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a b s t r a c t
Fluoride contamination causes serious environmental and health problems around the world. 
There are many alternatives to remove fluoride from wastewaters outstanding the electrocoagu-
lation (EC) between them, although its application has been limited to a range of pH. The goal 
of this paper is the evaluation of diverse sources of CO2 as a pH controller in order to work in 
the aluminum oxy-hydroxide stable zone. This improved the efficiency of fluoride removal from 
niobium processing wastewater allowing to comply with the target of the Brazilian regulation dis-
charge limit of 10 mg L–1. Batch and continuous EC experiments varying the electric current of 
4.7 A (3.77 mA cm–2), 7.1 A (5.69 mA cm–2) and 9.4 A (7.53 mA cm–2), and gas flow rate (149, 186, and 
248 mL min–1) were carried out at an ambient temperature of 25°C. The fluoride residual concen-
tration decreased from 134 to 1.4 mg L–1 in the presence of CO2, while the value of 36 mg L–1 was 
observed in the absence of CO2. The fluoride residual concentration of 8.1 mg L–1, lower than the tar-
get of 10 mg L–1 was obtained with the electric current of 9.4 A and the gas flow rate of 186 mL min–1 
(CO2/N2 50%) while 11 mg L–1 was obtained using the biodigester gas containing 50.1% CO2 and 
47.9% CH4. The dried sludge from EC is mainly composed of aluminum oxy-hydroxide and calcium 
carbonate, coherent with the capture and mineralization of CO2 associated with the treatment of the 
effluent. The power consumption reached about 2.3 kWh m–3 and the electrode consumption varied 
in the range of 2.5–3.1 g L–1.
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1. Introduction

Fluoride is an essential element for human health that 
in lower concentrations, between 0.4 and 1.0 mg L–1, pre-
vents dental diseases [1,2]. The World Health Organization 
(WHO) recommends the value of 1.5 mg L–1 as the safe 
concentration of fluoride in water for human consumption 
[2]. Prolonged intake of water containing fluoride above 
2 mg L–1 may cause dental fluorosis and in extreme cases, 
serious diseases such as skeletal fluorosis, osteoporosis, 

arthritis, male infertility, Alzheimer’s disease, and liver, 
kidney or parathyroid lesions may occur [3–6].

Water contaminated by fluoride has been found nat-
urally and serious environmental and health problems in 
several parts of the world have been occurred [5]. At least 
25 countries around the world have been reported to be 
affected due to high fluoride concentrations in ground-
water [7,8]. Moreover, fluoride contamination can result 
from the discharge to the environment of untreated indus-
trial wastewaters from aluminum fluoride manufacturing, 
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semiconductors industries, fertilizer production, glass- 
manufacturing industries, and high strength and super-
conducting metal alloys production [9,10].

Several methods have been used to reduce the fluoride 
content in water and thus making it suitable to discharge 
into the water bodies or even for human consumption [11]. 
Among those main methods, adsorption [12,13], chemical 
precipitation [14], ion exchange [15], reverse osmosis [16], 
electrodialysis [17], nanofiltration [18] and electrochemi-
cal processes [19] have been reported. Electrocoagulation 
effectiveness has been pointed out by several studies on 
the defluoridation of industrial wastewaters and water 
supplies [20–28].

Electrocoagulation is a technology that has experienced 
great popularity due to technical improvements. Also, it has 
played a prominent role in the treatment of drinking water 
as it exhibits some significant advantages such as a compact 
system associated with an automated and easy operation 
without chemical additives, high speeds of treatment and 
reduced amount of final sludge [29–33].

The coagulant species are formed in-situ as the sac-
rificial anode corrodes due to an electric current with 
simultaneous hydroxyl ions formation and the evolution of 
hydrogen gas at the cathode. These allow metallic hydrox-
ides and hydroxyl complexes formation as well as the sol-
ids removal by flotation. Iron and aluminum are the most 
used metals as cathodes and hydroxide flocs formed can 
also act as adsorbents for ions [33]. Emamjomeh et al. [34] 
proposed that the mechanism of the fluoride removal by 
electrocoagulation is not only the adsorption of F− but also 
the possible formation of solid cryolite (Na3AlF6) in the 
final pH range of 5–8 in the reactor. Besides, these authors 
state that the defluoridation process is more efficient at the 
final pH from 6 to 8.

Ezzeddine et al. [35] reported higher fluoride removal 
in pH below 7, which was correlated to the formation of 
gibbsite (Al(OH)3) that presents low solubility and therefore 
higher stability. On the other hand, the formation of alu-
minum fluorohydroxide complex has been reported as the 
main reason for defluoridation effectiveness by electrocoag-
ulation [34,36–40]. Another factor that contributes to fluo-
ride removal is the diminished concentration of OH– ions at 
lower pH (5.5–7.5) if compared to hydroxyl ions in alkaline 
solution. Likewise, the presence of OH− ions changes the 
formation of AlF6

3– species that are required to the cryolite 
formation [20,34,36].

Usually pH increases during electrocoagulation (EC) 
depending on the feed pH. If the pH rises above 8, the 
gibbsite formation is unfavorable due to its greater stability 
in the pH 6–8 range [20,24,34,38,41–43]. Instead of HCl or 
H2SO4, as pH controllers, the use of CO2 does not disturb the 
chloride and sulfate concentrations in the aqueous treated 
stream, thus contributing to the reduction of greenhouse 
gas emission. Specifically, the use of CO2 generated by a 
biodigester works as a separation process of methane from 
the gas, which favors its use for power generation.

Taking into consideration the aspects presented, the 
purpose of this study is the evaluation of fluoride removal 
from a real effluent by the electrocoagulation process using 
distinct sources of CO2 as a process pH regulator. Batch and 
continuous electrocoagulation experiments integrated in 

a pilot biodigester and wastewater electrocoagulation unit 
were performed to assessing the efficacy of the process.

2. Materials and methods

2.1. Experimental setup

The experiments were carried out in an acrylic reactor 
with a depth of 18 cm, with of 15 cm and length of 20 cm, 
and a useful volume of submerged plates of 3.72 L applying 
8 aluminum plates of 20 cm height, 13 cm wide and 2 mm 
thickness, with the distance inter-electrodes of 0.5 cm as 
depicted in Fig. 1. The submerged height of each plate was 
12 cm, becoming an immersed area per plate of 312 cm2. 
The mixture in the system was carried out by a magnetic 
stirrer. The aluminum plates were previously immersed in 
a 0.1 mol HCl solution for 10 min, washed in water, dried, 
and their mass was measured in each experiment.

The EC was performed by galvanostatic mode with a 
fixed electric current of 9.4 A with electrodes connected in 
a monopolar configuration. Samples of 20 mL were taken 
out, filtered through a paper filter with 2 µm porosity and 
stored in plastic bottles for chemical analysis. All experi-
ments were carried out for 60 min in triplicate.

The gas injection system was composed of a CO2 
cylinder (13.5 L) and an N2 cylinder (50 L) or a biodigester 
HomeBiogas (Israel) of 1,200 L of digestion volume and 
a gas tank of 700 L. Both of them were set up with a flow 
control Flowmeter 2510A2A15BNBN, 1–10 LPM Air. The 
biodigester gas is composed of 50.1% CO2, 47.9% CH4, 0.8% 
O2, 40 ppm (CO), and 7 ppm (H2S) indicated by the gas ana-
lyzer Landtec G5000 (EUA) that was used to characterize 
the gas generated by the biodigester.

2.1.1. Batch electrocoagulation experiments

Batch tests were performed in the system setup shown in 
Fig. 1a in different conditions as described below:

• Without pH control neither injection of gas in the effluent;
• The pH was set at 6.3 adding HNO3 (PA ACS) in the 

effluent;
• The pH of effluent was decreased with the injection of 

pure CO2 until the pH stabilized at 6.3. After that, the DC 
power supply was turned on and the gas flow was regu-
lated to keep the pH at 6.3.

• The pH of effluent was decreased with the injection of a 
mixture of CO2 (50%) and N2 (50%) using the same proce-
dure described in section 2.1.1. The proportion of CO2 in 
the gas mixture was chosen to simulate the CO2 concen-
tration of the biogas.

• The pH was decreased and kept at pH 6.3 with biogas 
injection by the same procedure described in section 2.1.1.

2.1.2. Continuous experiments

Continuous tests were carried out in the same experi-
mental setup in two distinct conditions: (i) with a gas mixture 
containing CO2 – 50% and N2 – 50% and (ii) with the biodi-
gester’s gas. The effluent was pumped simultaneously to the 
gas, flowing them through the mixer (Fig. 1b L) and feeding 



E.M. Nigri et al. / Desalination and Water Treatment 209 (2021) 58–7060

to the electrochemical cell (Fig. 1b G) through the gas/waste-
water sprinkler (Fig. 1b H).

This procedure was carried out until the electrochem-
ical cell was completely filled. Then the effluent flow was 
temporarily interrupted turning off the peristaltic pump 
(Fig. 1b K) until the pH reached the set point pH 6.3 once the 
injection of gas was maintained. Thereafter, the DC power 
supply was switched on and after one residence time, the 
effluent pump was re-started. This procedure aimed at the 
initial stabilization of the continuous system.

When the experiments were performed with CO2/N2 
mixture, the effluent flow rate was varied in 248, 186 and 
148.8 mL min–1 corresponding to the residence times of 25, 20 
and 15 min, respectively, and changing the current in 9.4, 7.1 
and 4.7 A (current densities of 7.53, 5.69 and 3.77 mA cm–2), 
respectively. Experiments were carried out also using bio-
gas, with a current of 9.4 A (7.53 mA cm–2) and a flow rate 
of 186 mL min–1. In the present study, the usual kinetic and 
thermodynamic evaluation were used to obtain the process 
isotherms.

2.2. Wastewater samples

Samples of wastewater were provided from the Niobium 
Processing Wastewater Industry and stored at room 

temperature 25°C ± 5°C in a container of 1,000 L. Chemical 
analysis has been periodically carried out in order to verify 
its stability.

2.3. Solids and solutions characterization

Table 1 presents the parameters and the respec-
tive analytical methods from Standard Methods for the 
Examination of Water and Wastewater used for aqueous 
solutions characterization. The solids of electrocoagula-
tion were characterized regarding their functional groups, 
by Fourier-transform infrared spectroscopy (FTIR) (Bruker 
Alpha, EUA), attenuated total reflectance, diffuse reflectance 
accessory; chemical elements, by X-ray fluorescence (XRF) 
(PANalytical PW2400, UK); crystalline phase identification, 
by X-ray diffractometer. Optical images were obtained with 
a microscope model NOVEL BM2100POL model with an 
image capture camera.

2.4. Modeling parameters

The current density was determined by Eq. (1), while the 
energy consumption was calculated by Eq. (2).

δ =
i
A

 (1)

(a) (b)

Fig. 1. Experimental setup: (a) batch process and (b) continuous process. (A) CO2 cylinder; (B) N2 cylinder; (C) gas mixer; 
(D) biodigester; (E) DC power supply; (F) aluminum electrodes; (G) electrochemical cell; (H) gas/wastewater sprinkler; (I) magnetic 
stirrer; (J) wastewater storage; (K) peristaltic pump; (L) gas and wastewater mixer.

Table 1
Methods of analysis used to characterize the wastewater [44]

Parameters Analysis method

Fluoride Specific ion electrode Thermo Scientific Orion 9609BNWP (EUA) in TISAB IV solution prepared by 
dissolving tris(hydroxymethyl)aminomethane and sodium tartrate in HCl and water

Ca, Na, Mg, Al GBC atomic absorption spectrophotometer, Model AVANTA
Alkalinity, chlorides Titimetry
COD Closed reflux colorimetric method for low COD range
Sulfate Turbidimetry
pH, conductivity Instrumental
Total phosphorus Colorimetric
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where δ is the current density (mA cm–2), i is the current 
(mA) and A is the submerged area of the electrode (anode, 
cm2), EC is the energy consumption (Wh), U is the electric ten-
sion (V), t is time (h) and V is the treated effluent volume (L).

E U i t
VC =
⋅ ⋅  (2)

The amount of metal consumed in the plates depends 
on the amount of electricity passing through the electroco-
agulation cell and the residence time of treatment and it can 
be calculated by Faraday’s law represented in Eq. (3) [45–47].

m i t W
n F

=
⋅ ⋅
⋅

ϕ  (3)

where m is the mass of the electrode consumed (g), i is 
the current density (mA cm–2), t is time (s), W is the molar 
mass of the electrode material (g mol–1), n is the number of 
electrons in the redox reaction and F is the Faraday con-
stant (96,485 C mol–1). When parallel reactions occur, the 
correction factor denoted current efficiency or faradic yield 
(ϕ) must be used to consider the difference between the 
theoretical and experimental dissolution of the sacrificial 
anode [38,48–50].

Considering the contribution of adsorption in electro-
coagulation, isotherm models have been used in literature 
to correlate the amount of contaminants removed with the 
amount of solids formed. Differently from conventional 
adsorption tests in which it is possible to fix the amount 
of adsorbent, this is not possible in the electrocoagulation 
batch tests. In order to evaluate the kinetic models of the 
reaction, first-order and second-order equations were used 
(Table 2). The removal of fluorides by electrocoagulation 
does not involve only the phenomenon of adsorption. 
Phenomena such as ion exchange and precipitation are 
also observed [34]. However, the phenomena of precipita-
tion and ion exchange do not limit the application of kinetic 
and isothermal models [45–47,51,52]. This fact can be seen 
in the use of bone char as an adsorbent in the removal of 
fluorides in which phenomena such as adsorption, ion 
exchange, and precipitation have been observed [12,53]. 
The Freundlich, Langmuir, Redlich–Peterson, Sips, and 
Temkin isotherm models (Table 3), in their general form, 
were used to evaluate the results in this work.

The OriginPro8 software was used to obtain the para-
meters’ models of data fitting. The evaluation of the quality 
of curves adjustment was done by the nonlinear chi-
square test (c2) (Eq. (4)). Lower values of χ2 indicate sim-
ilarities between predicted and experimental data while 

larger values represent their distance. In Eq. (4), θ is Ct 
for kinetic models and qe for isotherms models.

χ
θ θ

θ
2

1

2

=
−( )

=
∑
i

n
calc meas

meas
 (4)

3. Results and discussion

3.1. Wastewater characterization

Table 4 presents the parameters of the wastewater from 
the Niobium Processing Mineral Industry (Brazil) used in 
this study. Presenting a high concentration of chloride and 
sodium of 1,424 and 632 mg L–1, respectively, the effluent 
also presents organic compounds derived from flotation ore 
that was measured as chemical oxygen demand (COD) of 
106 mgO2 L–1, and significant fluoride content of (134 mg L–1) 

Table 2
Kinetic models applied in electrocoagulation tests

Models Equation References

Pseudo-first-order C C et
k t= −

0
1

[45,46]
Pseudo-second-order

1 1

0
2C C
k t

t

= +

Table 3
Isotherm equations of Freundlich, Langmuir, Redlich–Peterson, 
Sips and Temkin adsorption models

Model Equation References

Freundlich q K Ce F e
n=

1
[54]

Langmuir q
q K C
K Ce

m L e

L e

=
+1 [55]

Redlich–Peterson q
K C
a Ce

e

e

=
+

RP

RP1 β [56]

Sips q
q K C
K Ce
s e

s e

=
+
ms

ms

ms1 [57]

Temkin q RT
b

K Ce T e= ( )ln [58]

Table 4
Chemical characterization of Brazilian mineral industry 
wastewater

Parameter Value

pH 7.8
Conductivity (µS cm–1) 6,056.0
Fluoride (mg L–1) 134.0
Calcium (mg L–1) 4.4
Sodium (mg L–1) 632.0
Aluminum (mg L–1) <5.0
Chloride (mg L–1) 1,424.0
Sulfate (mg L–1) 69.0
Alkalinity carbonates and hydroxides (mg L–1) 0.0
Alkalinity bicarbonates (mg L–1) 660.0
Total phosphorus (mg L–1) 8.0
COD (mgO2 L–1) 106.0
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that to be removed. This effluent does not comply with the 
Brazilian guideline of 10 mg L–1 of fluorides to be released 
into a water body and requires proper treatment [59].

3.2. Batch experiments

Fig. 2 shows the variation of fluoride concentration and 
pH with electrocoagulation time for tests in the follow-
ing conditions (i) without pH control, (ii) pH control with 
HNO3, (iii) pH adjustment with CO2, (iv) CO2/N2 50%, and 
(v) biogas injection.

The use of HNO3, CO2, CO2/N2 50%, and biogas in pH 
adjustment has presented the same behavior for fluoride 
removal. Although the use of biogas had shown a slightly 
over residual fluoride concentration, in all cases with pH 
control the residual fluoride concentrations were lower 
than the Brazilian standard wastewater discharge (10 mg L–1) 
[59]. Moreover, it was possible to obtain fluoride residual 
concentration below the limit of 1.5 mg L–1 established by 
the World Health Organization (WHO, 1998) for HNO3 
(1.0 mg L–1) and CO2 (1.4 mg L–1) after 60 min. In addition, 
the fluoride residual concentrations of CO2/N2 50% 
and biogas were very low, 1.9 and 4.0 mg L–1, respectively.

The final pH must be between pH 6 and 9 in order to 
direct discharge into the watercourse. To keep the pH around 
6–9 the gas flow applied was 1.75, 1.80, and 1.25 L min–1 for 
the CO2, CO2/N2 50%, and biogas, respectively. Additionally, 
the nitric acid consumption has shown an average 
value of 3.23 mL Leffluent

–1 of HNO3 PA.
Final pH values of 6.60, 6.50, 6.60, and 8.10 for HNO3, 

CO2, CO2/N2 50%, and biogas were observed at the end of 
the EC tests respectively (Table 5). The use of HNO3, CO2, 
CO2/N2 50% indicated the possibility to maintain the pH 
within the range of lower solubility for aluminum hydrox-
ide, the main specie responsible for the coagulation effect. 
The observed increase in the final pH to 8.10 in EC with 
biogas was due to an eventual drop in biodigester pres-
sure that caused one reduction in the biogas flow rate. 

In EC tests were the pH was not controlled with gas either 
with nitric acid, the removal of fluoride has been 75% with 
the fluoride residual concentration of 36 mg L–1 and final 
pH 10.3. This condition was not adequate to treat the efflu-
ent to the required standards. The final aluminum con-
centration was below 5 mg L–1, the limit of detection of 
analytical technique, when HNO3, CO2, CO2/N2 50%, and 
biogas were used while the residual aluminum concentra-
tion was 23 mg L–1 without acid addition. These results cor-
roborate the fact that the pH close to 6.3 provides greater 
stability to Al(OH)3 species that is mainly responsible for 
removing fluoride by adsorption [37,60].

Table 5 shows the consumption of energy and elec-
trodes for the EC tests of fluoride removal with none 
addition, adding HNO3 and injecting CO2, CO2/N2 50%, or 
biogas.

The average power and the aluminum electrodes con-
sumption were 7.0 kWh m–3 and 2.2 g m–3. However, the 
residual fluoride concentration of 10 mg L–1 was reached 
at a shorter time, which could reduce the treatment time 
to 20 min instead of 60 min. This fact considerably reduces 
the power and electrodes consumption to 2.35 kWh m–3 and 
0.73 g m–3.

Pseudo-first and second-order models were used to 
evaluate the kinetic data (Fig. 3 and Table 6) for the elec-
trocoagulation in the presence of biogas. Both models pre-
sented good fitting with similar correlation coefficients 
(R2) equal to 0.9897 (pseudo-first-order) and 0.9841 (pseu-
do-second-order). However, the pseudo-first-order model 
presents a higher deviation than the pseudo-second-order 
model, indicated by the χ2 value.

Fig. 4 shows the data fitting of the Langmuir, Freundlich, 
Redlich–Peterson, Sips, and Temkin isotherms models on 
the fluoride removal by electrocoagulation with the bio-
gas injection in a batch process. The parameters obtained 
from these data fitting are shown in Table 7. Sips’ isotherm 
presents the best data fit (R2 = 0.9806) followed by the 
Temkin’s isotherm with a correlation coefficient of 0.9621.
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Fig. 2. Evolution of residual fluoride concentration in the electrocoagulation batch process. Monopolar configuration; electrodes num-
ber 8; electric current 9.4 A; submerged area 312 cm2 per plate; electric current density 7.53 mA cm–2; initial temperature 25°C ± 2°C; 
treated volume 3.72 L.
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Table 5
Consumption of energy and electrodes on batch tests

Experiment Biogas CO2 CO2/N2 50% HNO3 No gas

Current density (mA cm–2) 7.53 7.53 7.53 7.53 7.53
Current (A) 9.40 9.40 9.40 9.40 9.40
Tension (V) 2.77 2.90 2.77 2.60 2.85
Power consumption (kWh m–3) 6.99 7.33 6.99 6.57 7.20
Electrodes consumption (g L–1) 2.11 1.60 1.90 2.46 2.39
Residual fluoride (mg L–1) 4.00 1.40 1.90 1.00 36.30
pH final 8.10 6.50 6.60 6.60 10.30
Monopolar configuration; electrodes number 8; electric current 9.4 A; submerged area 312 cm2 per plate; electric current density 7.53 mA cm–2; 
initial temperature 25°C ± 2°C; treated volume 3.72 L; experimental time 60 min.
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Sips’ isotherm equation derives from the limiting behav-
ior of Langmuir and Freundlich isotherms [61] and is char-
acterized by the inclusion of the dimensionless heterogene-
ity factor (ms). When ms is equal to 1, the Sips equation is 
converted to the Langmuir isotherm equation, implying a 
homogeneity in the adsorption. For the present system, the 
ms value of 2.1055 means that there are interactions between 
the adsorption sites.

It was also possible to observe that the experimental data 
is better fitted by the Langmuir isotherm model, with an R2 
value of 0.9226, compared to 0.8733 for the Freundlich iso-
therm model, thus suggesting that the adsorption cannot be 
characterized as totally homogeneous neither tally hetero-
geneous. The b parameter = 0.0056 from Temkin’s isotherm, 
greater than zero indicates an adsorption process slightly 
endothermic.

3.3. Continuous electrocoagulation experiments

Continuous experiments were carried out with the 
CO2/N2 50% gas mixture and also with biogas injection. 
Fig. 5 shows the residual fluoride concentration obtained at 
the output of the continuous system using currents of 4.7 A 
(3.77 mA cm–2), 7.1 A (5.69 mA cm–2), and 9.4 A (7.53 mA cm–2).

The continuous process reduced the inlet fluoride con-
centration of 136.0 mg L–1 to 7.9, 13.2, and 30.7 mg L–1 by using 
an electric current density of 7.53, 5.69, and 3.77 mA cm–2, 
respectively. For these tests, the wastewater flow rate 

186 mL min–1 and the gas mixture CO2/N2 50% were utilized. 
These results suggest that an increase in density current 
improved fluoride removal.

The wastewater flow rate was also varied (Fig. 6) and 
average residual fluoride concentrations at the output of the 
continuous system were 14.4, 7.9, and 5.6 mg L–1 for 248 to 
186 and 149 mL min–1, respectively, were obtained.

Table 8 summarizes the power and electrodes consump-
tion for continuous tests. As the objective of this treatment 
is to reduce the fluoride concentration below 10 mg L–1, the 
current of 9.4 A, and flow rate of 186 mL min–1 were chosen 
for continuous experiments with the biogas injection that 
allowed to reach a fluoride concentration of 10.3 mg L–1 
and pH 7.1 (Figs. 5, 6 and Table 8). The results demonstrate 
that electrocoagulation was technically efficient to fluoride 
removal and CO2 in distinct mixtures could be used as a pH 
controller in the system.

In general, increasing the electrode and power con-
sumption for continuous experiments has been observed. 
The energy consumption of 2.25 kWh m–3 and electrode 
consumption of 2.52 g L–1 were obtained using an electric cur-
rent of 9.4 A (7.53 mA cm–2) and a flow rate of 186 mL min–1 
of the gas CO2/N2 50%. The values observed when biogas 
was used were slightly higher, 2.36 kWh m–3 and 3.09 g L–1, 
respectively.

These results obtained in the present work contrib-
ute to support the integration of water/wastewater treat-
ment with biogas production systems for many purposes. 

Table 7
Parameters of Langmuir, Freundlich, Redlich–Peterson, Sips, and Temkin isotherms data fitting on fluoride removal by electro-
coagulation batch process in the presence of biogas

Langmuir qm (mg g–1) KL (L mg–1) R2
Adj. χ2

798.2661 0.0337 0.9226 60.0942
Freundlich KF (mg g–1)(L mg–1)1/n n R2

Adj. χ2

43.7260 1.5877 0.8733 91.9054
Temkin KT (L mg–1) b R2

Adj. χ2

0.3321 0.0056 0.9621 5.4112
Redlich–Peterson KRP (L g–1) aRP β R2

Adj. χ2

11.4856 1.0939 –7.8978e7 0.4950 25.9579
Sips qms (mg g–1) KS (L mg–1)ms ms R2

Adj. χ2

500.2213 0.0067 2.1055 0.9806 12.1576
Monopolar configuration; electrodes number 8; electric current 9.4 A; submerged area 312 cm2 per plate; electric current density 
7.53 mA cm–2; initial temperature 25°C ± 2°C; treated volume 3.72 L; experimental time 60 min; ϕ = 2.5.

Table 6
Parameters of data fitting of pseudo-first and pseudo-second-order kinetic models for fluoride removal by electrocoagulation in batch 
mode using biogas

Batch process
Pseudo-first-order Pseudo-second-order

k1 (min–1) R2
Adj. χ2 k2 (mg–1 min–1) R2

Adj. χ2

Value Error Value Value Value Error Value Value

0.2066 0.0175 0.9897 19.4267 0.0036 5.8515e–4 0.9841 11.5130

Monopolar configuration; electrodes number 8; electric current of 9.4 A; submerged area of 312 cm2 per plate; electric current 
density: 7.53 mA cm–2; initial temperature: 25°C ± 2°C; treated volume: 3.72 L; experimental time: 60 min. 
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The electrocoagulation acts also as a separation process of 
CO2 from CH4 contained in the biogas which is an addi-
tional advantage of this system. As a result, the gas effluent 
from the electrocoagulation system is composed mainly of 
residual CO2, methane (from biogas), H2 (from EC process), 
and other minor gases generated by the decomposition 
of the biomass.

3.4. Residual solid characterization

Fig. 7 shows the morphology of residual solids from tests 
with biogas and CO2 injection. Grains in the form of brittle 
crystals of varying sizes may be identified.

Fig. 8 shows FTIR analysis of residual solid by EC 
tests: without gas injection, inserting HNO3, injecting CO2, 
injecting CO2/N2 50% and injecting biogas. The results are 
very similar, except for the test sample without gas injec-
tion, which shows more prominent bands in the FTIR due 
to greater crystallinity of the solids which agrees with it 
has been well-defined peaks in the diffraction pattern. 
The bands of 3,545; 3,466 and 3,420 cm–1 represent the H–O–H 
stretch [19,28,41,62] and the band 3,696 and 1,640 cm–1 
represents the hydroxyl and water (OH) flexion [19,63,64].

The peaks 438 and 465 cm–1 indicate the presence of sul-
fates and the peak 872 cm–1 indicates the presence of phos-
phate [65]. The peak 1,081 cm–1 indicates the symmetrical 

0 10 20 30 40 50 60 70
0

5

10

15

20

25

30

35

40

3.77 mA.cm-2 5.69 mA.cm-2 7.53 mA.cm-2 BIOGAS (7.53 mA.cm-2 )
t (min)

Re
si

du
al

 fl
uo

rid
e 

(m
g.

L-1
)

Fig. 5. Continuous tests for fluoride removal with electric currents of 4.7 A (3.77 mA cm–2), 7.1 A (5.69 mA cm–2) and 9.4 A (7.53 mA cm–2) 
using CO2/N2 50% and biogas test 9.4 A (7.53 mA cm–2). Flow rate 186 mL min–1; monopolar configuration; electrodes number 8; 
submerged area 312 cm2 per plate; electrochemical cell volume 3.72 L; initial temperature 25°C ± 2°C; residence time 20 min; initial 
fluoride concentration 134 mg L–1.
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Fig. 6. Continuous tests for fluoride removal with flow rate variation in 149, 186 and 248 mL min–1 using CO2/N2 50% and biogas 
(186 mL min–1). Current of 9.4 A (7.53 mA cm–2); monopolar configuration; electrodes number 08; submerged area 312 cm2 per plate; 
electrochemical cell volume 3.72 L; initial temperature 25°C ± 2°C; initial fluoride concentration 134 mg L–1.
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stretch and 1,400 cm–1 the asymmetric stretch of CO, and 
peaks 872 and 713 cm–1 due to the presence of CO3

2– [66,67] 
which indicate the CO2 mineralization.

It is also possible to view bands associated with alumi-
num connections at 1,382 cm–1 with the stretching in Al–H 
[19], at 1,060 cm–1 the stretching of Al–O [41] is observed, 
and the flexion of Al–OH is represented by the band at 
990 cm–1 [19]. The flexion Al–F–Al is represented by the 
band at 630 cm–1 [28,68] and the band at 585 cm–1 can be 
attributed to the stretching of Al–OH [19].

The phase and chemical characterization of the solids 
formed are very similar, independent of the experimental 
condition. Chemical analysis of residual solids from EC 
tests has pointed out Al, Na, Cl, O, and F, as main elements, 
and Si, S, Ca, Fe, K, Cr as traces. The pattern of DRX (Fig. 9) 
exhibits mainly aluminum oxide hydroxide as a crystalline 
phase (AlO(OH), Al(OH)3, Al(OH,F)3). However, the resid-
ual solid from the test without gas injection exhibits better 
crystallinity than the residual solids from those tests with 
injection or addition of external species (HNO3, CO2, CO2/
N2 50%, and biogas).

The residual solids present a certain degree of amor-
phous solids which difficult the phase characterization 
mainly derived from the superposition of peaks. In addi-
tion, the content of calcium and the competition of fluo-
ride and carbonate for calcium ions could contribute to 
the low quantity and imposes difficulties on carbonate 
phases identification. Nevertheless, the carbonate phases 
were found and their presence was corroborated due to 
the C–O and CO3 bands identified by the FTIR spectra  
analysis.

It was possible to observe the presence of carbonates 
either in solids obtained from tests without gas addition, 
only with HNO3, due to the initial bicarbonate alkalinity 
of wastewater. However, in the presence of CO2, the pres-
ence of calcium carbonate polymorphs was more pro-
nounced. These are evidence of CO2 mineralization that 
could be better observed at higher calcium concentrations 
when the competition between fluoride and carbonate to 
calcium ions would be not significant. At this stage, it was 
not possible to quantify the degree of mineralization of CO2, 
and this must be taken into account in future studies.

Table 8
Power and electrode consumption in continuous electrocoagulation experiments of fluoride removal with a gas mixture of 
CO2/N2 50% and biogas as pH controllers

Experiment 149 mL min–1 186 mL min–1 248 mL min–1 4.7 A 7.1 A 9.4 A Biogas

Current density (mA cm–2) 7.53 7.53 7.53 3.77 5.69 7.53 7.53
Current (A) 9.40 9.40 9.40 4.70 7.10 9.40 9.40
Tension (V) 2.70 2.67 2.83 2.30 2.40 2.67 2.80
Cons. power (kWh m–3) 2.84 2.25 1.79 0.97 1.53 2.25 2.36
Electrodes consumption (g L–1) 2.45 2.52 2.28 1.14 2.13 2.52 3.09
Flow rate (mL min–1) 149.00 186.00 248.00 186.00 186.00 186.00 186.00
Residual fluoride (average) (mg L–1) 5.60 7.90 14.40 30.70 13.20 7.90 10.30
pH (average) 6.40 6.50 6.50 6.70 6.50 6.50 7.10
Monopolar configuration; electrodes number 8; submerged area 312 cm2 per plate; initial temperature 25°C ± 2°C; initial fluoride 
concentration 134 mg L–1.

(a) (b)

20X 20X

Fig. 7. Optical microscope images of residual solid of batch electrocoagulation experiments applying biogas (a) CO2 and 
(b) injection as pH controllers.
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The fluoride content in all the residual solids is quite 
similar. Furthermore, the use of biogas or any other source 
of gas containing CO2 can be adequate to keep the pH of 
the solution in the pH range of lower solubility of alumi-
num hydroxide, thus contributing to the higher efficiency of 
electrocoagulation.

4. Conclusion

The use of CO2 as a pH controller agent in the 
electrocoagulation system resulted in a reduction of resid-
ual fluoride concentration up to 1.4 mg L–1 compared to the 

system without CO2 use (36 mg L–1). The results demonstrate 
that the fluoride removal process was also efficient apply-
ing biogas (50.1% CO2, 47.9% CH4, 0.8% O2, 40 ppm CO and 
7 ppm H2S) as a pH regulator of the system and an addi-
tional benefit of the process is the CO2 capture and storage 
by mineralization.

The electrodes and power consumption may be raised due 
to the increment of electric current from 4.7 (3.77 mA cm–2) 
to 9.4 A (7.53 mA cm–2) and also due to the decrease of gas 
flow rate from 286 to 149 mL min–1. The experiment apply-
ing an electric current 9.4 A, CO2/N2 50% gas flow rate of 
186 mL min–1 showed a power and aluminum consumption 
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Fig. 8. FTIR spectra for residual solid from electrocoagulation experiments without gas addition, and with 
HNO3, CO2, CO2/N2 50%, and biogas injection.
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of 2.25 kWh m–3 and 2.52 g L–1, respectively, to produce a 
treated effluent containing a fluoride residual concentration 
of 8.1 mg L–1. The use of biogas in the same conditions makes 
the power and electrodes consumption slightly higher in 
2.36 kWh m–3 and 3.09 g L–1 producing a treated effluent with 
fluoride residual concentration of 11 mg L–1.

According to the characterization of the solids, the 
solids are made up mostly of hydroxides and aluminum 
oxides. The presence of fluoride and carbonates was also 
observed, which may be an indication of CO2 mineralization 
associated with the fluoride removal.

Symbols

A — Submerged area of the electrode, cm2

aRP — Redlich–Peterson constant
b — Temkin constant
Ce — Concentration at equilibrium time, mg L–1

C0 — Initial concentration, mg L–1

Ct — Concentration at time t, mg L–1

EC — Electrocoagulation
EC — Energy/power consumption, Wh
F — Faraday constant, C mol–1

i — Electric current, A
k1 — Pseudo-first-order constant, s–1

k2 — Pseudo-second-order constant, s–1

KF — Freundlich isotherm constant, (mg g–1)(L mg–1)1/n

KL — Constant related to the energy of adsorption, mg L–1

KRP — Redlich–Peterson adsorption constant, L g–1

KS — Sips adsorption constant, (L mg–1)ms

KT — Temkin adsorption constant, mg g–1

m — Mass of electrode consumed, g
ms — Dimensionless heterogeneity factor
n — Number of electrons in the redox reaction
n — Freundlich constant
qe — Adsorption capacity, mg g–1

qm — Langmuir adsorption capacity, mg g–1

qms — Sips Adsorption capacity, mg g–1

R — Ideal gas constant, 8.314 J(K mol)–1

t — Time, h, min, s
U — Electric tension, V
V — Volume of treated effluent, L
W — Molar mass of electrode material, g.mol–1

T — Temperature absolute, K
d — Current density, mA cm–2

ϕ — Current efficiency/faradic yield
b — Redlich–Peterson constant
x2 — Error
qcalc — Calculated data
qmeas — Measured data
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