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a b s t r a c t
The global incidence of high fluoride levels in groundwater and its role in various health complica-
tions necessitate the development of effective methods for its reduction to sustainable limits. Thus, 
this study proposed an electrocoagulation technology of fluoride removal from groundwater. The 
groundwater having 4 mg/L fluoride was collected at 70 m depth from Khalra village (31.3955°N, 
74.6211°E), Tarn Taran district, Punjab, India. Analysis of fluoride concentration was carried 
out using ion-chromatography. The central composite design (CCD) was employed to optimize 
the effect of treatment time and current density. Permissible fluoride concentration (1.5 mg/L) in 
drinking water was achieved at pH 7.4, treatment time 37 min, and current density 40 A/m2 using 
aluminum electrodes with 1.64 kWh/m3 of energy consumption. The fluoride removal follows the 
pseudo-first-order kinetic model. Negative values of zeta potential indicated OH– surface exchange 
mechanism of fluoride. Boehmite AlO(OH) formation in sludge was confirmed using X-ray dif-
fraction. Fourier-transform infrared spectroscopy and Raman spectroscopy of sludge revealed that 
complex formation between aluminum hydroxide/oxyhydroxide and fluoride is crucial for removal.

Keywords:  Groundwater; Ion-chromatography; Design of experiments (DOE); Response surface 
methodology (RSM); Arsenic interference

1. Introduction

The presence of various naturally occurring, anthro-
pogenic, industry originated ions, and heavy metals pro-
foundly affect the groundwater quality and give rise to 
human diseases. Fluoride is one such significant inorganic 
pollutant, has been acknowledged as a global concern. 
Fluoride is required in drinking water for the prevention 
of tooth cavities and mineralization of bones at the desired 
concentration [1], higher concentration and long term 
exposure can cause skeletal fluorosis, bone fracture, teeth 
mottling, and also in some cases, infertility in women [2]. 
The World Health Organization (WHO) and the Bureau of 
Indian Standards (BIS) have set the maximum acceptable 
limit of fluoride at 1.5 and 1 mg/L, respectively [3,4].

Fluoride contamination in groundwater has affected 
various south and southeastern Asian countries such as 
Afghanistan, Bhutan, Nepal, Sri Lanka, and India [5]. 
The high concentrations of fluoride have been reported 
in India (2.3–37.1 mg/L) [6] and Pakistan (5.5–29.6 mg/L) 
[7], along with considerable effects on human health. In 
India, 20 out of 29 states exceeds permissible level of flu-
oride in groundwater, including Assam (1.5–20.6 mg/L), 
Andhra Pradesh (1.5–8.2 mg/L), Haryana (1.5–17 mg/L), 
and Punjab (1.5–11.3 mg/L) [8]. As per the Central Ground 
Water Board (CGWB) report [9], a high concentration of 
fluoride and arsenic has been reported in groundwater of 
Punjab. In literature, many techniques have been reported 
to treat fluoride in groundwater, such as adsorption 
[10,11], coagulation- precipitation using aluminum salt [12], 
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nanofiltration/reverse osmosis [13] and ion exchange [14]. 
However, these technologies have their own drawbacks. 
In adsorption based technologies, pH dependency and 
high treatment time are the significant obstacles in fluoride 
removal. Coagulation–precipitation with aluminum salts 
produces enormous amounts of sludge with high aluminum 
content [5]. Although nanofiltration and reverse osmosis are 
efficient in fluoride removal, it has certain limitations such 
as high maintenance and capital cost, fouling of membrane, 
high water rejection rate, which contains toxic pollutants. It 
removes some essential minerals from water, thus a re-min-
eralization process is also required [15].

In contrast to the technologies mentioned above, elec-
trocoagulation (EC) is proven to be highly effective for the 
treatment of water [16,17]. It exhibits several advantages 
such as high removal efficiency, quick start-up, less gen-
eration of secondary pollutants, no chemical requirement, 
and less water rejection rate. EC uses several electrode mate-
rials such as iron [18], stainless steel [19], aluminum [20], 
and zinc [21]. Out of these iron and aluminum are widely 
used to treat different contaminants such as fluoride [22], 
arsenic [23,24], COD and turbidity [25], and hexavalent 
chromium [26]. These electrode materials are non-toxic, 
easily available, cost-effective, and anodically soluble, thus 
perform the combined task (EC+ electroflotation) and pro-
vide high removal efficiency [27]. The sludge generated in 
EC is low and less toxic as compared to other conventional 
technologies. However, at large scale, sludge disposal may 
become an issue. The possible uses of sludge are recycling 
(use as adsorbent or coagulant for subsequent wastewa-
ter treatment), coagulant recovery (using acidification or 
alkalization), and as building material [28].

Various studies are available on the removal of fluoride 
from groundwater by applying EC [17,23,24]. An integrated 
EC and microfiltration process was employed to treat flu-
oride contaminated groundwater collected from Assam, 
India, and maximum removal was observed at pH 7.9 and 
15 A/m2 [29]. Simultaneous removal of arsenic and fluo-
ride from real groundwater of Durango, Mexico [18], and 
Chhattisgarh, India [19] using EC has also been reported. 
Optimization of process parameters of an EC reactor for flu-
oride removal from natural volcanic underground water has 
been performed. Three different reactors were employed, 
and fluoride concentration of 1.4 mg/L was obtained at 
10 min and 100 A/m2 [30].

Most of the experiments which have been performed 
so far or/and are being investigated to study the removal 
process of a particular pollutant only depict removal effi-
ciency by maintaining certain factors constant and do not 
observe the combined effect of all the factors involved. 
This is time-consuming and requires a large number of 
experiments to determine optimum levels for various con-
stants. These limitations can be eliminated by optimiz-
ing all the affecting variables simultaneously by statistical 
experimental design, such as response surface methodol-
ogy (RSM). It is a statistical and mathematical tool which 
is used for model building and designing of small sets of 
experiments [31]. Central composite design (CCD) is a sys-
tematic experimental approach of RSM, in which combina-
tions of factors (independent variables) are generated to find 
optimal solutions for maximization or minimization of the 

response (dependent variable). This approach reveals the 
confounded 2-factor interaction (2-FI) between the indepen-
dent variables, and it also shows whether the interactions 
are synergistic or antagonistic.

The study aims to optimize the process parameters 
(electrode material, pH, current density, and treatment time) 
for the removal of fluoride from simulated and real ground-
water using CCD. The defluoridation kinetics and sludge 
characteristics were also studied to explore the removal 
mechanism. Furthermore, the interference of arsenic in the 
removal of fluoride by spiking of 300 ppb arsenic in real 
groundwater sample was also examined.

2. Materials and methods

2.1. Solutions

Analytical grade chemicals were used in the study. 
The stock solution of fluoride (100 ppm) was prepared by 
dissolving 0.221 g of NaF (Himedia, India) in 1,000 mL 
ultrapure water. Working fluoride solution of 5 mg/L 
was prepared by diluting the stock solution. The pH was 
adjusted using 1 N HCl and 1 N NaOH solution. Sodium 
chloride (Merck, India) was used to set the conductivity 
(2,000 µS/cm) of the synthetic sample. The arsenic solution 
of 300 ppb was prepared by adding an appropriate amount 
of NaAsO2 (Merck, India) in ultrapure water.

2.2. Groundwater characterization

Groundwater sample of fluoride was collected from a 
tube-well at a depth of 70 m located in the Khalra village 
(31.3955°N, 74.6211°E) Tarn Taran, Punjab (Fig. 1, Table S1). 
The sample was collected in the pre-rinsed high-density 
polyethylene (HDPE) bottle after 10 min of initial pumping. 
The health effects of high concentrations of fluoride in 
the groundwater among inhabitants, such as skeletal flu-
orosis and mottling of teeth, were also observed (Fig. S1). 
The characteristics of the groundwater sample were pH 
7.4, fluoride 4.0 mg/L, chloride 66 mg/L, sulfate 168 mg/L, 
total hardness 264 mg/L as CaCO3, total alkalinity 570 mg/L 
as CaCO3, and conductivity 2,100 µS/cm.

2.3. Analytical methods

pH and conductivity of the sample were measured 
using digital pH meter (Labtronics, LT-501, India) and con-
ductivity meter (Labtronics, LT-51, India). Anions (fluoride, 
chloride, and sulfate) were analyzed using ion chromatog-
raphy (IC 883, Metrohm, Switzerland). Total hardness of 
the sample was evaluated using ethylenediaminetetraacetic 
acid titrimetric method, and total alkalinity was ana-
lyzed by the titration method using H2SO4 within 24 h of 
sampling as per standard method [32].

2.4. EC reactor design

EC experiments in the batch mode were conducted in 
1,000 mL Plexiglas reactor containing a working volume 
of 540 mL and dimensions of 7 cm × 4 cm × 40 cm. A pair 
of electrodes was used with an effective surface area of 
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100 cm2. Electrodes were rubbed with sandpaper (120 grit) 
and cleaned with tap water before use. A stabilized DC 
power supply (L-3210, Aplab, India) was connected with 
an inter-electrode distance of 15 mm. Magnetic stirrer 
was used for continuous mixing of the sample at 100 rpm. 
EC reactor design and reaction mechanism are shown in 
Fig. 2. After EC treatment, the sample was maintained 
under quiescent conditions for 30 min and filtered through 
a 0.2 µm membrane filter to avoid choking of the anion 
column. Fluoride removal efficiency and energy consump-
tion were calculated as per Eqs. (1) and (2), respectively:

Fluoride removal %( ) = −
×

C C
C
i t

i

100  (1)

where Ci and Ct are the initial and final concentrations of 
fluoride, respectively.

Energy kWh/m

voltage current

treatment time
Fun

3( ) =
( )× ( )×

( )
V I

t
cctional volume v( )

 (2)

The schematic flow chart of the work done is shown in 
Fig. 3. Preliminary experiments were performed using sim-
ulated fluoride (5 mg/L) for the best electrode material. The 
experiments were performed at pH 7, current density 10 A/
m2, and treatment time varied between 5 and 35 min using 
each electrode material (iron, aluminum, and stainless steel). 
The best electrode material was further used to treat real 
groundwater. The effect of treatment time (3–37 min) and cur-
rent density (10–40 A/m2) on fluoride removal was analyzed 
using 2-factor CCD design at natural pH and conductivity. 
The sample treated at optimized parameters was considered 
for removal kinetic study and sludge characterization.

2.5. CCD design and optimization

To study the significant process variables viz. treatment 
time 3–37 min, current density 10–40 A/m2, 13 experiments 
were performed at factorial, axial, and center points as per 
CCD-RSM approach (Table 1). Fluoride removal efficiency 
and energy consumption were determined as response 

Fig. 1. Map showing fluoride in groundwater of Punjab, India as per CGWB report [9].

Fig. 2. Electrocoagulation experimental setup.
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Table 1
Two-factor CCD of real groundwater sample with fluoride removal efficiency and energy consumption

Independent variables Responses (observed)

X1 (min) X2 (A/m2) Y1 (%) Y2 (kWh/m3) Y3 (%)

1 Factorial 3 10 3.2 0.018 2.5
2 Factorial 3 40 24.7 0.144 25.0
3 Factorial 37 10 42.0 0.227 38.0
4 Factorial 37 40 70.0 1.774 61.8
5 Axial 3 25 20.0 0.053 18.5
6 Axial 20 10 18.7 0.123 15.5
7 Axial 20 40 43.5 0.959 43.2
8 Axial 37 25 62.0 0.649 55.0
9 Center 20 25 39.0 0.351 39.0
10 Center 20 25 39.3 0.351 38.0
11 Center 20 25 40.0 0.351 39.0
12 Center 20 25 41.0 0.351 40.0
13 Center 20 25 41.0 0.351 39.5

X1 = Treatment time; X2 = Current density; Y1 = Fluoride removal efficiency
Y2 = Energy consumption; Y3 = Fluoride removal eff. in presence of 300 ppb arsenic

Fig. 3. Flow chart of experimental procedure and optimized conditions.
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variables and used for ANOVA model building. Model 
statistics (coefficient of variance (CV) %, predicted R2, ade-
quate precision) along with the normal plot of residuals 
and predicted vs. actual plot of response were checked for 
outlier and goodness of fit. The fitted model was selected 
on the basis of p-value (p-value < 0.05) and non-signifi-
cant lack of fit (p-value > 0.05). The best-fitted model was 
used for a graphical representation (2-dimensional and 
3- dimensional contour plots) of the response variables 
with respect to treatment time and current density. Design-
Expert v9.06 (Stat-Ease Inc., USA) was used for experimen-
tal design and data analysis.

2.6. Zeta (ζ) potential

Treated samples after filtration were analyzed for 
ζ-potential measurement by zeta meter (Zetasizer Nano 
S90, Malvern instruments Ltd., UK). A gold electrode was 
used to determine the effective charge of the particle, which 
gives a direct indication of the stability of the solution.

2.7. Sludge characterization

To elucidate the mechanism of defluoridation, sludge 
samples were oven-dried and grained into a fine powder. 
XRD of samples was recorded using X-ray diffractometer 
(XRD-6100/7000, Shimadzu) with Cu Kα radiation (1.541 Å) 
in the range of 5° to 90° to check the crystalline nature and 
mineralogical structure of sludge. Peaks were analyzed 
from the published literature and International Centre for 
Diffraction Data (ICDD) database.

Scanning electron microscopy (SEM) analysis was car-
ried out for visual information of change in morphology of 
sludge particles at a magnification of 2,000×. Fourier trans-
form infrared spectroscopy (FTIR) study was performed 
for the analysis of chemical groups and bond stretching 
in the sludge particles (Perkin Elmer, USA). Potassium 
bromide (KBr) was used for floc sample preparation, and 
the range of spectra was 4,000–400 cm–1. Raman spectros-
copy was used to identify materials from their bonding. 
Raman spectroscopy of sludge samples was performed 
using the Renishaw In-Via micro-Raman spectrometer with 
50 mW argon laser (785 nm) as excitation radiation, and 
the resolution of the spectra was 1 cm−1.

3. Results and discussion

Treatment of simulated water sample was performed to 
check the effect of electrode material on fluoride removal 
efficiency. In the first phase, three-electrode material iron, 
aluminum, and stainless steel were used and the best elec-
trode pair was used for further treatment. In the second 
phase, the real groundwater sample was taken from bore 
well (70 m depth). Process parameters viz. pH and con-
ductivity were not altered and kept fixed. Significant pro-
cess variables viz. treatment time and current density were 
optimized using CCD-RSM approach.

3.1. Effect of electrode material using simulated water

The maximum fluoride removal efficiency was obtained 
with Al–Al electrodes (94.4%) and lowest with SS–SS elec-
trodes (59.3%) at pH 7, treatment time 35 min, and current 

density 10 A/m2 (Fig. S2). This may be due to the tendency 
of fluoride making a strong complex with aluminum by 
chemical adsorption process in which F– is replaced by OH– 
from aluminum oxide hydroxide flocs [25,33]. Therefore, 
poorly soluble aluminum fluoride hydroxide forms set-
tle as sludge, as shown in Fig. 2. Aoudj et al. [25] used five 
different anode configurations viz. four aluminum (4-Al), 
three aluminum-one iron (3Al-1Fe), two aluminum-two 
iron (2Al-2Fe), three iron-one aluminum (3Fe-1Al), and 
four iron (4-Fe) and maximum fluoride removal efficiency 
was obtained with 4-Al configuration. Thus, due to better 
removal efficiency, the Al-Al electrode pair was further used 
for real groundwater treatment.

3.2. Process parameters for real groundwater

According to the literature, the optimum pH for fluoride 
removal is 6–7 [22,33]. At highly acidic pH, the dissolution 
rate of aluminum is low, and hydroxide ions produced 
during the reaction get utilized by the acid in solution 
[27]. At highly alkaline pH, soluble aluminum hydroxide/
oxide species such as Al(OH)4

– and AlO2
– are predominant 

with a poor coagulating capacity [34]. However, at neutral 
pH, the formation of gelatinous aluminum oxide hydrox-
ide AlO(OH) (boehmite) is predominant, and the surface of 
AlO(OH) contains crystalline structured hydroxyl groups, 
which further provide excellent adsorption capacity for 
fluoride ions [35].

The conductivity of the sample determines the resistance 
of the electrochemical cell, a high amount of chloride ions 
diffuses the oxide layer around the electrode and increases 
the corrosion of electrodes, which in turn decreases the 
resistance. In the presence of chloride ions, reactions (3)–(5) 
occur at anode [36].

2 22Cl Cl e− −→ +  (3)

Cl H O HOCl Cl H2 2+ → + +− +  (4)

HOCl OCl H→ +− +  (5)

With an increase in the concentration of NaCl, the 
voltage decreases rapidly due to the ohmic potential drop 
and reduces the anode overpotential. Thus localized out-
break of passive layer occurs, known as “pitting corro-
sion,” which accelerates the fluoride removal efficiency 
by producing more coagulants. The presence of pits on 
the anode and their size depends on the concentration 
of NaCl. With an increase in concentration, the finer pits 
form with high distribution density [37,38]. The energy 
consumption gets significantly reduced with an increase 
in conductivity of the sample due to a decrease in ohmic 
resistance between the electrodes [33]. Therefore, all the 
experiments were performed using natural pH 7.4 and 
conductivity 2,000 µS/cm of groundwater.

3.3. Process modeling and optimization

Groundwater sample was treated according to 2-factor 
CCD with current density and treatment time as process 
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variables. The fluoride removal efficiency and energy con-
sumption as a response variable are listed in Table 1. Best 
model fitting of response data (Fluoride removal efficiency) 
indicated a quadratic model with a highly significant 
p-value < 0.0001 at F-value = 555.1. Model has non-signif-
icant Lack of fit (p = 0.2212, p-value > 0.05 indicated S/N 
ratio = 84.73) (Tables 2a and b). The normal percentage prob-
ability (Fig. S3) and actual vs. predicted plot (Fig. 4a) sug-
gested model precision and reliability for the prediction of 
fluoride removal efficiency. Thus, the model can be nav-
igated in the design space, and the developed model can 
efficiently predict fluoride removal efficiency.

Treatment time and current density are two important 
variables as these influence the reaction rate, production, 
growth, and dose of coagulants. Fluoride removal effi-
ciency is directly proportional to the coagulant (aluminum 

hydroxide/oxide) dosage rate [39]. Due to an increase 
in treatment time and current density, Al3+ ion produc-
tion rate, and size of flocs increase, which eventually 
neutralizes the charged pollutant particles. Therefore, it 
significantly increases the fluoride removal efficiency. 
The effect of current density was predominant at lower 
values, that is, 10 and 25 A/m2. The increase in fluoride 
removal efficiency from 10 to 25 A/m2 at 37 min was 20%, 
while from 25 to 40 A/m2 was only 8%. The lower removal 
rates might be due to the fact that high current density 
leads to the liberation of aluminum hydroxide Al(OH)3 
and cause the incomplete reaction [30,35]. The minimum 
fluoride removal efficiency of 3.25% was observed at 3 min 
and 10 A/m2. This may be due to the insufficient produc-
tion of coagulants to remove fluoride ions. The maximum 
removal efficiency of fluoride (70%) was observed at a 
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Fig. 4. (a) Actual vs. predicted, (b) perturbation plot, (c) 2-D contour, and (d) 3-D contour plots showing the effect of treatment time 
and current density on fluoride removal efficiency.
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Table 2
ANOVA table and model statistics for (a) fluoride removal efficiency, (b) fluoride removal efficiency in presence of 300 ppb arsenic, 
and (c) second-order polynomial equations for fitted models

(a)

Source SSa Dfb MSc F-value p-value 
Probability > F

Model 3,732.3 5 746.4 555.1 <0.0001*
A 2,646.0 1 2,646.0 1,967.7 <0.0001*
B 918.8 1 918.8 683.3 <0.0001*
A × B 10.5 1 10.5 7.8 0.0264*
A2 15.3 1 15.3 11.4 0.0118*
B2 156.1 1 156.1 116.0 <0.0001*
Lack of fit 5.9 3 1.9 2.2 0.2212#

Model statistics

Standard deviation 1.1 R2 0.997
Mean 37.2 Adjusted R2 0.995
% CV 3.1 Predicted R2 0.987
PRESS 45.5 Adequate precision 84.73

(b)

Source SS Df MS F-value p-value 
Probability > F

Model 4,974.4 5 994.8 141.0 <0.0001*
A 3,002.5 1 3,002.5 425.6 <0.0001*
B 1,596.2 1 1,596.2 226.3 <0.0001*
A × B 3.2 1 3.2 0.4 0.5089
A2 21.9 1 21.9 3.1 0.1052
B2 63.2 1 63.2 8.9 0.0122
Lack of fit 65.8 9 7.3 1.2 0.5228#

Model statistics

Standard deviation 2.6 R2 0.984
Mean 31.0 Adjusted R2 0.977
% CV 8.5 Predicted R2 0.966
PRESS 170.9 Adequate precision 38.219

*Significant at p ≤ 0.05.
#Not-significant at p < 0.05.
aSS = Sum of squares; bDf = Degree of freedom; cMS = Mean sum of squares.
A = Treatment time; B = Current density.

(c)

Response Term Equation

Y1 (%) Coded +39.66 + 21.00 A + 12.37 B + 1.63 A × B + 2.36 A2 – 7.52 B2

Actual –20.110 + 0.749 A + 2.368 B – 0.006 A × B – 0.008 A2 – 0.033 B2

Y3 (%) Coded +33.98 + 18.31 A + 11.84 B – 0.66 A × B + 2.67 A2 – 4.29 B2

Actual –16.79 + 0.772 A + 1.793 B – 0.0260 A × B + 0.0924 A2 – 0.019 B2

Coded (A = Treatment time, B = Current density in coded units).
Actual (A = Treatment time in min, B = Current density in A/m2 in actual units).
Y1 = Fluoride removal efficiency; Y3 = Fluoride removal efficiency in presence of 300 ppb arsenic.
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treatment time of 37 min and a current density of 40 A/m2 
with a residual fluoride concentration of 1.2 ppm, which 
is below the WHO limit of fluoride in drinking water. 
The interaction between two variables (treatment time 
and current density) is clearly shown by the perturbation 
plot, 2D, and 3D contour plot (Figs. 4b–d). Energy con-
sumption is an essential parameter in terms of the prac-
tical applicability of the EC technique at the community 
level. For energy consumption, the quadratic model with 
p-value < 0.0001 and F-value = 106.7 implied the fitting 
of the second-order polynomial model to the experimen-
tal data. The model revealed that current density is the 
most critical factor responsible for energy consumption.

In the optimization process, desirability plots (Fig. S4) 
revealed that the maximum removal efficiency was obtained 
under optimum values of treatment time (37 min) and 
current density (40 A/m2) with energy consumption of 
1.64 kWh/m3.

The second-order polynomial equations for fluoride 
removal efficiency and energy consumption as coded and 
actual factors are given in Table 2c. It has been observed 
that complete removal of fluoride from simulated water was 
achieved at pH 7, current density 10 A/m2 within 37 min of 
treatment time. EC treatment up to 37 min observed neg-
ligible change in the chloride and sulfate concentrations, 
whereas fluoride was removed up to 70% for real water 
sample (Fig. S5). This indicated that coexistence of ions like 
chloride and sulfate significantly reduces fluoride removal 
efficiency.

3.4. Fluoride removal kinetics

The rate of removal of fluoride is explained by a pseudo- 
first-order kinetics model Eq. (6):

dC
dt

kC Ct
t= Ad  (6)

where k, Ct, and CAd are the rate constant (min–1), con-
centration of fluoride at t time, and concentration of adsor-
bent (aluminum oxide hydroxide), respectively. At a fixed 
current density, the amount of adsorbent is assumed to 
be unchanged. Thus, the simplified form of equation will 
be Eq. (7):

dC
dt

kCt
t=  (7)

After integration, Eq. (7) gives Eq. (8):

− = −ln
C
C

kCt

i
t  (8)

where Ci is influent fluoride concentration.
The value of k can be calculated from the slope of the 

graph between –ln(Ct/Ci) vs. time (Fig. 5a). As shown in 
Fig. 5b, the value of k increases (0.0064–0.0098 min–1) as 
current density changes from 10 to 40 A/m2. At high cur-
rent density, the increased production of in-situ coagulants 
leads to a rise in the rate constant [24].

3.5. Zeta-potential

The zeta (ζ) – potential of samples treated at different 
times in the absence (simulated water with no fluoride) 
and presence (real groundwater) of fluoride was deter-
mined (Fig. 6). The initial pH of the sample was 7.4. In 
the absence of fluoride, the positive values of ζ – poten-
tial were observed. At the duration of 10 min, maximum 
ζ – potential was obtained. As the aluminum dissolution 
at anode increases, a point is reached where a sudden rise 
in ζ – potential was observed, passing through the isoelec-
tric point. After 10 min, ζ – potential started to decline due 
to an increase in sample pH. In the presence of F− ions, 
negative values of ζ – potential can be justified by the 
reported OH– surface-exchange mechanism of adsorption 
of fluoride onto aluminum oxide hydroxide. In surface 
exchange reaction, F– ions get exchanged with OH– ions 
and surface become negatively charged [17] as shown  
in Eq. (9):

AlOOH F AlO F OH+ → − +− − −  (9)

This surface exchange reaction suggested that fluo-
ride chemisorbs onto boehmite as adsorption occurs on the 
negatively charged surface [40].
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Fig. 5. (a) Pseudo-first-order kinetic model plot and (b) rate con-
stants for fluoride removal at different current density.
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3.6. Sludge characterization

3.6.1. XRD and SEM analysis

XRD analyzed the mineral composition and crystalline 
structure of EC sludge in the absence (simulated water 
with no fluoride) and presence (real groundwater) of flu-
oride. As represented in Fig. 7a in the absence of fluoride, 
diffraction peaks at 2θ = 14.47°, 28.18°, 38.9°, 49.6°, 64.8°, 
66.5°, and 71.9° indicated the generation of boehmite (alu-
minum hydroxide oxide, AlO(OH)) (JCPDS: 83–2384). 
However, in fluoride-treated sludge, diffraction peaks at 
2θ = 26.32°, 27.16°, and 38.89° are due to the aluminum 
oxide fluoride (JCPDS: 76–2058) and peaks at 2θ = 33.14°, 
38.48°, 45.9°, 64.36°, and 77.5° suggested the formation of 
aluminum oxide (Al2O3) (JCPDS: 02–1114). The results are 
in consonance with published literature [30]. SEM analy-
sis revealed that in the absence of fluoride, fine particles 
were present on the surface (Fig. 7b). While in the pres-
ence of fluoride, floc size increased with agglomeration, 
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Fig. 6. Variation of zeta potential with treatment time in 
(a) absence of fluoride and (b) real groundwater sample.

0 10 20 30 40 50 60 70 80 90

In
ten

sit
y

(a
.u

.)

Degree 2θ

Absence of F-

Presence of F- 

 

 

(a)

 

 

(b)

  
(i) (ii) 

Fig. 7. (a) XRD and (b) SEM analysis of sludge in the (i) absence of fluoride and (ii) real groundwater sample.
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complexation, and destabilization of fluoride ions with 
aluminum oxide hydroxide (Fig. 7c).

3.6.2. FTIR and Raman spectroscopy

FTIR spectrum in the absence (simulated water with 
no fluoride) and presence (real groundwater) of fluo-
ride is shown in Fig. 8a. Spectra bands at 3,529; 1,634; 
1,071; 735; and 486 were observed in the absence of fluo-
ride. Broadbands observed at 3,529 and 1,634 cm–1 were 
attributed to the H–O–H stretching and bending vibra-
tions, respectively [40]. A peak at 1,071 cm–1 indicated 
the stretching of Al–O–H bond [2]. The band at 735 cm–1 
could be assigned to Al–OH (torsional) and at 486 cm–1 
corresponded to Al–O (stretching) in the boehmite octa-
hedral structure [41]. Similar band patterns were observed 
in the presence of fluoride except for the bands at 615 
and 477 cm–1. The 615 cm–1 peak could be attributed to 
Al–F–Al (stretching) [42]. FTIR spectra justify the substi-
tution of the hydroxyl group by fluoride, and the results 
are in agreement with the published work [43].

Raman spectra of sludge samples in the absence and 
presence of fluoride is shown in Fig. 8b and c. In the absence 
of fluoride, bands observed in the range of 400–800 cm–1 were 
assigned to OH translation modes [44], and strong peaks 
at 498 and 359 cm–1 were assigned to the Al–O (stretching) 
bond indicated the formation of boehmite [45]. However, in 
the presence of fluoride, two peaks observed in the region 
of 100–200 cm–1 were ascribed to the occurrence of dimeric 
binuclear fluoro-aluminate complexes with two or three 
F– atoms [46].

3.7. Arsenic interference

In the presence of 300 ppb arsenic, the maximum fluo-
ride removal efficiency of 61.85% was observed at 37 min 
and 40 A/m2. However, in the absence of arsenic, 70% flu-
oride removal efficiency was achieved. The interference of 
arsenic was further analyzed by the response data obtained 
from the optimization of process variables (treatment time 
and current density). The reduction in fluoride removal 
efficiency in the presence of 300 ppb arsenic is 6%–8% 
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(Fig. 9). This may be due to the fact that the substitution of 
hydroxide radicals by F– is reduced by adsorption of arse-
nic onto aluminum flocs, thus affecting fluoride removal 
efficiency [47]. It was observed that either by increasing 
treatment time from 20 to 37 min or current density from 
10 to 40 A/m2 fluoride removal efficiency increased by 21% 
(Table 3). Therefore, an increase in treatment time would be 
more economical as compared to current density as energy 
consumption will be lesser in the former.

4. Conclusions

Fluoride contaminated real groundwater was efficiently 
treated at optimized process conditions viz. pH 7.4, treat-
ment time 37 min, and current density 40 A/m2 using 
aluminum electrodes. Under the optimized conditions, the 
residual fluoride concentration in treated water was found 
to be 1.2 mg/L with energy consumption of 1.64 kWh/m3. 
Removal of fluoride in EC follows the pseudo-first-order 
kinetic model. Zeta potential study confirms the OH– sur-
face exchange mechanism of fluoride, in which F– ions get 
exchanged with hydroxyl group from aluminum flocs. XRD, 
SEM, FTIR, and Raman spectroscopy analysis of sludge 
indicated the formation of a complex between Al3+ and F–, 
which further confirms the removal of fluoride from water 
samples. The coexistence of 300 ppb arsenic reduces the 

fluoride removal efficiency by 6%–8%. Therefore, an increase 
in treatment time would be more economical as compared 
to current density to achieve maximum fluoride removal 
efficiency.
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Supplementary information

Table S1
Fluoride levels in groundwater of various districts of Punjab, India as per CGWB report [9]

District Block Location Latitude  
(North)

Longitude  
(East)

Fluoride 
(mg/L)

1 Ferozpur Abohar Bazidpur Bhoma 29.952972 74.381340 9.11
2 Mansa Mansa Bhikhi 30.056874 75.530404 7.33
3 Taran Tarn Bhikiwind Khalra 31.395699 74.626651 6.35
4 Muktsar Malout Kabarwala 30.193664 74.408709 6.05
5 Ferozpur Faridkot Dalsinghwala 30.463839 74.928548 6.03
6 Sangrur Lehraggaga ChuralKalan 29.823322 75.814849 5.16
7 Bathinda Phul Gurusar 30.491374 75.144886 4.50
8 Faridkot Momdot Killi 30.845239 74.484388 4.29
9 Muktsar Lambi Kuttianwala 30.058582 74.607468 4.28
10 Patiala Rajpura Rajpura 30.340092 76.369678 3.50
11 Ferozpur KhuianSarwar KhuianSarwar 30.110941 74.066188 3.39
12 Ferozpur Guruhar Swahwala 30.602246 74.301846 3.36
13 Ferozpur Kotkapura Dhiwankalan 30.574736 74.86102 3.33
14 SAS nagar DeraBassi GholuMajra 30.538938 76.819145 2.90
15 Ferozpur Kotkapura BajaKhanna 30.456726 74.981018 2.85
16 Moga Moga Darapur 30.841734 74.960125 2.43
17 Mansa Jhunir Moffar 29.777093 75.419055 2.32
18 Sangrur Andana Haryo 29.811929 76.038481 2.18
19 Bathinda Bathinda Gulabgarh 30.108750 75.091000 2.16
20 Ferozpur Kotkapura Matta 30.483701 74.836577 1.95
21 Sangrur Andana Bulan 29.763132 76.007803 1.91
22 Mansa Mansa Ralla 30.117488 75.430238 1.83
23 Bathinda Rampura Kotha Guru 30.495070 75.095909 1.59
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Fig. S1. Skeletal and dental fluorosis among inhabitants of Khalra village, Tarn Taran, Punjab.
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Fig. S2. Effect of electrode material on fluoride removal 
efficiency (pH = 7, current density = 10 A/m2, and simulated 
fluoride = 5 mg/L).

 
Fig. S3. Normal % probability plot showing the effect of 
treatment time and current density on fluoride removal effi-
ciency.
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Fig. S4. Desirability plot showing optimum process conditions for single step defluoridation process.

Fig. S5. Chromatogram showing overlay plot at different treatment time.


