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ABSTRACT

This study investigates the effect of several parameters on the electrocoagulation process has been
studied in order to optimize the evolution of the fluoride removal percentage and the energy
consumption. Optimum experimental conditions of fluoride removal were determined as: pH, = 6,
J=0.27 mA/em?, t, . = 30 min, [NaCl] = 0.5 g/L, d,=1 cm, S/V =7.2 m™ and Stirring speed = 300 rpm
with two aluminum electrodes. These operating conditions are allowed to achieve fluoride removal
of over 85% in a relatively short operating time with low energy consumption (0.0396 kWh/m?).
The results fitted with the Langmuir and Freundlich equations showed that fluoride removal was
achieved by a monolayer adsorption, with a finite number of identical sites. To study the rate-limiting
step, the kinetic data of fluoride were analyzed using first-order and second-order kinetic models.
Under optimal conditions with 10 and 20 min treatment, fluoride was completely removed for initial
concentration of 3 and 6 mg/L respectively. Moreover, for fluoride initial concentration of 10 mg/L,
it is possible to reach a residual concentration under the limit recommended by WHO for fluoride
concentration in drinking water (1.5 mg/L) with lowest consumption of electricity.

Keywords: Drinking water; Fluoride removal; Aluminum electrode; Electrocoagulation; Energy

consumption; Kinetic study; Adsorption isotherm

1. Introduction

Drinking water is the main source of fluoride intake.
Fluoride concentrations, as a component in natural sources
of drinking water, generally vary from 1 to 10 mg/L in the
phosphate zones [1,2]. An excess intake of fluoride can lead
to various diseases such asosteoporosis, thyroid disorder,
neurological damage, mottling of teeth, and fluorosis of
skeleton, cancer, infertility in women, Alzheimer’s syndrome
[3-5]. To prevent these harmful consequences, especially
problems resulting from fluorosis that harms bones and
teeth, the World Health Organization (WHO) fixed the maxi-
mum acceptable concentration of fluoride anions in drinking
water to 1.5 mg/L [6].

* Corresponding author.

In the recent decades, different techniques have been used
to remove fluoride from contaminated drinking water such
as adsorption, chemical coagulation, membrane separation
and electrocoagulation (EC) [7-9].

Electrochemical technology contributes in many ways
to a cleaner environment and covers a very broad range of
technology [10-12]. Electrocoagulation process is one of the
electrochemical methods that have been developed for drink-
ing water treatment. EC is based on producing, in situ, metal
ions by progressive dissolution of the sacrificial anode of an
electrochemical cell receptor under the effect of an electric cur-
rent there through. This cell denoted by “electrocoagulator”
contains in its simplest configuration two metal electrodes
generally identical. The oxidation half-reaction causes the
dissolution of the anode according to the electrochemical
reaction (I):

1944-3994/1944-3986 © 2019 Desalination Publications. All rights reserved.


mailto:amel_chibani1989@yahoo.fr
mailto:limam_aloui@yahoo.fr

A. Chibani et al. / Desalination and Water Treatment 157 (2019) 100-109 101

M —> M* +ze~ )]

By combining with the OH~ ions from the cathodic
reduction of water (II):

H,O+e” — %Hz +OH" (IT)

The metal cations generated at the anode lead to various
complexes (hydroxo-metal species) which act as coagulant
and promote the formation of flocs by destabilization of the
polluting matter and suspended particles [13]. According to
their densities, the flocs can settle before being filtered, or can
float as a result of the hydrogen micro-bubbles produced at
the cathode; in the case of electrocoagulation-electroflotation.
Most applications use iron or aluminum electrodes because
of their low cost and high valencies of the cations they gen-
erate. Aluminium was reported to be very effective and
successful in fluoride removal.

Depending on pH, AI** and OH" ions generated by elec-
trode reactions react to form various monomeric species
such as Al(OH)*, Al(OH);, AI(OH),, and polymeric spe-
cies, such as Al (OH)>, AL (OH)?*, Al (OH),s, Al ,O,(OH)’
and Al ,(OH)?, which are transformed mostly into AI[(OH),
according to complex precipitation kinetics. Al (OH), has a
strong affinity to adsorb fluoride [14]. Several studies have
demonstrated that EC process using sacrificial electrodes is
an efficient process for fluoride removal [15-20].

The aim of this work is to reduce the excess of fluoride
in water by electrocoagulation by optimizing experimental
conditions. The effect of initial pH, current density, initial
fluoride concentration, electrolyte doses, the inter-electrode
distance, stirring speed, the number of pair of electrodes, the
connection mode and energy consumption were studied.

2. Materials and methods
2.1. Materials

Desired concentrations of fluoride solution were obtained
by adding proper amount of sodium fluoride into distilled
water. The conductivity of the sample water was varied by
adding sodium chloride (NaCl).

2.2. Analytical methods

The pH was measured by a pH meter (CyberScan
pH 510, WDW, Germany), which was freshly calibrated
before each test.

The conductivity of the samples was determined by a
conductimeter (Jenway 4510, Metrohm).

The fluoride concentration was determined by ion chro-
matography (IC) method (Metrohm 850 Professional IC). IC
is selective, sensitive and fast method of anion content deter-
mination in water. This method enables direct determination
of anions in water on the level of 10°% to 10%, depending
on anion, sample volume and instrument [21].

2.3. Electocogulation test

EC cell consists of a cylindrical beaker with capacity of
1 L of volume, with a wooden cover to support the whole
parallel aluminum plates used as sacrificial electrodes.

The electrodes used in this study were formed by two
parallel rectangular aluminum plates (25 cm x 8 cm x 0.2 cm).
Only one side of each electrode was taken as working sur-
face; the inactive area of the electrodes was wrapped with
tape and sustainable water resistant to fix the submerged
area and avoid the loss of anode. The electrodes assembly
was connected to DC power supply (AFX 2930 SB DC power
supply 0-30 V/0-3 A dual output, 5 V to 3 A fixed output,
part number: 9660 SB, AFX) providing current and voltage
in the range of (0-10 A) and (0-30 V).The anode-cathode
distance varies according to the experiment. The tests were
performed at a varied magnetic stirring speed.

The electrodes were cleaned before each test by treating
them with NaOH (2 M) and HCl (2 M) aqueous solutions
after mechanically polishing underwater with abrasive
paper [10,12]. The initial pH of the solutions was adjusted
by adding either HCI (0.1 M) or NaOH (0.1 M) and NaCl
as supporting electrolyte. For each experiment, the resid-
ual fluoride in the sample was filtered through filter paper
(Millipore) and determined. The percentage of fluoride
removed (% R) is given by the following equation:

Ff 100
c M)

i

%R =

where C, and C, were the initial and residual concentration of
fluoride in the solution (mg/L).

3. Results and discussions
3.1. Effect of electrolysis time

The duration of electrolysis is one of the important para-
meters in the defluoration process by electrocoagulation [22].

The representative curve (Fig. 1) shows a very rapid
increase in percentage of elimination within the first 15 min
to 66.88%. Beyond 30 min, fluoride removal becomes con-
stant with time and reaches 90%. These results are verified
on the basis of the Faraday law. The amount of aluminum
generated depends on electrolysis time [23].

The energy consumption (EC) is evaluated by the
following equation:
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Fig. 1. Evolution of fluoride removal and energy consump-
tion as a function of electrolysis time (J = 0.27 mA/cm? pH, = 6;
[NaCl]=0.5 g/L; C,=10 mg/L; d,=1cm).



102 A. Chibani et al. | Desalination and Water Treatment 157 (2019) 100-109

where EC: Energy consumption in kWh/m?; U: Voltage in V;
I current imposed in A; T: Electrolysis time in h; V: Volume
of the solution in m>.

Theoretically, the energy consumption depends on elec-
trolysis time: the increase in electrolysis time leads to energy
consumption increase. In this case, the values varied from
0.0078 to 0.0792 KWh/m? for 5 and 60 min. The fluoride
removal percentage is not significant for an electrolysis time
exceeding 30 min. Thus, 30 min of electrolysis make it pos-
sible to reach the desired goal with energy consumption of
0.0396 KWh/m?.

When the electrolysis time is increased, the dissolved
aluminum increases and promotes the formation of adsorb-
ing coagulant of fluorides in solution [24]. So it is beneficial
to raise the treatment time to achieve an effective elimination
of fluoride. Nevertheless, this increase in time stimulates the
loss of the electrodes [25]. To make our process more econom-
ical and cost-effective, it is sufficient to limit the electrolysis
time to 30 min.

3.2. Effect of initial pH

The pH is an important parameter that influences the
fluoride removal by EC process. To study the effect of initial
pH (pH,) on fluoride removal, a series of experiments was
carried out at different pH, (4, 5, 6, 7, 8 and 10) for an ini-
tial fluoride concentration (C) equal to 10 mg/L, a current
density (J) equal to 0.27 mA/cm? with 0.5 g/L NaCl for an
electrolysis time of 30 min and distance inter-electrodes
equal to 1 cm. The pH of the solution, adjusted initially,
is controlled throughout the duration of electrolysis.

As observed in Fig. 2, at pH6, the kinetic of fluoride
removal is the most important close to 50%. EC is highly
dependent on solution pH. It is linked to the aluminum dia-
gram speciation, promoting the hydroxide species formation
and flocs presence [26]. At less acidic pHs, more efficient
removal is observed. It is linked to the presence of the alu-
minum hydroxide form (AI(OH)*" and AI(OH);) and thus the
favored formation of the fluoroaluminium complexes. It is
also possible to distinguish, from the solubility diagram of
Al(OH),, the predominance of aluminum hydroxides in the
vicinity of neutrality [27,28]. Defluorination is less favorable
in the formation of Al (OH)* soluble (pH = 10) as well as the
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Fig. 2. Effect of the initial pH on fluoride removal as a function of
electrolysis time (J = 0.27 mA/cm? [NaCl] = 0.5 g/L; C,=10 mg/L;
d,=1cm).

formation of flocs [29]. The choice of pH, of 6 as optimum is
attributed to the existence of different complexes in fluoride
aqueous solutions as shown in Fig. 3.

As observed in Fig. 4, the pH of the acidic solutions
increases and tends towards 8 over time. The pH increase
verifies the release of the hydroxide ions during the electrol-
ysis process [30]. For pH, greater than 8 the treated solution
pH decreases slightly to stabilize at values near to 8 under
the effect of the system AI(OH),/Al(OH)* [31]. This decrease
in pH is explained by reaction between OH~ and aluminum
hydroxides AI(OH).,.
Al(OH),{ +OH & Al(OH)“’ (1)

The evolution of the pH of the solution depends on kinet-
ics of the production of the hydroxide ions (OH") or the (H")
protons. As a result, the optimal pH, is chosen to be 6.

3.3. Effect of current density

The current density is a critical parameter of electrochem-
ical process. It is directly linked to the imposed current and
the active surface of the electrodes used. It controls the kinet-
ics of the anodic oxidation reaction and that of the produc-
tion of hydrogen bubbles at the cathodes [32]. It determines
not only the dosage coagulant level, but also the rate of bub-
ble production, size and growth of the floc, which may affect
the efficiency of electrocoagulation [33]. The evolution of the
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Fig. 3. Predominance of hydroxofluoroaluminium complexes.
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Fig. 4. Evolution of the pH as a function of electrolysis time
(J=0.27 mA/cm?, [NaCl] =0.5 g/L, C;=10 mg/L, d,=1 cm).
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electrolysis time required is inversely proportional to that of
the current density [34]. Studying the influence of current
density on the fluoride removal process, a series of exper-
iments is performed at different current intensities ranging
from 10 to 100 mA (from 0.13 to 1.38 mA/cm?).

As shown in Fig. 5, the increase in the density of the
current stimulates the dissolution of the anode, which in turn
increases the amount of the coagulant [33]. The Faraday law
can be used to explain the ratio of the current density, the
electrolysis time and the amount of dissolved aluminum.

In fact, a high current density leads to a good removal
of fluorides in water. More than 90% has been removed in
30 min. The reduction kinetics of the water at the cathode
increases as a function of the current density. However, the
amount of hydrogen formed increases and their sizes decrease,
which is favorable for a good elimination by flotation [34]. In
addition, it increases the release of the hydroxide ions and
therefore the pH of the solution (Fig. 6). On the other hand,
it should be noted that a higher current density increases the
consumption of electrodes and energy (Table 1) [25,33].

According to Table 1, the abatement of fluoride in water,
as a function of the applied current density, varies from 50.72
to 90.3% with respective energy consumptions of 0.0198
and 0.288 KWh/m® when the current density varies from
0.13 to 1.38 mA/cm? The removal efficiency is beneficial from
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Fig. 5. Effect of current density on fluoride percent removal

as a function of electrolysis time (pH, = 6, [NaCl] = 0.5 g/L,
C,=10mg/L, d ;=1 cm).
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Fig. 6. Evolution of pH as a function of electrolysis time (pH, =6,
[NaCl]=0.5g/L, C,=10 mg/L, d,=1 cm).

Table 1
Effect of current density on fluoride removal and energy
consumption (pH, =6, [NaCl] =0.5 g/L, C,=10 mg/L, d,=1 cm)

Current density ] (mA/cm?) Fluoride removal (%) E (KWh/m?)

0.13 50.72 0.0198
0.27 85.76 0.0396
0.55 85.52 0.0936
0.83 88.03 0.1728
1.11 88.94 0.2304
1.38 90.3 0.288

a current density of 0.27 mA/cm? (85.76%). we concluded that
a low current density is sufficient to treat a water contain-
ing initially 10 mg/L of fluorine for 30 min with low energy
consumption.

3.4. Effect of the amount of added salt

The addition of an electrolyte increases the electrical con-
ductivity of the medium and reduces its resistance to ensure
better dissolution of the anodes and to avoid the formation of
an insulating layer on the surface of the electrodes and thus
increase the resistance of the electrochemical cell. The com-
parison between salts such as NaCl and Na, SO, showed that
NaCl is the most effective carrier electrolyte for EC [35,36].
Chloride ions significantly reduce the negative effects of
other coexisting ions such as CO; and SOZ, which can form
an insulating layer on the electrode surface and increase the
resistance of the electrochemical cell [37]. In order to deter-
mine the effect of the salinity of the medium on the efficiency
of the electrocoagulation to remove fluoride, we carried out
EC tests under the same conditions and changed each time
the amount of NaCl added varying from 0.1 to 0.7 g/L.

The evolution of the Fluorine removal is correlative with
the quantities of the NaCl added (Fig. 7). The highest fluorine
removal is obtained starting from 0.5 g/L of NaCl. This result
is in agreement with the literature; It can be explained by the
phenomenon of corrosion and oxidation under the effect of
chloride ions on the electrodes which induce the formation
of the flocs and inhibit the formation of a passive film on the
surface [36,38].
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Fig. 7. Effect of NaCl concentration on the percentage
of elimination as a function of electrolysis time (pH, = 6,
J=0.27 mA/cm?, C,=10 mg/L, d,=1 cm).
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The corrosion phenomenon is summarized in the
following reactions:

Al+3HCl - AICL, + H, (Iv)

AICL, +3H,0 — Al(OH), +3HCI V)

The addition of NaCl increases the flow of current in
the EC cell, which leads to an overconsumption of the elec-
trodes under the effect of undesirable corrosion [39]. Q. Zuo
and coworkers reported that as the chloride concentration
increased, defluoridation was inhibited slightly. In case of
high NaCl concentration (1 and 1.5 g/L), removal of fluoride
reduces. The positive role could be offset by the negative
role, and therefore, chloride had only little effect on the
defluoridation [40].

It is therefore beneficial to choose a small amount of NaCl
to be added for efficient elimination and low consumption
of the electrodes. In our case, we choose 0.5 g/L of NaCl as
support electrolyte.

3.5. Effect of initial concentration

In southern Tunisia, fluoride content in natural waters is
around 4 mg/L and can reaches up to 10, which exceeds the
WHO standard (1.5 mg/L) [1,41]. We have broadened the range
of fluorine concentrations somewhat in our tests. In order to
study the influence of initial fluoride concentration on EC, ini-
tial concentrations tested were: 3, 6, 10 and 12 mg/L, whereas
the other parameters, initial pH, current density and NaCl
concentration, were fixed. Fig. 8 represents the effect of initial
concentrations on defluorination rate by electrocoagulation.

The kinetics of electrocoagulation decreases with the
increase in the initial concentration. For low initial concen-
tration, the elimination was more rapid and efficient. The
standard limit is reached by the first 10 min of electrolysis for
initial concentration equal to 3 mg/L. While, standard limit is
not reached for 12 mg/L until up to 30 min (Table 2).

3.6. Effect of inter-electrode distance

The inter-electrode distance is an indispensable parame-
ter in the electrocoagulation process. It is useful to highlight
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Fig. 8. Effect of the initial fluoride concentration on the fluoride

removal as function of electrolysis time (pH, =6, ] =0.27 mA/cm?,
[NaCl]=0.5g/L, d,=1 cm).
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Table 2

Time evolution necessary to reach the norm and the energy
consumption according to the initial concentrations (pH, = 6,
J=0.27 mA/cm?, [NaCl] =0.5 g/L, d,=1 cm)

C, (mg/L) t (min) E (KWh/m®)
3 10 0.0132

6 20 0.0264

10 25 0.0396

12 - -

the effect of this parameter on the EC process. In order to
determine an optimal distance between the electrodes used,
we performed four EC tests with inter-electrode distances
between 0.5 and 2 cm. The other factors remain invariant.
The effect of the inter-electrode distance on the percentage of
elimination is shown in Fig. 9.

The efficiency of EC process on defluoration is greater
when the distance is shorter. The fluorine removal is max-
imum for 0.5 cm and it decreases to 55.78% for 2 cm. The
obtained results corroborate Daneshvar et al. [42] hypothesis
increasing the inter-electrode distance results in a decrease
of the interactions between ions and the formed hydroxides
[14,42]. Although the inter-electrode distance is a critical
parameter of the EC, it acts strongly on energy consumption.
It increases with the increase of the inter-electrode distance
that increases the resistance (R) of the solution.

Knowing that:

_pxd.

R=2 (Ohm) ®)

where p: resistivity (Ohm/cm), d;: inter-electrode distance
(cm), S: active surface area of the electrodes (cm?).

From the experimental results in Table 3, as the inter-
electrode distance increases, energy consumption increases
and defluorination efficiency decreases. It can be concluded
that the optimum distance to be used is equal to 0.5 cm.
Indeed, it is a little difficult to work with very small distances
on the industrial scale as well to avoid short circuits [36].
Higher values are not recommended to see the increase in
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Fig. 9. Evolution of fluoride removal as a function of time for

different inter-electrode distances (pH, = 6, | = 0.27 mA/cm?,
[NaCl] =0.5 g/L, C,=10 mg/L).
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Table 3

Effect of current density on fluoride removal and energy
consumption (pH, = 6, ] = 0.27 mA/cm? [NaCl] = 0.5 g/L,
C,=10mg/L)

d, (cm) Fluoride removal (%) E (kWh/m?®)
0.5 88.65 0.0360
1.0 85.76 0.0396
1.5 68.4 0.0468
2.0 54.78 0.0468

ohmic resistance resulting in high consumption. The distance
of 1 cm will be considered ideal for the sequel. It is recom-
mended by several teams such as Kim et al. [43], Chen et al.
[44] and Emamjomeh and Sivakumar [16].

3.7. Effect of surface/volume ratio

The surface/volume ratio (S/V) is defined by the active
area of the electrodes divided by the volume processed. It
has a remarkable influence on the kinetics of the coagulant
formation reaction and the energy consumption. This param-
eter can therefore affect the elimination efficiency on the one
hand and the cost of treatment on the other. We have tried
to study the action of the variation of the ratio of the active
surface of the electrodes on the EC process. Three tests were
carried out for different S/V ratios: 3.6, 7.2 and 14.4 m™ and
under the same current density (Fig. 10).

The experimental results show that when the ratio is
increased the percentage of elimination increases. It is maxi-
mum for S/V =14.4 m™ [12]. Increasing the S/V ratio increases
energy consumption to 0.0936 kWh/m?. The active surfaces
can manage the amount of dissolved aluminum that leads to
the formation of coagulant and the distribution of flocs. We
can also extract that the low surface area increases the EC
duration. Accepted fluoride content in water (1.35 mg/L) are
obtained with low surface/volume ratio (S/V =7.2 m™) and
low cost of treatment.

3.8. Effect of number of pairs of electrodes

To improve the performance of the fluoride removal
process, we increased the number of sacrificial electrodes
to increase the active surface area. The EC tests were taken
under the same operating conditions with 1, 2 and 3 pairs of
the electrodes (Fig. 11).

The results obtained shows that defluorination kinetics
increase with increasing number of electrodes under the
same imposed current. It is evident that the decrease in
number of electrodes decreases the active surface area and
consequently the amount of aluminum generated which
disadvantages the formation of flocs [45].

Likewise, the increase in the S/V ratio is proportional to
the number of electrodes, which is a very effective elimina-
tion. It is also possible to plot the variation of the elimination
percentage and the current density as a function of the
number of electrodes (Fig. 12). It is found that increasing
the electrodes increases the elimination rate and thus a
decrease in the current density.
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Fig. 10. Evolution of the fluorine removal with electrolysis time
for different S/V ratio (pH, =6, ] = 0.27 mA/cm?, [NaCl] =0.5 g/L,
C,=10 mg/L, di =1 cm).
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Fig. 11. Effect of the number of electrode pairs on the percentage
of elimination as a function of time (J = 0.27 mA/cm? pH, = 6,
[NaCl]=0.5g/L, C,=10 mg/L, d,=1 cm).
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The efficiency of defluorination by EC is higher than the
active surface area is great to see a good generation of coag-
ulants. The effect of the number of electrode pairs on energy
consumption was also evaluated at 1, 2 and 3 pair(s) (Fig. 13



106

0.17 | 89.6
=
£ o015 - I 89.1
£
2 0.3 r8se o
8 881 €
2 0.11 - 2
E | 876 &
2 0.09 =
8 ——E (KWh/m3) re7zi1 2
& 0.07 S
g - 86.6 =
. o

“ 0.05 RE%) L 86.1

0.03 ¥ : 85.6

1 2 3

Number of pairs

Fig. 13. Effect of the number of electrode pairs on fluoride
removal (J = 0.27 mA/cm? pH, =6, [NaCl] = 0.5 g/L, C,=10 mg/L,
d,=1cm).

Table 4
Effect of the number of electrode pairs on energy consumption
(J=0.27 mA/em? pH,=6, [NaCl] =0.5 g/L, C,=10 mg/L, d,=1 cm)

Number of pairs Fluoride removal (%) CE (kW h/m®)
1 85.76 0.0396

2 88.64 0.1116

3 89.88 0.162

and Table 4). According to the results obtained, the energy
consumption is high up to 0.162 kWh/m?® for 3 pairs of the
electrodes.

3.9. Effect of Stirring speed

Agitation plays an important role in the EC process. It
maintains the homogeneity of the medium and inhibits the
formation of a concentration gradient in the electrolysis cell.
The effect of stirring rate on the fluoride removal rate was
varied from 0 to 600 rpm (Fig. 14).

As seen in (Fig. 14), fluoride removal was maximal
at a stirring rate of 300 rpm with a percentage equivalent
to 85.76% after 30 min. At this value, the formation of the
flocs intimately associated with each other is higher and
precipitation becomes easier [46,47].
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Fig. 14. Effect of stirring speed on fluoride removal as a function
of time (J = 0.27 mA/cm?, pH, =6, [NaCl] = 0.5 g/L, C,= 10 mg/L,
d,=1cm).
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Without agitation, the percentage of elimination does
not exceed 52.06%. However, beyond 300 rpm, a gradual
reduction in the percentage of elimination is observed,
respectively, from 67.64% to 43.06% at 450 and 600 rpm
(Fig. 15). These results can be explained by the degradation of
the flocs under the effect of strong agitation. Thus, at higher
agitation, solubility of precipitate increases and formation of
the inappropriate flocs over a period of time has occurred.
It is important to note that the amount of settled sludge
depends on the agitation rate. Without stirring, the solution
appeared homogeneous and not clears [48,49].

3.10. Effect of connection mode
3.10.1. Bipolar connection mode

Only the two extreme electrodes are connected to one
terminal of the generator. In this case, each intermediate
electrode polarizes (in the direction of the current) and it is
possible to identify 3 cells mounted in series and therefore all
traversed by the same current i =1I.

3.10.2. Monopolar connection mode

It consists of connecting the two extreme electrodes to the
generator. For the others; each pair of neighboring electrodes
will be interconnected. In this case where each electrode is
active on one of its faces, it is possible to identify 2 cells in
series traversed by the same current I.

In Table 5 and Fig. 16, the percentage of removal of
the fluoride depends strongly on connection mode: 66.83%
for the monopolar mode and 8872 for the bipolar mode
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Fig. 15. Effect of stirring speed on fluoride removal (J=0.27 mA/cm?,
pH,=6, [NaCl]=0.5g/L, C,=10 mg/L, d,=1 cm).

Table 5

Effect of the mode of connection on fluoride removal and
energy consumption (J = 0.27 mA/cm? pH, =6, [NaCl] = 0.5 g/L,
C,=10 mg/L, d,=1cm)

Connection mode  Fluoride removal (%) Energy (kWh/m®)
Monopolar 66.83 0.0864
Bipolar 86.72 0.1116




A. Chibani et al. / Desalination and Water Treatment 157 (2019) 100-109 107

100

80
70
60
50
40
30
20
10

—4—bhipolar

Fluoride removal (%)

=—fli—monopolar

0 5 10 15 20 25 30

Electrolysis time {min)

Fig. 16. Effect of connection mode on percent removal as a
function of time (J = 0.27 mA/cm? pH, = 6, [NaCl] = 0.5 g/L,
C,=10 mg/L, d,=1cm).

[50,51]. The latter increases the energy consumption to
0.1116 kWh/m?®, like 0.0864 kWh/m? for monopolar connec-
tion of the electrodes. The different connection modes affect
the value of the S/V ratio of depending on the active area
of the electrodes in an EC cell. As we have already shown,
when the S/V ratio is increased, the efficiency of the process
increases with high energy consumption. However, it should
be noted that the connection of the electrodes must be chosen
so that we achieve maximum elimination with low energy
consumption.

4. Kinetic and adsorption isotherm study of
electrocoagulation on fluoride removal

4.1. Kinetic study

In the electrocoagulation process, the rate of fluoride
removal was proportional to the initial fluoride concentra-
tion and the amount of corresponding hydroxide formed.

To evaluate the removal rate constant, further experiments
were performed at the optimized conditions. The removal
kinetics of fluoride on the amount of electrochemically
dissolved aluminum oxyhydroxides were determined by
pseudo-kinetic models. The rate of removal fluoride can be
represented by the following pseudo-first-order equation [52]:

—dC
? = k]C (4)

where C (mg/L) represents the fluoride concentration,
k (min™) is the rate constant, and ¢ (min) is the electrolysis
time.

The integration of the above Eq. (4) yields:

C.
logE’ =Kt (5)

The pseudo-first rate constant K, can be calculated from
the plot of log (C/C) versus electrolysis time (f).

Furthermore, for the pseudo-second-order reaction,
above (Eq. 4) becomes [53]:

oo oKt (©6)

A plot graph between (1/C-1/C) vs. run time (t) gives the
value of rate constant K, (mg™ min™).

In Table 6, the kinetics and isotherm data (rate constants
and R? values) obtained from pseudo-first-order and pseudo-
second-order kinetic models for the fluoride adsorption onto
electro generated adsorbent. These results found that fluoride
adsorption reaction follows pseudo-second-order model. The
pseudo-second-order rate constant for the different fluoride
concentrations studied was decreased in the range of 0.0629,
0.0261, 0.0149 and 0.0057 min™, respectively, for 3, 6, 10 and
12 mg/L. It can be confirmed that the rate constant decreases
with increase in the initial concentration [54,55].

It could be due to the decrease in ratio of aluminum
oxyhydroxides to the initial fluoride concentration, which
eventually reduces the rate of fluoride removal, and
subsequently the rate constant.

4.2. Adsorption isotherm

The study of isotherms was carried out to try to under-
stand the phenomenon of adsorption of fluoride onto electro
generated adsorbent. The experimental results for different
initial fluoride concentration (from 3 to 12 mg/L) were taken
for adsorption isotherm study.

The Langmuir model makes it possible to determine
whether a monolayer is adsorbed and whether there has
been no interaction between the adsorbed molecules. The
Langmuir equation is valid for adsorbed monolayer with a
well defined number of uniform and energy identical adsorp-
tion sites according to the following relation [56]:

q,xbxC
— m e 7
9. (1 +bx Ce) @
where g: amount adsorbed at equilibrium (mg/g), g,
adsorption capacity (mg/g), C: concentration of fluorine in
solution at equilibrium (mg/L), b: adsorption energy constant.
Eq. (7) can be written as:

BN .
4. q, C.xq,xb ®)
Table 6

Kinetic rate constants with pseudo-first-order and pseudo-
second-order models for fluoride adsorption

[F] (mg/L) Pseudo-first-order Pseudo-second-order
model model
K, (min™) R? K,(mg”' min™) R
3 0.0871 0.922 0.0629 0.9799
6 0.0846 0.969 0.0261 0.9910
10 0.0719 0.9824  0.0144 0.9853
12 0.0391 0.9677  0.0053 0.9713
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The Freundlich model is an empirical model which gives
an indication of the heterogeneity of the adsorbent surface.
The isotherm is applied to describe reversible adsorption
and not limited to monolayer formation [57]. Mathematical
expression of the Freundlich model is as follows:

9, =K, xC" €)

where g: amount adsorbed at equilibrium (mg/g), C: con-
centration of fluorine in solution at equilibrium (mg/L),
K.and 1/n are Freundlich constants related to adsorption
capacity and adsorption intensity, respectively.

Alinear form of the Freundlich equation can be written in
logarithmic form according to the following relation:

loggq, :logKf-i-GCe (10)
n

The experimental results of fluoride adsorption were
fitted to both Langmuir and Freundlich models as shown
respectively in (Fig. 17). The calculated isotherm constants
(4,, b and K, 1/n) and correlation coefficients are assembled
in Table 7.

Based on the correlation coefficient (R?), the adsorption
isotherm with hydroxo aluminum complexes can be
better described by the Langmuir isotherm model. The
Langmuir isotherm equation represents a better fit with the
experimental data than the Freundlich isotherm. The results
fitted with the Langmuir and Freundlich equations showed
that fluoride removal was achieved by a monolayer adsorp-
tion onto hydroxide aluminium, with a finite number of
identical sites.

3500 | — - glangmuir — — qFreundlich A gexperimental
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Fig. 17. Isotherm plot of equilibrium concentration vs. fluoride
adsorbed per unit mass of adsorbent.

Table 7
Calculated isotherm parameters for Langmuir and Freundlich
models

Langmuir isotherm Freundlich isotherm

R? 0.9960 R? 0.9508
q, (mg/g) 4761 K, (mg™ min™) 0.0012
b 02 1/n 0.6240

5. Conclusion

In this study, the electrochemical removal of fluoride
from aqueous media using aluminum as electrode materials
has been investigated. It was found that optimum removal
efficiencies were achieved at pH, adjusted to 6, a current
density of 0.27 mA/cm?, an NaCl dose of 0.5 g/L, S/V ratio
of 7.2 m™ and stirring speed equal to 300 rpm with two
electrodes distant of 1 cm for an electrolysis time of 30 min.
The obtained results showed that fluoride removal reached
85.76% for a low energy consumption of 0.0396 kWh/m?®.
The removal of fluoride increased with time, and the cor-
relation coefficients for the kinetic plots obtained using
different initial fluoride concentrations showed that the
adsorption process followed a second-order kinetic model.
The electrocoagulation has been modeled using adsorption
isotherm models. Based on the correlation coefficient (R?), the
adsorption isotherm can be better described by the Langmuir
isotherm model. In view of the fact that fluoride was com-
pletely removed for initial concentration of 3 and 6 mg/L, EC
could be regarded as a potential technique for the treatment
of ground water containing fluoride.
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