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Abstract 

In this paper, application of electrocoagulation using common iron electrode to a simulated photovoltaic wastewater after 
precipitation with lime (Ca(OH)2) was investigated. Electrocoagulation process delivers the coagulant in situ as the sacrificial 
anode corrodes, while the simultaneous evolution of hydrogen at the cathode allows pollutant removal by flotation. Several 
working parameters, such as initial pH, applied potential and distance between the electrodes, were studied in an attempt to 
achieve higher fluoride removal efficiency. The optimum conditions for the process were identified as pH = 6, the distance 
between electrodes = 1 and an applied potential of 30 V. Furthermore fluoride removal is under the direct discharge 
standards.Results showed high effectivenessof the electrocoagulation method in removing fluoride from aqueous solutions. 

© 2012 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of  ISWEE’11 

Keywords: Wastewater;Electrocoagulation; Fluoride; Iron electrode;Photovoltaic wastewater  

1. Introduction 

Wastewater in photovoltaic industry can generally be divided into three streams, namely acid-base, chemical 
mechanical polishing and fluoride-containing. Fluoride-containing wastewater comes from an etching and rinsing 
operation. Several methods have been investigated on the treatment. An electrocoagulation process using aluminum 
electrodes can treat fluoride-containing wastewater [1-3], adsorption and biosorption [4-6], adsorption on natural 
materials [7],ion-exchange [8], chemical precipitation including electrocoagulation/flotation [9,10], and membrane 
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processes, such as reverse osmosis [11], Donnan dialysis [12], nanofiltration [13], and electrodialysis 
[14].Photovoltaic wastewater containing fluoride is treated in a common conventional treatment system consisting 
of calcium fluoride precipitation, flocculation and solid/liquid separation. Fluoride removal by precipitation as 
calcium fluoride is one of the most established and well defined processes to remove high concentration of fluoride 
from a photovoltaic wastewater. Calcium salts such as calcium chloride and calcium hydroxide may be used to 
precipitate fluoride as insoluble calcium fluoride salt [15]. Electrocoagulation can be used to achieve standard limits 
discharge that cannot be achieved by precipitation [16]. The suitable level of fluoride in drinking water specified by 
the World Health Organization(WHO) is 1.5 mg L-1 [17]. The discharge standard of fluoride in industrial 
wastewater is 15 mg L-1 in Algeria [18].EC is a process consisting of creating metallic hydroxides flocks within the 
wastewater by electro-dissolution of soluble anodes, usually made of iron or aluminum.Fe/Al is dissolved from the 
anode generating corresponding metal ions, which immediately hydrolyze to polymeric iron or aluminum 
hydroxide. These polymeric hydroxides, and their subsequent precipitation, are similar to the processes that occur 
during coagulation (or flocculation) and precipitation using alum or other chemical coagulants [17].A simple 
electrocoagulation reactor is made up of one anode and one cathode. When a potential is applied from an external 
power source, the anode material undergoes oxidation, while the cathode will be subjected to reduction or reductive 
deposition of elemental metals [19]. The electrochemical reactions with metal M as anode may be summarized as 
follows: 

At the anode: 

M (s)      M (aq) 
n+ + n e-                                  (1) 

2H2O (l)      4H+
(aq)   + O2 + 4 e-                                   (2) 

At the cathode: 

                           M(aq)
n+  + n e-           M (s)                                                (3)

2H2O (l)  +  2 e-        H2(g) + 2OH-                                  (4) 

In water and wastewater treatment, electrocoagulation has been widely used to treat potable water, urban 
wastewater, oil wastes, textile wastewater [20], suspended particles, chemical and mechanical polishing waste [21], 
fluoride-containing water [22], and heavy metal containing solutions [23-32].Compared with traditional 
flocculation–coagulation, electrocoagulation has also, in theory,the advantage of removing the smallest colloidal 
particles; such charged particles have a greater probability of being coagulated and destabilized because of the 
electric field that sets them in motion [33]. Electrocoagulation has the advantage of producing a relatively low 
amount of residue also [34-36]. 

2. Material and Methods 

2.1. Experimental apparatus and procedure 

Fig. 1 shows the experimental setup. It consists of a parallelepiped reactor made of plexiglasswith 1L capacity 
and its base consists of two inclined plates to promote the settling of sludge formed. The dimensions of the reactor 
were (114mm×140mm).The EC experiment was operated in batch mode with recirculation of the liquid in the 
circuit which consists of a Fontaine M7 pump. The iron electrodes were installed vertically, and connected in a 
bipolar mode.The electrodes were dipped in the PV synthetic wastewater to a depth of 10 cm and were situated 1 cm 
apart. The effective area of the electrode pair was 80 cm2

. The DC power supply was a P. Fontaine MC 3030C 
generator. Cell potential was controlled by a voltmeter. Wastewater samples were taken every 10 min for water 
quality measurements. A selective ion sensor electrode [PF4L from Tacussel (Lyon)] [37] was used to determine the 
F- concentration according to the standard method given by the American Public Health Association[37,38].  
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To prevent the interference from other ions (Al3+, Fe3+, Cu2+, Ca2+, ...), TISAB II buffer solution containing 
CDTA  (cyclohexylenediaminetetraacetic acid, Orion Research Inc.) was added to the samples. 

2.2. Chemicals 

The testing water solution was prepared artificially by dissolving a proper amount ofNaF and supporting 
electrolyte NaCl, into deionized water to simulate the pretreated photovoltaic wastewater. 

Fig.1. Schematic diagram of the defluoridation experimental setup. 

3. Results and discussion 

3.1. Effect of applied potential 

Applied potential is very important in electrocoagulation because it is the only operational parameter that can be 
controlled directly. In this system, electrode spacing is fixed and current is a continuous supply. Applied potential 
directly determines both coagulant dosage and bubble generation rates and strongly influences both solution mixing 
and mass transfer at the electrodes. 

To investigate the effect of applied potential on the fluoride removal, a series of experiments were carried out 
under the experimental conditions of applied potential being varied from 10 to 30 V for iron electrodes. Fig. 2 
illustrates that the fluoride removal increased quickly by increasing the applied potential. As the applied potential 
was increased from 10 to 30 V, the time needed to achievestandards limits discharge of fluoridefor iron electrode 
decreased. The fluoride removal rise significantly and reaches standard limits in 40 minutes for applied voltage of 
30V, whereas for 20 and 10V more time is needed to achieve the same results. This is mainly due to insufficient 
amount of electric power at lower voltages to produce iron coagulant species and gas bubbles responsible for 
defluoridation. According to Faraday’s law, increasing the applied potential leads to a higher coagulant dosage per 
time unit. 

 

1. DC power  supply 
2. EC reactor 
3. Feed pump 

                    +     -       1                                                                                         V A +

           2 

3 
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m = Mit/nF                                           (5) 

Where m is the quantity of electrode material dissolved (g), i is the current density (A), t is the time in s; M is 
the relative molar mass of the concerned metal, n isthe number of electrons in oxidation reaction, and F is the 
Faraday’s constant, 96,500Cmol_1.  

These results were reported by several authors, Mameri et al. [39] reported that during wastewater containing 
fluoride treatment with iron electrodes, higher applied potential allows increasing the amount of iron dissolved or 
deposited to the bulk solution and can be achieved by leading adsorption and increasing the removal efficiencies of 
fluoride ions. 

Chen-Lee Lai et al.[40] have confirmed that increasingthe applied potential leads to higher dissolution of iron 
electrode allowing increasing of metal species required to remove contaminants. 

Fig. 2. Influence of the fluoride concentration on the electrocoagulation process, T = 20°C, I = 1A, treated volume 1 L. 

3.2. Effect of pH 

pH of the solution plays an important role in electrochemical and chemical coagulation process [41]. Under 
certain conditions, various complex and polymer compounds can be formed via hydrolysis and polymerization 
reaction of electrochemically dissolved iron ions. 

Hence experiments were conducted to study the effect of pH on the fluoride removal. The effect of pH on the 
fluoride removal was examined in the range of 4 to 9. Applied potential of 30 V was kept constant in the 
experiments. The results obtained are shown graphically in Fig. 3 for 25 mg/L fluoride concentration. 

The results revealed that when pH of the treated solution was between 6 and 7, there was maximum fluoride 
removal because the initial pH value of the treated solution was around 6. Hence, there is no need for the addition of 
chemicals to change the initial pH values.  

Under these conditions synthetic fluorinated solution water reached the concentration recommended by the 
standards discharge after 40 min for pH 6.Therefore, it can be concluded that at this range of pH, the majority of 
iron complexes (coagulants) are formed and it is the optimum pH for carrying out the electrocoagulation. From the 
Pourbaix diagram [42], it can be deduced that the major coagulant species formed at this pH are Fe(OH)3and 
Fe(OH)2. This may be illustrated with an iron fromPourbaix’s diagram presented in Fig. 4. 



389Nadjib Drouiche et al. / Procedia Engineering 33 (2012) 385 – 391Drouiche et al./ Procedia Engineering 00 (2011) 000–000 5

Fig. 3 .Influence of PH on fluoride removal, T = 20°C, I = 1A, treated volume 1 L. 

.  

Fig. 4. Iron Pourbaix diagram, showing the region and direction in which theEC process proceeds [42]. 

3.3. Effect of distance between electrodes 

In electrocoagulation, when the distance of the electrodes increases, the electrical current is decreased since the 
ohmic potential drop is proportional to the inter-electrode distance. Reducing this distance is of great importance for 
reducing the electrolysis energy consumption especially when the conductivity is low. For this reason, investigation 
of this parameter is helpful. When the distance of the electrodes increased from 1 to 2 cm, the time needed to 
achieve standards limits of fluoride is decreased from 100to 40 min with applied potential of 30 V. These results are 
shown in Fig.5. The results reveal improved fluoride removal at smaller inter-electrode distance.
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Fig. 5. Influence of the distance between electrodes on fluoride removal, T = 20°C, I = 1A, treated volume 1 L.

4. Conclusion 

Results of this study on fluoride removal from pretreated photovoltaic wastewater with electrocoagulation can 
be summarized as follows:  

– The electrocoagulation process is successfully applied to remove fluoride from pretreated photovoltaic 
aqueous solution. The Defluoridation was found to be dependent on the initial pH distance between 
electrodes and the applied potential. 

– The most effective conditions to achieve standard discharge for fluoride by electrocoagulation was obtained 
with typical operating conditions; 30 V applied potential, 40 min operating time and pH 6. 

– Preliminary assessment of the process was carried out, and some implications for operation and process 
modification.  

– Future work should include the influence of residence time, energy consumption, initial concentration of 
fluoride and the presence of other elements in pretreated wastewater in order to scale-up the process.

References 

[1]  Hu CY, Lo S L, Kuan W H. Effects of co-existing anions on fluoride removal in electrocoagulation (EC) process using aluminum 
electrodes. Water Res  2003; 37: 4513–4523. 

[2]  Shen F, Chen X, Gao P, Chen G. Electrochemical removal of fluoride ions from industrial wastewater. ChemEngSci2003; 58: 987–993. 
[3] N. Drouiche, N. Ghaffour, S. Aoudj, M. Hecini, T. Ouslimane, “Fluoride removal from photovoltaic wastewater by aluminium 

electrocoagulation and characteristics of products”, Chemical Engineering Transactions 17 (2009) 1651-1656. 
[4]  Tor A. Removal of fluoride from an aqueous solution by using montmorillonite. Desalination 2006; 201:267–276. 
[5]  Zhu C, Bai G, Liu X. Screening high-fluoride and high-arsenic drinking waters and surveying endemic fluorosis and arsenism in Shaanxi 

Province in western China. Water Res 2006; 40: 3015–3022. 
[6]  Amini M, Mueller K, Abbaspour KC, Rosenberg T, Afyuni M, Møller KN, Sarr M, Johnson CA. Statistical modeling of global geogenic 

fluoride contamination in groundwaters. Environ SciTechnol 2008; 42: 3662–3668. 
[7]  Ramdani. A, S. Taleb, A. Benghalem, N. Ghaffour, “Removal of excess fluoride ions from Saharan brackish water by adsorption on natural 

materials”, Desalination 250 (2010) 408-413. 
[8]  Meenakshi S, Viswanathan N. Identification of selective ion-exchange resin for fluoride sorption. J Colloid InterfSci 2007; 308: 438–450. 
[9]  Chae G, Yun S, Mayer B, Kim K, Kim S, Kwon J, Kim K, Koh Y. Fluorine geochemistry in bedrock groundwater of South Korea. Sci Total 

Environ 2007; 385: 272–283. 
[10]  Zhu J, Zhao H, Ni J. Fluoride distribution in electrocoagulation defluoridation Process. Sep PurifTechnol 2007; 56: 184–191. 
[11]  Sehn P. Fluoride removal with extra low energy reverse osmosis membranes: three years of large scale field experience in Finland. 

Desalination  2008; 223: 73–84. 



391Nadjib Drouiche et al. / Procedia Engineering 33 (2012) 385 – 391Drouiche et al./ Procedia Engineering 00 (2011) 000–000 7

[12]  Kir E, Alkan E. Fluoride removal by Donnan dialysis with plasma-modified and unmodified anion-exchange membranes. Desalination
2006; 197:  217–224. 

[13]  Tahaikt M, EI Habbani R, AitHaddou A, Achary I, Amor Z, Taky M, Alamib A, Boughriba A, Hafsi M, Elmidaou A. Fluoride removal 
from groundwater by Nanofiltration. Desalination 2007; 212 : 46–53. 

[14]  MenkouchiSahli MA, Annouar S, Tahaiktb M, Soufiane A, Elmidaoui A. Fluoride removal for  underground brackish water by adsorption 
on the natural chitosan and by electrodialysis. Desalination 2007; 212: 37–45. 

[15] Drouiche N, Aoudj S, Hecini M, Ghaffour N, Lounici H, Mameri N. Study on the treatment of photovoltaic wastewater using 
electrocoagulation: Fluoride removal with aluminium electrodes— Characteristics of products.  J Hazard Mater 2009; 169:65-69. 

[16] N. Drouiche,H. Lounici, M. Drouiche,N. Mameri, N. Ghaffour, “Removal of fluoride from photovoltaic wastewater by electrocoagulation 
and products characteristics”, Desalination & Water Treatment 7 (2009) 236-241 

[17] U.S. EPA (1998) CURE Electrocoagulation Technology, Innovative Technology Evaluation Report. EPA/540/R-96/502. National Risk 
Management Research, Laboratory Office of Research and Development, U.S. Environmental Protection Agency, Cincinnati, OH, 
September 1998. 

[18] N. Drouiche, S. Aoudj, H. Lounici, H. Mahmoudi, N. Ghaffourand M.F.A. Goosen “Development of an empirical model for fluoride 
removal from photovoltaic wastewater by electrocoagulation process”, Desalination & Water Treatment 29 (2011) 96-102. 

[19]  Holt PK, Barton GW, Mitchell CA The future of electrocoagulation as a localized water treatment technology. Chemosphere 2005; 59:355–
367. 

[20]  Aoudj S, Khelifa A, Drouiche N, Hecini M, Hamitouche H. Electrocoagulation process applied to wastewater containing dyes from textile 
industry. ChemEngProcess 2010;  doi:10.1016/j.cep.2010.08.019. 

[21]  Drouiche N, Ghaffour N, Lounici H, Mameri M. Electrocoagulation of chemical mechanical polishing wastewater. Desalination 2007; 
214:31-37. 

[22]  Drouiche N, Ghaffour N, Lounici H, Mameri N, Maallemi A, Mahmoudi H. Electrochemical treatment of chemical mechanical polishing 
wastewater: removal of fluoride — sludge characteristics — operating cost. Desalination2008;223: 134-142. 

[23]  Hu CY, Lo SL, Kuan WH, Lee YD. Removal of fluoride from semiconductor wastewater by electrocoagulation–flotation. Water Res  2005; 
39: 895–901. 

[24]  Adhoum N, Monser L, Bellakhal N, Belgaied J. Treatment of electroplating wastewater containing Cu2+, Zn2+, and Cr(VI) by 
electrocoagulation. J Hazard Mater 2004; 112: 207–213. 

[25]  Yildiz YS, Koparal AS, Irdemez S, Keskinler B. Electrocoagulation of synthetically prepared waters containing high concentration of NOM 
using iron cast electrodes. J Hazard Mater 2007; B139: 373–380. 

[26]  Kumar PR,  Chaudhari S, Khilar KC, Mahajan SP. Removal of arsenic from water by electrocoagulation. Chemosphere 2004; 55: 1245–
1252. 

[27]  Gomes JAG, Daida P, Kesmez M, Weir M, Moreno, H, Parga JR, Irwin G, McWhinney H, Grady T, Peterson E, CockeDLArsenic removal 
by electrocoagulation using combined Al–Fe electrode system and characterization of products. J Hazard Mater 2007; 139: 220–231. 

[28]  Parga JR, Cocke DL, Valenzuela JL, Gomes J A, Kesmez M, Irwin G, Moreno H, Weir M. Arsenic removal via electrocoagulation from 
heavy metal contaminated groundwater in La Comarca Lagunera Mexico. J  Hazard Mater 2005; 124: 247–254. 

[29]  Golder AK, Samanta  AN, Ray S. Removal of Cr3C by electrocoagulation with multiple electrodes: biopolar and monopolar configurations. 
J Hazard Mater 2007; 141: 653–661. 

[30]  Hansen HK, Nunez P, Raboy D, Schippacasse I, Grandon R. Electrocoagulation in wastewater containing arsenic: comparing different 
process designs. Electrochim. Acta 2007;  52: 3464–3470. 

[31]  Mollah M, Pathak S, Patil P, Vayuvegula M. Treatment of orange II azo-dye by electrocoagulation (EC) technique in a continuous flow cell 
using sacrificial iron electrodes. J Hazard Mater 2004; 109: 165–171. 

[32]  Wu CH, Chang CL, Kuo CY Decolorization of procion red MX-5B in electrocoagulation (EC), UV/TiO2 and ozone-related systems. 
DyesPigm 2008; 76: 187–194. 

[33]  Persin F, Rumeau M. Le traitement électrochimique des eaux et des effluents. Tribune de l’Eau 1989 ; 3(42):45–46 
[34]  Vik EI, Carlson OA, Eikum AS, Gjessing ET. Electrocoagulation of potable water. Water Res 1984; 18:1355–1360. 
[35] Beagles B. Electrocoagulation (EC) – science and applications. Green Pages. http://www.eco-web.com/cgi-

local/sfc?a=/editorial/index.html&b=/editorial/06053.html 2009. 
[36]  Powell Water Systems, Inc. Electrocoagulation capabilities. http://www.powellwater.com/, January 2002. 
[37]  RodierJ, L’analyse de l’eau, seventhed, Dunod, Paris, 1984. 
[38]  Greenberg AE, Clesceri LS, Eaton AD. Standard Methods: For the Examination of Water and Wastewater, 18th edn, APHA, Washington 

DC, 1992. 
[39]  Mameri N, Yeddou AR, Lounici H, Belhocine D, Grib H,  Bariou B. Defluoridation of septentrional Sahara water of North Africa by 

electro-coagulation process using bipolar aluminium electrode. Water Res 1998; 32: 604–612. 
[40]  Lai CL, Lin KS. Sludge conditioning characteristics of copper chemical mechanical polishing wastewaters treated by electrocoagulation. J 

Hazard Mater 2006; B136: 183–187. 
[41]  Chen G, Yue PL. Electrocoagulation and electroflotation of restaurant wastewater. J Environ Eng2000; 126 (9): 858–863. 
[42]  Pourbaix M. Atlas of Electrochemical Equilibria in Aqueous Solutions, second ed., National Association of Corrosion Engineers, Texas, 

1974. 


