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Abstract 

In the last years, an increasing attention has been devoted to the utilization of electro-generated 

chlorinated oxidants for the treatment of wastewater polluted by recalcitrant organics and/or for the 

disinfection of water contaminated by pathogen microorganisms. In this review, the more recent and 

relevant findings were presented and critically discussed. The main advantages and disadvantages of 

this technique were commented, including the potential formation of toxic chlorinated organic specie 

and of chlorate and perchlorate or the difficult selection of proper operative parameters, as well as 

the key points that should be addressed to enhance the utilization on an applicative scale. 
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Introduction 

During the recent years, one of the relevant emerging topics is the development of new technologies 

to restore the quality of contaminated water due to the water scarcity which is one of the main 

concerns of this century. In this context, many kinds of waters, contaminated by organic pollutants 

resistant to conventional biological processes and/or by pathogen microorganisms, can be treated by 

chlorinated oxidants, such as chlorine or hypochlorous acid. In the past decades, a very large number 

of scientific studies have shown that these oxidants can be effectively produced by anodic oxidation 

of chlorides (electrochlorination) such as sodium chloride, which is a rather cheap reagent often 



present in liquid effluents [1-6]. Furthermore, it has been demonstrated that the removal of organics 

and pathogen microorganisms is particularly effective when carried out in the same electrochemical 

cell where the oxidants are generated. However, these methods present some relevant disadvantages, 

such as a difficult selection of most suitable operative conditions and, in particular, of the nature of 

the anode and the formation of chlorinated toxic compounds, that should be still completely solved. 

In the last years, some interesting results were obtained in this frame, but additional efforts are 

necessary to enhance the applicative perspectives of this tool, as synthetically described in this 

review. 

 

Anodic oxidation of chlorides  

As above mentioned, reactive chlorides species, which actively participate in the oxidation of 

organics and of pathogens, can be electrochemically generated from chloride ions. The anodic 

oxidation of chlorides involves a multistep reaction that can be synthetically represented by eq. (1) 

[1-6]. As reported in eq. (2), dissolved chlorine may undergo a disproportionation reaction, depending 

on the proton and chloride concentrations, forming chlorides and hypochlorous acid, a weak acid 

(pKa 7.5), that is in equilibrium with ClO− (eq. (3)).  

 

2Cl− → Cl2(aq) + 2e−          (1)  

Cl2(aq) + H2O → HClO + H+ + Cl−         (2)  

HClO ⇆ H + ClO−           (3)  

 

The relative concentrations of Cl2, HClO and ClO− depend on the pH solution value, as shown in fig. 

1. Furthermore, at low pH the formation of chlorine bubbles can occur. If wastewaters are treated in 

the same electrochemical cell where the chlorinated oxidants are generated, higher abatements of the 

pollutants [7-10] and more lethal impact on bacteria [9-12] are achieved with respect to that obtained 



using chlorinated oxidants in separated reactors. Indeed, organics can be oxidized also at the anode 

surface by adsorbed chloro and oxychloro radicals, as shown in fig. 2, and various other reactive 

oxygen species (ROS), including •HO, H2O2 and •O2
-, produced by water anodic oxidation, can 

contribute to both oxidation of organics and disinfection [13-14]. 

 
Fig. 1. Relative concentrations of Cl2 (green), HOCl (red) and ClO− (blue) calculated at 140 mM 

chloride using K = 1.3 × 10−3 for reaction 2 and a pKa of 7.44 for the reaction 3 [15].  

 

 

Figure 2. Scheme of main reaction pathways for the electrochemical oxidation of organics in water 

in the presence of chlorides [16]. 

 



Chlorides can be also converted in Cl2O and ClO2 by chemical or anodic routes (eqs. (4) and (5)) that 

can contribute as well to the organics oxidation and to disinfection.  

Cl− + 2H2O → ClO2 + 4H+ + 5e−         (4)  

2Cl− + 2H2O → Cl2O + 2H+ + 4e−         (5)  
 

In particular, ClO2 is a powerful oxidant which, unlike chlorine, does not lead to the formation of 

chlorinated byproducts [17,18] while Cl2O is likely to be one of the most active species [19].  

 

Oxidation of organics and disinfection 

It has been shown that electro-generated active chlorine can be used effectively, using suitable anodes 

and operative conditions, for various kinds of waters including industrial wastewaters with highly 

refractory organics and high salts content [20], reverse osmosis concentrates [21], landfill leachates 

[22], wastewater contaminated by pharmaceutical residues, olive-mill, dairy and textile wastewater 

[23, 24], tannery effluents [25], drinking water [26], etc. Furthermore, it has been shown that electro-

generated active chlorine can inactivate a large variety of microorganisms ranging from bacteria to 

viruses and algae [12]. 

The performances of these processes drastically depend on various operating conditions including 

the nature of the anode. In particular, metal oxide anodes yield usually higher removal of organic 

pollutants with respect to graphite and Pt. To better evaluate the role of the anode (and in particular 

of metal oxide ones), it is worth to mention that in the absence of chlorides, the organics oxidation 

and the disinfection takes place mainly by hydroxyl radicals generated by the anodic oxidation of 

water (eq. (6)) [3]. 

 

H2O → HO• + H+ + e−          (6)  
 



In particular, in the absence of chlorides, active anodes, such as Ir- and Ru-based electrodes (where 

the anodic oxidation of water results in the formation of chemisorbed hydroxyl radicals), usually give 

lower current efficiencies than nonactive ones, such as SnO2, Boron Doped Diamond (BDD) or PbO2 

(where the anodic oxidation of water results in the formation of physical adsorbed hydroxyl radicals). 

Conversely, in the presence of high concentrations of chlorides, among metal oxides, active anodes, 

such as Ir- and Ru-based electrodes, usually give higher current efficiencies than nonactive ones, such 

SnO2 and PbO2 [3]. In this frame, García-Espinoza and co-authors [27] have shown that, for a 

concentration of NaCl of 14 mM, BDD gave a faster production of active chloride with respect to 

IrO2. However, Scialdone et al. [28] found that, in the presence of high concentrations of NaCl and 

high current densities, higher current efficiencies for the removal of organics can be obtained at Ir-

based anodes with respect to that achieved at BDD.  

More in general, provisional results present in the literature indicate that, for large amounts of 

chlorides and organic pollutants easily oxidized by electrogenerated active chlorine, metal oxide 

anodes (particularly active anodes, such as RuO2 and IrO2) seem more suitable due to the high current 

efficiency for the active chlorine generation, the low formation of chlorate and perchlorate (as 

detailed in the following section), high porosity, as well as relatively low costs. Conversely, for 

organics resistant to active chlorine, the utilization of nonactive anodes (such as BDD), which are 

particularly effective for the mineralization of a very large number of pollutants) would be preferable 

if the formation of toxic chlorinated products can be avoided. For what concerns the disinfection, it 

has been shown that various anodes can be used, involving IrO2 and RuO2 based anodes and BDD, 

and, in particular, the employment of BDD guarantees a  relevant inactivation of microorganisms  

[13]. 

It was also shown that many other operating parameters affect the removal of organics and pathogen 

microorganisms including the pH, the nature and the concentration of organic pollutants, the current 

density, and the flow dynamic conditions. In particular, it has been shown that the effect of one 



parameter often depends on the value of other ones [3]. Hence, in many cases, the optimization of 

this process is rather complex. 

 

Formation of toxic chlorinated compounds. 

One relevant problem of electrochemical treatment by electrogenerated active chlorine consists in the 

potential formation of undesired toxic chlorinated derivatives, including highly toxic chlorinated 

amines [29, 30], trihalomethanes (THMs), haloacetic acids (HAAs) [21, 31-34], chlorinated 

oligomers [55] and ClO3
− and ClO4

−, which are suspected of exerting toxic effects on humans [35,36].  

The formation of undesired halogenated organic compounds is due to reactions of substitution and 

addition between the organics and the active chlorine species (fig. 3) and/or chlorine radicals [37].  

 

Figure 3. Scheme of main reaction pathways for the reaction between organic aromatic compounds 

and active chlorine [38]. 

 

As an example, the treatment by electro-generated active chlorine of a mixture of dyes with a Ti/TiO2-

RhOx anode in 100 mM NaCl at pH 4.0 gave rise to the formation of a high number of 

mono/dichlorinated intermediates, such as 2-chloroethenylbenzene, 2-chloro-2-methylbutane, cis-3-

chloropropanate, cis-1,3-dichlor-ocyclopentane and trans-1,2-dichlorocyclopentane [39]. Similar 



results were found by many other authors; although, in many of these cases, organochlorinated 

compounds were progressively removed at long electrolysis times [10,38-41].   

According to various studies [35,42], chlorate and perchlorate are generated via a multistep oxidation 

pathway from chloride, as shown in reaction (7). 

Cl− → OCl− → ClO2
− → ClO3

− → ClO4
−        (7) 

 

Moreover, on some anodes (such as BDD) the formation of perchlorate may proceed also through 

reaction paths involving the hydroxyl radicals generated by the oxidation of water [43-46] as shown 

in eqs. (8) and (9). 

 

ClO− + 2HO• → ClO3
− + 2H+  + 2e−         (8) 

ClO3
− + HO• → ClO4

− + H+  + e−         (9) 

 

In order to enhance the applicability of electro-generated active chlorine, it is mandatory to find a set 

of operative conditions that allows to remove organic pollutants and/or minimize pathogen 

microorganisms avoiding or minimizing the formation of toxic chlorinated compounds. 

It was shown that the formation of perchlorate strongly depends on the nature of the anode; in 

particular, BDD gave drastically higher perchlorate formation with respect to Pt and IrO2 based 

anodes [26]. Furthermore, a significantly higher formation of total HAAs and THMs was observed 

using BDD anode with respect to that achieved at both Ti/SnO2-Sb and Ti/Pt-IrO2 for a similar charge 

passed for the electrochemical treatment of reverse osmosis concentrate [47]. In the case of Pt/Ti 

anodes, the formation of ClO3
− and ClO4

− increased with the initial Cl− concentration and with the 

pH [42]. It is wort to mention that the perchlorate production at BDD was decreased using a lower 

current density and a higher flow rate, that can, however, give rise to slower removals of organics 



[26] and a higher concentration of organics [46] that causes a depletion of hydroxyl radicals. In 

particular, for BDD anodes, the group of Serrano [48] has shown that, if the applied current density 

is close to the limiting current density, chlorides were oxidized almost only to hypochlorite; 

conversely, at higher current densities than that the limiting one, ClO− was converted in ClO4
−. 

Similarly, the group of Rodrigo has shown that, during the disinfection of an effluent of a municipal 

wastewater treatment plant by electrolysis at BDD anodes, the utilization of low current densities 

allows to avoid the formation of perchlorate [49]. Furthermore, these authors have shown that CHCl3, 

C2H4Cl2, C2HCl3, CHBrCl2, CHBr2-Cl, C2Cl4, CHBr3 concentrations were below the detection limit 

of the technique used (2 ppb) at any electrolysis-time. 

Another possible strategy to avoid the formation of chlorates and perchlorates may consist in the 

utilization of undivided cells equipped with carbon felt cathodes. These electrodes favor the cathodic 

reduction of oxygen to hydrogen peroxide that can, from one hand, contribute to the oxidation of 

organic pollutants and to the disinfection and, from the other hand, favor the conversion of chlorates 

to chlorine dioxide. Indeed, as reported by the group of Rodrigo [50], chlorine dioxide is considered 

a good disinfectant and oxidant with no tendency to form disinfection by-products for both DSA and 

BDD anodes. In this frame, since the cell design is a key factor [51-54], recently, the group of Rodrigo 

proposed also another route to avoid the formation of chlorate and perchlorate consisting in the 

utilization of a PEM-electrolyzer, equipped with diamond anodes, which involves very short 

hydraulic residence time [54]. 

 

Advantages and disadvantages and key aspects to be addressed 

On overall, the treatment of wastewater contaminated by organic pollutants and/or pathogen 

microorganisms by electro-generated active chlorine at suitable anodes presents various advantages 

with respect to chemical chlorination routes. First, a fast removal of organic matter and 



microorganisms occurs in the electrochemical cell due to the presence of various oxidation routes, 

involving both the homogeneous phase and the anode surface; second, the avoidance of transport and 

storage of dangerous chlorinated oxidants; and, third, the decrease of overall costs caused by the low 

operation costs that compensate the higher investment costs. In this frame, it is useful to remember 

that the electrolytic production of such oxidants become more interesting in the last years, due also 

to the decrease of the electric energy cost in many countries and the availability of electrodes with 

good performances. 

This method presents some advantages also with respect to direct electrochemical oxidation (carried 

out in the absence of chlorides) such as i) the potential utilization of less expensive electrodes with 

respect to BDD ones (that are the elective anodes for such processes) and ii) high current efficiency 

achieved even in the presence of low concentrations of organic pollutants, since the oxidation process 

with electro-generated active chlorine is not kinetically limited by the mass transport of the organics 

toward the anode surface. Furthermore, lower energetic consumptions are often reported. However, 

the utilization of electro-generated active chlorine presents also some relevant disadvantages with 

respect to the chlorination such as i) the utilization of less conventional reactors and ii) the difficult 

optimization of the process given by the presence of various oxidation routes. Moreover, both 

chemical and electrochemical chlorination present the critical disadvantage of a potential formation 

of undesired toxic chlorinated derivatives as detailed in the previous paragraph. 

On overall, in spite of the large number of papers devoted to this topic in the last two decades and the 

very promising results achieved, more studies are still necessary to determine a set of operative 

conditions that can guarantee a fast removal of organics and/or pathogen microorganisms coupled 

with the absence/minimization of toxic chlorinated substances at the end of the electrolysis at various 

kind of anodes, including DSA ones. In addition, a more detailed study of the effect of operating 

parameters on other relevant aspects such as the service life of anodes, especially in highly corrosive 

systems as concentrated chloride solutions, and on overall costs would be necessary.  



 

Declaration of competing interest 

The authors declare that they have no known competing financial interests or personal relationships 

that could have appeared to influence the work reported in this paper. 

Acknowledgment 

University of Palermo is acknowledged for its financial support. 

 

References and recommended reading 

[1] S. Trasatti; G. Lodi in Electrodes of Conductive Metallic Oxides, Part A; Edited by S. Trasatti, 

Elsevier Scientific Publishing Company, Amsterdam, 1980, pp. 301-358. 

https://doi.org/10.1002/bbpc.19810850527 

[2] L. Tomcsanyi, A. De Battisti, G. Hirschberg, K. Varga; J. Liszi, The study of the electrooxidation 

of chloride at RuO2/TiO2 electrode using CV and radiotracer techniques and evaluating by 

electrochemical kinetic simulation methods. Electrochim. Acta. 44 (1999) 2463-2472. 

https://doi.org/10.1016/S0013-4686(98)00381-8. 

[3] O. Scialdone, Electrochemical oxidation of organic pollutants in water at metal oxide electrodes: 

a simple theoretical model including direct and indirect oxidation processes at the anodic surface, 

Electrochim. Acta. 54 (2009) 6140-6147. https://doi.org/10.1016/j.electacta.2009.05.066. 

[4] * S. O. Ganiyu, C. A. Martínez‐Huitle, Nature, mechanisms and reactivity of electrogenerated 

reactive species at thin‐film Boron‐Doped Diamond (BDD) electrodes during electrochemical 

wastewater treatment, ChemElectroChem. 6 (2019) 2379 – 239. 

https://doi.org/10.1002/celc.201900159. 

 

It provided a comprehensive summary about reactive chloride species formed by the anodic oxidation 

of chlorides. 

 



[5] C. A. Martìnez-Huitle, M. Panizza, Electrochemical oxidation of organic pollutants for 

wastewater treatment, Current Opinion in Electrochemistry, 11 (2018) 62-71. 

https://doi.org/10.1016/j.coelec.2018.07.010 

 

[6] F. E. Duran, D. M. de Araújo, C. do Nascimento Brito, E. V. Santos, S. O.Ganiyu, C. A.Martínez-

Huitle, Electrochemical technology for the treatment of real washing machine effluent at pre-pilot 

plant scale by using active and non-active anodes, Journal of Electroanalytical Chemistry, 818 (2018) 

216-222. https://doi.org/10.1016/j.jelechem.2018.04.029 

 

[7] C. A. Martínez-Huitle, L. S. Andrade, Electrocatalysis in wastewater treatment: recent 

mechanism. Advances. Quim. Nova. 34 (2011) 850-858. https://doi.org/10.1590/S0100-

40422011000500021. 

[8] L. Szpyrkowicz, J. Naumczykt, F. Zilio-Grandi, Application of electrochemical processes for 

tannery wastewater treatment. Toxicol. Environ. Chem. 44 (1994) 189-202. 

https://doi.org/10.1080/02772249409358057 

[9] F. Bonfatti, S. Ferro, F. Lavezzo, M. Malacarne, G. Lodi, A. De Battisti, Electrochemical 

incineration of glucose as a model organic substrate II. Role of active chlorine mediation. J. 

Electrochem. Soc. 147 (2000) 592-596. https://doi.org/10.1149/1.1393238. 

[10] J. Boudreau, D. Bejan, S. Li, N. J. Bunce, Competition between electrochemical advanced 

oxidation and electrochemical hypochlorination of sulfamethoxazole at a Boron-Doped Diamond 

Anode. Ind. Eng. Chem. Res. 49 (2010) 2537-2542. https://doi.org/10.1021/ie900614d. 

[11] X. Chen, Y. Wang, W. Li, Z. Ding, Y. Lu, J. Ding, j. Zhang, W. Qi, W. Wei, X. Zhao, Anti-

bacterial performance, disinfection by-products control and optimization strategy in distributed 

potable water supply using electrolysis, J. Clean. Prod. 265 (2020) 121810. 

https://doi.org/10.1016/j.jclepro.2020.121810. 



[12] C. A. Martínez‐Huitle, E. Brillas, (2008). Electrochemical alternatives for drinking water 

disinfection. Angew. Chem. Int. Ed. 47 (2008) 1998 – 2005. https://doi.org/10.1002/anie.200703621. 

[13] J. Jeong, C. Kim, J. Yoon. The effect of electrode material on the generation of oxidants and 

microbial inactivation in the electrochemical disinfection processes. Water Res. 43 (2009) 895-901. 

https://doi.org/10.1016/j.watres.2008.11.033. 

[14] Y. He, H. Lin, Z. Guo, W. Zhan, H. Li, W. Huang, Recent developments and advances in boron-

doped diamond electrodes for electrochemical oxidation of organic pollutants, Separation and 

Purification Technology, 212 (2019) 802-821. https://doi.org/10.1016/j.seppur.2018.11.056 

[15] A.J. Kettle, A.M. Albrett, A.L. Chapman, N. Dickerhof, L.V. Forbes, I. Khalilova, R. Turner, 

Measuring chlorine bleach in biology and medicine, Biochim. Biophys. Acta, 1840 (2014) 781–793. 

https://doi.org/ 10.1016/j.bbagen.2013.07.004. 

[16] ** C.A. Martínez-Huitle, M.A. Rodrigo, I. Sirés, O. Scialdone, Single and coupled 

electrochemical processes and reactors for the abatement of organic water pollutants: a critical 

review. Chemical Reviews. 115 (2015) 13362-13407. https://doi.org/10.1021/acs.chemrev.5b00361. 

 

It provides an evaluation of advantages and disadvantages of the treatment of wastewater by electro-

generated active chlorides.  

 

[17] E. Mostafa, P. Reinsberg, S. Garcia-Segura, H. Baltruschat, Chlorine species evolution during 

electrochlorination on boron-doped diamond anodes: In-situ electrogeneration of Cl2, Cl2O and ClO2 

Electrochim. Acta. 281 (2018) 831-840. https://doi.org/10.1016/j.electacta.2018.05.099. 

[18] D. Chianca de Moura, C. K. Costa de Araújo, C.L.P.S. Zanta, R. Salazar, C. A. Martínez-Huitle, 

Active chlorine species electrogenerated on Ti/Ru0.3Ti0.7O2 surface: Electrochemical behavior, 

concentration determination and their application, J Electroanal. Chem. 731 (2014) 145–152. 

https://doi.org/10.1016/j.jelechem.2014.08.008. 



[19] S.C. Powell, The active species in drinking water chlorination: the case for Cl2O, Environ. Sci. 

Technol. 44 (2010) 3203-3203. https://doi.org/10.1021/es100800t. 

[20] Y.-K. Huang, S. Li, C. Wang, Simultaneous removal of COD and NH3‐N in secondary effluent 

of high‐salinity industrial waste‐water by electrochemical oxidation. J. Chem. Technol. Biotechnol. 

87 (2012) 130-136. https://doi.org/10.1002/jctb.2692. 

[21] A.Y. Bagastyo, D. J. Batstone, I. Kristiana, W. Gernjak, C. Joll, J. Radjenovic, Electrochemical 

oxidation of reverse osmosis concentrate on boron-doped diamond anodes at circumneutral and acidic 

pH. Water Res. 46 (2012) 6104-6112. https://doi.org/10.1016/j.watres.2012.08.038. 

[22] A. Cabeza, A. M. Utiaga, I. Ortiz, Electrochemical treatment of landfill leachates using a boron-

doped diamond anode, Ind. Eng. Chem. Res. 46 (2007) 1439-1446. 

https://doi.org/10.1021/ie061373x. 

[23] J Zou, X. Peng, M. Li, Y. Xiong, B. Wang, F. Dong, B. Wang, Electrochemical oxidation of 

COD from real textile wastewaters: Kinetic study and energy consumption, Chemosphere. 171 (2017) 

332-338. https://doi.org/10.1016/j.chemosphere.2016.12.065. 

[24] D. D. Pereira de Sousa, C. F. Pinto, M. A. Tonhela, A. C. Granato, A. J. Motheo, A. de Faria 

Lima, D. C. Ferreira, D. M. Fernandes, A. L. de Toledo Fornazari, G. R. P. Malpass, Treatment of 

real dairy wastewater by electrolysis and photo-assisted electrolysis in presence of chlorides, Water 

Sci. Technol. 80 (2019) 961–969. https://doi.org/10.2166/wst.2019.339. 

[25] C. A. Martinez-Huitle, S. Ferro, Electrochemical oxidation of organic pollutants for the 

wastewater treatment: direct and indirect processes. Chem. Soc. Rev. 35 (2006) 1324-1340. 

https://doi.org/10.1039/B517632H. 

[26] M.E.H. Bergmann, J. Rollin, T. Iourtchouk, The occurrence of perchlorate during drinking water 

electrolysis using BDD anodes, Electrochim. Acta 54 (2009) 2102–2107. 

https://doi.org/10.1016/j.electacta.2008.09.040. 



[27] J. D García-Espinoza, P. Mijaylova-Nacheva, M. Avilés-Flores, Electrochemical carbamazepine 

degradation: effect of the generated active chlorine, transformation pathways and toxicity, 

Chemosphere. 192 (2018) 142-151. https://doi.org/10.1016/j.chemosphere.2017.10.147. 

[28] O. Scialdone, S. Randazzo, A. Galia, G. Silvestri, Electrochemical oxidation of organics in 

water: role of operative parameters in the absence and in the presence of NaCl, Water Res. 43 (2009) 

2260–2272. https://doi.org/10.1016/j.watres.2009.02.014. 

[29] G. A. de Vera, W. Gernjak, J. Radjenovic, Predicting reactivity of model DOM compounds 

towards chlorine with mediated electrochemical oxidation, Water Res. 114 (2017) 113–121. 

https://doi.org/10.1016/j.watres.2017.01.038. 

[30] S. Spahr, O. A. Cirpka, U. von Gunten, T. B. Hofstetter, Formation of N-Nitrosodimethylamine 

during Chloramination of Secondary and Tertiary Amines: Role of Molecular Oxygen and Radical 

Intermediates, Environ. Sci. Technol. 51 (2017) 280–290. https://doi.org/10.1021/acs.est.6b04780. 

[31] S. D. Richardson, New disinfection by-product issues: emerging DBPs and alternative routes of 

exposure, Glob. Nest. 7 (2005) 43–60. https://doi.org/10.30955/gnj.000320. 

[32] Allard, J. Tan, C. A. Joll, U. von Gunten, Mechanistic study on the formation of Cl-/Br-/I-

trihalomethanes during chlorination/chloramination combined with a theoretical cytotoxicity 

evaluation, Environ. Sci. Technol. 49 (2015) 11105–11114. https://doi.org/10.1021/acs.est.5b02624. 

[33] J. T. Jasper, O. S. Shafaat, M. R. Hoffmann, Electrochemical transformation of trace organic 

contaminants in latrine wastewater, Environ. Sci. Technol. 50 (2016) 10198–10208. 

https://doi.org/10.1021/acs.est.6b02912. 

[34] J. T. Jasper, Y. Yang, M. R. Hoffmann, Toxic byproduct formation during electrochemical 

treatment of latrine wastewater, Environ. Sci. Technol. 51 (2017) 7111–7119. 

https://doi.org/10.1021/acs.est.7b01002. 

[35] * Bergmann, M. E. H.; Rollin, J. Product and by-product formation in laboratory studies on 

disinfection electrolysis of water using boron-doped diamond anodes, Catal. Today. 124 (2017) 

198−203. https://doi.org/10.1016/j.cattod.2007.03.038. 



 

It provides a clear description of substances formed during disinfection electrolysis with BDD. 

 

[36] S. Cotillas, E. Lacasa, C. Sáez. P. Cañizares, M. A.Rodrigo, Disinfection of urine by conductive-

diamond electrochemical oxidation, Applied Catalysis B: Environmental, 229 (2018) 63-70. 

https://doi.org/10.1016/j.apcatb.2018.02.013. 

[37] B. P. Chaplin, Critical review of electrochemical advanced oxidation processes for water 

treatment applications, Environ. Sci. Process. Impacts. 16 (2014) 1182–1203. 

https://doi.org/10.1039/C3EM00679D.  

[38] J. Wenk, M. Aeschbacher, E. Salhi, S. Canonica, U. von Gunten, M. Sander, Chemical oxidation 

of dissolved organic matter by chlorine dioxide, chlorine, and ozone: effects on its optical and 

antioxidant properties, Environ. Sci. Technol. 47 (2013) 11147–11156. 

https://doi.org/10.1021/es402516b. 

[39] L. Szpyrkowicz, R.  Cherbanski, G. H.  Kelsall, Hydrodynamic effects on the performance of an 

electrochemical reactor for destruction of disperse dyes, Ind. Eng. Chem. Res. 44 (2005) 2058− 2068. 

https://doi.org/10.1021/ie049444k. 

[40] C. R. Costa, F. Montilla, E. Moralloń, P. Olivi, Electro-chemical oxidation of acid black 210 dye 

on the Boron-Doped Diamond Electrode in the presence of phosphate ions: effect of current density, 

pH, and chloride ions, Electrochim. Acta 54 (2009) 7048−7055. 

https://doi.org/10.1016/j.electacta.2009.07.027. 

[41] A. Y. Bagastyo, J. Radjenovic, Y. Mu, R. A: Rozendal, D. J. Batstone, K. Rabaey, 

Electrochemical oxidation of reverse osmosis concentrate on Mixed Metal Oxide (MMO) titanium 

coated electrodes. Water Res. 45 (2011) 4951−4959. https://doi.org/10.1016/j.watres.2011.06.039. 

[42] Y. J. Jung, K. W. B.  Baek, S. Oh, J. W. Kang, An Investigation of the formation of chlorate and 

perchlorate during electrolysis using Pt/Ti electrodes: The effects of pH and reactive oxygen species 



and the results of kinetic studies. Water Res. 44 (2010) 5345− 5355. 

https://doi.org/10.1016/j.watres.2010.06.029. 

[43] A. M. Polcaro, A. Vacca, M. Mascia, S. Palmas, J. Rodiguez Ruiz, Electrochemical treatment of 

waters with BDD anodes: kinetics of the reactions involving chlorides, J. Appl. Electrochem. 

39 (2009) 2083−2092. https://doi.org/10.1007/s10800-009-9870-x 

[44] O. Scialdone, E. Corrado, A. Galia, I. Sireś, Electrochemical processes in macro and microfluidic 

cells for the abatement of chloroacetic acid from water, Electrochim. Acta. 132 (2014) 15-24. 

https://doi.org/10.1016/j.electacta.2014.03.127. 

[45] O. Azizi, D. Hubler, G. Schrader, J Farrell, B. P. Chaplin, Mechanism of perchlorate formation 

on Boron-Doped Diamond anodes, Environ. Sci. Technol., 45 (2011) 10582−10590. 

https://doi.org/10.1021/es202534w. 

[46] A. Donaghue, B. P. Chaplin, Effect of select organic compounds on perchlorate formation at 

Boron-Doped Diamond film anodes. Environ. Sci. Technol. 47 (2013) 12391−12399. 

https://doi.org/10.1021/es4031672. 

[47] A. Y. Bagastyo, D. J. Batstone, K. Rabaey, J. Radjenovic, Electrochemical oxidation of 

electrodialysed reverse osmosis concentrate on Ti/Pt–IrO2, Ti/SnO2–Sb and boron-doped diamond 

electrodes, Water Res. 47 (2013) 242–250. https://doi.org/10.1016/j.watres.2012.10.001. 

[48] * Y. Lan, C. Coetsier, C. Causserand, K.G. Serrano, On the role of salts for the treatment of 

wastewaters containing pharmaceuticals by electrochemical oxidation using a boron doped diamond 

anode, Electrochim. Acta. 231 (2017) 309–318. https://doi.org/10.1016/j.electacta.2017.01.160. 

 

It provides important insight on the formation of chlorate and perchlorate. 

 

[49] ** A. Cano, P. Cañizares, C. Barrera, C. Sáez, M. A.Rodrigo, Use of low current densities in 

electrolyses with conductive-diamond electrochemical—oxidation to disinfect treated wastewaters 



for reuse, Electrochem. Commun. 13 (2011) 1268–1270. 

https://doi.org/10.1016/j.elecom.2011.08.027 

 

It provides important insight on the minimization of chlorate and perchlorate formation. 

 

[50] * S. Cotillas, J. Llanos, M. A. Rodrigo, P. Canizares, Use of carbon felt cathodes for the 

electrochemical reclamation of urban treated wastewaters, Appl. Catal. B, 162 (2015) 252-259. 

https://doi.org/10.1016/j.apcatb.2014.07.004. 

 

It provides important information on possible routes for the minimization of chlorate and perchlorate 

formation 

 

[51] J. Isidro, J. Llanos, C. Saez, J. Lobato, P. Canizares, M.A. RodrigoPre-disinfection columns to 

improve the performance of the direct electro-disinfection of highly faecal-polluted surface water 

J. Environ. Manage., 222 (2018), pp. 135-140. https://doi.org/10.1016/j.jenvman.2018.05.040 

[52] A. De Battisti, P. Formaglio, S. Ferro, M. Al Aukidy, P. Verlicchi, Electrochemical disinfection 

of groundwater for civil use - An example of an effective endogenous advanced oxidation process, 

Chemosphere, 207 (2018), pp. 101-109. https://doi.org/10.1016/j.chemosphere.2018.05.062 

[53] J. Isidro, D. Brackemeyer, C. Sáez, J. Llanos, J. Lobato, P. Cañizares, T. Matthee, M.A.Rodrigo, 

Operating the CabECO® membrane electrolytic technology in continuous mode for the direct 

disinfection of highly fecal-polluted water, Sep. Purif. Technol., 208 (2019), pp. 110-115 

https://doi.org/10.1016/j.seppur.2018.04.070 

[54] J. Isidro, D. Brackemeyer, C. Sàez, J. Llanos, J. Lobato, P. Cañizares, T. Matthée, M. A. Rodrigo, 

Electro-disinfection with BDD-electrodes featuring PEM technology, Sep.Purif. Technol. 248 (2020) 

117081. https://doi.org/10.1016/j.seppur.2020.117081. 



[55] C. Zhang, X. Du, Z. Zhang, D. Fu, The peculiar roles of chloride electrolytes in BDD anode 

cells, RSC Adv., 2016, 6, 65638. 

 


