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Abstract

Fluoride remediation in underground waters of volcanic origin was performed at laboratory scale
using an electrocoagulation (EC) technique. The natural waters from certain volcanic springs on
the island of Tenerife (Canary Islands, Spain) contain average fluoride concentrations in excess of
7 mg/L. Thus, it is necessary to treat the water for fluoride mitigation below the maximum
acceptable concentration of 1.5 mg/L according to Spanish regulations for drinking water. The
design and optimization of a sustainable process was accomplished using a progressive scale-up
procedure involving three pilot reactors with different configurations and effective working
volumes. A bipolar electrode cell design using aluminum electrodes was used in all cases. The
good performance of the process was confirmed by reducing the fluoride concentration from 7.35
to 1.4 mg/L. The following optimized operating conditions were determined for a continuous flow
cell system: current density, 10 mA/cm?; residence time, 10 min; and, half-period of polarity
reversal, 1 min. Furthermore, the kinetics of the remediation process can be fitted using the
Variable Order Kinetic (VOK) model, with a power relationship between fluoride concentration
and residence time in the EC reactor.

Keywords: Underground water remediation; Fluoride mitigation; Electrocoagulation technique;

Reactor design; Kinetics of the electrocoagulation reaction.



1. Introduction

The nature and the extent of the effects on human health caused by fluoride ions present in
drinking water greatly depend on the ion concentration. Although certain beneficial effects occur
when these ions are present in rather small amounts, major concern arises from the adverse effects
reported in the case of fluoride concentrations higher than a maximum acceptable value [1,2].
According to the World Health Organization (WHO), the optimum concentration of fluoride in
drinking water lies within the 0.7-1.5 mg/L range [3], and values within this interval are typically
adopted as the maximum acceptable limit by many countries, including Spain (RD 140/2003)
[4,5]. Unfortunately, fluoride concentrations greater than those regarded acceptable by the
legislation in force can occur naturally in underground waters from volcanic regions such as the
Canary Islands [6,7]. Indeed, fluoride concentrations in excess of 7 mg/L occur in a large number
of underground springs on the most populated island of Tenerife, thus generating a major health
issue because groundwater is the main natural source of water supply in this Archipelago [6]. This
means that water treatment procedures are necessary to meet the legal requirements for drinking
water usage.

Several treatment methods are proposed in the scientific literature for the removal of excess
fluoride from natural water for human consumption. These methods can be grouped into three
main categories on the basis of their main operating principle; namely, chemical precipitation
processes [8,9], adsorption and ion exchange processes [10,11], and membrane-based processes
(including reverse osmosis [12,13] and electrodialysis (ED) [14,15]). When adopting a sustainable
remediation procedure, in addition to the operating costs, a major factor is the water rejection rate.
Large variations in this rate occur among these methods, ranging from ca. 1-2% for the majority
of the proposed methods, though it may reach 20-30% for electrodialysis procedures, and it can be
as high as 40-60% in the case of reverse osmosis. Since natural water is a scarce and valuable
natural resource in the Canary Islands, procedures for water treatment are also aimed at minimizing
water losses [16].

Although scarcely employed for fluoride remediation in practical situations,
electrocoagulation (EC) techniques have been proposed for the treatment of urban [17-19] and
industrial [20-24] wastewaters, and even for the treatment of water for human consumption
[25,26]. In comparison with the other techniques mentioned above, the EC technique exhibits high

fluoride removal efficiencies, easy operation at a relatively low cost, very low water rejection, and



the possibility of implementing a completely automated system [27,28]. The kinetics of fluoride
removal in an EC process using aluminum electrodes depends on various factors. Mameri et al.
established that the rate determining process is the release of Al(I11) for current densities smaller
than 20 mA/cm? [29]. Under these conditions, the reaction rate is instantaneous and approaches a

pseudo-first-order kinetics with respect to fluoride concentration [29,30]:
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where [F]t and [F]i are the fluoride concentrations (mol/L) for a certain time t and for the initial
instant, respectively; Ki is the first-order velocity constant (mint); and t, the reaction time (min).
An improvement in this model was proposed by Hu et al. with the Variable Order Kinetic (VOK)
model [31], which is described by equation (2):
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where &ai is the yield of hydro-fluoro-aluminum formation (%), c the current efficiency, n the cell
number, | the current (A), Z the valence (Z = 3 for aluminum), F the Faraday constant (96,500 C),
V the working volume (L) of water in the reactor, 'max the maximum amount of fluorides removed
per mole of Al(I) at a given pH, and k the Langmuir constant (L/mol). The terms in equation (2)
depend on various factors that influence the electrocoagulation process, namely the nature and
concentration of pollutants [32], pH [33], the nature and distance between the electrodes [27], and
the applied charge density [30]. It should be noted that most studies and reactor designs performed
on a laboratory scale that are available in the scientific literature were tested using synthetic waters
of fixed composition, and consisted of analyzing the influence of each operating factor on fluoride
mitigation in turn. However, natural waters from volcanic springs, such as those occurring in the
Canary Islands, exhibit large and complex seasonal variations in their composition, and the
operating conditions of these reactors would require frequent adjustments.

On the northern side of Tenerife, particularly in the zone including La Guancha, Icod de
los Vinos and San Juan de la Rambla municipalities (Figure 1), fluoride content within the range
of 5.78 - 8.98 mg/L has been recorded [34]. It is precisely in this geographical area where the main
water springs are located that supply drinking water to a large proportion of the island’s population.
This imposes the need for water treatment in order to reduce the fluoride content to acceptable

values according to the legislation for human consumption. At present, this is accomplished using



reverse osmosis procedures, although at the cost of high water rejection rates, and indeed rejecting
natural water from those springs presenting the highest fluoride loads. In this work, we investigated
the suitability of the electrocoagulation technique for the treatment of natural waters from volcanic
springs with the aim of obtaining water products with a fluoride concentration within the range
established by the regulations currently in force.
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Figure 1. Geographical origin of the natural underground water used in this study.

2. Methods and materials
2.1. Water

The water used in the study came directly from the Barranco de Vergara Gallery located in
La Guancha (Tenerife, Canary Islands). Water was periodically collected without prior treatment,
and stored in non-absorbent PVC containers for transfer to the laboratory. The characteristic

parameters of both untreated and product waters were determined at regular times, namely fluoride
content as well as Ca2*, Mg?*, K*, Na*, CO3, HCO;, SO, cr, NO;, NO,, and PO, pH and

conductivity. Typical physicochemical characteristics of the raw water are listed in Table 1. It must

be noted that its natural pH was 7.8, whereas the fluoride concentration was 7.35 mg/L.



Table 1. Analysis of the raw water from Galeria Vergara (Tenerife, Spain).

Parameter Raw water
pH 7.8
Conductivity (uS/cm) 2320
F(mg/L) 7.35
Ca?* (mg/L) 36.7
Mg?* (mg/L) 76.0
K* (mg/L) 7.7
Na* (mg/L) 467
CO?Z (mg/L) <0.25
HCO; (mg/L) 1614
SOZ (mg/L) 90
Cl (mg/L) 27
NO; (mg/L) 1.7
NO;, (mg/L) <0.1
POY (mg/L) 0.8

Given that pH and fluoride concentration are the most important parameters controlling the
adequacy of electrocoagulation operation for fluoride mitigation, the performance of the EC
experiments was dynamically controlled on the basis of these two parameters using a
potentiometric technique. The water pH was monitored with a model 691 pH Meter (Metrohm,
Herisau, Switzerland) using a pH probe, which contained an internal reference electrode and a
temperature sensor. Likewise, the concentration of fluoride ions was determined using an ion-

selective electrode connected to a model 827 pH lab instrument supplied by Metrohm as well. In



this case, an Ag/AgCl electrode in saturated KCI solution was employed as the reference electrode.
The activity of the other ionic species present in the water sample was cancelled by adding a buffer
solution of pH 5.5 as indicated by the manufacturer. The operation of the fluoride ion-selective
electrode was calibrated using solutions of known fluoride concentration in the 0.5-15 mg/L range.
The percentage of fluoride removal was determined using equation (3):
[F14F D400
[F];

where [F]i and [F]r are the initial and the final concentration of fluoride ions in solution,

Removal (%) =

3)

respectively.

2.2. Experimental setup

Aluminum plates with dimensions 50 mm x 120 mm x 2 mm were used as electrodes in
the electrocoagulation process. The electrodes, once cut to their final dimensions, were subjected
to a cleaning and conditioning process according to ASTM G1-03(2017) standard [35]. The
electrodes were placed in a parallel arrangement in order to facilitate the symmetry of the current
lines in the reactor and minimizing geometrical hindrances to water flow apart from those produced
by the surface of the electrodes. Three reactors of different capacities were designed for scaling up
the EC process. The simplest arrangement was a 2-electrode batch reactor (R1) of 147 mL working
volume, the separation between the aluminum electrodes was 5 mm, and the total working
electrode area amounted to 58 cm?, while keeping a surface/volume ratio close to 0.4. The polarity
of the electrodes was periodically changed so that both electrodes would operate either as cathode
or anode for the same length of time, thus being consumed to almost the same extent throughout
the experiments. Magnetic stirring ensured mixing in the system. Figure 2A shows a sketch
depicting the electrode arrangement and connections to the measuring control unit for operation
as monopolar batch reactor. Reactor R1 thus served to validate the feasibility of the EC technique
for the mitigation of fluorides in underground waters destined for human consumption. Next, a
multi-electrode batch reactor consisting of a cylindrical vessel with an effective volume of 368 mL
capacity (R2) was considered. Six aluminum plates with a total active area of 147 cm? were
employed, although still maintaining a surface/volume ratio close to 0.4. The electrodes were
placed in the reactor spaced 5 mm apart, and magnetic stirring was performed at the bottom of the



reactor. Electrode arrangement and connections to ensure bipolar operation under batch conditions
are sketched in Figure 2B.

Finally, a larger reactor of 2000 mL (R3) was employed under both batch and continuous
flow operation conditions. In this case, 14 aluminum electrodes were arranged with 5 mm
separation between the electrodes, and they were placed perpendicular to the main direction of
water flow, thus effectively operating under cross flow conditions. The total electrode surface was
840 cm?. Stirring conditions were imposed using a recirculation pump immersed inside the reactor
(see Figure 3) in order to ensure a complete mixing regime. Under continuous flow operation, the
product water was evacuated from the upper level of the reactor (drain) into a flocculation tank,
and the raw water was also introduced from just above the water level in the reactor although in

the opposite corner from the drain.
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Figure 2. Sketches of the two bipolar cell arrangements employed for batch tests: A) R1, with
volume 147 mL; and B) R2, with volume 368 mL.

Current supply and voltage monitoring in the EC reactors was performed using a
QPX1200SP power source (AIM-TTI) operated under computer control. Main specifications of
the power source are a maximum output voltage of 60 V and maximum output current of 50 A,

both values subject to a maximum power demand of 1200 W. The entire device was controlled



through a PIPO computer equipped with Windows® and its own control software interface.
Polarity changes could be performed at fixed times ranging from 1 s to 48 h.
All the measurements made in this work have been performed at least in duplicate to ensure

reproducibility.
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Figure 3. Sketches of the bipolar cell arrangement employed for continuous flow experiments (R3;
volume, 2000 mL; total electrode effective area, 840 cm?; S/V ratio, 0.4; separation between

electrodes: 5 mm). A) Electrode holder; B) drain for the product water; C) stirring pump.



2.3. Sludge characterization

The sludge produced in the EC process was separated by atmospheric filtration from the
treated water in the flocculation tank, and it was allowed to dry during 24 h at room temperature.
The resulting powder was ground and its chemical composition was analyzed by XRD
(PANalytical X’Pert PRO, Malvern Panalytical, Almelo, The Netherlands). Zeta potential analysis

was performed using Zetasizer Nano ZS (Malvern Panalytical, Malvern, UK).

3. Results and discussion

The technical feasibility of the electrocoagulation technique at laboratory scale was tested
using a sequence of three reactors of different working volumes to scale-up the methodology with
the aim of attaining a continuous operation using natural waters from water galleries presenting
high fluoride concentrations. For the sake of comparative purposes, the operation parameters

considered in the experiments are listed in Table 2.

Table 2. Operation parameters used in the EC reactors used in this study.

Operational values

Parameter
Fixed Variable
Current density (mA/cm?) - 3;5;7.5;10
S/V ratio (cm) 0.4 -
Separation between electrodes (cm) 0.5 -
Operation time (min) - 5;10; 15
Polarity half-period (min) - 05;1;2

The performance of the process was optimized by monitoring the quality of the treated
water. In addition, an estimate of the operation costs for the process was made taking into account
both electrode weight loss and electricity consumption. Accordingly, operating costs were

determined using:



Operation Cost = a-ECyqq, +DECepgy, 4)

Electrode
where ECelectrode is the weight of aluminum dissolved per unit volume of treated water ((kg Al)/m?),
ECenergy the electricity consumed per unit volume of treated water (kWh/m®), a and b are
coefficients representing the typical costs of these parameters for the Spanish market in 2018 (e.g.,
a=1.720 €/(kg Al), b = 0.117 €/kWh).

Several tests have been carried out in which the effect exerted by the variation of the current
density, the pH, the duration of polarity change to the electrodes (half-period), and the residence
time of the sample in the reactor have been evaluated. These tests were carried out in a
discontinuous regime and under steady state operation.

Table 3 shows the variability ranges of the parameters controlled and modified in the
different optimization tests. These parameters have been chosen due to their relevance in the

process of fluoride removal using the electrocoagulation technique.

3.1. Reactor of 147 mL

The simplest arrangement was a 2-electrode batch reactor (R1) with 147 mL working
volume, which was designed to replicate the best systems described in the literature for this process
until now. Accordingly, the separation between the aluminum electrodes was set at 5 mm, and the
total working electrode area amounted to 58 cm? [36-38], while keeping a surface/volume ratio
close to 0.4 [39].

The results obtained using the 147 mL capacity reactor are presented in Table 3 and Figure
4 for the three half-periods of polarity change considered in this work. In all cases, fluoride
elimination in excess of 80% initial ion concentration was obtained. This is a threshold level
sufficient to achieve fluoride content acceptable for human usage in the product water. In
experiments where polarization periods were 0.5 and 1 min, such condition was only achieved by
using the highest current density (10 mA/cm?) and with a residence time of 15 min. By contrast,
occurrences of this threshold level happened at the lower current densities of 5 and 7.5 mA/cm? in
the tests performed with a period of 2 min for the polarity change of the electrodes.

Table 3. Final concentration [F] and final pH depending on the operating parameters for the three
reactors tested in batch operation. R1 = 147 mL reactor; R2 = 365 mL reactor; R3 = 2000 mL

reactor.
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Current Time of residence (min)
Polarity half-period
Reactor density ) 10 15 5 10 15
(mA/cm?) (min) [F¢ pH;s
0.5 326 295 2.04 875 8.80 7.95
3 1 534 403 358 8.75 8.80 7.95
2 406 4.02 356 8.25 820 8.65
0.5 358 270 2.04 8.00 8.20 8.25
5 1 293 181 1.89 7.90 7.98 8.05
2 281 154 154 8.45 8.60 8.00
R 0.5 330 2.04 181 8.02 815 8.20
7.5 1 281 154 1.54 8.50 8.00 8.10
2 305 1.81 154 850 8.00 8.10
0.5 251 2,03 1.26 8.45 8.60 8.00
10 1 221 154 1.04 8.30 856 8.70
2 430 352 3.01 845 8.60 8.00
0.5 578 493 420 8.75 8.80 8.46
3 1 534 403 358 8.75 8.80 9.41
2 437 403 3.88 845 860 9.21
0.5 403 388 344 845 8.60 8.26
5 1 372 250 1.89 8.75 8.80 9.41
2 420 317 372 845 8.60 9.21
R? 0.5 437 403 344 856 850 8.16
7.5 1 221 189 1.17 7.83 8.20 881
2 473 344 260 825 870 9.31
0.5 493 358 240 8.45 8.60 8.26
10 1 221 154 1.04 8.30 8.56 9.17
2 420 270 240 845 8.60 9.21
0.5 475 405 345 841 7.95 7.61
3 1 435 330 298 9.36 7.95 8.56
R3 2 358 332 320 9.06 8.00 8.61
5 0.5 336 320 284 8.11 8.00 7.66
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1 305 205 156 9.36 9.70 10.31

2 345 260 310 9.06 8.00 8.61
0.5 358 332 281 822 810 7.76
7.5 1 1.81 1.55 1.05 8.44 8.40 9.01
2 395 282 213 8.86 8.00 8.61
0.5 403 291 194 8.11 8.00 7.66
10 1 181 128 110 891 870 931
2 345 223 197 9.06 8.00 8.61
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Figure 4. Fluoride removal percentage versus residence time for batch operation in reactor R1 for
various current densities as indicated in the plots. Potential reversal period: A) 0.5, B) 1, and C) 2
min.
In this case, similar results were obtained for residence times of 10 and 15 min for the
former current density, while for 7.5 mA/cm? density the threshold level was only obtained for an

operation time of 15 min.
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In principle, an increase in the elimination of fluorides coupled with the increase in current
density could be expected [40]. The current density determines the amount of AI** ions released
from the electrodes and the amount of formed coagulants and, it affects the growth of Al(OH)s
flocs in the EC reactor. The coagulant AI(OH)s () is responsible for the removal of fluoride from
the effluent, because these ions get adsorbed on the colloidal particles, eventually yielding larger
flocs. When the current density increased, the removal yield also increased due to the production
of more AI(OH)s, although for current densities higher than 12 mA/cm? the removal yield barely
increased [41].

But, such a trend was only observed for the tests carried out using polarity change time of
1 min. In this case, this removal trend was maintained in the tests carried out with a residence time
of 15 min, whereas for the 10 min tests the elimination data were almost the same for 3 and 5
mA/cm?. On the other hand, for a residence time of 5 min, elimination rates were higher using 3
rather than 5 mA/cm? current density. In addition, it was found that the removal percentage was
affected by the duration of the potential reversal operation, producing higher fluoride removal
percentages using 1 min of period of potential reversal compared to 0.5 and 2 min.

An evolution in the amount of eliminated fluoride in accordance to expectations was
observed for polarity reversal periods of 2 minutes, except for current densities of 10 mA/cm?. In
this case, the percentage of removed fluoride was slightly higher than that observed for current
densities of 3 mA/cm? (slightly higher than 50%). This may be due to the fact that with longer
polarity change periods, a certain degree of passivation of the cathode can occur accompanied by
an increase in the surface roughness of the electrode, thus effectively reducing the amount of
effective current transferred between the anode and the cathode. This would imply a deviation
from the theoretical behavior and a reduction in reactor efficiency [28,42-44].

The same potential increasing trend could be observed in all cases regarding the evolution
of fluoride removal with increasing residence times (tn). The recorded temporal changes fit well
with the predictions of the VOK model for all the current densities and half-periods of polarity

change considered, a fact that was confirmed by the observation of R? values greater than 0.99.

3.2. Reactor of 368 mL
The next step in the scale-up consisted of a reactor of 368 mL capacity that contained 6

aluminum plates in parallel arrangement and bipolar electrode operation. The electrocoagulation
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method was still performed under a batch condition using this intermediate pilot reactor. Although
the same experimental conditions were applied as in the case of the 2-electrode arrangement of the
smaller reactor R1, an inspection of the results given in Figure 5 and Table 3 clearly evidence one
major feature directly associated with the reactor scale-up process. Namely, fluoride removal
values in excess of 80% were recorded only in the case of a polarity change period of 1 min.
More precisely, only the experiments performed using current densities 7.5 and 10 mA/cm?
produced fluoride removal equal or greater than 80%, and these values were achieved for longer
operation times, namely 10 and 15 min. On the other hand, both shorter (0.5 min) and longer (2
min) polarity change periods delivered significantly less efficient fluoride removal, mostly in the
order of 40-50%, with the highest at 67% for a current density of 10 mA/cm?, 2 min polarity change

period and 15 min operation time.
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Figure 5. Fluoride removal percentage versus residence time for batch operation in reactor R2 for
various current densities as indicated in the plots. Potential reversal period: A) 0.5, B) 1, and C) 2

min.
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The smaller fluoride removal percentages observed using a potential reversal period of 2
minutes can be attributed to a passivation of the electrode as in the previous case, thus effectively
rendering a decrease in floc formation. This feature implies a lower fluoride removal ratio for all
the current densities tested. The values obtained were equal or slightly lower than those found for
the previous reactor due to a lower turbulence in the reactor (the agitation system was the same
although for a greater volume and a larger set of electrodes).

For a given period of potential reversal, increased fluoride removal was found to correlate
directly with the increase in residence time. Furthermore, increased fluoride removal also occurred

within each quartet of values by applying higher current densities in the electrochemical process.

3.3. Reactor of 2000 mL
A 2000 mL capacity reactor was employed in the last step of our pilot reactor scale-up
process. The design of the electrochemical cell allowed the system to be operated in both batch

and continuous-flow tests.

3.3.1. Batch operation

For the sake of comparative purposes, the electrocoagulation process in the 2000 mL
capacity reactor was first operated under batch conditions, and the operation results are shown in
Figure 6 and Table 3. In general, the observed behavior is analogous to that found with the 368
mL reactor. Fluoride removal percentages higher than 80% were only accomplished using a
polarity change period of 1 min. In this case, almost an overlap occurs between the elimination
rates achieved with current densities of 7.5 and 10 mA/cm?.
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Figure 6. Fluoride removal percentage versus residence time for batch operation in reactor R3 for
various current densities as indicated in the plots. Potential reversal period: A) 0.5, B) 1, and C) 2
min.

On the other hand, the tests carried out with the other two potential reversal periods of 0.5
and 2 min deliver fairly dispersed results among the data sets of the four current densities tested
when they are compared for a given residence time. For the tests using the shortest period, the
typical power-function behavior is apparently followed for residence times of 10 and 15 min,
whereas the expected trend is only observed for an operation time of 15 min in the case of the
longest potential reversal period. However, the maximum fluoride removal values do not exceed
70% even in these limiting potential reversal periods. The justification for this behavior is the same

that was proposed to describe the observations in the smaller reactors R1 and R2.

3.3.2. Continuous-flow cell operation

Continuous-flow cell operation (with volumetric flow rate 20 L/h) was performed during
24 h in the 2000 mL reactor for three different current densities, namely 5, 7.5 and 10 mA/cm?.
Figure 7 depicts the performance of the EC system in terms of the fluoride removal percentage of
the product water. In all cases, a constant fluoride concentration in the product water is reached
after 20 min of operation. An 8.5 percentage unit difference was observed for the fluoride removal
when operating between the lowest and highest current density values, leading to a final fluoride
content of 1.4 mg/L.

Table 4 shows the final results obtained for fluoride content, pH, energy expenditure and
operating costs calculated per one cubic meter of product water over a complete 24-hour

continuous operation. The final fluoride content of the treated water remained within the limits
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allowed by current legislation in the experiments performed using current densities of 7.5 and 10
mA/cm?, while it exceeded the established limit by 0.7 mg/L in the case of operation at 5 mA/cm?.
The pH did not vary with the applied current densities, maintaining a fairly stable value throughout

the electrocoagulation operation, as well as in the three cases studied.
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Figure 7. Fluoride removal percentage versus residence time for continuous flow operation in
reactor R3 for various current densities: (@) 5, (O) 7.5, and (W) 10 mA/cm?,

Table 4. Performance of the reactor R3 under continuous-flow operation during 24 h.

Current density [FTi [F ¢ H Energy expenditure Operation cost
(mA/cm?) (mg/L) (mg/L) Prf (KWh/m?3) (€/m?3 product water)
5 2.20 8.2 0.92 0.12
7.5 7.35 1.50 8.2 1.45 0.18
10 1.40 8.2 1.95 0.26

The energy expenditure is directly related to the current density used, with an increase in
the calculated energy expenditure associated with the increase in current density. Operating costs
have been calculated taking into account the market prices of aluminum and electric power in

Spain. These costs also reflect an increase in relation to the increase in the current density supplied.
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When considering the two operating conditions that produce water in compliance with the
legislation in terms of the final fluoride content, there is a difference of 0.08 €/m? of treated water
between them, which implies a considerable extra cost from one case to another in order to
maintain a margin of safety in the amount of fluoride present in the product water. However, this
would allow waters to be treated with a higher initial concentration of the contaminant.

By fitting the experimental data of Figure 7 to pseudo-first order kinetics, we obtain that
the kinetic constant is of the same order of magnitude regardless of the current density applied to
the system. A value of 6.41x102 mint is obtained for a current density of 5 mA/cm?, 7.51x107
min-! for a current density of 7.5 mA/cm?, and 8.41x102 min* for a current density of 10 mA/cm?,
which agrees well with the results reported by Hu et al. [31] using synthetic waters. On the other
hand, when adjusting the results obtained to the VOK model [31], the theoretical residence time,
tn, was calculated based on equation (5):

ty _i{([l:-]f[l:-]f )"’%’In [ﬂﬂ (5)

) Enl '5c'n'i'rmax [F-]f
This equation is similar to that obtained by Mameri et al. [29], who estimated tn from equation (6):
ty =2 (6)

where i is the current density. By combining equations (5) and (6), an expression is derived for the
calculation of B, as reflected in equation (7): residence time, tn, was calculated based on equation

(5):

S e 5 |
tN ) En 'gC'n'A'rmax L([F ]i [F ]f )+ k In([F]f ]] (7)

where A is the area of the electrodes.

In addition, equation (7) can be employed to determine the theoretical residence time
according to this model. To do this, it has been considered that the joint efficiency (eal &) was
120% because the current efficiency, &c, is usually higher than 100% due to the simultaneous
dissolution of the anodes and the cathodes in the bipolar operation [31]. In fact, the actual value of
this parameter must be obtained experimentally. Other parameters in equation (7) are: the number
of cells n, 7 for the 2000 mL reactor; Z is 3 for aluminum; F is the Faraday constant (96485 C/mol);
V is the volume of the reactor, 2 L; I'max and k adopt the values of 0.474 and 1520 M respectively
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[45]; and the area of electrodes is 4.06x102 m?. As a result, we obtain a value of B = 772.41. For
the estimated optimal current density, the residence time obtained according to the VOK model is
8.2 minutes, 45% less than the approximate experimental finding of 15 min. The difference
between experimental and fitted values can be attributed to the assumptions made. As we decrease
the current density, the data supplied by the model fit closer to the experimental results. Thus, for
a current density of 7.5 mA/cm?, the predicted theoretical tn is 10.6 min, whereas it becomes 14.8

min for a current density of 5 mA/cm?.

3.4. Sludge characterization

The coagulant employed to remove fluoride ions from the effluent was formed during the
EC process by metal dissolution, eventually yielding larger flocs and finally, sludge. The sludge
was removed from the system by filtration process and dried at room temperature. Once dried, it
was characterized by the Zeta potential analysis leading to the plot shown in Figure 8. A delivering
value of zero was employed to assist adequate selection of the process to be employed for the
separation of the two phases existing in the flocculation tank. The results obtained show that the
sludge produced can be effectively separated by atmospheric filtration.

Chemical characterization of the dried sludge was performed using XRD. The XRD
diffractogram in Figure 9 shows peaks corresponding to fixed fluoride-containing aluminum oxy-
hydroxide and aluminum hydroxide. The presence of those compounds confirm the effective

absorption of fluoride in solution by the aluminum hydroxide formed during the EC process.

5x10°

Cycle 1

5
4x10 - Cycle2

3x10° -

2x10° 4

Intensity / a.u.

105 4

-100 -50 0 50 100
Apparent Zeta Potential / mV

Figure 8. Zeta potential distribution of the solid phase from the sludge obtained by atmospheric

filtration after dried at room temperature.
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Figure 9. X-ray diffractograms of the sludge after drying the filtered sludge during 24 h at room

temperature.

4. Conclusions

It has been shown that fluoride mitigation for water from underground natural sources can
be achieved by an electrocoagulation technique using a bipolar cell arrangement of aluminum
electrodes operating under continuous flow conditions. That is, it is possible to satisfy the
requirements of the current legislation on water for human consumption, provided the appropriate
operating conditions are optimized considering the composition of the water supply.

The optimized operating conditions in the EC cell, namely residence time equal to 15 min
and current density 10 mA/cm?, produce the highest fluoride removal percentage of 85.9% with
respect to feed water with total fluoride ion content equal to 7.35 mg/L, leading to product water
with the lowest total fluoride concentration of 1.04 mg/L.

The set of tests performed for each proposed reactor, respond to the same trend in the
percentage of fluoride removal, when referring to the same basic operating conditions. In all the
tests carried out, the same potential increasing trend in the evolution of fluoride removal was
observed as the residence time increased, according to the predictions of the VOK model. The
theoretical estimates of the residence time derived from the application of the VOK model present
values close to those obtained experimentally for the various current densities investigated in this

work.
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The analysis of the dried sludge confirm the effective absorption of fluoride ion by the

aluminum hydroxide formed during the EC process.
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