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The aim of this study was the removal of fluoride from a fluoride-rich industrial wastewater by combining
two processes, precipitation with a magnesium salt and electrocoagulation. The sacrificial anode was
made of Al and the applied current densities were of 100, 200 and 300 A/m2, respectively. The experiments
were conducted at pH of 5.2, 6.2 and 7.2, respectively, and the electrolysis time was of 15, 30, 45 and 60 min,
respectively. 0.01 M NaCl was supporting electrolyte. The best results were obtained at pH of 6.2, 200 A/m2
and 45 minutes of electrolysis when the specific energy consumption was of 5.6 kWh/m3.
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The discharge of industrial effluents containing high
concentration of fluoride in the environment can cause
serious health problems by contaminating the surface and
ground waters. The fluoride is an essential element in a
narrow range of concentration, between 0.5 and 1 mg/L,
but it is harmful for the human health when exceeds 1.5
mg/L.
Industrial effluents containing high concentration of
fluoride are originated from many chemical processes,
particularly those involved in the semiconductor, solar cell,
plating, and metal manufacturing industries. Fluoride
concentration from these industries can range from
hundreds to thousands ppm [1].
Therefore, effluents containing fluoride are to be treated
in order to reduce their concentration to limit allowed by
regulations in use before their discharge into sewerage
systems or surface waters. Thus, processes as precipitation
[2-4], adsorption [5-11] that can be used also to remove
metals from wastewaters [12-15], precipitation and
adsorption [16], removal as fluorapatite crystals [1] and
coagulation [17]. It is important to notice that wastewaters
containing fluoride require polishing after precipitation by
other processes like adsorption or electrochemical
processes.
Electroflotation [18] and electrocoagulation [19] are
expected to be important techniques in polishing industrial
effluents containing fluoride because of advantages of
electrochemical methods like versatility, energy efficiency,
suitable for automation, environmental compatibility and
cost effectiveness that match excellent for wastewater
treatment purposes. Thus, the electrochemical methods
have been applied not only to remove inorganic pollutants
from wastewaters, but also organics ones [20].
This study aimed to remove the fluoride from a simulated
high fluoride concentration industrial effluent by
precipitation followed by electrocoagulation as polishing
step. Our findings indicated that the combination of these
processes is promising regarding the treatment of fluoriderich industrial wastewaters.
Experimental part
All reagents were of analytical grade and the solutions
were prepared with distilled water. A simulated industrial
effluent of 1000 ppm fluoride was prepared. The NaF was
purchased from Sigma Aldrich.

In the first step fluoride was removed by precipitation.
For this purpose, MgSO4.7H2O (Sigma Aldrich) was added
to the simulated effluent under stirring and in molar ratio
Mg:F of 1:2. The pH was adjusted to 9.6 with NaOH (Sigma
Aldrich) and the stirring was kept during 30 min. When the
stirring time ended, the solution was allowed to stand for
precipitation completion and then low-porosity paper was
used to separate the precipitate. The solution thus obtained
was named EFL and it was of 222 ppm fluoride.
In the second step, the fluoride removal was carried out
by electrocoagulation from EFL. The pH was adjusted to
5.2, 6.2 and 7.2, respectively with HCl (Merck Millipore).
The electrocoagulation experiments were carried out in a
Plexiglas cell with horizontal electrodes. The sacrificial
anode of 5.6 x 14 cm was made on aluminium and the
cathode was a wire mesh grid made of 3 mm diameter
stainless steel wires. The distance between the electrodes
was 5 mm.
Volumes of 500 ml EFL were introduced in the cell, and
the applied current densities were 100, 200 and 300 A/m2.
Electrolysis duration was 60 minutes and samples were
taken at every 15 min. The supporting electrolyte was 0.01
M NaCl. NaCl was purchased from Chem-Lab.
The fluoride concentration was determined by using a
Thermo Scientific Orion fluoride ion selective electrode
(range: from 0.02 ppm to saturate). TISAB II solution was
used as a buffer to maintain the pH and background ion
concentrations. The samples that underwent analysis were
filtered on microfilters of 0.45 µm.
Results and discussions
In tables 1-3 are presented the results of carried out
experiments. It can be noticed that regardless of pH initial
values and applied current densities, as the electrolysis
time increased, the increase of fluoride removal efficiency
by electrocoagulation was recorded. However, exceptions
must be mentioned. Thus, at 200 A/m2 and initial pH of 6.2
and 7.2, the removal fluoride lowered at electrolysis time
of 60 min versus 45 min. At 300 A/m2 this behaviour was
observed for at all three initial pH values.
At initial pH of 5.2, at any electrolysis time was recorded
the increase of fluoride removal efficiency as the applied
current density increased, but exceptions occurred at initial
p H of 6.2 and electrolysis time of 45 and 60 min,
respectively, when the fluoride removal efficiency was
slightly higher at 200 A/m2 versus 300 A/m2. When the initial
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Table 1
WORKING CONDITIONS, FLUORIDE RESIDUAL CONCENTRATION FOR EFL AND FLUORIDE REMOVAL EFFICIENCY

TABLE 2
WORKING CONDITIONS, FLUORIDE RESIDUAL CONCENTRATION FOR EFL AND FLUORIDE REMOVAL EFFICIENCY

Table 3
WORKING CONDITIONS, FLUORIDE RESIDUAL CONCENTRATION FOR EFL AND FLUORIDE REMOVAL EFFICIENCY

p H was 7.2 at electrolysis time of 15 and 45 min,
respectively, the fluoride removal efficiency increased as
the applied current density increased, while at 30 and 60
min, respectively, the maximum of fluoride removal
efficiency was obtained at 300 A/m2.
The electrochemical reactions that occur at the
electrodes during the electrocoagulation are (1) and (2),
and in aqueous solution (3):
anode (+)
cathode (-)
aqueous solution

Al→Al3+ + 3e(1)
2H2O + 2e- → H2 + 2OH- (2)
Al3+ + 3OH- → Al(OH)3 (3)
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The mechanism of fluoride removal by
electrocoagulation is not yet clear. According to Zhu et al.
[21] at least three mechanisms may occur:
(i)adsorption on aluminium hydroxide particles
Al(OH)3 + xF- → Al(OH)3-xFx + xOH(ii) coprecipitation
nAl + (3n-m)OH- + mF- → AlnFm(OH)3n-m
(iii) fluoride attachment to electrodes

(4)

(5)

Regardless of the mechanism, the linear dependence
of fluoride removal efficiency on electrolysis time or current
density and its exceptions can be explained by Faraday’s
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Law according to the amount of dissolved Al is directly
proportional to the amount of electricity passing through
the solution during electrocoagulation.
That is why the higher amount of electricity, the higher
the amount of coagulant and the generated bubbles. Thus,
by increasing the current density, the formation rate of Al3+
and OH- ions will increase which will accelerate the process
of pollutant removal. If the solution becomes excessively
alkaline due to the formation of more OH-, the amount of
Al(OH)3 decreases because it is well known that it is
amphoteric and thus the amount of F- removed decreases.
The specific energy consumption is an important
parameter for the characterization of the fluoride removal
process by electrocoagulation and was calculated
according to equation (6) for operating parameter values
that led to the best results of fluoride removal efficiency:
p H of 6.2, applied current density of 200 A/m 2 and
electrolysis time of 45 minutes. The volume of EFL was
500 ml. A value of 5.6 kWh/m3 was obtained.
Q = U . I . t . 10-3 / V.3600

(6)

where:
Q = specific energy consumption, kWh/m3
U = cell voltage, V
I = current intensity, A
t = electrolysis time, s
V = electrolysed solution volume, m3
Conclusions
This study dealt with the removal of fluoride from
industrial effluents by precipitation followed by
electrocoagulation with Al as sacrificial anode. The
combination of these processes proved to be effective for
fluoride removal. Thus, fluoride concentration in the
simulated industrial effluent was lowered from 1000 ppm
to 222 ppm by precipitation, and by electrocoagulation the
removal fluoride efficiency was 85.39% that leaded to an
overall fluoride removal efficiency of 96.76%.
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