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Abstract 13 

The degradation and mineralization of the drug norfloxacin (NFX) has been assessed in a model 14 

solution, containing 15 mM NaCl + 45 mM Na2SO4 at pH 3.0, using a flow plant with an FM01-LC 15 

filter-press reactor equipped with a Ti|Ir-Sn-Ru oxides anode to electrogenerate HClO from Cl 16 

oxidation and a stainless-steel cathode. Unexpectedly, anodic oxidation with active chlorine (AO-17 

HClO) outperformed electro-Fenton (EF-HClO), photoelectro-Fenton (PEF-HClO) and solar 18 

photoelectro-Fenton (SPEF-HClO) due to: (i) the formation of refractory complexes between iron 19 

ions and carboxyl group of NFX, and (ii) the conversion of HClO into less effective OH upon its 20 

Fenton-like reaction with added Fe2+ catalyst. SPEF-HClO was superior among Fenton-based 21 

treatments because the OH concentration was largely increased by the photolysis of Fe(III) species. 22 

At an initial NFX concentration in the range 0.103-0.146 mM, the optimum conditions for SPEF-23 

HClO were 0.40 mM Fe2+ and 15 mA cm-2. A BDD anode allowed a higher production of OH, 24 

accelerating the degradation and mineralization, with similar energy requirements as compared to 25 

trials with Ti|Ir-Sn-Ru oxides anode. The SPEF-HClO process in urban wastewater was less powerful 26 

because of the parallel oxidation of natural organic matter. HClO, Fe2+ and Fetotal were quantified in 27 

both water matrices. The initial degradation sequence for NFX, proposed from 10 primary by-28 

products identified by LC-MS/MS, revealed the occurrence of hydroxylation, chlorination and 29 

defluorination steps. Additionally, 5 stable by-products were detected by GC-MS. 30 

Keywords: Anodic oxidation; Electro-Fenton; Pharmaceutical residue; Solar photoelectro-Fenton; 31 

Urban wastewater; Water treatment  32 
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1. Introduction 33 

 As a result of the major importance acquired by the treatment of diseases in animals and humans, 34 

the consumption of antibiotics has grown exponentially worldwide, especially in high-income 35 

countries [1]. Due to their chemical properties and persistence, antibiotics have been detected in many 36 

water bodies like wastewater treatment plants, hospital effluents and surface water [2,3]. The 37 

accumulation of drug residues in natural water resources has become a threat because of their 38 

potential or confirmed adverse effects on living beings. To mitigate this problem, it is important to 39 

develop efficient wastewater treatment technologies against antibiotics. 40 

 In this context, advanced oxidation processes (AOPs) appear as a viable technology to eliminate 41 

these contaminants thanks to the in-situ production of strong oxidants, mainly the hydroxyl radical 42 

(OH). Several AOPs like UV/H2O2, photocatalysis, Fenton-based processes, chlorination and 43 

ozonation have shown their ability to eliminate antibiotics from aqueous media [4]. More specifically, 44 

the electrochemical advanced oxidation processes (EAOPs) have emerged to overcome several 45 

drawbacks of the AOPs, such as high consumption of energy or reagents in some cases [5]. In EAOPs, 46 

the generation of OH can occur at the anode surface from water oxidation, as shown in reaction (1) 47 

which is pre-eminent in the anodic oxidation process (AO). Owing to its capability to yield very active 48 

physisorbed OH, the best performance in AO in terms of oxidation of organic pollutants has been 49 

reached using the boron-doped diamond anode (BDD) [6]. 50 

M  +  H2O    M(OH)  +  H+  +  e       (1) 51 

 Furthermore, EAOPs can yield homogeneous OH in the bulk through chemical reactions favored 52 

by electrogenerated species. For example, H2O2 can be electrogenerated on carbonaceous cathodes 53 

to induce the Fenton’s reaction in the so-called electro-Fenton (EF) process, which has been widely 54 

evaluated in the elimination of antibiotics [7-9]. Since wastewater usually contains chloride ions, 55 

active chlorine can be produced anodically, thereby affecting the EF process [10]. In a chloride 56 
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medium, the generation of active chlorine species occurs by the oxidation of the anion via reaction 57 

(2) to produce dissolved chlorine (E° = 1.36 V/SHE) at pH up to 3. Cl2 is converted into HClO (E° = 58 

1.49 V/SHE) according to reaction (3) within the pH range 3-8. At pH >8, deprotonation is favored, 59 

yielding ClO (E° = 0.89 V/SHE) [11]. Several works have shown the ability of anodic oxidation 60 

mediated by active chlorine species (AO-HClO) for the elimination of organic pollutants, including 61 

pharmaceuticals [12,13]. 62 

2Cl    Cl2(aq) +  2e        (2) 63 

Cl2(aq)  +  H2O    HClO  +  Cl  + H+      (3) 64 

 Nonetheless, in the presence of Fe(II), the active chlorine species can be transformed into OH 65 

via Fenton-like reaction (4), giving rise to an electro-Fenton-like (EF-HClO) process with great 66 

effectiveness to degrade organic compounds [14,15]. The Fe(II) catalyst can be continuously 67 

regenerated by the reduction of the Fe(III) at the cathode surface via reaction (5). Otherwise, the 68 

irradiation of the solution with UVA light can also enhance the Fe(II) regeneration from photolytic 69 

reactions (6) and (7) in the so-called photoelectro-Fenton-like and solar photoelectro-Fenton-like 70 

(PEF-HClO and SPEF-HClO), propagating the OH production via reaction (4) [16-21]. 71 

HClO  +  Fe2+    Fe3+  +  OH  +  Cl      (4) 72 

Fe3+  +  e    Fe2+         (5) 73 

Fe3+  +  h    Fe2+  +  OH        (6) 74 

Fe(OOCR)2+  +  h    Fe2+  +  CO2  +  R      (7) 75 

 In previous works, the PEF-HClO and SPEF-HClO processes were applied to the elimination of 76 

the azo dyes Acid Red 1 and Acid Yellow 36 [22,23], the antibiotic sulfamethoxazole [24] and the 77 

herbicide picloram [25]. In all cases, the viability of the Fenton-like process was demonstrated. 78 

However, the influence of the chemical structure of the target molecule on the process is still unclear. 79 

A previous work performed by Gozzi et al. [26] evaluated the mineralization of the herbicide 80 
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tebuthiuron (TBH) by EF in sulfate medium, obtaining different kinetic rates, which was attributed 81 

to the formation of recalcitrant Fe(III)-TBH complexes. Furthermore, the influence of the structure 82 

on the removal of four triphenylmethane dyes by EF was evaluated in a research performed by Sirés 83 

et al. [27]. In that study, a different removal rate was observed for each dye, being attributed to the 84 

presence of different types of substituents that conferred recalcitrance to the pollutants. 85 

 In the present work, norfloxacin (NFX) has been selected as a model contaminant, in order to 86 

assess the potential impact of the structure (i.e., presence of a carboxyl group) on the performance of 87 

HClO-mediated electrochemical Fenton-based process. NFX is a fluoroquinolone widely used for the 88 

treatment of respiratory infections, urinary tract infections and infections caused by bacteria like 89 

Escherichia coli [28,29]. In addition, the NFX is ranked within the most common quinolones detected 90 

in wastewater and natural water resources, attaining concentrations of ng L-1 to µg L-1 [30,31]. Some 91 

authors reported that NFX can induce DNA damage, cytotoxic and genotoxic effects in aquatic 92 

organisms, also stimulating the antibiotic resistance of bacteria [32,33]. The removal of NFX has 93 

been evaluated by UV/H2O2 [31,34], photocatalysis [35-37], Fenton-based processes [38,39] and 94 

photocatalysis with active chlorine species [40,41], as well as by other methods [42,43]. The 95 

elimination of NFX has also been carried out by AO with BDD anode [44-46], AO-HClO [47,48], 96 

homogeneous EF [49] and heterogeneous EF [50]. It is important to mention that, as far as we are 97 

concerned, the elimination of NFX by Fenton-like processes using electrogenerated HClO has not 98 

been evaluated so far. 99 

 In this work, the trials were carried out in a 3-L pre-pilot plant equipped with an FM01-LC filter-100 

press flow cell, which included a Ti|Ir-Sn-Ru oxides anode and a stainless-steel cathode, coupled to 101 

a photoreactor operating in recirculation batch mode. A mixed supporting electrolyte, containing 15 102 

mM NaCl + 45 mM Na2SO4, and urban wastewater were employed as matrices. Note that the former 103 

is a synthetic medium that has been previously optimized to have a chloride content and specific 104 

conductivity similar to those of the actual wastewater matrix [24]. The influence of the Fe(II) 105 
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concentration, current density (j) and initial NFX concentration was addressed. The NFX content was 106 

taken much higher than that found in actual wastewater to ease the determination of the degradation 107 

and mineralization percentages, as well as the detection of intermediates and final products. The 108 

performance of AO-HClO, EF-HClO, PEF-HClO and SPEF-HClO trials was compared to elucidate 109 

the role of the molecule structure on the degradation performance. Some comparative SPEF-HClO 110 

assays were made with the powerful BDD anode, aiming to demonstrate that a cheaper Ti|Ir-Sn-Ru 111 

oxides anode can be adopted to destroy NFX. The generated carboxylic acids were identified by ion-112 

exclusion high-performance liquid chromatography (HPLC), whereas the main degradation by-113 

products were detected by gas chromatography-mass spectrometry (GC-MS) and liquid 114 

chromatography-mass spectrometry (LC-MS/MS), aiming at proposing a degradation route for the 115 

treatment of NFX. 116 

2. Materials and methods 117 

2.1. Chemicals 118 

 NFX ( 98% purity) was purchased from Sigma-Aldrich and used as received. Analytical grade 119 

NaCl (Panreac) and Na2SO4 (Merck) served to prepare the synthetic solutions. FeSO4•7H2O 120 

(analytical grade, Merck) was added as catalyst in Fenton-based processes. Solution pH was always 121 

adjusted to 3.0 with analytical grade H2SO4 (Merck) because this value is needed to keep the iron 122 

catalyst soluble [5]. Other chemicals required to carry out the analyses were provided by Sigma-123 

Aldrich, Panreac, Merck and Fluka. Synthetic solutions were prepared with deionized water and 124 

analytical solutions with high-purity water from a Millipore Milli-Q system (resistivity > 18.2 M 125 

cm at 25 ºC). 126 

2.2. Aqueous matrices 127 

 Two types of solutions were used in the present work. The oxidation ability of the SPEF-HClO 128 

process was tested with a synthetic solution containing 15 mM NaCl + 45 mM Na2SO4. (i.e., Cl 129 
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content similar to that of urban wastewater, high enough to electrogenerate sufficient HClO under the 130 

chosen electrolytic conditions). The study was further extended to a wastewater treatment plant 131 

(WWTP) effluent (i.e., secondary treatment), collected from a municipal plant located in Gavà 132 

(Spain) and maintained in a refrigerator at 4 ºC before use. This complex matrix contained organic 133 

pollutants, including natural organic matter (NOM) like fulvic and humic acids, and had the following 134 

characteristics: pH 7.7, electrical conductivity of 2.6 mS cm-1, 11.0 mg L-1 TOC; its ion composition 135 

(in mg L-1) was: Na+ (145.0), K+ (41.8), Ca2+ (114.3), Mg2+ (31.6), Fe2+/Fe3+ (0.18), SO4
2 (146.2), 136 

Cl (361.1) and NO3
 (< 1). 137 

2.3. Flow plant 138 

 Fig. 1 shows a scheme of the experimental setup of the solar flow plant constructed in our 139 

laboratory for the present work. The electrochemical cell was a commercial FM01-LC filter-press 140 

reactor equipped with a Ti|Ir-Sn-Ru oxides anode plate and a stainless-steel plate as the cathode, both 141 

with a geometric area of 64 cm2 and separated by a gap of 0.55 cm. To improve the mass transport, a 142 

type-D turbulence promoter was placed between the anode and cathode. The anode was synthesized 143 

as previously described [24], using Ru as doping agent to improve the anodic transformation of 144 

chloride into chlorine. In some assays, a Nb|BDD thin film of the same area (NeoCoat) was used as 145 

the anode. 146 

 In all the assays, 3 L of solution was introduced in a reservoir (capacity > 3 L) and consecutively 147 

recirculated through the electrochemical reactor and a solar planar photoreactor employing a 148 

peristaltic pump. The solution temperature was regulated at 30 ºC with two heat exchangers and the 149 

liquid flow rate (LFR) was adjusted to 180 L h-1 with a flowmeter. The solar photoreactor made with 150 

polypropylene had dimensions of 21 cm  21 cm  2.5 cm, corresponding to an irradiated volume of 151 

600 mL. It was tilted 41º (the latitude of Barcelona), with a mirror at the bottom to better concentrate 152 

the incident sunlight photons. The SPEF-HClO trials were carried out in cloudless sunny days in 153 

2021, achieving an average UV solar irradiance (300-400 nm) of about 28-30 W m-2, as determined 154 
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with a Kipp&Zonen CUV 5 radiometer. The duration of the experiments was limited to 300 min to 155 

avoid a significant decay of irradiance. The photoreactor was covered with a black cloth to run the 156 

AO-HClO and EF-HClO assays. In the case of the PEF-HClO experiments, the solar photoreactor 157 

was replaced by an annular photoreactor of 600 mL with a 160-W UVA Omnilux 27E lamp placed 158 

inside. All the trials were carried out under galvanostatic conditions, with current supplied by a Grelco 159 

GVD310 power source. 160 

 Replicates of all the experiments were always made, and the average values obtained are reported 161 

in this manuscript with a confidence interval of 95%. 162 

2.4. Instruments and analytical procedures 163 

 The solution pH and conductivity were monitored continuously during the trials. Samples 164 

collected from treated solutions were first filtered (0.45 m PTFE syringe filters, Whatman) and then 165 

analyzed as required. Active chlorine was quantified by means of the so-called DPD colorimetric 166 

method, with measurements made at λ = 515 nm [51]. The Fe2+ and Fetotal contents were obtained 167 

from the phenanthroline method, measuring at λ = 510 nm [52]. Similarly, the NH4
+ concentration 168 

was determined via the indophenol blue method, at λ = 630 nm [53]. For all colorimetric analyses, a 169 

Shimadzu 1800 UV/Vis spectrophotometer was used, at 25 ºC. 170 

 The NFX concentration during the treatments was evaluated by reversed-phase high-171 

performance liquid chromatography (HPLC) using a Waters system, with the detector set at λ = 278.2 172 

nm. The column employed for separation was a Kinetex 5 µm Biphenyl, 150 mm × 4.6 mm (i.d), 173 

thermostated at 30 °C, whereas the mobile phase was composed of 15:85 (v/v) acetonitrile/water 174 

(0.1% formic acid) and was eluted at 1.0 mL min-1. In the chromatograms, the drug appeared at a 175 

retention time (tr) of 8.9 min. The same equipment was equipped with a Bio-Rad Aminex HPX 87H, 176 

300 mm  7.8 mm (i.d.) column, thermostated at 35 ºC, to identify the short-chain aliphatic carboxylic 177 

acids by ion-exclusion HPLC, measuring at λ = 210 nm. A 4 mM H2SO4 solution was eluted as mobile 178 

phase, at 0.6 mL min-1, yielding only a single peak related to formic acid at tr = 13.9 min. The 179 
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evolution of F, Cl and ClO3
 concentrations was followed by ion chromatography using a 10Avp 180 

chromatograph from Shimadzu, coupled to a conductivity detector. Upon injection, the samples (25 181 

µL) were eluted through a Shim-Pack IC-A1S, 100 mm × 4.6 mm (i.d.) anion column thermostated 182 

at 40 °C, by means of a 2.6 mM phthalic acid + 2.4 mM tris(hydroxymethyl)aminomethane (pH 4) 183 

mixture at 1.5 mL min-1. 184 

 The mineralization process was quantified from the solution TOC variation, measured with an 185 

VCSN TOC analyzer from Shimadzu. From the obtained values, the mineralization current efficiency 186 

(MCE, in percentage) was calculated as follows: 187 

% MCE = 
𝑛𝐹𝑉s∆(TOC)

exp

4.32×107𝑚𝐼𝑡
× 100        (8) 188 

where each term has its usual meaning [18]. The total number of electrons can be easily obtained 189 

considering the overall conversion of all N into NH4
+: 190 

C16H18FN3O3  +  29 H2O    16CO2  +  3NH4
+  +  F  +  64H+  +  66 e   (9) 191 

 The specific energy consumption per unit TOC mass (ECTOC) at time t (in h) for each trial was 192 

calculated from Eq. (10) [18]: 193 

ECTOC (kWh (g TOC)-1)  =                               (10) 194 

where Ecell is the average cell voltage (in V). 195 

  The primary by-products formed in 3 L of 0.103 mM NFX, both in the 15 mM NaCl + 45 mM 196 

Na2SO4 mixture and in 50 mM Na2SO4, employing 0.40 mM Fe2+ at j = 15 mA cm-2 were detected 197 

by LC-MS/MS. A Thermo Fisher Scientific system composed of an Ultimate 3000 HPLC fitted with 198 

a Phenomenex Luna 2.5 um C18-HST, 100 mm × 2.0 mm (i.d.), column at 40 ºC, coupled to a LTQ-199 

Orbitrap Velos and an Accela PDA, was used. The mobile phase contained two components: A (H2O) 200 

and B (acetonitrile), both with 0.1% formic acid. The elution gradient was made by increasing the 201 

composition of component B from 0% to 35% in 30 min and then, it was held 2 min to be returned to 202 

0% in 30 min. The flow rate was 0.2 mL min-1. On the other hand, stable intermediates accumulated 203 

Ecell I t 

Vs (TOC)exp 
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at 15 and 120 min of electrolysis in the mentioned mixture were identified by GC-MS using an 204 

Agilent Technologies system following our previously established procedure [16]. Two columns, a 205 

polar HP INNOWax and a non-polar Teknokroma Sapiens-X5ms, both of 0.25 μm, 30 m × 0.25 mm 206 

(i.d.), were used for a thorough analysis. 207 

 The acute toxicity of the urban wastewater effluent, spiked with NFX and treated by SPEF-HClO 208 

process, was determined as the concentration that effectively causes a reduction of 50% in the 209 

bioluminescence intensity of Vibrio fischeri marine bacteria after 15 min of exposure to the given 210 

sample, at 25 ºC. This allowed obtaining the so-called EC50 values in mg L-1, using an AFNOR T90-211 

301 Microtox system. The bacteria and required reagents were supplied by Modern Water, and the 212 

analysis was performed according to the standard Microtox test. Each sample had to be conditioned 213 

before analysis: (i) At the end of the electrolysis, the pH was increased to 10 and the resulting 214 

suspension was filtered with a 0.45 µm filter, thus removing the precipitated iron(III) hydroxide; (ii) 215 

the residual chlorine was destroyed by adding some drops of a 3% Na2S2O8 solution; (iii) the resulting 216 

sample was adjusted to pH 7.3 and diluted prior to measurement. 217 

3. Results and discussion 218 

3.1. Comparative degradation of norfloxacin by different EAOPs with a Ti|Ir-Sn-Ru oxides anode 219 

 The first trials were made to compare the degradation and mineralization profiles when treating 220 

3 L of 0.103 mM NFX solutions, containing 15 mM NaCl + 45 mM Na2SO4 at pH 3.0 and 30 ºC, by 221 

AO-HClO and EF-HClO (both in the dark), PEF-HClO under UVA light and SPEF-HClO. In all 222 

cases, a Ti|Ir-Sn-Ru oxides anode and a stainless-steel cathode were employed, operating at j = 15 223 

mA cm-2 for 300 min. The three electrochemical Fenton-like processes were carried out upon addition 224 

of Fe2+ as homogeneous catalyst, at a concentration of 0.40 mM. Fig. 2a, which depicts the decay of 225 

normalized NFX concentration, highlights that the AO-HClO treatment was the fastest, achieving the 226 

total degradation in about 15 min, whereas a longer time close to 30 min was required in the three 227 
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Fenton-like treatments. All the degradation profiles agreed well with a pseudo-first-order kinetics, as 228 

clearly evidenced by the excellent linear correlations obtained (see the inset in Fig. 2a). Table 1 229 

summarizes a decrease of the corresponding pseudo-first-order rate constants (k1) values according 230 

to the sequence: AO-HClO (0.200 min-1) >> SPEF-HClO (0.127 min-1) > EF-HClO (0.104 min-1)  231 

PEF-HClO (0.096 min-1). This means that the electrochemical Fenton-like processes are less powerful 232 

than AO-HClO, which is not the usual behavior [5,18,21]. A second finding from Fig. 2a is the 233 

positive effect of sunlight, justifying the superiority of SPEF-HClO over EF-HClO and PEF-HClO. 234 

According to these trends, Fig. 2b highlights that the greatest mineralization of 53% in 300 min was 235 

achieved by AO-HClO, although the value was similar to 46-49% TOC removal attained for EF-236 

HClO and SPEF-HClO, which in turn were more effective than PEF-HClO (40% abatement). It is 237 

remarkable that the largest mineralization rate in AO-HClO was reached during the first 30 min of 238 

electrolysis, suggesting the fast generation of very stable chloroderivatives. In contrast, a much slower 239 

TOC abatement can be observed for the other three processes, which can be attributed to a much 240 

lower accumulation of such chloroderivatives because of the parallel oxidation with OH formed from 241 

reaction (4). The MCE values calculated for the four treatments are found in Fig. 2c. As expected, 242 

higher values were determined for AO-HClO, although the efficiency drastically fall down to attain 243 

a final value of 6.0% at 300 min, slightly superior to 4.0-5.7% obtained for the other treatments (see 244 

Table 1). Worth noting, considering the corresponding ECTOC values given in Fig. 2d, one can 245 

conclude that the SPEF-HClO process was more cost-effective for mineralization, even surpassing 246 

AO-HClO (0.75 vs. 0.80 kWh (g TOC)-1 at 300 min, see Table 1), potentially being a more attractive 247 

treatment in practice. 248 

 The larger degradation and mineralization achieved in AO-HClO with the 15 mM NaCl + 45 249 

mM Na2SO4 solution is certainly indicative of a high generation of HClO at the Ti|Ir-Sn-Ru oxides 250 

anode from reactions (2) and (3), showing this oxidant a large ability to destroy NFX and its by-251 

products, although yielding more recalcitrant chloroderivatives. The low production of physisorbed 252 
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M(OH) with this anode from reaction (1) then seems to have an insignificant role in the destruction 253 

of the drug. In addition, as was mentioned above, NFX has a particular structure related to the 254 

presence of a carboxyl group, which seems to play an important role in the oxidation process. The 255 

lower mineralization reached in the Fe2+-catalyzed treatments can be attributed to the increased 256 

refractoriness of NFX upon the formation of complexes with iron ions, especially with Fe3+ produced 257 

from reaction (4). Moreover, the poorer oxidation ability of EF-HClO makes in evidence a strong 258 

reduction of HClO concentration in the presence of Fe2+ from reaction (4), continuously regenerated 259 

by reaction (5), with the alternative formation of OH that attacks more slowly the drug and its 260 

intermediates. This explains the slower TOC removal observed for EF-HClO as compared to AO-261 

HClO. The additional production of OH from the photolytic reaction (6) in PEF-HClO does not seem 262 

to contribute substantially to the overall degradation. The superiority of SPEF-HClO can be related 263 

to a much greater photolytic OH generation by reaction (6), as result of the higher power of the 264 

incident sunlight. Despite this positive action of sunlight, the fact that no greater TOC abatement is 265 

reached in the latter process can be associated to a large formation of chloroderivatives, with low 266 

production of final short-chain carboxylic acids that are known to form Fe(III)-carboxylate complexes 267 

easy to oxidize via reaction (7). 268 

3.2. Effect of experimental parameters on the performance of the SPEF-HClO process 269 

 The goal of subsequent experiments was to assess the influence of several key variables in the 270 

SPEF-HClO treatment of NFX in a 15 mM NaCl + 45 mM Na2SO4 synthetic solution at pH 3.0 and 271 

30 ºC. The change of the normalized drug content operating at j values ranging between 5 and 20 mA 272 

cm-2, when treating solutions containing 0.103 mM NFX and 0.40 mM Fe2+, is presented in Fig. 3a. 273 

As can be seen, a higher j value caused a faster degradation due to the greater generation of HClO 274 

from the acceleration of Cl oxidation by reaction (2), with the concomitant enhancement of reaction 275 

(3). As a result, total drug abatement was achieved at >120, 60, 30 and 15 min upon use of increasing 276 

j values from 5 to 20 mA cm-2. From the good pseudo-first-order kinetic analysis shown in the inset 277 
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of Fig. 3a, it was found that the k1-values progressively grew from 0.020 min-1 at 5 mA cm-2 to 0.195 278 

min-1 at 20 mA cm-2 (see Table 1), in agreement with the expected gradually greater HClO production. 279 

In contrast, TOC was poorly destroyed under these conditions. Fig. 3b reveals a quicker TOC 280 

abatement when j raised from 5 to 15 mA cm-2, but with lower mineralization power at 20 mA cm-2. 281 

This loss of oxidation ability could be ascribed to two main factors: (i) the greater accumulation of 282 

recalcitrant chloroderivatives at too high j, eventually inhibiting the mineralization process, and (ii) 283 

the promotion of HClO destruction to yield ClO3
 and ClO4

 ions from reactions (11) and (12) 284 

[10,12,23]. The first hypothesis seems more reasonable because a quite low ClO3
 concentration was 285 

determined in this treatment, as will be discussed below.  286 

HClO  +  2H2O    ClO3
  +  5H+  + 4e  (11) 287 

ClO3
  +  H2O    ClO4

  +  2H+  + 2e  (12) 288 

 Results of Fig. 3b indicate that the best j-value for the SPEF-HClO process was 15 mA cm-2. 289 

This behavior can be corroborated from the data depicted in Fig. 3c and 3d, since the highest MCE 290 

and the lowest ECTOC values were attained under such conditions, respectively (see also Table 1). 291 

The optimum j = 15 mA cm-2 was then chosen for the subsequent experiments. It is noticeable the 292 

gradual TOC removal with time in SPEF-HClO, a distinct trait as compared to the drastic decay in 293 

AO-HClO (see Fig. 2b and 3b). This corroborates the slower generation of chloroderivatives in the 294 

former, which is accompanied by a drastic decay of MCE (see Fig. 3c) and a rise of ECTOC (see Fig. 295 

3d) as the electrolysis was prolonged. 296 

 Since Fe2+ catalyzes the destruction of electrogenerated HClO from reaction (4), and the resulting 297 

Fe3+ may complex with NFX, the influence of the catalyst concentration on the SPEF-HClO 298 

performance was further considered. Fig. 4a depicts a progressive decay in the degradation rate when 299 

treating 0.103 mM drug solutions at the optimum j = 15 mA cm-2 upon increase of the Fe2+ 300 

concentration from 0.10 to 0.50 mM, attaining total removal at about 20 to 45 min at the two extreme 301 

Fe2+ concentrations. Again, the inset of this figure highlights that all concentration decays followed 302 
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a pseudo-first-order kinetics, with the corresponding k1-values gradually decreasing from 0.132 min-303 

1 at 0.10 mM Fe2+ to 0.078 min-1 at 0.50 mM Fe2+ (see Table 1). This loss of reactivity can then be 304 

associated with a greater loss of HClO as the Fe2+ content was risen because of the acceleration of 305 

reaction (4). In addition, owing to the carboxyl substituent in the NFX structure, a larger amount of 306 

stable Fe(III)-NFX complexes can take place [26], leading to a slower degradation kinetics at higher 307 

Fe2+ concentration. Conversely, when the TOC abatement was measured (see Fig. 4b), only 17% 308 

mineralization was reached at 0.10 mM Fe2+, suggesting a greater formation of recalcitrant 309 

chloroderivatives from the higher quantities of HClO present in the medium. Note also that similar 310 

TOC decays were observed at catalyst concentrations above 0.1 mM, contrary to the behavior 311 

observed in previous works [22,24]. This is attributed to the consumption of iron ions to form 312 

complexes with the NFX, thereby decreasing the OH production via reaction (4), not being possible 313 

to have a progressively larger mineralization. Nonetheless, the highest mineralization of 43% was 314 

achieved at 0.40 mM Fe2+, when the action of reactive OH formed from reactions (4) and (6) to 315 

mineralize the drug and its by-products was more remarkable. From the MCE and ECTOC values 316 

depicted in Fig. 4c and 4d, respectively, one can infer again that the best Fe2+ concentration of the 317 

process is 0.40 mM, because it yielded a slightly higher MCE of 5.7% and lower ECTOC of 0.75 kWh 318 

(g TOC)-1. This Fe2+ concentration was selected for the following trials. 319 

 The effect of the initial NFX concentration between 0.051 and 1.46 mM was finally studied, at 320 

pH 3.0 and 30 ºC, operating with the optimum Fe2+ content (0.40 mM) and j (15 mA cm-2). Fig. 5a 321 

shows that a longer time from 10 to >30 min was needed for overall drug disappearance in the 322 

presence of more NFX molecules. This slower degradation is expected if a similar amount of HClO 323 

and OH encounters a higher organic load. This behavior agrees with the decreasing k1-values from 324 

0.278 to 0.075 min-1 found from the kinetic analysis presented in the inset of Fig. 5a. The higher 325 

amount of HClO that attacks the lowest NFX content (0.051 mM) originates more rapidly a greater 326 

quantity of chloroderivatives, giving rise to a smaller TOC abatement, as can be seen in Fig. 5b. This 327 
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figure also shows a similar percentage of TOC abatement for 0.103 and 0.146 mM NFX, evidencing 328 

a larger oxidation ability of the system for the highest drug concentration. This can be observed in 329 

Fig. 5c and 5d, where higher MCE and lower ECTOC values can be observed at 0.146 mM NFX, 330 

attaining final values of 7.0% and 0.63 kWh (g TOC)-1 at 300 min, respectively. This means that the 331 

SPEF-HClO process becomes more efficient and cost-effective with increasing drug concentration. 332 

3.3. Effect of the BDD anode 333 

 To check the oxidation ability of the M(OH) formed from reaction (1), the Ti|Ir-Sn-Ru oxides 334 

anode of the flow cell was replaced by a BDD thin film. It is well known that BDD is much more 335 

powerful because it produces a larger quantity of the above physisorbed radical [5,44,45]. The 336 

positive action of this anode on the degradation of 3 L of 0.103 mM NFX solutions containing 15 337 

mM NaCl + 45 mM Na2SO4 and 0.40 mM Fe2+ at pH 3.0 and 30 ºC can be observed in Fig. 6a. About 338 

15 min at j-values of 15 and 20 mA cm-2 were required to remove the drug, a time much shorter than 339 

30 min determined for Ti|Ir-Sn-Ru (see Fig. 3a). Table 1 shows that higher k1-values of 0.242 and 340 

0.144 min-1 at 15 and 20 mA cm-2, respectively, were calculated using the BDD anode. This behavior 341 

can then be related to a faster destruction of the drug by the high amount of BDD(OH) produced by 342 

BDD. Such enhancement of the oxidation power of the system can also justify the greater 343 

mineralization achieved with BDD, approaching 60% as shown Fig. 6b. This suggests a smaller 344 

accumulation of the recalcitrant chloroderivatives with this anode because of their faster oxidation by 345 

BDD(OH), which is more effective than M(OH) produced by the Ti|Ir-Sn-Ru oxides anode. 346 

 The positive effect of the BDD anode was obviously reflected in the MCE and ECTOC values 347 

illustrated in Fig.6c and 6d, respectively. For example, at j = 15 mA cm-2, the final MCE with this 348 

anode was 7.5%, much higher than 5.7% determined with Ti|Ir-Sn-Ru (see Table 1), as expected from 349 

its greater mineralization power. In contrast, the final ECTOC value of 0.73 kWh (g TOC)-1 calculated 350 

with BDD was only slightly lower than 0.75 kWh (g TOC)-1 found with Ti|Ir-Sn-Ru, as a result of 351 

the higher Ecell value using the former anode (6.0 vs. 4.7 V). Consequently, the use of a BDD anode 352 
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yielded a quicker degradation of NFX and enhanced its mineralization, although requiring a similar 353 

energy consumption. 354 

 Worth noticing, worse results have been reported by Carneiro et al. [46] for the treatment 1 L of 355 

solutions containing 100 mg L-1 NFX + 0.1 M NaCl, using a flow system with a filter-press cell 356 

equipped with a BDD anode operating at j = 10 mA cm-2. Total degradation was more slowly achieved 357 

(i.e., 60 min), whereas a similar TOC decay of about 60% was attained in 300 min. In contrast, Özcan 358 

et al. [49] described the total disappearance of 0.25 mM of NFX, with total TOC removal in 150 min, 359 

by EF process with a BDD/carbon felt cell at 300 mA, using 175 mL of stirred solutions with 0.05 M 360 

Na2SO4 + 0.1 mM Fe3+ at pH 3.0. The absence of Cl in the medium is thus critical for ensuring the 361 

mineralization of NFX solutions because no recalcitrant chloroderivatives are formed. 362 

3.4. Degradation in WWTP effluent 363 

 The study of the SPEF-HClO treatment of NFX solutions was extended to an actual water matrix. 364 

This aqueous solution exhibited a complex composition with organic compounds like natural organic 365 

matter (NOM) associated to humic and fulvic acids, and a mixture of inorganic ions with high 366 

contents of Cl (10.2 mM) and SO4
2 (1.50 mM) ions (see subsection 2.2). Although the amount of 367 

Cl was slightly lower than in the synthetic solution tested above (15 mM), it was high enough to 368 

produce significant quantities of HClO from reaction (3), allowing an efficient removal of the drug. 369 

This fact can be observed in Fig. 7a which depicts the comparative normalized drug concentration 370 

decay when treating 3 L of 0.103 mM drug solutions in the WWTP effluent and in the 15 mM NaCl 371 

+ 45 mM Na2SO4 synthetic solution by SPEF-HClO. In both cases, 0.40 mM Fe2+ was added as 372 

catalyst after adjusting the pH to 3.0, and a j = 15 mA cm-2 was applied using the Ti|Ir-Sn-Ru anode. 373 

The drug abatement was a bit slower in the WWTP effluent due to the parallel oxidation of its organic 374 

components, although NFX completely disappeared in 30 min, i.e., the same time as in the synthetic 375 

matrix. The inset of Fig. 7a reveals that the decay in the WWTP effluent obeyed a pseudo-first-order 376 

kinetics, with a lower k1-value of 0.078 min-1 (see Table 1). 377 
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 Regarding the corresponding TOC abatement of the above trials presented in Fig. 7b, one can 378 

deduce that the percentage of TOC removal also decreased more slowly in the WWTP effluent as 379 

compared to that in the synthetic solution (40% vs. 46% at 300 min). However, considering the 380 

superior initial TOC of the former medium (31 vs. 20 mg L-1), it can be concluded that a larger amount 381 

of TOC is actually removed (12.4 vs. 9.2 mg L-1). That means that 3.2 mg L-1 TOC of the initial 382 

WWTP effluent were additionally mineralized during the SPEF-HClO treatment, demonstrating the 383 

high power of this procedure to partially destroy its organic components. Despite this positive fact, 384 

the lower conductivity of this matrix as compared to that of the synthetic solution resulted in a greater 385 

Ecell (9.1 vs. 4.4 V), thus requiring a higher energy consumption for the mineralization process. In 386 

agreement, Fig.7c shows a higher ECTOC using the WWTP effluent as compared to the synthetic 387 

solution, with final values of 1.21 and 0.75 kWh (g TOC)-1, respectively. These findings disclose the 388 

good effectiveness of the SPEF-HClO process to remediate WWTP effluents contaminated with 389 

NFX, being the energy consumption affected by a lower conductivity. 390 

3.5. Time-course of reactive species and final products 391 

 The evolution of the reactive species HClO was determined during the AO-HClO treatment 392 

(without Fe2+) of 3 L of both the 15 mM NaCl + 45 mM Na2SO4 synthetic solution and the WWTP 393 

effluent, at pH 3.0, 30 ºC and j = 15 mA cm-2. Fig. 8a depicts a continuous accumulation of the oxidant 394 

in the synthetic medium up to reach a steady value of 1.42 mM after 240 min of electrolysis. The 395 

achievement of this steady state could be related to the equilibrium between HClO generation from 396 

reaction (4) and its destruction to form ClO3
 and ClO4

 ions from reactions (11) and (12). In contrast, 397 

Fig. 8b makes in evidence that in the WWTP effluent, HClO was always continuously accumulated, 398 

reaching a higher content of 4.0 mM at 300 min. Under these conditions, the organic components of 399 

the wastewater are competitively oxidized on the anode, suggesting the minimization of HClO 400 

oxidation to ClO3
 and ClO4

 ions to finally favor its greater accumulation. 401 
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 The variation of the concentrations of Fe2+ and Fetotal with electrolysis time was assessed under 402 

SPEF-HClO conditions without the drug, employing 3 L of the synthetic solution or the WWTP 403 

effluent, always with 0.40 mM Fe2+ at pH 3.0 and 30 ºC, operating at j = 15 mA cm-2. Fig. 8c shows 404 

a steady loss of about 63% of Fe2+ from 120 min of electrolysis in the synthetic medium, suggesting 405 

a faster reaction of this ion with electrogenerated HClO during that time to form Fe3+ ion, whereupon 406 

its disappearance is counterbalanced by the regeneration of Fe2+ from Fe3+ reduction via reaction (5). 407 

In the WWTP effluent, Fig. 8e reveals the existence of a more complex behavior, with a similar rapid 408 

loss of 58% of Fe2+ for 120 min, probably due to its fast reaction with HClO that is accelerated by 409 

the consumption of OH formed from reaction (4) in the oxidation of its organic components. The 410 

subsequent decay of Fe2+ content to 79% until 240 min is probably due to an enhancement of such 411 

organic oxidation, whereas the subsequent drop of this oxidation could decrease the rate of reaction 412 

(5) and increase the accumulation of Fe3+ giving rise to a final loss of 64%. The above evolution of 413 

Fe2+ is also reflected in that of Fetotal present in each medium. As can be seen in Fig. 8d for the 414 

synthetic medium, near 20% of Fetotal disappeared after 300 min of electrolysis, suggesting its 415 

precipitation as Fe(OH)3 that can explain part of the loss of Fe2+ shown in Fig. 8c. A higher removal 416 

of Fetotal can be seen in Fig. 8f using the WWTP effluent, which achieved a value as high as 55% at 417 

300 min, suggesting again a large influence of organic oxidation to accelerate reaction (4) that favors 418 

the generation of an excess of Fe3+ that promotes its precipitation as Fe(OH)3. This agrees with the 419 

higher loss of Fe2+ in the WWTP effluent as compared to that in the synthetic matrix, as depicted in 420 

Fig. 8e. 421 

 The evolution of different species formed during the NFX mineralization was determined for the 422 

SPEF-HClO treatment of 3 L of 0.260 mM drug in the synthetic solution with 0.40 mM Fe2+ at pH 423 

3.0, 30 ºC and j = 15 mA cm-2. Fig. 9a highlights the profile of formic acid that was the only final 424 

short-chain linear aliphatic carboxylic acid detected by ion-exclusion HPLC. This product was 425 

gradually accumulated up to 1.223 mM at 120 min, further decreasing down to 0.539 mM at 300 min. 426 
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This final value accounts for 6.5 mg L-1 of TOC, i.e., 23.2% of the residual TOC in the treated solution 427 

(28 mg L-1). Such decay can be explained by the photolysis of the formed Fe(III)-formate complexes 428 

via reaction (7), directly originating Fe2+ and CO2 [16,17]. Note that formic acid has also been 429 

detected during the mineralization of NFX by other AOPs, such as catalytic ozonation with 430 

MnOx/SBA-15 [54] and peroxymonosulfate activated with nanosized magnetic CuFe2O4 [55]. In both 431 

cases, oxalic and acetic acids could be identified as well, but they did not appear under the SPEF-432 

HClO conditions tested here. 433 

 Since the NFX molecules contain F and N as heteroatoms, their release as F and NH4
+ ions 434 

during the SPEF-HClO treatment was monitored. As can be seen in Fig. 9b, the F concentration was 435 

continuously accumulated up to 0.211 mM, which represents a loss of 81% of the initial F content. 436 

That means that 19% of the initial F remained as fluoroderivatives at the end of the electrolysis. Fig. 437 

9c shows the accumulation of a very low and steady amount of NH4
+ of 0.0225 mM almost during 438 

the whole electrolysis. Considering that the initial N content in the drug was 0.780 mM, its 439 

transformation into NH4
+ only account for 3.3%, a value much lower than that obtained for the F 440 

release. This suggests a large formation of volatile NxOy by-products, a common feature in the 441 

destruction of N-compounds by electrochemical Fenton-based processes [53,56]. 442 

 The loss of 3.0 mM Cl with the production of 0.44 mM ClO3
 after 300 min of the above SPEF-443 

HClO treatment is shown in Fig. 9d. The decay of Cl concentration in the synthetic matrix can be 444 

ascribed to different phenomena: (i) the release from the medium of volatile Cl2 gas formed from 445 

reaction (2), expected to be a minor route because the pH was not sufficiently acid in the bulk; (ii) 446 

the production of HClO from reaction (4) (see Fig. 8a); and (iii) the formation of chloroderivatives 447 

from the attack of HClO over the drug and its intermediates. The detection of ClO3
 during the process 448 

corroborates the destruction of HClO by reactions (11) and (12) under the conditions tested. 449 

3.6. Reaction sequence for norfloxacin degradation 450 
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 Table 2 collects 10 primary by-products identified by LC-MS/MS analysis during the treatment 451 

of 3 L of 0.103 mM NFX (1) in both, a 15 mM NaCl + 45 mM Na2SO4 synthetic solution by SPEF-452 

HClO and a 50 mM Na2SO4 solution by AO, always with a Ti|Ir-Sn-Ru oxides anode and 0.40 mM 453 

Fe2+, at pH 3.0, 30 ºC and j = 15 mA cm-2 for 300 min. The study with 50 mM Na2SO4 was performed 454 

to better detect the by-products originated by OH and M(OH). These by-products involve the 455 

hydroxylation followed by the oxidation of the piperazine ring (compounds 2, 5, 6, 7, and 8), the 456 

chlorination of the naphthalene ring (compounds 3 and 9), and defluorination (compounds 4, 10, and 457 

11). Note that compounds 8 and 9 have also been reported as by-products of 1 during its 458 

electrochemical chlorination [48] or AO in different wastewater matrices [47]. 459 

 Based on the above derivatives, the initial reaction sequence for 1 degradation is proposed in Fig. 460 

10, involving three parallel paths via compounds 2, 3, and 4. The first path is initiated by the attack 461 

of OH on the C(3) of the piperazine group of 1 to yield the hydroxylated compound 2, which is 462 

converted into compound 5 with cleavage of the piperazine group or compound 6 with generation of 463 

a carbonyl functionality in the C(2) position of this group. Further oxidation of both compounds 5 464 

and 6 originates compound 7 with two carbonyl groups linked to the two N atoms of the broken 465 

piperazine group that further evolves to compound 8 with the loss of the carbonyl group linked to the 466 

N atom bonded to the naphthalene ring. Note that these degradation by-products were also found by 467 

Chen et al. [35]. The second path corresponds to the starting chlorination over the C(9) of the 468 

naphthalene ring of 1 to form compound 3, followed by the cleavage and loss of the piperazine group 469 

to produce compound 9. The third path starts with the hydroxylation in the C(7) position of the 470 

naphthalene group with release of a F ion to yield compound 4. The subsequent cleavage of the 471 

naphthalene ring of 4 yields compound 10, which is then hydroxylated and decarboxylated to form 472 

compound 11. 473 

 Table 3 lists 5 stable by-products identified by GC-MS detected after 15 and 120 min of the 474 

above SPEF-HClO trial. These by-products are formed from the degradation of the aforementioned 475 
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primary by-products and are four N-derivatives (compounds 12-15), along with formic acid (16), also 476 

detected by ion-exclusion HPLC (see Fig. 9a). In the literature, the formation of compounds 13 and 477 

16 has been reported from the NFX destruction by chlorine dioxide [40] and EF [49], respectively. 478 

3.7. Evolution of the acute toxicity 479 

As discussed above, the appearance of some by-products (e.g., chlorinated compounds) could 480 

potentially cause an increase in the solution toxicity during its treatment. Therefore, a toxicity analysis 481 

was carried out during the electrolysis of 3 L of the WWTP effluent containing 0.103 mM NFX + 0.4 482 

mM Fe2+ at pH 3.0 by SPEF-HClO, using the solar flow plant shown in Fig.1 at j = 15 mA cm-2 and 483 

LFR = 180 L h-1 for 300 min. Fig. 11 shows that the initial toxicity value (i.e., once the NFX was spiked 484 

into the wastewater), in terms of EC50, was 49 mg L-1. Along the electrolysis, the toxicity remained 485 

almost constant during the first 240 min (i.e., EC50 of 53 mg L-1), which suggests the formation of by-486 

products with a similar toxicity for the fluorescent bacteria [57,58]. Conversely, the solution became 487 

much less toxic toward the end of the treatment, reaching a final EC50 of 91.3 mg L-1. This is indicative 488 

of the disappearance of the more toxic by-products, as for example the chlorinated compounds 3 and 9 489 

detected during the first 40 min, or compounds 4 and 5, despite the fact that 60% of the initial TOC 490 

remained in the WWTP effluent after its treatment [59]. Based on this, at industrial scale, the SPEF-491 

HClO process could be used to pre-treat the WWTP effluent, and the resulting solution could be further 492 

conditioned by means of a post-biological post-treatment aimed at water reuse, at least for irrigation 493 

purposes. This sequential method might be a suitable option for the treatment of a real WWTP effluent 494 

contaminated with NFX and, probably, with other aromatic organics. 495 

4. Conclusions 496 

 It has been shown that the AO-HClO treatment of NFX in a synthetic solution containing NaCl 497 

and Na2SO4 at pH 3.0 with a Ti|Ir-Sn-Ru oxides anode becomes more efficient than the analogous 498 

EF-HClO, PEF-HClO and SPEF-HClO treatments with 0.40 mM Fe2+. The unexpected better 499 
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performance of AO-HClO is explained by: (i) the accumulation of higher amounts of electrogenerated 500 

HClO, which is partially converted into OH in the electrochemical Fenton-based treatments, and (ii) 501 

the formation of refractory Fe(III)-NFX complexes in the latter processes. AO-HClO only yielded a 502 

53% TOC abatement due to the accumulation of stable chloroderivatives. In contrast, the good Fe2+ 503 

photoregeneration in SPEF-HClO allowed a gradual mineralization that could have more interest in 504 

practice. Optimum conditions for treating up to 0.146 mM NFX by SPEF-HClO were found: 0.40 505 

mM Fe2+ and j = 15 mA cm-2. The use of BDD anode accelerated the degradation and mineralization, 506 

although the calculated energy consumption was similar becasuwe of the higher Ecell as compared to 507 

Ti|Ir-Sn-Ru anode. A slower degradation was found for the SPEF-HClO process in the WWTP 508 

effluent due to the parallel oxidation of its organic components, but it was still effective. The 509 

mineralization process was accompanied by the production of formic acid and F, as well as minor 510 

amounts of NH4
+ and ClO3

. Up to 10 primary organic by-products involving hydroxylation, 511 

chlorination and defluorination of NFX have been identified by LC-MS/MS, allowing the proposal 512 

of its initial degradation sequence. Other 5 stable by-products formed during the SPEF-HClO 513 

treatment have been detected by GC-MS. 514 
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Figure captions 729 

Fig. 1. Sketch of the experimental setup of the solar flow plant used in this work. 730 

Fig. 2. Variation of (a) normalized norfloxacin (NFX) concentration and kinetic analysis (inset), (b) 731 

normalized TOC, (c) mineralization current efficiency, and (d) energy consumption per unit TOC 732 

mass with electrolysis time for the treatment of 3 L of 0.103 mM (20 mg L-1 TOC) NFX in a synthetic 733 

solution with 15 mM NaCl + 45 mM Na2SO4 at pH 3.0 and 30 ºC by AO-HClO, EF-HClO, PEF-734 

HClO and SPEF-HClO. A flow plant like that of Fig. 1 was used, at current density (j) of 15 mA cm-735 

2 and liquid flow rate (LFR) of 180 L h-1. For the Fenton-based processes, 0.40 mM Fe2+ was added 736 

as catalyst. In PEF-HClO, the solution was recirculated through an annular photoreactor of 600 mL 737 

with an internal 160 W UVA lamp. 738 

Fig. 3. Effect of j over the time course of (a) normalized NFX concentration and kinetic analysis 739 

(inset), (b) normalized TOC, (c) mineralization current efficiency, and (d) energy consumption per 740 

unit TOC mass for the SPEF-HClO treatment of 3 L of 0.103 mM NFX in a synthetic solution with 741 

15 mM NaCl + 45 mM Na2SO4 and 0.40 mM Fe2+ at pH 3.0 and 30 ºC, using the solar flow plant of 742 

Fig. 1 at LFR = 180 L h-1.  743 

Fig. 4. Influence of Fe2+ content on (a) normalized NFX concentration and kinetic analysis (inset), 744 

(b) normalized TOC, (c) mineralization current efficiency, and (d) energy consumption per unit TOC 745 

mass vs. electrolysis time for the SPEF-HClO treatment at j = 15 mA cm-2, under the conditions 746 

described in Fig. 3.  747 

Fig. 5. Effect of the initial NFX content over the change of (a) normalized drug concentration and 748 

kinetic analysis (inset), (b) normalized TOC, (c) mineralization current efficiency, and (d) energy 749 

consumption per unit TOC mass with electrolysis time for the SPEF-HClO at j = 15 mA cm-2, under 750 

the conditions described in Fig. 3.  751 
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Fig. 6. Influence of j in the SPEF-HClO process, under analogous conditions to those of Fig. 3 but 752 

using a BDD anode instead of the Ti|Ir-Sn-Ru oxides anode. 753 

Fig. 7. Comparative variation of (a) normalized NFX concentration and kinetic analysis (inset), (b) 754 

normalized TOC, and (c) energy consumption per unit TOC mass with electrolysis time for the SPEF-755 

HClO treatment of 3 L of 0.103 mM drug in a WWTP effluent (initial TOC = 31 mg L-1) and in a 756 

synthetic solution with 15 mM NaCl + 45 mM Na2SO4 (initial TOC = 20 mg L-1) at pH 3.0, 30 ºC, j 757 

= 15 mA cm-2 and LFR = 180 L h-1, using the solar flow plant of Fig. 1 and 0.40 mM Fe2+. 758 

Fig. 8. Active chlorine concentration accumulated during the AO-HClO treatment of 3 L of (a) a 15 759 

mM NaCl + 45 mM Na2SO4 synthetic solution and (b) a WWTP effluent, in both cases at pH 3.0, 30 760 

ºC, j = 15 mA cm-2 and LFR = 180 L h-1, using the solar flow plant of Fig. 1. Change of (c,e) 761 

normalized Fe2+ content and (d,f) normalized total Fe with electrolysis time for the SPEF-HClO trials 762 

of Fig. 7 in (c,d) the synthetic solution and (e,f) the WWTP effluent. 763 

Fig. 9. Evolution of the concentrations of (a) formic acid, (b) fluoride ion, (c) ammonium ion, and 764 

(d) chloride and chlorate ions determined during the SPEF-HClO treatment of 3 L of 0.260 mM NFX 765 

in a synthetic solution with 15 mM NaCl + 45 mM Na2SO4 and 0.40 mM Fe2+ at pH 3.0 and 30 ºC, 766 

using the solar flow plant of Fig. 1 at j = 15 mA cm-2 and LFR = 180 L h-1. 767 

Fig. 10. Initial reaction sequence for the degradation of NFX at pH 3.0 by SPEF-HClO. 768 

Fig. 11. Change of EC50 with time, with Vibrio fischeri as indicator organism, during the SPEF-HClO 769 

treatment of 3 L of WWTP effluent containing 0.103 mM NFX + 0.4 mM Fe2+ at pH 3.0, using the 770 

solar flow plant of Fig. 1 at j = 15 mA cm-2 and LFR = 180 L h-1.  771 
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Fig. 5 
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Fig. 6 
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Fig. 8 
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Fig. 9
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Table 1 

Selected values of percentages of NFX concentration decay, TOC removal and mineralization current 

efficiency, as well as energy consumption per unit TOC mass, obtained with the flow system of Fig. 

1 for different treatments of 3 L of NFX in several aqueous matrices under different conditions at pH 

3.0, 30 ºC and LFR = 180 L h-1.  

Method Anode j 

(mA cm-2) 

[Fe2+] 

(mM) 

[NFX] 

(mM) 

k1 (min-1) 

(R2) 

% [NFX] 

decay (time 

in min) 

% TOC 

removal 

(300 min) 

% MCE 

(300 min) 

ECTOC (kWh  

(g TOC)-1) 

(300 min) 

0.15 mM NaCl + 0.45 mM Na2SO4 synthetic solution 

AO-HClO Ti|In-Sn-Ru 15 - 0.103 0.200 (0.994) 97 (15) 53 6.0 0.80 

EF-HClO  15 0.40 0.103 0.104 (0.997) 96 (30) 49 5.2 0.83 

PEF-HClO  15 0.40 0.103 0.096 (0.980)  100 (30) 39 4.0 1.03 

SPEF-HClO  5 0.40 0.103 0.020 (0.980) 94 (120) 13 4.1 1.03 

  10 0.40 0.103 0.071 (0.993) 100 (60) 23 4.3 0.82 

  15 0.10 0.103 0.132 (0.982) 98 (30) 17 1.6 2.64 

  15 0.20 0.103 0.102 (0.980) 100 (30) 39 5.0 0.84 

  15 0.40 0.051 0.278 (1) 100 (10) 29 2.1 1.81 

  15 0.40 0.103 0.128 (0.995) 98 (30) 46 5.7 0.75 

  15 0.40 0.146 0.075 (0.996) 97 (30) 43 7.0 0.63 

  15 0.50 0.103 0.078 (0.991) 100 (45) 40 5.0 0.89 

  20 0.40 0.103 0.195 (0.991) 100 (15) 30 3.0 1.53 

SPEF-HClO BDD 15 0.40 0.103 0.242 (0.996) 100 (15) 60 7.5 0.73 

  20 0.40 0.103 0.144 (0.997) 99 (15) 60 5.4 1.11 

WWTP effluent 

SPEF-HClO Ti|In-Sn-Ru 15 0.40 0.103 0.078 (0.985) 100 (30) 40 - 1.21 
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Table 2 

Primary by-products detected by LC-MS/MS for the treatment of 3 L of 0.103 mM NFX in 15 mM 

NaCl + 45 mM Na2SO4 synthetic solution with 0.40 mM Fe2+ by SPEF-HClO, as well as in 50 mM 

Na2SO4 by AO. In both cases, trials were made at pH 3.0 and 30 ºC for 300 min, using the solar flow 

plant of Fig. 1 at j = 15 mA cm-2 and LFR = 180 L h-1. 

 

No Chemical formula Chemical structure Molecular 

mass 

Retention 

time (min) 

Main fragmentation 

ions (m/z) 

1 C16H18FN3O3 

 

 

319 15.5 320, 302 (-H2O),  

276 (-CO) 

2 C16H18FN3O4 

 
 

335 14.5 336, 318 (-H2O),  

294 (-2 C), 277 (-

NH2), 251 (-C2H2),  

233 (-H2O) 

3 C14H15ClFN3O3 

 
 

327 16.3 328, 310 (-H2O),  

285 (-C2H5N),  

267 (-H2O) 

4 C16H19N3O4 

 

317 14.2 318, 300 (-H2O),  

274 (-CO2),  

245 (-C2H5),  

219 (-CN) 

5 C16H18FN3O4 

 
 

335 14.5 336, 318 (-H2O),  

294 (-2 C), 277 (-

NH2), 251 (-C2H2),  

233 (-H2O) 
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6 C16H16FN3O5 

 
 

349 20.4 350, 332 (-H2O) 

7 C16H16FN3O5 

 

349 20.4 350, 332 (-H2O) 

8 C15H16FN3O4 

 

321 13.0 322, 304 (-H2O),  

284 (-HF),  

261 (-CHNO) 

9 C12H10ClFN2O3 

 
 

284 28.0 285, 267 (-H2O) 

10 C16H19N3O6 

 

N

OH

O

HO

N

HN

O

O
O

 

349 20.4 350, 332 (-H2O) 

11 C15H19N3O5 

N

OHHO

N

HN

O

O
O

 

321 13.0 322, 304 (-H2O), 284, 

261 
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Table 3 

Stable by-products detected by GC-MS with a polar (P) or non-polar (NP) column at 15 and 120 min 

of the SPEF-HClO treatment of 3 L of 0.103 mM NFX in 15 mM NaCl + 45 mM Na2SO4 synthetic 

solution with 0.40 mM Fe2+. The trial was made at pH 3.0 and 30 ºC, using the solar flow plant of 

Fig. 1 at j = 15 mA cm-2 and LFR = 180 L h-1. 

 

No. Chemical name Chemical 

formula 

Chemical structure Molecular 

mass 

Retention time 

(min), column 

12 1-Methyl-2-

pyrrolidinone 

C5H9NO 

N O

 

99 20.3, P 

13 5-Chloro-2-nitrobenzoic 

acid 

C7H4ClNO4 

 
 

201 a 21.1, NP 

14 Propanamide C3H7NO O

NH2  

73 20.4, NP 

15 N-Ethylformamide C3H7NO 

N
H

O

 

73 19.7, P 

16 Formic acid CH2O2 

OH

O

 

46 14.8, P 

a 35Cl. 


