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Background: Existence of fluoride in drinking water above the permissible level causes human skeletal fluorosis.
Objectives: Electrocoagulation by iron and aluminum electrodes was proposed for removing fluoride from drinking water.
Materials and Methods: 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 electrocoagulation were investigated 
in the batch reactor. Variable concentrations of fluoride solution were prepared by mixing proper amounts of sodium fluoride with 
deionized water.
Results: Experimental results showed that aluminum electrode is more effective in fluoride removal than iron, as in 40 minutes and 
initial pH of 7.5 at 20 V, the fluoride removal process reached to 97.86%. The final recommendable limit of fluoride (1.5 mg/L) was obtained 
in 10 minutes at 20 V with the aluminum electrode.
Conclusions: In electrocoagulation with iron and aluminum electrodes, increase of voltage, number of electrodes and reaction time as 
well as decrease of the spaces between electrodes, enhanced the fluoride removal efficiency from drinking water. In addition the effect of 
pH and initial concentration of fluoride varied with types of electrodes.
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1. Background
Inorganic constituents that might be found in natural 

waters or contaminated-source waters are turning into 
major public health problems of drinking water. Presence 
of fluoride as an inorganic ion above the permissible limit 
in drinking water is a public health problem (1). The suit-
able level of fluoride in drinking water specified by the 
World Health Organization (WHO) is  1.5 mg/L (2-4). Differ-
ent techniques like alum coagulation, bone char or calcite, 
(5) adsorption, membrane separation, ion-exchange, hy-
brid techniques, and electrocoagulation (EC) have been 
applied for removal of fluoride from drinking water (3, 6). 
The adsorption process using different adsorbents such as 
trimetal oxide (7), waste carbon slurry (8) and many low-
cost materials were investigated for removal of fluoride 
from the aqueous medium. Membrane separation tech-
niques were investigated for effective separation of fluo-
ride, using electrodialysis (9), Donnan dialysis (10), nano-
filtration (11), and anion-exchange membrane (12). Garmes 
et al. (13) performed defluoridation of ground water by a 
hybrid process, combining adsorption and Donnan dialy-
sis. Integrated biological and physicochemical treatment 
for nitrate and fluoride removal was investigated by Me-

konen et.al. (14). Fluoride distribution in electrocoagula-
tion defluoridation process was investigated to explore 
the mechanism involved in fluoride removal process (15). 
The kinetics was developed empirically in the removal pro-
cess of fluoride, using monopolar electrode connection (5, 
16). Electro-coagulation is a simple and efficient method 
for removing the flocculating agent generated by electro-
oxidation of a sacrificial anode, which is generally made 
of iron or aluminum. In this process, the treatment is per-
formed without adding any chemical coagulant or floccu-
lants; thus, it reduces the amount of sludge which must 
be disposed (17). On the other hand, electrocoagulation is 
based on in situ formation of the coagulant as the sacrifi-
cial anode corrodes due to an applied current, while simul-
taneous evolution of hydrogen at the cathode allows for 
pollutant removal by flotation. This technique combines 
three main interdependent processes, operating synergis-
tically to remove the pollutants: electrochemistry, coagu-
lation, and hydrodynamics. Assessment of the chemical re-
actions of electrocoagulation process shows that the main 
reactions occurring at the electrodes (aluminum and iron 
electrodes) are:
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In addition, Al3+ and OH- ions generated at the electrode 
surfaces react in water to form aluminum hydroxide:

Similar chemical reactions occurring in the electrocoag-
ulation process happen for iron electrodes:

The aluminum and iron hydroxide flocs normally act as 
adsorbents and/or traps for metal ions. Therefore, they 
eliminate metal ions from the solution (17).

2. Objectives
The main purpose of this research was to investigate the 

electrocoagulation process efficiency for fluoride remov-
al from aqueous environments with iron and aluminum 
electrodes and determine the effects of voltage, distances 
between the electrodes, number of electrodes, electrode 
material, initial pH, initial concentration of fluoride, and 
reaction time on the removal efficiency. Finally, the elec-
trical energy consumption for electrocoagulation pro-
cess using aluminum and iron electrodes was calculated.

3. Materials and Methods
An experimental study in laboratory scale was carried 

out and a glass tank, 0.15 × 0.15 × 0.15 m, with effective 
volume of 3.375 m3 was used to conduct the experiments. 
Aluminum and iron electrodes with a total effective area 
of 120 cm2 were used. Thickness of aluminum and iron 
plates was 2 mm and the inter-electrode distance was 
maintained at 2 cm. The electrodes were connected to a 
direct-current (DC) power supply (PS-305 D, 0-5 A, 0-30 
V). The batch electrocoagulation cell with bipolar elec-
trode connection is shown in Figure 1 A. Magnetic stir-
ring at 100 rpm maintained a homogeneous solution in 
the batch reactor. The temperature of each system was 
maintained at 25 ± 1°C. Samples were extracted from the 
Izeh drinking water supply, a city in Khoozestan prov-

ince, Iran. Characteristics of Izeh water supply are shown 
in Table 1. Fluoride solutions were prepared syntheti-
cally by dissolving proper amounts of NaF in water. The 
fluoride concentration in each reaction was raised to 5 
mg/L. Three different initial fluoride concentrations (1, 3, 
5 mg/L) were used to test the influence of the initial fluo-
ride concentration. Three voltages (5, 10, 20 V) were used 
to examine the effect of applied voltage. To achieve the 
desired pH, sulfuric acid or NaOH (0.1 N) were used. The 
pH values were measured using pH meter. Experiments 
were carried out in the influent pH values of 4, 7.5, 10, and 
with AL-AL and Fe-Fe electrodes in various contact times 
(10, 20, 30, 40 minutes). The treated fluoride samples 
were filtered before any analysis. The residual fluoride 
concentrations were analyzed using a spectrophotome-
ter (DR/2000, Hach, Germany) at 580 nm according to the 
standard methods (18). Finally, the energy consumption 
of electrocoagulation process per cubic meter of treated 
water, during 40 minutes of detention in various situa-
tions was calculated.

Table 1.  Characteristics of Izeh Water Supply

Concentration

Total hardness, mg/L CaCO3 250

Alkalinity, mg/L CaCO3 105

Electrical conductivity, μs/cm 450

Fluoride, mg/L 0.46

pH 7.5

4. Results

4.1. Effect of Applied Voltage
Current density is the most important parameter for con-

trolling the reaction rate in most electrocoagulation pro-
cesses, because it determines the coagulant dosage rate, 
bubble production rate, and size and growth rate of the 
floc, which can influence the treatment efficiency of elec-
trocoagulation (17, 19, 20). The effect of current density or 
applied voltage on fluoride removal was investigated. Fig-
ure 1 reveals the variation of fluoride concentration during 
electrocoagulation by aluminum and iron electrodes. As 
expected, for a given time, the removal efficiency increased 
with increase in the current density. In electrocoagulation 
with four iron electrodes with 20 mm distances and initial 
pH of 7.5, maximum fluoride removal was 29.6%. The re-
sidual fluoride concentration in the effluent at the end of 
the reaction time (40 minutes) did not reach to < 1.5 mg/L 
with iron electrodes. As seen in Figure 1 B, the highest elec-
trical potential (20 V) produced the quickest treatment 
with 97.86% of the reductions occurring after 10 minutes 
and the lowest fluoride removal efficiency occurred in 
the lowest electrical potential (5 V). This is ascribed to the 
fact that at the higher voltage the amount of aluminum 
oxidized increases, resulting in a greater amount of pre-
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cipitate for removal of pollutants. In addition, the bubbles 
densities increase and their sizes decrease with increase 
of the current density, resulting in a greater upward flux, 
faster removal of pollutants, and sludge flotation (17, 21). 
These findings were in line with the result of the following 
studies: Malakootian's study in 2009 on hardness removal 
by electrocoagulation (21); Bazrafshan et al. study in 2007 
on the capability of electrocoagulation method with alu-
minum and iron electrodes in fluoride removal (17); Ghosh 
et al. study in 2008 on fluoride treatment with electroco-
agulation using monopolar and bipolar electrode con-
nections (6). As the current density decreased, the time 
to achieve similar efficiencies increased and the results of 
this research confirmed that the treatment efficiency was 
mainly affected by charge loading (Q = It), as reported by 
Bazrafshan et al. (17). It was also confirmed by Ghernaout's 
study in 2008 on Escherichia coli removal from the surface 
water by electrocoagulation (22). Hence, based on the re-
sults of the present study and previous studies, electroco-
agulation can act as a pH moderator (17, 23).

4.2. Effect of Distance Between the Electrodes

A set of experiments was performed with different 
electrode distances to determine the fluoride removal 
efficiency during electrocoagulation. The results ob-
tained at 20, 30, and 40 mm electrode distances showed 
that the maximum fluoride removal was achieved at the 
minimum distance between the electrodes for iron and 
aluminum electrodes. As seen in Figure 2, the fluoride 
removal efficiency decreased with increase of the dis-
tance between the electrodes; so, the maximum fluoride 
removal was achieved at 20 mm distance between the 
electrodes in 40 minutes detention for both aluminum 
and iron electrodes. It was also confirmed by Escobar’s 
study in 2006 on copper, lead, and cadmium removal 
from natural water sources by electrocoagulation as well 
as the results of Ghosh’s study in 2008 on treatment of 
fluoride-containing drinking water by electrocoagula-
tion, in which the optimum inter-electrode distance was 
5 mm (6, 24).

Figure 1. The Effect of Applied Voltage on Fluoride Residue
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Figure 2. The Effect of Distance Between the Electrodes on Fluoride Residue
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4.3. Effect of Number of Electrodes
The number of electrodes affecting the fluoride remov-

al by electrocoagulation in equal conditions in two, four 
and six plates is shown in Figure 3. As the figure shows, 
up to 99% of fluoride removal was achieved with six

aluminum electrodes and 36% of the removal was ob-
tained with six iron electrodes. With increase in number 
of electrodes the electricity consumption increases, lead-
ing to increase of floc production and consequently re-
moval efficiency enhancement (25).

Figure 3. The Effect of Number of Electrodes on Fluoride Residue
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Figure 4. The Effect of Initial pH on Fluoride Residue
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4.4. Effect of Initial pH
Initial pH has a considerable effect on the efficiency of 

electrocoagulation. pH of the medium can change dur-
ing the process, depending on the electrode material and 
initial pH (17). In this study, pH values varied (4, 7.5, 10) to 
investigate its influence on fluoride removal. Removal ef-
ficiencies of fluoride with varying initial pH values using 
iron and aluminum electrodes are presented in Figure 4. 
As observed in the figure, the maximum fluoride removal 
for the aluminum electrode was achieved in pH = 4 and 
for the iron electrode in pH = 10. These findings were in 
line with the results of Bayramoglu et al. analyzing ben-
zoquinone solution treatment by electrocoagulation (26) 
as well as the results of Malakootian et al. study in 2009 
on hardness removal by iron electrodes via electrocoagu-
lation (21).

4.5. Effect of Contact Time
The effect of residence time on the defluoridation pro-

cess in electrocoagulation was also investigated. Figure 5 
shows the effect of detention in electrocoagulation at the 
initial pH and voltage, when the initial fluoride concen-
tration was 5 mg/L. Theoretically, based on the Faraday’s 
law, current and duration of electrolysis should affect 
the quantity of aluminum and iron electrodes. As seen 
in Figure 5, up to 69% of the initial fluoride concentra-
tion decreased within 10 minutes of processing and the 
residual fluoride concentration at the end of the reaction 
time (40 minutes) reached to 1 mg/L for the aluminum 
electrodes. However, as shown in Figure 5, the residual 
concentration of fluoride with iron electrodes did not 
reach to < 1 mg/L, so it cannot be safely discharged to the 
environment. For both aluminum and iron electrodes, 
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the maximum removal occurred in the first 10 minutes. 
Emamjomeh investigated fluoride removal by a continu-
ous flow electrocoagulation reactor with aluminum elec-
trodes and reported that maximum fluoride removal oc-
curred in the initial fluoride concentration of 5 mg/L by 
200 mL/min flow rate and current density of 12.5 A/m2 in 
40 minutes of residence (20). The effect of reaction time 
for finding the optimum fluoride concentration in the ef-
fluent was investigated. The results showed that the reac-
tion time increased when the current density decreased. 
With increase of the distances between the electrodes the 
reaction time increased, as in 30 mm interior electrode 
distance the reaction time for achieving the optimum 
fluoride removal was 20 minutes and it increased up to 
30 minutes when the distance between the electrodes in-
creased to 40 mm.

Figure 5. Effect of Contact Time on Fluoride Residue
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The effect of number of electrodes on the reaction time 
showed that with increase of the number of electrodes, 
the detention time decreased. The initial concentration 
of fluoride as well as the initial pH had direct effects on 
the reaction time, as with increase of the fluoride concen-

tration and pH, the detention time increased. The effect 
of electrodes materials on the residence time revealed 
that the optimum fluoride concentration for a similar 
electrolysis condition was obtained in 10 minutes for the 
aluminum electrode and in 40 minutes for the iron elec-
trode.

4.6. Effect of Initial Concentration of Fluoride Ion
Preliminary laboratory testing of electrolysis cell in-

volved determining the effect of different initial con-
centrations of fluoride on efficiency of fluoride removal. 
From Figure 6 A, it appears that for various concentra-
tions of fluoride, the residual fluoride concentration in-
creased with increase of the fluoride concentration from 
1 mg/L to 5 mg/L. Figure 6 B shows that higher concentra-
tions of fluoride led to lower fluoride removal efficien-
cies of electrocoagulation with iron electrodes. As shown, 
the maximum fluoride removal was achieved in 1 mg/L, 
which was up to 43% and then decreased to 30% with in-
crease of the fluoride concentration to 5 mg/L. Vasudevan 
et al. study in 2009 on an Mg-Al-Zn alloy as an anode for 
removal of fluoride through electrocoagulation reveal 
fluoride removal efficiency reduction from 96% to 20% 
with increase of fluoride concentration from 5 mg/L to 
50 mg/L (27).

4.7. Effect of Electrode Material
As shown in Figure 5, aluminum electrodes are more 

effective for fluoride ion removal than iron electrodes. 
This is in complete agreement with the results obtained 
previously by Essadki et al. in 2009 (28) as well as Bazraf-
shan et al. results on fluoride removal (17).

4.8. Energy Consumption
The relationship between the electrical energy 

consumption and fluoride concentration are pre-
sented in Table 2 for iron and aluminum electrodes.

Figure 6. The Effect of Initial Concentration of Fluoride Ion on Fluoride Residue
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Table 2.  Electrical Energy Consumption During Electrocoagulation Using Aluminum and Iron Electrodes

Variation Removal Efficiency Energy Consumption

Aluminum Iron Aluminum Iron

kWh/m3 kWh/kgF- kWh/m3 kWh/kgF-

Current density, V

5 59.6 22 0.29 97 0.32 293

10 70 25 1.56 445 1.87 1493

20 97.86 29.58 7.02 1435 8.27 5590

Electrode distance, mm

20 97.86 29.58 7.02 1435 8.27 5590

30 93 28 5.33 1147 4.8 3429

40 86.96 25 4 920 4 3200

Number of electrodes

2 61.02 24 2.04 670 2.53 2111

4 97.86 29.58 7.02 1435 8.27 5590

6 99.35 34 11.29 2273 12.22 7190

pH

4 98.44 23.44 7.02 1427 8.27 7054

7.5 97.86 29.58 7.02 1435 8.27 5590

10 91.56 30.77 7.02 1534 8.27 5373

Initial concentration, 
mg/L

1 89 43.09 4.89 5493 7.69 17844

3 96.67 38 6 2069 8 7018

5 98 30 7.02 1435 8.27 5590

In any electrical process, there are incurred charges due 
to electrical energy demand, which affect the operating 
costs. For an Electrocoagulation (EC) process, the operat-
ing costs include materials, mainly electrodes, electrical 
energy costs, labor, maintenance, sludge dewatering and 
disposal, and fixed costs. In this investigation, energy con-
sumption was taken into account as a major cost in calcu-
lation of the operating costs. As the table represents, the 
energy consumption for the aluminum electrodes was 
dramatically less than the iron electrodes. In equal con-
ditions of initial fluoride concentration, number of elec-
trodes and distances between them, voltage and deten-
tion time, the energy consumption for aluminum and 
iron electrodes was respectively 1435 kwh/kgF- and 5590 
kwh/kgF-. In addition, the energy consumption increased 
with increase of voltage and decreased with increase of 
distance between the electrodes.

5. Discussion
The present research investigated the applicability of 

the electrocoagulation process using aluminum and 
iron electrodes for fluoride removal from aqueous solu-
tions. The influence of various variables such as pH, re-
action time, voltage, fluoride concentration, electrode 

material, and distances between the electrodes was in-
vestigated. The results showed that electrocoagulation 
using iron and aluminum electrodes could successfully 
remove fluoride from the aqueous solutions. The results 
obtained with synthetic solutions revealed that the in-
crease of detention time, voltage and number of elec-
trodes enhanced the treatment rate for both iron and 
aluminum electrodes. The contact time for achieving the 
optimum residual fluoride increased with increase of the 
distances between the electrodes and the initial fluoride 
concentration and decreased with voltage and number 
of electrodes. The fluoride removal efficiency according 
to the study results decreased with increase of the dis-
tances between the electrodes. The energy consumption 
with aluminum electrodes was less than iron electrodes; 
thus, electrocoagulation with aluminum electrodes can 
be more effective compared with iron electrodes for fluo-
ride removal.
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