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Abstract 12 

The photoelectro-Fenton (PEF)-like process based on the replacement of H2O2 by HClO 13 

remains quite unexplored. Its ability to mineralize solutions containing 0.208 mM of the 14 

antibiotic sulfamethoxazole (SMX), either in 25 mM Na2SO4 + 35 mM NaCl or 45 mM Na2SO4 15 

+ 15 mM NaCl media, has been evaluated. The assays were performed in a 3 L pre-pilot flow 16 

plant composed of a filter-press FM01-LC reactor, which was equipped with an Ir-Sn-Ru oxide 17 

anode and a stainless steel cathode, coupled to an annular photoreactor containing a 160 W 18 

UVA lamp. A higher amount of active chlorine (HClO) was produced as the electrolysis was 19 

prolonged and the current density was increased. The accumulated HClO concentration 20 

dropped down more rapidly at a greater Fe2+ content due to the enhanced oxidant decomposition 21 

that yielded •OH in the bulk. A continuous production of this radical was ensured from the 22 

effective Fe2+ regeneration, being favored by cathodic reduction and photoreduction of 23 

dissolved Fe(III) species. The SMX degradation was faster in 25 mM Na2SO4 + 35 mM NaCl 24 

mM because of the quicker HClO generation, although the larger proportion of recalcitrant 25 

chloro-derivatives and iron-chlorocomplexes decelerated the mineralization process. In 45 mM 26 

Na2SO4 + 15 mM NaCl, the best PEF-like treatment was attained at 0.4 mM Fe2+ and 15 mA 27 

cm-2, achieving the complete antibiotic disappearance at 60 min and 59.7% mineralization after 28 

420 min, with an energy consumption of 0.776 kWh (g TOC)-1. Sixteen intermediates were 29 

detected by gas chromatography-mass spectroscopy, ten of which were chlorinated, allowing 30 

the proposal of a reaction route for SMX. Since the final solutions did not contain chloro-31 

organics, the partial mineralization was mainly related to the accumulation of refractory non-32 

chlorinated carboxylic acids that could not form photoactive Fe(III)-carboxylate complexes 33 

because of the presence of iron-chlorocomplexes. 34 

Keywords: Active chlorine; Electrochemical oxidation; Hydroxyl radical; Pharmaceutical; 35 

Photoelectro-Fenton process; Wastewater treatment  36 
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1. Introduction 37 

 The increasing administration of drugs into human and animal bodies has caused a 38 

continuous discharge of unmetabolized residues into the aquatic environment [1]. The quality 39 

of natural and drinking water is thus severely affected, seriously jeopardizing our health [2.3]. 40 

Since conventional wastewater treatment plants (WWTPs) have demonstrated to be rather 41 

inefficient to remove pharmaceuticals from water [4,5], the investigation on more powerful 42 

methods is highly encouraged. As a result, novel technological approaches have been followed 43 

over the last decade, with positive impact on the removal of drugs and their metabolites or 44 

natural degradation by-products [4,6-9]. 45 

 Sulfamethoxazole (SMX, 4-amino-N-(5-methyl-1,2-oxazol-3-yl)benzenesulfonamide, 46 

C10H11N3O3S, M = 253.279 g mol-1) is a widely used antibiotic to treat bacterial infections, 47 

since it prevents the synthesis of folic acid in gram-positive and gram-negative bacteria. It is 48 

usually prescribed in conjunction with another antibiotic, trimethoprim, to treat urinary-tract 49 

infections [10]. However, about 15% of SMX in urine is in its parent form, reaching more than 50 

20 µg L-1 in hospital wastewater, WWTPs and surface water [11,12]. Considering its prolonged 51 

half-life of 51.7 days in water [13], it is not surprising that its ecotoxicity has been well proven 52 

[13]. 53 

 Electrochemical advanced oxidation processes (EAOPs) like electrochemical oxidation 54 

(EO), electro-Fenton (EF) and photoelectro-Fenton (PEF) have been utilized to degrade SMX. 55 

Their high oxidation power has been confirmed, which is attributed to the generation of strong 56 

oxidants like hydroxyl radical (•OH) and/or active chlorine [14-20]. The EO process has been 57 

studied either with a boron-doped diamond (BDD) anode in 20-100 mM K2SO4 at pH 4.0 [21] 58 

as well as in hospital wastewater [22], and with a dimensionally stable anode (DSA) like 59 

Ti/Ru0.3Ti0.7O2 in 100 mM NaCl at pH 3.0 [23]. Overall SMX degradation but partial 60 

mineralization was always observed. Oturan and co-workers reported the total mineralization 61 
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of SMX solutions in pure sulfate medium at pH 3.0 by EF using a BDD/carbon-felt cell [24,25], 62 

as well as a 94% mineralization by heterogeneous EF with a Ti4O7 anode and a carbon-felt 63 

cathode modified with a FeIIFeIII layered double hydroxide, also in pure sulfate medium [26]. 64 

The superiority of conventional PEF over EO and EF to remove up to 300 mg L-1 SMX has 65 

been described using a RuO2/carbon fiber cell in sulfate medium [27], attaining 80% 66 

mineralization. 67 

 When the EO treatment is performed in the presence of Cl−, the anode nature and the 68 

solution pH become key factors. Water oxidation at the anode M, which originates the strong 69 

physisorbed oxidant M(•OH) with Eº = 2.80 V/SHE via reaction (1), competes with Cl− electro-70 

oxidation to dissolved chlorine via reaction (2). This species, with E° = 1.36 V/SHE, 71 

predominates at pH < 3.0, but it is converted to another active chlorine species like HClO (E° 72 

= 1.49 V/SHE) at pH 3.0-8.0 via reaction (3) [18,19]. This gives rise to the so-called EO-HClO 73 

process [28]. BDD is the most powerful anode for M(•OH) production in sulfate medium, 74 

whereas active chlorine is predominant when a DSA is employed. 75 

M  +  H2O    M(•OH)  +  H+  +  e−       (1) 76 

2Cl−    Cl2(aq)  +  2e−        (2) 77 

Cl2(aq)  +  H2O    HClO  +  Cl−  + H+      (3) 78 

 The oxidation ability of the EO-HClO process can be enhanced by incorporating the 79 

relatively new concept of Fenton-like reaction (4), in which the production of the highly 80 

reactive oxidant •OH in the bulk solution is sustained by the continuous electrogeneration of 81 

HClO in the presence of Fe2+ at pH 2.8-3.5 [29-35]. In such EF-like treatment, Fe2+ can be 82 

slowly regenerated from cathodic reaction (5), thereby propagating the Fenton-like reaction (4) 83 

[36]. In a previous work [28], we explored the possibility of applying a PEF-like process to the 84 

destruction of Acid Red 1 azo dye. The mineralization was upgraded as compared to that 85 
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attained in the EF-like treatment, owing to the occurrence of photolytic reactions (6) and (7) 86 

[37]. Nonetheless, additional studies are required to confirm the positive features of the PEF-87 

like process to degrade organic contaminants of emerging concern in Cl− matrices. 88 

HClO  +  Fe2+    Fe3+  +  •OH  +  Cl−      (4) 89 

Fe3+  +  e−    Fe2+         (5) 90 

Fe3+  +  hν    Fe2+  +  •OH        (6) 91 

Fe(OOCR)2+  +  hν    Fe2+  +  CO2  +  R•      (7) 92 

 The aim of this work is to investigate, for the first time, the performance of PEF-like 93 

process regarding the removal of a pharmaceutical like SMX (EC50 = 1.57 mg L-1 for the green 94 

alga Chloro vulgaris [25]). The electrolyses were conducted in mixed sulfate + chloride media 95 

at pH 3.0, with different Fe2+ concentrations, using a flow plant equipped with an Ir-Sn-Ru 96 

oxide/stainless steel cell coupled to a UVA photoreactor. Comparative EO-HClO and EF-like 97 

trials clarified the role of the oxidizing agents and the UVA photons. The effect of applied 98 

current density (j) was also optimized examined. A degradation route for the electrochemical 99 

Fenton-like treatment of SMX was proposed, based on the main oxidation by-products detected 100 

by gas chromatography-mass spectrometry (GC-MS). 101 

2. Materials and methods 102 

2.1. Chemicals 103 

 Deionized water was employed to prepare the solutions to be electrolyzed, whereas 104 

ultrapure water was needed for the analysis of all samples. Sulfamethoxazole (98% purity) was 105 

purchased from Sigma-Aldrich. Analytical grade Na2SO4, NaCl and FeSO4·7H2O were supplied 106 

by Fluke, Merck and Panreac. The pH of SMX solutions was adjusted to 3.0 with analytical 107 

grade H2SO4 from Merck because this is the optimum value for water decontamination by 108 
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electrochemical Fenton-based processes [18,19]. Other chemicals were of either analytical or 109 

HPLC grade, either from Fluka, Merck, Panreac or Sigma-Aldrich. 110 

2.2. Preparation of the Ir-Sn-Ru oxide anode 111 

 The ternary Ir-Sn-Ru oxide was synthesized on a Ti plate by means of the Pechini method 112 

following the same procedure described for an Ir-Sn-Sb oxide in our earlier work over [33]. 113 

The Sb-based oxide was replaced by Ru-based oxide to enhance the electrocatalytic activity 114 

and favor the accumulation of active chlorine, as well as to improve the stability of the Sn-115 

based oxide in acidic medium [38]. Therefore, for the preparation of the electrode, SbCl3 was 116 

replaced by RuCl3·xH2O. The whole coating comprised 32 layers, each one with the same molar 117 

proportion of metals (10% Ir, 63% Sn, 27% Ru). The electrode was finally heated at 550 ºC for 118 

1 h. 119 

2.3. Pre-pilot flow plant 120 

 The elements and connections of the pre-pilot flow plant have been described for other 121 

related EAOPs [39]. The reservoir was filled with 3.0 L of a given solution, which was then 122 

recirculated through the system at liquid flow rate of 180 L h-1 using a peristaltic pump. Two 123 

heat exchangers ensured a constant solution temperature of 30 ºC. The electrolytic cell was a 124 

filter-press FM01-LC reactor that contained the synthesized Ir-Sn-Ru oxide onto a Ti plate as 125 

the anode, a stainless steel plate as the cathode and a type-D turbulence promoter. The 126 

geometric area of both electrodes was 64 cm2 (4 cm × 16 cm), with an interelectrode separation 127 

of 0.55 cm. In PEF-like process, a 160 W Omnilux 27E UVA lamp was placed inside an annular 128 

glass reactor with a capacity of 600 mL. The solution coming from the electrochemical reactor 129 

outlet was thus irradiated and sent back to the reservoir. The lamp was switched off in the EO-130 

HCl and EF-like treatments. Constant current was provided by a Grelco GVD310 power supply, 131 

which simultaneously displayed the instantaneous cell voltage. Duplicated degradation trials 132 

were carried out with 0.208 mM SMX (25 mg L-1 of initial total organic carbon (TOC0)) 133 
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solutions, either in 25 mM Na2SO4 + 35 mM NaCl or 45 mM Na2SO4 + 15 mM NaCl, in the 134 

absence or presence of Fe2+. These electrolyte concentrations were chosen because their 135 

conductivity was the same as that of a 50 mM Na2SO4 solution, typically employed by other 136 

authors and also used here to determine the reaction by-products. 137 

2.4. Apparatus and analytical procedures 138 

 The solution pH was measured with a Crison 2000 pH meter. A 10% (v/v) NaOH solution 139 

was added to the samples immediately after collection to stop the degradation process, and each 140 

sample was filtered before its analysis. All the electrolytic trials were made twice and hence, 141 

the data shown in figures are accompanied by corresponding error bars. Active chlorine and 142 

Fe2+ contents were determined using standard colorimetric methods. A Shimadzu 1800 UV/Vis 143 

spectrophotometer was employed, set at λ = 515 nm [40] and λ = 510 nm, respectively [41]. 144 

 Reversed-phase high-performance liquid chromatography (HPLC) allowed monitoring the 145 

SMX concentration decays. The measurements were carried with a Waters system composed 146 

of a 600 LC module and a 996 photodiode array detector (λ = 270 nm). The former was fitted 147 

with a BDS Hypersil C18, 250 mm × 4.6 mm (i.d.), column at 30 ºC. The sample volume 148 

injected was always of 20 µL, and the elution was achieved upon recirculation of a 70:30 (v/v) 149 

acetonitrile/water (10 mM KH2PO4, pH 3.0) mixture at 1.0 mL min-1. A well-defined peak for 150 

the drug was obtained at a retention time of 7.5 min. 151 

 The Cl− concentration was determined by ion chromatography with a Shimadzu system 152 

that included a conductivity detector. The sample volume injected was always of 25 µL. The 153 

anionic column was a Shim-Pack IC-A1S, 100 mm × 4.6 mm (i.d.) at 40 ºC, and the mobile 154 

phase was a solution containing 2.6 mM phthalic acid and 2.4 mM 155 

tris(hydroxymethyl)aminomethane) at pH 4.0 that was circulated at 1.5 L min-1. 156 

 TOC removal ((TOC)exp, in mg L-1) was measured by injecting samples of 50 µL into a 157 

Shimadzu VCSN system [10]. The specific energy consumption per unit TOC mass (ECTOC) at 158 
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a given time (t, in h) and applied current (I, in A), considering a solution volume (V, in L), was 159 

calculated from Eq. (8) [18,19]. Ecell was the average cell voltage (in V), whose value was 4.7, 160 

5.2 and 6.7 V at increasing j of 10, 15 and 25 mA cm-2, respectively. 161 

ECTOC (kWh (g TOC)-1)  =                              (8) 162 

 GC-MS allowed the determination of the main oxidation by-products formed after 30 and 163 

120 min of electrolysis of solutions containing SMX either in 50 mM Na2SO4 or 45 mM Na2SO4 164 

+ 15 mM NaCl. An Agilent Technologies system was utilized following our previously 165 

established procedure [42]. Non-polar Teknokroma Sapiens-X5ms and polar HP INNOWax 166 

columns, both of 0.25 μm, 30 m × 0.25 mm (i.d.), were used. 167 

3. Results and discussion 168 

3.1. Active chlorine generation under EO-HClO conditions in 25 mM Na2SO4 + 35 mM NaCl 169 

 The treatment of SMX solutions was first assessed in a matrix containing 25 mM Na2SO4 170 

+ 35 mM NaCl at pH 3.0 and 30 ºC. Based on the relatively high Cl− concentration, a large 171 

production of active chlorine due to the great rate of reaction (2) could be hypothesized. To 172 

clarify this assumption, the concentration of active chlorine over time during the electrolysis of 173 

3 L of such mixed medium under EO-HClO conditions at different j values was determined. 174 

 Fig. 1 shows the increasing active chlorine (HClO as main species) content as the 175 

electrolysis was prolonged for 240 min, at j from 5 to 20 mA cm-2. In addition, a larger 176 

accumulation was observed as the j value became higher. The lowest j (5 mA cm-2) only yielded 177 

1.22 mM of oxidant at the end of the electrolysis, which was drastically enhanced up to 5.9 and 178 

16.8 mM at 10 and 15 mA cm-2, respectively. Nonetheless, further increase of j to 20 mA cm-2 179 

had a less substantial effect on the accumulation, reaching about 18.5 mM. Considering the 180 

Faraday’s law, the efficiency of applied current to produce HClO was 15.3%, 37.1%, 70.0% 181 

Ecell I t 

V (TOC)exp 
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and 58.1% at increasing j values of 5, 10, 15 and 20 mA cm-2, respectively. These findings 182 

allow concluding that 15 mA cm-2 was the best j referred to active chlorine production with the 183 

electrochemical reactor employed. This means that the applied current was partly invested in 184 

water oxidation to O2, with the formation of the intermediate M(•OH) from reaction (1). From 185 

these results, the positive contribution of the synthesized DSA material is evident, but one could 186 

expect a better performance of PEF-like process thanks to the contribution of •OH formed in 187 

the bulk from reaction (4). This was evaluated at j = 15 mA cm-2, as described below. 188 

3.2. Treatment of SMX solutions by PEF-like process in 25 mM Na2SO4 + 35 mM NaCl 189 

 A solution with 0.208 mM SMX, corresponding to 25 mg L-1 of TOC, in 25 mM Na2SO4 190 

+ 35 mM NaCl at pH 3.0 and 30 ºC was first treated by EO-HClO (i.e., without Fe2+). The 191 

concentration of the antibiotic decayed rapidly, with total disappearance at 25 min, as depicted 192 

in Fig. 2a. This rapid abatement obeyed a pseudo-first-order reaction kinetics (see inset of Fig. 193 

2a) and can be ascribed to the attack of a steady concentration of generated oxidants like 194 

M(•OH) and, especially, active chlorine from reactions (1)-(3). An apparent rate constant (k1) 195 

of 0.15 min-1, with R2 = 0.987, was obtained for SMX removal in this process. In contrast to its 196 

fast degradation, Fig. 2b reveals a much slower mineralization of 33.1% for the first 60 min of 197 

electrolysis, whereupon the TOC removal was even slower and finally attained 38% at 150 min. 198 

The partial mineralization achieved in EO-HClO process can be plausibly attributed to the large 199 

generation of chloro-derivatives, which are known to be very stable against M(•OH) and 200 

chlorine [18,19]. 201 

 Solutions with an analogous composition in the presence of Fe2+ were then treated under 202 

PEF-like conditions. The SMX removal was improved because oxidant •OH was 203 

simultaneously produced from reaction (4). The continuous regeneration of Fe2+ from reactions 204 

(5) and (6) allowed maintaining the rate of reaction (4) and, as a result, the mixture of oxidizing 205 

agents (M(•OH), •OH and active chlorine) upgraded the decontamination. Fig. 2a shows that, 206 
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0.4 mM Fe2+, the antibiotic was completely degraded in only 20 min. From the good linear 207 

profiles obtained when a pseudo-first-order reaction kinetics was considered (see inset), a k1-208 

value of 0.23 min-1, i.e., 1.5-fold higher than that mentioned for EO-HClO, was found. This can 209 

be justified by an effective production of •OH, not only via reaction (4) but also via reaction 210 

(6), which eventually makes the PEF-like process much more powerful than EO-HClO. 211 

Conversely, Fig. 2a highlights a clear inhibition of SMX removal when the Fe2+ concentration 212 

was increased to 0.5 mM. In this case, the time for the complete antibiotic disappearance was 213 

larger, requiring 30 min, resulting in a lower k1-value as compared to that using 0.4 mM Fe2+ 214 

(see Table 1). This phenomenon suggests a drastic restriction of the amounts of oxidizing agents 215 

available at 0.5 mM Fe2+, which can be explained by: (i) the partial loss of HClO, which is an 216 

effective oxidant to degrade the antibiotic, owing to its decomposition via reaction (4); and (ii) 217 

the faster destruction of generated •OH from side events like its dimerization reaction (9). Note 218 

that an excessive amount of this radical can also partly consume the generated H2O2 via reaction 219 

(10) and the excess of Fe2+ to yield the weaker oxidant hydroperoxyl radical (HO2•) via reaction 220 

(11) [37,43]. 221 

2•OH    H2O2         (9) 222 

H2O2  +  •OH    HO2•  +  H2O       (10) 223 

Fe2+  +  •OH    Fe3+  +  OH−       (11) 224 

 According to the above behavior, Fig. 2b highlights the low TOC abatement achieved 225 

under PEF-like conditions. The quickest mineralization was found during the first 60 min of 226 

treatment, leading to 37.2% and 16.7% TOC removal using 0.4 and 0.5 mM Fe2+, respectively. 227 

These values could not be significantly improved thereafter, as can be seen in Table 1. This 228 

table also shows the smallest ECTOC value operating with 0.4 mM Fe2+ due to the larger TOC 229 

reduction. The low mineralization achieved in the PEF-like process might be related again with 230 
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the production of recalcitrant chloro-derivatives, behaving as quite photostable substances 231 

under UVA illumination. Moreover, the formation of a large amount of Fe(III)-carboxylate 232 

species, which could easily undergo photodecomposition via reaction (7), can be discarded as 233 

well because in a medium with that high Cl− concentration the iron ions tend to form ferrous- 234 

and ferric-chlorocomplexes like FeCl+, FeCl2+ and FeCl2
+ [44,45]. This inhibits the formation 235 

of sufficient amounts of Fe(III)-carboxylate complexes, thereby impeding a more quantitative 236 

mineralization because the uncomplexed short-chain carboxylic acids are very resistant to •OH 237 

[14]. All these findings indicate that the use of too high Cl− contents is detrimental for the 238 

mineralization of the antibiotic. For this reason, in the next subsections the PEF-like process 239 

was assessed in the presence of less chloride but keeping the same conductivity [28,33]. 240 

3.3. Active chlorine generation and Fe2+ evolution under PEF-like conditions in 45 mM Na2SO4 241 

+ 15 mM NaCl 242 

 The influence of Fe2+ content on active chlorine generation was examined to confirm the 243 

contribution of the Fenton-like reaction (4) in the PEF-like process in 45 mM Na2SO4 + 15 mM 244 

NaCl at pH 3.0 and 30 ºC. Fig. 3 depicts the continuous accumulation of active chlorine up to 245 

1.86 mM at 120 min in EO-HClO at j = 15 mA cm-2. This corresponds to a current efficiency 246 

of 15.6%, which contrasts with 55.0% at 120 min (i.e., 6.56 mM) determined in 25 mM Na2SO4 247 

+ 35 mM NaCl (Fig. 1). This is an evidence of the direct dependence of the rate of reaction (2) 248 

on the chloride concentration in the mixed electrolyte. Consequently, the low Cl− content in the 249 

new medium is expected to accelerate the anodic water discharge, ending in a higher production 250 

of M(•OH) from reaction (1). 251 

 Fig. 3 also shows a progressive decrease in the final active chlorine accumulation, from 252 

1.58 to 0.89 mM, as the Fe2+ content was increased from 0.3 to 2.0 mM under PEF-like 253 

conditions. This phenomenon can be accounted for by the quicker decomposition rate of HClO 254 

via reaction (4) stimulated by the larger catalyst content. In all these PEF-like trials, the HClO 255 
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production was accompanied by a Cl− decay of about 2.3-2.6 mM. Note that, as commented 256 

above, an excess of •OH can be detrimental depending on the relative rate of its parasitic 257 

reactions (9)-(11). 258 

 The Fe2+ evolution during the treatments carried out in the same medium was also 259 

investigated. A preliminary EF-like trial (i.e., without UVA illumination) was made in the 260 

presence of 0.3 mM Fe2+, at j = 15 mA cm-2. Fig. 4a shows a decay of the initial catalyst 261 

concentration down to a steady value of 0.20 mM, which was attained once its oxidation rate 262 

via reaction (4) became equal to its regeneration rate via reaction (5) at the stainless steel 263 

cathode surface. This situation became different applying the PEF-like process under UVA 264 

irradiation. It is noticeable from Fig. 4b that a steady state for Fe2+ concentration could be 265 

reached at starting Fe2+ contents of 0.3 and 0.5 mM. At 0.3 mM, the steady value was 0.24 mM, 266 

which was higher than that obtained in EF-like process. The increase can be explained by the 267 

simultaneous regeneration of this ion via photo-Fenton reaction (6). This should presumably 268 

result in a greater generation of oxidant •OH from reactions (4) and (6), making the PEF-like 269 

process more powerful than the EF-like one. Fig. 4b also evidences a gradual decrease of the 270 

normalized Fe2+ content as its initial load became higher, which agrees with the lower HClO 271 

accumulation shown in Fig. 3. However, the curves at 1.0 and 2.0 mM Fe2+ in Fig 4b did not 272 

reach a plateau, which means that the progressively higher rate of reaction (4) could not be 273 

counterbalanced by the rate of reactions (5) and (6). One can thus deduce that a range of 0.3-274 

0.5 mM Fe2+ is suitable to operate the PEF-like process with a continuous and steady (i.e., well 275 

controlled) production of oxidizing agents. 276 

3.4. PEF-like treatment of SMX solutions in 45 mM Na2SO4 + 15 mM NaCl 277 

 The degradation and mineralization of 0.208 mM SMX in 45 mM Na2SO4 + 15 mM NaCl 278 

with 0.4 mM Fe2+ at pH 3.0 and 30 ºC by the PEF-like process was first studied at different j 279 

values ranging between 10 and 25 mA cm-2. This operation parameter is crucial to regulate the 280 
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rate of the electrode reactions, which modulate the production of oxidizing agents as discussed 281 

before. Fig. 5a depicts that the antibiotic decay was accelerated at higher j, disappearing after 282 

110, 60 and 50 min at 10, 15 and 25 mA cm-2, respectively. This enhancement arises from the 283 

gradual increase in rate of reactions (1), (2), (4) and (5), alongside the indirect positive impact 284 

on reaction (6) because of the generation of more Fe(III) species. This led to the formation of 285 

larger quantities of M(•OH), •OH and active chlorine that could attack SMX and its by-products. 286 

The inset of Fig. 5a corroborates the pseudo-first reaction order for the SMX abatement in these 287 

assays, suggesting its reaction with a growing steady concentration of oxidants. Table 1 shows 288 

that the k1-value was 3.4-fold greater when j rose 2.5 times, from 10 to 25 mA cm-2. Therefore, 289 

the UVA light was clearly synergistic, leading to larger enhancement of •OH production than 290 

the expected from the electrical consumption, increasing the viability of the process. 291 

 However, Fig. 5b illustrates a low TOC abatement for 420 min under the above conditions. 292 

The mineralization was upgraded when j was increased from 10 to 15 mA cm-2, attaining a final 293 

TOC reduction of 44.5% and 59.7%, respectively. Conversely, at the highest j of 25 mA cm-2, 294 

the mineralization process was decelerated, yielding a much poorer TOC removal (see Table 295 

1). As in the case of trials performed in 25 mM Na2SO4 + 35 mM NaCl, one can infer either the 296 

formation of a substantial amount of recalcitrant chloro-derivatives even in this new medium 297 

with a lower Cl− content or, more plausibly, the predominance of iron-chlorocomplexes 298 

mentioned in sub-section 3.2 over the photoactive Fe(III)-carboxylate complexes. The loss of 299 

oxidation power at 25 mA cm-2 can be associated with the lower availability of •OH, caused by 300 

the greater extent of parasitic reactions (9)-(11), along with the faster anodic oxidation of HClO 301 

to undesirable ClO3− and ClO4− ions that are not effective to oxidize the organics [28,39]. A 302 

value of 15 mA cm-2 was then established as the best j, as also confirmed by the corresponding 303 

ECTOC value (see Table 1). 304 
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 The influence of Fe2+ concentration between 0.3 and 1.0 mM on the performance of the 305 

PEF-like treatment of 0.208 mM SMX in 45 mM Na2SO4 + 15 mM NaCl at pH 3.0 and 30 ºC 306 

was finally examined at the optimized j of 15 mA cm-2. As can be observed in Fig. 6a, the 307 

antibiotic was removed at a similar rate using 0.3 and 0.4 mM Fe2+, achieving its total 308 

disappearance at 60 min. A slower abatement was observed at higher catalyst contents, 309 

requiring 90 min at 1.0 mM Fe2+. In these assays, steady but gradually decreasing amounts of 310 

oxidizing agents reacted with SMX, as inferred from the good linear correlations with a 311 

decreasing slope (inset of Fig. 6a) when a pseudo-first-order kinetic analysis was made. Table 312 

1 shows a similar k1-value in trials with 0.3 and 0.4 mM Fe2+, with a 0.4-fold decay at 1.0 mM 313 

Fe2+. This tendency could seem opposite to the clear enhancement of the HClO decomposition 314 

as the Fe2+ concentration was increased, as described from Fig. 3 and 4. Hence, this confirms 315 

the acceleration of reactions (9)-(11) that caused a gradual loss of oxidant •OH, negatively 316 

affecting the antibiotic destruction. This phenomenon can also be observed from the TOC-time 317 

profiles shown in Fig. 6b. The highest mineralization was achieved at 0.4 mM Fe2+, being 318 

superior to that attained at 0.3 and 0.5 mM Fe2+. A TOC reduction of 59.7% was achieved, 319 

resulting in the lowest ECTOC value of 0.776 kWh (g TOC)-1 (see Table 1). The best 320 

performance of the PEF-like treatment in 45 mM Na2SO4 + 15 mM NaCl at pH 3.0  was then 321 

found at 0.4 mM Fe2+ and j = 15 mA cm-2, thus confirming the results highlighted in 25 mM 322 

Na2SO4 + 35 mM NaCl. It is interesting to note that the k1-value in this latter medium was 5.2-323 

fold higher than that in the former one when the best operation conditions were compared (see 324 

Table 1). This is related to the greater production of active chlorine, which reacted more rapidly 325 

with SMX. However, the attack of such higher quantities of HClO originated a larger proportion 326 

of chloro-derivatives, ending in a lower TOC removal (41.0% vs ∼50% at 150 min, see Table 327 

1 and Fig. 6b). That means that the decrease of Cl− in the aqueous matrix favors the 328 

mineralization of chloro-organics, especially by •OH. 329 
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3.5. Proposed route for SMX degradation 330 

 The by-products formed after 30 and 120 min of PEF-like treatment of 0.208 mM SMX in 331 

45 mM Na2SO4 + 15 mM NaCl with 0.4 mM Fe2+ at pH 3.0 and 15 mA cm-2 were detected by 332 

GC-MS. This analysis was also made by the EO-HClO in 50 mM Na2SO4 under the same 333 

conditions to better clarify the by-products only formed from the attack of hydroxyl radicals. 334 

These results revealed the generation of sixteen compounds that included four aromatic and two 335 

heterocyclic non-chlorinated intermediates, along with five aromatic monochloro-derivatives, 336 

three aromatic dichloro-derivatives, one linear dichloro-derivative and one linear trichloro-337 

derivative. Worth remarking, no chlorinated organic compounds were detected at 420 min. 338 

Based on the detected by-products, a degradation route for SMX (1) is proposed in Fig. 7. It is 339 

presupposed that hydroxyl radicals (generalized as •OH) and active chlorine (HClO) were the 340 

main oxidants, and the m/z values of chlorinated compounds were determined on the basis of 341 

the isotope 35Cl. 342 

 The pathway is initiated by the cleavage of either the N-S bond linked to the oxazol-3-yl 343 

group of 1 or its N-C bond to yield N-(5-methylisoxazol-3-yl)acetamide (2, m/z 125) after 344 

reaction with some linear hydrocarbon or 4-aminobenzenesulfonamide (3, m/z 172), 345 

respectively. Decarbonylation of compound 2 then gives 5-methylisoxazolamine (4, m/z 98), 346 

which is degraded and consecutive chlorinated to produce 2,2-dichlorocetamide (5, m/z 127) 347 

and 2,2,2-trichloroacetamide (6, m/z 161). Worth noting, the cleavage of 1 and 2 can be 348 

attributed to the action of •OH, although this type of rupture may also be induced by HClO 349 

without any simultaneous chlorination, simply because of its high redox potential. This can 350 

partly explain the large enhancement of k1-value with increasing NaCl content (see Table 1). 351 

On the other hand, compound 3 is transformed into 4-aminobenzenethiol (7, m/z 125), which 352 

can be either hydroxylated to form aniline (8, m/z 93) or chlorinated to originate a mixture of 353 

4-chloroaniline (12, m/z 127) and 2-chloroaniline (13, m/z 127). Further hydroxylation of 354 
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compound 8 leads to hydroquinone (9, m/z 110). This compound undergoes two consecutive 355 

chlorination steps to yield 2-chloro-1,4-benzenediol (10, m/z 144) and 2,5-dichloro-1,4-356 

benzenediol (11, m/z 178). Hydroxylation of the mixture of 12 + 13 can cause deamination to 357 

give a mixture of 4-chlorophenol (14, m/z 128) and 2-chlorophenol (15, m/z 128). Chlorination 358 

of the mixtures of 12 + 13 and 14 + 15 finally yields 2,4-dichloroaniline (16, m/z 161) and 2,4-359 

dichlorophenol (17, m/z 162), respectively, whereas the deamination of compound 16 can also 360 

produce 17. Note that the three aminochloro-derivatives (12, 13 and 16) can also be degraded 361 

to 5 and/or 6. Moreover, the hydroxylation of compounds 14 and 15 can lead to compounds 9 362 

and 10, respectively. Since, as stated above, chloroorganics were not accumulated in the 363 

solutions electrolyzed for 420 min, it can be inferred that the most plausible reason to explain 364 

the plateau reached in TOC-time plots in this medium (Fig. 5b and Fig. 6b) was the entrapment 365 

of iron catalyst in iron-chlorocomplexes (see sub-sections 3.2 and 3.4). Hence, the carboxylic 366 

acids expected to be generated from the intermediates of Fig. 7 [25] could not form photoactive 367 

Fe(III)-carboxylate complexes, thus remaining as very persistent uncomplexed acids. In 368 

addition, the high number of chloro-derivatives detected during the PEF-like treatment of SMX 369 

accounted for the low mineralization rate before reaching the plateau. 370 

4. Conclusions 371 

 The singular PEF-like process with HClO playing the role of H2O2 and UVA photons 372 

allowing the Fe2+ regeneration was able to completely remove SMX from sulfate + chloride 373 

matrices at pH 3.0 using a flow electrochemical reactor. The antibiotic was more rapidly abated 374 

in the presence of a greater NaCl concentration (35 mM vs. 15 mM) due to the faster attack of 375 

active chlorine electrogenerated. Conversely, a larger mineralization occurred when the 376 

chloride content was diminished because of the enhanced production of reactive •OH. The 377 

parasitic reactions that destroyed this radical became more relevant when the Fe2+ content was 378 
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increased, despite causing a quicker HClO decomposition, eventually hampering the 379 

degradation and mineralization of the antibiotic. The same phenomenon was observed with 380 

increasing j from 15 to 25 mA cm-2. Under the best conditions in 45 mM Na2SO4 + 15 mM 381 

NaCl (i.e., 0.4 mM Fe2+ and j= 15 mA cm-2), SMX was completely removed in 60 min, 382 

achieving 59.7% mineralization after 420 min of electrolysis. A degradation route for the 383 

antibiotic by electrochemical Fenton-like treatments has been proposed considering the sixteen 384 

compounds detected by GC-MS. The appearance of chloro-derivatives and, more important, 385 

the accumulation of final recalcitrant products like carboxylic acids in their uncomplexed form 386 

allows explaining the partial mineralization of SMX solutions by PEF-like process. The 387 

addition of more Fe2+ catalyst once reached the mineralization plateau could break the 388 

inhibition caused by the iron-chlorocomplexes. Alternatively, a less expensive biological post-389 

treatment could also improve the mineralization because of the absence of toxic chloro-390 

organics. 391 
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Figure captions 551 

Fig. 1. Influence of current density on the concentration of active chlorine vs. treatment time 552 

for the electrolysis of 3.0 L of 25 mM Na2SO4 + 35 mM NaCl solutions at pH 3.0 and 30 ºC, 553 

using a filter-press FM01-LC flow reactor with an Ir-Sn-Ru oxide anode and a stainless steel 554 

cathode, both of 64 cm2 area, at liquid flow rate of 180 L h-1. 555 

Fig. 2. Change of normalized (a) SMX and (b) TOC concentrations with electrolysis time 556 

during the treatment of 3.0 L of 0.208 mM antibiotic (25 mg L-1 TOC0) solutions with 25 mM 557 

Na2SO4 + 35 mM NaCl at pH 3.0 and 30 ºC, using the same reactor described in Fig. 1 at 15 558 

mA cm-2 and 180 L h-1. Method: EO-HClO (without Fe2+); and PEF-like with 0.4 and 0.5 mM 559 

Fe2+ and a 160 W UVA lamp. In (a), the pseudo-first-order kinetic analysis of SMX 560 

concentration decays is shown in the inset panel. 561 

Fig. 3. Time course of active chlorine concentration during the EO-HClO (without Fe2+) and 562 

PEF-like (at different Fe2+ contents with a 160 W UVA lamp) treatment of 3.0 L of 45 mM 563 

Na2SO4 + 15 mM NaCl solutions at pH 3.0 and 30 ºC, using the same reactor described in Fig. 564 

1 at 15 mA cm-2 and 180 L h-1. 565 

Fig. 4. Time course of the normalized Fe2+ concentration during the treatment of 3.0 L of 0.208 566 

mM SMX solutions with 45 mM Na2SO4 + 15 mM NaCl at pH 3.0 and 30 ºC, using the same 567 

reactor described in Fig. 1 at 15 mA cm-2 and 180 L h-1. Method: (a) EF-like with 0.3 mM Fe2+ 568 

and (b) PEF-like at the same Fe2+ contents shown in Fig. 3. 569 

Fig. 5. Influence of current density on the variation of normalized (a) SMX and (b) TOC 570 

concentrations with electrolysis time for the PEF-like treatment of 3.0 L of 0.208 mM antibiotic 571 

solutions with 45 mM Na2SO4 + 15 mM NaCl and 0.4 mM Fe2+ at pH 3.0 and 30 ºC, maintaining 572 

the other conditions described in Fig. 4. The inset panel of (a) presents the pseudo-first-order 573 

kinetic analysis of SMX concentration removals. 574 
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Fig. 6. Effect of initial Fe2+ concentration on the time course of normalized (a) SMX 575 

concentration and its pseudo-first-order kinetic profiles (inset panel) and (b) TOC content 576 

during the PEF-like treatment under the conditions described in Fig. 4. 577 

Fig. 7. Proposed route for SMX degradation by electrochemical Fenton-like treatments with 578 

electrogenerated HClO.579 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. 7
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Table 1 

Pseudo-first-order rate constants and R-squared values, along with the percentage of TOC removal 

and energy consumption per unit TOC mass for the PEF-like treatment of 3.0 L of 0.208 mM SMX 

solutions at pH 3.0 and 30 ºC, using the filter-press FM01-LC reactor with an Ir-Sn-Ru oxide anode 

and a stainless steel cathode at liquid flow rate of 180 L h-1. 

Medium j 
(mA cm-2) 

[Fe2+]0 
(mM) 

k1 
(10-2 min-1) 

R2 % TOC 
removal 

ECTOC 
(kWh (g TOC)-1) 

25 mM Na2SO4 + 35 mM NaCl 15 0.4 23 0.997 41.0 a 1.136 

  0.5 8.0 0.982 27.5 a 1.688 

45 mM Na2SO4 + 15 mM NaCl 10 0.4 2.4 0.992 44.5 b 0.624 

 15 0.3 4.7 0.982 40.8 b 1.059 

  0.4 4.4 0.980 59.7 b 0.776 

  0.5 2.9 0.990 34.8 b 1.331 

  1.0 2.1 0.987 - c - c 

 25 0.4 8.0 0.990 52.1 b 1.887 
Electrolysis time: a 150 min and b 420 min; c Not determined 


