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Abstract  14 

 15 

The electrochemical oxidation of the antibiotic Norfloxacin (NOR) in chloride media on different 16 

anodic materials was studied at two different electrochemical reactors. The results were 17 

compared with those obtained in sulphate media. The anodes under study were a commercial 18 

boron-doped diamond (BBD) and two different ceramic electrodes based on tin oxide doped 19 

with antimony oxide in the presence (CuO) and absence (BCE) of copper oxide as sintering aid. 20 

The reactors employed were a one-compartment reactor (OCR) and a two-compartment one 21 

with a membrane separating both electrodes (EMR). The use of the membrane clearly enhanced 22 

both NOR degradation and TOC mineralization for all the anodic materials studied since some 23 

parallel reactions were avoided. Additionally, two different pathways for NOR oxidation were 24 

observed as a function of the reactor employed. The EMR also favoured the ionic by-products 25 

generation and the electrolyte dechlorination. NO3
- increased with the oxidation power of the 26 

anode employed and it was also enhanced by the EMR use. Chloride media favours ceramic 27 

electrodes performance independently of the reactor employed as they did not generate an 28 

excess of oxidants as BDD did. The BCE electrode is an interesting alternative to BDD since 29 

although its oxidative power was lower, it presented similar current efficiency with lower energy 30 

consumption. 31 

 32 

Keywords: Norfloxacin (NOR), boron-doped diamond (BDD) anode, ceramic anodes, electro-33 

oxidation, electrochemical membrane reactor. 34 
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1- Introduction 36 

Norfloxacin (NOR) is a fluoroquinoline (FQ) carboxylic acid extensively employed in the 37 

treatment of infectious diseases, as cattle growth promotor and in aquaculture (da Silva et al., 38 

2018; Huang et al., 2008; Mora-Gómez et al., 2018). This FQ has become an emerging pollutant 39 

(EP) because of the inefficiency of its treatment at conventional wastewater treatment plants. 40 

Its presence in body waters, whose concentration has increased during these last years, appears 41 

as a risk to human health (da Silva et al., 2018; Jojoa-Sierra et al., 2017; Ma et al., 2018). 42 

Consequently, new advanced oxidation processes must be developed to treat these kinds of 43 

contaminants. Among them, the electrochemical-oxidation (ELOX) of refractory organic 44 

compounds showed a very good performance (Ghernaout et al., 2011; Guzmán-Duque et al., 45 

2014; Urtiaga et al., 2018). Furthermore, ELOX techniques show adaptability, relative low cost 46 

implementation, environmental-friendly, efficiency, no addition of chemical compounds and 47 

easy automatization (Comninellis, 2010; Jojoa-Sierra et al., 2017; Sánchez-Montes et al., 2018; 48 

Sopaj et al., 2015). Depending on the anode material and the electrolyte composition, some 49 

different oxidants such as H2O2, ·OH, persulfate, active chlorine species, etc. can be formed 50 

(Guzmán-Duque et al., 2014; Jojoa-Sierra et al., 2017). 51 

 52 

Among the materials employed in ELOX, boron doped diamond (BDD) anodes appear as one of 53 

the most used materials because of their good properties, but these anodes  present an 54 

expensive and complex fabrication process that make them not suitable for the treatment of 55 

high effluent volumes. Then, the development of low cost electrodes emerges as an interesting 56 

alternative. Different metal oxides, based on PbO2 or SnO2, have been tested thanks to their 57 

good resistance to corrosion, high oxygen overpotential and low fabrication cost (Martínez-58 

Huitle and Panizza, 2018; Santos et al., 2011; Tong et al., 2008; Wang et al., 2016; Zhao et al., 59 

2010). However, these kinds of electrodes may present a low mechanical resistance, due to 60 

inner stresses, and/or chemical resistance, such as substrate oxidation.  61 
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 62 

In the present work, the performance of novel ceramic electrodes based on SnO2 doped with 63 

Sb2O3 (basic ceramic electrode or BCE), without and with CuO (CuO electrode) as sintering aid is 64 

evaluated in chloride media, which is an anion usually present in the effluent to be treated. 65 

These results are also compared with those obtained with a commercial BDD. Furthermore, two 66 

kind of electrochemical reactors with (EMR) and without (OCR) a membrane separating the 67 

cathodic compartment from the anodic one are also analysed. The use of an electrochemical 68 

membrane reactor has been reported useful as it avoids non-desirable cathodic reactions, such 69 

as the recombination of organic by-products, the cathodic destruction of oxidants or their 70 

recombination with H2O2 (Brillas et al. 2009). Finally, the behaviour of these electrodes in both 71 

reactors is also compared with previous works using sulphate media (Mora-Gomez et al., 2019; 72 

Mora-Gómez et al., 2018). 73 

 74 

  75 
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2- Experimental 76 

The one cell reactor, OCR, is based on a Pyrex glass of 250 cm3 whereas the EMR consisted of 77 

two pyrex glasses, each with the same volume as the OCR, and with a NAFION-117 (from 78 

Dupont®) acting as cation-exchange membrane between the compartments. The OCR was filled 79 

with a 100 ppm of NOR in a sodium chloride (from Panreac®) solution of 1.64 gL-1. This solution 80 

was used as anolyte in the EMR while a solution of pure electrolyte with the same concentration 81 

was employed as catholyte. Figure 1 shows a schematic representation of both reactors 82 

employed. The solutions were prepared ultrapure HPLC water (from Sigma-Aldrich® and Fisher 83 

Chemical) and they were vigorously stirred with a magnetic bar to ensure the reactants 84 

transport. NOR solutions were made from grade reagents and when employed to made patrons 85 

and from pharmaceutical pills for the electrolysis solutions. These pills were smashed, dissolved 86 

in ultrapure water and filtered using 56 µm fibre glass filters to remove excipients. 87 

 88 

 89 

Fig. 1: Schematic representation of OCR (left) and EMR (right) including a simplified diagram of 90 

the reactions expected. 91 

 92 
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The cathode was an AISI 304 stainless steel sheet of 20 cm2 while the reference one consisted 93 

of a standard Ag/AgCl saturated KCl electrode. Regarding the anode, three different materials 94 

were tested: a BDD with a 2500 ppm doping level (from NEOCOAT SA®, Switzerland) and two 95 

new microporous SnO2 ceramic electrodes, both doped with Sb2O3 but with (CuO electrode) or 96 

without CuO (BCE electrode) as sintering agent. The contact surface for all the anodes employed 97 

was 5.28 cm2. The synthesis of the ceramic electrodes is well explained in previous works (Mora-98 

Gomez et al., 2019; Mora-Gómez et al., 2018). These electrodes presented a high stability and 99 

no changes not only in their surface but also in their performance as anodes were observed after 100 

an accelerated life test (Mora-Gomez et al., 2020). As shown in Table 1, SnO2 is the main 101 

component of the ceramic matrix (purity 99.85%, Quimialmel® S.A., Spain), Sb2O3 as is added as 102 

a dopant (purity 99%, Alfa-Aesar®, Germany), and CuO (at Copper electrodes) as a sintering aid 103 

(purity 97%, Panreac® S.A., Spain). 104 

 105 

Table 1: Composition (% of molar ratio) of the ceramic electrodes. 106 

 SnO2 Sb2O3 CuO 

BCE 98 2 -- 

CuO 97.8 1 1.2 

 107 

Electrooxidation experiments were carried out under galvanostatic conditions at 76 mA/cm2 by 108 

the use of a power supply. The operation variables, such as electrode potential, cell voltage or 109 

current, were recorded during the experiment while samples were taken from the reactor each 110 

30 min. All the experiments were performed at room temperature for 4h. NOR degradation was 111 

followed by the measure of the samples’ absorbance at 275nm using a Unicam UV4-200 UV/vis 112 

spectrometer. Additionally, NOR mineralization was determined by measuring both total 113 
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organic carbon (TOC) and inorganic ions (NH4
+, NO3

- F- and carboxylic acids.) using a Shimadzu 114 

TNM-L ROHS TOC analyser and Metrohm Ionic Chromatograph 883 Basic IC Plus, respectively. 115 

The products of the electrolyte oxidation (ClO2
-, ClO3

-, ClO4
-) were also detected. On the other 116 

hand, the intermediates generated during the electrochemical degradation of NOR were 117 

analysed by an UHPLC coupled with a quadrupole time-of-flight mass spectrometer (UHPLC-118 

QTOF-MS/MS). Both UHPLC and QTOF facilities were from Agilent, 1290 Infinity II liquid 119 

chromatography system and 6530 Q-TOF LC/MS, respectively. Statistical data and compound 120 

identification were carried out by Agilent Mass Hunter software. 121 

In order to compare the performance of all the anodic materials together with the type of 122 

reactor employed some electrochemical parameters were calculated such as the extent of 123 

electrochemical combustion (φZn), the mineralization current efficiency (MCE) and the specific 124 

energy consumption (Es) (Coledam et al., 2018, 2016; da Silva et al., 2018; Guinea et al., 2010; 125 

Mora-Gomez et al., 2019).  126 

The first one, φNOR, represents the NOR fraction that is completely mineralized and is obtained 127 

as follows:  128 

∅ =  
%𝑇𝑂𝐶𝑟𝑒𝑚𝑜𝑣𝑎𝑙

%𝑁𝑂𝑅𝑟𝑒𝑚𝑜𝑣𝑎𝑙
     (1) 129 

This parameter varies from 0 to 1, where the 0 indicates a process without combustion while a 130 

1 represents a complete mineralization. 131 

Regarding MCE, it shows how much current is used in the TOC mineralization for a given time t 132 

(min) in relation to the total current applied, and is calculated as follows: 133 

𝑀𝐶𝐸 =
𝑛𝐹𝑉∆(𝑇𝑂𝐶)𝑡

7.2·105𝑚𝐼𝑡
     (2) 134 

where F is the Faraday constant, V is the volume of the reactor (in L), I is the applied current (A), 135 

Δ(TOC)t is the removed total organic carbon (mg C · L-1) at a given time, m is the number of C 136 
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atoms in a NOR molecule (16), 7.2 · 105 is the conversion factor for the units homogenization 137 

(60 s·min-1 · 12000 mg C mol-1), and n is the number of electrons transferred in the mineralization 138 

process which was assumed as 90 considering the complete mineralization of NOR into CO2, F- 139 

and NO3
- present in reaction (3). This assumption was corroborated during the measurement of 140 

the ions generated during the experiments as will be seen at the results and discussion section, 141 

and was also observed by other authors (da Silva et al., 2018): 142 

C16H18FN3O3 + 38 H2O → 16 CO2 + 3 NO3
- + F- + 94 H+ + 90 e-  (3) 143 

Finally, Es per unit of TOC (kWh mgTOC
-1) is a useful tool that shows the energetic cost associated 144 

with the reactor operation. This parameter was calculated as:  145 

𝐸𝑠 =
∫ 𝑈(𝑡)·𝐼 𝑑𝑡

𝑡

0

𝛥(𝑇𝑂𝐶)𝑡·𝑉
      (4) 146 

where U is the cell potential (V).  147 

 148 

3- Results 149 

3.1- Effect of the electrochemical reactor employed 150 

Fig. 2 presents the C/C0 decay profile for both reactors employed. The use of the membrane 151 

assures the NOR practical complete degradation independently of the anodic material 152 

employed. Comparing the results in the presence and absence of the membrane, it is inferred 153 

that its presence clearly enhances NOR oxidation, especially for the ceramic electrodes (Figs. 2 154 

a) and c)).  155 

Additionally, the UV-spectra evolution with time obtained for the EMR is shown for the 156 

electrodes under study at Figs. 3 a) - c) while this spectrum for NOR degradation at OCR with a 157 

BCE is presented at Fig. 3 d). This spectrum shows two main peaks for the initial sample, at 276 158 
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nm and 330 nm, related to ring absorption and the electronic transition of the quinolones 159 

nitrogen atom from n → ∏* (HOMO-LUMO), respectively (Mora-Gomez et al., 2018; 160 

Neugebauer et al., 2005). However, when the electrolysis began, Figs 3 a) – c) present very 161 

similar results that greatly differ from the ones obtained with the OCR (Fig. 3 d)). This fact 162 

suggests that the anode – cathode separation helps to homogenise the by-products formed 163 

during the NOR degradation. Furthermore, the intermediates generated with the EMR did not 164 

cause any interference in the NOR measurement, whose peak diminished with time, while for 165 

the OCR a peak displacement from 276 to 290 nm was observed, which is associated with the 166 

formation of a more chromophore substituent. Consequently, a different degradation pathway 167 

for both reactors can be suggested (Woodward, 1942a, 1942b, 1941; Woodward and Clifford, 168 

1941) Concerning the HOMO-LUMO peak, at 330 nm, it completely disappeared during the first 169 

electrolysis instants, independently of both anodic material or reactor employed, which suggests 170 

that this N atom is one of the firsts atoms affected during NOR oxidation. Conversely, a new 171 

absorption peak appeared among 200 and 220 nm, independently of both reactor and material 172 

used, which is related to the generation of short chain carboxylic acids (Coledam et al., 2016; 173 

Mora-Gomez et al., 2018) as can also be seen in the ionic analysis section. 174 

 175 
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Fig. 2: C/C0 decay profile as a function of the reactor employed (OCR and EMR) for the 176 

different anode materials: CuO (a)), BDD (b)), BCE (c)).  177 

  

  

Fig. 3: UV-spectrum profile obtained as a function of the anode and reactor employed for the: 178 

CuO-EMR (a)), BDD-EMR (b)), BCE-EMR (c)) and BCE-OCR (d)).  179 

 180 

Regarding TOC evolution profile with electrolysis time, Fig. 4, it is clearly observed that the use 181 

of a membrane separating cathode from anode highly improved TOC decrease for all the 182 

materials tested. It may be associated with the fact that an acidic environment is formed when 183 

the EMR is used, which enhances the electron transfer kinetic. Certainly, the acid dissociation 184 
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renders a precursor reaction for the electrochemical degradation pathway (Carlesi Jara et al., 185 

2007; Mora-Gomez et al., 2019). Therefore, the membrane presence not only enhances the NOR 186 

mineralization but also changes the oxidation mechanism. This may be related to the fact that 187 

it avoids some cathodic processes, like the recombination of organic by-products (Brillas et al., 188 

2009), the cathodic destruction of oxidants or their recombination with H2O2. 189 

 190 

  

 

Fig. 4: TOC/TOC0 decay profile as a function of the reactor employed (OCR and EMR) for the 191 

different anode materials: CuO (a)), BDD (b)), BCE (c)).  192 

 193 

From both Figs. 2 and 4, it is concluded that both NOR degradation and TOC mineralization 194 

follow pseudo first order kinetics and, therefore, the values of the apparent first-order kinetic 195 

constants may be determined and are shown in Table 2. The values of kapp for TOC degradation 196 

are lower than those obtained for NOR degradation, as expected from Figs. 2 and 4. Comparing 197 

the values for the two kind of reactors used, it is clearly inferred that the use of a membrane 198 
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enhanced not only NOR degradation but also TOC mineralization, where the values of the 199 

apparent kinetic constant increases up to 1 order of magnitude with the use of a membrane. 200 

Regarding the oxidation power of the anodes used, the BDD appears as the most effective 201 

anode, closely followed by the BCE and, finally, the CuO is shown as the weakest anode. 202 

 203 

Table 2: Apparent first-order kinetic constant values (min-1) for NOR degradation and 204 

mineralization for each anode material and electrochemical reactor employed.  205 

kapp/ Anode  CuO BDD BCE 

 EMR OCR EMR OCR EMR OCR 

NOR 0.009 0.008 0.084 0.0127 0.072 * 

TOC 0.0019 0.0007 0.0117 0.0031 0.0059 0.0031 

* This value couldn’t be determined due to the interferences in NOR measurement caused by its intermediates.  206 

 207 

3.2- Intermediates and ionic analysis 208 

The main intermediates obtained from NOR degradation in NaCl media were determined for 209 

both reactors from the UHPLC-QTOF-MS/MS analysis. Twelve organic intermediates were 210 

identified based on the fragmentation products together with a Mass Hunter analysis. From 211 

these results, two main pathways were distinguished as a function of the reactor employed.  212 

First of all, when the EMR was employed Fig. 5 a), the first degradation step was the 213 

defluorination of the benzene ring by a hydroxylation reaction forming the P1 compound. 214 

Afterwards, the hydroxylation of the quinolone and the benzene ring started. According to 215 

another authors, quinolone moiety is an active group that can be easily oxidized (Guo et al., 216 

2016; Ma et al., 2018). Especially, the double bound close to quinolone group is the first one 217 

cleaved due to its proximity to a carboxylic group (I1) (Liu et al., 2012; Ma et al., 2018). Although 218 



13 
 

I1 was no detected, the P2 compound identified could come from the I1 decarboxylation. Then, 219 

another decarboxylation process generated the P3 compound that may form I2, not detected, 220 

after a decarboxylation combined with the chlorination of the quinolone N. P4 was generated 221 

after the cleavage of the ethyl group linked to the quinolone that is also substituted by a chlorine 222 

atom. Finally, the lighter product detected, P5, was formed after the loss of N from the 223 

quinolone. This P5 seems a precursor of the heaviest carboxylic acid detected from ionic 224 

chromatography, phthalate, which could be generated after the carboxylation or the 225 

chlorination of the piperazine ring. 226 

On the other hand, the degradation pathway observed with the OCR is presented at Fig. 5 b). 227 

Any active chlorine compound attacked the secondary amine of the piperazine ring to form P’1 228 

(C. Dodd et al., 2005), followed by a concerted fragmentation that causes the C-C bond cleavage 229 

(Jojoa-Sierra et al., 2017), generating the imine I’1, not detected. The hydrolysis of I’1 yielded to 230 

P’2 that, after the chlorination of both primary and secondary amines of the piperazine ring 231 

formed I’2, not detected, which generated P4’ following the same attack scheme of P’1. Further 232 

Cl attack of the remaining N of piperazine ring together with the defluorination of the benzene 233 

ring yielded to P’5. Afterwards, the decarboxylation and the chlorine attack of the N atom of the 234 

quinolone ring generated the intermediate I’3, not detected, whose cleavage formed the lighter 235 

intermediate compound detected P’6. As commented for EMR, P’6 also seems a precursor of 236 

phthalate. 237 

 238 
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239 

240 

Fig. 5: By-products detected and degradation pathway suggested during the electrochemical 241 

NOR degradation in EMR a) or OCR b). 242 
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Fig. 6 depicts the depletion percentage of the main ions generated during the NOR oxidation 243 

process, that is, denitrogenation, defluorination and the fraction of the remaining TOC 244 

associated with the carboxylic acids for all the electrodes under study with the two reactors 245 

employed. Furthermore, the dechlorination of the electrolyte was also measured. From this 246 

figure it can be concluded that the use of a membrane reactor highly enhances NOR oxidation 247 

for all the anodic materials tested. 248 

Regarding the N-based ions generated during NOR electro-oxidation, some works detect NH4
+ 249 

as main ion (Mora-Gomez et al., 2019; Özcan et al., 2016) while in others only NO3
- was 250 

considered (da Silva et al., 2018). At the present study, not only no ammonium was detected 251 

but also both nitrite and nitrate were formed from the first electrolysis instants. However, 252 

depending on the anode material nitrite or nitrate was the main ion detected. BDD showed more 253 

NO3
- ions, practically for the beginning, while for the CuO electrode NO2

- was the main ion 254 

formed, independently of the reactor employed. Nevertheless, for the BCE depended on the 255 

reactor employed, that is, for the EMR nitrate was the main N-ion while for the OCR, was the 256 

nitrite. This may be related to the higher dechlorination obtained with the BCE-EMR, whose 257 

values were close to those obtained by the BDD-OCR since the active Cl species can oxidize N to 258 

nitrate.  259 

Concerning the defluorination rate, the use of a membrane clearly improves its value. This may 260 

be associated with the pathways explained for each kind of reactor in Fig. 5 since at the EMR the 261 

fluoride disappeared from the very beginning while at the OCR after some degradation steps. 262 

Furthermore, the TOC remaining not only was lower in the EMR but also a higher % is caused by 263 

carboxylic acids which assured fluoride had been released to the solution.  264 

As previously mentioned, the use of a membrane reactor favours NOR mineralization as less 265 

oxidizing species are wasted in parallel reactions and the recombination of the organic 266 

intermediates on the cathode is also avoided. Additionally, these lower TOC values are related 267 
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to the presence of carboxylic acids, which ranged from formic to phthalic, and are easily- 268 

biodegradable molecules, decreasing the toxicity of the by-products obtained. 269 

Regarding the dechlorination levels, the use of a EMR enhances this parameter for all the 270 

materials studied as the possible reduction of chlorine species is completely avoided. Comparing 271 

the behaviour of the different materials analysed, the ceramic electrodes appears to be less 272 

effective at generating oxidative species (CuO > BCE) than the BDD one. 273 

Finally, although the BDD anode presents the higher oxidizing power, the BCE-EMR presents 274 

results slightly higher than those obtained for the BDD-OCR, appearing the former combination 275 

as an interesting alternative. 276 

 277 

Fig. 6: % of elimination of N ions (dN), fluorine (dF), chloride (dCl) and TOC related to short 278 

chain carboxylic acids (%TOC RCOOH) after the electrolysis of NOR for each reactor and 279 

electrode material studied.  280 

 281 

3.4- Media composition effect   282 

Fig. 7 summarizes the effect of media composition on TOC mineralization for both reactors 283 

employed and all the anodes under study. In this point, the data regarding with sulphate media 284 

(2 g/L) for the BCE and the BDD anodes have been extracted from a previous work (Mora-Gomez 285 

et al., 2019). It is worth to note that for both ceramic electrodes, the chloride media provided 286 
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better results for both reactors. However, for the BDD anode, the result was completely 287 

opposite with and without a membrane. This result could be related to the oxidizing power of 288 

the anodes studied and the different oxidizing species formed depending on the electrolyte 289 

employed. The most powerful anode was the BDD one, as discussed above. Then, the use of 290 

chloride media provided more substances to be oxidized by direct and mediated oxidation. The 291 

higher the amount of oxidants presents in the solution, the higher the probability of reacting 292 

among themselves. Furthermore, chloride oxidation species formed some recalcitrant 293 

intermediates, organic chlorinated compounds, as can be seen from Fig. 6 that could diminish 294 

the oxidation power of BDD in chloride media regarding sulphate media. 295 

On the other hand, the more active ceramic electrodes that cannot generate the same amount 296 

of the highly oxidative sulphate and hydroxyl radicals could generate, instead of this, a higher 297 

amount of chloride oxidative species which allows a higher degradation and mineralization rates 298 

as chlorine active species have been demonstrated as able to degrade NOR (Jojoa-Sierra et al., 299 

2017). This different behaviour was also observed between BDD and other active electrodes, 300 

such as DSA or Pt anode, where chloride media enhanced mineralization for the active electrode 301 

while it slightly diminished TOC depletion for the BDD anodes (Madsen et al., 2015; 302 

Murugananthan et al., 2011; Wu et al., 2009).  303 

 304 

 305 

 306 

 307 

 308 
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Fig. 7: TOC/TOC0 decay profile as a function of the reactor employed (OCR and EMR) for both 309 

chloride (full marks) and sulphate media (empty marks) and the different anode materials: 310 

CuO (a)), BDD (b)), Sb2O3 (c)). 311 

 312 

Furthermore, the analysis of some figures of merit comparing the behaviour of both reactors 313 

using these two electrolytes is also performed in order to obtain a deeper knowledge about the 314 

different electrodes performance to select the better working conditions. As the behaviour 315 

showed by all the anodes presented the same trends, Fig. 8 depicts the evolution of the 316 

electrochemical extent, mineral current efficiency and specific energy consumption only for the 317 

BCE. Concerning φ, Fig. 8 a), the use of an EMR enhances this parameter as the TOC depletion 318 

increases more than NOR degradation. Additionally, this parameter increases with time, 319 

indicating that the NOR and its larger intermediates degradation occur faster than its complete 320 

mineralization. The use of the chloride media slightly increases φ with the ceramic electrodes 321 

but not for the BDD (not shown) due to its higher inactivity and oxidizing power, as 322 

aforementioned. Ordering the anodes according to this parameter, BDD>BCE>CuO. 323 
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 324 

Regarding the MCE, Fig 8 b), it decreases with time independently of the reactor or electrolyte 325 

employed, which is typical behaviour of an electrolysis under mass transfer control. The use of 326 

an EMR greatly increases this parameter as it avoids the parasitic cathodic reactions, such as the 327 

destruction of the oxidant or the recombination of organic by-products. In this case, the use of 328 

chloride media highly increases this parameter as the main N-ion obtained in sulphate media, 329 

NH4
+, (Mora-Gomez et al., 2019) changed to NO3

-, causing the increase of the electrons involved 330 

in the NOR complete mineralization from 66 to 90. In this case, the BCE shows similar results as 331 

those obtained by BDD (not shown). 332 

 333 

Finally, the energy consumption, Fig. 8 c), increased with time as both NOR and TOC 334 

concentration decreased since more energy was wasted in parallel reactions, and the probability 335 

of reaction among oxidants also grew. Despite of the higher current efficiency obtained with the 336 

use of the EMR, the energy consumed increased up to six times due to the overvoltage caused 337 

by the membrane presence together with the higher separation between electrodes. In this 338 

case, chloride media provided lower energy consumption as they generate more conductive ions 339 

during its oxidation in relation to the sulphate one. BCE brought the lowest energy values since 340 

was the more conductive electrode and, consequently, the cell potential was lower.  341 

 342 

 343 
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Fig. 8: Electrochemical combustion extent, a), mineralization current efficiency, b) and specific 344 

energy consumption, c). obtained for the BCE electrode as a function of the reactor employed 345 

(OCR and EMR) and for both chloride (full marks) and sulphate media (empty marks). 346 

 347 

4- Conclusions 348 

 349 

This work consists of the performance evaluation of three different electrode materials using 350 

two different electrochemical reactors. Furthermore, the influence of two different supporting 351 

electrolytes was also studied. First of all, from the electrolysis experiments carried out it was 352 

clearly demonstrated that the membrane presence not only enhances NOR degradation but also 353 

it improved TOC mineralization. This is thanks to the prevention of the parallel reactions that 354 

can occur on the cathode. Concerning to their oxidative power, the electrodes can be ordered 355 

as follows: BDD>BCE>CuO. 356 

From the intermediates detected, it was observed that the NOR degradation pathway changed 357 

as a function of the electrochemical reactor employed, which is corroborated by the different 358 
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UV-spectra obtained for both reactors. Furthermore, the main N-ion formed after NOR oxidation 359 

changed from ammonia in sulphate media to nitrite/nitrate in chloride one. The higher the 360 

oxidative power of the anode employed, which was enhanced by the EMR use, the higher the 361 

amount of nitrate ions formed. From the electrolyte dechlorination it was concluded that both 362 

ceramic electrodes presented a lower generation of oxidizing species than BDD anode. 363 

Finally, the use of a BCE using an EMR appears as an interesting alternative since although the 364 

membrane increased the energy consumption, it was lower than for BDD-EMR, and the MCE 365 

obtained was similar to the one presented for the BDD-OCR. 366 
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