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Abstract: This paper studies the applicability of a novel laser-prepared mixed metal 12 

oxide (MMO-RuO2TiO2) anode in the photoelectrochemical degradation of clopyralid, a 13 

toxic and biorefractory herbicide. Results are compared to those obtained using the well-14 

known boron-doped diamond (BDD) anode and demonstrate that, although the 15 

electrolysis with diamond is more effective than that obtained with the new electrode, the 16 

irradiation of UVC light makes the novel MMO material more effective in chloride 17 

media. It was explained in terms of the homolysis of hypochlorous acid/ hypochlorite to 18 

form chloride and hydroxyl radicals. Photoelectrochemical degradation with MMO 19 

produced a marked synergistic effect in TOC removal, especially in the presence of 20 

chloride ions. On the contrary, for the BDD anode, at the tested conditions, antagonisms 21 

were found in both sulfate and chloride media. These important synergisms allows 22 

finding conditions in which the novel anode can be competitive with the BDD. 23 
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Highlights 26 

 27 

• Photoelectrolysis with a novel laser-prepared MMO-RuO2TiO2 shows superb 28 

performance 29 

• Activation of hydroxyl and chlorine radicals explains the better photoelectrolysis 30 

performance 31 

• Under no activation of chlorine radicals, better behavior of BDD  32 

• Photolysis is inefficient in clopyralid removal but alters electrolysis performances 33 
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1. Introduction 50 

The contamination of water with pesticides, often associated with intense agriculture 51 

activities, is a highly significant environmental issue (Rodrigo et al., 2014; Almazán-52 

Sánchez et al., 2017). During recent decades, diverse technologies have been proposed to 53 

remove these pollutants from the water (Jiménez et al., 2016; Trellu et al., 2016; Barba et 54 

al., 2017). Biological treatments are the cheapest processes (Acosta-Santoyo et al., 2019), 55 

but the high toxicity and poor biodegradability of these molecules make them inefficient 56 

in many cases. Because of that, the evaluation of efficient technologies capable of 57 

removing complex pollutants from water is not only a topic of significant interest 58 

nowadays, but for sure it will be a relevant topic of significant research in the near future 59 

(Radjenovic and Sedlak, 2015; Dos Santos et al., 2017; Morillo and Villaverde, 2017).  60 

Oxidation technologies based on the generation and use of hydroxyl radical as an oxidant, 61 

namely advanced oxidation processes (AOPs), have attracted significant attention, 62 

because of their ability to oxidize recalcitrant organics(Sirés et al., 2014; Martinez-Huitle 63 

et al., 2015). Within them, AOPs based on electrochemical oxidation, the so-called 64 

electrochemical advanced oxidation process (EAOP), stands out due to the high 65 

efficiencies reached in the removal of pollutants, explained in terms of the combination 66 

of direct (by electron transfer) and mediated (through the action of oxidants 67 

electrogenerated) oxidation mechanisms (Sirés et al., 2014; Moreira et al., 2017).  68 

In electrochemical oxidation (EO), the choice of the anode material is of great importance. 69 

Among them, boron-doped anodes (BDD) and mixed metal oxides (MMO) are the most 70 

studied, because of their significant differences and the important possibilities of use in 71 

real applications (Polcaro et al., 2009; Fornazari et al., 2012; Sirés et al., 2014; de Mello 72 

et al., 2018). BDD anodes show advantages such as electrochemical stability, wide 73 

potential window, good conductivity and capability of electrogeneration of large amounts 74 
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of powerful hydroxyl radicals, which make them suitable to treat a wide range of organic 75 

pollutants (Scialdone et al., 2009; Mascia et al., 2011; Sopaj et al., 2015; Coledam et al., 76 

2017). On the other hand, research on MMO application for electrochemical oxidation of 77 

recalcitrant pollutants has become attractive due to lower cost of these anodes (Wu et al., 78 

2014; da Silva et al., 2018), although their lower efficiency in the oxidation of organics 79 

strongly advices their combination with other technologies in order to make more 80 

attractive their use.  81 

Thus, synergic effects can be achieved by the combination of EO with other oxidation 82 

technologies, such as irradiation with ultraviolet light (UV) (de Vidales et al., 2019). It is 83 

well-known that  UVC  irradiation can activate oxidants in the bulk solution (Brillas and 84 

Martínez-Huitle, 2015; Dos Santos et al., 2017), contributing to  minimize the typically 85 

found mass transfer limitations bottleneck in the electrochemical treatments, observed 86 

specially when the organic concentration reaches low values (Cotillas et al., 2016). In 87 

parallel, if anode material has photoactivity, electron-hole pairs are generated, promoting 88 

the production of •OH at the anode surface.  89 

With this background, this paper aims to investigate the feasibility of 90 

photoelectrochemical oxidation (PEC) using a laser-prepared MMO-RuO2TiO2 and to 91 

compare results with those obtained using a commercial BDD anode, which is the anode 92 

with the best performance known. Then, the oxidation of the herbicide clopyralid has 93 

been used as a test reaction, and the PEC process was compared with single photolysis or 94 

single electrochemical oxidation (EO), trying to determine if the combination of 95 

technologies lead to synergistic effects.  96 

 97 

2. Methodology 98 

2.1 Chemicals 99 
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Clopyralid purchased from Sigma Aldrich was of analytical grade (99%). Sodium 100 

chloride and anhydrous sodium sulfate used as supporting electrolytes purchased from 101 

Panreac. Methanol and formic acid used for the mobile phase of HPLC were purchased 102 

from Sigma-Aldrich. All aqueous solutions were prepared using high-purity water 103 

(Millipore Milli-Q system, resistivity > 18 MΩ). All reactants were of analytical grade 104 

and were used as received. 105 

 106 

2.2 Physical characterization 107 

The surface morphology of the BDD films was visualized employing a field emission 108 

scanning electron microscope (FE-SEM; Zeiss GeminiSEM 500). The elemental 109 

chemical composition of the laser prepared MMO-Ti/RuO2TiO2 was determined using 110 

energy-dispersive X-ray (EDX) spectroscopy coupled to the SEM equipment. X-ray 111 

diffraction pattern (XRD) measurements were carried out by using a Bruker-D8 Advance 112 

X-ray diffractometer with Cu Kɑ radiation over a 2ϴ range between 20○ and 80○, at a 113 

scan rate of 0.02○ min–1. 114 

 115 

2.3 Electrochemical characterization  116 

The electrochemical measurements were performed on an Autolab PGSTAT302N 117 

(Metrohm – Pensalab) using a conventional three-electrode cell. The counter electrode 118 

was a platinum wire, an Ag/AgCl reference electrode, and a 4 cm2 working electrode, 119 

which consisted of laser prepared MMO-Ti/RuO2TiO2 and a commercial BDD. Cyclic 120 

voltammetry measurements were performed at the potential limits of 0.0–1.2 V for MMO 121 

and 0.0–3.0V for BDD anode with a scan rate of 20 mV s–1 in Na2SO4 (3.0 g L–1) and 122 

NaCl solution at the same ionic strength (≈ 0.06). 123 

 124 
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2.4 Experimental set-up 125 

The electrochemical oxidation, photolysis, and photoelectrochemical oxidation were 126 

carried out in a single compartment electrochemical cell. The electrode gap between both 127 

electrodes was 1.0 cm, and the capacity of the cell was 150 mL. The applied current 128 

density was fixed at 30 mA cm–2 provided by potentiostat / galvanostat 302N. For the 129 

photolysis, a UVC lamp (with 254 mm) was used to irradiate 7, 9, and 11 W directly to 130 

the solution.  131 

 132 

2.5 Analytical techniques 133 

Inorganic ions (Cl−, ClO−, ClO3
−, ClO4

−) were measured using ion chromatography. The 134 

hypochlorite measurement was carried by titration because of the interference of this peak 135 

with that of chloride. A solution of As2O3 in 2.0 M in 2.0 M NaOH (0.001 M) was used 136 

to determine the hypochlorite concentration. The total organic carbon (TOC) 137 

concentration was monitored using a TOC analyzer Multi N/C 3100 Analytik Jena. The 138 

concentration of the clopyralid was quantified by HPLC (Agilent 1100 series), equipped 139 

with an Eclipse Plus C-18 column (4.6mm x 100mm; 3.5μm). The mobile phase was a 140 

mixture of 30% methanol and 70% formic acid (0.1%) at a flow rate of 1 mL min–1, with 141 

the detection achieved at 280 nm. The injection volume was 20.0 μL, the column 142 

temperature was set to 20 oC, and the retention time was around 2.7 min. Acids were 143 

identified by an HPLC equipped with a Zorbax SB-Aq, column (4.6mm x 150mm), the 144 

mobile phase consists of 4 mM H2SO4 with detection at 210 nm. The intermediates were 145 

identified by the retention time comparison with standard solutions. 146 

 147 

2.7 Synergy coefficient 148 
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The synergy coefficient (%) is used to evaluate the effect of the coupling of different 149 

processes. For the photo-electrochemical oxidation process, it can be calculated according 150 

to Eq. (1) where k is the kinetic constant calculated for the different studied processes 151 

(electrochemical oxidation, photolysis, and photo-electrochemical oxidation) (Cotillas et 152 

al., 2016).  153 

 154 

Synergy coefficient (%) = 
𝑘photoelectro−𝑘photo−𝑘electro

𝑘photo+𝑘electro 
 × 100                               (1) 155 

 156 

3. Results and discussion 157 

3.1 MMO-Ti/TiO2RuO2 characterization 158 

Fig. 1a shows a SEM image of the MMO-Ti/TiO2RuO2 used in this study and fabricated 159 

by a new CO2 laser process (Santos et al., 2019). As seen, the more important advantage 160 

of this novel electrode is that the morphology of Ti/TiO2RuO2 does not present the typical 161 

“cracked-mud” surface for metal-oxides coatings on titanium substrates (Wu et al., 2012; 162 

De Moura et al., 2014), being this improvement attributed to the novel preparation method 163 

employing laser as the heating source (Santos et al., 2019). As reported, the use of a laser 164 

allows rapid heating and almost instant cooling, leading to an improved anode surface, 165 

which attains longer lifetimes and enhanced performance. The elemental composition 166 

analysis (Figs. 1b and 1c) of the coatings obtained through EDX reveals that RuO2 and 167 

TiO2 are well distributed onto the anode surface, with proportions very close to those of 168 

the initial precursor solution (66.7% of TiO2 and 33.3% of RuO2).  169 

 170 
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Fig. 1. a) SEM image; b) Elemental mapping image; c) Elemental analysis and d) XRD 173 

pattern of the new MMO-RuO2TiO2 anode. The XRD pattern of the Ti substrate is also 174 

shown in d). 175 

 176 

The crystallinity and crystalline phases of the prepared RuO2TiO2 coating were studied 177 

by XRD (Fig. 1d). According to the Joint Committee on Powder Diffraction Standards 178 

(JCPDS), the corresponding main diffraction peaks in the XRD patterns are attributed to 179 

the RuO2 in the rutile phase (JCPDS no. 00-040-1290) and TiO2 both in rutile (00-004-180 

0551) and anatase (JCPDS 00-00109562). Additionally, the XRD pattern of the metallic 181 

Ti support is also observed due to X-ray penetration through the oxides films (de Mello 182 

et al., 2018; Santos et al., 2019). 183 

 184 
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Regarding electrochemical characterization, cyclic and linear voltammetry curves of the 185 

novel MMO-TiO2RuO2 were recorded in Na2SO4 (3.0 g L–1) and NaCl (3.7 g L–1) as 186 

supporting electrolytes at the same ionic strength (≈ 0.06) (Fig. 2). Results for BDD anode 187 

are also provided to explain the distinct behavior of each anode. From the cyclic 188 

voltammetry curves in both electrolytes (Figs 2a and 2c), it is clear to note the very 189 

distinct behavior of each anode. While the MMO anode presents a typical behavior of this 190 

kind of anode with a broad double layer region in the potential interval before oxygen 191 

evolution reaction (OER), the BDD anode presents a typical behavior of “non-active 192 

anodes” with high O2 overpotential and low background currents. Moreover, linear sweep 193 

voltammetry curves presented in Figs 2b and 2d shows that the OER for the MMO-194 

TiO2RuO2 occurs at rather low potentials (1.1 V vs. Ag/AgCl) while for the for BDD 195 

anode almost no current response until applied potentials over 1.5 V vs. Ag/AgCl are 196 

seen. This significant difference in the OER potential at the anodes can promote 197 

substantial variations on the oxidants' production, which will be investigated hereafter. 198 
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Fig. 2. Cyclic voltammetry curves of Ti/TiO2-RuO2 (MMO) and BDD anodes obtained 201 

at a scan rate of 20 mV s–1 in (a) Na2SO4 and (b) NaCl supporting electrolyte and linear 202 

sweep voltammetry curves of Ti/TiO2-RuO2 (MMO) and BDD obtained at a scan rate of 203 

10 mV s–1 in (c) Na2SO4 and (d) NaCl supporting electrolyte. Na2SO4: 3.0 g L–1 and NaCl: 204 

3.7 g L–1. 205 

 206 

3.2 Chlorine speciation in electrochemical and photoelectrochemical process 207 

Understanding the role of chloride is important in order to discuss the expected 208 

differences produced in the oxidation via photolysis of electrogenerated free chlorine. 209 

Fig. 3 shows the chlorine species electrogenerated in the solution during 8 h of 210 

electrochemical and photoelectrochemical oxidation of NaCl 3.0 g L–1 with both MMO 211 

and BDD anodes (this latter electrode used for the sake of comparison). The important 212 

differences observed in the chlorine speciation, for single electrochemical oxidation, can 213 

be correlated to the linear sweep voltammograms response of each anode employed (Fig. 214 

2d). Considering the MMO-RuO2TiO2 shows a low overpotential of 1.1 V vs. Ag/AgCl 215 

for chlorine evolution reaction, it can explain the higher concentrations of hypochlorite 216 

as compared to those obtained with the BDD anode. Chlorine is produced on the anode 217 

surface by the reaction shown in Eq. (2), and then, it is disproportionated to 218 

hypochlorite/hypochlorous acid, Eqs. (3–4).  219 
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2Cl– → Cl2 +2e–                                                                                                                                                              (2) 220 

Cl2 + 2OH– → H2O + ClO– + Cl–                                                                                                                          (3) 221 

HClO ↔ H+ + ClO–                                                                                                    (4) 222 

In contrast, large quantities of hydroxyl radicals are formed at the BDD surface (Eq. (5)) 223 

that are in co-existence with the active chlorine species, which means that during 224 

electrolysis of aqueous solutions  in the presence of chlorides, these radicals can oxidize 225 

Cl– successively to different oxochlorinated compounds (Eqs. (6–9)) (Vacca et al., 2013; 226 

Sirés et al., 2014; Do Nascimento Brito et al., 2015). 227 

 228 

H2O→BDD ●OH + H+ + e–                                                                                                                                        (5)  229 

Cl– + ●OH → ClO–  + H+  + e–                                                                                                                                   (6) 230 

ClO– + ●OH → ClO2
–  + H+  + e–                                                                                                                            (7) 231 

ClO2
– + ●OH → ClO3

–  + H+  + e–                                                                                                                           (8) 232 

ClO3
– + ●OH → ClO4

–  + H+  + e–                                                                                                                           (9) 233 

 234 

Because of that, chlorates measured are much higher (1582 mg L–1) with BDD than with 235 

MMO-RuO2TiO2 (62.48 mg L–1) and, even, perchlorates (233.35 mg L–1) are formed with 236 

BDD while no perchlorate is seen for MMO. The chlorate anions observed with the MMO 237 

are most likely formed by a well-known disproportionation process, shown in Eq. (9) 238 

(Bolyard et al., 1992), favored in the electrochemical cells and also well-known to be 239 

promoted during aging of hypochlorite solutions.  240 

 241 

 3 ClO–  → ClO3
– + 2 Cl–        (9) 242 

 243 
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Fig. 3. Evolution of chlorine species as a function of electrochemical oxidation and 246 

photoelectrochemical oxidation time for MMO anode (a,c) and BDD anode (b,d): ◼ Cl– 247 

◼ ClO– ◼ ClO3
– ◼ ClO4

– species.  248 

 249 

When UVC light irradiates the solution, reduction of the concentration of hypochlorite, 250 

for both MMO and BDD, shows that under the conditions at which the test was performed 251 

(j = 30 mA cm–2 and pH ≈ 3.8), chlorine and hydroxyl radicals can be formed by a 252 

homolytic homogeneous reaction (Eq. (10)) of HClO by UVC radiation in the bulk 253 

solution. 254 
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 255 

HClO + hʋ → Cl● + ●OH                                                                                     (10) 256 

 257 

Recently, Hurwitz et al. (Hurwitz et al., 2014) and Sanchez-Montez et al. (Sanchez-258 

Montes et al., 2017) have shown that the photo-assisted method can be successfully 259 

employed to promote the homolysis of the in-situ electrogenerated active chlorine species 260 

using low power UVC lamps in the bulk solution. These radicals are expected to improve 261 

oxidation and mineralization of pollutants in the combined process, in comparison to the 262 

single electrochemical oxidation or the photolysis (Sanchez-Montes et al., 2017). 263 

Speciation of chlorine is essential to be checked since in both, electrochemical oxidation 264 

and photoelectrochemical oxidation, the formation of chlorates and perchlorates may 265 

occur. As it is known, these species are not efficient in the oxidation of organic 266 

compounds.  267 

Moreover, it is essential to point out that the amount of available oxidants is affected by 268 

a photoactive anode, where chloride ions might be oxidized at a less positive potential 269 

under photoelectrocatalytic conditions, as denoted by Eq. (11) (Do Nascimento Brito et 270 

al., 2015; Aquino et al., 2017). 271 

 272 

TiO2 - hvb+ +Cl– → TiO2 - Cl●                                                                                  (11) 273 

 274 

For the MMO anode, hypochlorite is reduced by 64% with the irradiation of UCV light. 275 

Besides, no perchlorates are formed during the photoelectrochemical oxidation, but the 276 

chlorates formation increases 7.74 times (from 62.38 to 483.2 mg L–1). This increase can 277 

be explained in terms of the formation of hydroxyl and chlorine radicals during this 278 

process by the homolysis of hypochlorous acid/hypochlorite. For the BDD anode, 279 
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chlorate and perchlorate formation increase 13% and 37%, respectively, associated with 280 

a decrease of 94.8% in the concentration of hypochlorite. Again, the homolysis of 281 

hypochlorite to produce hydroxyl and chlorine radicals in bulk may help to explain the 282 

results obtained.  283 

 284 

3.3 Clopyralid degradation and mineralization 285 

Fig. 4 shows the clopyralid degradation and mineralization during the electrochemical 286 

oxidation using MMO-RuO2TiO2, at a fixed current density of 30 mA cm–2, in the absence 287 

and presence of chloride. Results are compared to those obtained using BDD. It can be 288 

observed a very distinct behavior considering electrolyte media and anode material. In 289 

Na2SO4 electrolyte media (Fig. 4a), the BDD anode was more effective than the MMO, 290 

achieving 76% of mineralization after 8 h of treatment, whereas the MMO was able to 291 

remove only 7% of clopyralid accompanied by only a 4% of mineralization. The results 292 

for MMO in sulfate media are in agreement with previous results shown in the literature, 293 

which indicate that MMO anodes produce ●OH chemisorbed on its surfaces, which is 294 

non-very effective to oxidize organic matter and to electrogenerate other powerful 295 

oxidants. 296 

On the other hand, as it has been well stated during the last two decades when BDD is 297 

employed in sulfate media, sulfate is known to be transformed into peroxosulfate by the 298 

action of physisorbed ●OH. This oxidant is then, expected to react with other oxidants 299 

and extend the oxidation reactions to the bulk of the wastewater promoting the formation 300 

of ●OH and (SO4
–)●, which are very effective in the oxidation of organics. 301 

Furthermore, the efficient production of these hydroxyl radicals is a crucial factor in 302 

explaining the results of the electrochemical oxidation, and, for this reason, it is accepted 303 

that the oxidation ability of the electrochemical oxidation depends on the anode used and 304 
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the efficient production of hydroxyl radicals on its surface (Wu et al., 2012; De Moura et 305 

al., 2014).  306 

However, when Cl– ions are present, the hypochlorite/hypochlorous acid is the primary 307 

expected mediator. Thus, significant differences are expected, considering both anodes. 308 

For BDD anode, a reduction of clopyralid removal from 76.0% in sulfate media to 47.6% 309 

in chloride media is observed. It can be explained considering the scavenger effect due to 310 

large amount of hydroxyl radicals onto the BDD surface reacting to generate chlorine 311 

species. These species form rapidly chlorates and perchlorates, which are kinetically less 312 

efficient in the oxidation of clopyralid than hypochlorite/hypochlorous acid.  313 

For MMO, when chloride is contained in the waste, a significant improvement in the 314 

clopyralid removal is observed (from 7.0% to 51.2%), although TOC was maintained. 315 

These results confirm the indirect oxidation is occurring in the bulk solution due to the 316 

high amount of hypochlorite electrogenerated and the ●OH generated by homolysis, 317 

favoring accumulation of intermediates. 318 

 319 
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Fig. 4: Clopyralid (solid symbols) and TOC (open symbols) removal with time during 321 

electrochemical oxidation with BDD (●,○) and MMO (◼,□) in Na2SO4 3 g L–1 (a) and 322 

NaCl 3.7 g L–1 (b). C0: 100 mg L–1; j: 30 mA cm–2; V: 150 mL; cathode: Pt. 323 

 324 
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In search of better efficiencies, a combination of electrochemical oxidation with UVC 325 

irradiation (photoelectrochemical oxidation) was evaluated. However, before coupling 326 

UV light with electrochemical oxidation, the evaluation of single photolysis using UVC 327 

lamps of 7, 9, and 11 W was also performed in order to evaluate the effect of the power 328 

on the efficiency of single photolysis. For the three lamps, no significant changes in TOC 329 

removal were observed (values even higher than the initial because of the soft 330 

transformation of the clopyralid into other compounds which may have a different 331 

response in the TOC analyzer) (Fig. S1). Among the lamps, 9 W presented the best 332 

outcomes with a transformation of 8.3% and 14.1% of clopyralid in sulfate and chloride 333 

media, respectively, and for this reason, it was chosen as UVC source of irradiation for 334 

the photoelectrochemical process.  335 

As previously seen, single photolysis is not a suitable technology to be used for this kind 336 

of compound, but in the coupled process, considerable differences are expected. Both 337 

sulfate and chloride species can be activated differently by the UVC light in different 338 

anodes. Fig. 5 shows the removals of clopyralid and TOC as a function of time in sulfate 339 

and chloride media during photoelectrochemical oxidation using a 9 W UVC lamp with 340 

both anodes. In sulfate media, the efficiency of BDD anode drastically reduces from 76.0 341 

% to 52.41%. This reduction can be attributed to the self-scavenging effect, where ●OH 342 

begins to react to deactivate the strong oxidant species formed. Also, more recalcitrant 343 

compounds may be favored by light, since only 24% of TOC removal is attained by 344 

photoelectrolysis, while 76% was reached without irradiation in the same reaction time 345 

(8.0 h). For chloride media, an impressive improvement was observed, resulting in 99.1% 346 

of clopyralid removal, which can result mainly from the contribution of mediated 347 

oxidation in bulk, as previously demonstrated. However, TOC removal improvement is 348 

much less significant (55.7%), which can be associated with formation of more 349 
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recalcitrant by-products, more challenging to attack than those observed for single 350 

electrochemical oxidation with BDD.  351 

On the other hand, the combination of the electrochemical process with MMO as anode 352 

with the irradiation of 9 W UVC synergistically enhances clopyralid removal from 7% to 353 

19% in Na2SO4 media and from 51.2 to 58.4% in NaCl media. TOC removal increases, 354 

more importantly, being more significant for NaCl media, presenting a 53.6% removal 355 

after photoelectrochemical oxidation, which is much higher than that for single 356 

electrochemical oxidation (4.0%) and comparable to the value reached by the BDD 357 

anode, which becomes an outstanding result.  358 
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Fig. 5. Clopyralid (solid symbols) and TOC (open symbols) removal with time during 360 

photoelectrochemical oxidation with BDD (●,○) and MMO (◼,□) in Na2SO4 3 g L–1 (a) 361 

and NaCl 3.7 g L–1 (b). C0: 100 mg L–1; j: 30 mA cm–2; V: 150 mL; cathode: Pt. 362 

 363 

Hurwitz et al. compared BDD and DSA-Cl2 and found that due to its enhanced anodic 364 

properties, BDD was much more effective than DSA-Cl2 at direct anodic oxidation in the 365 

absence of chloride, but was less effective with chloride present due to lower free chlorine 366 

production. Those results are in agreement with the results found in this work, but the 367 

new anode material demonstrates outstanding properties when combined with UVC 368 

irradiation and here, it is demonstrated that the new MMO anode tested can be 369 
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competitive with BDD in the treatment of wastes containing chlorides when combined 370 

with UCV irradiation. 371 

Regarding intermediates, they were monitored by HPLC. Picolinic acid and 6-372 

chloropicolinic were identified as the main produced oxidation by-products (Figs. S2 and 373 

S3) during clopyralid degradation using electrochemical oxidation. Photoelectrochemical 374 

oxidation showed, in addition to the production of these intermediates, other non-375 

identified species but at rather low concentrations. As the final stage of the mineralization 376 

reaction, the observed residual organic load is due to the generated short-chain carboxylic 377 

acids (Fig. S4), mainly as oxalic, oxamic and maleic acid. 378 

 379 

3.3 Kinetics study  380 

Kinetic study of both clopyralid and TOC removal revealed a pseudo-first-order kinetic 381 

model (Eq. (12)) that could be well-fitted with the experimental data for the different 382 

studied processes (electrochemical oxidation, photolysis, and photo-electrochemical 383 

oxidation) (de Vidales et al., 2019).  384 

 385 

ln
𝐶0

𝐶
= 𝑘 ∙ 𝑡                                                                                                                      (12) 386 

 387 

The rate constants for the clopyralid removal (kclop) and mineralization (kTOC) when using 388 

distinct processes and UVC lamps are summarized in Table 1. As observed, the values 389 

of mineralization kinetic constants calculated for single photolysis were null due to the 390 

absence of TOC removal. Also, values calculated for the removal of clopyralid were 391 

shallow, pointing out the low efficiency of the photolytic process. For the 392 

photoelectrochemical oxidation, kinetic rates were higher than single electrochemical 393 

oxidation in all cases employing the MMO anode. On the contrary, in chloride media, 394 



19 

 

only clopyralid removal kinetic rate was improved by coupling UVC with 395 

electrochemical oxidation with BDD anodes, while a decrease in the kinetic rate for both 396 

clopyralid and TOC removal is observed for photoelectrochemical process with BDD in 397 

sulfate media. For chloride media, the TOC removal also slightly improved.  398 

 399 

Table 1. Observed kinetic constants for clopyralid and TOC removal by the different 400 

process after 8 h in 3.0 g L–1 of Na2SO4 and 3.7 g L–1 of NaCl. 401 

Anode Media Process % Clopyralid 

removal 

kclop / 

min–1 

% TOC 

removal 

kTOC / 

min–1 

MMO 

BDD 

 

 

SO4
– 

EC 

EC 

7 ± 0.1 

81.8 

0.0059 

0.202 

4 

76 ± 0.02 

0.00103 

0.1740 

MMO 

BDD 

PEC 9 W 

PEC 9 W 

18.76 

52.41 

0.02533 

0.03560 

6.95 

24.06 

0.01245 

0.09636 

 

– 

PC 7 W 

PC 9 W 

PC 11 W 

2.23 

8.25 

7.61 

0.000515 

0.01029 

0.00948 

9.5 

0 

5.74 

– 

– 

– 

MMO 

BDD 

 

 

Cl– 

EC 

EC 

51.22 

47.6 

0.0914 

0.0955 

3.97 

25.61 

0.00641 

0.03595 

MMO 

BDD 

PEC 9 W 

PEC 9 W 

58.4 

99.1 

0.09551 

1.23007 

53.6 

39.7 

0.05250 

0.06258 

– PC 7 W 

PC 9 W 

PC 11 W 

4.05 

14.08 

7.25 

0.000064 

0.02118 

0.00947 

0 

0 

5.72 

– 

– 

– 

 402 

To better observe the influence of UVC irradiation on the performance of the electrolysis, 403 

Fig. 6 shows the effect of the anode material and the supporting electrolyte on the synergy 404 

coefficient when coupling electrochemical oxidation with UVC light. Here, we found 405 

antagonistic effects in both clopyralid and TOC removal in sulfate media at BDD anode 406 

(–83.2% and –44.6%). On the contrary, when using the MMO anode in sulfate media 407 
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coupled with UVC light, a very high synergistic effect was found for clopyralid and TOC 408 

removal (56.5% and 87.08%). It indicates a clear contribution of photolysis for molecule 409 

breakage into intermediates, which are more easily attacked by the photo-activated 410 

persulfate allowing to more significant removals for MMO when compared to single 411 

electrochemical oxidation. 412 

When coupling technologies in chloride media, for BDD anode, we found the maximum 413 

synergy coefficient (954.2%) for the clopyralid removal which is attributed to occurrence 414 

of another mechanism related to rapid chlorination of molecule from mediated oxidation 415 

of chlorine species activated by light. However, it is essential to remark that 416 

mineralization is not attained, even an antagonistic value of –74.07 for TOC removal 417 

suggest formation of more recalcitrant species. Finally, the coupled process in chloride 418 

media shows an almost null synergy effect for clopyralid removal with MMO anode, but 419 

surprisingly, a marked synergistic effect for TOC removal occurs (719.09 %), although 420 

not meaning complete removal of organic matter. This fact again points out the very 421 

significant contribution of photolysis and activated chlorine on the clopyralid 422 

degradation. 423 

 424 
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Fig. 6. Effect of anode material and supporting electrolyte on the observed 426 

synergism/antagonism of UVC 9 W in terms of clopyralid removal and mineralization; 427 

◼ Clopyralid removal; ◼ TOC removal. 428 

 429 

4. Conclusions 430 

 431 

From this work, the following conclusions can be drawn: 432 

 433 

• Important differences in the degradation of clopyralid wastes using electrolysis, 434 

photolysis, and photoelectrolysis were observed. Photolysis is not efficient alone, but 435 

it strongly modifies the performance of electrolysis, both in sulfate and chloride 436 

supporting electrolytes, because of the activation of the oxidants electrogenerated. 437 

• Removal efficiencies depend on both the electrode and the electrolyte used. The 438 

significant differences in the OER overpotential at both anodes promote a substantial 439 

variation on the oxidants production, and this fact helps to explain the different 440 

results observed.  441 

• The formation of hydroxyl radicals explains the formation of chlorate and 442 

perchlorate during the electrolysis with diamond. The substantial increase in the 443 

production of chlorates during the photoelectrolysis is a clear indicator of the 444 

formation of hydroxyl radicals by the homolysis of chlorine oxidative species.  445 

• Light irradiation does not improve but deteriorates the performance of the 446 

electrolysis in sulfate media.  447 

• The novel laser-prepared MMO-RuO2TiO2 shows outstanding performance during 448 

the photoelectrolysis of clopyralid wastes, being more effective than diamond anode 449 

in chloride media. 450 
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• Homolysis of chlorine oxidation species to chlorine and hydroxyl radicals can help 451 

to explain the better behavior observed during the photoelectrolysis with the new 452 

laser-prepared MMO-RuO2TiO2 453 

 454 
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