a comparison between a batch reactor and continuous
flow reactor. The removal of suspended solids (SS) in the continuous system was less
than that in the batch system because the scum was disturbed by the flow of wastewater
in the flotation tank. It decreased with the increase in flow rate when the flow rate
reaches higher than 800 mL/min, yet it increased with the increase in flow rate when the
flow rate falls below 200 mL/min.

Ghosh et al. (2008) [98], investigated the process of EC for effective removal
of fluoride from water. Different initial fluoride concentrations and both monopolar
and bipolar electrode connections were studied. The final recommendable limit of
fluoride (1 mg/L) was obtained in 30 min at 625 A/m2 using bipolar connection. By-
products obtained from the EC bath were analyzed using SEM, EDAX, FTIR and XRD
and explained. Comparative cost estimation for both electrode connections was also
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presented in the study. Total operating costs for monopolar and bipolar connections
were 0.38 and 0.62 US$/m3, respectively, for the initial fluoride concentration of
10 mg/L. These findings might be useful in order to treat the fluoride contaminated
water for drinking.

Emamjomeh & Sivakumar (2009) [34], investigated the effects of the different
parameters such as: current density 12.5− 50 A/m2, flow rate 150− 400 mL/min,
initial pH (4–8), and initial fluoride concentration (5−25 mg/L), using continuous flow
experiments with monopolar aluminium electrodes for fluoride removal. The highest
treatment efficiency was obtained for the largest current. The removal efficiency was
found to be dependent on the current density, the flow rate and the initial fluoride
concentration when the final pH ranged between 6 and 8. The composition of
the sludge produced was analyzed using the XRD spectrum. The presence of the
aluminium hydroxide [Al(OH)3] in the above pH range, which maximizes the formation
of aluminium fluoride hydroxide complex [AlnFm(OH)3n−m], is the main reason for
defluoridation by EC.

Drouiche et al. (2009) [99], studied the treatment of synthetic fluoride containing
solution by EC method. Parameters which were investigated are: applied potential,
electrolysis time and electrolyte concentration. They reported that with increase in
applied potential and electrolysis time the Al+3 dose increases, which in turn favours the
removal of fluoride ions. Analysis of solid products formed by aluminium electrodes
was done using SEM, EDAX, FTIR and XRD. It was also reported that the formation
of cryolite and sodium aluminium fluorite was the main reason of defluoridation by the
EC process.

Emamjomeh et al. (2011) [36], have investigated in detail the mechanism of fluoride
removal in EC process. A monopolar batch ECF reactor was used for understanding of
the mechanism of fluoride removal. The experimental results elucidated that the EC/F
process is highly dependent on the pH of the solution. Solid Al(OH)3 is most prevalent
at a pH range of 5–8. The soluble species Al(OH)−4 is the predominant species when
the final pH increases to 10. The removal efficiency decreased when the final pH was
increased from 8 to 10. The mechanism for the fluoride removal was confirmed to be
not only the competitive adsorption between OH− and F− but also the formation of
solid cryolite in the final pH range of 5–8. It could be observed that the defluoridation
process is more efficient for the final pH ranging between 6 and 8.

Drouiche et al. (2011) [100], conducted EC experiments with bipolar aluminium
electrodes to determine the optimum conditions for fluoride removal from synthetic
high fluoride water. A full factorial 23 design of experiments was used to obtain
the best conditions for fluoride removal. Initial fluoride concentration, applied
potential and supporting electrolyte are the factors which were taken into consideration.
Mathematical equation showing the relation between residual fluoride condition and
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investigated factors was also developed.
Behbahani et al. (2011) [101], applied response surface methodology (RSM) to

evaluate the effect of main operational variables, including initial pH, initial fluoride
concentration, current density and reaction time for the removal of fluoride and its
relative operating costs by EC. It was reported that the effect of initial pH was negligible
on fluoride removal efficiency and operating costs. With the decrease of initial fluoride
concentration, fluoride removal efficiency, improved; however, it had no effect on
operating costs. On the other hand, the increase of current density and reaction time
severely influenced process performance and increase fluoride removal efficiency and
operating costs. According to the ANOVA results, the models presented the high
R2 values of 96.5% and 97.3% for fluoride removal efficiency and operating costs,
respectively. The optimum initial pH, initial fluoride concentration, current density and
reaction time were found to be 7, 25 mg/L, 0.0167 A/cm2, 25 min, respectively, for the
removal of fluoride.

Drouiche et al. (2012) [102], have successfully applied the EC process to remove
fluoride from pretreated photovoltaic aqueous solution. The defluoridation was found
to be dependent on the initial pH, distance between electrodes and the applied potential.
The most effective conditions to achieve standard discharge for fluoride by EC was
obtained with typical operating conditions; 30V applied potential, 40 min operating
time and pH 6.

Takdastan et al. (2014) [103], proposed EC by iron and aluminium electrodes
for removing fluoride from drinking water. Effects of different operating conditions
such as treatment time, initial pH, applied voltage, type and number of electrodes, the
spaces between aluminum and iron electrodes, and energy consumption during EC were
investigated in the batch reactor. It was reported that the energy consumption with
aluminum electrodes was less than iron electrodes; thus, EC with aluminum electrodes
can be more effective compared with iron electrodes for fluoride removal.

Naim et al. (2015) [104], studied the effect of different variables on the
defluoridation by the EC process. The investigated parameters are different fluoride
concentrations, pH of the solution, temperature, speed of agitation, electrode spacing,
type of comprising water, electrolyte additives and mono and bipolar configurations.
The type of comprised water was the only variable that did not pose observable effect.
A multivariate study was applied to get a set of predictive multiple regression equations.
It was advised that due to the high economic value, the low applicable energy, as well
as the saving of time; the predictive equations for the EC defluoridation must be used.
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2.5 Research gap

The work done in this area in the recent past has been cited in the section 2.4. The
information presented in the section 2.4 leads to identification of research gap in
the study of fluoride removal by EC. A list of parameters and their corresponding
investigators have been tabulated in Table 2.2.
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Chapter Summary

A wide variety of treatment techniques are available for removal of fluoride which are
listed in this chapter. This chapter informs that coagulation-flocculation is frequently
used for water treatment and explain its mechanism. In the next part, the chapter
discusses the process of EC and its basic concepts. Aluminium electrodes were used
to generate the coagulant, so a detailed discussion about the coagulation chemistry of
aluminium has been reviewed.

In the end, the investigations carried out in the recent past about fluoride removal
by EC have been reported. A summarised table of researchers and their work has been
developed to identify the research gap. Thus, it was identified that residual aluminium
in treated water was the prime focus of research. Other areas like optimization of the
process, and adsorption isotherm study also needs attention.

The next chapter marks the formal beginning of the thesis and discusses the materials
and methodology used for conducting the present study.
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Chapter 3

Materials and Methods

This Chapter describes the research methodology used in detail for the present study. It
gives an insight into the experimental setup of the reactor and analysis done in collecting
the data. The entire work was carried out in the PHE laboratory of Department of Civil
Engineering in Malaviya National Institute of Technology, Jaipur. The experiments
have been divided into two parts: fluoride removal and aluminium removal. EC process
has been used to remove fluoride from the water; the samples were then tested for
aluminium concentration. The aluminium concentration was not within the permissible
limits, so a further level of treatment has been done to control it.

3.1 Fluoride removal

This section includes the description of the materials and the process used for
defluoridation.

3.1.1 Experimental Setup

The batch EC cell of 2 L effective volume has been used for the experimental study. The
electrode arrangement consists of two aluminium electrodes connected in a monopolar
mode. The electrode with dimensions: 84 mm width, 71 mm height, 2.5 mm thickness;
were placed 10 mm apart in the fluoride containing solution. No regular approach has
been suggested in the literature about the reactor design for EC. However, details about
the surface area of electrode to volume ratio is present in the literature as shown in Table
3.1. It ranges from 6 to 41 m2/m3. In the present work this ratio is kept to be 12 m2/m3,
which is in agreement with the cited range from the literature. The electrodes were
connected to a D.C. power supply. The solution was stirred using a magnetic stirrer to
ensure complete mixing. A pictorial representation of the experimental setup is shown
in Figure 3.1.
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Table 3.1: Electrode surface area to reactor volume (A/V) ratio and current density
employed [105]

Reference A/V (m2/m3) Current
density
(A/m2)

Pollutant
removed

Emamjomeh et al. (2006) 22 12.5−
31.25

Fluoride
water

Holt et al. (2005) 10.5 3.4−2.7 Turbidity
from clay
solution

Hu et al. (2003) 40.9 55 Fluoride
water

Can et al. (2003) 16.78 25−250 Color from
dye solution

Chen et al. (2000) 18.6 30−80 Oil from
restaurant

wastewater
Mameri et al. (1998) 6.4−34.6 3.12−289 Fluoride

water
Ming et al. (1983) 6−8 14 Fluoride

water

Figure 3.1: Experimental set-up for fluoride removal. (a) Schematic diagram
experimental setup 1: EC reactor, 2: Al electrodes, 3: magnetic stirrer and 4: DC
power supply, (b) Image of the experimental set-up of batch EC process.

3.1.2 Water samples and chemicals

The influence of the operating parameters on the defluoridation process was investigated
using synthetic sample (tap water and sodium fluoride (NaF)). The properties of the tap
water are listed in Table 3.2. Conductivity of the samples was promoted by adding 2 mM

sodium chloride (NaCl). The conductivity value has been set to 0.97±0.02 mS/cm for
all prepared samples. With the use of 1 : 1 HCl, the pH of the solution was adjusted to
6.
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Table 3.2: Water quality of sample

Chemical Parameters Concentration Units
Total Alkalinity 200−208 mg/L as CaCO3

Hardness 164−168 mg/L as CaCO3
Total dissolved solid 250−255 mg/L

Chloride 23−26 mg/L
Conductivity 0.48−0.51 mS/cm

pH 7.2−7.5

3.1.3 Methodology

EC experiments were performed in the batch reactor and samples were collected at
the end of each run from the reactor to measure fluoride, aluminium and pH. All
experiments were conducted at room temperature of about 25±2oC. Before each EC
run, the electrodes were washed with acetone to remove surface grease, and impurities
on the aluminum electrode surfaces were removed by means of dipping electrodes in
dilute HCl solution. Anode was weighed before and after each run. The initial fluoride
was varied between the range of 2−8 mg/L and the applied current was varied over the
range of 0.15−0.75 A, however, it was held constant for each run. All experiments have
been performed in duplicate sets and the average readings have been reported.

3.2 Aluminium removal

This section includes the description of the materials and the process used for control of
aluminium.

3.2.1 Experimental set-up

The set-up consists of the EC reactor and an overhead stirrer as shown in Figure 3.2. The
conventional coagulation technique was employed to control the aluminium in the water
treated for fluoride after the EC process. The speed of the stirrer was controlled by a
tachometer and it was varied accordingly for the rapid mix and slow-mix (flocculation)
phase.
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(a) (b)

Figure 3.2: Experimental set-up for aluminium removal. (a) Schematic diagram of
flocculation and settling.(b) Image of EC reactor and overhead stirrer.

3.2.2 Water samples and chemicals

Water after each EC run was used for the coagulation-flocculation experiments. In the
present study two coagulant aids were used; bentonite and activated silica sol. Bentonite
used in the experiments was of SRL (Sisco Research Laboratries, Pvt. Ltd) make.
Colloidal or activated silica sol was prepared in the laboratory by the following method;
a 3% of sodium silicate solution was prepared and mixed with equal volume of 0.33N
sulfuric acid. This results into a 1.5% silica suspension. The prepared suspension was
used for dosing in the experiments.

3.2.3 Methodology

Two strategies have been employed for control of aluminium. In the first strategy, after
the EC run, an overhead stirrer was placed in the reactor. Flocculation and settling was
done. The supernatant was collected and filtered by 2.2 µm filter (Whatman Grade 42)
and analyzed for residual aluminium. In the second strategy, coagulant aid (bentonite/
activated silica sol) was added after EC process, and mixed thoroughly for 1 min at
40 rpm. Flocculation, settling and filtration followed this process.

After the treatment process the sludge was collected and dried at a temperature of
110− 120oC for about 12 to 18 hours. Then it was ground to a fine powder to use for
analysis.

3.3 Analytical procedures

Based on the Standard Methods [106] various analytical techniques were used for the
accumulation of data. Brief description of the techniques is mentioned below:

• Fluoride measurement: Samples were collected after the EC process and after
settling for analysis of fluoride. Fluoride was determined by using the ionometric
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standard method [106]; using selective fluoride electrode (Thermo Scientific,
9609BNWP combination electrode), see Figure 3.3. A three point calibration was
done daily using standard fluoride solutions of 0.1 mg/L, 1 mg/L and 10 mg/L.
The electrode slope was kept between −54 mV to −64 mV . Fluoride ions can
complex with aluminium, silicon, iron and other polyvalent cations even with
hydrogen, therefore; total ionic strength adjustor buffer (TISAB) was added in all
the standards and samples so that fluoride ions are decomplexed. TISAB was
prepared by adding 4 gm CDTA (1, 2-Diaminocyclohexane tetra-acetic Acid),
with 57 mL glacial acetic acid and 58 gm NaCl in about 500 mL distilled water.
pH of the solution was adjusted to 5−5.5 using 5 M NaOH and the volume of the
final solution was made to1 L.

Figure 3.3: Fluoride ion meter

• pH measurement: The pH of a solution is a measure of the molar concentration
of hydrogen ions in the solution and as such is a measure of the acidity or basicity
of the solution. pH of the synthetic sample was adjusted to 6 using 1+1 HCl . pH
of the solution was measured before and after the EC process. pH of the samples
was also measured after settling and filtration. It was determined by using the
Haana HI-98128, with an accuracy of ±0.02 pH (see Figure 3.4). Electrodes
were thoroughly rinsed with distilled water before being immersed in the sample
solution and then it was reimmersed after washing with distilled water to confirm
the reading.

Figure 3.4: pH meter

• Conductivity meter: Electrical conductivity is a numerical expression of the
ability of an aqueous solution to carry an electric current. To ensure minimum
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conductivity for the EC process, conductivity of the samples was set by addition
of sodium chloride. A conductivity meter manufactured by Lutron of model CD-
4302 shown in Figure 3.5, was used for analyzing conductivity. The range of this
instrument is 2− 20 mS. Conductivity of the tap water used for EC experiments
was 0.48±0.02 mS/cm and after addition of NaCl it rises to 0.97±0.02 mS/cm.

Figure 3.5: Conductivity meter

• Atomic Absorption Spectrophotometer: Atomic absorption spectroscopy (AAS)
is a spectroanalytical procedure for the quantitative determination of chemical
elements using the absorption of optical radiation (light) by free atoms in the
gaseous state. Atomic absorption utilizes the principle that each atom absorbs
light at a specific wavelength. Therefore, at a specific wavelength, the quantity of
the absorbing element can be quantified and is proportional to its concentration.
For determination of aluminium the wavelength is 309.3 cm. It requires standards
with known analyte content to establish the relation between the measured
absorbance and the analyte concentration and relies therefore on the Beer-
Lambert Law. AAS was used for determination of residual aluminium in the
water sample. The aluminium concentration was measured after the EC process
and after flocculation, settling and filtration. This measurement was done using
Thermo Scientific AAS (iCE 3000 series) with graphite furnace as shown in
Figure 3.6. The aluminium content after EC and direct filtration was measured
using the flame technique. Nitrous oxide-acetylene flame was used for detection
of aluminium by flame technique. Sample is aspirated, aerosolized, and mixed
with combustible gases. During combustion, atoms of the element of interest
in the sample are reduced to free, unexcited ground state atoms, which absorb
light at characteristic wavelengths. The samples after settling and filtration were
measured using the graphite furnace technique. Sample is placed in a graphite
tube which is in the path of light with a wavelength of 309.3 cm (Al absorption
band). The sample then undergoes temperature programming which dries, ashes
and atomizes the sample. In the present study total aluminium was analyzed, all
samples tested for aluminium were acid digested by adding dil HNO3.
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Figure 3.6: Atomic-Absorption spectrophotometer

• Nephelometer: Turbidity is a measure of water clarity how much the material
suspended in water decreases the passage of light through the water. Turbidity of
the samples was measured after the EC process and after settling and filtration.
Turbidity was measured using Digital Nephelometer (Model 341 E, Electronics
India) (Figure 3.7) with an accuracy of 2% F.S. ± 1 digit. The range of the
instrument was 0 to 19.9 NTU and 0 to 199.9 NTU.

Figure 3.7: Nephelometer

• Particle size analyzer: Particle size analysis was done to determine the size
range of particles in the suspension obtained after EC. Particle size measurements
were taken using Malvern Mastersizer-2000 (Figure 3.8. The instrument operates
between 0.02− 2000 µm. Laser diffraction is used for particle sizing. Laser
diffraction measures particle size distributions by measuring the angular variation
in intensity of light scattered as a laser beam passes through a dispersed particulate
sample. Large particles scatter light at small angles relative to the laser beam
and small particles scatter light at large angles. The angular scattering intensity
data is analyzed to calculate the size of the particles responsible for creating the
scattering pattern.
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Figure 3.8: Particle size analyzer

• Fourier- Transform infrared (FTIR) spectrometer: is used to identify the
presence of certain functional groups in a molecule. In infrared spectroscopy, IR
radiation is passed through a sample. Some of these radiations are absorbed by the
sample and some of it is transmitted through it. The resulting spectrum represents
the molecular absorption and transmission, creating a molecular fingerprint of the
sample. The dried sludge, bentonite and activated silica sol was analyzed using
Perkin Elmer Spectrum Two FTIR spectroscopy, (Figure 3.9).

Figure 3.9: Fourier transform infrared spectrometer

• Field Emission Scanning Electron Microscope (FE-SEM) and Energy
Dispersive X-ray Spectrometry (EDX): SEM is one of the most versatile and well
known analytical techniques. Compared to the conventional optical microscope,
an electron microscope offers advantages, including high magnification, large
depth of focus, great resolution and ease of sample preparation and observation.
Electrons generated from an electron gun enter a surface of a sample and generate
many low energy secondary electrons. The intensity of these secondary electrons
is governed by the surface topography of the sample. An image of the sample
surface is therefore constructed by measuring secondary electron intensity as a
function of the position of the scanning primary electron beam. EDX analysis
is widely used for chemical analysis. The characteristic X-rays emitted from
the sample serve as fingerprints and give elemental information of the samples
To know the external morphology of sludge and electrodes, SEM was used.
SEM was performed using Nova Nano FE-SEM 450. It gives a resolution of
1.4 kV (TLD-SE) and 1 nm at 15 kV (TLD-SE). The samples were coated with
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Platinum to ensure conductivity. The SEM uses a focused beam of high-energy
electrons to generate a variety of signals at the surface of solid specimens.
The signals that derive from electron-sample interactions reveal information
about the sample including external morphology (texture), chemical composition,
crystalline structure and orientation of materials making up the sample. The
FE-SEM is coupled to an EDX detector for measuring the elemental chemical
composition (Figure 3.10). EDX analysis usually involves the generation of an X-
ray spectrum from the entire scan area of the SEM. The Y-axis shows the counts
(number of X-rays received and processed by the detector) and the X-axis shows
the energy level of those counts.

Figure 3.10: FE-SEM-EDX

• X-ray diffraction (XRD): XRD analysis is based on constructive interference of
monochromatic X-rays and a crystalline sample. The X-rays are generated by
a cathode ray tube, filtered to produce monochromatic radiation, collimated to
concentrate, and directed towards the sample. The interaction of the incident
rays with the sample produces constructive interference (and a diffracted ray)
when conditions satisfy Bragg’s Law (nλ=2d sin θ ). This law relates the
wavelength of electromagnetic radiation to the diffraction angle and the lattice
spacing in a crystalline sample. These diffracted X-rays are then detected,
processed and counted. By scanning the sample through a range of 2θ angles, all
possible diffraction directions of the lattice should be attained due to the random
orientation of the powdered material. Conversion of the diffraction peaks to d-
spacings allows identification of the mineral because each mineral has a set of
unique d-spacings. Typically, this is achieved by comparison of d-spacings with
standard reference patterns. The composition of sludge produced after the EC
process was analyzed by XRD technique. The XRD measurements were carried
out by PANanalytical Xpert powder (Figure 3.11).
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Figure 3.11: XRD

3.4 Statistical Methods

DOE and statistical models were used to study the effect of input parameters and their
interaction terms. DOE is a tool that assists in the planning, conducting, analyzing and
interpreting controlled tests to evaluate the optimal factors. DOE helps to investigate
the effects of input variables (operational parameters) on an output variable (response)
at the same time. These experiments consist of a series of runs in which purposeful
changes are made to the input variables. Data are collected at each run. Literature
survey and parametric investigations suggested that applied current, electrolysis time
and initial fluoride concentration are important operational parameters of concern for
fluoride removal using the EC process.

3.4.1 Taguchi design

Genichi Taguchi, a Japanese engineer, proposed several approaches to experimental
designs that are sometimes called "Taguchi Methods." Taguchi has envisaged a new
method of conducting the design of experiments which are based on well defined
guidelines. This method uses a special set of arrays called orthogonal arrays. These
standard arrays stipulate the way of conducting the minimal number of experiments
which could give the full information of all the input parameters that affect the
performance of the response. The crux of the orthogonal array method lies in choosing
the level combinations of the input design variables for each experiment. The design of
an experiment involves the following steps:

• Selection of the independent variables: The knowledge of the process under
investigation is of prime importance before conducting the experiment. Factors
that are likely to influence the outcome have to be identified. In order to compile
the list of input factors for the present study; extensive literature review and
parametric investigations were done.
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• Deciding the number of levels: Once the input parameters are decided, the
number of levels for each parameter is decided. The selection of the number
of levels depends on how the performance parameter is affected due to different
level settings. If the performance parameter is a linear function of the independent
variable, then the number of level setting shall be two. However, if the
independent variable is not linearly related, then three, four or higher level settings
can be selected depending on whether the relationship is quadratic, cubic or higher
order. In the absence of exact nature of the relationship between the independent
variable and the performance parameter, one could choose two level settings.
After analyzing the experimental data, one can decide whether the assumption
of level setting is right or not based on the percent contribution and the error
calculations.

• Selection of an orthogonal array: Before selecting the orthogonal array, the
minimum number of experiments to be conducted shall be fixed. Once the
minimum number of experiments is decided, the further selection of orthogonal
array is based on the number of input parameters and number of levels for each
parameter.

• Conducting the experiment: Once the orthogonal array is selected, the
experiments are conducted as per the level combinations. It is necessary that
all the experiments are conducted.

• Analysis of the data: The analysis of the data is done to fulfil three objectives:
to establish the optimum condition of a process, to estimate the contribution of
individual factors and to estimate the response under the optimum condition.

• Inference: From the above experimental analysis, it is clear that the higher the
value of sum of squares of an independent variable, the more it has influence on
the performance parameter. The ratio of individual sum of square of a particular
independent variable to the total sum of squares of all the variables can be
calculated. This ratio gives the percent contribution of the independent variable
on the performance parameter. In addition to the above, near optimal solution
to the problem could be found. This near optimum value may not be the global
optimal solution. However, the solution can be used as an initial/starting value for
the standard optimization technique.

Taguchi design of experiments includes four phases. All the phases are depicted in
Figure 3.12.
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Figure 3.12: Flowchart depicting phases of Taguchi design.

3.5 Softwares used

3.5.1 MINITAB:

Minitab software is developed at the Pennsylvania State University by researchers
Barbara F. Ryan, Thomas A. Ryan, Jr., and Brian L. Joiner in 1972. It is a general-
purpose statistical software package designed for easy interactive use. It provides a
simple, effective way to input statistical data, manipulate that data, identify trends and
patterns, and then extrapolate answers to the problem at hand. Minitab DOE commands
include the following features: catalogs of designed experiments to create a design,
automatic creation and storage of design after specification of its properties, display and
storage of diagnostic statistics to interpret the results and graphs to interpret and present
the results.

In the present study MINITAB 14 has been used for implementation of Taguchi
design. The study for fluoride removal was conducted using Taguchi method of design
of experiments (MINITAB 14). The operating parameters studied were initial fluoride
concentration (2, 5 and 8 mg/L), applied current (0.31, 0.53 and 0.75 A) and electrolysis
time (10, 30 and 50 min) for three responses: residual fluoride, residual aluminium and
SEEC. The performance of the target was chosen to be of minimization type. The main
effect and interaction plots were generated by the software. Also ANOVA analysis was
done using the same software.

3.5.2 SYSTAT

SYSTAT 7 is also a statistical software package, developed by Leland Wilkinson
in the late 1970s, who was at the time an assistant professor of psychology at the
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University of Illinois at Chicago. SYSTAT provides a powerful statistical and graphical
analysis system in a new graphical user interface environment using descriptive menus,
toolbars and dialog boxes. It offers numerous statistical features from simple descriptive
statistics to highly sophisticated statistical algorithms.

In the present study SYSTAT 7 has been used to find the relation between the
responses and operational parameters. The relationship between residual fluoride,
residual aluminium and SEEC with combination of control factors is obtained using
non-linear regression analysis.

3.5.3 FORCE 2.0

Force 2.0 is a full-featured programming environment for FORTRAN 77 (the
engineering programming language).

In the present study FORCE 2.0 was used to develop a program in FORTRAN. The
program was written to optimize the values of applied current (i) and electrolysis time
(t) for target value of residual fluoride as 0.7 mg/L after the EC process. The minimum
values of “i” and “t” for target value of residual fluoride, were determined for each
initial fluoride concentration using the grid search method, programmed in FORTRAN.
This method was implemented because on increasing the values of “i” and “t”, energy
consumption also increases which in turn increases the dissolution of aluminium. So,
to control the aluminium introduced in the EC reactor, the product of “i” and “i” were
minimized.
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Chapter Summary

This Chapter has provided the description of materials and methodology used for
performing the experiments. It has the details of experimental setup and solutions
prepared for the study. The detailed procedure of experiments is given which explains
the technique used for fluoride removal and aluminium removal. An explanation of the
use of software for the research is also mentioned.

The next chapter marks the beginning of results and discussions.
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Chapter 4

Parametric investigations for fluoride
removal

The present Chapter as the name signifies elucidates the effect of operational parameters
like pH, inter-electrode distance, initial fluoride concentration, applied current and
electrolysis time which governs the EC process for fluoride removal. Other parameters
like SEEC, charge loading, anode consumption, fluoride uptake capacity (FUC) were
also studied. The findings in this Chapter form the baseline data for the present study
and also explains the motive of using selected range of operational parameters for the
design of experiments in the later part of the study.

4.1 Effect of operating parameters on fluoride removal

It is well known that the efficiency of the EC process for fluoride removal depends on
operating parameters like initial pH of water sample, inter-electrode distance, initial
fluoride concentration, applied current, electrolysis time, etc.

For the present work, synthetic samples of fluoride water were prepared in the
laboratory using tap water. Thus, it was necessary to investigate effects of these
parameters on fluoride removal from such synthetic samples. The present parametric
study was conducted to determine the performance of EC process for synthetic sample
prepared in the laboratory. The findings from this study were also used to determine the
effective range of operational parameters for treatment of synthetic water samples.

DOE was implemented using Taguchi method to develop statistical model for
fluoride removal through the EC process. These parametric investigations serve as
a baseline study to identify major operational parameters and their respective ranges
for design of experiments in later part of the study. The effects of operational
parameters like pH, inter-electrode distance, initial fluoride concentration, applied
current, electrolysis time, SEEC, charge loading, anode consumption, and FUC have
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been discussed below.

4.2 Effect of pH

pH of the solution plays an important role in electrochemical and chemical coagulation
process [107]. The efficiency of the EC process is highly dependent on the pH of
the solution [33] [107]. pH affects the speciation of aluminium which in turn has a
significant influence on the defluoridation mechanism. Since aluminium hydroxide is
an amphoteric hydroxide, pH is a sensitive factor for the formation of Al(OH)3 flocs.
The solubility of aluminium in equilibrium with solid phase Al(OH)3 depends on the
surrounding pH, as the solid Al(OH)3 is most prevalent between pH 6 and 8, and above
pH 9, the soluble species Al(OH)−4 is the predominant species [34]. It was studied by
Emamjomeh and Sivakumar [34] that increase of pH beyond 8 leads to decrement of
fluoride removal efficiency. They reported that on increasing pH from 6 to 8, residual
fluoride increased from 0.74 to 1.05 mg/L and the final pH reached to 9. Hence it was
clear that fluoride removal efficiency decreases from 90 to 75% when final pH is more
than 8. The above decrease was found to be due to the formation of soluble AlO2 in
high pH, which is not useful in defluoridation. The results obtained, show that the
defluoridation process is more efficient for the final pH ranging between 6 and8 [36].
Similar conclusions were also made by Zuo et al. [94]. Zuo et al. [94] also reported
that when the influent pH is in the range of 6−7, the effluent pH is in the range of 7−8.
Hence, no pH readjustment is needed after the treatment.

Acquiring knowledge from the literature, a study was conducted in the laboratory
for studying the effect of initial pH on defluoridation process. The experiments were
conducted to find the value of initial pH, for which maximum efficiency of fluoride
removal can be attained. Therefore, experiments were performed varying the initial pH
in the range of 5.00− 8.00; keeping the initial fluoride concentration, applied current
and electrolysis time constant for all runs. Each experiment was repeated twice and the
average values for defluoridation efficiency and effluent pH were reported in the Figure
4.1.

It can be observed from the Figure 4.1 that defluoridation efficiency increases from
70 to 86% when initial pH is increased from 5.00 to 6.00. The maximum efficiency
of 86% was achieved at initial pH of 6.00. On further increase in pH beyond 6.00 the
efficiency of the process tends to decrease. At initial pH of 8.00, the efficiency of the
process was found to be 75%. Figure 4.1 also shows the variation of effluent pH with
influent pH. It can be observed that pH of the effluent increases after the treatment. This
increase is mainly attributed to CO2 transfer [107]. In acidic medium oversaturation of
CO2 is caused, and it is released from water due to disturbance of H2 and O2 bubbles
produced at electrodes [94]; thereby increasing the pH. In addition partial exchange of
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fluoride ions with OH− ions in Al(OH)3 occurs, which causes a pH increase [88].
When the influent pH was in the range of 5.00−8.00 the effluent pH was observed

to be in the range of 6.53−9.01. A decrement is observed in fluoride removal efficiency
when initial pH was 5.00 and 5.50. This is because the effective working pH range of
6.00−8.00 is attained towards the end of treatment and hence not much of solid phase
Al(OH)3 is formed to assist in removal of fluoride. The results reported in the literature
corroborates with the results obtained in the present study.

The initial pH of 6 gave maximum fluoride removal efficiency and the final pH
attained was close to 7 (suitable for drinking purposes). No readjustment of pH was
required during or after the treatment. Therefore, the pH value of the influent was kept
constant (pH = 6) for all the experiments conducted for the development of statistical
modelling in later part of the study.

Figure 4.1: Defluoridation efficiency and effluent pH at varying initial pH (Fi=5 mg/L,
i=0.30 A, t=30 min, d=10 mm).

4.3 Inter-electrode distance

Inter-electrode distance is the distance between the electrode plates in the reactor and
change in this distance affects the efficiency of EC process. It has been reported
by Emamjomeh & Sivakumar [105], that as the inter-electrode distance increases,
resistance between electrodes also increases and efficiency of the process decreases.
The same conclusion is also mentioned by Zhang et al [108]. Drouiche et al [102], have
also mentioned in their study that lesser inter electrode distance gives better treatment
efficiency and reported that optimum inter-electrode distance in their work was found
to be 10 mm.

The experiments were conducted to investigate effect of inter electrode distance on
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fluoride removal through EC with aluminium electrodes. The study was conducted for
four electrode distances; 5 mm, 10 mm, 15 mm, and 20 mm; keeping the initial fluoride
concentration, applied current and electrolysis time constant for all runs.

Each experiment was repeated twice and the average was calculated and reported in
the Figure 4.2. It can be observed from the Figure 4.2 that defluoridation efficiency
increases from 83% to 86%, when inter electrode distance is increased from 5 mm

to 10 mm. But a decrement of efficiency from 71 to 62% was observed, when inter
electrode distance is increased from 10 mm to 20 mm. When the inter-electrode plate
distance is small, the bubbles generated at the cathode cause a powerful air flotation
effect. As a result, the formed aluminium -fluoride flocs float upwards and are easily
removed. However, if the electrode plate distance is too small, chances of short
circuiting increase [108]. The results reported in the literature corroborates with the
results obtained in the present study.

Based on the above discussions, the inter electrode distance was kept constant
(10 mm) for all the experiments conducted for the development of statistical modelling
in later part of the study.

Figure 4.2: Defluoridation efficiency at varying inter-electrode distance (Fi=5 mg/L,
i=0.30 A, t=30 min, pH=6).

4.4 Effect of initial fluoride concentration

Almost 90% of the fluoride contaminated regions in India have fluoride concentrations
between 2 − 8 mg/L (Refer Chapter 1). This range was found to be the most
prevalent range and hence the present study was restricted to the range of 2− 8 mg/L.
To understand the effect of initial fluoride concentration on fluoride removal, the
experiments were performed for two initial fluoride concentrations; minimum and
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maximum of the mentioned range i.e. 2 and 8 mg/L at the applied current of 0.15−
0.75 A.

It can be observed from the Figure 4.3 that when the initial fluoride concentration
was increased from 2 mg/L to 8 mg/L at a constant electrolysis time of 20 min and
constant applied current of 0.30 A, the values for residual fluoride concentration
increases from 0.57 mg/L to 2.18 mg/L. This is possibly due to formation of
insufficient aluminium hydroxide complexes. It was also observed that the higher initial
fluoride concentration requires a higher value of applied current or longer electrolysis
time for bringing down the residual fluoride below the permissible limit of 1 mg/L

(IS:10500:2012 [25]). A similar conclusion was made by Zhu et al. [40]. It can also
be seen from Figure 4.3 that high initial fluoride concentration of 8 mg/L cannot be
reduced to the desirable residual fluoride concentration of 1 mg/L in 60 min at low value
of 0.15 A of applied current. So a higher current or higher electrolysis time is required
to achieve the desired residual fluoride concentration.

It was also observed that when the initial fluoride concentration was increased from
2 mg/L to 8 mg/L, at applied current of 0.30 A and 10 min of electrolysis time; the total
fluoride removed was increased from 1.76 mg to 9.2 mg. It is because more fluoride is
readily available to be removed by the produced aluminium hydroxide flocs. This means
at same energy input, increase in initial fluoride concentration causes the defluoridation
capacity to increase.

(a) (b)

Figure 4.3: Effect of electrolysis time on residual fluoride at varying applied current (a)
Fi=2 mg/L (b) Fi=8 mg/L (pH=6, d=10 mm).

4.5 Effect of electrolysis time

Electrolysis time also referred as treatment time is one of the important parameters
governing the EC process. The time dependence of fluoride removal by EC process was
studied at varying applied current (0.15−0.75 A) and initial fluoride concentration of 2
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and 8 mg/L. The results are shown in Figure 4.3 and detailed results are presented in
appendix A. It can be observed from the Figure 4.3 that up to 60− 70% of the initial
concentration decreases within 10 min from the start of the process. At the beginning of
the process the fluoride removal is rapid and later it decreases gradually over almost the
entire process examined. Fluoride ions are more abundant in the beginning of the EC
process. The generated aluminium hydroxide due to corrosion of the anode at that time
will form complexes with fluoride and therefore rapid removal of fluoride was observed.
However, as the experiment proceeds the aqueous phase fluoride concentration goes on
reducing and aluminium hydroxide concentration keeps on increasing. This attributes
to the reason that all the curves are nearly same at the end of treatment.

The results in Figure 4.3 indicate that the residual fluoride concentration is decreased
from 2 to 0.57 mg/L when the electrolysis time is increased to 20 min at a constant
applied current of 0.30 A. Drouiche et al. [99], have also illustrated that the increase
in electrolysis time decreases the residual fluoride content. Zuo et al. [94] have
explained that when the treatment time is less, fluoride removal efficiency is low. For
initial fluoride concentration of 2 mg/L at 0.30 A, the residual fluoride after 10 min

of electrolysis time is 1.12 mg/L. The reason is attributed to the relatively low mass
transfer rate. The formation of Al(OH)3−xFx flocs is a multi-step process; including
formation of direct complex of Al3+ with F− during the initial time phase, hydrolysis
of the aluminium species, mass transfer of F− from the bulk solution to the Al(OH)3

flocs, and ion exchange. However, due to short time limited number of Al(OH)3 flocs
are formed and hence mass transfer of F− from the bulk solution is relatively low.

4.6 Effect of applied current

Applied current and electrolysis time are important parameters of concern in EC
process. They both together determine the coagulant produced and the bubble
generation rate. The applied current and electrolysis time go hand in hand. If the
applied current is less, more electrolysis time is required for removal of fluoride and
vice versa. In the present study, applied current was varied from a considerable low
value of 0.15 A to upper value of 0.75 A. The time of electrolysis was kept constant at
60 min. The samples were collected at an interval of 5 min and residual fluoride was
measured. Residual fluoride decreases with increasing applied current because applied
current determines the dissolution of aluminium. Lower the applied current, lower is
the aluminium generated and hence fluoride reduction is low. The results suggest that
higher value of applied current removes fluoride the quicker due to the abundance of
aluminium ions for coagulation.

It may be noted that for the higher concentration of initial fluoride (8 mg/L), the
lowest current (0.15 A), was not able to bring down the residual fluoride concentration

55



CHAPTER 4. PARAMETRIC INVESTIGATIONS FOR FLUORIDE REMOVAL

below 1 mg/L in 60 min of electrolysis time. Further increase in electrolysis time might
reduce the fluoride content further, but it is not advisable to run the EC process for
longer run times, as the pH in the process increases continuously. As already mentioned
that aluminium speciation depends on the solution pH and with an increase in pH
the efficiency of the process decreases. Moreover, the soluble species of aluminium
will start forming which will eventually contribute to the residual aluminium of the
process. From the Figure 4.3 it can be easily observed that for minimum value of
initial fluoride concentration (2 mg/L) and minimum value of applied current (0.30A),
15 min of electrolysis time was sufficient to bring down the fluoride within acceptable
limits (IS:10500:2012 less than 1 mg/L [25]). Similarly for maximum value of initial
fluoride concentration (8 mg/L) at minimum value of applied current (0.30 A), 40 min

was sufficient to lower the residual fluoride to the prescribed limit.
Therefore, the applied current range was selected as 0.30 − 0.75 A and the

electrolysis time was selected as 10− 50 min (allowing sufficient margin for desired
fluoride removal) for development of statistical model.

4.6.1 Derived forms of applied current

Different investigators have used different forms of applied current like current density,
charge loading and current concentration to explain their results.

Current density is the measure of flow of current across a given area and is calculated
by the Equation 4.1

J = i/A (4.1)

Where,
J is the current density in A/m2,
i is the applied current in A and
A is the cross- sectional area of the electrodes in m2.
Current density is inversely proportional to the surface area of the electrodes, more

is the surface area lesser will be the current density. Effect of current density has
been explained by Zhu et al. [40], and Emamjomeh and Sivakumar [34] in their
investigations. Zhu et al. [40] have concluded that higher current density is required
to achieve higher defluoridation efficiency.

Current concentration is the ratio between the current flowing through a
compartment of EC cell and the volume of that compartment. It is calculated by using
the formula given in Equation 4.2

Cc = i/V (4.2)

56



CHAPTER 4. PARAMETRIC INVESTIGATIONS FOR FLUORIDE REMOVAL

Where
Cc is the current concentration in A/m3,
i is the applied current in A and
V is the volume of the reactor in m3.
Current concentration is inversely proportional to the volume of the reactor; more the

volume of reactor lesser will be the current concentration. Its effect on fluoride removal
has been investigated by Emamjomeh and Sivakumar [96]. They reported that current
concentration (i/V ) is an important parameter that determines aluminium dissolution
in water. They have also reported that considering the Faraday’s formula, it is clear
that electrolysis time and current concentration are two parameters that determine the
aluminium dissolution. Emamjomeh and Sivakumar [96] also reported that lower the
current concentration, lower is the aluminium dissolution and hence fluoride reduction
is low.

Current density and current concentration used in the experimental study have been
explained presented in Table 4.1.

Table 4.1: Values of applied current and their corresponding current density and current
concentration.

S.No Applied current (A) Current density (A/m2) Current concentration (A/m3)
1 0.15 5.76 75
2 0.30 11.54 150
3 0.45 17.31 225
4 0.60 23.07 300
5 0.75 28.85 375

Referring Table 4.1, it can be easily understood that current density and current
concentration increases with the increase in applied current, if surface area of the
electrodes and volume of the reactor was kept constant respectively.

In the present study the surface area of the electrodes was 0.026 m2 and the volume
of the batch reactor was 0.002 m3. Therefore, the A/V ratio was 13 m2/m3. A study was
conducted to investigate the effect of A/V ratio on fluoride removal by varying surface
area of the electrode. The EC run was stopped when the fluoride level was close to
1 mg/L. The time to reach 1 mg/L (t1) was recorded. This study was carried out by
varying the A/V ratio (increasing the electrode area) and keeping the current density
constant. All the results have been presented in the Table 4.2
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Table 4.2: Effect of A/V ratio on the time (t1) v/s current density.

Current density (A/m2)
A/V (m2/m3)

13 17.5 20
11.54 40 min 35 min 32 min
17.31 30 min 20 min 17 min
23.07 25 min 10 min 05 min
28.85 15 min 05 min 05 min

From the results in the Table 4.2, it can be clearly observed that the increase of
the electrode area, i.e. increase of the (A/V ) parameter, induces a decrease of the
necessary time t1 for a given current density. So it can be concluded that for a particular
A/V ratio, increase in current density up to a certain extent can decrease the time,
crossing which the decrement of time will be insignificant. Similar conclusions have
been made by Mameri et al. [33]. But here also the importance is of applied current. To
achieve constant current density with change in surface area, applied current needs to
be regulated. This means when A/V is increased, applied current needs to be increased
in order to keep the current density constant. The decrease in t1 is due to increase in
aluminium dose caused by increase of applied current.

4.6.2 Charge loading

Charge loading has also been used by some researchers (Zuo et al. [94], Hu et al.

[97]) to assess the removal of fluoride from water. Charge loading is defined as the
charge transferred in electrochemical reaction for a given amount of water treated and
is calculated by using Equation 4.3.

Q =
ixt
V

(4.3)

Where,
Q is the charge loading in C/L,
i is the applied current in A,
t is the treatment time in sec, and
V is the volume of water treated in L.
Effect of different charge loading on fluoride removal was investigated for two initial

fluoride concentration (2 and 8 mg/L) and two applied current values (0.30 and 0.75 A).
The results are illustrated in the Figure 4.4. These results can be explained by Faraday’s
law which states that the amount of metal dissolved electrochemically is proportional
to the charge loading [85]. When the charge loading is low, dosing of aluminium is
not sufficient. As a result small amount of Al(OH)3 flocs are formed which does not
remove the fluoride effectively. It can be observed from Figure 4.4a that as we increase
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the charge loading from 46.5 to 139.5C/L, the residual fluoride decreases from 1.67 to
0.86 mg/L at applied current of 0.30 A and initial fluoride concentration of 2 mg/L. With
increase in charge loading the dosage of aluminium increases, thereby increasing the
floc formation. Hence more fluoride can be adsorbed onto the flocs and fluoride removal
increases. Significant increase in fluoride removal can be observed in initial stages.
Increase in charge loading beyond a critical point, does not reflect as increase in removal
efficiency. It can be seen from Figure 4.4a that at initial fluoride concentration of 2 mg/L

and applied current of 0.30 A, significant decrement of residual fluoride can be observed
till 279C/L after which not much lowering of fluoride can be observed. Similarly
at initial fluoride concentration of 8 mg/L and applied current of 0.30 A, significant
decrement was observed till 325.5C/L, crossing which no considerable enhancement in
fluoride removal can be seen. Similar trends were obtained by Zhu et al. [40] and Chen
et al. [107]. The results indicates that a critical charge loading is required and once that
value is reached, no significant enhancement in fluoride removal can be observed.

Though all the derived forms have their own significance in study of fluoride
removal; it is clear from all the above discussions that it is actually applied current
which is the basic unit for all. Current density is defined as a function of applied current
and surface area of electrodes. Current concentration is defined as a function of applied
current and volume of the reactor. Charge loading is defined as a function of applied
current, electrolysis time and volume of reactor. In the present study the volume of the
reactor and the surface area of electrodes were fixed. So the only variable parameter was
applied current. Also all the derived forms of current affect the aluminium dissolution
which in turn affect the fluoride removal. But considering the Faraday’s law it is the
applied current and electrolysis time which determines the coagulant dosage. Therefore
applied current and electrolysis time were selected as two of the major operational
parameters to develop a statistical model.

(a) (b)

Figure 4.4: Effect of charge loading on residual fluoride (a) Fi=2 mg/L i=0.30 A (b)
Fi=8 mg/L i=0.30 A.
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4.7 Effect of fluoride uptake capacity (FUC)

FUC is defined as the capacity in mg of removed fluoride per gram of the used
aluminium coagulant in a batch experiment. In the present study FUC was calculated
for initial fluoride concentration of 2 mg/L and 8 mg/L and applied current of 0.30 A

and 0.75 A. The results are shown in Figure 4.5. It can be clearly observed that FUC
decreases with increase in electrolysis time and then tends to stabilise. It is because
of this fact, that treatment time should be carefully decided to minimize the wastage
of energy and dissolution of aluminium in water. For initial fluoride concentration
of 2 mg/L and applied current of 0.30 A, the FUC decreases from 104.84 mg/g to
36.73 mg/g when the time is increased from 10 min to 60 min. Similarly, for initial
fluoride concentration of 8 mg/L and applied current of 0.30 A, the FUC decreases from
548.02 mg/g to 151.70 mg/g when the time is increased from 10 min to 60 min. FUC
per unit aluminium consumed in EC process is very high as compared to Activated
alumina process. Researchers (Karthikeyan et al. [109], Leela [110]) have reported the
capacity of AA to be between 3 mg/g in alkaline water and 20 mg/g in acidic water. In
present study the achieved values of FUC in EC process are as high as 369.32 mg/g.
This may be suggested, that high FUC in EC process indicates towards efficient use
of aluminium in EC process, which might result in low residual aluminium in treated
water. AA process results in high residual aluminium in output water ranging from
0.1 mg/L to 0.3 mg/L [23].

(a) (b)

Figure 4.5: FUC at varying electrolysis time and applied current (a) Fi=2 mg/L (b)
Fi=8 mg/L.

4.8 Specific electrical energy consumption (SEEC )

SEEC controls energy input and aluminium dissolution in EC process and hence it is an
important parameter of concern. SEEC is defined as energy per unit mass of fluoride
removed and calculated by Equation 4.5.
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SEEC =
Energyconsumed
Fluorideremoved

(4.4)

SEEC(
J

mg
) =

V × i× t
Ft−Fr

(4.5)

Where,
V is the voltage in V

i is the applied current in A

t is the electrolysis time in min

Ft is the total fluoride present in the solution in mg/L

Fr is the fluoride removed from the solution after EC treatment in mg/L

In the present study SEEC was calculated for initial fluoride concentration of 2 and
8 mg/L and applied current of 0.30 and 0.75 A. The results are shown in Figure 4.6.
It can be observed that SEEC increases with increase in time for a constant current
and a constant initial fluoride concentration. It can be seen in Figure 4.6a, that SEEC
increases from 605.90 J/mg to 1333 J/mg when the time is increased from 5 min to
60 min; at a constant initial fluoride concentration of 2 mg/L and applied current of
0.30 A. It can also be observed from Figure 4.6a and 4.6b that for a constant initial
fluoride concentration and constant electrolysis time, the SEEC increases with increase
in applied current value. At initial fluoride concentration of 2 mg/L and 30 min of
electrolysis time, SEEC increases from 709.88 to 3182.56 J/mg when applied current
was increased from 0.30 A to 0.75 A. SEEC decreases with increase in initial fluoride
concentration, keeping the current value same. When initial fluoride concentration
was increased from 2 to 8 mg/L, SEEC decreases from 559.30 J/mg to 137.42 J/mg

at applied current of 0.30 A and electrolysis time of 20 min. This is because the per unit
fluoride removal is more when initial fluoride loading is increased as more fluoride is
available for removal per joule of energy spent. Similar results have been reported by
Sinha et al. [111]. With the increase in the SEEC the fluoride removal also increases
but after a certain value of energy consumed the fluoride removal is insignificant and
most of the energy consumed is wasted. The above inferences can be clearly seen in
Figure 4.7. For maintaining the economics of the process, energy input (i and t) should
be minimized for bringing fluoride within permissible limit.
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(a) (b)

(c) (d)

Figure 4.6: Effect of electrolysis time and applied current on SEEC for different initial
fluoride concentration (a) Fi=2 mg/L, i=0.30 A (b) Fi=2 mg/L, i=0.75 A (c) Fi=8 mg/L,
i=0.30 A (d) Fi=8 mg/L, i=0.75 A.

4.9 Anode consumption

Applied current and electrolysis time are the two major operating parameters in EC
process which determines the dissolution of aluminium in the reactor. Aluminium
dissolution can be calculated using Faraday’s Law. Faraday’s Law of Electrolysis states
that for a given quantity of D.C electricity (electric charge), the mass of an elemental
material altered at an electrode is directly proportional to the element’s equivalent
weight. In context of the present study Faraday’s Law determines the aluminium
dissolution from the electrode [85]. The coagulant generation is described by Equation
4.6:

Alth =
i× t×M

Z×F
(4.6)

Where,
Alth is theoretical concentration of Al3+ liberated from anode (g),
i is applied current in A,
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M is molecular mass of aluminium (27 g/mol),
t is electrolysis time (sec)
Z is valencey number (Z=3 for aluminium)
F is Faraday’s constant (96485C/mol)
The anode dissolution generates the aluminium coagulant for the treatment. In

Figure 4.7, relation between theoretical aluminium dissolution, residual fluoride and
electrolysis time has been shown. It can be observed that as the dose increases the
removal efficiency increases up to a certain extent, after which the change in efficiency
is marginal. Therefore, only required extent of treatment must be given so as to restrict
the unnecessary coagulant to enter the reactor.

(a) (b)

Figure 4.7: Effect of electrolysis time and applied current on theoretical aluminium and
residual fluoride (a) i=0.30 A (b) i=0.75 A.

In next part, the anode consumption was observed for applied current 0.15−0.75 A

and time duration of 60 min. The actual and theoretical value of anode consumption
is presented in the Table 4.3. The current efficiency was more than 100% in all the
observed readings. Mameri et al. [81] and Hu et al. [93] also observed the current
efficiency to be greater than 100%. This result could be attributed to the phenomenon
of pitting corrosion. This is a localized kind of corrosion caused by presence of
high concentrations of chloride and is erroneously considered as aluminium dissolved
by electrochemical process. There are four steps suggested by Foley [112] in the
localized corrosion of aluminium: (1) adsorption of reactive anions on the oxide film;
(2) chemical reactions of adsorbed anions with Al(III) in the oxide film; (3) thinning
of the film by dissolution of the metal; and (4) direct attack of the exposed metal by
water or anions. The SEM images of unused electrode, anode and cathode are shown
in Figure 4.8. The images also show sign of pitting corrosion. The unused electrode is
smooth and has no signs of corrosion; anode shows the signs of pitting corrosion while
the cathode shown is smoother.
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Table 4.3: Anode consumption for different applied current (t=60 min).

Applied
current (A)

Theoretical
anode

consumption
(mg)

Experimental
anode

consumption
(mg)

Current
Efficency (%)

0.15 50.36 51.11 101.5
0.30 104.16 110.56 105.76
0.45 151.08 157.43 104.2
0.60 201.45 211.32 104.9
0.75 252.00 265.36 105.15

(a) (b)

(c)

Figure 4.8: SEM images of electrodes (a) unused electrode (b) cathode (c) anode.

To understand the variation in SEEC and theoretical aluminium, with change in
applied current and electrolysis time, the results have been presented in Table 4.4.
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Table 4.4: Relation between residual fluoride, SEEC and theoretical aluminium with
change in applied current, electrolysis time and initial fluoride concentration.

Fi(mg/L) i(A) t(min) Fr(mg/L) SEEC (J/mg) Alth(mg)
2 0.30 45 0.22 1028.31 75.54
2 0.75 25 0.21 2704.02 104.92
8 0.30 35 1.03 200.81 58.75
8 0.75 15 1.01 415.23 62.95

For achieving residual fluoride concentration of 0.22 mg/L for initial fluoride
concentration of 2 mg/L; two combinations for running EC are available. First is to go
for a low applied current high electrolysis time, another is to go for high applied current
low electrolysis time. It can be clearly observed from Table 4.4 that when low current
high time (0.30 A and 45 min) was applied, then the values of SEEC and theoretical
aluminium were 1298.4 J/mg and 75.54 mg respectively. But when high applied current
and low electrolysis time (0.75 A and 25 min) was applied, then the values of SEEC
and theoretical aluminium were increased to 2704.2 J/mg and 104.92 mg respectively.
Hence, this observation suggests that high electrolysis time and low applied current is
advisable for restricting the unnecessary aluminium dissolution and minimizing energy
wastage.

Based on discussion in above sections, it is clear that excess electrolysis time or
applied current; both have their own limitations. Increase in treatment time leads
to increase in pH and hence decreases the efficiency of fluoride removal. Increase
in applied current leads to increased energy consumption and increased aluminium
dissolution, which affect the economics of the process and might also end up in more
residual aluminium at the end of the treatment process. Therefore, while running the
EC process, selection of these two parameters requires attention and a trade off has to
be made between them.

These parametric investigations and there corroboration with literature gave us an
insight that initial fluoride concentration, applied current and electrolysis time are
the three major parameters which governs the EC process. These three parameters
were used to develop statistical model in the later part of study. This study also
helped to resolve the ranges for the chosen parameters. The range of initial fluoride
concentration was kept between 2− 8 mg/L; as this is the most prevalent range of
fluoride contamination found in India. The applied current range studied is between
0.15−0.75 A. But from the results it can be observed that for the maximum range of
8 mg/L and applied current of 0.15 A, even 60 min were not sufficient to bring down the
residual fluoride within permissible range. More treatment time can bring it down, but
it can also be observed that with increase in electrolysis time the FUC decreases. This
suggests that the fluoride removal capacity decreases, and in turn the energy consumed
is also wasted. Moreover, with increase in treatment time the pH also increases and
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increase in pH will lead to more dissolution of aluminium in water. Keeping the
above findings in mind the applied current range selected was 0.30− 0.75 A. It was
earlier concluded that for minimum value of initial fluoride concentration (2 mg/L) and
minimum value of applied current (0.30 A), 15 min of electrolysis time was sufficient
to bring down the fluoride within acceptable limits (IS:10500:2012 less than 1 mg/L).
Similarly, for maximum value of initial fluoride concentration (8 mg/L) at minimum
value of applied current (0.30 A), 40 min was sufficient to lower the residual fluoride to
prescribed limit. Therefore, the electrolysis time range set for the study was 10−50 min

(allowing sufficient margin for desired fluoride removal) for development of statistical
model.
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Chapter Summary

This Chapter presents a study of various parameters which are affecting the EC process.
Investigations and inferences made on the parameters are reported in the Chapter. This
study was conducted to select the parameters of concern to be used in designing of
experiments. Preliminary investigations were carried out for studying the effect of initial
pH and inter-electrode distance. The results showed that initial pH 6 and inter-electrode
distance 10 mm gave the best results for defluoridation efficiency. So these parameters
were fixed to the above values for all further investigations.

Three main operational parameters of concern (initial fluoride concentration,
applied current and electrolysis time) were used on the basis of literature review and
experimental investigations to design the experiments. The investigations made in this
Chapter helped to select the range of these three parameters. SEEC was considered
as a response parameter, along with residual fluoride and residual aluminium. Other
parameters like charge loading, anode consumption and FUC were reported for general
information about the details of EC process.

The next chapter marks the beginning of development of model for fluoride removal
using the operational parameters and their ranges selected in this chapter.
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Chapter 5

Development of model for fluoride
removal

This Chapter implements the design of experiments for the development of statistical
model for fluoride removal. Taguchi design has been used to develop the statistical
model. The choice and range of operational parameters were on the basis of literature
review and investigations made in Chapter 4. The model for fluoride removal was
developed to understand the interaction between operating parameters and responses.
The model analyses the data to describe dependence of responses on the operating
parameters. It allows us to predict the change in behaviour of responses against
change in operating parameters. The equations developed through statistical model
development were used to optimize the operational parameters for better economy of
treatment and efficiency of the process.

The parametric study was conducted to select the operating parameters and their
working ranges for design of experiments. The choice and range of operational
parameters have been made on the basis of literature review and investigations made in
Chapter 4. Out of five control factors, namely, pH of water, inter electrode distance,
applied current, electrolysis time, and initial fluoride concentration, first two were
kept constant for the present study and the remaining three were used as operational
parameters for the experimental investigations. These three operational parameters
were investigated for three responses, namely, residual fluoride, residual aluminium and
SEEC.

This Chapter implements the design of experiments which helps in development of
a statistical model for fluoride removal. A statistical model is a probability distribution,
constructed to draw inferences from the available data [113]. The model for fluoride
removal was developed to understand the process in a better way. The model analyses
the data and describes that how response values are dependent on the operating
parameters. It gives us information about the behaviour of the system and allows us to
predict the change in behaviour by changing the operating parameters. It has also been
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used to optimize the operational parameters and improve the economics and efficiency
of the process.

DOE was used to develop statistical model. DOE is an experimental method which
is used to statistically signify the relationship between input parameters to output
responses. It constitutes a systematic way of planning of experiments, collection and
analysis of data [114]. OFAT (one factor at the time) and factorial designs can possibly
be used for DOE. OFAT aimed at running an experiment at one particular condition
and repeating the experiment by changing any other factor till the effect of all factors
are recorded and analyzed [115]. Thus it involves carrying many experiments, which is
time consuming and laborious [116]. Also in this process, interactions between factors
are not taken in account [115]. In factorial design a large number of experiments are to
be carried out if input parameters increases.

Taguchi suggested a specially designed method called the use of orthogonal array to
study the entire parameter space with limited number of experiments to be conducted
[117]. It employs signal to noise (S/N) ratio instead of responses itself to determine the
optimum settings of the operating parameters, neglecting the variations caused by the
uncontrollable factors [118]. Additionally, Taguchi’s method for experimental design is
straightforward and easy to apply to many processes, making it a powerful yet simple
tool [114]. In the present study, Taguchi design was used to develop a statistical model
for fluoride removal.

5.1 Implementation of Taguchi Design

Taguchi’s orthogonal method has been used by several investigators for the optimal
design of experiments and to study the effects of multiple parameters [119]. The steps
included in the Taguchi parameter design are: selecting the proper Orthogonal Array
(OA) according to the number of controllable factors (operating parameters); running
experiments based on the OA; analyzing data; identifying the optimum condition; and
conducting confirmation runs with optimal levels of all the parameters [114]. In the
present study, Taguchi design was employed for the development of statistical model
using MINITAB 14.0 software.

For implementation of Taguchi design the first step is to decide the operating
parameters and their ranges. The operating parameters and their ranges, which
were used for the implementation of Taguchi design have been presented in Table
5.1. Operating parameters; applied current, electrolysis time and initial fluoride
concentration, were used for the study of defluoridation by EC. Three responses were
considered, namely, residual fluoride, residual aluminium and SEEC. In the next step,
level of Taguchi design is decided. Since there are three parameters which have to be
used in the design and parametric investigations have shown that operating parameters
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are not linearly related. The selected OA in this study was L27 (313) orthogonal design.
Twenty-seven experiments were carried out for three levels (minimum, maximum and
mid value) of three operating parameters.

Table 5.1: Levels used for operational parameters

Parameters Notation Units Level 1 Level 2 Level 3
Initial fluoride concentration Fi mg/L 2 5 8

Applied current i A 0.31 0.53 0.75
Electrolysis time t min 10 30 50

The parameters and their respective ranges were used to design the Taguchi matrix.
Table 5.2 presents the operational settings of twenty seven experiments which were
performed to gather the required data. The second, third and fourth columns (Table
5.2) show the operational parameter settings given by Taguchi DOE matrix. The
experiments were performed in duplicates and average value of each response has been
presented in Table 5.2. The residual aluminium presented in Table 5.2 includes both
dissolved and bind forms of aluminium. It can be observed from the residual aluminium
response column that after the treatment, aluminium is introduced in the water. The
aluminium concentration in all the sets was more than the IS:10500:2012 permissible
limit (0.2 mg/L) [25]. The response values are transformed into S/N ratios. The term
"signal" represents the desirable value and the "noise" represents the undesirable value.
The formulae for S/N are designed such that, always the larger factor level settings can
be selected to optimize the performance characteristics of an experiment. Therefore, the
method of calculating the S/N ratio depends on whether the performance characteristic
has smaller-the-best, larger the- better or nominal-the-better formulation [120]. In this
study performance characteristic has “smaller the better” formulation. It is so because
the process efficiency will increase if all the three responses are minimized. The formula
to calculate S/N ratio is given in Equation 5.1 [120].

S
N

=−10log
1
n

(
∑

n
i=1 y2

i
)

(5.1)

Where,
n is the number of tests and
yi is the value of experimental result of the ith test.
In MINITAB, higher values of S/N ratio identify operational parameter settings with

significant response.
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Table 5.2: Orthogonal array for L27 33 Taguchi Design and their respective response.

Set
No.

Operating parameters Response
Fi

(mg/L)
i

(A)
t

(min)
Fr

(mg/L)
Alr

(mg/L)
SEEC
(J/mg)

1 2 0.31 10 1.12 9.40 454.43
2 2 0.31 30 0.31 19.48 709.88
3 2 0.31 50 0.23 28.12 1129.66
4 2 0.53 10 0.71 10.60 776.51
5 2 0.53 30 0.36 26.12 1832.37
6 2 0.53 50 0.09 47.04 2622.25
7 2 0.75 10 0.61 14.90 1392.08
8 2 0.75 30 0.18 33.48 3182.56
9 2 0.75 50 0.01 48.50 4861.81
10 5 0.31 10 1.56 6.20 116.25
11 5 0.31 30 0.71 12.10 279.39
12 5 0.31 50 0.29 18.05 424.52
13 5 0.53 10 1.42 7.81 279.80
14 5 0.53 30 0.25 17.50 632.65
15 5 0.53 50 0.19 27.60 1041.27
16 5 0.75 10 1.27 9.25 518.76
17 5 0.75 30 0.14 25.80 1194.44
18 5 0.75 50 0.11 39.45 1978.52
19 8 0.31 10 3.40 6.07 86.93
20 8 0.31 30 1.35 10.53 180.41
21 8 0.31 50 0.60 17.5 270.2
22 8 0.53 10 2.30 6.53 175.74
23 8 0.53 30 0.56 15.79 403.91
24 8 0.53 50 0.30 25.75 650.45
25 8 0.75 10 1.37 10.00 291.85
26 8 0.75 30 0.38 23.68 762.21
27 8 0.75 50 0.23 40.42 1245.65

5.1.1 Validation of the model

5.1.1.1 Analysis of variance (ANOVA)

The adequacy of the model was assessed through ANOVA. ANOVA is a statistical
technique that subdivides the total variation in a set of data into component parts
associated with specific sources of variation for the purpose of testing hypotheses on
the parameter of the model [121]. In order to find out statistical significance of various
factors like initial fluoride (Fi), applied current (i), and electrolysis time (t) on residual
fluoride, residual aluminium and SEEC; ANOVA is performed on experimental data.
Tables 5.3, 5.4 and 5.5 shows the results of the ANOVA on mentioned responses:
residual fluoride, residual aluminium and SEEC respectively.

71

00



CHAPTER 5. DEVELOPMENT OF MODEL FOR FLUORIDE REMOVAL

The frequency test (F-test) is utilized in statistics to analyze the significant effects of
the parameters, which form the performance characteristics. F value has been calculated
by the software and displayed. For respective F-value, corresponding p-value has been
given. This analysis was carried out for a level of significance of 5%, i.e., for 95%
level of confidence. The last column of the ANOVA table presents the p-value. The
p-value informs us, for every tested factor, whether its effect is significant or whether
stated tendencies in the data are merely due to chance. Generally a value of p<0.05
denotes a significant contribution of that parameter while the higher value suggest
that the respective parameter has no influence. Often p values less than 0.1 are also
considered to be still of relevance, as values between 0.05 and 0.1 are said to have
marginal significance [122].

The p-values in the Table 5.3-5.5 indicate that all main effects are highly significant
since they have very small p-values when compared with interaction factors. In
case of residual fluoride as a response (Table 5.3); all the three parameters initial
fluoride, applied current and electrolysis time have p-values of 0.003, 0.005 and 0.000
respectively. This is less than 0.05 and hence accounts for the significance of these
factors, electrolysis time being the most significant of them. Interaction effects have p
value>0.1 so they are not significant. In case of residual aluminium as a response (Table
5.4), initial fluoride, current, time and interaction effect (i xt) are significant parameters
while (Fi x t) are marginally significant. This gives an indication that the combined
effect of the factors “i” and “t” plays an important role in the dissolution of aluminium
anode. Therefore, to minimize the introduction of aluminium in the solution the settings
for “i” and “t” have to be carefully made. In case of SEEC as a response (Table 5.5),
only main parameters are significant rest all are insignificant.

Another statistical parameter R2 also referred to as the goodness of fit is also used for
validating the model. R2 is the fraction of the overall variance. It determines how closely
a certain function fits a particular set of experimental data. R2 values range from 0 to 1,
with 1 representing a perfect fit between the data and the line drawn through them, and
0 representing no statistical correlation between the data and the line. High R2 values
obtained from ANOVA of the three responses validates the model. R2 value for residual
fluoride, residual aluminium and SEEC is 0.9468, 0.9959 and 0.9985 respectively .
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Table 5.3: ANOVA table for residual fluoride

Source DF Seq SS Adj SS Adj MS F p
Fi 2 512.29 512.29 256.15 13.30 0.003
i 2 438.51 438.51 219.26 11.39 0.005
t 2 1604.71 1604.71 802.35 41.67 0.000

Fi× i 4 31.27 31.27 7.82 0.41 0.800
i× t 4 73.55 73.55 18.39 0.95 0.481
Fi× t 4 80.68 80.68 20.17 1.05 0.440
Error 8 154.03 154.03 19.25
Total 26 2895.04

S = 4.38 R2 = 0.9468

Table 5.4: ANOVA table for residual aluminium

Source DF Seq SS Adj SS Adj MS F p
Fi 2 81.075 81.075 40.538 100.14 0.000
i 2 133.004 133.004 66.502 164.28 0.000
t 2 555.758 555.758 277.879 686.45 0.000

Fi× i 4 3.512 3.512 0.878 2.17 0.163
i× t 4 7.169 7.169 1.792 4.43 0.035
Fi× t 4 0.504 0.504 0.126 0.31 0.863
Error 8 3.238 3.238 0.405
Total 26 784.261

S = 0.636 R2 = 0.9959

Table 5.5: ANOVA table for SEEC

Source DF Seq SS Adj SS Adj MS F p
Fi 2 766.57 766.57 383.29 1013.63 0.000
i 2 685.96 685.96 342.98 907.04 0.000
t 2 541.44 541.44 270.72 715.94 0.000

Fi× i 4 1.17 1.17 0.29 0.78 0.570
i× t 4 3.77 3.77 0.94 2.49 0.126
Fi× t 4 2.66 2.66 0.66 1.76 0.231
Error 8 3.03 3.03 0.38
Total 26 2004.59

S = 0.614 R2 = 0.9985

5.1.1.2 Residuals

The adequacy of the model was also evaluated by the residuals. Residuals are actually
the difference between the actual and the predicted response value. Normal probability
plots are a suitable graphical method for judging the normality of the residuals [123].
The data are plotted against a theoretical normal distribution in such a way that the
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points should form an approximate straight line. Departures from this straight line
indicate departures from normality.

Residuals versus fits plot is the most frequently created plot, when conducting a
residual analysis. It is a scatter plot of residuals on the y axis and fitted values (estimated
responses) on the x axis. The model is adequate if constant variance is observed in the
vertical direction and the scatter is symmetric vertically about zero [124]. The normal
probability plots and plots of residuals versus fitted values for residual fluoride, residual
aluminium and SEEC are illustrated in Figure 5.1-5.2. All the plots fulfil the mentioned
criterions and suggest towards the adequacy of the model.
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Figure 5.1: Normal probability plot (a) residual fluoride (b) residual aluminium (c)
SEEC
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Figure 5.2: Residual plots (a) residual fluoride (b) residual aluminium (c) SEEC.

5.1.2 Main effect and interaction effects

The main effect and interaction plots help us to understand the change in response with
change in operational parameter. There is a main effect when different levels of a factor
affect the response differently. A main effect plot, graphs the response mean for each
factor level connected by a line. When the line is horizontal (parallel to the x-axis), then
there is no main effect. Each level of the factor affects the response in the same way, and
the response mean is the same across all factor levels. When the line is not horizontal,
then there is a main effect. Different levels of the factor affect the response differently.
The steeper is the slope of the line, the greater the magnitude of the main effect. The
main effect graphs are shown in Figure 5.3.

Interaction plots are studied when the effect of one factor depends on the level
of the other factor. Parallel lines in an interaction plot indicates no interaction.
The greater is the difference in slope between the lines, the higher is the degree
of interaction. However, the interaction plot does not inform about the statistically
significant interactions. But it is known from the section 5.1.1 that, except for “ixt”
interaction for residual aluminium all others are marginally significant. Interaction plots
are shown in Figure 5.4.

Figure 5.3a shows the main effect plot for residual fluoride as a response. It can be
clearly observed that with increase in initial fluoride the residual fluoride increases (S/N
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decreases). It is also observed that with increase in applied current and electrolysis time,
the residual fluoride decreases.

Figure 5.3b shows the effect of operational parameters on residual aluminium. With
increase in initial fluoride, residual aluminium decreases. It can be observed that as
the initial fluoride increases from 2 to 8 mg/L, more fluoride is available to bind with
aluminium and hence lesser aluminium is present in the solution. But with increase
in time and current the residual aluminium increases. With more applied current and
electrolysis time, more aluminium is released as a coagulant and hence the residual
aluminium increases.

Figure 5.3c shows the effect of operational parameters on SEEC. With increase in
initial fluoride, SEEC decreases; as there is availability of more fluoride so per unit
removal is increased. With more current and time, SEEC increases as it is directly
proportional to applied current and time.

The interesting fact is that the main effect plots for SEEC and residual aluminium
are almost similar (Compare Figure 5.3b and 5.3c). This gives an indication that
residual aluminium is related with SEEC. This also suggests that with increase in energy
consumption, residual aluminium increases; keeping the initial fluoride concentration
constant. Therefore minimization of energy will lead to lesser introduction of
aluminium in the solution. Energy consumption is calculated by product of applied
current, electrolysis time and voltage. Voltage remains constant for a specific applied
current. So, it is the product of current and time which needs to be minimized for
restricting the aluminium in the water.

The inferences obtained from these plots are similar to the parametric investigations
discussed in Chapter 4. This also explains that the developed model is adequate to
understand the effect of operational parameters on the responses.
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Figure 5.3: Main effect plot (a) residual fluoride (b) residual aluminium (c) SEEC.
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Figure 5.4: Interaction effect plot (a) residual fluoride (b) residual aluminium (c) SEEC.
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5.2 Development of regression equations

The relationship between residual fluoride, residual aluminium and SEEC with
combination of control factors is obtained using non-linear regression analysis with
the help of SYSTAT 7.0. In order to express response in terms of mathematical
expression the following form gave the best results. The relationship between residual
fluoride, residual aluminium and SEEC with combination of control factors is obtained
using non-linear regression analysis with the help of SYSTAT 7.0. In order to express
response in terms of mathematical expression the following form gave the best results

Er = K0 +K1×A+K2×B+K3×C+K4×A×B+K5×B×C+K6×A×C+

K7×A2 +K8×B2 +K9×C2 (5.2)

Here, Er is the response (output) term and Ki (i =0,1, ...,7) are the model constants.
The settings for operational parameters and there corresponding response values (Table
5.2) were normalised by dividing each parameter with the largest value used for the
parameter in the experimental study. These normalized values were used by the
software. The constants are calculated using non-linear regression analysis with the
help of SYSTAT 7.0 software and the relation obtained for each response is given in
Equation 5.3-5.5.

Residual Fluoride(Fr) = 0.608+(0.741×Fi)− (0.557×i)− (1.3×t)− (0.559×Fi×i)

+(0.424×i×t)− (0.622×Fi× t)+(0.261×Fi2)+(0.251× i2)+(0.760× t2) (5.3)

Residual aluminium(Alr) = 0.291−(0.734×Fi)−(0.09×i)+(0.242×t)−(0.01×Fi×i)

+(0.757×i×t)− (0.322×Fi×t)+(0.549×F2
i )+(0.071×i2)+(0.024×t2) (5.4)

SEEC = 0.190− (0.626×Fi)− (0.009×i)+(0.169×t)− (0.699×Fi× i)

+(0.709×i×t)− (0.449×Fi×t)+(0.765×F2
i )+(0.315×i2)− (0.094×t2) (5.5)
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5.2.1 Verification of equations

To verify the correctness of the equations obtained by the SYSTAT 7.0, twenty set of
random experiments, as mentioned in Table 5.6, were performed. The experimental
results were plotted against predicted response and presented in Figure 5.5. The graphs
and their respective R2 value are displayed in the Figure 5.5. R2 value for residual
fluoride, residual aluminium and SEEC are 0.9614, 0.9732 and 0.9449 respectively.

Table 5.6: Operational parameter settings and their respective actual and predicted
responses selected for verification of regression equations

S.No Operating parameters Actual Predicted
Fi

(mg/L)
i

(A)
t

(min)
Fr

(mg/L)
Alr

(mg/L)
SEEC
(J/mg)

Fr
(mg/L)

Alr
(mg/L)

SEEC
(J/mg)

1 2 0.31 10 1.12 9.40 454.43 1.15 10.14 605.22
2 2 0.31 25 0.43 15.71 632.75 0.39 16.76 1016.11
3 5 0.31 30 0.71 12.10 279.39 0.70 10.72 200.07
4 5 0.31 50 0.29 18.05 424.52 0.30 16.79 255.81
5 8 0.31 15 2.49 08.35 312.12 2.51 6.97 419.33
6 8 0.31 45 0.59 13.26 242.91 0.80 12.84 121.47
7 2 0.53 10 0.71 10.60 776.51 0.81 12.16 1056.98
8 2 0.53 20 0.52 19.68 1353.64 0.34 18.80 1546.79
9 5 0.53 25 0.59 16.02 567.85 0.52 14.41 542.95
10 5 0.53 30 0.25 17.50 632.65 0.33 17.09 683.14
11 5 0.53 35 0.39 20.71 744.36 0.19 19.74 814.20
12 2 0.75 10 0.61 14.90 1392.08 0.63 14.69 1754.88
13 2 0.75 30 0.18 18.90 3182.55 0.22 19.01 3097.81
14 5 0.75 10 1.27 09.25 518.76 1.00 8.73 395.84
15 5 0.75 30 0.14 25.80 1194.44 0.11 23.83 1411.32
16 8 0.75 10 1.37 10.00 291.85 1.61 10.25 82.85
17 8 0.75 20 0.90 09.01 534.53 0.85 9.88 445.15
18 3 0.45 10 1.00 10.86 441.60 1.11 8.55 460.11
19 6 0.60 20 0.75 13.54 432.00 0.81 12.38 339.90
20 7 0.31 10 2.3 05.92 170.00 2.60 4.54 174.26

80



CHAPTER 5. DEVELOPMENT OF MODEL FOR FLUORIDE REMOVAL

(a) (b)

(c)

Figure 5.5: Actual v/s predicted plot (a) residual fluoride (b) residual aluminium (c)
SEEC

5.3 Adsorption kinetics of EC

Fluoride is generally adsorbed at the surface of flocs produced by the coagulant
which is generated electrochemically. Analysis of the electrocoagulation of fluoride
contaminated water reveals that there are two separate processes taking place, i.e.
electrochemical process through which the metal coagulants are generated and physio-
chemical process through which the effluents are adsorbed on the surface of the
coagulants [125]. The removal of pollutant is similar to conventional adsorption
except the generation of coagulants. Generation of coagulants is in-situ and with
the help of electric current. The electrode consumption can be estimated according
to Faraday’s Law (Refer Chapter 4) and the amount of coagulant generated can be
estimated stoichiometrically [126]. At equilibrium a relationship exists between the
concentration of the fluoride species in solution and the concentration of fluoride species
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in the adsorbent (i.e. the amount of species adsorbed per unit mass of adsorbent). The
amount of fluoride at equilibrium on aluminium species qe (mg/g) was calculated from
the Equation 5.6 [127] [128].

qe =V (C0−Ce)/W (5.6)

V = volume of solution (L)
C0= initial fluoride concentration (mg/L)
Ce= equilibrium fluoride concentration (mg/L)
W= mass of anode dissolved (adsorbent) (gm)
Since the amount of coagulant can be estimated for a given time, the fluoride

removal can be modeled by adsorption phenomenon. During EC the insoluble metal
hydroxides removes pollutants by surface adsorption.

The kinetics of sorption is an important parameter for designing sorption system
and is required for selecting optimum operating conditions before applying it at full
scale process. The dynamics of the adsorption process can best be understood by the
processing of kinetics adsorption data. Moreover, it helps in prediction of adsorption
rate, which gives information for designing and modelling of the process [129]. Also
adsorption kinetics is of great significance to evaluate the performance of a given
adsorbent and gain insight into the underlying mechanisms.

5.3.1 Pseudo-first order kinetic model

The adsorption kinetic data of fluoride are analyzed using Lagergran rate equation. The
first-order Lagergran model is [130]:

dq/dt = k1(qe−q) (5.7)

where q is the amount of fluoride adsorbed on the adsorbent at time t (min), qe is
the amount of fluoride adsorbed at equilibrium and k1 (min−1) is the rate constant of
first-order adsorption. The integrated form of the Equation 5.7 is given in Equation 5.8.

log(qe−q) = logqe−
k1t

2.303
(5.8)

If the first order kinetics is applicable, a plot of log (qe− q) vs t will provide a
linear relationship from which k1 and predicted qe can be determined from the slope
and intercept of the plot respectively.

The results are shown in Table 5.7. The qe and rate constant (k1) were calculated
from the slope of the plots of log (qe−q) versus time (t). A straight line obtained from
the plots suggests the applicability of this kinetic model. It was found that points do not
fit in a straight line. So the adsorption does not obey the first-order kinetics adsorption
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[131].

5.3.2 Pseudo second order kinetic model

The second-order kinetic model is expressed as:

dq/dt = k2(qe−q) (5.9)

Where k2 is the rate constant of the second-order adsorption. The integrated form of
Equation 5.9 is

1
qe−q

=
1
qe

+ k2t (5.10)

t
q
=

1
k2q2

e
+

t
qe

(5.11)

The plot of t/qt vs t will be a linear relationship if the second order kinetics is
applicable. k2 and predicted qe can be determined from the slope and intercept of the
plot respectively. Results are tabulated in Table 5.7

5.3.3 The intraparticle diffusion model

The adsorption process may follow a multi step transport of solute (adsorbate)
molecules from the aqueous phase to the surface of solid particles followed by diffusion
of the solute molecules into the interior of the pores, which is likely to be a slow process
and is a rate determining step [129]. This type of adsorption behaviour can be explored
by applying intraparticle diffusion model shown in the Equation 5.12 [132]:

qt = kdi f t0.5 +C (5.12)

Where C is the intercept and kdi f (mg/g/min−0.5) is the intraparticle diffusion rate
constant. The value of C provides information about the thickness of the boundary layer,
since the resistance to the external mass transfer increases as the intercept increases.

The plot of qt v/s t0.5 may present a multilinearity correlation, which indicates
that two or more steps occur during adsorption process. The rate constant Kdi f is
directly evaluated from the slope of the regression line and the intercept is C. Results
are tabulated in Table 5.7.

5.4 Reaction Kinetics- Results

For the present study, the plots were made for three initial fluoride concentrations (2, 5,
8 mg/L) and three applied current values (0.31, 0.53, 0.75 A). The electrolysis time was
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between 10−50 min. Value of Ce is the residual fluoride at varying time and is known
experimentally. Value of qe is calculated using Equation 5.6. The detailed results for all
plots have been presented in the appendix B. All the plots have been shown in Figure
5.6-5.8. It can be clearly observed from the plots that second order kinetics fits the data
well.

Parameters for reaction order kinetics have been summarised in Table 5.7. The
various parameters were calculated by plotting the graphs as explained in the text in
section 5.3.

The average R2 value for pseudo first order kinetic model is 0.9276, for pseudo
second order kinetic model it is 0.9815 and for intra-particle diffusion it is 0.8455.
These results indicate that the adsorption system belongs to the pseudo second-order
kinetic model. Similar results have been obtained by Khatibikamal et al. [133]. In
this model, the rate-limiting step is the surface adsorption that involves chemisorption,
where the removal from a solution is due to physicochemical interactions between the
two phases [134]. Liu et al. [135] has also mentioned that pseudo-second order kinetic
assumes that chemisorption controls the adsorption rate.

Table 5.7: Kinetic model used and their parameters at different initial fluoride
concentrations and applied current.

Operating
Parameters

Pseudo first order
kinetics

Pseudo second
order kinetics

Intraparticle
diffusion

Fi
(mg/L)

i (A) k1
(min−1)

qe
(mg/g)

R2 k2
(min−1)

qe
(mg/g)

R2 kdi f
(min−1)

R2

2 0.31 −0.036 1.589 0.9779 0.018 0.459 0.8554 5.479 0.8678
5 0.31 −0.031 1.742 0.8894 0.010 0.048 0.9975 6.823 0.7694
8 0.31 −0.029 2.076 0.9651 0.005 0.055 0.9973 17.641 0.8857
2 0.53 −0.023 1.207 0.9655 0.040 0.337 0.9938 2.421 0.9726
5 0.53 −0.024 1.393 0.8909 0.017 0.075 0.9985 4.240 0.8398
8 0.53 −0.043 1.772 0.9393 0.010 0.048 0.9986 7.456 0.7964
2 0.75 −0.026 1.124 0.9337 0.059 0.308 0.9948 1.203 0.9561
5 0.75 −0.035 1.501 0.8825 0.024 0.072 0.9984 2.486 0.7460
8 0.75 −0.039 1.697 0.9320 0.015 0.038 0.9997 3.559 0.7760
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(a)

(b)

(c)

Figure 5.6: Pseudo first order kinetic model plot for varying applied current (a) 0.31 A
(b) 0.53 A (c) 0.75 A.
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(a)

(b)

(c)

Figure 5.7: Pseudo second order kinetic model plot for varying applied current (a)
0.31 A (b) 0.53 A (c) 0.75 A
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(a)

(b)

(c)

Figure 5.8: Intraparticle diffusion kinetic model plot for varying applied current (a)
0.31 A (b) 0.53 A (c) 0.75 A.
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5.5 Adsorption isotherm studies

It is assumed that the pollutant can act as a ligand to bind hydrous aluminium in situ
formed gelatinous precipitate, it is further attempted to extend the adsorption isotherm
models for pollutant removal by Langmuir, Freundlich and Redlich Peterson models
[125] [127] [128] [136]. The abilities of three widely used isotherms; the Langmuir,
Freundlich, and Redlich Peterson were examined to model the adsorption equilibrium.
In general, an adsorption isotherm is a curve describing the phenomenon governing
the retention (or release) or mobility of a substance from the aqueous porous media or
aquatic environments to a solid-phase at a constant temperature and pH [137]-[138].

For the present study the plots were made for three values of applied current (0.31 A,
0.53 A and 0.75 A). The concentration of adsorbate at equilibrium was calculated using
varying initial fluoride concentration (2−8 mg/L). Three isotherms namely, Langmuir,
Freundlich and Redlich-Peterson have been considered for the study.

5.5.1 Langmuir isotherm

The Langmuir model [139] represents one of the first theoretical treatments of
non-linear sorption and assumes monolayer deposition of adsorbate on homogenous
adsorbent surface (coagulant). Langmuir represents the equilibrium distribution of
metal ions between the solid and liquid phases [140]. In addition, the model assumes
uniform energies of adsorption onto the surface and no transmigration of the adsorbate.
The Langmuir isotherm assumes monolayer deposition of adsorbate on homogenous
adsorbent surface (coagulant). It is well known that the Langmuir equation is intended
for a homogeneous surface. The mathematical expression of Langmuir isotherm is given
in Equation 5.13:

qe = (qmaxKlCe)/(1+KlCe) (5.13)

where qe is the solid phase adsorbate concentration in equilibrium (mg/g), qmax the
maximum adsorption capacity corresponding to complete monolayer coverage on the
surface (mg/g), Ce the concentration of adsorbate at equilibrium (mg/L), and Kl the
Langmuir constant (L/mg). Equation 5.13 can be linearized into four different forms
shown in Table 5.8, which give different parameter estimates.

5.5.2 Freundlich isotherm

The freundlich isotherm [139] is commonly used to describe the adsorption
characteristics for the heterogeneous surface [141]. It is empirical model relating
the adsorption intensity of the sorbent towards adsorbent. The isotherm is adopted
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to describe reversible adsorption and not restricted to monolayer formation. The
mathematical expression of the Freundlich model is represented by:

qe = K fCe(1⁄n) (5.14)

K f is Freundlich constant that indicate the adsorption capacity of the adsorbent
(L/gm) and n is an empirical constant related to the magnitude of the adsorption driving
force. The linear form of Freundlich isotherm is shown in Table 5.8.

5.5.3 Redlich-Peterson isotherm

The Redlich-Peterson isotherm [142] has three parameters and incorporates the features
of Langmuir and Freundlich isotherms. It has a linear dependence on concentration in
the numerator and an exponential function in the denominator. It can be represented as
shown in Equation 5.15.

qe =
ACe

1+BCeg
(5.15)

Where A and B are Redlich Peterson isotherm constants. The exponent ’g’, as it lies
between 0 and 1, has two limiting behaviours: Langmuir form for g = 1 and Henry’s
law form for g = 0. Since there are three unknown parameters A, B and g, so these have
to be calculated by using the approach of maximizing R2 between experimental qe and
predicted qe by using Excel solver. So the results are shown in non-linear approach for
adsorption isotherms.

Table 5.8: Different type of isotherm and their linearized form.

Name Linear form Plot Slope Intercept
Langmuir-1 Ce

qe
= 1

Kl
+ Ce

qmax
Ce/qe vs Ce 1/qmax 1/(Klqmax)

Langmuir-2 1
qe= 1

KlqmaxCe
+ 1

qmax 1/qe vs 1/Ce 1/(Klqmax) 1/qmax

Langmuir-3 qe=qmax+ qe
KlCe

qe vs qe/Ce 1/Kl qmax

Langmuir-4 qe
Ce

=Klqmax-Klqe qe/Ce vs qe Kl Klqmax

Freundlich ln(qe)=ln(K f )+1
n lnCe lnqevs lnCe 1/n lnK f

5.5.4 Linear regression method

Linear regression is frequently used to determine the best-fitting isotherm, and the
method of least squares has been used for finding the parameters of the isotherms.
Linear method assumes the experimental data to be linear and predicts the slope and
intercept that makes a straight line. The linear method assumes that the scatter of points
around the line follow a Gaussian distribution and the error distribution is the same at
every point of X. But this is rarely true because the error distribution gets altered after
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transforming the data to a linear form [143]. It considers error distribution along Y-
axis irrespective of corresponding X-axis. The adsorption isotherms were developed for
three current values 0.31 A, 0.53 A and 0.75 A. Ce is the residual fluoride concentration
at electrolysis time of 50 min for initial fluoride concentration (2− 8 mg/L) and qe

is calculated by Equation 5.6. Table 5.9 shows the isotherm parameters for all the
mentioned isotherms.

Table 5.9: Isotherm parameters obtained using linear method.

Isotherm Parameters Applied current (A)
0.31 0.53 0.75

Langmuir Type 1
qmax(mg/g) −625.00 −666.66 87.71
Kl (L/mg) −0.47 −0.45 14.25

R2 0.06 0.26 0.91

Langmuir Type2
qmax(mg/g) −256.41 −416.67 55.86
Kl(L/mg) −0.78 −0.68 44.75

R2 0.71 0.97 0.83

Langmuir Type 3
qmax(mg/g) 7.39 −163.37 63.95
Kl(L/mg) 2.89 1.46 −37.73

R2 0.20 0.30 0.57

Langmuir Type 4
qmax(mg/g) 1294.13 698.21 −77.85
Kl(L/mg) 0.22 0.436 −20.05

R2 0.04 0.30 0.49

Freundlich
n 0.86 0.92 2.29

K f 334.59 386.02 127.14
R2 0.80 0.98 0.86

The above table shows that the result for R2 value in most of the cases is not going
beyond 0.9. So, the interpretation of which isotherm fits the data well could not be
properly done. Therefore, a non-linear approach to make isotherms was used to fit the
data.

5.5.5 Non Linear method

A significant limitation related to the linearized form of isotherm equation has recently
been pointed out, which produces a vast amount of different outcomes, implicitly
alter the error structure, violates the error variance and normality assumptions of
standard least squares, leading to the bias of the adsorption data [144]-[145]. In this
context, a non-linear form of the isotherm and kinetics models with error analyses and
optimization techniques are required. In addition, evaluating the accuracy in parameters
prediction is also needed. Moreover, a curve fitting is applied to describe experimental
data in all fields of research. The better the fit, the more accurately the function
describes the data. Over the past few decades, the exponential development of computer
programming has provided scope to calculate and predict model parameters.
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programming has provided scope to calculate and predict model parameters.
In this case of the non-linear method, a trial-and-error procedure, which is applicable

to computer operation, was developed to determine the isotherm parameters using
an optimization routine to maximize the coefficient of determination between the
experimental data and isotherms in the solver add-in with Microsoft’s spreadsheet,
Microsoft Excel. The abilities of three widely used isotherms, the Freundlich,
Langmuir, and Redlich-Peterson and isotherms to model the equilibrium sorption data
were examined. The protocol which has been used is that experimental data was
manually entered in MS-Excel, the formulated algorithm was carried out. The predicted
curve was overlaid on the experimental data points and goodness of fit is observed.
The experimental qe.exp was calculated by the Equation 5.6 and the predicted qe.pred

is obtained from the non-linear expressions of the, Langmuir, Freundlich and Redlich
Peterson isotherms as shown in Equation 5.13, 5.14 and 5.15 respectively. The detailed
data is presented in the appendix B.

Goodness of fit is an essentially important parameter that estimates how well the
curve (i.e. the prediction) pronounces the experimental data. For data not described by
a linear function, it is crucial to apply a procedure that will fit a non-linear function to
the data. A suitable method for this procedure is called iterative nonlinear least squares
fitting. The following parameters are measured for judging the goodness of fit:

Coefficient of determination (R2): It gives the proportion of the variance of one
variable that is predictable from the other variable. The coefficient of determination
is such that 0 < R2 < 1, and denotes the strength of the linear association between
experimental data, qe.exp and prediction data, qe.pred . The coefficient of determination
represents the percent of the experimental data that is the closest to the line of best fit.
R2 is described by the expression in Equation 5.16 [146]:

R2 = 1− ∑
n
n=1(qe.exp.n−qe.pred.n)

2

∑
n
n=1(qe.exp.n−qe.pred.n)2 (5.16)

where, qe.exp is the equilibrium sorption capacity found from the batch experiment,
qe.pred is the prediction from the isotherm model for corresponding to Ce and n is the
number of observations.

Residual root mean square error (RMSE) and the chi-square test (χ2): Non-linear
error functions such as the residual root mean square error (RMSE) and the chi-square
test (χ2) are used to judge the equilibrium model with the optimal magnitude. Equation
5.17 and 5.18 shows the standard equation of RMSE and χ2 respectively [146].

RMSE =

√
1

n−1

n

∑
n=1

(qe.exp.n−qe.pred.n)2 (5.17)
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χ
2 =

n

∑
n=1

(qe.exp.n−qe.pred.n)
2

qe.exp.n
(5.18)

The small values of RMSE and χ2 indicate the better model fitting and the similarity
of model with the experimental data respectively [147].

5.6 Adsorption isotherms-Results

Isotherm parameters for all the three isotherms have been tabulated in Table 5.10. Plots
for all the isotherms are shown in Figure 5.9-5.11.

Table 5.10: Isotherm parameters obtained using non-linear method.

Isotherms Parameters Applied current (A)
0.31 0.53 0.75

Langmuir

qmax 2448.091 12584.01 113.684
Kl 0.126 0.027 7.074

RMSE 16.013 2.544 5.583
χ2 2.041 0.085 0.571
R2 0.8834 0.9918 0.9213

Freundlich

K f 19.943 19.941 19.941
n 0.068 0.058 0.055

RMSE 16.150 2.480 10.372
χ2 2.076 0.081 1.973
R2 0.8814 0.9922 0.7286

Redlich Peterson

g 0.9 0.02 0.47
RMSE 16.024 2.476 2.974

χ2 2.044 0.081 0.162
R2 0.8832 0.9922 0.9777
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(a)

(b)

(c)

Figure 5.9: Langmuir isotherm plot (a) 0.31 A (b) 0.53 A (c) 0.75 A.
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(a)

(b)

(c)

Figure 5.10: Freundlich isotherm plot (a) 0.31 A (b) 0.53 A (c) 0.75 A.
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(a)

(b)

(c)

Figure 5.11: Redlich-Peterson isotherm plot (a) 0.31 A (b) 0.53 A (c) 0.75 A.

It can be clearly observed that at current of 0.31 A, Langmuir isotherm gave
maximum R2 value and for all other values of applied current the Redlich Peterson
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isotherm gave the maximum R2 value. Redlich Peterson isotherm has features of both
Langmuir and Freundlich [142]. The model has a linear dependence on concentration
in the numerator and an exponential function in the denominator [148] to represent
adsorption equilibria over a wide concentration range, that can be applied either in
homogeneous or heterogeneous systems due to its versatility [149]. In the limit, it
approaches Freundlich isotherm model at high concentration (as the exponent g tends
to zero) and is in accordance with the low concentration limit of the ideal Langmuir
condition (as the g values are all close to one) [150]. Also, when the constants A and
B are greater than unity Freundlich isotherm approaches [147]. It can be observed
from Table 5.10, that g value at 0.53 and 0.75 A of applied current is 0.02 and 0.47
respectively. This indicates that Freundlich isotherm is approaching. Thus it can
be concluded that when the current is low (0.31 A) then monolayer is formed and
adsorption occurs at finite number of defined localized sites [151]. When current value
is increased then Freundlich isotherm governs and multilayer adsorption takes place.
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Chapter Summary

In this chapter Taguchi method was employed for designing the experiments. This
method helps us to know how different parameters affect the process performance. This
allows for the collection of the necessary data to determine which parameters affect the
response values the most, with a minimum amount of experimentation, thus saving time
and resources. The three parameters selected for development of Taguchi design were:
initial fluoride concentration, applied current and electrolysis time. Three responses
were selected namely: residual fluoride, residual aluminium and SEEC. The model
developed using Taguchi design was validated by ANOVA. High R2 suggested that
the model is appropriate for use. But only R2 value is not considered sufficient for
validation. Straight line in the normal probability plots and constant variance in the
residual v/s fit plot was observed which suggest that the model is well behaved. The
relationship between residual fluoride, residual aluminium and SEEC with combination
of control factors is obtained using non-linear regression analysis with the help of
SYSTAT 7.0. Actual v/s predicted response graphs were plotted to verify the obtained
equations. High R2 values in the tune of 0.95 and above indicates that the equations can
be used for prediction of data.

After the development of model, kinetics and adsorption isotherms were studied.
This study was performed to understand the underlying mechanisms of the fluoride
removal by EC. The kinetics study reveal that the second order kinetics fits the data well
which suggests that removal of fluoride is due to physico-chemical reactions between
the fluoride and aluminium hydroxide flocs. Also chemisorptions is the rate limiting
step and hence this step governs the adsorption rate. The isotherm study reveals that
at applied current of 0.31 A, Langmuir isotherm fits the data well and at higher applied
current values, Redlich-Peterson isotherm fits the data well. Depending on the applied
current, the surface of the adsorbate can be homogenous or hetrogenous. The result also
suggests that the chemisorptions of fluoride onto the aluminium hydroxide flocs can be
monolayer or multilayer.

The study also indicates that the treating the water for removing fluoride, introduces
aluminium in the water. The concentration of aluminium in the treated water is beyond
permissible level and hence steps have to be taken to control it. The next chapter marks
the beginning of aluminium control in the treated water.
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Chapter 6

Model development for aluminium
removal

From previous findings it is evident that defluoridation by the EC process using
aluminium electrodes introduces aluminium in the water, besides removing fluoride
from it. Aluminium is found to be a potential neuro-toxicant and medical research
and epidemiological surveys suggest that dissolved aluminium entering the bloodstream
may cause Alzheimer’s disease, Lou Gehrig’s disease and other forms of senile
dementia. Synergistic associations of aluminium and fluoride have been shown by
several researchers. Aluminium -fluoride complexes also increase the risk of developing
Alzheimer’s disease. Therefore, there is a need to control the aluminium concentration
in the treated water.

The present chapter discusses the measures to control the aluminium content in the
treated water introduced during defluoridation. Also statistical models for aluminium
removal, using bentonite and activated silica sol have been developed and presented in
the later part of the chapter. In the last section adsorption isotherms for the process are
presented.

6.1 Measures to control aluminium

The experiments conducted for defluoridation through EC using aluminium electrodes
have indicated that high aluminium is introduced in water after EC treatment. Therefore,
it is imperative to control the aluminium in the treated water, to offset ill-effects of
aluminium on human health. Based on previous findings it is evident that energy input
governs the dissolution of aluminium in water. Energy input is a function of voltage,
applied current and electrolysis time. The voltage was constant during experimental
run, thus, it can be safely assumed that, aluminium dissolution depends on “i” and “t”.
To control aluminium, “i and t” were minimized for target fluoride removal. With the
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use of optimized energy input, the residual aluminum in water could be lowered down,
but it was still more than permissible value of aluminium in drinking water.

It was observed that the treated water after EC (with optimized energy input) has
high turbidity and high aluminium content. The turbidity is due to the flocs (alumino-
fluoro complexes) formed in the EC process during fluoride removal. Thus, it was
necessary to remove these flocs to control turbidity and in turn aluminium.

As a first step to control aluminium, flocculation and settling was attempted. The
results showed an appreciable decrease in turbidity and aluminium content, but were
still not close to the IS:10500:2012 [25] permissible standards of aluminium in drinking
water. It was now understandable that the efficient settling of flocs could lead to lesser
residual aluminium. Therefore, as a second step for efficient settling of flocs, coagulant
aids were used. Use of coagulant aids brought down the aluminium within permissible
standards.

So, two strategies were attempted to control the aluminium in the treated water.
a. Control of aluminium by optimisation of energy input followed by flocculation,

settling and filtration.
b. Control of aluminium by optimisation of energy input, followed by use of

coagulant aid for better settling.

6.2 Control of aluminium by optimisation of energy
input

In the previous Chapter the regression equations were validated and were suggested to
be fit for use in further investigations. These equations were used to optimize the energy
input, for desired fluoride removal. It has also been discussed earlier that aluminium
introduced depends on the energy input. Hence, to minimize the aluminium content,
energy input has to be minimized, which in turn means that product of applied current
and electrolysis time needs to be minimized. To achieve this, a program has been
developed in FORTRAN using the technique of grid search method. The objective
of the program was to obtain minimum “i and t” for achieving target residual fluoride
as 0.7 mg/L.

The minimum and maximum range for operational parameters (applied current and
electrolysis time) was declared in the program. Equation 5.3 was used in the program
and the response (residual fluoride, Fr) was fixed to 0.7 mg/L. The program was
executed to determine the minimum “i” and “t” for a given initial fluoride concentration.
The program in FORTRAN calculates the minimum point of a multi-variable function
using the grid search method. This method performs a multi-dimensional grid search.
Each dimension has a range of values. Each range is divided into a set of equal-value
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intervals. The multi-dimensional grid has a centroid which locates the optimum point.
The search involves multiple passes. In each pass, the method locates a node (point
of intersection) with the least function value. This node becomes the new centroid and
builds a smaller grid around it. Successive passes end up shrinking the multidimensional
grid around the optimum [152].

In the present study minimum values of applied current and electrolysis time
required were determined for each initial fluoride concentration to bring down the final
fluoride concentration to 0.7 mg/L (within IS:10500:2012 permissible limit [25]). The
target value of fluoride in treated water was kept as 0.7 mg/L to take care of any possible
error in prediction/measurement. Table 6.1 gives the details of optimized sets which
are obtained with the help of a program. The value of minimum applied current and
electrolysis time for each initial fluoride concentration was calculated by the program
and has been presented in Table 6.1 (Column 3 and 4). The respective values for residual
aluminium and SEEC were calculated by Equation 5.4 and 5.5 and have been presented
in Table 6.1 (Column 5 and 7 respectively).

Table 6.1: Details of optimized sets (Minimum value of applied current and time for
target value of residual fluoride as 0.7 mg/L).

Set
No.

Operating
parameters

Residual
aluminium (mg/L)

SEEC (J/mg)

Fi
(mg/L)

i (A) t (min) Predicted Experimental Predicted Experimental

1 2 0.33 17.05 13.659 14.018 862.508 584.29
2 3 0.32 20.93 12.097 12.723 566.93 384.38
3 4 0.39 22.41 11.596 11.926 429.46 405.21
4 5 0.36 27.85 11.304 11.732 258.83 335.75
5 6 0.32 34.90 11.249 11.586 133.34 278.14
6 7 0.31 41.08 12.204 12.504 95.49 260.71
7 8 0.37 43.84 14.990 15.320 212.8 326.63

It is apparent from Table 6.1 that the residual aluminium in water after energy
optimisation for EC, is still higher than IS:10500:2012 [25] permissible limit (0.2 mg/L)
and needs further removal. Therefore, further steps were taken to control the aluminium.

6.3 Particle size and turbidity analysis

Particle size is an important parameter for flocculation studies [153]. Particle sizes
in water sample after EC were measured to make a decision for further treatment.
Turbidity of the samples was also recorded. Table 6.2 presents the results of particle
size and turbidity, of the set no. 1, 4 and 7 (Refer Table 6.1). ). D(0.5), D(0.1) and
D(0.9) are standard percentile readings from the analysis. D(0.5) is the size in microns
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at which 50% of the sample is smaller and 50% is larger. D(0.1) is the size of particle
below which 10% of the sample lies. D(0.9) is the size of particle below which 90% of
the sample lies.

The high turbidity in the range of 21−54 NTU (Table 6.2) and high aluminium after
EC with optimised energy input (Table 6.1) indicates requirement of further treatment.
The turbidity is due to the aluminium complexes formed during the EC treatment for
fluoride removal. The particle size of these flocs (Table 6.2) is less than 100 µm ; this
indicates that flocculation and settling will be a good choice to remove flocs [153].

Table 6.2: Particle size and turbidity for EC runs

Set No. Particle Size (µm) Turbidity (NTU)D0.1 D0.5 D0.9
1 4.282 13.306 24.488 21
4 4.244 14.386 45.721 32
7 6.186 21.496 62.410 54

6.4 Aluminium control by flocculation, settling and
filtration

The next step to control aluminium is by flocculation and settling. A preliminary
investigation was carried out to find a suitable flocculation time. This study was
performed on set no. 1, 4 and 7 (Table 6.1), by varying the flocculation time
(10−30 min) and keeping the settling time constant (30 min). The flocculation intensity
was kept as 10 rpm for all experiments. Residual aluminium was measured after 30 min

of settling time and filtration.
It can be observed from Figure 6.1 that when flocculation time was increased from

10 to 20 min residual aluminium decreases. But further increase in flocculation time,
increases the residual aluminium. Therefore, 20 min of flocculation time was found
suitable and was kept constant for all experiments.
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(a) (b)

(c)

Figure 6.1: Effect of flocculation time on residual aluminium (a) Set 1 (b) Set 4 (c) Set
7.

To control the aluminium concentration in treated water flocculation, settling and
filtration was attempted for all the optimized sets. After EC process is completed the
sample was stirred for 20 min at 10 rpm and settled for 30 min. The supernatant was
filtered with 2.2 µm filter (Whatman Grade 42) and the aluminium concentration was
measured. The results are shown in Table 6.3.
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Table 6.3: Residual aluminium concentration after flocculation, settling and filtration.

S.No Fi
(mg/L)

AlEC
(mg/L)

Aluminium
after

flocculation
and settling

(mg/L)

Aluminium
after

flocculation,
settling and

filtration
(mg/L)

1 2 14.018 1.854 0.384
2 3 12.723 1.693 0.357
3 4 11.926 1.525 0.295
4 5 11.732 1.510 0.276
5 6 11.586 1.480 0.252
6 7 12.504 1.685 0.384
7 8 15.320 1.972 0.403

The pH measured after EC is in the range of 6.52–7.13; at this pH range, the
aluminium has minimum solubility [44], which indicates that majority of aluminium
present in water is contributed by aluminium hydroxide flocs formed during electrolysis.
The turbidity of the samples was in the range of 4.8–6.9 NTU, which also confirms
the hypothesis pertaining to presence of aluminium in bind forms. Therefore, it was
necessary to remove these flocs efficiently to reduce the aluminium concentration in
water. In the present study the aluminium concentration after EC was in the range
of 6.2− 48.5 mg/L which was brought down to range 11.586− 15.320 mg/L through
optimized energy usage. It is apparent from Table 6.3 that aluminium concentration
in water after flocculation, settling and filtration is reduced, but is still more than the
permissible limits. Thus, to improve settling efficiency, coagulant aid was used followed
by flocculation, settling and filtration.

6.5 Addition of coagulant aid

The results in Table 6.3 explain that to control the residual aluminium, flocculation and
settling was important. The results of aluminium obtained by plain flocculation and
settling are close to the permissible limit. This suggests that aluminium in the water
after EC is because of flocs. Settling alone (without coagulant aid) is not sufficient
for efficient removal of these flocs and thus indicates the requirement of addition of
coagulant aid to promote coagulation for better settling.

Today, the prime concern of the environmental engineers is how to lower the
coagulants cost and to improve the characteristics of the produced sludge for safe
disposal/reuse. In the present work, the first choice was bentonite clay, which is a
natural coagulant aid. The usage of natural coagulant aid like bentonite is increasing
due to its abundance, low price, and good adsorption capabilities [154]. Bentonite is
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cheaper than chemicals and it fulfils the economic benefits of the operators as well as
environmental concerns.

The second coagulant aid chosen was activated silica sol. Activated silica sol is
a short chain polymer which is capable of binding aluminium hydrate particles used
in coagulation processes. Activated silica sol is formed by polymerization of silicic
acid which has no harmful effects and silica has a strong and unique affinity for
aluminium [155]. Evidence is accumulating, largely through the pioneering work of the
late J.D.Birchall and coworkers, that silicic acid (Si(OH)4(aq)) interacts with aqueous
Al(III) so as to reduce the bioavailability (and hence the toxicity) of the latter [156].
In humans, silicic acid seems to reduce gastro-intestinal absorption of Al(III) and to
enhance its excretion through the kidneys [156]. Also few researches have reported that
correlation of aluminium and Alzheimer’s disease has lead to the use of silicic acid in
beverages [157], due to its abilities to both reduce aluminium uptake in the digestive
system as well as cause renal excretion of aluminium.

In the present study, two coagulant aids (bentonite and activated silica sol) were used
for removing aluminium, owing to their above mentioned benefits.

6.6 Bentonite dosing

Bentonite, which is predominantly montmorillonite clay, is characterized by one Al
octahedral sheet placed between two Si tetrahedral sheets. The isomorphous substitution
of Al3+ for Si4+ in the tetrahedral layer and Mg2+ for Al3+ in the octahedral layer results
in a net negative surface charge on the bentonite [158]. This charge imbalance is offset
by exchangeable cations (Na+ and Ca2+, etc.) at the bentonite surface. Since bentonite
is negatively charged, all the positively charged aluminium species are adsorbed by
bentonite. The layered structure of the clay expands after wetting. Na+ and Ca2+ are
strongly hydrated in the presence of water, resulting in a hydrophilic environment at
the bentonite surface [159]. Bentonite disperses into colloidal particles and provides
large surface area per unit weight of clay [160]. When bentonite disaggregates in water,
swelling takes place and the average clay particle size decreases. As a function of
decreasing particle size, the number of particles per unit weight of clay increases and
hence the available surface area increases [160]. Moreover, swelling of clay particles
also helps in availability of more surface area. This large surface area provides greater
contact opportunity and leads to destabilization by charge neutralization. Their sorption
capabilities come from their high surface areas and exchange capacities [161]. It
is a highly effective natural clay mineral, especially in granular form, used for the
purification. The second advantage of using bentonite is improvement of floc properties.
It adds weight to the flocs and cause them to settle more rapidly than flocs containing
mostly Al(OH)3.
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The usage of natural clay minerals such as bentonite for water and wastewater
treatment are increasing because of their abundance, low price, and adsorption
capabilities, as well as ion exchange that is highly capable of adsorbing all kinds of
pollutants for some organic and inorganic compounds, including heavy metals in waters
[154]. This outstanding capability is due to the presence of the mineral montmorillonite
[162]. Moreover, bentonite is cheaper than chemicals and it fulfils the economic benefits
of the operators as well as environmental concerns [163]. However, coagulants that are
commercialised in the market are mostly chemical-based, which are non-environmental
friendly and may create adverse impacts on the surrounding environment [158].

The experimental investigations were carried out to determine appropriate
flocculation time. These investigations were performed for set no. 1, 4 and 7. The
dose of bentonite (1 g/L ) and settling time (30 min ) was kept constant, while the
flocculation time was varied from 10− 30 min. Results for residual aluminium at
varying flocculation time are shown in Figure 6.2.

(a) (b)

(c)

Figure 6.2: Effect of flocculation time on residual aluminium after addition of bentonite
(a) Set 1 (b) Set 4 (c) Set 7.

It is evident from Figure 6.2 that 20 min flocculation time gave better removal
efficiency. Therefore, it was kept constant for all experiments.

105



CHAPTER 6. MODEL DEVELOPMENT FOR ALUMINIUM REMOVAL

Preliminary investigations were carried out on set no.1, 4 and 7 (Table 6.4-6.6).
Bentonite was added after the EC process, and mixed thoroughly for 1 min at 40 rpm.
Four doses of bentonite clay, 1− 4 g/L were used for the analysis. This was followed
by flocculation (20 min) and settling (30 min). For aluminium analysis the supernatant
was analyzed directly as well as after filtration (2.2 µm filter). The detailed results for
analysis of pH, alkalinity, turbidity and residual aluminium has been presented in (Table
6.4-6.6) for the above mentioned sets.

Table 6.4: Detailed investigation on Set 1(Fi=2 mg/L) for assessment of turbidity, pH,
alkalinity and residual aluminium.

Bentonite
dose

Parameters After EC After
bentonite

dosing and
settling

After
settling and

filtration

1 g/L

Aluminium (mg/L) 14.018 0.462 0.082
Turbidity (NTU) 32 4.3 1.5
pH 6.32 6.45 7.13

Alkalinity (mg/L as CaCO3) 106 80 -

2 g/L

Aluminium (mg/L) 14.018 0.381 0.072
Turbidity (NTU) 32 3.9 1.5
pH 6.35 6.55 7.12

Alkalinity (mg/L as CaCO3) 108 75 -

3 g/L

Aluminium (mg/L) 14.018 0.490 0.087
Turbidity (NTU) 32 6.15 2.4
pH 6.35 6.55 7.12

Alkalinity (mg/L as CaCO3) 106 80 -

4 g/L

Aluminium (mg/L) 14.018 0.534 0.101
Turbidity (NTU) 32 7.9 2.5
pH 6.32 6.62 7.30

Alkalinity (mg/L as CaCO3) 106 85 -
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Table 6.5: Detailed investigation on Set 4 (Fi=5 mg/L), for assessment of turbidity, pH,
alkalinity and residual aluminium.

Bentonite
dose

Parameters After EC After
bentonite

dosing and
settling

After
settling and

filtration

1 g/L

Aluminium (mg/L) 11.732 0.301 0.048
Turbidity (NTU) 21 3.7 1.4
pH 6.58 6.72 7.12

Alkalinity (mg/L as CaCO3) 102 67 -

2 g/L

Aluminium (mg/L) 11.732 0.282 0.032
Turbidity (NTU) 21 3.3 1.0
pH 6.60 6.75 7.10
Alkalinity (mg/L as CaCO3) 104 80 -

3 g/L

Aluminium (mg/L) 11.732 0.421 0.039
Turbidity (NTU) 21 5.2 1.7
pH 6.65 6.70 7.10
Alkalinity (mg/L as CaCO3) 104 82 -

4 g/L

Aluminium (mg/L) 11.732 0.490 0.054
Turbidity (NTU) 21 6.9 2.0
pH 6.65 6.78 7.12
Alkalinity (mg/L as CaCO3) 106 100 -

Table 6.6: Detailed investigation on Set 7 (Fi=8 mg/L), for assessment of turbidity, pH,
alkalinity and residual aluminium.

Bentonite
dose

Parameters After EC After
bentonite

dosing and
settling

After
settling and

filtration

1 g/L

Aluminium (mg/L) 15.320 0.592 0.110
Turbidity (NTU) 54 4.0 1.5
pH 6.93 7.10 7.20

Alkalinity (mg/L as CaCO3) 106 100 -

2 g/L

Aluminium (mg/L) 15.320 0.456 0.080
Turbidity (NTU) 54 3.5 1.3
pH 6.90 7.12 7.25

Alkalinity (mg/L as CaCO3) 106 80 -

3 g/L

Aluminium (mg/L) 15.320 0.619 0.130
Turbidity (NTU) 54 7.4 2.6
pH 6.90 7.10 7.22
Alkalinity (mg/L as CaCO3) 104 70 -

4 g/L

Aluminium (mg/L) 15.320 0.704 0.149
Turbidity (NTU) 56 8.4 2.6
pH 6.95 7.12 7.24
Alkalinity (mg/L as CaCO3) 108 85 -
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The results shown above indicate that the water treated after EC has high turbidity
(21− 54 NTU) and low alkalinity (104− 108 mg/L as CaCO3). The pH after EC
treatment is in the range of 6.32− 6.95. This suggests that aluminium hydroxides
in this pH range are mostly positively charged hydroxymetal polymers. On addition
of bentonite, which is negatively charged, these positively charged particles are
destabilized by negatively charged bentonite. Also, bentonite increases the particle
concentration in the system which may also favour sweep coagulation to occur. These
investigations also show that filtration was required after settling to bring down the
aluminium concentration to permissible levels.

This study leads to the development of a statistical model for aluminium removal by
bentonite dosing. The further sections explain the statistical model developed for this
technique.

6.7 Implementation of Taguchi design (Bentonite
dosing)

To achieve a better design covering the entire parametric space; the experimental study
was designed using 4 level Taguchi design method (L16 24). The operating parameters
were aluminium after EC (AlEC) and bentonite dose (Db) for estimation of response
(aluminium after bentonite dosing). Levels for the operating parameter “AlEC” were
selected by the results obtained in Table 6.1 (Column 2). The minimum and maximum
value of aluminium was selected as Level 1 and Level 4. The values of Level 2 and Level
3 were selected between these two extreme values. The levels of operating parameters
are presented in Table 6.7. MINITAB 14 software was used for analysis of results.

Table 6.7: Levels used for operational parameters.

Parameters Notation Units Level 1 Level 2 Level 3 Level 4
Aluminium after EC AlEC mg/L 11.586 12.723 14.018 15.320

Bentonite dose Db g/L 1 2 3 4

Sixteen experiments were performed to determine residual aluminium (response
parameter). The input settings and respective responses are presented in Table 6.8.
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Table 6.8: Orthogonal array for L16 (24) Taguchi Design.

S.No Operating parameters Response
AlEC (mg/L) Db(g/L) Albd(mg/L)

1 11.586 1 0.048
2 11.586 2 0.030
3 11.586 3 0.037
4 11.586 4 0.053
5 12.723 1 0.054
6 12.723 2 0.044
7 12.723 3 0.050
8 12.723 4 0.060
9 14.018 1 0.082

10 14.018 2 0.072
11 14.018 3 0.087
12 14.018 4 0.101
13 15.320 1 0.110
14 15.320 2 0.080
15 15.320 3 0.130
16 15.320 4 0.149

The experiments were performed in duplicate sets and the average results have been
reported in the Table 6.8. It can be clearly observed that aluminium concentration was
within permissible limit for all the applied doses of bentonite. Maximum removal was
observed at the dose of 2 g/L. The response values were transformed into S/N ratios. In
this study also, the aim was to minimize the aluminium after bentonite dosing, so S/N
ratio was calculated by “smaller-the-best” formulation as given in Equation 5.1. This
suggests that the largest S/N ratio value denotes the minimum response value.

6.7.1 Validation of the model

As explained earlier in Chapter 5, the model is validated by ANOVA and residual plots.
High R2 value of 0.9355 suggests towards the validity of the model (Table 6.9). Further
confirmation was provided by residual plots. Minimum deviation of points from the
straight line as shown in Figure 6.3 and constant variance of points as shown in Figure
6.4 also indicates towards the validity of the model developed.

Table 6.9: ANOVA table for residual aluminium after bentonite dosing.

Source DF Seq SS Adj SS Adj MS F P
AlEC 3 186.067 186.067 62.022 37.06 0.000
Db 3 32.369 32.369 10.790 6.45 0.013

Error 9 15.064 15.064 1.674
Total 15 233.500

S = 1.293 R2 = 0.9355
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Figure 6.3: Normal probability plot for residual aluminium after bentonite dosing.
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Figure 6.4: Residual v/s fit plot for residual aluminium after bentonite dosing.

6.7.2 Main effect and interaction effect plots

The main effect and interaction plots were prepared by using MINITAB 16.0 software.
The plots are shown in Figure 6.5 and 6.6.
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Figure 6.5: Main effect plot for residual aluminium after bentonite dosing.
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Figure 6.6: Interaction plot for residual aluminium after bentonite dosing.

It is apparent from the plots that aluminium after settling with coagulant aid
is proportional to the aluminium in water after EC. This underlines requirement of
optimization of energy input to control aluminium dissolution during electrolysis. A
preliminary control of aluminium is helpful to make the dosing process efficient. These
plots further explain that, dose of 2 g/L was the optimum dose for controlling the
aluminium content. On further increasing the dose, the aluminium content also starts
increasing.

6.7.3 Development of regression equation and its verification

The expression to calculate residual aluminium after bentonite dosing was developed
using normalised values of data, presented in Table 6.8. The data is normalised by
dividing each value with the maximum existing value in the column. SYSTAT 7.0 was
used for this purpose and the expression is presented in Equation 6.1.
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Albd = 4.435− (9.893× AlEC)− (2.235×Db)+(1.828× AlEC×Db)

+(6.174× Al2
EC)+(0.698×D2

b) (6.1)

To verify the correctness of the equations obtained, actual v/s predicted response
graphs were plotted. Fourteen set of experiments as mentioned in Table 6.10 were
performed to verify the equations. The graphs and their respective R2 value are
displayed in the Figure 6.7.

Table 6.10: Operational parameter settings and their respective actual and predicted
responses selected for verification of regression equations.

S.No Operational parameters Albd(mg/L)
AlEC (mg/L) Db(g/L) Predicted Experimental

1 11.586 2 0.035 0.030
2 11.732 2 0.035 0.032
3 11.926 2 0.036 0.036
4 12.504 2 0.041 0.040
5 12.723 2 0.044 0.044
6 14.018 2 0.066 0.072
7 15.320 2 0.102 0.080
8 15.320 4 0.150 0.150
9 14.018 4 0.102 0.102

10 14.018 3 0.077 0.078
11 11.586 3 0.035 0.036
12 12.504 1 0.049 0.053
13 11.926 1 0.047 0.050
14 12.504 1 0.049 0.053

Figure 6.7: Actual v/s predicted values for aluminium after bentonite dosing.
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Figure 6.7 explains that the model is fit for use and can be used for prediction of
results, owing to the high R2 value (0.9619) obtained.

6.8 Activated silica sol dosing

Colloidal silica or Activated silica sol have been used for many years to coagulate
suspended particles in water. The silica sols envelop the particles and settle out of
solution, thereby clarifying the water. They are prepared by using sodium silicate
solution and activating it by adding acid which permits the growth of silicate micelles.
The first activated silica sol successfully used as a coagulant aid in the treatment of raw
water was developed by J.R. Baylis of the Department of Public Works, Chicago and
reported his investigations in 1937. For better use of activated silica sol as coagulant
aid, understanding the nature of silicate solution is essential. The solution of sodium
silicate which is highly alkaline in nature is neutralized by addition of acid. During this
process the silicate ion decomposes to silicic acid. Polymerized silica formation takes
place in two stages; in the first initially formed silicic acid condenses into colloidal
particles. Further dilution of the solution causes slow increase in particle size. Under
certain conditions, aggregation of particles increases and a certain degree of rigidity is
bestowed in the medium.

The precipitation process begins with the formation of polysilicate polymers that
contain –Si—O—Si—linkages. These polysilicates react further by cross linking and
aggregation to form negatively charged silica sols.

Si(OH)4→Polymerizes→Colloidal particles (sol)→Aggregation
Activated silica sol was prepared by the following method. A 3% of sodium silicate

solution was prepared and mixed with equal volume of 0.33N sulphuric acid. This
results into a 1.5% silica solution. By this process the initial alkalinity of the solution
was neutralized and the pH of the current solution is 8.5.

The experimental investigations were carried out to determine appropriate
flocculation time. These investigations were performed for set nos. 1,4 and 7. The dose
of activated silica sol (10 mg/L) and settling time (30 min) was kept constant, while the
flocculation time was varied from 10−30 min. Results of residual aluminium at varying
flocculation time are shown in Figure 6.8.
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(a) (b)

(c)

Figure 6.8: Effect of flocculation time on residual aluminium (a) Set 1 (b) Set 4 (c) Set
7.

It is evident from Figure 6.8 that 20 min flocculation time gave better removal
efficiency. Therefore, it was kept constant for all experiments.

Preliminary investigations were carried out on set no 1, 4 and 7 (Table 6.11-6.13).
Activated silica sol was added after EC process, and mixed thoroughly for 1 min at
40 rpm. The doses of activated silica sol are 10, 30, 50 and 70 mg/L. This was followed
by flocculation (20 min) and settling (30 min). For aluminium analysis the supernatant
was analyzed before and after filtration (2.2 µm filter). The detailed results are presented
in Table 6.11-6.13.
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Table 6.11: Detailed investigation on Set 1(Fi=2 mg/L) for assessment of turbidity, pH,
alkalinity and residual aluminium.

Activated
silica sol

dose

Parameters After EC After
activated
silica sol

dosing and
settling

After
settling and

filtration

10 mg/L

Aluminium (mg/L) 14.018 0.097 0.089
Turbidity (NTU) 32 4.3 1.4
pH 6.32 6.45 7.13
Alkalinity (mg/L as CaCO3) 106 75 -

30 mg/L

Aluminium (mg/L) 14.018 0.050 0.029
Turbidity (NTU) 32 3.9 1.0
pH 6.35 6.55 7.12

Alkalinity (mg/L as CaCO3) 108 80 -

50 mg/L

Aluminium (mg/L) 14.018 0.065 0.037
Turbidity (NTU) 32 6.1 1.7
pH 6.35 6.55 7.12
Alkalinity (mg/L as CaCO3) 106 80 -

70 mg/L

Aluminium (mg/L) 14.018 0.101 0.085
Turbidity (NTU) 32 7.9 2.0
pH 6.32 6.62 7.30

Alkalinity (mg/L as CaCO3) 106 80 -
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Table 6.12: Detailed investigation on Set 4(Fi=5 mg/L) for assessment of turbidity, pH,
alkalinity and residual aluminium.

Activated
silica sol

dose

Parameters After EC After
activated
silica sol

dosing and
settling

After
settling and

filtration

10 mg/L

Aluminium (mg/L) 11.732 0.069 0.057
Turbidity (NTU) 21 1.3 0.3
pH 6.55 6.60 7.10
Alkalinity (mg/L as CaCO3) 106 70 -

30 mg/L

Aluminium (mg/L) 11.732 0.012 0.005
Turbidity (NTU) 21 0.5 0.63
pH 6.53 6.60 7.12

Alkalinity (mg/L as CaCO3) 108 75

50 mg/L

Aluminium (mg/L) 11.732 0.035 0.016
Turbidity (NTU) 21 1.8 0.6
pH 6.52 6.65 7.30

Alkalinity (mg/L as CaCO3) 106 85 -

70 mg/L

Aluminium (mg/L) 11.732 0.080 0.062
Turbidity (NTU) 21 2.5 0.8
pH 6.50 6.73 7.35
Alkalinity (mg/L as CaCO3) 106 80 -
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Table 6.13: Detailed investigation on Set 7(Fi=8 mg/L) for assessment of turbidity, pH,
alkalinity and residual aluminium

Activated
silica sol

dose

Parameters After EC After
activated
silica sol

dosing and
settling

After
settling and

filtration

10 mg/L

Aluminium (mg/L) 15.320 0.110 0.095
Turbidity (NTU) 54 2.2 1.0
pH 6.85 7.01 7.20
Alkalinity (mg/L as CaCO3) 106 82 -

30 mg/L

Aluminium (mg/L) 15.320 0.055 0.034
Turbidity (NTU) 54 1.5 0.8
pH 6.83 7.05 7.25
Alkalinity (mg/L as CaCO3) 108 75 -

50 mg/L

Aluminium (mg/L) 15.320 0.071 0.045
Turbidity (NTU) 54 3.2 0.8
pH 6.82 7.10 7.30
Alkalinity (mg/L as CaCO3) 106 80 -

70 mg/L

Aluminium (mg/L) 15.320 0.108 0.093
Turbidity (NTU) 54 4.0 1.2
pH 6.80 7.12 7.38
Alkalinity (mg/L as CaCO3) 106 70 -

The results shown in Table 6.11-6.13 indicate that the water treated after EC has
high turbidity (21−54 NTU) and low alkalinity (106−108 mg/L as CaCO3). The pH
after EC treatment is in the range of 6.32− 6.85. High turbidity and low alkalinity
suggests the mechanism of charge neutralization for coagulation. To understand the
mechanism of removal it is required to study the surface groups present on the activated
silica sol. Flocculation of activated silica sol with polymeric aluminium should begin
with the formation of negatively charged aluminosilicate sites. Aluminosilicate sites
originate when aluminium polycation is contacted with silanol groups of specific surface
sites of silica. Aluminum changing its coordination from 6-fold to 4-fold upon contact
with the silica tetrahedral structure and giving rise to a negative charge [164]. These
sites, similar to those found in clay minerals and zeolitic materials, represent potential
anchors to aluminum polycations [165]. The second stage of destabilization involves
the charge compensation of the newly created aluminosilicate sites. Al polymers are
expected to remain in the vicinity of the silica surface after reaction and represent
therefore the principal cations available for charge balance. Hence, aggregation of silica
particles proceeds with either charge neutralization or bridging [166]. In the process of
forming colloidal silica, silanol groups are formed on the silica surface in the course
of its synthesis during the condensation-polymerization of Si(OH)4 (silicic acid). It
is generally agreed that the aluminosilicate sites are formed by condensation of the
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silanol groups present on the silica surface with the hydroxyl groups of the hydrolyzed
aluminum ions [165] [167]. Thus efficient removal of aluminium takes place from the
solution.

These results are used for development of statistical model and presented in next
section.

6.9 Implementation of Taguchi Design (Activated silica
sol dosing)

Similar procedure as used for bentonite dosing, was implemented for activated silica sol
dosing. The levels used in the Taguchi design are presented in Table 6.14.

Table 6.14: Levels used for operational parameters.

Parameters Notation Units Level 1 Level 2 Level 3 Level 4
Aluminium after EC AlEC mg/L 11.586 12.723 14.018 15.320

Bentonite dose Das mg/L 10 30 50 70

Sixteen experiments were performed to determine residual aluminium (response
parameter). The input settings and respective responses are presented in Table 6.15.

Table 6.15: Orthogonal array for L16 (24) Taguchi Design.

S.No Operating parameters Response
AlEC (mg/L) Das(mg/L) Alas(mg/L)

1 11.586 10 0.056
2 11.586 30 0.003
3 11.586 50 0.015
4 11.586 70 0.062
5 12.723 10 0.077
6 12.723 30 0.018
7 12.723 50 0.030
8 12.723 70 0.080
9 14.018 10 0.089

10 14.018 30 0.029
11 14.018 50 0.037
12 14.018 70 0.085
13 15.320 10 0.095
14 15.320 30 0.034
15 15.320 50 0.045
16 15.320 70 0.093

The experiments were performed in duplicate sets and the average results have been
reported in the Table 6.15. It can be clearly observed that aluminium concentration
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was within permissible limit for all the applied doses of bentonite. Maximum removal
was observed at the dose of 30 mg/L. The response values were transformed into S/N
ratio. In this study also, the aim was to minimize the aluminium after activated silica
sol dosing, so S/N ratio was calculated by “smaller-the-best” formulation as given in
Equation 5.1. This suggests that the largest S/N ratio value denotes the minimum
response value.

6.9.1 Validation of the model

The model is validated by ANOVA and residual plots. High R2 value of 0.9488 suggests
towards the validity of the model as shown in Table 6.16. Further confirmation was
provided by residual plots.

Table 6.16: ANOVA table for residual aluminium after bentonite dosing.

Source DF Seq SS Adj SS Adj MS F P
AlEC 3 219.63 219.63 73.21 11.30 0.002
Das 3 853.47 853.47 284.49 44.24 0.000

Error 9 57.88 57.88 6.44
Total 15 1130.98

S = 2.535 R2 = 0.9488
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Figure 6.9: Normal probability plot for residual aluminium after activated silica sol
dosing.

Minimum deviation of points from the straight line as shown in Figure 6.9 and
constant variance of points as shown in Figure 6.10 also indicates towards the validity
of the model developed.
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Figure 6.10: Residual v/s fit plot for residual aluminium after activated silica sol dosing.

6.9.2 Main effect and interaction effect plots

The main effects and interaction plot prepared by using Taguchi design and the plots
are shown in Figure 6.11 and 6.12. Figure 6.11 explains that as the activated silica dose
increases from 10 mg/L to 30 mg/L, the residual aluminium decreases but on increasing
the dose further increase in activated silica dose from 30 mg/L to 50 mg/L, the residual
aluminium increases. So it can be clearly observed that 30 mg/L is the optimum dose
for the performed experiments.
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Figure 6.11: Main effect plot for residual aluminium after activated silica sol dosing
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Figure 6.13: Actual v/s predicted values for aluminium after activated silica sol dosing.
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Figure 6.12: Interaction plot for residual aluminium after activated silica sol dosing

6.9.3 Development of regression equation and its verification

The regression equation is obtained by SYSTAT 7.0 software. The expression to obtain
residual aluminium after bentonite dosing is shown in Equation 6.2

Alas =−3.815+(10.153× AlEC)− (3.588×Das)− (0.458× AlEC×Das)

− (4.833× Al2
EC)+(3.507×D2

as) (6.2)

To verify the correctness of the equations obtained, actual v/s predicted response
graphs were plotted. Fourteen set of experiments as mentioned in Table 6.17 were
performed to verify the equations. The graphs and their respective R2 value are
displayed in the Figure 6.13.
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Table 6.17: Operational parameter settings and their respective actual and predicted
responses selected for verification of regression equations.

S.No Operating parameters Alas(mg/L)
AlEC (mg/L) Das(g/L) Predicted Experimental

1 11.586 30 0.006 0.003
2 11.586 50 0.009 0.015
3 12.723 10 0.074 0.077
4 12.723 70 0.079 0.073
5 12.723 30 0.022 0.018
6 14.018 30 0.034 0.029
7 14.018 50 0.035 0.037
8 15.320 30 0.039 0.034
9 11.732 30 0.008 0.005

10 11.926 30 0.011 0.009
11 12.504 30 0.019 0.017
12 12.723 10 0.079 0.073
13 12.504 10 0.071 0.072
14 11.926 10 0.063 0.060

High R2 value of 0.9824 as shown in Figure 6.13 suggests that the equations are
validated and are fit for prediction of results.

It is evident from experimental investigations that bentonite clay and activated silica
sol can be effectively used to control aluminium concentration in the water treated by
EC. With optimised dose of bentonite, residual aluminium was brought down to a range
of 0.03− 0.08 mg/L. Similarly with optimised dose of activated silica sol, residual
aluminium was brought down to a much lower range of 0.003− 0.034 mg/L. Thus, it
can be concluded that both coagulant aids can effectively bring down the aluminium to
IS:10500:2012 [25] permissible limits (0.2 mg/L) in the final water.

Activated silica sol was found to be better than bentonite clay as it reduces
aluminium concentration in water to a much lower range than bentonite clay. This result
can be attributed to the fact that bentonite clay is negatively charged due to isomorphous
substitution of Al3+ for Si4+ in the tetrahedral layer and Mg2+ for Al3+ in the octahedral
layer. This arrangement is already present in the bentonite which is added. But, in
colloidal silica sol the negatively charged aluminosilicates are formed after its addition
to the water treated by EC. So, the removal of aluminium occurs in two steps; first
aluminium is utilised in the formation of negatively charged aluminosilicates and second
the positively charges aluminium polymers are removed by these aluminosilicates as a
result of charge neutralization. FTIR scan results further substantiate this fact, which is
presented in the next chapter.
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6.10 Adsorption isotherms

Adsorption isotherms are studied for removal of aluminium using coagulant aid. Study
of adsorption isotherms is the most common way of describing adsorption phenomena.

The experimental data were fitted with Langmuir, Freundlich and Redlich Peterson
isotherms. Isotherms were calculated using optimised set of results. Set of six varying
initial fluoride concentrations and their respective aluminium concentration after EC
(C0) was used for calculations. The amount of aluminium adsorbed by bentonite
was determined using a mass balance equation expressed in Equation 5.6. All the
doses for bentonite and activated silica sol were used for developing the isotherms.
The experimental qe was calculated by the Equation 5.6. and the predicted qe is
obtained from the non-linear expressions of the, Langmuir, Freundlich and Redlich
Peterson isotherms as shown in Equation 5.13-5.15. In the case of the non-linear
method, a trial-and-error procedure was developed to determine the isotherm parameters
using an optimization routine to maximize the coefficient of determination between
the experimental data and isotherms [168]. This was performed in the solver add-in
with Microsoft’s spreadsheet, Microsoft Excel. The protocol which has been used is,
that experimental data is manually entered in MS-Excel, the formulated algorithm was
carried out and the predicted curve was overlaid on the experimental data points and
goodness of fit was observed [169]. Goodness of fit was used to estimate the best fit
isotherm as explained in Chapter 5.

Data for isotherms for bentonite dosing and activated silica sol dosing has been
presented in the appendix C. Table 6.18 and 6.19 presents the isotherm parameters for
studied doses of bentonite and activated silica sol respectively.

Table 6.18: Isotherm parameters obtained using non-linear method for bentonite dosing.

Isotherms Parameters Bentonite dose (g/L)
1 2 3 4

Langmuir

qmax 20.039 17.923 17.245 18.091
Kl 30.887 57.336 53.349 35.153

RMSE 0.485 0.322 0.185 0.246
χ2 0.016 0.007 0.002 0.004
R2 0.8714 0.9430 0.9813 0.9668

Freundlich

K f 30.250 28.707 23.734 24.525
n 3.297 3.822 4.619 4.043

RMSE 0.550 6.269 0.167 0.277
χ2 0.020 0.004 0.002 0.005
R2 0.8346 0.9602 0.9847 0.9578

Redlich Peterson

g 0.700 0.744 0.788 0.750
RMSE 0.549 0.271 0.166 0.277

χ2 0.020 0.004 0.002 0.005
R2 0.8351 0.9600 0.9850 0.9581
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(a) (b)

(c) (d)

Figure 6.14: Langmuir isotherm at varying doses of bentonite (a) 1 g/L (b) 2 g/L (c)
3 g/L (d) 4 g/L.
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(a) (b)

(c) (d)

Figure 6.15: Freundlich isotherm at varying doses of bentonite (a) 1 g/L (b) 2 g/L (c)
3 g/L (d) 4 g/L.
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(a) (b)

(c) (d)

Figure 6.16: Redlich-Peterson isotherm at varying doses of bentonite (a) 1 g/L (b) 2 g/L
(c) 3 g/L (d) 4 g/L.

It can be observed clearly from the above results that at bentonite dose of 1 g/L,
Langmuir isotherm fits the data well. At this dose only monolayer adsorption is taking
place. But as the dose is increased Freundlich isotherm and Redlich-Peterson isotherm
fits the data well. Also, the Freundlich isotherm has the best fit if compared with
Langmuir. This suggests that features of Freundlich isotherm are applicable to the
present adsorption. So, it can be concluded that it is non-ideal and reversible adsorption,
not restricted to the formation of monolayer. The amount adsorbed is the summation
of adsorption on all sites (each having bond energy), with the stronger binding sites
occupied first, until adsorption energy is exponentially decreased upon the completion
of adsorption process [29]. The slope ranges of Freundlich isotherm, between 0
and 1, is a measure of adsorption intensity or surface heterogeneity, becoming more
heterogeneous as its value gets closer to zero. Whereas, a value below unity implies
chemisorptions process, where 1/n above one is an indicative of co-operative adsorption
[30]. The slope in the present study is in the range of 0.22−0.26, which is indicative of
chemisorptions taking place. Again when the dose is 4 g/L, Langmuir isotherm fits the
data well. The probable reason of this could be attributed to the fact that when the dose
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is increased beyond a certain value, negative charge due to bentonite accumulates in the
system and causes repulsion to an extent which prevents the formation of multilayer.

Table 6.19: Isotherm parameters obtained using non-linear method for activated silica
sol dosing.

Isotherms Parameters Activated silica sol dose (mg/L)
10 30 50 70

Langmuir

qmax 24.507 13.984 16.973 37.048
Kl 15.392 1164.510 128.691 7.100

RMSE 0.445 0.926 0.517 0.421
χ2 0.013 0.057 0.018 0.012
R2 0.8915 0.5309 0.8537 0.9030

Freundlich

K f 44.478 20.355 31.081 66.684
n 2.115 9.384 4.148 1.544

RMSE 0.402 0.647 0.385 0.397
χ2 0.011 0.028 0.009 0.010
R2 0.9116 0.7711 0.9191 0.9137

Redlich Peterson

g 0.530 0.931 0.771 0.354
RMSE 0.402 0.761 0.391 0.397

χ2 0.011 0.039 0.010 0.010
R2 0.9115 0.6832 0.9163 0.9137
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(a) (b)

(c) (d)

Figure 6.17: Langmuir isotherm at varying doses of activated silica sol (a) 10 mg/L (b)
30 mg/L (c) 50 mg/L (d) 70 mg/L.
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(a) (b)

(c) (d)

Figure 6.18: Freundlich isotherm at varying doses of activated silica sol (a) 10 mg/L (b)
30 mg/L (c) 50 mg/L (d) 70 mg/L.
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(a) (b)

(c) (d)

Figure 6.19: Redlich-Peterson isotherm at varying doses of activated silica sol (a)
10 mg/L (b) 30 mg/L (c) 50 mg/L (d) 70 mg/L.

In the case of activated silica sol dosing, for all the doses Freundlich isotherm fits
the data well. Hence it can be clearly said that in this case multilayer adsorption is
taking place. The slope in case of activated silica sol was found to be in the range of
0.11−0.47, which indicates that chemisorption is taking place.
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Chapter Summary

This Chapter focusses on the stategies to control the aluminium. Two stategies:
optimization of energy input followed by flocculation and settling & optimization of
energy input followed by addition of coagulant aid were used to control the aluminium
from water treated by EC.

For optimization of energy input, a program was developed in FORTRAN to
minimize energy used for target fluoride removal. It helps in controlling aluminium
dissolution and only amount necessary for desired fluoride removal is introduced in the
solution. Use of optimized energy alone is not sufficient to bring the aluminium below
permissible limits of aluminum in drinking water.

In next step, flocculation and settling followed by filtration was attempted. It
appreciably reduces the aluminium concentration but not below the permissible limit.
Performing this step, gave a clear insight that the aluminium concentration was mostly
due to the flocs present in the water and efficient settling of these flocs is required
for aluminium control. Therefore, coagulants aids (bentonite clay and activated silica
sol) were used to improve settling efficiency Both coagulant aids brought down the
aluminium content below permissible limits.

With optimised dose of bentonite, residual aluminium was brought down to a range
of 0.03− 0.08 mg/L. With optimised dose of activated silica sol, residual aluminium
was brought down to a much lower range of 0.003−0.034 mg/L.

Also, this chapter evaluated the adsorption isotherms for both bentonite clay dosing
and activated silica sol dosing. The results suggested that features of Freunlich isotherm
are best suited for this study.
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Chapter 7

Sludge characterization and cost
analysis

This Chapter includes the characteristics of the sludge formed in the treatment process.
Sludge can be defined as precipitated solid matter which is an outcome of water
treatment process. The sludge characterization in the present study includes the
information about settled sludge volume and analysis of sludge using techniques like:
settled sludge volume (SSV), scanning electron microscopy- energy dispersive x-ray
spectroscopy (SEM-EDX), fourier transform infra-red spectroscopy (FTIR) and x-ray
diffraction (XRD).

In the present study three types of sludge were studied as mentioned below:

1. Sludge produced after EC process, flocculation and settling (Sludge A).

2. Sludge produced after bentonite dosing, flocculation and settling (Sludge B).

3. Sludge produced after activated silica sol dosing, flocculation and settling (Sludge
C).

The characterization of the above mentioned sludge using various techniques has been
discussed below.

7.1 Settled Sludge Volume

Sludge quantity is important to plan for management of sludge. The method to handle
sludge, cost, treatment and disposal are influenced by the amount and characteristics
of sludge. The sludge quantity and its characteristics are affected by raw water quality
and the chemicals which are used for treatment. Raw water quality cannot be altered.
However the process of water treatment can be changed/modified to minimize the sludge
production. The reduction of waste volume results in saving the operational cost of a
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treatment plant. Sludge produced in the treatment process is high in gelatinous metal
hydroxides. These types of sludges are difficult to handle because of their low settling
rates and thixotropic characteristics [170]. The sludge consists of solids removed from
coagulated water; mainly hydroxide precipitates from the coagulant, materials present
in the raw water and chemicals or coagulant aids used for water treatment.

The settled sludge volume (SSV) gives an idea about the compaction of sludge [171].
SSV is the volume occupied by sludge after a specified time. The settling time is shown
as a subscript. In the present study SSV was measured after 30 min so it is known as
SSV30. It is reported as ml of sludge per litres of sample (mL/L). The water after the
treatment process was poured in an imhoff cone as shown in Figure 7.1, after which it
was allowed to settle for 30 min. Imhoff cone is an graduated cone (Figure 7.1a) which
allows us to measure the volume of settled sludge.

(a) (b)

Figure 7.1: (a) Imhoff cone (b) Schematic diagram of settling process in imhoff cone

The amount of sludge produced during coagulation-flocculation process using
chemical coagulants remains a serious problem to the operator in handling the sludge
[172]. Mishandling of chemical sludge will lead to deterioration of the environment
[173]. Therefore, various types of coagulants with little sludge at final discharge of
the treatment process should be preferred. It can be observed from the Figure 7.2 that
the order of compaction was more in sludge obtained after activated silica sol dosing
than sludge obtained after bentonite dosing. The results for SSV30 for all the three
types of sludge are shown in the Figure 7.2. It can be observed that SSV30 is least in
the case of activated silica sol dosing, followed by bentonite dosing and EC alone. It
shows that addition of coagulant aid causes compaction of sludge volume and hence
makes the handling process easier. Coagulant aids are added to aid in coagulation and
to increase sludge density. The use of bentonite and activated silica sol improves floc
settleability and lowers sludge volume [174]. This sludge can be easily used in brick
making industries, to solve the issue of disposal of sludge. A review done by Kadir
and Rahim [175], states that utilization of various kinds of sludge in making of fire clay
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bricks usually have a positive impact on the bricks. Therefore it may be suggested as a
method for sludge disposal.

Figure 7.2: SSV30 at varying initial fluoride concentrations

7.2 SEM-EDX analysis

The SEM-EDX analysis of sludge was conducted to know about the morphology and
elemental composition of sludge. In the present study three different sludges (A, B
and C) produced by varying strategies; sludge after flocculation and settling (without
coagulant aid), sludge after bentonite dosing and sludge after activated silica sol dosing
were analyzed. The morphology of the sludge formed using above mentioned processes
is shown in Figure 7.3. The images indicate the presence of micron level ultrafine
structure at the surface [99].
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(a) (b)

(c)

Figure 7.3: SEM images of (a) sludge A (b) sludge B (c) sludge C

The EDX analysis of sludge A is shown in Figure 7.4a. The main components of
sludge are fluoride and aluminium. The peak of oxygen is mainly due to the presence
of oxides of aluminium. Other peaks of sodium, magnesium and calcium are due to
the presence of these elements in tap water that were adsorbed on the surface of the
colloids; were destabilized and precipitated. The peak of chlorine is due to the addition
of HCl for maintaining pH and dissociation of sodium chloride which was added for
enhancement of conductivity.

The EDX analysis of sludge B and C are shown in Figure 7.4b and 7.4c respectively.
All elements as mentioned for sludge after EC process are present in this also. Silica is
the new element introduced which is present in the sludge due to addition of bentonite
and activated silica sol in the process.

The atomic% and weight% of the elements present in the sludge A, B and C are
tabulated in Table 7.1-7.3.
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Elements Weight% Atomic%
O 51.23 65.83
Al 13.30 10.13
Cl 9.29 5.32
Mg 4.36 3.69
Na 2.86 2.56
Ca 8.35 5.28
F 2.08 2.25
Cl 8.53 4.94

Table 7.1: Elemental composition of sludge A

Elements Weight% Atomic%
O 49.81 65.90
Al 14.47 11.23
Si 20.31 10.02
Cl 1.47 0.78
Mg 7.25 7.08
Na 2.07 1.98
Ca 1.44 0.75
F 1.09 0.70
K 1.09 0.56

Table 7.2: Elemental composition of sludge B

Elements Weight% Atomic%
O 52.52 65.42
Al 16.71 12.34
Si 14.11 11.34
Cl 6.09 3.42
Mg 4.63 3.36
Na 2.76 2.39
Ca 2.01 1.00
F 1.17 0.72

Table 7.3: Elemental composition of sludge C

It can be clearly seen that atomic% of aluminium shows an increase from 10.13%
(sludge A) to 11.23% (sludge B) and further increased to12.34% (sludge C). This
increase in aluminium percentage in sludge may also be considered as an indicative
of aluminium removal using bentonite and activated silica sol.

EDX analysis is not able to differentiate much between the sludge generated by
addition of bentonite or activated silica sol. This clarity was achieved when XRD
analysis of the sludge was done.
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(a)

(b)

(c)

Figure 7.4: EDX analysis (a) sludge A (b) sludge B (c) sludge C
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7.3 FTIR analysis

FTIR analysis is useful to investigate the functional groups present in the sludge and
indicates towards the removal mechanism used in the treatment process. FTIR analysis
was conducted for three different sludge produced, raw bentonite and activated silica
sol.

7.3.1 FTIR scan of Sludge A

The FTIR scan result of sludge A is shown in Figure 7.5. The FTIR scan peaks at
3366 cm−1and 1631 cm−1 correspond to H-O-H bond stretching and H-O-H bending
respectively [176]. Al-F-Al bond stretching peak was found at 604 cm−1. Al-F-Al bond
stretching was matched with analysis made by Gross et al. [177]. This indicates that
fluoride was linked with aluminium hydroxide complexes and precipitated in the reactor.

Figure 7.5: FTIR scans of sludge A

7.3.2 FTIR scan of bentonite and sludge B

FTIR scans of bentonite and sludge B are shown in Figure 7.6a and 7.6b respectively.
The scans of bentonite show peak at 1634 cm−1 corresponding to H-O-H bending,
peak at 3620 cm−1 corresponds to OH stretching or crystalline hydroxyl, at 520 cm−1

corresponds to Si-O-Al and peak at 998 cm−1 confirms Si-O stretching.
The sludge scans of sludge B show peaks at 1630 cm−1 corresponding to H-O-H

bending; peak at 3620 cm−1 corresponds to OH stretching or crystalline hydroxyl, at
519 cm−1 corresponds to Si-O-Al and peaks at 1000 cm−1 confirms Si-O stretching.
These results corroborates the results of Bhaskar and Parthasarathy [176].

It may be noted that the peaks found in the FTIR of raw bentonite and sludge B are
almost similar, but there is a decrease in transmittance of Si-O-Al peak in case of sludge
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B when compared to raw bentonite. This may be suggested as an evidence of adsorption
taking place in sludge B.

(a) (b)

Figure 7.6: FTIR scans of (a) bentonite (b) sludge B

7.3.3 FTIR of activated silica sol and sludge C

FTIR scans were conducted for activated silica sol and sludge C to understand the
removal mechanisms. FTIR scans of activated silica sol (Figure 7.7a) peaks at
3307.39 cm−1 and 1634.25 cm−1 correspond to H-O-H bond stretching and H-O-H
bending respectively. FTIR scans of sludge C (Figure 7.7b) peaks at 3390.21 cm−1 and
1633.90 cm−1correspond to H-O-H bond stretching and H-O-H bending respectively.
The results corroborates the findings of Hayati-Ashtiani [178]. Si-O stretching bond
peak was found at 1008.64 cm−1for activated silica sol and at 967.16 cm−1for sludge C.
These findings are in line with Stubican and Roy [179].

The presence of Si-O-Al peak at 538 cm−1[179] is found in the scans of sludge
only. This finding supports the results that activated silica sol is better than bentonite
for removing aluminium from treated water. Si-O-Al peak is already present in the case
of raw bentonite. But, in colloidal silica sol the negatively charged aluminosilicates
are formed after its addition to the water treated by EC. So, the removal of aluminium
occurs in two steps; first aluminium is utilised in the formation of negatively charged
aluminosilicates and second the positively charges aluminium polymers are removed by
these aluminosilicates as a result of charge neutralization.
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(a) (b)

Figure 7.7: FTIR scans for (a) activated silica sol (b) sludge C

7.4 XRD analysis

The sludge A, B and C have been characterised using the XRD spectrum. The
spectrum of the analyzed by-products showed broad and diffuse peaks. Therefore, the
identification of peaks with such broad humps is a well known confirmed characteristic
of phases which are amorphous or poorly crystalline in nature [90].

7.4.1 XRD analysis of sludge A

The strongest peaks identified in XRD spectrum of sludge A (Figure 7.8a and 7.8b)
were of sodium aluminium fluoride, aluminium fluoride hydrate and aluminium oxide
hydrate. The formation of these compounds suggests the removal mechanism of fluoride
in EC process. It shows that the fluoride may occur in solids particles such as aluminium
fluoride hydroxide complexes.

(a) (b)

Figure 7.8: XRD pattern of sludge A (a) Fi=5 mg/L i=0.31 A t=30 min (b) Fi=8 mg/L
i=0.37 A t=43.84 min
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7.4.2 XRD analysis of raw bentonite and sludge B

XRD was performed for raw bentonite (Figure 7.9) and sludge B (Figure 7.10). XRD
patterns of raw bentonite indicate that it is mostly made up of montmorillonite, quartz
and kaolinite. Chemically, montmorillonite is described as a hydrous aluminium silicate
containing small amounts of alkali and alkaline-earth metals. XRD confirms that the
metal present in bentonite used for this study is sodium and magnesium. Sodium
bentonite swells or expands to a greater degree than its calcium equivalent and hence
develops larger surface area [180].

Figure 7.9: XRD spectrum of raw bentonite

In the XRD spectrum of sludge B (Figure 7.10), the peaks of Sodium Magnesium
Aluminum Fluoride Silicate, Sodium Aluminum Fluoride, and Aluminum Fluoride
Silicate were identified. Other peaks of Sodium Aluminum Fluoride, and Aluminum
Silicate Hydroxide Fluoride were also present. The presences of these compounds
indicate towards the chemisorption of alumino complexes in the form of flocs on to
the bentonite clay particles and hence verify the role of bentonite clay in better settling
of flocs.
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(a) (b)

Figure 7.10: XRD pattern of sludge B (a) Fi=5 mg/L i=0.31 A t=30 min (b) Fi=8 mg/L
i=0.37 A t=43.84 min

7.4.3 XRD patterns of sludge C

XRD pattern of sludge C were studied and are presented in Figure 7.11. The strongest
peak was identified as sodium aluminium silicate hydrate. Other peaks were identified
as sodium aluminium fluoride, aluminium silicate hydroxide fluoride and aluminium
fluoride silicate. The presence of these compounds indicates towards the chemisorption
of alumino complexes to activated silica sol and verifies the role of activated silica sol
as coagulant aid for removal of aluminium from water treated by EC. Coagulant aid
used was activated silica sol, therefore magnesium compounds are absent in the XRD
patterns.

(a) (b)

Figure 7.11: XRD pattern of sludge C (a) Fi=5 mg/L i=0.31 A t=30 min (b) Fi=8 mg/L
i=0.37 A t=43.84 min
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7.5 Cost analysis

Like all other electrolytic processes, energy consumption and sacrificial electrodes are
important parameters from economic considerations [181]. These two parameters were
considered for calculation of operating cost as USD/m3of water treated. Other cost
parameters such as labour, maintenance, sludge dewatering, disposal and other costs are
assumed fixed and are not included in the calculations [181]. Therefore, main operating
cost of the EC process is due to three components as explained in the Equation 7.1

Operating cost = xCenergy + yCelectrode + zCaid (7.1)

where Cenergy ,Celectrode and Caid are quantities consumed per liter of water treated.
Unit prices, x, y and z, obtained from Indian Market, 2014, are as follows (a) electrical
energy price 0.09USD/kWh, (b) electrode material price 1.7USD/kg for aluminium.
Caid is the cost of coagulant aid used; bentonite is 0.005USD/kg and activated silica sol
is 0.12USD/L.

The value of energy consumption was calculated using Equation 7.2

E =V × i× t (7.2)

Where,
E is the electrical energy in kWh,
V the cell voltage in volt (V),
I the current in ampere (A) and
t is the time of EC process (sec).
The aluminium consumed in the process is the loss of electrode material during the

EC process. This loss can be calculated by subtracting the weight of the electrodes
taken at the end of the experiments from the weight taken before the experiments of the
same electrode [101]. It has been discussed in Chapter 4, that theoretical aluminium
dissolution can be calculated using the Equation 4.6, as explained by Faraday’s law.
From the results obtained in chapter 4, it is evident that the current efficiency of the EC
process is more than 100% due to pitting corrosion. Therefore, aluminium dissolution
calculated by weighing the electrode is slightly higher than the dissolution calculated
by using Equation 4.6. Figure 7.12 clearly explains that the variation in aluminium
consumed between theoretical and experimental values is very small. Therefore, in the
present study Equation 4.6 was used for calculating the aluminium dissolution.
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Figure 7.12: Relation between theoretical and experimental anode consumption.

After EC treatment for fluoride removal, flocculation and settling was attempted
for aluminium removal. The cost of filtration is again fixed cost, so not included in
the discussion. But the cost of power consumption due to flocculation (rapid mix and
slow mix) has been calculated. Power of flocculation is calculated using the formula in
Equation 7.3

P = G2×V ×µ (7.3)

Where,
G is the velocity gradient, /s

P is power input in W

V is volume of suspension in m3

µ is viscosity of water in N.s/m2

Rapid mix was given for 1 min at 40 rpm. (G∼120/s)
Slow mix was give for 20 min at 10 rpm (G∼10/s)
All the above costs were added to estimate operational cost of the treatment process.

In the present study initial fluoride concentration 2− 8 mg/L was treated using the
EC process and both aluminium and fluoride were brought within the permissible
limits. The EC process was optimized for target fluoride removal of 0.7 mg/L with
minimum energy input. Cost associated with the optimized treatment process is
0.06−0.13USD/m3 of water treated when bentonite is used as a coagulant aid. The cost
is 0.29−0.36USD/m3 of water treated when activated silica sol is used as a coagulant
aid.

In the present study it has been found that the use of optimized energy controls
the dissolution of aluminium in water, which subsequently helps in controlling residual
aluminium in water after defluoridation. Optimized energy usage not only controls the
residual aluminium in water but also maintains the economics of the treatment process.
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It is also evident that operating cost depends on the applied current and electrolysis
time of the treatment process [101]. Increase in applied current and electrolysis time,
increases the energy consumption and aluminium consumption which in turn increases
the operational cost. Thus, it can be concluded that careful selection of both operating
parameters applied current and electrolysis time is required to maintain the efficiency
and economics of the process. Table 7.4 presents the cost of treatment estimated for
optimized sets.

Table 7.4: Cost of treatment for optimized sets.

Fi (mg/L) i (A) t (min)
Total cost of

treatment
(USD/m3)
Using

Bentonite
Using

Activated
silica sol

2 0.33 17.05 0.06 0.29
3 0.32 20.93 0.07 0.30
4 0.39 22.41 0.09 0.32
5 0.36 27.85 0.06 0.29
6 0.32 34.9 0.08 0.31
7 0.31 41.08 0.09 0.32
8 0.37 43.84 0.13 0.36

Rao et al. [182] reported the recurring cost of Nalgonda process and AA process, to
treat water of 5 mg/L initial fluoride concentration as 0.33USD/m3 and 4.44USD/m3

respectively. The cost of treatment to treat water of 5 mg/L initial fluoride concentration
using EC and bentonite as coagulant aid is estimated as 0.06USD/m3. The cost of
treatment to treat water of 5 mg/L initial fluoride concentration using EC and activated
silica sol as coagulant aid is estimated as 0.29USD/m3.

Agarwal et al. [59] reported that the residual aluminium ranges from 2.01−
6.86 mg/L in Nalgonda process which exceeds the permissible limit of 0.2 mg/L as
prescribed in IS 10500:2012 [25]. Agarwal et al. [59] also reported moderately high
residual aluminium in output water ranging from 0.1− 0.3 mg/L in AA process. The
residual aluminium after the present treatment is in the range of 0.03− 0.08 mg/L

(using bentonite as coagulant aid) and 0.003− 0.034 mg/L (using activated silica sol
as coagulant aid); which is well within the IS:10500:2012 [25] permissible range. A
comparative cost estimation to treat water of 5 mg/L initial fluoride concentration using
Nalgonda, AA and present treatment process has been presented in Table 7.5
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Table 7.5: Cost comparison of present treatment process with Nalgonda and AA process
to treat water with Fi= 5 mg/L.

Treatment
process

Estimated
cost

(USD/m3)

Residual
aluminium

(mg/L)
Nalgonda 0.33

[182]
2.01−6.86

[59]
AA 4.44

[182]
0.1−0.3[59]

EC process
using

bentonite as
coagulant aid

0.06 0.03−0.08

EC process
using

activated silica
sol as

coagulant aid

0.29 0.003−0.034

Table 7.5 indicates that the present treatment process offers better economy and
better quality of final water.
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Chapter Summary

This chapter included details of sludge characterization and cost analysis. Sludge
was characterized using SEM-EDX, FTIR and XRD. The investigations explain the
importance of silica in removal of aluminium from the water.

The EDX analysis identified the elements present in the sludge. FTIR analysis
identified the functional groups present in the sludge and finally XRD analysis identified
the compounds present in the sludge. These all analysis gave an insight into the removal
mechanism of fluoride and aluminium.

The estimated operational cost of the treatment process used in the present study
was calculated to be 0.06 − 0.13USD/m3 when bentonite was used and 0.29 −
0.36USD/m3when activated silica sol was used.
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Chapter 8

CONCLUSION

This chapter summarizes the the present work and its major findings.
High concentration of fluoride in ground water, used for human consumption has

severe implications on human healh. It is a big challenge for public health engineers
across the globe in general, and for developing countries in particular. Fluoride is the
most electronegative element and has a strong affinity for aluminium. Owing to this
fact, use of aluminium compounds is more prevalent for defluoridation. In the present
work experimental investigations were carried out to reduce fluoride concentration in
drinking water below permissible levels prescribed by IS: 10500:2012 using EC with
aluminium electrodes. The aluminium dissolution assists in fluoride removal, but it also
introduces aluminium compounds in the water. From the present investigations it was
found that the aluminium introduced in the water during defluoridation process is more
than the permissible limit.

The high aluminium in defluoridated water suggests the necessity of further
treatment for bringing down the aluminium concentration in treated water. The treated
water after the EC process is found to have high turbidity and low alkalinity. The
turbidity is due to high concentration of flocs present in the water and low alkalinity is
due to the neutralization of alkalinity by hydrogen ions formed during the EC process.
This high turbidity-low alkalinity water can be easily coagulated by adsorption and
charge neutralization. Assuming that high concentration of aluminium is mainly due to
flocs present in water, the control of residual aluminium through efficient floc removal
has been attempted. Flocculation with and without coagulant aid was attempted for
better settling of flocs formed during EC. Two coagulant aids , namely bentonite and
activated silica sol were used for the present experimental investigations.

Results of flocculation without coagulant aid showed an appreciable decrease in
turbidity and aluminium concentration, but were still not close to permissible standards
of aluminium in drinking water. It was now understandable that the efficient settling of
flocs could lead to lesser residual aluminium. Two coagulant aids (bentonite clay and
activated silica sol) were used to improve settling. Both coagulant aids brought down
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the aluminium concentration below permissible limits.
Statistical models were developed for both fluoride and aluminium removal.

Mathematical equations were developed for prediction of responses which can be used
for design of such treatment systems.

8.1 Parametric investigations for fluoride removal

This Chapter elucidates the effect of operational parameters like pH, inter-electrode
distance, initial fluoride concentration, applied current and electrolysis time which
governs the EC process for fluoride removal. Other parameters like specific electrical
energy consumption (SEEC), charge loading, anode consumption, fluoride uptake
capacity (FUC) were also studied.

• The initial pH of 6 gave maximum fluoride removal efficiency and the final
pH attained after treatment was close to 7 (suitable for drinking purposes). No
readjustment of pH was required during or after the treatment. Therefore, the pH
value of the influent was kept constant (pH = 6) for all the experiments.

• In the present study inter-electrode distance of 10 mm gave the best defluoridation
efficiency. Increasing the inter-electrode distance above this leads to decrease in
defluoridation efficiency due to increase in resistance. Decreasing the distance
below 10 mm also decreases the efficiency due to short circuiting.

• The parametric investigations and there corroboration with literature gave an
insight that initial fluoride concentration, applied current and electrolysis time
are the three major parameters which governs the EC process.

• It was found that on increasing the initial fluoride concentration at constant
applied current and electrolysis time, the residual fluoride decreases. This is due
to formation of insufficient aluminium hydroxide complexes to remove available
fluoride in water. It was also observed that higher initial fluoride concentration
requires a higher value of applied current or longer electrolysis time for bringing
down the residual fluoride below permissible limit of 1 mg/L.

• It was observed from the present study that up to 60−70% of the initial fluoride
concentration decreases within 10 min from the start of the process. In the
beginning of the process the fluoride removal is rapid and later it decreases
gradually over almost the entire process examined. It is so as the fluoride ions
are more abundant in the beginning of the EC process.

• Applied current and electrolysis time are important parameters of concern in EC
process. They both together determine the coagulant produced and the bubble
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generation rate. The applied current and electrolysis time go hand in hand. If the
applied current is less, more electrolysis time is required for removal of fluoride
and vice versa.

• It was observed that FUC decreases with increase in electrolysis time and then
tends to stabilise. It is because of this fact, that treatment time should be carefully
decided to minimize the wastage of energy and dissolution of aluminium in water.

• SEEC increases with increase in applied current and electrolysis time. With the
increase in SEEC the fluoride removal also increases but after a certain value
of energy consumed the fluoride removal is insignificant and most of the energy
consumed is wasted in heating of electrodes.

• For desired removal a balance between electrolysis time and applied current has
to be made so as to maintain the efficiency as well as economics of the process.

• In light of the above findings, applied current was kept between 0.30− 0.75 A

for all experimental investigations. It was found, that for a minimum value of
initial fluoride concentration (2 mg/L) and minimum value of applied current
(0.30 A), 15 min of electrolysis time was sufficient to bring down the fluoride
within acceptable limits (IS:10500:2012, less than 1 mg/L). Similarly for
maximum value of initial fluoride concentration (8 mg/L) at a minimum value
of applied current (0.30 A), 40 min was sufficient to lower the residual fluoride
to prescribed limit. Therefore, the range of electrolysis time, for experimental
investigations was kept as 10− 50 min (allowing a sufficient margin for desired
fluoride removal).

8.2 Development of statistical model for fluoride
removal

This Chapter implements the design of experiments for the development of statistical
model. Taguchi design has been used to develop the statistical model. The
model for fluoride removal was developed to understand the interaction between
operating parameters and responses. The equations developed through statistical model
development were used to optimize the operational parameters for better economy of
treatment and efficiency of the process.

• The three parameters used for development of Taguchi design were: initial
fluoride concentration, applied current and electrolysis time. The three responses
were: residual fluoride, residual aluminium and SEEC.
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• The model developed using Taguchi design, was validated by ANOVA. High R2

value of 0.9468, 0.9959 and 0.9985 was obtained for residual fluoride, residual
aluminium and SEEC respectively.

• In case of residual fluoride as a response; all the three parameters, initial fluoride,
applied current and electrolysis time have p-values of 0.003, 0.005 and 0.000
respectively which accounts for the significance of these factors, electrolysis time
being the highly significant of them.

• In case of residual aluminium as a response, initial fluoride, applied current,
electrolysis time and interaction effect (ixt) were significant parameters while
(Fixt) are marginally significant. This suggests that the combined effect of the
factors “i” and “t” plays an important role in the dissolution of aluminium anode.

• In case of SEEC as a response, initial fluoride, applied current and electrolysis
time are significant factors.

• Residuals were tested using normal probability plots and residual v/s fit plots.
Straight line in the normal probability plots and constant variance in the residual
v/s fit plot was observed, which suggests that the model is well behaved.

• Main effect plots were studied for all three responses.

1. It was observed that with increase in initial fluoride the residual fluoride increases.
It was also observed that with increase in applied current and time the residual
fluoride decreases.

2. With an increase in initial fluoride, residual aluminium decreases. It can be
observed that as the initial fluoride increases from 2 to 8 mg/L, more fluoride
is available to bind with aluminium and hence lesser aluminium is in the solution.
But with increase in electrolysis time and applied current, the residual aluminium
increases.

3. With increase in initial fluoride, SEEC decreases; as there is availability of more
fluoride so per unit removal is increased. With more current and time, SEEC
increases as it is directly proportional to applied current and time.

• The relationship between residual fluoride, residual aluminium and SEEC with a
combination of control factors was obtained using non-linear regression analysis
with the help of SYSTAT 7.0.

• Actual v/s predicted response graphs were plotted to verify the obtained
equations. High R2 values in the tune of 0.95 and above indicates that the
equations can be used for prediction of data.
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• The study of kinetics of process study indicates the second order kinetics
fits the data well, which suggests that removal of fluoride is due to physico-
chemical reactions between the fluoride and aluminium hydroxide flocs. Also
chemisorption is the rate limiting step and hence this step governs the adsorption
rate.

• The isotherm study reveals that for applied current of 0.31 A, Langmuir isotherm
fits the data well and for higher applied current values, Redlich-Peterson isotherm
fits the data well. Depending on the applied current, the surface of the adsorbate
can be homogenous or hetrogenous.

8.3 Development of model for aluminium removal

From previous findings it is evident that defluoridation by EC process using aluminium
electrodes introduces aluminium in the water, besides removing fluoride from it.
Aluminium is reported in literature as a potential neuro-toxicant. Therefore, there is
a need to control the aluminium concentration in the treated water to offset ill-effects of
aluminium on human health. The present chapter discusses the measures to control the
aluminium concentration in the treated water introduced during defluoridation.

• It is evident that energy input governs the dissolution of aluminium in water. As a
first step to control aluminium, energy input was minimized (optimizing “i and t”)
using a program in FORTRAN for desired target value of fluoride in water after
treatment. (0.7 mg/L). The controlled aluminium dissolution at this stage helps
in subsequent steps of treatment for aluminium control.

• As a second step to control aluminium, flocculation and settling was attempted.
The results showed an appreciable decrease in turbidity and aluminium
concentration, but were still not close to permissible standards of aluminium
in drinking water. It was now understandable that the efficient settling of flocs
could lead to lesser residual aluminium. Therefore, coagulant aids were used for
efficient settling of flocs. Use of coagulant aids brought down the aluminium
within permissible standards.

• Coagulant aids (bentonite and activated silica sol) were used to improve settling
efficiency. Both coagulant aids brought down the aluminium concentration in
funal water below permissible limits of IS:10500:2012 (0.2 mg/L).

• Taguchi design was used to develop model for bentonite clay and activated silica
sol. ANOVA study was performed to assess the adequacy of the model. R2 value
of 0.9355 and 0.9488 was obtained for bentonite dosing and activated silica sol
dosing repectively.
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• With optimised dose of bentonite (2 g/L), residual aluminium was brought down
to a range of 0.03− 0.08 mg/L. With optimised dose of activated silica sol
(30 mg/L), residual aluminium was brought down to a much lower range of
0.003−0.034 mg/L.

• Regression equations were developed using SYSTAT software for both
aluminium after bentonite and activated silica sol dosing.

• The R2 value obtained for validation of equation were 0.9619 and 0.9824 for
aluminium after bentonite and activated silica sol dosing respectively. This
renders the model fit for prediction of data .

• Also, this chapter evaluated the adsorption isotherms for both bentonite dosing
and activated silica sol dosing. The results suggested that features of Freundlich
isotherm are best suited for this study.

8.4 Sludge characterization and cost analysis

This Chapter includes the characterization of the sludge formed during the treatment
process. In the present study three sludges were studied; sludge produced after EC,
flocculation and settling (sludge A), sludge produced after EC, bentonite dosing ,
flocculation and settling (sludge B) and sludge produced after EC, activated silica sol
dosing , flocculation and settling (sludge C).

• Sludge quantity is important to plan for management of sludge. The reduction of
waste volume leads to saving of the operational cost. Coagulant aids are added
to aid in coagulation and to increase sludge density. The use of bentonite and
activated silica sol improves floc settleability and lowers sludge volume.

• SSV30 is least in the case of activated silica sol dosing, followed by bentonite
dosing and EC alone. This suggests that addition of activated silica sol increases
the compaction of the sludge more than bentonite.

• The SEM-EDX analysis of sludge was conducted to know about the morphology
and elemental composition of sludge.

• Atomic% of aluminium shows an increase from 10.13% (sludge A) to 11.23%
(sludge B) and further increased to 12.34% (sludge C). This increase in
aluminium percentage in sludge indicates role of bentonite and activated silica
sol in aluminium removal .
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• In FTIR scans of sludge A, Al-F-Al bond stretching peak was found at 604 cm−1.
This indicates that fluoride was linked with aluminium hydroxide complexes and
precipitated in the reactor.

• FTIR scans show that there is a decrease in transmittance of Si-O-Al peak in
case of sludge B when compared to raw bentonite. This may be suggested as an
evidence of adsorption taking place in sludge B

• In FTIR scans of sludge C, Si-O-Al peak was present at 538 cm−1. This peak was
absent in FTIR scan of activated silica sol. This finding supports the results that
activated silica sol is better than bentonite for removing aluminium from treated
water. The removal of aluminium occurs in two steps; first aluminium is utilised
in the formation of negatively charged aluminosilicates and second the positively
charges aluminium polymers are removed by these aluminosilicates as a result of
charge neutralization.

• XRD analysis of sludge A shows the presence of compounds like sodium
aluminium fluoride, aluminium fluoride hydrate and aluminium oxide hydrate.
It indicates the mechanism of fluoride remaining through alumino-fluoro
complexes.

• XRD analysis of sludge B shows the presence of compounds like sodium
magnesium aluminium fluoride silicate, sodium aluminium fluoride, aluminium
fluoride silicate and aluminium silicate hydroxide fluoride. The presences of these
compounds indicate towards the chemisorption of alumino complexes in the form
of flocs on to the bentonite clay particles.

• XRD analysis of sludge C shows the presence of compounds like sodium
aluminium silicate hydrate, sodium aluminium fluoride, aluminium silicate
hydroxide fluoride and aluminium fluoride silicate. The presence of these
compounds indicates towards the chemisorption of alumino complexes to
activated silica sol.

• The operating cost of the process used in the present study is 0.06 −
0.13USD/m3 of water treated when bentonite is used as a coagulant aid
and0.29− 0.36USD/m3of water treated when activated silica sol is used as
coagulant aid.

The present study was able to successfully remove fluoride and aluminium from water
and render it fit for drinking purpose. Table 8.1 summarizes the details of treatment.
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Table 8.1: Operational parameter settings and their respective responses

Operating
Parameters

After EC After
bentonite

dosing
(2 g/L),
settling,
filtration

After
activated
silica sol
dosing

(30 mg/L),
settling,
filtration

Fi
(mg/L)

i (A) t (min) Fr
(mg/L)

Alr
(mg/L)

Albd
(mg/L)

pHbd Alas
(mg/L)

pHas

2 0.33 17.05 0.72 14.018 0.072 7.12 0.029 7.10
3 0.32 20.93 0.75 12.723 0.044 7.14 0.018 7.10
4 0.39 22.41 0.72 11.926 0.036 7.12 0.009 7.12
5 0.36 27.85 0.70 11.732 0.032 7.10 0.005 7.12
6 0.32 34.90 0.73 11.586 0.030 7.15 0.003 7.14
7 0.31 41.08 0.73 12.504 0.040 7.18 0.017 7.16
8 0.37 43.84 0.74 15.320 0.080 7.25 0.034 7.25

The results presented in 8.1 show that the process used in the present study brings
down both fluoride as well as aluminium within the IS:10500:2012 permissible limits.
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Recommendations for further research

The EC process is sensitive process for fluoride removal and a lot of literature is
available about the process. But there is still scope for further research in this area
and following recommendations may help to improve the treatment.

• Deeper understanding of the process is required to develop a better reactor design.

• Bubble size in the treatment helps in removal by flotation. Evaluation of role of
electrolytic bubbles in the removal process requires deeper knowledge of bubble
characteristics.

• Different electrode materials can be used. Inert material for cathode and
aluminium alloys for anode may be attempted. This might help in better control
of dissolution of aluminium during electrolysis.

• The rate of mixing in the EC reactor might affect the performance of the process
which was not studied in the present work. Further investigations for flocculation
and their interactions need to be studied for better understanding.

• Different ways of connecting electrodes might be studied in future research. Use
of alternating current instead of direct current may also be studied. Alternating
current prevents the formation of impermeable oxide layer on the cathode.

• Solar energy could be considered as a source of power for running the EC process,
and make process useful for remote locations with limited or no power supply.

• In the present research only two coagulant aids were used for removal of
aluminium. More coagulant aids may be evaluated to get better understanding
for aluminium removal.

• Cost analysis made in the present study is an approximate cost given on the basis
of batch experiments performed on laboratory scale. Detailed cost investigations
for the treatment process, covering all aspects can be done.
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Appendix A

Table A.1: Effect of electrolysis time and applied current on fluoride removal.
Fi=2 mg/L.

Electrolysis time (min)
Applied current (A)

0.15 0.30 0.45 0.60 0.75
0 2 2 2 2 2
5 1.72 1.67 1.53 1.1 0.72

10 1.2 1.12 0.924 0.74 0.61
15 0.95 0.86 0.645 0.56 0.5
20 0.69 0.57 0.418 0.4 0.383
25 0.53 0.42 0.3 0.25 0.211
30 0.48 0.31 0.23 0.2 0.176
35 0.40 0.28 0.22 0.18 0.162
40 0.35 0.26 0.19 0.15 0.131
45 0.33 0.25 0.17 0.12 0.101
50 0.30 0.23 0.11 0.07 0.01
55 0.28 0.21 0.09 0.04 0
60 0.25 0.20 0.05 0.01 0
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Table A.2: Effect of electrolysis time and applied current on fluoride removal.
Fi=8 mg/L.

Electrolysis time (min)
Applied current (A)

0.15 0.30 0.45 0.60 0.75
0 8 8 8 8 8
5 5.83 4.9 3.72 3.22 2.79

10 4.27 3.4 2.47 2.01 1.37
15 3.18 2.65 2.04 1.6 1.01
20 3.09 2.18 1.65 1.24 0.76
25 2.65 1.27 1.31 0.94 0.449
30 2.60 1.35 1.03 0.685 0.384
35 2.56 1.03 0.87 0.583 0.363
40 1.87 0.93 0.62 0.43 0.296
45 1.83 0.59 0.49 0.33 0.287
50 1.65 0.60 0.42 0.29 0.233
55 1.55 0.55 0.38 0.25 0.185
60 1.41 0.36 0.26 0.19 0.178
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Table B.1: Data for pseudo first order kinetics (i=0.31 A)

t (min)
qe−q (mg/g)

Fi=2 mg/L Fi=5 mg/L Fi=8 mg/L
5 1.453 1.628 1.940

10 1.251 1.405 1.766
15 1.108 1.124 1.643
20 0.861 1.009 1.543
25 0.641 0.993 1.241
30 0.355 0.957 1.278
35 0.228 0.842 1.108
40 0.116 0.749 1.037
45 0.047 0.197 0.640
50 -0.136 6.171E-15 0.658

Table B.2: Data for pseudo first order kinetics (i=0.53 A))

t (min)
qe−q (mg/g)

Fi=2 mg/L Fi=5 mg/L Fi=8 mg/L
5 1.091 1.406 1.612

10 0.901 1.193 1.368
15 0.835 0.969 1.133
20 0.766 0.901 0.863
25 0.618 0.798 0.684
30 0.606 0.392 0.582
35 0.448 0.465 0.165
40 0.328 0.527 -0.168
45 0.049 0.392 -0.343
50 0.004 0.254 -0.044
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Table B.3: Data for pseudo first order kinetics (i=0.75 A)

t (min)
qe−q (mg/g)

Fi=2 mg/L Fi=5 mg/L Fi=8 mg/L
5 1.200 1.598 1.792

10 0.756 1.159 1.316
15 0.684 1.003 0.975
20 0.598 0.615 0.819
25 0.482 0.422 0.663
30 0.223 0.404 0.330
35 0.144 0.044 0.211
40 0.108 -0.022 0.164
45 0.015 -0.022 -0.032
50 -0.097 0.012 -0.067

Table B.4: Data for pseudo second order kinetics (i=0.31 A)

t (min)
t/qt (min.g/mg)

Fi=2 mg/L Fi=5 mg/L Fi=8 mg/L
5 0.787 0.101 0.083

10 0.590 0.151 0.113
15 0.684 0.191 0.145
20 0.727 0.245 0.178
25 0.822 0.305 0.193
30 0.923 0.363 0.234
35 1.058 0.413 0.261
40 1.195 0.465 0.294
45 1.337 0.500 0.315
50 1.468 0.552 0.351

Table B.5: Data for pseudo second order kinetics (i=0.53 A)

t (min)
t/qt (min.g/mg)

Fi=2 mg/L Fi=5 mg/L Fi=8 mg/L
5 0.494 0.164 0.107

10 0.689 0.248 0.156
15 0.960 0.322 0.203
20 1.202 0.417 0.249
25 1.365 0.504 0.302
30 1.628 0.562 0.358
35 1.780 0.661 0.407
40 1.966 0.762 0.461
45 2.107 0.843 0.517
50 2.329 0.925 0.577

177



APPENDIX

Table B.6: Data for pseudo second order kinetics (i=0.75 A)

t (min)
t/qt (min.g/mg)

Fi=2 mg/L Fi=5 mg/L Fi=8 mg/L
5 0.492 0.198 0.120

10 0.906 0.337 0.190
15 1.260 0.421 0.270
20 1.558 0.540 0.348
25 1.760 0.673 0.417
30 2.072 0.777 0.496
35 2.399 0.903 0.577
40 2.696 1.032 0.654
45 2.985 1.164 0.735
50 3.165 1.288 0.811

Table B.7: Data for intraparticle diffusion (i=0.31 A)

t0.5 qt (mg/g)
Fi=2 mg/L Fi=5 mg/L Fi=8 mg/L

2.23607 6.346 49.038 67.884
3.16228 16.923 63.269 64.423
3.87298 21.923 78.096 105.961
4.47214 27.500 81.288 103.269

5 30.384 81.730 129.423
5.47723 32.500 82.576 130.576
5.91608 33.076 82.961 134.038
6.32456 33.461 83.596 135.807
6.7082 33.653 85.923 142.461

7.07107 34.038 88.192 143.865

Table B.8: Data for intraparticle diffusion (i=0.53 A)

t0.5 qt (mg/g)
Fi=2 mg/L Fi=5 mg/L Fi=8 mg/L

2.23607 10.112 30.337 46.404
3.16228 12.460 41.123 66.629
3.87298 14.707 46.494 73.820
4.47214 16.629 47.898 80.157

5 18.314 49.550 82.539
5.47723 19.325 51.292 85.831
5.91608 19.662 51.797 85.966
6.32456 20.337 52.494 86.730
6.7082 21.348 53.370 86.932

7.07107 21.460 53.966 87.089
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Table B.9: Data for intraparticle diffusion (i=0.75 A)

t0.5 qt (mg/g)
Fi=2 mg/L Fi=5 mg/L Fi=8 mg/L

2.23607 10.158 1.428 41.349
3.16228 10.714 6.031 52.619
3.87298 11.904 11.746 56.079
4.47214 12.833 13.222 55.476

5 14.198 13.333 59.928
5.47723 14.476 14.269 60.444
5.91608 14.587 14.365 60.611
6.32456 14.833 14.388 61.142
6.7082 15.071 14.523 61.214

7.07107 15.793 14.682 61.642

Table B.10: Adsorption isotherm data for fluoride removal at applied current of 0.31 A

Ce (mg/L) qe (mg/g)
qe.pred (mg/g)

Langmuir Freunlich Redlich- Peterson
0.23 41.16 69.166 67.191 69.103
0.24 64.19 72.084 70.113 72.018
0.27 86.74 80.798 78.877 80.721
0.29 109.53 86.571 84.719 86.490
0.41 130 120.628 119.776 120.559
0.54 150 156.432 157.753 156.474
0.6 172.09 172.588 175.281 172.721

Table B.11: Adsorption isotherm data for fluoride removal at applied current of 0.53 A

Ce (mg/L) qe (mg/g)
qe.pred (mg/g)

Langmuir Freunlich Redlich- Peterson
0.09 25.81 30.651 30.526 29.688
0.11 39.05 37.442 37.309 36.620
0.16 51.89 54.388 54.268 54.206
0.19 65 64.533 64.443 64.898
0.23 77.97 78.035 78.010 79.287
0.27 90.94 91.507 91.578 93.806
0.3 104.05 101.593 101.753 104.771
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Table B.12: Adsorption isotherm data for fluoride removal at applied current of 0.75 A

Ce (mg/L) qe (mg/g)
qe.pred (mg/g)

Langmuir Freunlich Redlich- Peterson
0.01 19.04 7.511 3.595 13.592
0.04 28.32 25.075 14.381 28.370
0.08 37.51 41.087 28.762 40.978
0.11 46.79 49.752 39.547 48.519
0.15 55.98 58.529 53.928 57.193
0.19 65.16 65.187 68.309 64.832
0.23 74.35 70.411 82.690 71.744
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Table C.1: Adsorption isotherm data for aluminium removal using bentonite (Dose =
1 g/L)

Ce (mg/L) qe (mg/g)
qe.pred (mg/g)

Langmuir Freunlich Redlich- Peterson
11.586 11.538 11.607 11.530 11.543
11.732 11.684 11.745 11.676 11.687
11.926 11.876 11.929 11.869 11.879
12.504 12.451 12.475 12.444 12.449
12.723 12.669 12.681 12.662 12.665
14.018 13.959 13.892 13.951 13.941
15.320 15.210 15.096 15.247 15.223

Table C.2: Adsorption isotherm data for aluminium removal using bentonite (Dose =
2 g/L)

Ce (mg/L) qe (mg/g)
qe.pred (mg/g)

Langmuir Freunlich Redlich- Peterson
11.586 11.556 11.618 11.542 11.556
11.732 11.700 11.757 11.687 11.700
11.926 11.890 11.941 11.880 11.891
12.504 12.464 12.487 12.456 12.461
12.723 12.679 12.694 12.674 12.677
14.018 13.946 13.906 13.964 13.954
15.320 15.240 15.110 15.261 15.236
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Table C.3: Adsorption isotherm data for aluminium removal using bentonite (Dose =
3 g/L)

Ce (mg/L) qe (mg/g)
qe.pred (mg/g)

Langmuir Freunlich Redlich- Peterson
11.586 11.549 11.607 11.528 11.553
11.732 11.693 11.745 11.673 11.696
11.926 11.881 11.929 11.866 11.886
12.504 12.456 12.475 12.441 12.451
12.723 12.673 12.681 12.659 12.664
14.018 13.931 13.892 13.947 13.928
15.320 15.190 15.096 15.243 15.195

Table C.4: Adsorption isotherm data for aluminium removal using bentonite (Dose =
4 g/L)

Ce (mg/L) qe (mg/g)
qe.pred (mg/g)

Langmuir Freunlich Redlich- Peterson
11.586 11.533 11.591 11.515 11.541
11.732 11.678 11.730 11.660 11.683
11.926 11.869 11.913 11.853 11.873
12.504 12.445 12.459 12.427 12.437
12.723 12.663 12.665 12.645 12.651
14.018 13.917 13.874 13.932 13.912
15.320 15.171 15.076 15.226 15.179

Table C.5: Adsorption isotherm data for aluminium removal using activated silica sol
(Dose = 10 mg/L)

Ce (mg/L) qe (mg/g)
qe.pred (mg/g)

Langmuir Freunlich Redlich- Peterson
11.586 11.530 11.596 11.520 11.527
11.732 11.675 11.735 11.665 11.671
11.926 11.866 11.918 11.858 11.863
12.504 12.432 12.464 12.433 12.435
12.723 12.646 12.670 12.651 12.652
14.018 13.929 13.880 13.938 13.933
15.32 15.225 15.082 15.233 15.220
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Table C.6: Adsorption isotherm data for aluminium removal using activated silica sol
(Dose = 30 mg/L)

Ce (mg/L) qe (mg/g)
qe.pred (mg/g)

Langmuir Freunlich Redlich- Peterson
11.586 11.583 11.647 11.570 11.579
11.732 11.727 11.786 11.716 11.724
11.926 11.917 11.971 11.910 11.917
12.504 12.487 12.518 12.487 12.491
12.723 12.705 12.725 12.706 12.708
14.018 13.989 13.940 13.999 13.992
15.32 15.286 15.147 15.299 15.283

Table C.7: Adsorption isotherm data for aluminium removal using activated silica sol
(Dose = 50 mg/L)

Ce (mg/L) qe (mg/g)
qe.pred (mg/g)

Langmuir Freunlich Redlich- Peterson
11.586 11.571 11.638 11.561 11.569
11.732 11.716 11.777 11.707 11.714
11.926 11.907 11.961 11.901 11.907
12.504 12.480 12.509 12.477 12.480
12.723 12.693 12.715 12.696 12.698
14.018 13.981 13.929 13.988 13.982
15.32 15.275 15.136 15.287 15.273

Table C.8: Adsorption isotherm data for aluminium removal using activated silica sol
(Dose = 70 mg/L)

Ce (mg/L) qe (mg/g)
qe.pred (mg/g)

Langmuir Freunlich Redlich- Peterson
11.586 11.524 11.594 11.518 11.521
11.732 11.670 11.733 11.663 11.666
11.926 11.858 11.916 11.856 11.859
12.504 12.431 12.462 12.431 12.432
12.723 12.643 12.668 12.649 12.649
14.018 13.933 13.877 13.936 13.934
15.32 15.227 15.080 15.230 15.225
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ABSTRACT

Presence of fluorides in drinking water has become a public health problem. Aluminium
compounds are popular for defluoridation of water owing to high affinity of fluoride toward
aluminium. Use of these compounds may lead to high aluminium concentrations in drinking
water. Aluminium is found to be a potential neurotoxicant. Synergistic associations of both
aluminium and fluorides in the drinking water supply have been expounded by researchers.
Aluminium–fluoride complexes also increase the risk of developing Alzheimer’s disease.
Therefore, it is imperative to control the residual aluminium in the water. In the present
work, the electrocoagulation process with aluminium electrodes has been used for deflu-
oridation of water. In subsequent steps, activated silica sol has been used as a coagulant aid
to remove aluminium from defluoridated water. Taguchi design has been used to develop a
statistical model for aluminium removal. The experimental investigations revealed that
activated silica sol reduces residual aluminium to a range of 0.003–0.034 mg/L.

Keywords: Activated silica sol; Aluminium; Coagulant aid; Electrocoagulation; Fluoride

1. Introduction

Fluoride in drinking water is a matter of concern in
present time. A study by UNICEF shows that fluorosis
is widespread in at least 27 countries across the globe
[1]. Problems associated with excessive or prolonged
exposure to fluoride contaminated drinking water may
cause dental or skeletal fluorosis. In dental fluorosis,
excessive fluoride can cause yellowing of teeth, white
spots, and pitting or mottling of enamel [2]. Common
symptoms of chronic fluoride exposure are skeletal flu-
orosis, which can lead to permanent bone and joint
deformation [3]. Therefore, fluoride removal has been
an issue of concern for environmental engineers for the

past few decades [2]. Aluminium-based compounds are
useful adsorbent/coagulant for fluoride removal,
owing to high affinity of fluoride toward aluminium
[4]. Various treatment technologies have been devel-
oped for fluoride removal from drinking water using
aluminium-based compounds. However, generation of
large volume of sludge, hazardous waste categorization
of metal hydroxides and high costs associated with
chemical treatments have made them less acceptable
[5].

Electrocoagulation (EC) process using aluminium
electrodes is one such process for fluoride removal.
Researchers [2,6–8] have demonstrated the effectiveness
of EC with aluminium electrodes for defluoridation. EC
has been suggested as an alternative to conventional
coagulation [9,10]. Reduced sludge production, no*Corresponding author.
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ABSTRACT

The removal of fluoride from drinking water by use of aluminium compounds is more
prevalent than other defluoridation techniques due to the strong affinity between aluminium
and fluoride. Electrocoagulation (EC) with aluminium electrodes is one such technique
which is successfully used for defluoridation of water. But various monomeric and poly-
meric hydroxyl species of aluminium and fluoride complexes are formed in the process. In
the recent past, the adverse effects of aluminium have been recognized. The present study
was carried out to control aluminium content in water after defluoridation by EC process. In
the present study, the aluminium content after EC was in the range of 6.2–48.5 mg/L, which
was brought down to range 11.25–14.99 mg/L through optimized energy usage and further
brought down to 0.030–0.149 mg/L with use of bentonite as coagulant.

Keywords: Defluoridation; Aluminium control; Coagulation; Optimization and adsorption
isotherm

1. Introduction

Presence of fluorides in groundwater is a major
problem in many parts of the world including India.
Detrimental effects of fluorides depend upon the
concentration and exposure [1]. Aluminium-based
compounds have been used for defluoridation of
water because of high affinity between aluminium and
fluorine. Electrocoagulation (EC) with aluminium elec-
trodes has been demonstrated as an efficient process
for defluoridation [2–5]. This process involves apply-
ing electric current to sacrificial electrodes inside an
electrolytic cell where the current generates a coagu-
lating agent and gas bubbles [6]. The advantages of
electrocoagulation include high particulate removal

efficiency, compact treatment facility and possibility of
complete automation [7].

Aluminium was earlier regarded as a relatively
innocuous element, but in the recent past, researchers
have found that its various bond forms with fluoride
and other inorganic/organic ions are toxic in nature.
Aluminium is a potential neurotoxic agent in human
beings and researchers like Strunecka and Patocka [8]
and Gauthier et al. [9] have elucidated synergistic
effects of aluminium and fluorides and its role in
Alzheimer’s disease.

A little information is available in literature about
the residual aluminium content after use of EC for
defluoridation of water and its removal. The present
study was carried out to control aluminium content in
water after defluoridation by the EC process. It
has been observed that the aluminium content in*Corresponding author.
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Aluminium removal from water after defluoridation with electrocoagulation process 
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Abstract 

Fluoride is the most electronegative element and has a strong affinity for aluminium. Owing 

to this fact most of the techniques used for fluoride removal utilised aluminium compounds 

for removing fluoride, which results in high concentrations of aluminium in the treated water. 

In the present paper a new approach is presented to meet WHO guideline for residual 

aluminium concentration as 0.2 mg/L. The Electrocoagulation (EC) process was used for 

fluoride removal in the present work. It was found that aluminium content in water increases 

with increase in energy input. Therefore experiments were optimised for minimum energy 

input to achieve target value (0.7mg/L) of fluoride in resultant water. These optimised sets 

were used for further investigations of aluminium control. The experimental investigations 

revealed that use of bentonite clay as coagulant in clariflocculation brings down the 

aluminium concentration of water below WHO guideline.  Bentonite dose of 2g/L was found 

to be the best for efficient removal of aluminium. 

Keywords: Bentonite, Electrocoagulation, Fluoride, Optimization, Aluminium removal 
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ABSTRACT

In the present paper, 24 factorial design method was employed for optimization of two
responses: residual fluoride and specific energy consumed. The study was based on
interaction effect of four factors namely, current, initial fluoride concentration, time, and
inter-electrode distance. A regression model equation was developed which was validated
by high R2 values of 98.78 and 99.80% for residual fluoride and specific energy consumed,
respectively. Optimization was targeted for residual fluoride concentration less than 1 mg/l
and minimum specific energy consumption. The optimized conditions as suggested by the
model for initial fluoride concentration 6 mg/l were: applied current—0.27 A, inter-electrode
distance—20 mm, treatment time—46.70 min, specific energy—5.85 J/mg, and residual
fluoride—0.77 mg/l. These results were used for experimental verification, which was in
good agreement with the predicted results.

Keywords: Regression model; Fluoride; Electrocoagulation; Specific energy

1. Introduction

Fluoride contamination in groundwater is a
major public health concern of the present time.
Excessive exposure to fluoride either from drinking
water or from other sources like food, drugs, cos-
metics, industrial sources etc. can result into adverse
health effects. Health problems associated with high
concentrations of fluoride intake are dental fluorosis
and skeletal fluorosis [1]. Severity of the fluorosis
depends upon the amount of fluoride ingested and
the tenure of exposure. In dental fluorosis, excessive
fluoride can cause yellowing of teeth, white spots,

and pitting or mottling of enamel. The most com-
mon symptoms of chronic fluoride exposure are
skeletal fluorosis, which can lead to permanent bone
and joint deformation [2]. Therefore, fluoride
removal has been very important to environmental
engineers. The desirable fluoride level in drinking
water as set by Indian standards of drinking water
is 1 mg/l.

The electrocoagulation (EC) process has been
demonstrated as an effective choice for defluoridation
by researchers [3,4]. A renaissance has been
experienced by EC process. Reduced sludge
production, no requirement for chemical handling,
and ease of operation are some of the advantages of
this process [5]. EC process generates sludge at the*Corresponding author.
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Development of Regression Equation for Defluoridation by 
Continuous Flow Electrocoagulation 

 
 

Richa Sinha and Sanjay Mathur  
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Abstract 
 

In the present study continuous flow electrocoagulation has been used 
as a treatment technology for removal of fluoride from water. A 
laboratory scale continuous flow electrocoagulation system with 
aluminium electrodes is designed for performing experimental runs. 
Experimental data is analyzed using factorial design method to study 
the main effect and interaction effect of three parameters viz flow rate, 
voltage and time on fluoride removal. A regression equation is 
developed which is validated by high R2 value (99.5%) of Analysis of 
Variance test (ANOVA). Equation reveals that flow rate has a positive 
effect and voltage and time has negative effect on residual fluoride. 
 
Keywords: Defluoridation, electrocoagulation, factorial method, 
regression. 

 
1. Introduction 
Fluoride contamination in groundwater is a major public health concern of the present 
time. Health problems associated with high concentrations of fluoride intake are dental 
fluorosis and skeletal fluorosis (Fawell et al 2006). Generation of large volume of 
sludge, the hazardous waste categorization of metal hydroxides, and high costs 
associated with chemical treatments have made the conventional chemical coagulation 
techniques for defluoridation less acceptable (Emamjomeh et al. 2011). 
Electrocoagulation (EC) is emerging as a promising process that can be retrofitted to 
existing methods of defluoridation. EC process has been demonstrated as an effective 
choice for defluoridation by researchers (Hu et al., 2003; Emamjomeh & Sivakumar, 
2009). The removal mechanism has been described by many researchers (Emamjomeh 
et al. 2011, Hu et al., 2003) in detail and is not described here. 
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ABSTRACT 
The present study focuses on the 

technique of defluoridation by using the process 

of electrocoagulation (EC). Efficacy of EC 

process was investigated for laboratory simulated 

sample called as control sample and groundwater 

sample collected from Shivdaspura (Rajasthan) 

under different operating conditions. Continuous 

flow experiments were conducted for fluoride 

removal using aluminium electrodes to study the 

parameters such as: current density, flow rate, 

number of stages in treatment, fluoride uptake 

capacity and residual aluminium. The results 

obtained showed that double stage treatment 

system gave higher treatment efficiency than 

single stage system. Residual Aluminium was 

measured and found in the range of 0.08-0.1 ppm 

which shows that EC offers better quality of 

water when compared with other methods of 

defluoridation like Activated Alumina (AA) 

process and Nalgonda technique. 

 

Keywords- defluoridation, electrocoagulation, 

fluoride uptake capacity, residual aluminium 

 

1. INTRODUCTION  

Fluorine, the lightest member of the 

halogen group is the most electronegative and hence 

chemically reactive. Fluorine is therefore found as 

fluorides which together represent about 0.06-0.09% 

of earth’s crust [1]. Prevalence of fluorosis in India 

is mainly due to hydrogeochemical origin. 

Groundwater fluoride contents in high levels are 

present in all the 33 districts and have become a 

serious health related issue in 23 districts of 

Rajasthan [2]. Presence of fluoride in traces has 

beneficial effects on teeth but high and continuous 

exposure can cause mild dental fluorosis to crippling 

skeletal fluorosis. Desirable limit of fluoride is less 

than 1 mg/l [3]. The drawback of defluoridation 

techniques like Nalgonda and AA process includes 

large sludge generation and high residual aluminium 

in the effluent. The present research is directed 

primarily to address this issue. Hence residual 

aluminium in the effluent was determined for the 
process of EC. Also a range of operating parameters 

such as flow rate, current density, fluoride uptake 

capacity and multistage treatment were developed to 

study the efficacy of the process. Lui et al,[4]  

 
 

reported that the defluoridation efficiency in the EC 

system exceeded that of the traditional process due 

to the electrocondensation effect. 

In the process of EC, oxidation reaction occurs 

which causes dissolution of anode and aqueous Al3+ 

species are formed. The electrode reactions are 

outlined below [5]: 

Anodes: Al(s) → Al3+ +3e-   (1) 

Cathodes: 2H2O + 2e-  → H2(g) + 2OH-  (2) 

The H2 bubbles float and hence drive the flotation 
process. The Al3+ ions further react to form a solid 

Al(OH)3 precipitate: 

Al3+ + 3H2O <−> Al(OH)3(s) + 3H+          (3) 

The basic principle of the process is adsorption of 

fluoride at precipitated Al Al(OH)3 as depicted in 

reaction (4) [5]: 

Al(OH)3 + x F - <−> Al(OH)3− x Fx +  x OH-  (4) 

The EC process is highly dependent on pH 

of the solution [6, 7]. Studies revealed that pH plays 

an important role in the formation of Al(OH)3 flocs. 

The solid Al(OH)3 is most prevalent between pH 6 
and 8, and above pH 9, the soluble species Al(OH)4

- 

is the predominant species [8]. Mohammad et al, [8] 

found that the defluoridation efficiency decreases 

from 90 to 75% when the final pH is more than 8. 

Researches show that more efficiency is obtained 

when the pH ranges from 6 – 8 [5, 8]. Hence the pH 

in present study was kept constant at 6 for all runs. 

 

2. MATERIALS AND METHODS 
A continuous flow bench scale EC reactor 

was designed and constructed for fluoride removal 

as shown in Figure.1. Aluminium electrodes each 

having surface area of 0.012 m2 was used with 

rectangular reactor of dimensions (25 cm X 10 cm X 

8 cm, volume 2 litres). The distance between 

electrodes was kept constant at 1cm for all the runs. 

Sample to be treated was placed in an influent tank 

(polycon) which can hold a sample volume of 110 

litres. pH of the sample was maintained 6 by using 

dilute HCl. Conductivity and pH were measured 
using a calibrated conductivity meter (Lutron CD 

4302) and pH meter (Electronics India, deluxe 101) 

respectively. Sample was continuously fed into EC 

reactor at desired flow rate which was set using a 

peristaltic pump (Miclins PP- 20). Before each run 

electrodes were cleaned by acetone and HCl 

solution. Electrolysis was performed and samples 
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