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Abstract- When aluminum electrodes are used, the aluminum goes into solution at the anode and produces aqueous 
aluminum species and hydrogen gas is released at the cathode. Coagulation with aluminum salts occurs at a wide range of 
pH due to different mechanisms. In the EC process, the pH of the coagulation cell increases with liberation of H2 at the 
cathode. This increase is mainly dependent on the current for all cases. When pH<4, aluminum remains in the form of Al3+, 
and no precipitation occurs, so the fluoride concentration cannot be reduced. When 4<pH<5.5, the hydrogen ion 
concentration remains relatively high. Consequently, a high zeta potential and strong repulsive force between the aluminum 
hydroxide colloidal flocs that is not conducive to flocculation and precipitation is maintained. More formation of Al-F 

species ( n
nAlF 3 ) such as AlF2+, 

2AlF  AlF3, 


4AlF can be seen between the pH range of 5 -7. When pH>7, OH- ions 
increase in water. In the anodic adsorption layer, the concentration of OH- ions is higher than the concentration of F-, so the 
production of the  species becomes difficult; therefore, the reduction of fluoride from water and waste water at a range of 
pH>7 is affected by the formation of aluminum hydroxide floc. in the abstract. Do not delete the blank line immediately 
above the abstract; it sets the footnote at the bottom of this column. 
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I. INTRODUCTION 
 
The chemistry of water based processes is 
traditionally understood from a basic knowledge of 
relatively simple chemical reactions and practical 
experience. The ability to model speciation 
quantitatively and the interaction of the aqueous 
phase with solid phases are key steps towards 
understanding and controlling the processes. Methods 
based on thermodynamics can be very useful for 
understanding processes such as dissolution and 
precipitation, which govern the chemical composition 
of aqueous chemical systems. Typically, these models 
require the computation of equilibrium compositions 
for systems containing numerous species distributed 
among an aqueous phase and several solid phases. 
For this reason, data is required for aqueous species 
and pure substance compounds when modelling 
applications for aqueous systems. An important 
consideration in the use of the data is a reference or 
standard state for the elements. Although the data in a 
database should be self-consistent, in general, care 
should be taken when mixing data from different 
databases. This is particularly important if critically 
assessed data is combined with estimated data, for 
which there is a limited experimental basis, and when 
considering data for pure substances which may not 
have the same reference state as the aqueous species. 
Applying chemical equilibrium models to natural 
systems has always had subtle difficulties. Certainly 
limitations in thermodynamic data and interference 

from the dependent reactions are major restrictions, 
but the equilibrium approach provides a technique for 
understanding potential chemical interactions and 
simplifying complex mechanisms. The presence of 
uncertainty in input data or underlying system 
processes should not deter anyone from using 
equilibrium programmes. Interesting information 
often come from the differences between a system 
and equilibrium rather than the answer from 
equilibrium itself.  The numerical engine for the 
MINEQL+ model was developed to solve expressions 
of mass balance using equilibrium constants by 
Environmental Research Software [1]. The uses of 
Gibb’s free energy or equilibrium constants are both 
valid approaches. MINEQL+ is an interactive data 
management system for modelling chemical 
equilibrium which uses the original MINEQL+ 
programme as an integrated software package with a 
solid theoretical foundation superimposed on 
advanced data management tools. MINEQL+ allows 
the speciation of any type of aqueous chemical 
system to be investigated. Key features include the 
ability to: 
 Compose a system from choices of chemical 

components 
 Calculate the equilibrium conditions for any system 
 Calculate, manage, view, and extract output data 

from any perspective 
 Graph any output data versus any independent 

variable, for log C-pH or distribution diagrams 
(total concentration %) 
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 Extract the pH and alkalinity of the system for any 
number of calculations 

 Extract the ion balance for an unlimited number of 
runs 

 Extract the saturation indexes for all solids 
 Compile all species output into a single report for 

easy comparison 
 
The process of solving chemical equilibrium 
problems can be broken down into the following 5 
simple steps: 
1. Selection of the chemical components that will 
define the system 
2. Creation of chemical species from these  
components, including scanning a database for  the 
thermodynamic constants 
3. Setting the total concentration of individual 
components 
4. Running the calculation together with setting 
the ionic strength and temperature 
5. Viewing and extracting output data (may 
include creating graphic plots, specialised  reports, 
and saving data) 
 
When the fluoride concentration in drinking water is 
increased to more than 4 mg/L, fluorosis deformity at 
hips, knees and other joints are seen in skeletal 
fluorosis [2]. However, consumption of 1 mg/L 
fluoride concentration in drinking water is beneficial 
for dental health. It is accepted that long- term use of 
low fluoride concentration (less than 0.5 mg/L) is the 
cause of dental caries [3].  
Fluoride pollution occurs through two different 
sources: natural sources and anthropogenic sources. 
In groundwater supplier, the natural concentration of 
fluoride depends on the geological, chemical and 
physical characteristics of the aquifer, as 
concentrations of up to 38.5 mg/L have been reported 
in India [4]. Some of the water supplies can be 
polluted by discharging of industrial wastewaters in 
to the natural environment without any fluoride 
treatment, including effluent from glass 
manufacturing industries and semiconductor 
industries [5]. Several methods were studied globally 
for defluoridation of water, namely, adsorption [6-8], 
chemical precipitation [9-12], electrodialysis [13], 
and electrochemical methods [14-17]. Using chemical 
coagulants for precipitation is one of the most 
essential processes in conventional water and 
wastewater treatment. However, the generation of 
large volumes of sludge, the hazardous waste 
categorization of metal hydroxides, and high costs 
associated with chemical treatment  have made 
chemical coagulation less  
 
acceptable compared to other processes. The 
electrocoagulation/flotation (ECF) process is 
receiving particular attention as it produces less waste 
sludge, and could replace the conventional chemical 
coagulation. ECF, which is an electrochemical 

technique, is the combination of oxidation, 
flocculation and flotation. In its simplest form, an 
ECF reactor may be made up of an electrolytic cell 
with one anode and one cathode and when a current is 
passed through the electrodes, electrolysis of the 
water takes place and produces bubbles of hydrogen 
and oxygen gas.  These bubbles float to the top of the 
tank, they collide with particles suspended in the 
water on the way up, adhering to them and floating 
them to the surface of the water [14-15]. 
Some researchers [14-17] have demonstrated that 
electrocoagulation (EC) using aluminium anodes is 
effective in defluoridation. Shen et al. [17]  reported 
that the mechanism of the removal process was 
confirmed to be a competitive adsorption between 
OH- and F- when it was used as an electrocoagulation 
(EC) process followed by an electroflotation (EF) 
operation, but more investigation needs to be done. In 
order to elucidate this mechanism for a combined 
system (EC and EF), laboratory experiments have 
been conducted using a monopolar ECF process. The 
operational parameters were reported before by 
Emamjomeh et al. [18] . The main aim of this 
research is to elucidate the speciation of fluoride 
removal in a batch monopolar ECF. 
 
II. SPECIATION AND MECHANISMS 
 
1.1. Aluminum speciation in water:  
Aluminium can exist in surface and ground water in a 
number of different forms, which depend on pH, 
temperature, and the type of organic and inorganic 
elements in the raw water [19]. In the basic or acidic 
solution, aluminium ion will be found in anionic 
[Al(OH)4-] or cationic [Al(OH)2+] forms, respectively.  
The aqueous Al, in cationic form, can react with 
many of the anions to form various Al complexes. In 
the absence of significant concentrations of other 
anions the aqueous Al will form various hydroxyl 
complexes, as the relative amounts will depend on the 
solution pH and also on the initial concentration of 
the Al in the solution [20]. The solubility of 
aluminium in equilibrium with solid phase Al(OH)3 
depends on the surrounding pH. In the pH range of 5 
and 6, the predominant hydrolysis products are found 
to be Al(OH)2+ and Al(OH)2+. However the solid 
Al(OH)3 is most prevalent in the pH range of  6 and 
8.5. When pH is above 9, the soluble Al(OH)4- is the 
predominant species. 
 
1.2. Aluminium –fluoride complexation:  
The total aluminium content in water can be 
subdivided into three fractions [21]:  
 
1. Acid-soluble aluminium, which includes 
forms of aluminium that require acid digestion before 
analysis (polymeric, colloidal, and extremely stable 
organic and hydroxyl organic complexes) 
2. Non-labile (organic) monomeric aluminium 
3. Labile (inorganic) monomeric aluminium. 
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Thermodynamic calculations indicate that aluminium 
fluoride complexes are generally the dominant 
inorganic aluminium species [22]. The rate of 
aluminium- fluoride complex formation is generally 
dependent on the pH range.  MINEQL+ software was 
utilized to show how different pH values would 
influence the speciation of Al – F complexes. The 
fluoride complexes AlF2+, AlF3, and   predominate in 
the acid solution until Al(OH)3 precipitates. 
 
1.3. Mechanisms of electrocoagulation/flotation 
(ECF):  
In the electrocoagulation/flotation (ECF) process, Al 
electrodes are used instead of Al salts such as Alum. 
The electrolytic dissolution of Al anodes by oxidation 
in water produces aqueous Al3+ species [21] and the 
electrode reactions are outlined below: 
Anodes: 

  eAlAl s 622 3
)(                    (1) 

At the aluminium cathodes reduction takes place 
which results in hydrogen bubbles being produced by 
the following reaction: 
Cathodes: 

  OHHeOH g 6366 )(22  (2) 
The H2 bubbles float and hence drive the flotation 
process.  The Al3+ ions further react as shown in Eq. 3 
to a solid Al(OH)3 precipitate. Those precipitates 
form flocs that combine water contaminants as well 
as a range of coagulant species and metal hydroxides 
formed by hydrolysis: 
 

  HOHAlOHAl S 6)(262 )(32
3 (3) 

These coagulants destabilize and aggregate 
suspended particles or precipitate and adsorb 
dissolved contaminants. For example, the Al(OH)3 
floc is believed to adsorb F- strongly [17], as shown 
by equation (4): 
 




  xOHFOHAlxFOHAl xx33 )()(
(4) 
 
III. RESULTS AND DISCUSSION 
 
1.4. Effect of fluoride concentration on 
speciation of Al-F complexes 
In the presence of fluoride, competing equilibrium 
relationships define the pH and the regions in which 
fluoride sorption by Al(OH)3 can occur. Fluoride is 
similar in size and therefore readily substitutes for 
OH- in metallic complexes. The stoichiometry of Al-
F complexes varies with the total F- concentration. At 
pH values below 5.5, molar concentrations of 
dissolved Al generally exceed concentrations of F-, 
and low legend Al-F complexes in natural acidic 
solutions is therefore generally limited by total 
concentration of F- available for complexion. From 
the different equilibrium reactions, total concentration 

of the fluoride component (CF) can easily be obtained 
by the following equation of mass balance: 

 (5) 
 
MINEQL+ software was used in Fig 1 to illustrate 
how different values of fluoride concentration would 
influence the solubility of aluminium hydroxide 
[Al(OH)3]. This plot shows a series of solubility lines 
corresponding to the various total concentrations of F- 
in the system. It is clear that the solubility of 
aluminium is affected by the presence of total F- in 
the pH range of 4-8. The total concentration of 
fluoride has little effect outside this pH range. It was 
found that increasing the concentration of fluoride 
will increase the dissolved aluminium in the solution. 
Also, increase of concentrations of Al with fluoride 
can contribute to the formation of complexes 
according to: 




  nOHFOHAlnFOHAl nn44 )()(   (6)  
 

 
Fig. 1: Solubility of aluminium hydroxide as a function of pH 

at various concentrations of total F- 
 
Coagulation with aluminium salts occurs at a wide 
range of pH due to different mechanisms. In the ECF 
process, the pH of the coagulation cell increases with 
liberation of H2 at the cathode. This increase is 
mainly dependent on the current for all cases. When 
pH<4, aluminium remains in the form of Al3+, and no 
precipitation occurs, so the fluoride concentration 
cannot be reduced. When 4<pH<5.5, the hydrogen 
ion concentration remains relatively high. 
Consequently, a high zeta potential and strong 
repulsive force between the aluminium hydroxide 
colloidal flocs that is not conducive to flocculation 
and precipitation is maintained. More formation of 

Al-F species n
nAlF 3  such as AlF2+, AlF2

+, AlF3, 
AlF4

- can be seen between the pH range of 5 -7. 
When pH>7, OH- ions increase in water. In the 
anodic adsorption layer, the concentration of OH- 
ions is higher than the concentration of F-, so the 

production of the  n
nAlF 3  species becomes 

difficult; therefore, the reduction of fluoride from 
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water and waste water at a range of pH>7 is affected 
by the formation of aluminium hydroxide floc.  
Also, fluoride may be segregated in water as Na3AlF6 
(cryolite) or other compounds that contain the 
complex ion 3

6AlF , as the process is highly 
dependent on the pH of solution. 
 
CONCLUSION 
 
A clear understanding of various interconnected 
processes including measurement, speciation, and 
mechanisms is required for successful scale-up of 
defluoridation process by electrochemical method. 
The pH of solution is an important factor for 
removing of fluoride. When pH<5, dissolved 
aluminum (Al3+) is predominant in the acidic 
condition and aluminum hydroxide is tended soluble. 
In the pH range of 5 and 6, the predominant 
hydrolysis products are found to be Al(OH)2+ and 
Al(OH)2

+ when the solid Al(OH)3 is most prevalent 
in the pH range of  6 and 8.5.When pH is >9, the 
soluble Al(OH)4

- is the predominant species. Freshly 
formed amorphous Al(OH)3 precipitates that are 
required for “sweep coagulation” have large surface 
areas, which is beneficial for a rapid adsorption of 
soluble compounds and trapping of colloidal particles. 
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