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Graphical Abstract  25 

 26 

 27 

Abstract 28 

This work investigates the applicability of a new Ti/MMO/ZnO electrode composed to 29 

metallic mixture oxides of ruthenium and titanium (MMO) and zinc oxide 30 

electrodeposited in the photoelectrocatalytic treatment of synthetic wastes polluted with 31 

the antibiotic levofloxacin (LFX) and chlorine anions. This work try to shed light, at a 32 

low Technology Readiness Level (TRL), of the mechanisms which may be involved in 33 

the degradation of antibiotics in real wastes containing high concentrations of chlorides, 34 

such as urine, in the absence of other disturbing inputs. Results show that the 35 

degradation efficiency depended on the pH of the waste and a more pronounced 36 

synergistic effect between Ti/MMO/ZnO and UVC light was obtained at acidic and 37 
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neutral pH, leading to higher rates of antibiotic removal with the subsequent formation 38 

of inorganic ions NH4
+ and NO3

-. The large formation of hydroxyl radicals from the 39 

photo-generated charges in Ti/MMO/ZnO, and the reactive chlorine species produced 40 

from the homolysis of hypochlorous acid/hypochlorite, are used to explain the oxidation 41 

mechanism. In addition, results indicate that Ti/MMO/ZnO is an excellent photocatalyst 42 

for the degradation under acidic conditions in wastes containing chloride anions of 43 

persistent pollutants at relatively low concentrations. 44 

 45 

 Keywords 46 

Photoelectrolysis; Reactive chlorine species, UV-irradiation; EAOP; MMO; ZnO; 47 

levofloxacin 48 

 49 

Highlights 50 

- High synergism was achieved with Ti/MMO/ZnO and UVC light in the degradation of 51 

LFX 52 

- Hydroxyl radicals, activated chlorine and charges photo-generated explain the 53 

degradation rates 54 

- The acid-base equilibrium of LFX species influences on removal efficiency 55 

- Photoelectrolysis has better performance at LFX removal that photolysis and 56 

electrolysis 57 

 58 

1. Introduction 59 
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 The large variety of persistent harmful pollutants found in the environment has 60 

focused the interest of the research community in recent years [1–3].  Pharmaceutical 61 

products are one of the most interesting and representative examples, with thousands of 62 

compounds that have already been detected in natural aquatic environment up to the 63 

order of µg / L  [4]. The occurrence of these substances in the environment is associated 64 

to their consumption by humans and animals for the treatment of various diseases and to 65 

the low efficiency of conventional wastewater treatment plants in their removal [5,6]. 66 

Although most of the pharmaceuticals exhibit harmful characteristics, the presence of 67 

antibiotics in the water has been highlighted, because they can not only damage living 68 

ecosystems but also they can promote  bacterial resistance [7].  69 

 A very interesting representative of antibiotics is Levofloxacin (LFX), which is a 70 

fluoroquinolone antibiotic used for the treatment of a wide spectrum of bacteria. 71 

Unfortunately, its presence in the environment has been associated not only to the 72 

appearance of more antibiotic-resistant bacteria, but also adverse effects on microbial 73 

communities, harming the ecosystem and affecting the human health throughout the 74 

food chain [8,9]. LFX showed cytotoxic effects in rat cells, reducing cell viability in 75 

concentrations of 10 to 80 µg/mL [10]. In addition, it presented phytotoxicity in yellow 76 

lupine, altering the protein profile of seedlings with EC50 between 1.05 and 0.069 mM 77 

[11]. To remove antibiotics from wastewater and natural water, several technologies 78 

have been investigated in the recent years [2,12–16]. Semiconductor photocatalysis is 79 

an economical green technology that stands out due to its high efficiency in the 80 

elimination of various recalcitrant contaminants from wastewater [17,18]. However, its 81 

success is directly related to the material used as a photocatalyst, since these are 82 

generally unstable and limited by the recombination of the photogenerated charges and 83 

restricted spectral response [19,20].  ZnO has been used as a photocatalyst due to its 84 

high photoactivity, low cost and low toxicity. However, different strategies have been 85 
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studied to improve the photostability of ZnO, since this oxide can undergo photo-86 

corrosion under the incidence of continuous light. Among these strategies, the doping of 87 

ZnO with other semiconductor oxides or metals and the immobilization of this oxide on 88 

metallic mixture oxides (MMO) have achieved promising results [21–23]. Thus, the 89 

Ti/MMO/ZnO electrode could be a promising photoanode for the treatment of  90 

recalcitrant organic compounds according to its high stability, photoactivity and easy 91 

sinthesis when compared to some photoanodes previously reported in the literature [24–92 

26]. 93 

 In addition to photocatalysis, other advanced oxidative processes (AOPs) have 94 

demonstrated to be able to reach high efficiencies in the degradation of micropollutants. 95 

The key for a successful operation of AOPs is the promotion in the production or 96 

powerful radicals like the hydroxyl radicals (HO•). However, these processes are not 97 

only based on the production of HO• but also of sulfate radicals (SO4
⦁−) and/or reactive 98 

chlorine species (RCS). Trying to enhance the efficiency, one of the most interesting 99 

strategies to obtain radicals consists of the irradiation of ultraviolet (UV) light during 100 

treatment [27]. Presence of chlorides can promote the formation of HO• and of many 101 

RCS, with a positive effect on the removal efficiency. However,  RCS can also lead to 102 

the formation of toxic by-products such as chlorite (ClO2
−), chlorate (ClO3

−) and 103 

perchlorate (ClO4
−) ions [28,29]. Another disadvantage of using solutions with chlorides 104 

is their toxicity to certain freshwater species (LC50s from 682 to 1,941 mg Cl−/L for 105 

some crustaceans and molluscs) [30], making it difficult to dispose of the post-treated 106 

waste. Because of that, it is convenient to evaluate more details about the treatment 107 

trying to determine if there is a positive input in the removal of recalcitrant pollutants 108 

with the formation of RCS[31].  109 

 Within this context, this work investigated the combination the electrolysis and 110 

photoelectrolysis of a synthetic solution containing chloride and LFX with a 111 
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Ti/MMO/ZnO electrode assisted by UV. This can be considered as a first approach, 112 

made at a low technology readiness level (TRL), for the understanding of the 113 

mechanisms which may be involved in the degradation of antibiotics in real wastes 114 

containing high concentrations of chlorides, such as urine, in the absence of other 115 

disturbing inputs. 116 

 117 

2. Experimental 118 

2.1 Chemicals 119 

Levofloxacin (99%), ruthenium (III) chloride (RuCl3.xH2O, 99.9%), titanium (IV) 120 

butoxide (97%) and zinc acetate (99%) were from Sigma-Aldrich. Sodium chloride and 121 

potassium nitrate were purchased from Panreac. Methanol and formic acid (HPLC 122 

grade) were obtained Sigma-Aldrich. All aqueous solutions were prepared with 123 

ultrapure water from a Millipore Mili-Q Gradient system (resistivity 18.2 MΩ cm). 124 

2.2 Ti/MMO/ZnO synthesis and characterization 125 

 Ti/MMO/ZnO was obtained by electrodeposition step followed by calcination. 126 

Firstly, the deposition of MMO on a titanium substrate (6.25 cm2 area) was carried out 127 

by brushing a precursor solution of ruthenium chloride and titanium butoxide 128 

(Ru0.3/Ti0.7 molar ratio) and ionic liquid [32]. MMO layers were made until reaching a 129 

mass of 1.2 mg cm-2. For each brushed layer, the film was heat treated for 5 min at 400 130 

° C (heating 5 °C min–1). Upon reaching the desired mass, the MMO film was calcined 131 

at 400 °C for 1h. Then, the ZnO film was electrodeposited on the Ti/MMO substrate by 132 

applying –1.1 V in 0.1 mol L–1 solution of potassium nitrate containing 50 mmol L–1 of 133 

zinc acetate, with pH 5.8 adjusted with 2.0 mmol L–1 nitric acid solution. The precursor 134 

solution of ZnO was maintained at 80 °C during electrodeposition for 30 min. Then, the 135 

films were washed with purified water and calcined at 400 ° C with a heating ramp of 5 136 

° C min–1 for 1 h. 137 
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 The surface morphology of the Ti/MMO/ZnO and their elementary composition 138 

were carried out employing a field emission scanning electron microscope with a 139 

coupled energy-dispersive X-ray spectroscopy analyzer (FE-SEM; Zeiss GeminiSEM 140 

500 - EDX). X-ray diffraction patterns (XRD) measurements were obtained using a 141 

Bruker-D8 Advanced X-ray diffractometer with Cu Kα radiation over a 2θ range 20°–142 

80°; scan rate of 0.02° min–1. 143 

2.3 Photoelectrocatalytic activity performance tests  144 

 For electrolysis of levofloxacin antibiotic, the Ti/MMO/ZnO electrode (geometric 145 

area of 6.25 cm2) was used as an anode, Pt plate as a cathode and Ag/AgCl (saturated 146 

KCl) from Metrohm as the reference electrode. A UVC lamp (254 nm, 9 W) was used 147 

as light source in the photolysis and photoelectrolysis measurements. The degradation 148 

experiments were carried out in a single compartment electrochemical cell, with a 149 

capacity of 150 mL and with the lamp placed in the center. A 0.1 mol L–1 NaCl solution 150 

was used as supporting electrolyte and the Levofloxacin concentration was 20 ppm. The 151 

effect of UV light and the pH of solution on the degradation tests were evaluated. All 152 

electrochemical measurements were performed with a potentiostat/galvanostat (Autolab 153 

PGSTAT 302N - Metrohm). 154 

2.4 Analytical techniques 155 

 Before analysis, all samples were filtered using a 0.22 µm filter. Aromatics were 156 

monitored by HPLC using an Agilent 1100, equipped with a diode matrix detector and 157 

Eclipse Plus C-18 column (4.6 mm × 100 mm; 3.5 µm). The wavelength used for the 158 

detection was set at 288 nm and the temperature at 40 ° C. The mobile phase consisted 159 

of 30% acetonitrile and 70% water with 0.1% formic acid (flow rate of 0.6 mL min-1 160 

and an injection volume of 20 µL). Carboxylic acids were detected at 210 nm by HPLC 161 

with a ZorbaxSB-Aq column (4.6 mm × 150 mm) using a 5.0 mmol L–1 H2SO4 solution 162 

as the mobile phase. The concentration of total organic carbon (TOC) was measured on 163 
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a TOC analyzer from the Multi N/C 3100 Analytik Jena. Total oxidants were 164 

determined by iodometric titration according to Kolthoff & Carr [33]. Inorganic ions 165 

(Cl–, ClO3
–, NH4

+ and NO3
–) were monitored using a Metrohm 930 Compact IC Flex 166 

ion chromatograph with conductivity detector. For the anions, a mobile phase with 85% 167 

Na2CO3 and 15% acetone and a Metrosep A Supp 7 column were used. For the cations, 168 

it was used a Metrosep C6 250 column with a mobile phase of 1.7 mmol L–1 HNO3 and 169 

1.7 mmol L–1 of 2,6-pyridinedicarboxylic acid (flow of 0.9 mL min–1). 170 

 171 

3. Results and discussion  172 

3.1 Structural and morphological characterization 173 

 Figure 1 gives details about the material used as photocatalyst. The deposit of 174 

ZnO directly on titanium are less stable than when an intermediated mixed metal oxide 175 

(MMO) layer is placed in between the titanium and the zinc oxide and, because of that, 176 

in this work we are evaluating this more complex electrode, because there are no 177 

information about its behavior in electrolytes with high content in chloride anions. 178 

Figure 1a shows the SEM image of this intermediate Ti/MMO layer, which acts as the 179 

ZnO substrate, and in which it is observed a "cracked-mud" morphology, typically 180 

formed in oxide films obtained by thermal decomposition [34]. On this Ti/MMO layer, 181 

the ZnO layer is deposited and calcined at 400 °C, being obtained the photoactive 182 

Ti/MMO/ZnO electrode used in this study. Figure 1b shows the coating of the MMO 183 

with nanoparticles of different structures and sizes of ZnO. This distribution leads to an 184 

increase in the porosity and in the surface area of the electrode which, in turn, is 185 

expected to improve its catalytic performance. The presence of oxygen, titanium and 186 

ruthenium was confirmed on the Ti/MMO electrode by EDX analysis as shown in 187 

Figure 1c. In the Ti/MMO/ZnO electrode, only oxygen and zinc were detected, showing 188 

that the Ti/MMO substrate was completely covered with ZnO.  189 
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   190 

     191 

Figure 1. SEM image (A and B), EDX spectra (C) and XRD (D) of Ti/MMO and 192 

Ti/MMO/ZnO. 193 

 194 

 Crystalline structures in the Ti/MMO and Ti/MMO/ZnO were evaluated using 195 

XRD measurements (Figure 1d). In the Ti/MMO substrate, RuO2 was formed in the 196 

rutile (JCPDS 00-040-1290), TiO2 in the anatase (JCPDS 00-00109562) and rutile (00-197 

004-0551) phase. In the Ti/MMO/ZnO electrode, it is remarkable the formation of ZnO 198 

with hexagonal wurtzite structure (JCPDS 36-1451). Because of the penetration of X-199 

rays in the oxide films up to the titanium substrate, metallic Ti was also detected in the 200 

XRD [32]. Some diffraction peaks are marked with two substances (RuO2 and TiO2) 201 

due to the formation of a solid solution. Studies show that when obtaining mixtures of 202 

metallic oxides (MMO), solid solution and metastable structures may occur due to the 203 

high miscibility of the oxides, depending on the precursor, solvent, calcination 204 

temperature among other experimental parameters used [35,36]. Therefore, the same 205 
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diffraction peak may occur for different substances. This was also observed in other 206 

works reported in the literature in obtaining MMO composed to Ru and Ti and ionic 207 

liquid [32,37]. 208 

3.2 Levofloxacin degradation 209 

 Figure 2 compares changes in the LFX concentration during the photolysis, 210 

electrolysis and photoelectrolysis of a synthetic waste containing sodium chloride, 211 

sodium hydroxide (added to obtain pHs of 5.0, 7.0 and 9.0) and 20 mg L–1 of LFX. 212 

 The LFX degradation was very slow in the electrolysis tests and, in fact, less 213 

than 10% of the antibiotic was removed after 4 hours of treatment, regardless of the pH 214 

of the waste. LFX degradations were fitted to first order kinetic calculated by the 215 

equation: -ln (C / C0) = kt, where C0 is the initial concentration of LFX, C is the 216 

concentration of LFX at each reaction time, t (min), and k is the reaction rate constant. 217 

From linear extrapolations shown in Figure S1 (included in supplementary materials), 218 

the rate constants were obtained. To electrolysis, the obtaining rates values were 0.016 219 

min-1 (r2 = 0.995), 0.002 min-1 (r2 = 0.997) and 0.019 min-1 (r2 = 0.998), respectively at 220 

the three pHs tested. The low values of the regression coefficients are related to the very 221 

low variation in the concentration of LFX during electrolysis. Opposite, in photolysis 222 

tests, the rate of degradation was much more important, and it increased with increasing 223 

the pH of the solution. After 4 hours, the degradation reached was 9.90% at pH 5, 224 

59.7% at pH 7 and 85.3% at pH 9. Degradation results also fitted well to first order 225 

kinetics obtaining values of 0.025, 0.217 and 0.474 min-1, with regression coefficients 226 

of 0.999, 0.998 and 0.998 for pHs 5.0, 7.0 and 9.0, respectively. Alkaline pHs 227 

demonstrate a very high and positive influence on the degradation of the antibiotic. The 228 

same behavior was observed in the photoelectrolysis tests, reaching degradations of 229 

LFX after 4 hours of 57.4% at pH 5.0 (0.212 min-1; r2 = 0.999), 86.8% at pH 7.0 (0.507 230 
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min-1; r2 = 0.998) and 97.1% pH 9.0 (0.877 min-1; r2 = 0.996). Thus, photoelectrolysis 231 

was more efficient in the degradation of LFX than electrolysis or photolysis in NaCl 232 

medium, showing the synergistic effect (Kphotoelectro / (Kphoto+ Kelectro))between the 233 

photoactivation of Ti/MMO/ZnO by UVC light and the potential applied with values of 234 

5.17, 2.31 and 1.77, respectively, at the three different pHs evaluated. 235 

 236 

Figure 2. Photolysis, electrolysis (0.2 V) and photo-electrolysis (0.2V and UV) of 20 237 

ppm levofloxacin with Ti/MMO/ZnO in 0.1 mol L–1 NaCl solutions at pH 5.0, pH 7.0 238 

and pH 9.0. 239 

  240 

 Figure 3 focuses on the mineralization of the antibiotic showing the percentages 241 

of TOC removal after 4 hours of treatment. The highest percentages of TOC removal 242 

for electrolysis was ~ 0.11%, for photolysis ~ 13.8% and for photoelectrolysis ~ 18.0% 243 

at acid and neutral pHs. Results show again the inefficiency of the bare electrolysis, the 244 

unexpected good performance of photolysis and the outstanding and synergistic 245 

performance of photoelectrolysis with synergistic coefficients over 1 for all pHs (3.00, 246 

1.19 and 7.04 for pHs 5.0, 7.0 and 9.0, respectively). In comparing figures 2 and 3, it is 247 

important to see important differences between the influence of pHs on the oxidation of 248 

the LFX and the removal of TOC. Regarding mineralization, it is better to operate at 249 

acidic pHs, just in the conditions in which the removal of LFX was slower. This can 250 
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only be explained in terms of the formation of higher concentrations of intermediates at 251 

neutral and alkaline pHs and, consequently, in the development of a more direct 252 

mineralization at acidic pHs, which must be associated to hasher oxidation conditions.  253 

 254 

Figure 3. Removal percentage of levofloxacin at photolysis, electrolysis (0.2 V) and 255 

photo-electrolysis (0.2V and  UV) with Ti/MMO/ZnO in 0.1 mol L–1 NaCl solutions at 256 

pH 5.0, pH 7.0 and pH 9.0. 257 

 258 

  As well, the characteristics of the LFX molecule at the different studied pHs can 259 

also affect the degradation efficiency. Levofloxacin exists as a zwitter ion and neutral 260 

species in the pH range of 6.0 to 8.0, and can undergo various acid-base equilibrium to 261 

form anionic, cationic and dipolar species with a change in pH, as shown in Figure 4 262 

[38]. The reactivity of the ionic species of the molecule at a given pH can contribute to 263 

photodegradation. At pH close to pKa1 (6.02), the formation of the protonated 264 

piperazinyl group and the dissociation balance of the carboxylic acid group can 265 

influence photodegradation. At pH around pKa2 (8.15), partial deprotonation of the 266 

piperazinyl group occurs and at more basic pHs, the decrease in the rate of degradation 267 

may be due to the presence of the molecule in its non-protonated form [39].  268 
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 269 

Figure 4. Speciation pattern of levofloxacin and reactive chlorine species at different 270 

pHs [38,40]. 271 

 Figure 5 shows the changes in the concentrations of the aromatic intermediates 272 

formed in the LFX electrolysis, photolysis and photoelectrolysis tests (measured as 273 

chromatographic area). No intermediates were found in the electrolysis. The 274 

intermediate with a retention time of 1.7 min was detected at all studied pHs. However, 275 

at pH 9, more intermediates were formed and, consequently, detected in the retention 276 

times of 2.0 min for photolysis and photoelectrolysis; and in 4.4 min and 5.0 min for 277 

photoelectrolysis. The formation of more organic intermediates at basic pH during 278 

photolysis and photoelectrolysis agrees with the high rate of degradation of LFX 279 

molecule and the low rate of mineralization in this reaction medium.  280 
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 281 

Figure 5. Intermediates formed in the experiments of photolysis, electrolysis (0.2V) and 282 

photo-electrolysis (0.2V and UV) of 20 ppm levofloxacin with Ti/MMO/ZnO in 0.1 283 

mol L–1 NaCl solutions at pH 5.0, pH 7.0 and pH 9.0 (A) and pH 9.0 (B). 284 

 285 

 A similar behavior was observed in the formation of short chain acids. Oxalic, 286 

oxamic and maleic acids were formed mainly in the photoelectrolysis experiments and 287 

in neutral and basic pH, as shown in Figure 6. As for the aromatics, at these pHs, the 288 

higher increase in the concentration of acids is explained in terms of the lower 289 

mineralization reached for LFX as compared to the oxidation carried out at acidic 290 

conditions. This means that photolysis and photoelectrolysis are not promoted at neutral 291 

or alkaline pHs, leading to the accumulation of intermediates, being particularly 292 

important the increase in the concentration of carboxylic acids 293 
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294 

 295 

Figure 6. Carboxylic acids formed in the experiments of photolysis and photo-296 

electrolysis (0.2V and UV) of 20 ppm levofloxacin with Ti/MMO/ZnO in 0.1 mol L–1 297 

NaCl at pH 5.0, pH 7.0 and pH 9.0. 298 

 The oxidants formed during the LFX degradation in the different processes 299 

studied were also monitored and are shown in Figure 7. It is important to note that the 300 

oxidants measured are not the total oxidants produced at the different systems studied, 301 

but those remnants that have not chemically reacted with other components of the 302 

solution. This means that very reactive oxidants are not included in this value, because 303 

they are expecting to act before being detected. 304 
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 305 

Figure 7. Oxidants formed in the experiments of photolysis and photo-electrolysis 306 

(0.2V and UV) of 20 ppm levofloxacin with Ti/MMO/ZnO in 0.1 mol L–1 NaCl at pH 307 

5.0, pH 7.0 and pH 9.0. 308 

 The concentration of oxidants varied according to the pH of the solution and the 309 

oxidation processes studied. In electrolysis, higher concentrations of oxidants were 310 

observed as compared to photolysis and photoelectrolysis. This higher concentration of 311 

oxidants at the electrochemical process indicates that most of the oxidants produced 312 

were not consumed during LFX degradation, mainly at neutral pH. This result is in line 313 

with the low rate of degradation observed for LFX during electrolysis. However, in 314 

photolysis and photoelectrolysis of LFX, there was a higher consumption of oxidants at 315 

pH 5 and pH 7 as compared to pH 9. These results agree with the increase in the 316 

removal of LFX in acidic and neutral media. Activation of oxidants with the 317 

decomposition of the molecular oxidants up to short life-time radicals can help to 318 

understand this behavior as the action of these later radical oxidants is known to be 319 

much more intense. This decomposition is promoted with the irradiation of light and 320 
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this explains the very improved results obtained by the photoelectrolysis. At basic pH, 321 

the ease of forming hydroxyl radicals, in addition to some reactive chlorine species, 322 

may have had an antagonistic effect on the degradation of LFX due to the high 323 

concentration of these reactive species, which can recombine and finally lead to the 324 

dissipation of the oxidation power with the formation of low oxidation capacity species 325 

such as oxygen. Thus combination of hydroxyl radicals can lead to the formation of 326 

hydrogen peroxide or oxygen and combination of chlorine radicals can lead to the 327 

formation of non-desired species such as chlorates or even perchlorates [41]. 328 

 Thus, in chloride solution, the degradation of levofloxacin is expected to occur 329 

by different reaction processes in the presence of UV light and it is almost negligible in 330 

the darkness. The levofloxacin oxidation can occur from direct or indirect photolysis, 331 

through oxidizing species formed with the incidence of UV light in the catalyst and/or 332 

oxidizing species formed from the chloride ions present in the solution. In addition, the 333 

degradation efficiency can also be explained by electrostatic interactions between the 334 

electrode surface and the molecule at the different studied pHs. UV light can 335 

photoactivate the Ti/MMO/ZnO anode surface leading to the formation of the e-/h+ pair, 336 

that is capable of directly oxidizing LFX. In addition, its degradation can occur by 337 

anions of superoxide radicals (O2
•), hydroxyl radicals (HO•) and hydroperoxyl radicals 338 

(HOO•) produced by the photo-generated charges[42]. In addition, the incidence of UV 339 

light in a chloride solution can lead to the formation of species of active chlorine (Cl2, 340 

HOCl and OCl–) with high oxidizing power. These species can be transformed into 341 

other radicalary species. Thus, the UV photolysis of chlorine leads to the formation of 342 

primary HO• and Cl• radicals (eq 11) and secondary radical species, such as Cl2
•- and 343 

ClO• according to eqs 12-16 [43]. 344 

                HOCl/OCl- + hv(UV) → HO•/O•- + Cl•                            (11) 345 
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                Cl• + Cl- ⇌ Cl2•–                                                                 (12) 346 

                HO• + HOCl → ClO• + H2O                                             (13) 347 

         HO• + OCl- → ClO• + OH–                                               (14) 348 

                Cl• + HOCl → ClO• + H+ + Cl–                                         (15) 349 

                Cl• + OCl– → ClO• + Cl–                                                    (16) 350 

 HO• is a strong non-selective oxidant, while reactive chlorine species (RCS) 351 

such as Cl•, Cl2
•– and ClO• are selective [44]. Cl• in addition to being selective, it has 352 

greater reactivity than HO• in certain organic compounds. Cl2
•– for example, is selective 353 

for olefinic compounds and aromatic rings substituted with hydroxy, methoxy and 354 

amino groups while ClO• is selective for aromatic compounds with methoxy groups  355 

[43,45]. Due to the selectivity of RCS for different structures of organic compounds, the 356 

UV/chlorine process can complement the degradation of these compounds, which 357 

sometimes does not happen with HO•. 358 

 The relative concentration of a particular reactive chlorine species is strongly 359 

dependent on the pH of the solution. At medium to low pH (3-7), the main species is 360 

HOCl [46]. In this pH range, the highest levels of levofloxacin mineralization were 361 

observed in both photolysis and photoelectrolysis (Figure 3) and which can be 362 

associated to the enhanced formation of radicals by reactions 11, 13 and 15. Thus, the 363 

radicals produced from the HOCl homolysis with the incidence of UVC light may have 364 

contributed to the mineralization of the molecule. At basic pH, the main species is OCl–, 365 

Figure 4 [47]. The highest degradation rates were observed at pH 9; however, at this pH, 366 

there was a decrease in the mineralization rate of levofloxacin. In addition to the 367 

presence of the reactive OCl– species, the formation of HO• at basic pH is also 368 

facilitated. The high concentration of radicals in this medium may have led to the rapid 369 
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degradation of levofloxacin. On the other hand, the mineralization of molecule may 370 

have been affected by parallel reactions, such as recombination of oxidizing species due 371 

to its high concentration and reactivity and the formation of oxidants byproducts such as 372 

chlorates[37,48]. 373 

 Figure 8 shows the inorganic ionic species (Cl–, ClO3
–, NH4

+, NO3
–) formed 374 

during the photolysis, electrolysis and photoelectrolysis of LFX. A slight variation in 375 

the concentration of Cl– species was observed over time for all the studied processes. 376 

There was the formation of the unwanted dangerous species ClO3
–, especially important 377 

at alkaline pHs, which is consistent with the speciation of chlorine discussed previously 378 

(Figure 8a), pointing out the role of the chlorine radicalary species on the mineralization 379 

at acidic pHs and the inactivation of these species at alkaline pHs after evolving to 380 

chlorates. The formation of ClO4
– was not observed in the investigated processes.  381 

 During the mineralization of LFX, nitrogen is expected to be released. 382 

According to the literature, it should be transformed into  NH4
+, NO2

– and/or NO3
– ions 383 

[49]. Figure 8b shows the concentrations of NH4
+ and NO3

- released during electrolysis, 384 

photolysis and photoelectrolysis, respectively. The NO2
– ions were not detected under 385 

the studied conditions and this can be explained because due to its high instability in 386 

oxidizing medium, NO2
– can be quickly oxidized and therefore it is difficult to be 387 

detected. The NH4
+ ion was formed only in an acid medium during photolysis. 388 

However, the dominant species of inorganic nitrogen formed during the degradation of 389 

LFX at different pHs was NO3
–, with the highest concentrations found in acidic pH (2.4 390 

mg L–1) and neutral (1.6 mg L–1) for photoelectrolysis. Previous works demonstrate that 391 

formation of nitrates during the oxidation of organics containing nitrogen has been the 392 

preferred pathway in electrochemical processes [50–52].   393 
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394 

 395 

Figure 8. Inorganic ions such as Cl– and ClO3
– (a) and NH4

+ and NO3
– (b) formed at 396 

photolysis, electrolysis (0.2 V) and photo-electrolysis (0.2 V and  UV)  of 20 ppm 397 

levofloxacin with Ti/MMO/ZnO in 0.1 mol L–1 NaCl at pH 5.0, pH 7.0 and pH 9.0. 398 

 Finally, Figure 9 shows an oxidation conceptual model for LFX in wastes 399 

containing large amounts of chloride ions, ultraviolet light and Ti/MMO/ZnO as a 400 

photoanode. One can observe the different processes responsible for the degradation of 401 

LFX, such as direct and indirect photolysis, activation of oxidizing radicals by 402 

polarization and/or incidence of UV light forming reactive species of chlorine, hydroxyl 403 

and superoxide radicals, in addition to the electron/hole pair in the Ti/MMO/ZnO 404 

catalyst with high oxidizing power. 405 
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 406 

Figure 9. Model of the photoelectro-oxidation of LFX in wastes containing large 407 

amounts of chloride ions using Ti/MMO/ZnO such as photoanode. 408 

 409 

Conclusions 410 

From this work, the following conclusions can be drawn: 411 

- LFX can be treated by photolysis and photoelectrolysis but not by direct 412 

electrolysis using Ti/MMO/ZnO anodes. Degradation efficiency was dependent 413 

on the pH of the solution, the oxidizing species formed and the photoactivation 414 

of Ti/MMO/ZnO. 415 

- The highest rates of degradation and formation of organic intermediates were 416 

obtained at basic pH in photolysis and photoelectrolysis experiments. However, 417 

the mineralization of LFX was promoted at acidic pHs. This can be related to the 418 

formation of certain oxidizing species at these pHs and to the acid-base 419 

equilibrium of LFX to form anionic, cationic and dipolar species that facilitate 420 

or hinder their degradation. 421 
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- The high concentration of hydroxyl radicals combined with reactive chlorine 422 

species formed at basic pH may have reduced the efficiency of the degradation 423 

process, due to the recombination reactions of these species. 424 

- The highest kinetics were found in the experiments with light irradiation. 425 

Photoelectrolysis was more efficient in the degradation and mineralization of 426 

levofloxacin when compared to electrolysis and photolysis in NaCl medium, 427 

showing the synergistic effect between the photoactivation of Ti/MMO/ZnO by 428 

UVC light and the applied potential. In addition, it was observed a higher 429 

formation of inorganic ions such as NH4
+ and NO3

–, characteristic of LFX 430 

mineralization during photoelectrolysis, showing greater fragmentation of the 431 

molecule. 432 

- Although the formation of ClO3
– ions was detected, these ions were formed in 433 

basic medium and in very low concentrations during photoelectrolysis with 434 

Ti/MMO/ZnO. This indicates that it is possible to use this electrode in acidic 435 

and neutral conditions in a chloride environment in the efficient degradation of 436 

refractory pollutants without the formation of dangerous chlorine species. 437 

 438 
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