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Abstract: Fluoride ions present in drinking water are beneficial to human health when at proper 
concentration levels (0.5–1.5 mg L−1), but an excess intake of fluoride (>1.5 mg L−1) may pose several 
health problems. In this context, reducing high fluoride concentrations in water is a major world-
wide challenge. The World Health Organization has recommended setting a permissible limit of 1.5 
mg L−1. The application of electrocoagulation (EC) processes has received widespread and increas-
ing attention as a promising treatment technology and a competitive treatment for fluoride control. 
EC technology has been favourably applied due to its economic effectiveness, environmental ver-
satility, amenability of automation, and low sludge production. This review provides more detailed 
information on fluoride removal from water by the EC process, including operating parameters, 
removal mechanisms, energy consumption, and operating costs. Additionally, it also focuses atten-
tion on future trends related to improve defluoridation efficiency. 
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1. Introduction 
Fluoride anion is naturally found in the environment. Fluoride is released into 

groundwater from fluoride-containing minerals owing to interactions between water and 
rocks [1]. Fluoride concentrations in seawater, rivers, and groundwater have an average 
value of ca. 1.0 mg L−1, 1.5 mg L−1 and 1.0–35.0 mg L−1, respectively [2]. Groundwater con-
tamination by fluoride is a worldwide concern [3]. More than 70 countries report high 
concentration levels of fluoride in their drinking water sources. Most of these contami-
nated sources are found in South and Southeast Asia [4]. 

The permissible limit of fluoride in drinking water has been set by the World Health 
Organization (WHO) at 1.5 mg L−1 [5]. Thehuman body requires low intake levels of fluo-
ride to ensure enamel and bone formation, with suggested doses of 1.0 mg L−1. However, 
fluoride contents over a maximum concentration level of 1.5 mg L−1 may induce deleteri-
ous health effects even at such a low concentration. A higher concentration of fluoride in 
drinking water has some adverse effects on human health, for instance, bioaccumulation 
in teeth and bones [6] neurological deterioration [7], and fluorosis [8,9]. Furthermore, flu-
oride in the gut may react with toxic elements such as lead and enhance their toxicity 
while digesting [3]. The health effects are summarized in Table 1 [4,10]. 

Table 1. Effects of fluoride on the health of humans [4,10]. 

Fluoride concentration (mg L1) Health effects 
< 0.5 Increasing dental caries 

0.5–1.5 Improving the bones and teeth strength  

1.5–4 Children's dental fluorosis (molting in 
teeth) 

>4 Dental and skeletal fluorosis (deformities in 
the bone) 

>10 
Incident of crippling fluorosis, thyroid dis-

order, infertility in women, cancer, and Alz-
heimer’s syndrome 

 
Different processes have been evaluated to reduce high fluoride concentrations in 

water and, consequently, to prevent hazardous health effects. Some examples of examined 
technologies include adsorption [11–13], chemical precipitation using lime or magnesium 
salts [14,15], co-precipitation and adsorption through coagulation-flocculation with alum 
[16,17], ion exchange [18,19], electrodialysis [20–22], and electrocoagulation [23,24]. 
Amongst these technologies, electrocoagulation (EC) has emerged in recent decades as a 
suitable alternative compared to the conventional coagulation process. EC is an electri-
cally-driven water treatment having the potential to be implemented as a decentralized 
treatment unit. This treatment technology offers interesting merits as an eco-friendly op-
tion, including versatility, ease of setup, minimal sludge production without the need of 
chemical additives, and a small footprint without compromising the final water quality 
after treatment [25–27].  

In this review paper, the fluoride removal mechanisms are explained and the defluor-
idation efficiency is scrutinized considering several factors such as solution characteris-
tics, type of EC reactors, and operating parameters. Moreover, the importance of the re-
sidual aluminium concentration is highlighted. The fluoride removal from different syn-
thetic and real groundwaters through alone and combined EC processes is studied to-
gether with the scaling-up of EC defluoridation plants located around the world. Finally, 
techno-economic analysis based on energy and electrode consumption is evaluated. This 
review is foreseen to gain attention of wider community including chemist, electrochem-
ist, and environmental engineers interested in the elimination of fluoride using these tech-
nologies.  
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2. EC Fundamentals 
2.1. Definition of Concepts 

The EC process is considered as an advanced technology, associating three conven-
tional water treatment pieces of knowledge, including electrochemistry, coagulation, and 
flotation [28,29]. This process is applicable for remediation of the industrial effluents and 
groundwater, eliminating various pollutants before discharging or reusing the treated 
water. EC operation is conducted in electrolytic reactors consisting of at least two elec-
trodes, which allow the current circulation through the external power supply. It is essen-
tial to highlight that the electrode surface serves to interexchange electrons with electro-
active species in solution. The electro-dissolution of the sacrificial anode and the water 
reduction at the cathode yield coagulants species, which remove pollutants by forming 
large flocs that can be physically separated from water [29]. Coagulation and flocculation 
appear in consecutive steps, permitting particle collision and growth of floc. Coagulation 
results from the lessening of electrostatic repulsive forces, consequently, the negative 
charges (F-) are neutralized. Then, the suspended microscopic particles can stick together 
(not visible). Flocculation, a gentle mixing stage, helps to increase the size of the sus-
pended particles into larger flocs (visible).   

2.2. Theory and Principles of EC 
The EC process relies on using an electrical current to generate in situ coagulants that 

enable different removal mechanisms of solutes and particles suspended in water. This 
technique consists of three stages: i) in-situ electro-generation of aluminium or iron-based 
coagulants from sacrificial/consumable anodes made of Al or Fe, ii) destabilizing pollu-
tants through coagulant yielded, iii) formation of flocs that can easily be separated from 
the water [26]. When the repulsive forces are neutralized, the suspended pollutants form 
larger particles that can settle down or float and adhered to rising hydrogen gas bubbles 
[28]. Oxidation and reduction reactions that transform pollutants to less toxic matter may 
occur during an EC process [30]. Derjaguin-Landau-Verwey-Overbeek (DLVO) theory 
may explain the formation of aggregates based on Van der Waals and double layer forces 
[31]. However, beyond DLVO, additional factors play crucial roles in stabilizing colloids, 
such as hydration and hydrophobic interactions. Based on similar application principles, 
the EC process can be applied to eliminating heavy metals, inorganic ions, dyes, tannins, 
organic matter, and suspended solids.  

During an EC process, the flowing of electric current through the immersed elec-
trodes causes the dissolution of the anode to generate Al3+ or Fe2+/ Fe3+ ions. Simultane-
ously, the cathode generates hydroxide (OH-) ions and hydrogen (H2) gas from the water 
reduction reaction [26]. The related reactions, which depended on the solution character-
istics, are presented briefly in equations (1–2) (which occurs at the anode), equations (3–
4) (occurring at the cathode), and in equations (5–7) (in the bulk solution) [26]. 

Al(s) → Al3+(aq) + 3e- (1)

Fe(s) → Fe2+(aq) + 2e- (2)

3H2O + 3e- → 1.5H2(g) + 3OH-(aq)  (Al electrodes) (3)

2H2O + 2e- → H2(g) + 2OH-(aq)    (Fe electrodes) (4)

Al3+(aq) + 3OH-(aq) → Al (OH)3(s) (5)

Fe2+(aq) + 2OH-(aq) → Fe (OH)2(s) (6)

4Fe2+(aq) + 10H2O + 10O2(g) → 4Fe(OH)3(s ) + 8H+(aq) (7)

Figure 1 illustrates the general mechanisms that occur during the EC process involv-
ing electro-generation of coagulants, coagulation, flocculation, precipitation, and/or flota-
tion [26,32]:  
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Charge neutralization of the ionic species occurs by the effect of the counter ions, 
which are generated at the sacrificial anode. These cations diminish the repulsive electro-
static force between particles where the van der Waals force of attraction predominates, 
lessening the surface potential and the energy impediment required to form the aggregate 
and causing coagulation (A zero net charge is the result). After that, the suspended small 
particles connect each other to form large-sized and long-chain flocs. Finally, those parti-
cles can be removed by sedimentation (sweep coagulation) or flotation. 

 
Figure 1. Electrocoagulation process mechanisms. 

2.3. Pros and Cons of EC 

The EC process is an electrochemically driven technology that entails several major benefits: envi-
ronmental compatibility, versatility, amenability, and cost-effectiveness over conventional biologi-
cal processes or chemical treatment methods. Energy requirements can be covered by renewable 
energy sources (e.g., solar energy), which allow deployment off-grid as green sustainable technol-
ogy. Despite the mentioned pros, the EC process has major cons such as electrode passivation and 
electrical energy costs, limiting competitive applications for groundwater treatment under specific 
case scenarios [26,28,30]. The crucial pros and cons of the EC technique are summarized in Table 2. 
However, research teams have tried to evaluate some solutions to overcome the challenges of EC 
technology. For instance, the alternating current (AC) may reduce electrode passivation. Passivation 
is the formation of an inert oxide layer on the electrode/electrolyte interface that inhibits the electro-
dissolution and increases the cell potential, which augments the energy consumption [30]. Mao et 
al. [33] concluded that alternating pulse current helps prevent the passivation of Al anode during 
the electrolysis and avoids the extra energy consumption for the resistance of aluminium oxide film 
formed on the anode surface. Karamati Niaragh et al. [34] also reported the AC effectiveness in 
decreasing electrode passivation extent resulted in diminishing the EC operating costs.  
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Table 2. Pros and cons of electrocoagulation (EC) technique [32,33,35]. 

Pros. Cons  

Green technology  Electrode passivation 

 No need for adding chemicals  in compari-
son with chemical coagulation which re-
duces secondary pollution release 

 Volume of produced sludge decreased 
 Possible recovery of hydrogen gas to be 

used as fuel 

 Formation of an oxide film on the sur-
face of the electrode during the electrol-
ysis 

 Reduction of the anode dissolution which 
in turn reduces the removal efficiency of 
pollutants 

 Results in higher costs of electricity 

Environmental compatibility Regular sacrificial anode replacement  

 Removal of very small particles, as the fine 
charged particles are more easily attracted to 
the electric field 

 It influences the operating costs 

High conductivity requirement 

Amenability to automation High electrical energy costs 

 It has potential to be operated in a complete 
automation way due to its equipment’s sim-
plicity 

 Produced gas bubbles floats the pollutants 
which facilitates their removal 

 It produces larger flocs being easily separated 
by filtration compared with coagulation  

 It may limit application in countries with 
higher costs of electrical energy; but can be 
minimized using renewable energy re-
sources such as solar panels 

 

3. Fluoride Removal Mechanisms 
The EC process using aluminium electrodes has been a well-studied defluoridation 

process for drinking water and groundwaters. The EC process with aluminium electrodes 
attains high fluoride removal efficiencies. On the other hand, a limited number of studies 
focused on defluoridation by the EC technique utilizing iron or stainless steel electrodes 
from synthetically prepared samples [36–40]. The main reason for this lack of studies is 
the low removal performance observed when using iron-based sacrificial electrodes. The 
notorious difference between Al and Fe electrodes may be explained by the differentiate 
removal mechanism that induces water defluoridation. In this section, the removal mech-
anisms are defined and introduced in detail. 

During the EC process, Al3+ is generated through anodic dissolution (Equation 1). 
Electro-dissolved Al3+ is hydrated to Al(H2O)6

3+ yielding monomeric, dimeric, and poly-
meric species  such  as  Al(H O) (OH) ,  Al(H O) (OH) , Al(OH) ,  Al(OH)2

+ , 
Al(OH)4

, Al2(OH)2
4+, Al6(OH)15

3+, Al7(OH)17
4+, Al8(OH)4+ , Al13(OH)34

5+, and Al13O (OH)24
7+ 

through a series of polymerization reactions in the bulk solution [30,41–45]. These mono-
meric and polymeric aluminium hydroxo complexes lately induce the production of 
amorphous Al(OH)3(H2O)3 (sweep-flocs) with large surface areas. Flocs are capable of 
trapping colloidal particles and adsorbing soluble compounds. The freshly formed flocs 
are ultimately polymerized to Aln(OH)3n at high aluminium concentrations [41,46]. The 
transformation reactions for in-situ formed aluminium in the EC process are similar to 
those of conventional alum coagulation shown in Figure 2 [43]. 
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Figure 2. Polymerization reactions of aluminium. Modified after Rebhun and Lurie [43]. 

The formation of aluminium hydroxo complexes is strongly pH-dependent. In the 
pH range between 4 and 8, the positively charged poly-hydroxo complexes such as 
Al8(OH)4+  and the amorphous solid Al(OH)3(H2O)3 dominates in the solution [41]. The 
polymeric hydroxo complex species play an important role in the destabilization of nega-
tively charged particles and solutes (i.e., fluoride) through charge neutralization. At alka-
line pH with values higher than 8.0, aluminium solubility increases owing to increasing 
concentration of negatively charged Al(OH)4

 and AlO2
 and destabilization capacity for 

negatively charged colloids decreases [30,46]. 
Defluoridation performance reported in the literature for the EC process are superior 

to that of conventional alum coagulation owing to the electro-condensation effect. This 
effect is attributed to an increase in fluoride concentration near to the anode in bulk solu-
tion because of electrostatic attraction of negatively charged fluoride ions. 

Fluoride removal by the EC process using aluminium sacrificial anodes takes place 
via (i) adsorption on the formed aluminium hydroxide flocs, (ii) co-precipitation, (iii) flu-
oride attachment to electrodes, and/or (iv) precipitation of insoluble cryolite (Na3AlF6; 
Kso= 10−33 84).  

Adsorption is one of the fluoride removal mechanisms that realize by the substitution 
of hydroxyl groups present in the aluminium flocs by fluoride ions to form 
Al Fx(OH)3n- ( ) according to the following reaction: 

Al (OH) ( ) +  𝑚F ( ) ⇌ Al Fm(OH)3n- ( ) + mOH ( ) (8)

The formation of Al Fm(OH)3n-  increases pH due to the release of hydroxyl ions 
into the solution [47]. In slightly alkaline solutions, fluoride is released into the solution 
to form either F-free Al(OH)3 or Al(OH)4

 due to the limited stability of Al Fm(OH) - . 
Thus, the optimum pH range for fluoride removal by adsorption is considered as 6–7. 
Figure 3 schematically illustrates the reaction pathway for fluoride removal via adsorp-
tion.  
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Figure 3. Fluoride removal via the adsorption on the aluminium hydroxide flocs. 

Removal of fluoride by co-precipitation is based on the direct formation of insoluble 
Al Fm(OH)3n-  by the reaction given as follows. 

mF (aq)+ nAl3+
(aq)+(3n-m)OH (aq) ⇌ AlnFm(OH)3n-m(s) (9)

The insoluble Al Fm(OH)3n-  produced through either adsorption or co-precipita-
tion process is easily separated from water by physical means such as flotation and filtra-
tion. The formation of the insoluble AlnFm (OH)3n-m has been confirmed by several chemical 
analyses of the sludge produced during the EC process [41,44,48,49]. 

The attachment of fluoride on the electrodes resulting from the electrophoresis 
and/or electro-condensation effects in the electric field is another fluoride removal mech-
anism [50]. This mechanism is explained using a hypothetic hydro–fluoro–aluminium 
complex Aln(OH)mFk

3n-m-k  (HFA). At 3n = m + k, HFA complexes present as insoluble 
particles can be eliminated from water by filtration. At 3n < m+k, the negatively charged 
HFA move towards anode by electromigration and are adsorbed at the anode surface. 
Contrary, at 3n > m+k, the positively charged HFA are attracted to the cathodic side by 
electrophoretic effect and then neutralize with hydroxyl ions liberated near the cathode to 
form colloidal flocs attached on the cathode surface. When anode and cathode are taken 
out of the EC reactor, this gelatinous layer attached to them is removed. This mechanism's 
contribution to overall defluoridation efficiency seems to be highly dependent on the op-
eration conditions such as pH, charge loading, current density, and initial fluoride con-
centration [46,50,51]. 

Fluoride ions may form strong complexes with aluminium. AlF6
3 is one of these 

fluoro-aluminium complex species which may form near the anode, where both F− and 
Al3+ ions present in high concentrations: 

Al(aq)
3+ + 6F → AlF6

3 (10)

Subsequently, AlF6
3 transforms into cryolite during the EC process if the solution 

pH is kept around 5–6 [46,52,53]. This transformation is represented as follows: 

3Na++ AlF6
3  ⇌ Na AlF6(s) (11)

The formation of cryolite through the EC process with aluminium electrodes de-
pends on reaction conditions such as solution pH and Al/F molar ratio and sodium con-
centration applied. Cryolite crystals can be removed or recovered. In addition to the 
above-mentioned solid phases, some cations such as Ca2+, Mg2+, or Fe2+ existing in water 
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to be treated by EC technique may transform into insoluble fluoride solid phases in bulk 
solution. Depending on initial fluoride and calcium concentrations, Ca2+ may precipitate 
as insoluble CaF2 [54,55]: 

Ca2+ + 2F− ⇌ CaF2(s) (12)

or may co-precipitate together with Al3+ [56]: 

mAl3+ + nCa2+ + (3m + 2n)H2O ⇌ AlmCan(OH)3m + 2n + (3m + 2n)H+ (13)

It is evident from the published data that either the formation of insoluble CaF2 or 
incorporation of Ca2+ into aluminium hydroxide has a positive effect on defluoridation 
efficiency in the EC process. Similar to calcium, insoluble MgF2 may also be formed in the 
presence of Mg2+ [54,55,57]. 

Amarasooriya and Kawakami [37] claimed that fluoride removal mechanisms are as 
sweep coagulation (adsorption) and the enmeshment of fluoride ions by insoluble ferric 
hydroxide precipitate (co-precipitation) in the bulk solution similar to the usage of alu-
minium anodes. Fluoride adsorption in bulk solution:  𝛽Fe(OH) ( ) + ∝ F ( ) ↔ β Fe(OH)(3 -  )F  ( ) + (OH )∝ ( ) (14)

Fluoride co-precipitation in bulk solution: 𝛽F (aq)+ 𝛼Fe3+
(aq)+(3-𝛼)OH (aq) ↔ Fe (OH)3-∝F∝ (s)

 (15)

Das and Nandi [58] used equations (14) and (15) for simultaneous removals of fluo-
ride and ferrous ions from the synthetically prepared sample (NaF+FeSO4.7H2O in tap 
water) by electrocoagulation using aluminium electrode to clarify the effect of the co-ex-
isting cation of Fe2+on process efficiency.  

In a few studies, it was suggested that insoluble FeF3 may precipitate as a result of a 
substitution reaction between fluoride anions and hydroxyl groups existing in the freshly 
formed Fe(OH)3 [36,59] according to the following reaction:  

Fe(OH)3 + 3F− → FeF3(s) + 3OH− (16)

It should be pointed out that any solid analysis did not present in order to support 
the aforementioned removal mechanisms expressed by equations (14–16).  

It is worth mentioning that adsorption taking place substitution of hydroxide groups 
present in Aln(OH)3n flocs by the fluoride ions is the most prevalent fluoride removal 
mechanism for the EC using aluminium anodes [36,41,42,44,46–48,50–55,60–67]. Co-pre-
cipitation of fluoride and hydroxide ions with aluminium ions to produce a precipitate, 
AlnFm(OH)3n−m is another mechanism occurring together with the adsorption [36,42,44,46–
48,50,53–55,68]. The formation of AlnFm(OH)3n−m has already been confirmed by the results 
of scanning electron microscopy (SEM), X-ray energy dispersive analysis (EDX), X-ray 
diffraction (XRD), fourier transform infrared spectrophotometer (FTIR), and time-of-flight 
secondary ion mass spectroscope system (ToF-SIMS) analyses conducted on the flocs pro-
duced during the EC process. Analyses of both anode and cathode by using EDX and X-
ray photoelectron spectroscopy (XPS) have verified the defluoridation by the attachment 
of fluoride on the aluminium electrodes [38,44,50,51]. Over 50% of the total fluoride was 
attached to the electrodes at an optimum pH of 6.5. A few scientific studies confirmed the 
formation of cryolite and AlnFm(OH)3n−m flocs [46,52,53]. Nevertheless, the fluoride re-
moval mechanism has been demonstrated as the competitive Adsorption between OH- 
and F- in these studies. Until now, only limited data is available in the literature dealing 
with defluoridation by electrocoagulation using iron or stainless steel electrodes. There-
fore, further studies are necessary to elucidate the fluoride removal mechanisms and their 
roles on the defluoridation process. 
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4. Adsorption kinetics  
The defluoridation rate depends on several operation parameters such as the initial 

fluoride concentration, pH, and the current density. In general, it follows the pseudo-first 
or second-order kinetics. The pseudo-first-order kinetics for defluoridation is represented 
as below: 

ln
[Ft]
[Fo]  = − k ×t (17)

where Fo and Ft are the fluoride concentrations (in mol L−1) at the initial and at a certain 
EC time, respectively. t is the EC treatment time, and k1 is the pseudo first order reaction 
rate constant. The following equation expresses the pseudo second order reaction for 
defluoridation: 

1
[Ft] −  

1
[Fo] =k2 × t (18)

where k2 is the pseudo-first-order reaction rate constant.  
The data obtained for the adsorption of fluoride ions onto aluminium hydroxide flocs 

generated in the EC process satisfactorily agree with both the pseudo-first-order kinetics 
[41,69] and the pseudo second-order kinetics [44,58,61]. The defluoridation rates derived 
from the pseudo-order kinetics are dependent on the reaction conditions. As is evident in 
Table 3, the pseudo second-order defluoridation rate constant significantly changes with 
critical parameters such as the current density, the current concentration (I/V), the initial 
fluoride concentration, or/and the EC operation time. On the other hand, the pseudo first-
order defluoridation rate constants obtained for similar EC operation conditions are the 
same magnitude. 

Table 3. The pseudo-order defluoridation rate constants (R2 ≥ 0.95). 

 k 
 (×100) 

Fo 
(mg L−1) Operation Conditions Ref 

k1 3.6–6.1 10 pH 6–8; I/V: 273–683 A m−3; 10 mS m−1; 60 min DC [70] 
k1 3.35–5.8 15 pH 6–8; I/V: 273–683 A m−3; 10 mS m−1; 60 min DC [70] 
k1 2.7–5.7 25 pH 6–8; I/V: 273–683 A m−3; 10 mS m−1; 60 min DC [70] 
k1 3.17–7.21 10 pHo 7; 1.5–12.93 mA cm−2; 60 min; Fe (10 mg L−1); DC [58] 
k2 6.29–3.91 3 –12 pHo 6; 0.27 mA cm−2; 30 min; DC [61] 
k2 0.17995–0.33954 5 –20 pHo 7; 10 mA cm−2; 300 min; AC [71] 
k2 0.16846–0.24659 5 –20 pHo 7; 10 mA cm−2; 300 min; DC  
k2 1.4 12 pHo 7; 1 mA cm−2; 95 min; DC [44] 
k2 0.6 12 pHo 7; 1 mA cm−2; 95 min; As (550 μg L−1); DC [44] 

k: in min−1 and mg−1 L−1 for the pseudo 1st and 2nd order reaction kinetics. 

Furthermore, the variable order kinetic (VOK) model is defined as a combination of 
the pseudo first-order kinetics and Langmuir adsorption isotherm. In this model, the 
amount of aluminium hydroxide formed during electrocoagulation is incorporated into 
the defluoridation rate equation as follows [68]: − d[F]𝑑𝑡 =  𝜀 × 𝜀 × 𝑛 × 𝐼𝑍 × 𝐹 × 𝑉 × Γ × 𝑘 × [𝐹]1 + 𝑘 × [𝐹]  (19)

where 𝜀  and 𝜀  are the efficiencies (%) of hydrofluoro aluminium formation and the 
current, respectively. n is the number of cell; I is the applied current (A); Z is the valence 
of the metal of the anode (=3 for aluminium); F is the Faraday constant (96500 C); V is the 
working volume of the water (L); Γmax represents the maximum amount of fluoride re-
moved per mole of Al3+ at a given pH; and kL is the Langmuir constant (L mol−1). The order 
of defluoridation rate expressed by Equation (19) is variable. In the case of kL−1 ≫[F], it 
obeys first-order kinetics. The VOK model turns to zero-order kinetics if kL−1 ≪[F].  
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Hu et al. [68] reported that (i) Γmax and k were constant when the initial fluoride con-
centration varied from 15 to 25 mg L−1; (ii) 𝜀  varied with the current density and should 
be accurately determined, and (iii) the fitness to the data obtained from the VOK model 
was very satisfactory except the system with an initial acidity of 0.5 and 1.0 mM together 
with high fluoride concentrations.  

A modification of the VOK model coupled with Langmuir and Freundlich adsorp-
tion isotherms is also available for defluoridation in the literature [41,72]. − d[F] =  𝜀 × 𝜀 × ×× × × × ×[ ]×[ ]   (20)

Table 4 summarizes the VOK parameters according to the literature. As seen in the 
table, the calculated Langmuir (kL) and Langmuir-Freundlich (kLF) as well as Γmax values 
are comparable and the same magnitude.  

Table 4. The VOK model parameters. 

 k 
(L mol−1) 

 
Γmax 

 
Operation condition 

 
Ref 

kL 1520 0.474 pHo 5.2; 0.025 – 0.4  A; Fo 25 mg L−1; Cl- 5mM [68] 
kL 1520 0.549 pHo 5.2; 0.4  A; Fo 15 – 25 mg L−1; Cl- 5 mM  [68] 
kLF 1600±9.8 0.75±13 pHo 7; 17.1 mA cm−2; Fo 0.33 – 1.05 mM, 7.5 mS m−1 [73] 
kLF 1675 0.9 pHo 7; 17.1 mA cm−2; Fo 15 mg L−1, 7.5 mS m−1 [72] 

 
For a target fluoride concentration; [F]t, the EC retention time (tN) required is obtained 

from the integral form of Equation (19) [68]: 

tN= 
Z×F×V

εAl×εC×n×I×Γmax
 ([F]o - [F]t+ 

1 
k ×ln

[F]o 
[F]t

 (21)

Equation (21) proposed by Hu et al. [68] and its modified form adopted to the Lang-
muir and Freundlich isotherms were used to calculate tN for a continuous-flow bipolar EC 
rector [74], an airlift EC reactor [73] and an external-loop airlift EC reactor [72].   

Defluoridation efficiency is strongly dependent on the design, configuration, and op-
eration mode of the EC reactor and the nature and characteristics of the pollutant to be 
treated. The above-mentioned kinetics data were obtained from the experimental studies 
performed using EC reactors with different design and operated on lab-scale mode using 
the synthetically prepared samples. The studies on natural waters are quite limited. There-
fore, further studies are required to improve engineering design and full-scale application.   

5. Factors Influencing the EC Process Efficiency in Defluoridation 
According to several studies on fluoride removal via the EC process, various param-

eters affect the removal efficiency. As a holistic approach, the affecting parameters are 
classified into two major categories: i) physicochemical solution characteristics and ii) op-
erational parameters related to reactor design. All operational parameters and solution 
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characteristics given in Figure 4 might influence the EC process performance. A summary 
of some evaluated factors and conditions with defluoridation performance using EC sys-
tem is presented in Table 5. 

Figure 4. A comprehensive look at operational parameters and solution characteristics that affect 
an EC process performance. 

As is shown in Figure 5, the EC process with various operational conditions and so-
lution characteristics has been a useful process to achieve high removal fluoride efficien-
cies (<99%) with different initial concentrations (0–50 mg L−1). According to the literature, 
Al electrodes have been mostly applied in removing fluoride due to their effectiveness 
[57, 59]. In recent years, the EC process was redesigned to remove other pollutants such 
as arsenic [10], hydrated silica [62], and iron [67] alongside fluoride. The EC process was 
also used in combination with other methods such as microfiltration [89] to techno-eco-
nomically remove fluoride; further explanation of the parameters most influential on flu-
oride removal using the EC process is presented accordingly. 
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Table 5. Summary of some evaluated factors and defluoridation efficiency using EC process (*defluoridation). 

Year Evaluated Factors and Conditions 
Cathode-Anode/ 
Connection type Optimum  

Efficiency*  
(%) Ref 

2020 

Initial pH (5–9) 
Current density (1.5–12.93 mA cm−2) 

Electrolysis time (60 min) 
NaCl concentration (0.33–0.83 g L−1) 
Inter-electrode distance (1–2.5 cm) 

Initial F concentration (0–25 mg L−1) 

Al-Al 
Monopolar 

7 
4.31 mA cm−2 

60 min 
0.33 g L−1 

1 cm 
10 mg L−1 

96% [58] 

2020 Current density (4–7 mA cm−2) 
Mean linear flow rate (1.2–4.8 cm s−1) 

Al-Al 7 mA cm−2 
 1.2 cm s−1 

<80% [60] 

2019 

Initial F concentration (5–50 mg L−1) 
Temperature (25–55 ºC) 

Conductivity (1–6 mS/cm) 
Initial pH (4–8.5) 

Al-Al 
Monopolar 

- 90% [47] 

2019 
Current density (3–10 mA cm−2) 

Electrolysis time (5–15 min) 
Polarity half-period (0.5–2 min) 

Al-Al 
Monopolar 

10 mA cm−2 

 15 min 
85.9 % [74] 

2019 

Current density (0.5–4.5 mA cm−2) 
Initial F concentration (5–10 mg L−1) 

 Initial As concentration (40–80 µg L−1) 
Electrolysis time (5–15 min) 

Al-Al & Fe-Fe 
Monopolar 

4.5 mA cm−2 
5 mg L−1 

80 µg L−1 

15 min 

85.68% [10] 

2019 

Initial F concentration (6.02–8.98 mg L−1) 
Electrolysis time (5–30 min) 

Initial pH (1.04–11.20) 
Current density (3–15 mA cm−2) 

Voltage reversal (30–120 s) 

Al-Al 
Monopolar - <93.91% [42] 
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Table 5. Summary of some evaluated factors and defluoridation efficiency using EC process (*defluoridation) continued. 

2018 
Initial F concentration (1.78–7.89 mg L−1) 

 Current density (5–15 mA cm−2) 
Initial pH (3.86–11.28) 

Al-Al  
Bipolar 

- <99.45% [75] 

2017 

 Initial F concentration (10–20 mg L−1) 
Current density (1–3 mA cm−2) 

Initial pH (4–8) 
Inter-electrode distance (0.5–1.1 cm) 

Electrolysis time (0–30 min) 

Al-Al 
(perorated dis-

coind) 

4.31  
2 mA cm−2 

6 
0.5 cm 
25 min 

98% [76] 

2016 
Flow rate (0.91–1.82 cm s−1) 

Current density (4,5,6 mA cm−2) 
 Ions effect (Ca2+, SO42-, Mg2+, PO43-) 

Al-Al 
- 
 76–94% [63] 

2015 

Charge loading (0–1700 CL−1) 
Electrolysis time (45 min) 

Current density (2.17–13.2 mA cm−2) 
Electrode material (Fe and Al) 
Effect of ions (Ca2+, Mg2+, Al3+) 

Fe-Fe 
Al-Al 

Monopolar 
- <90% (Fe) 

<99% (Al) 
[54] 

2011 

 Initial F concentration (25–125 mg L−1) 
Current density (0–0.0333 A cm−2) 

Electrolysis time (5–25 min) 
Initial pH (3–11) 

Al-Al 
Monopolar 

- 25 mg L−1 
- 0.0111 A cm−2 

- 25 min 
- 7 

90% [41] 

2009 

Current density (12.5–50 A m−2) 
Flow rate (150–400 mL min−1) 

 Initial F concentration (5–25 mg L−1) 
Initial pH (4–8) 

Al-Al 
Monopolar 

Residence time (20–53 
min) 

<95% [48] 

2007 

Initial F concentration (3–15 mg L−1) 
Initial pH (5.5–8)  

Charge loading (0.52–4.15 Faraday m−3) 
Current density (4.63–92.59 A m−2) 

Al-Al 
Monopolar 

- <95% [50] 

 
 



Water 2021, 13, 656 14 of 31 
 

 

5.1. Solution Characteristics 
5.1.1. Initial Fluoride Concentration 

The initial fluoride concentration is a significant factor in EC process performance. 
Even though the relationship between removal efficiency and initial fluoride concentra-
tion is not simple, higher initial fluoride concentration in most cases requires longer op-
eration times to achieve similar final concentration goals than the required for lower initial 
concentrations. Regarding this issue, Hashim et al. [76] identified adsorption of fluoride 
on metallic hydroxide flocs as the prominent step of the removal pathway when a higher 
initial fluoride concentration is present. Also, the EC process required larger amounts of 
aluminum flocs to be available. Thus, more electrolysis time in constant current density is 
required to produce higher amounts of aluminium hydroxide flocs in the bulk solution. 
Emamjomeh and Sivakumar [70] also reported the same results for fluoride removal using 
a batch reactor. Zhu et al. [50] indicated that flocs' removal efficiency and capacity im-
proved by increasing the initial fluoride concentration. 

5.1.2. Initial pH 
The raw water's initial pH is considered a crucial parameter that affects the EC pro-

cess performance for fluoride elimination. As discussed in EC's fundamental principles, 
the formation of polymeric-hydroxo complexes of aluminium is highly dependent on the 
pH value [44]. Thereby, fluoride removal capacity is impacted. It is true that during the 
electrolytic process, pH can be altered due to hydroxide ions production at the cathode 
but decreases overall system performance until EC reaches optimum pH conditions   

Emamjomeh et al. [46] studied the effects of a wide range of initial pH from 2 to 10 
on fluoride removal. At a pH of 2, the formation of Al(OH)3 flocs was not observed, lead-
ing to a decline in the removal efficiency. They found that at the final pH of more than 6 
the fluoride elimination reached values over 92%, which was achieved within an initial 
pH range between 3 to 8. Independently of the initial condition, the final pH of solution 
augmented to 8.5–8.9 due to the buffering capacity of Al(OH)3/Al(OH)4-. At pH of 9 and 
higher, 𝐴𝑙(𝑂𝐻)  and 𝐴𝑙𝑂  were formed, which are of no use in fluoride removal. For-
mation of these soluble species decreases the availability of flocs and the removal perfor-
mance of the system. Similar results were confirmed by Oulebsir et al. [77]. Das and Nandi 
[58] reported 7.0 as the optimum pH for higher removal efficiency. Thus, pH adjustment 
can contribute to optimizing removal efficiency but is not strictly required. The EC can be 
applied with considerable efficiency in a wide range of initial pH conditions. Here, the 
importance of effluent pH obtained at the end of the EC process must be emphasized in 
terms of remaining aluminium, which sometimes depends on the effluent pH (pH < 5; pH 
> 8.6). 

5.1.3. The Presence of Co-existing Ions 
Another important solution characteristic is the presence of other common ions 

found in natural waters such as sulfate (SO42-), phosphate (PO43-), chloride (Cl-), nitrate 
(NO3-), calcium (Ca2+), and magnesium (Mg2+) [54,55,63,78]. The co-existence of other ani-
ons competes with fluoride decreasing fluoride migration to the anode surface; hence, 
fluoride removal efficiency may be affected by co-existing anions. Considering this com-
peting effect and higher affinity of fluoride and sulfate ions with Al3+, Hu et al. [78] re-
ported that the impact of SO42- on defluoridation was significant. Similar results for PO43- 
and SO42- were also reported by Un et al. [55]. However, the presence of Cl- and NO3-did 
not influence the fluoride removal efficiency [54]. As mentioned in Section 3, the presence 
of Ca2+ and Mg2+ act as a suitable coagulant may improve the fluoride removal efficiency 
due to co-precipitation reactions between fluoride and these cations [54,55]. 

5.1.4. Electrolyte conductivity 
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In an electrochemical process such as EC, the electrolyte conductivity is crucial due 
to its role in determining the cell resistance and its effects on the electrode and bulk solu-
tion reactions. Adding supporting electrolyte reduces the energy consumption by reduc-
tion of ohmic resistance [55]. Hashim et al. [76] found that adding supporting electrolytes 
to increase water conductivity from 0.2 to 1 mS cm−1 resulting in a significant reduction of 
energy consumption from 3.7 to 0.79 kWh m−3 and a reasonable improvement of fluoride 
removal efficiency. However, the co-existence of other ionic species may affect removal 
performance, as discussed above. Un et al. [55] applied various Na2SO4 concentrations to 
evaluate its impact on fluoride removal during the EC process (1 mA cm−2). Results 
demonstrated that higher Na2SO4 concentrations (>0.01 M) decreased fluoride removal ef-
ficiency due to the competitive effect of extra excess SO42- ions despite the conductivity 
enhancement. Conversely, more electricity was consumed in lower conductivity solutions 
(0.01 M Na2SO4 concentration with 5.88 kW m−3 and 0.03 M Na2SO4 concentration with 2.77 
kW m−3). Thakur and Mondal [79] used NaCl as a cheap and low toxicity-supporting elec-
trolyte; a NaCl concentration augmentation from 0.5 to 0.71 g L−1 improved fluoride re-
moval efficiency and reduced operating cost due to less energy consumption. Grich et al. 
[47] evaluated conductivity of solution using NaCl on fluoride removal. This electrolyte 
does not compete with fluoride and increases electro-dissolution of Al due to corrosion 
incentivization by chlorine species that induce pitting. This last resulted in enhancing flu-
oride removal and electrical energy requirements. However, NaCl optimum concentra-
tion should not be excessively increased to avoid undesired salinity in treated waters. 

5.2. Operational Parameters  
5.2.1. Reactor Configuration and Operation Time  

Electrocoagulation reactor could be operated in either batch or continuous flow. In a 
batch reactor, the electrolysis time needed for defluoridation is a crucial parameter to be 
evaluated since it affects kinetics, energy consumption, and therefore operating costs. 
Conversely, in continuous flow systems, the flow rate defines the residence time in the 
electrocoagulation cell [48,70]. 

Batch Reactor/Electrolysis Time 
Batch reactors treat a defined volume of solution that does not change over time. In 

a complete mixed batch reactor, the reaction rate of a constant volume of solution varies 
with time; so, the electrolysis time is crucial in a batch EC process [80]. An augmented 
fluoride removal efficiency is generally observed when increasing electrolysis time due to 
the sufficient production of aluminium coagulants according to Faraday’s Law (Equation 
22) [70].  

CAl = 
ItM
ZF𝑉  (22)

where CAl, I, t, MAl, Z, F and Vr are Al3+ concentration (g m−3), current intensity (A), elec-
trolysis time (s), the molecular weight of aluminium (g mol−1), number of interchanged 
electrons (3), Faraday constant (96500 C mol−1), the volume of the reactor (m3), respec-
tively. The solution's pH can change over time to higher alkaline values due to the release 
of hydroxide anions from the cathodic reaction of water reduction [55]. Equation 23 de-
scribes the system energy consumption of batch systems directly dependent on electroly-
sis time. 

EEC = V×I×t / υ (23)

where EEC, V, I, t, υ are the electrical energy consumption (Wh m−3), voltage (V), current 
intensity (A), electrolysis time (h), and volume of solution (m3), respectively [55].  

According to Equation (23), the operating cost has a linear increase by progressing 
the electrolysis time [42,44]. Note that electrocoagulation systems should be applied till 
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reaching the desired value of coagulant dose from the electrodissolution of sacrificial Al 
anodes. Additional electrolysis time over the requirements will result in unnecessary con-
sumption of energy and excessive sludge production. Mena et al. [42] described that for a 
1% increase in defluoridation, it approximately cost 2 cents for each cubic meter of water 
treated under experimental conditions [42]. 

Continuous Reactor/Flow Rate and Retention Time  
For a constant volume of a continuous reactor, an influent and effluent flow rate of 

solution occurs. Continuous reactors can be classified according to the mixing regime, de-
termined by the retention time and flow rate. Emamjomeh and Sivakumar [48] indicated 
that the higher flow rate had a lower retention time, which affected fluoride removal due 
to its impact on charge loading. They also reported that the continuous reactor results in 
defluoridation agreed with their batch reactor results. Similar results for low retention 
time in a high flow rate were confirmed by Graça et al. [81]. They reported that the charge 
loading reduction produced lower amounts of aluminium flocs, which had an adverse 
impact on fluoride removal. In contrast, reduction in operation time due to the increase of 
flow rate decreased energy consumption.  

5.2.2. Electrodes 
Material, inter-electrode distance, and connection types of electrodes (anode and 

cathode) must be considered when designing a reactor for electrocoagulation. Electrode 
materials determine the removal rate and the occurred chemical/electrochemical reactions 
for the target pollutant [55]. The inter-distance electrodes affect energy consumption and 
pollutant removal efficiency since ohmic resistance varies by changing this parameter [76]. 
The connection type of electrodes can influence the sludge formation, electrode corrosion, 
and most importantly, the EC process's energy consumption [82].  

Material  
For better comparative studies of electrode material, the same conditions in terms of 

reactor configuration and solution characteristics should be conducted. As described pre-
viously in the mechanistic section, aluminium outperforms iron-based electrodes. For in-
stance, Un et al. [55] reported 94.2% defluoridation with a final fluoride concentration of 
0.29 mg L−1 with aluminum electrodes. However, under identical experimental conditions, 
solely 83.6% defluoridation with a final fluoride concentration of 0.82 mg L−1 was attained 
with iron electrodes. The reaction between fluoride and aluminum hydroxide [Al-
nFm(OH)3n-m] leads to higher removal efficacies [55]. 

Distance 
The distance between anodes and cathodes affects inter-electrode resistance, influ-

encing the defluoridation and energy consumption in an EC process [70]. For 10 mg L−1 
initial concentration of fluoride in a batch EC reactor (625 A m−2), the final fluoride con-
centration after 45 min of electrolysis decreased from 3 to 0.8 mg L−1 by declining the gap 
between electrodes from 1.5 to 0.5 cm. The lower observed efficiency at a higher distance 
of electrodes explained by the lower formation of coagulant due to the decreasing rate of 
poly-hydroxy complexes formation from the reaction between anodically formed Al3+ and 
cathodically yielded hydroxide. Hashim et al. [76] also reported that by increasing the 
inter-electrode distance from 0.5 to 1.1 cm, residual fluoride concentration increased from 
4 to 15%. Furthermore, due to ohmic resistance variation, energy consumption augmented 
from 1.75 to 3.6 kWh m−3. It is important to remark that very short distance between elec-
trodes should be avoided since it decreases sludge precipitation by increasing the collision 
rate between the formed flocs that leads to their degradation; close distances also impede 
in extracting air bubbles accumulated in the system, which had an adverse impact on en-
ergy consumption [76]. 
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Connection Type 
Figure 5 shows the connection type of electrodes in an EC process is classified into 

monopolar-parallel, monopolar-serial, and bipolar connection. In a monopolar connec-
tion, each electrode separately plays as a cathode or an anode. In contrast, in a bipolar 
connection, the electrodes can be cathode and anode simultaneously [70,83]. Emamjomeh 
and Sivakumar [70] reported that the impact of the electrodes’ connection on the residual 
fluoride concentration was insignificant, and also Al3+/F- mass ratio had no significant var-
iation by changing connection from monopolar to bipolar. This can be explained by the 
fact that removal is dependent on the coagulant dose generated and not the connection 
mode. The amount of coagulant produced from electrodissolution is directly dependent 
on the current applied, as deduced from Faraday’s law. However, Ghosh et al. [82] found 
that bipolar connection had better performance than monopolar one due to the higher 
surface area acted for adequate anodic oxidation.  

 
Figure 5. Various connection types of electrodes to the power supply in an electrocoagulation pro-
cess. 

5.2.3. Electrical Characteristics  
The parameters related to electrical characteristics are so of great importance in an 

EC process, which is classified into voltage, applied current (current intensity), current 
density, charge loading, and current type. Elaborating the crucial research on defluorida-
tion case, electrical parameters will be discussed in the following paragraphs. 

Current Type  
The current type can be either direct (DC) or alternating (AC), which affects the elec-

trode corrosion pattern, the lifetime of electrodes, the energy consumption, and the oper-
ating costs during an EC process. The formation of an impermeable layer on electrodes 
can reduce the EC process performance. Using AC mode would obviate this drawback by 
changing the current direction; so, each electrode has the anode and cathode role via cur-
rent reversal [34,84]. In addition, the one direction current can reduce electrodes lifetime 
because of the formed impermeable layer on anodes; switching current during the AC 
mode affects the electrode corrosion pattern, leading to an increase in the lifetime of elec-
trodes and a decrease in the energy consumption as well as operating costs. In the case of 
the current type for fluoride removal using a batch EC reactor, Ghanizadeh et al. [84] re-
ported that the DC mode had the higher efficacy in comparison to AC mode; their results 
were for the fluoride removal efficiency, but the electrode morphology and energy con-
sumption (operating costs) for both current modes were not investigated. 

Voltage Value 
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Operating voltage is critical in an EC process because it determines coagulant dosage 
and bubble generation rate (floatation mechanism); it also affects energy consumption and 
mass transfer at electrodes and solution mixing. The fluoride removal efficiency enhanced 
with voltage enhancement in a EC reactor [84]; the applied voltage is related to other pa-
rameters, including applied current intensity, electrode connection, and inter-electrode 
distance. As Graça et al. [81] indicated, in three types of electrode connection, the applied 
voltage augmented with increasing current intensity in each one; the bipolar connection 
required the higher voltage than monopolar serial and parallel connection. The parallel 
connection indicated the lowest resistance for the division of current between electrodes. 
The serial connection had higher resistance due to the flow of current intensity through 
all electrodes, and the bipolar connection was of highest resistance since there is no inter-
connection between electrodes. However, the bipolar connection indicated higher fluo-
ride removal, the energy consumption should be considered in opting the kind of connec-
tion for defluoridation. During the continuous flow EC, the voltage remained constant, 
confirming that electrodes passivation was removed by flowing [81].   

Current Intensity  
According to Faraday’s Law (Equation 22), the current intensity is one of the most 

critical parameters that can control the reaction rate; the coagulant dosage and mixing rate 
of an EC process are determined current intensity. Faraday’s Law indicates that the pro-
portion of I/V current concentration and electrolysis time is crucial in determining alu-
minium electro-dissolution [70]. Emamjomeh and Sivakumar [70] reported that defluori-
dation efficiency decreased in a batch reactor with declining the I/V from 683 to 273 A m−3 
due to the less anodic aluminium. In a continuous EC reactor with 20 L volume, Graça et 
al. [81] applied current intensity from 0.04 to 0.19 A and reported that the defluoridation 
efficiency increased in higher current intensities by releasing more aluminium during the 
EC process.  

The definition of charge loading is critical to evaluate the process efficiency and esti-
mate the amount of released aluminium in the different types of reactors used in the EC 
process. 

Charge Loading   
The charge loading (Qe) for a batch and continuous reactors are defined as follows 

[85]: 

Qe = n×I×t/V (Batch reactor) (24)

Qe = n×I/Q (Continuous reactor) (25)

where n and Q are the numbers of cells, and flow rate, respectively. Hu et al. [85] indicated 
that similar trends in residual fluoride after both batch and continuous EC processes were 
observed; the residual fluoride concentration in both reactors reached under 10 mg L−1 
with exceeding Qe = 500 C L−1. Govindan et al. [54] showed that increasing Qe from 300 to 
1620 C L−1 enhanced the fluoride removal using both Al and Fe electrodes; they reported 
the 1620 C L−1 charge loading for fluoride removal in a batch reactor with Al electrodes 
(60%) and Fe electrodes (18%). 

Current Density 
Current density is another concept, which has been mostly applied to evaluate cur-

rent intensity per active area of the anode during the EC process. Essadki et al. [72] con-
firmed that current density played a key role in the amounts of coagulant generated dur-
ing the EC process. Behbahani et al. [41] and Castaneda et al. [60] reported an improve-
ment in defluoridation with increasing current density; for initial fluoride concentration 
of 25 mg L−1, 94.5% fluoride removal was achieved with 111 A m−2 current density (25 
min), which was an optimum amount [41]. For a continuous reactor, Rosales et al. [86] 
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indicated that residual fluoride concentration had a linear trend with flow rate at 6 A cm−2; 
in contrast, such trend was not observed for 4 A cm−2 and 8 A cm−2 due to the interferences 
with co-existing ions. Considering Equation 15, current density also affects energy con-
sumption leading to an increase in operating costs. Rosales et al. [86] reported that the 
energy consumption increased (36.78, 93.87, 160.83 kWh m−3) by an increase in current 
density (4, 6, 8 mA cm−2); it was confirmed that for each current density increasing in flow 
rate (decrease in retention time) caused the reduction of energy consumption. The increas-
ing trend for energy consumption and operating costs of defluoridation with current den-
sity were achieved by Changmai et al. [75]. 

5.3. Interaction of Parameters 
Some research studies also evaluated the interaction effect of parameters in fluoride 

removal. Behbahani et al. [41] applied the response surface methodology to consider the 
combined effects of initial pH, initial fluoride concentration, current density, and reaction 
time using a batch EC process; the interaction effects between these parameters were sta-
tistically insignificant on fluoride removal efficiency. However, the interaction between 
current density and reaction time significantly affected the operating costs of fluoride re-
moval. Other studies have not evaluated the interactions of parameters on fluoride re-
moval, although these parameters might affect each other. Grich et al. [47] evaluated tem-
perature, initial pH, conductivity, and initial fluoride concentration in different water ma-
trices: tap and deionized water. Although they did not investigate the interaction between 
them directly, the increase of temperature (25 to 55 ºC) facilitated the fluoride abatement 
related to the positive effect of temperature to the lower increase pH during the run (7.5 
at 55 ºC and 9 at 25 ºC).  

6. Residual Aluminium Concentration in the EC Treated Effluent 
WHO [87] recommends optimization of the coagulation process in drinking water 

treatment plants using aluminium-based coagulants in order to minimize the residual al-
uminium concentration in the finished water below 0.1 and 0.2 mg L−1 for large, well-op-
erated and well-controlled plants and smaller facilities, respectively due to the potential 
health concerns (i.e. neurotoxicity) of aluminium. Therefore, aluminium residue present 
in the EC treated effluent is of great importance.  

To the best of our knowledge, only a few studies exist where the residual aluminium 
concentration has been measured in the EC treated effluent. Mouedhen et al. [88] explored 
the behaviour of aluminium plat electrodes (two parallel; a specific area of electrode: 54 
cm2) in electrocoagulation process using a sample synthetically prepared (1000 mg L−1 
Na2SO4, 100 mg L−1 NaCl, 67 mg L−1 Ni2+, 59 mg L−1 Cu2+ and 67 mg L−1 Zn2+; an initial pH 
of 4.0). They performed an experiment to monitor the change of the dissolved aluminium 
concentration in the reaction solution with respect to pH evolutions during EC process 
run at a current density of 0.5 A dm−2. Their data indicated that the dissolved aluminium 
concentration continuously increased and reached a maximum of 2 mg L−1 at an electrol-
ysis time of 20 min. Meanwhile, the electrolyte pH remained quasi-constant. And then, 
the dissolved aluminium concentration decreased due to Al(OH)3 precipitation while elec-
trolyte pH continuously increased at the end of EC process (∼80 min). Based on their re-
sults, they reported that the application of an EC process would not create any aluminium 
pollution.  

Conversely, researches focused on defluoridation [36,52,56] revealed that a polishing 
step such as filtration or flocculation and settling followed the EC process was required 
to meet WHO permissible limit of 0.2 mg L−1 for aluminium. In the study of Alimoham-
madi et al. [36] the residual aluminium concentrations varied between 2.85 – 3.28 mg L−1 
in the treated water at the end of the EC using hybrid Al and Fe plate electrodes (at the 
optimum operation conditions: an initial pH of 6, a current density of 12 mA cm−2, an 
electrolysis time of 40 min, a charge loading of 0.609 Faraday m−3 and a flow rate of 75 mL 
min−1).  



Water 2021, 13, 656 20 of 31 
 

 

Sinha et al. [52] investigated defluoridation by EC process using synthetically pre-
pared sample (a mixture of NaF and NaCl in tap water). A batch EC reactor with mono-
polar-two plate aluminium electrodes (84 x 71 x 2.5 mm) connection was used in their 
experimental study. They implemented Taguchi design method for defluoridation for the 
target value of fluoride in treated water as 0.7 mg L−1. Their data indicated that a rise in 
energy value produced a higher aluminium residual concentration in treated water. By 
applying non-linear regression analysis with the help of SYSTAT 7.0 software, they ob-
tained the following equation to calculate the residual aluminium concentration (AlR) for 
optimum fluoride residual concentration at minimum energy value: 

AlR = 0.291 − (0.734 × F) − (0.09 × I) + (0.242 × t) − (0.01 × F × I) + (0.757 × I × t) 
− (0.322 × F × t) + (0.549 × F2 ) + (0.071 × I2) + (0.024 × t2) 

(26)

where F is the fluoride concentration in mg L−1, I is the applied current in A and t is the 
electrolysis time in min. High residual aluminium concentrations varied between 10.72–
16.82 mg L−1 were attributed to the poor settling character of Al(OH)3 flocs in the treated 
water. Therefore, they tested three alternative treatment applications: (i) filtration, (ii) floc-
culation and sedimentation followed by the filtration and (iii) bentonite added floccula-
tion and settling followed the filtration to reduce the residual aluminium concentration in 
the EC treated water. Direct filtration after the EC process was insufficient and yielded 
high residual aluminium concentrations (7.02–13.51 mg L−1) exceeding the permissible 
limit. Although reasonable low residual aluminium concentrations (0.27–0.40 mg L−1) 
were obtained by the application of the flocculation and settling followed by the filtration 
process after EC treatment, they were slightly higher than 0.2 mg L−1. To enhance the effi-
ciency of second alternative, bentonite was added to the EC treated water before floccula-
tion application. Bentonite addition yielded extremely low residual aluminium concen-
trations (0.01–0.072 mg L−1) and the optimum bentonite dose was determined as 2 g L−1. 

In the view of the information mentioned above, it should be concluded that the suc-
cess of the EC process on the production of safe drinking water depends not only on op-
eration conditions such as current density, initial pH, and time but also on floc separation 
techniques. Therefore, selecting suitable floc separation techniques is a great important 
task to control and/or minimize the residual aluminium concentration in the EC treated 
water. 

7. Techno-economic Side of EC Process for Fluoride Removal 
The techno-economic analysis determines the cost-effectiveness of a treatment 

method. In the literature, several studies have incorporated a techno-economic analysis of 
fluoride removal from water by electrocoagulation technology 
[41,42,44,48,61,62,67,76,79,82]. To summarize, there are two types of costs that need to be 
considered when conducting a techno-economic analysis—capital and operating costs. 
Capital costs are the initial cost necessary to establish the treatment method. These costs 
include the purchase and installation of the equipment [89]. Operating costs will be dis-
cussed later Section 7.2. 

7.1. Energy Consumption 
Energy consumption in the electrocoagulation treatment is caused by two factors—

the ohmic potential within the water and between the anodes and cathodes. If there is a 
drop of potential in the water, increasing it between anodes and cathodes, there will be an 
increase in energy consumption in the system [90–92]. On the other hand, if the potential 
increases in the water and drops among the anodes and cathodes, energy consumption 
will decrease. The change in ohmic potential is caused by the presence of an electrolyte 
(i.e. sodium chloride) [55].  

Recall that energy consumption is expressed using Equation 20. That equation states 
that the EC process's total energy is the accumulation of energy after each time interval in 
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the application. Bazrafshan et al. [38] determined that energy consumption was close to 
each other when using iron and aluminium electrodes for the same operating conditions. 
On the other hand, Takdastan et al. [93] found that the iron electrode's energy consump-
tion was almost quadruple as high as the aluminium electrode (5590 kwh kg−1F- and 1435 
kwh kg−1F-, respectively) in the same conditions. Ün et al. [55] concluded that increasing 
the time to 30 min and the current density to 3 mA cm2 led to an increase in fluoride re-
moval efficiency of up to 85.9% from water, which resulted further increase in the energy 
consumption of the process from 4 to 12.5 kWh m−3. 

7.2. Operating Cost 
Unlike capital costs, operating costs are the costs required to upkeep the treatment 

method's components and ensure the EC process's daily function. Operation costs include 
the cost of chemicals, electrical energy, electrodes, materials, maintenance, sludge de-
watering, labor, basin and pipes, disposal, and other fixed costs not listed [41,76,89]. A 
simplified version of the equation of operating cost has been frequently used by authors 
when computing the techno-economic analysis for an electrocoagulator [41]: 

OC = aCenergy + bCelectrodes (27)

where Cenergy is the cost of electrical energy (kWh m−3), Celectrodes is the cost of electrode ma-
terial (kg Al m−3). The coefficients a (price of metal) and b (cost of electricity) are different 
depending on the treatment location. For instance, the following coefficients were used 
for the cost estimation of defluoridation via the EC process. In India, Thakur and Mondal 
[79] suggested a = $1.77 kg−1 Al and b = $0.06 kWh−1. In Mexico, Castañeda et al. [60] pro-
posed a = $2.008 kg−1 Al and b = $0.0976 kWh−1. In Spain, Mena et al. [42] calculated the 
operating cost with a = €1,720 kg−1 Al and b = €0.117 kWh−1. In Iran, Behbahani et al. 
[41] used a = $3 kg−1 Al and b = $0.0128 kWh−1. 

Energy and electrode costs are derived from the following equation [82]: 

Cenergy = U × I × tEC/V (28)

Electrode costs are calculated from Faraday’s Law [82], as shown in Equation (22): 

7.3. Optimization (Costs to Defluoridation Water by EC) 
The costs to defluoridate water by EC have been estimated in the recent scientific 

literature. Bhagawan et al. [94] concluded that the total cost could range from 0.28 to 0.98 
$ m−3 of treated water. Besides, the type of sacrificial electrode and electrode configuration 
can affect the cost of EC. For example, Khan et al. [95] remarked that evaluating the two 
electrode materials, aluminium and iron, aluminium was better in terms of cost-effective-
ness when the EC process is performed in batch operation mode. Ghosh et al. [82] calcu-
lated the monopolar configuration costs as 0.075 to 0.12 $ m−3 for the electrodes and 0.07 
to 0.19 $ m−3 for the cost of energy. Electrode and energy costs for bipolar configuration 
were 0.15 to 0.38 m−3 and 0.09 to 0.24 $ m−3 respectively. Behbahani et al. [41] reported that 
peak operating costs were related to the current density and reaction time. The maximum 
current yielded a cost of 1.48 $ m−3, while the longest reaction time leads to a cost of 1.27 $ 
m3 [41]. Hashim et al. [76] computed that the operating costs for defluoridation drinking 
water using EC was 0.379 $ m−3. Emamjomeh and Sivakumar [48] estimated a cost between 
0.25 $ m−3 and 0.45 $ m−3. On the other hand, Thakur and Mondal [79] found operating 
costs to be 0.343 $ m−3. It is also imperative to know that these costs vary based on the 
initial fluoride concentration. An increase in fluoride concentration will increase the cost 
of electrodes and the cost of energy. Also, the desired removal efficiency is important 
when considering the cost of EC treatment of pollutants.  

Overall, the defluoridation by EC process can be cost-effective in comparison with 
other methods. The EC process does not have the chemical cost requirement as other treat-
ment processes, such as chemical coagulation. Therefore, it can be considered eco-
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friendly. However, EC may have a higher maintenance cost. In brief, the operational costs 
fluctuate between 0.075–1.48 USD m−3. These values depend on the type of reactor, elec-
trode material, operating conditions, and water characteristics. Compared to other tech-
niques such as sorption, precipitation, and membrane, EC is a medium relative economic 
cost process [96]. Lacson et al. [96] analyzed several studies related to removing of fluoride 
from water through different technologies. 

Moreover, they extrapolated and estimated the operational costs of such technolo-
gies. On the one hand, the sorption techniques are the most expensive process to treat 
fluoride-containing water (around ten to twenty times that other processes, ~ 0.47 € m−3) 
followed by reverse osmosis membrane technique (~ 0.32 € m−3). On the other hand, the 
coagulation-flocculation process is the cheapest process (~ 0.2 € m−3) to remove fluoride 
from contaminated water. They concluded that electro-based techniques represent a low-
cost alternative to reduce high concentrations of fluoride in water. 

Also, the disposal of sludge could be expensive depending on the fluoride to be 
treated and the EC reactor's operating conditions [97]. A potential option to be considered 
is to reuse the sludge for other applications. However, reuse is contingent on the physical 
properties of the sludge and its impacts on the environment. If reuse requires high capital, 
it may not be the best option [97]. 

8. Scaling-up of EC Defluoridation Plants in Regions around the World 
Scaling-up of the EC system is a fundamental step to transfer laboratory-scale pro-

cesses to industrial-scale. One of the most important challenges of the EC process in re-
moving fluoride from water is the lack of attention to its industrial scaling-up since most 
of the research done in this field is on the laboratory-scale and just a few of them on the 
pilot-scale. A summary of important recent efforts is mentioned here.  

Mena et al. [42] reported batch and continuous lab-scale (volume of 2 L) EC for fluo-
ride removal from underground volcanic water. They found that the highest removal ef-
ficiency was obtained at the optimum current density of 5 mA cm−2 in batch operation 
mode. Under the optimal condition of the residence time (10 min) and distance between 
the electrodes (0.5 cm) in the continuous-flow operation, the applied current density var-
ied on the raw water's initial fluoride concentration. An advanced scale-up design pro-
posed by Betancor-Abreu et al. [74] examined the defluoridation from volcanic springs 
ground waters in the island of Tenerife (Spain) with average initial fluoride concentrations 
above 7 mg L−1. They used different EC reactors involving the capacity of 145, 368, and 
2000 mL. The process efficacy was confirmed under optimal operating conditions by re-
ducing the fluoride concentration from 7.35 to 1.4 mg L−1. Emamjomeh and Sivakumar 
[70] set up a bench-scale EC batch reactor with a working volume of 3.66 L. The results 
confirmed that the EC is a viable process for the defluoridation of water. In another study, 
Emamjomeh and Sivakumar [48] assessed the water defluoridation using a continuous 
flow pilot-scale EC reactor containing 7.9 L net volume. They inferred that the maximum 
fluoride removal efficiency was reached when the highest current density was employed. 

Rosales et al. [86] constructed a pre-pilot scale EC reactor that involved 13 parallel 
aluminum plates located in a tank of 20 L capacity for groundwater sample, which gath-
ered from a deep well situated in the northeastern region of Guanajuato, Mexico. They 
revealed that fluoride concentrations after the EC process (0.19 mg L−1) meet the WHO 
guidelines. Another pre-pilot setup was performed to treat groundwater with an initial 
fluoride concentration of 5.5 mg L−1 by EC unit in a continuous filter press reactor contain-
ing a three-cell stack equipped with aluminum electrodes. The authors proved that the EC 
reactor under operating parameters of the current density of 5–7 mA cm−2 and flow rate 
of 0.23–0.93 cm s−1 reached fluoride removal efficiencies, which met the acceptable WHO 
standard permissible limit. The optimal energy consumption of 6.7 kWh m−3 was achieved 
at 6 mA cm−2 current density and a 0.23 cm s−1 flow rate [98]. Castañeda et al. [60] success-
fully applied an EC up-flow reactor with 7 parallel aluminum electrodes placed horizon-
tally, making up a six-cell stack that contained a 15 L-capacity for a groundwater sample 
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with an initial fluoride concentration of 4.08 mg L−1. The well-engineered EC reactor re-
sults showed that the final concentration of fluoride fulfilled the WHO guideline at a 
proper operational cost of 0.441 USD m−3. A continuous lab-scale EC reactor with 5 L of 
capacity was tested using 4 aluminium electrodes for water containing a concentration of 
15 mg F− L−1 by Graça et al. [81]. In that work, they found that the EC process removed 
97% of fluoride ions. Besides, the proposed reactor's efficiency for treating higher volumes 
of contaminated water through a volume of 20 L on a pre-pilot scale was evaluated. Com-
plete abatement of fluoride was observed with an energy consumption of 506 kWh m−3.  

A comparison between a lab and full scale was undertaken by Gwala et al. [99] to 
remove fluoride from raw water containing an initial concentration of 4.8 mg L−1. On a 
lab-scale of 5 L capacity, they used three aluminium plate electrodes in a monopolar con-
figuration. The results at optimal laboratory conditions (pH 6.5, current intensity 2 A, and 
residence time of 20 min) showed that the fluoride's residual concentration reached 0.94 
mg L−1. On the other hand, the final fluoride concentration was reduced to 0.89 mg L−1 in 
the aforementioned optimal conditions, only by changing the treatment time and current 
intensity to 60 min and 20 A, respectively, in a full-scale EC defluoridation plant of 600 L, 
which was operated at Dongargaon, India. In conclusion, the residual fluoride concentra-
tion was quasi-identical in both lab and full-scale EC reactors. Moreover, the permissible 
limit for fluoride was reached according to the Indian standard for drinking water.  

Bhagawan et al. [94] examined a lab-scale cylindrical reactor with a working volume 
of 2.5 L operating under semi-continuous flow-EC using aluminum and iron electrodes 
and stainless steel as anodes and cathodes, respectively. The application of the novel semi-
continuous flow EC reactor demonstrated that the fluoride concentration of 8 mg L−1 in 
groundwater met the WHO drinking limits under conditions of 30 min, 300 mL min−1 flow 
rate, 15 V applied voltage, and pH 7. López-Guzmán et al. [10] investigated the EC lab-
scale reactor for well water treatment containing 4.18 mg L−1 fluoride from the Guadiana 
Valley, Mexico. The combination of aluminium and iron as electrode materials within the 
EC reactor comprising 1.5 L effective volume was used. The EC tests revealed that under 
optimal conditions (current density of 4.5 mA cm−2, initial pH of 5, and treatment time of 
15 min), fluoride removal with an initial concentration of 5 mg L−1 reached 85.68%, which 
adhered to drinking water limits of the WHO and Mexican regulations. In addition, the 
fluoride removal rate enhanced to 94.98% in acidic conditions. Silva et al. [66] proposed a 
lab-scale EC acrylic tank with a 3 L capacity and aluminium electrodes embedded in it for 
fluoride abatement from contaminated drinking water. They observed that virtually com-
plete removal of fluoride could be achieved after 30 min of the EC process. The study was 
carried out by Al-EC reactor from water wells in the states of San Luis Potosi and Aguas-
calientes in central Mexico, showed that a snap reduction from 5.17 to 1.5 mg L−1 (~71% 
removal efficiency) fluoride concentration was achieved only in 4 min [100]. 

Among all the efforts in developing the EC process for defluoridation from tap water 
or groundwater, only one work attempted to study the industrial scaling-up. However, 
these studies might evoke a clear path for applying this process on a larger scale. Further 
systematic studies must be performed in a continuous flow mode to scale-up this to es-
tablish the EC as a cost-effective, robust, and reliable technology for fluoride removal. 
According to the literature survey, there is sufficient information on scaling-up the 
defluoridation-EC process from laboratory to industrial scale or even to pilot plant scale. 
Therefore, the application of the combined EC process with other treatment processes 
might improve its performance. Furthermore, larger scale and long-term pilot studies are 
required under different operating conditions for defluoridation of drinking water or 
groundwater. 

9. Integrated EC Processes for Fluoride Removal 
Electrocoagulation, as a method of defluoridation, especially for drinking water, has 

received significant interest in the last 30 years. Although the EC process can be success-
fully used to treat drinking water of low initial fluoride concentrations, sometimes it may 
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fail to meet the drinking water standards. For this reason, several researchers are moving 
toward combined EC processes to increase pollutants removal efficiency, such as fluoride 
found in drinking water. EC process can be used as a pre- or post-polishing process de-
pending on the type of contaminants present in water [101–106].  

9.1. Combined EC and Adsorption Treatment System 
Wali and Saidutta [101] applied a combined EC–adsorption treatment process to re-

move fluoride from drinking water. Batch experiments were performed using aluminium 
anodes and stainless-steel cathodes connected in monopolar and bipolar arrangements 
with NaCl as supporting electrolyte. After the EC treatment step, two adsorbents, namely 
tri-calcium phosphate Ca3(PO4)2 and activated alumina, were tested to remove the resid-
ual fluoride in the EC-treated water. They reported that using NaCl as a supporting elec-
trolyte (200 NaCl mg L−1), the fluoride removal efficiencies were 83%, 93.46%, and 95% for 
EC alone, EC-adsorption with tri tricalcium phosphate processes, and EC-adsorption with 
activated alumina, respectively. The second contribution to the application of EC–adsorp-
tion processes was performed by Jalil et al. [102]. They used aluminium plates as anode 
and cathode and activated carbon as an adsorbent. They assessed the effects of the applied 
voltage (5, 15, and 20 V) and the adsorbent dose (0.2, 0.5, and 1 g) on the fluoride removal 
efficiency using a synthetically prepared fluoride solution (initial concentration 100 mg 
L−1). The overall performance significantly improved in the combined processes compared 
to both electrocoagulation and adsorption alone. The fluoride removal efficiencies were 
41.1%, 2.86%, and 67.25% using electrocoagulation, adsorption, and combined process, 
respectively. These results justified using a combined EC-AD process instead of a single 
treatment process to achieve a higher quality of the treated sample and demonstrated syn-
ergy between the two processes.  

9.2. Combined EC and Precipitation or Chemical Coagulation Treatment System 
The first contribution that used combined chemical coagulation with EC treatment 

was proposed by Zhao et al. [103] to remove fluoride from drinking water using ultra-
pure Al electrodes and AlCl3 as a coagulant. They compared the performance of the com-
bined process and the acid-adding EC process. They reported that when Al+3 dosages were 
more than 1.5 mM, fluoride removal was more than 90% for both processes. However, the 
combined process was characterized by a little energy consumption, which was only one-
third consumed in the acid-adding EC process. Besides, Al consumption of the sacrificial 
electrode decreased in the case of the chemical-electrical coagulation. These results con-
firmed that a combined treatment has promising application prospects. Another contri-
bution of using EC-assisted chemical coagulation was performed by Kashi et al. [104]. 
They used an EC cell with copper electrodes and poly aluminium chloride (PAC) as a 
chemical coagulant. The fluoride removal efficiencies were determined as 87 and 99% for 
EC and EC combined with PAC, respectively at optimum conditions (a distance between 
electrodes of 1.5 cm, a current density of 4.5 mA cm−2, a contact time of 10 m, and a pH of 
7.5).   

An interesting study focused on the removal of fluoride ions from drinking water by 
flocculation-assisted EC was published by Sandoval et al. [59]. A continuous filter press 
EC reactor using aluminum electrodes, which was coupled to a flocculator and clarifier 
was designed in their study, as shown in Figure 6. Synthetically prepared drinking water 
sample (10 mg F L−1 dissolved in 0.5 g L−1, Na2SO4 and 1.5 mg L−1 ClO- at pH 7.7 and con-
ductivity 410 μS cm−1) was used in their experiments. A current density of at 5 mA cm−2 
and an average linear flow velocity 1.82 cm s−1 were applied to reduce the fluoride con-
centration from 10 to 1 mg L−1, resulted in the best energy consumption of 0.37 kW h m−3. 
They reported that the proposed combined treatment system could serve as a starting 
point to remove fluoride from real groundwater.  
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Figure 6. The filter press reactor coupled to a flocculator and clarifier (reprinted from [59] with per-
mission from Elsevier). 

9.3. Combined Electrocoagulation/Electro Flotation (EC/EF) Treatment Systems 
It is well known that the electrocoagulation process produces hydrogen gas from the 

reduction of water molecules at the cathode. The hydrogen gas bubbles help in the floating 
part of the produced lumps of the coagulated pollutants formed in the electrochemical 
cell. The electroflotation (EF) of the coagulated sludge is enhanced using a suitable reactor 
design or adding extra floating gas if the produced gas in the cell is insufficient to com-
plete the flotation process.   

The first contribution in this EC/EF treatment process was reported by Zuo et al. [56]. 
The researchers applied a combined EC/EF process using an experimental apparatus con-
sisted of three different chambers, as shown in Figure 7. Chamber 1 was designed for the 
EC process with Al electrodes, chamber 2 was used to enhance flocculation, and chamber 
3 was employed for the EF process with two-rod anodes (Ti/IrO2–SnO2–Sb2O5) and three 
rods of Ti cathodes. The volume of these chambers was 0.4, 0.5, and 0.85 L, respectively. 
The fluoride ion concentration was reduced from 4.0 to 0.87 mg L−1 at 200 s cm−1 conduc-
tivity, 22 A m−2 current density, and an average current density EF step of 75 A m−2. They 
concluded that the combined EC/EF process is an efficient fluoride removal process from 
drinking water. 
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Figure 7. The experimental apparatus: (1) EC cell; (2) flocculation-enhanced chamber; (3) EF cell; (4) 
sludge chamber; and (5) DC power supply (reprinted from [56] with permission from Elsevier). 

Essadki et al. [105] designed two EC cells consisting of a stirred tank reactor (STR) 
and an airlift reactor (ALR) to remove fluoride from drinking water as shown in Figure 8. 
Flat aluminium electrodes were utilized as anodes and cathodes in both cells. The ALR 
was a new design of such reactors applied for the electrocoagulation/electroflotation pro-
cess. In addition, its operation and geometrical configuration were different from conven-
tional airlift reactors since there was no gas phase being sparged at the bottom of the riser. 
In their system, the overall liquid recirculation was provided by the density difference 
between the fluids in the riser and the downcomer consequence of production of hydro-
gen gas microbubbles on the cathode. 

 
Figure 8. External-loop airlift reactor (1: downcomer section; 2: riser section; 3: conductivity probes; 
4: conductimeter; 5: analogue output/input terminal panel (UEI–AC–1585–1); 6: 50-way ribbon cable 
kit; 7: data acquisition system; 8: electrodes; 9: separator; 10: electrochemically-generated bubbles) 
(reprinted from [105] with permission from Elsevier). 

Bennajah et al. [73] used the same procedure and apparatus of Essadki et al. [105] to 
study fluoride removal kinetics. As mentioned in Section 4, their experimental data fitted 
well to a variable order kinetic (VOK) model obtained from the Langmuir-Freundlich 
model. They concluded that (i) about 0.9 F m-3 was required to achieve more than 90% 
fluoride removal efficiency at a reasonable EC operation time; (ii) the external-loop reactor 
was efficient to increase the flotation process without external sources, for example, com-
pressed air; and (iii) the external-loop reactor was able to recover the flocs instantaneously 
in a short time without requiring filtration or sedimentation when compared to the stirred 
reactors. 

The main conclusion withdrawn from the above studies is that the combination of 
different processes with the electrocoagulation can enhance the removal of fluoride from 
drinking water and the investigation of synergy deserves further consideration. 

10. Conclusion and Outlook 
The present review has been devoted to exploring the applicability of the electro-

coagulation method to remove fluoride from drinking water. This work consists of a com-
prehensive review for the removal of fluoride using the EC technology as it discussed all 



Water 2021, 13, 656 27 of 31 
 

 

the aspects of the process, including the effects of the operating parameters (such as the 
pH of the solution, electrodes gapping, and current density), the chemistry of solutions, 
design of the EC reactor, characteristics of flow, the configuration of electrodes, and the 
type of the electrical current on the removability of fluoride from solutions. Additionally, 
the electrochemical reactions and removal paths of pollutants, operating cost, scaling of 
the EC reactors, hybridization of the EC process with other technologies, and other EC 
method applications were presented and discussed. Furthermore, the main limitations, 
advantages, and disadvantages of the EC method were carefully addressed. It is con-
firmed that the EC method could be considered an efficient, eco-friendly, and economi-
cally effective method for fluoride removal from drinking water. Simultaneously, to en-
sure the EC reactors' efficient performance, the critical operating parameters must be op-
timized. Such is the case of EC reactors fitted with parallel plate electrodes (in continuous 
mode of operation). This type of reactors offers an optimal functioning during the EC pro-
cess because of the dispersion between the solution and the coagulating species. Moreo-
ver, the current distribution is uniform. Also, considering the scaling, these reactors are 
easier to achieve this goal.  

Further fluoride removal studies by electrocoagulation should be coupled with rig-
orous computational fluids dynamic simulations (flocs formation, gas bubbles generation) 
to design optimal new electrochemical reactors to increase the fluoride removal efficiency 
under lower energy requirements. Additionally, the electrodes’ material must be carefully 
selected according to the properties of the targeted pollutants. It is highly recommended 
for future work to carry out more studies about the generated sludge's recyclability in the 
construction industry. This type of sludge contains a considerable amount of electrodes’ 
material (usually aluminium or iron) that could be activated and used in concrete produc-
tion. 
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