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Abstract 12 

Here, we demonstrate the viability of a ZnO/TiO2/Ag2Se thin-film composite synthesized on 13 

FTO to degrade the drug naproxen in aqueous solutions by visible-light photoelectrocatalysis 14 

(PEC). The experiments were made with 100 mL of solutions containing 5 mg L
-1

 drug and 15 

50 mM Na2SO4 at natural pH, using a cell equipped with a Pt wire as cathode and the 16 

composite as photoanode exposed to a 36 W blue LED lamp. Total degradation was achieved 17 

after 210 min of electrolysis at anodic potential of +1.0 V/Ag|AgCl. This resulted from the 18 

oxidative action of hydroxyl radicals formed via direct anodic water discharge and through 19 

mediated water oxidation by photogenerated holes. The degradation rate decreased at higher 20 

naproxen concentration, but the treatment efficiency became higher due the deceleration of 21 

the parasitic reactions involving hydroxyl radicals. In chloride medium, the photoanode 22 

showed a large ability to produce active chlorine, which contributed to the oxidation of the 23 

target molecule. LC-QToF-MS analysis of treated solutions revealed the generation of four 24 

primary naphthalenic by-products, from which the initial degradation route of naproxen is 25 

proposed. 26 

Keywords Blue LED light; Oxidation by-products; Pharmaceutical residue; 27 

Photoelectrocatalysis; Water treatment  28 
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1. Introduction 29 

 The development of more effective technologies for the removal of pharmaceutical 30 

residues as well as their metabolites and natural degradation products from water has been 31 

intensified in the last decade [1-3]. A large variety of pharmaceuticals is continuously 32 

discharged to the aquatic ecosystems as a result of their massive use in human and veterinary 33 

medicine [4]. The presence of such pollutants, usually at µg L
-1

 level, severely affects the 34 

quality of drinking water and the health of all living beings [5,6]. It has been confirmed that 35 

they cannot be completely removed in conventional water treatment facilities [2,7] and hence, 36 

more powerful technologies are required. 37 

 Non-steroid anti-inflammatory drugs (NSAIDs) are commonly consumed to release pain 38 

and fever, being naproxen (NPX, (+)-(S)-2-(6-methoxynaphthalen-2-yl)propanoic acid) one of 39 

the most prescribed among them. The presence of NPX and its metabolites in natural water 40 

and urban wastewater has been documented, alongside its toxic effects on different organisms 41 

[8]. Several advanced oxidation processes (AOPs), which involve the reaction with a strong 42 

oxidant like hydroxyl radical (

OH) generated on site, have been proven to be highly effective 43 

for NPX degradation. Some examples include: (i) electrochemical oxidation (EO) with anodes 44 

like boron-doped diamond (BDD) [9,10], Pt nanoparticles (NPs) [11] or multi-walled carbon 45 

nanotubes [12], (ii) electrochemical Fenton-based processes like electro-Fenton [10,13] and 46 

photoelectro-Fenton [10], (iii) photocatalysis (PC) with TiO2 [13,14], S/W co-doped BiVO4 47 

[15] and N-doped TiO2 [16], and (iv) photoelectrocatalysis (PEC) with a Bi2/MoO6-BDD 48 

photoanode [17]. 49 

 EO is the simplest electrochemical AOP, being its oxidation power mainly modulated by 50 

the anode (M) nature. Physisorbed hydroxyl radical is formed from water discharge via 51 

reaction (1) [18]. Non-active anodes like BDD outperform the others due to their larger 52 

overpotential for O2 evolution. In some media like those rich in chloride, other strong 53 
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oxidants can be simultaneously formed. Active chlorine (HClO in the pH range 3.0-8.0) is 54 

produced from anodic oxidation of Cl

 via reaction (2) followed by hydrolysis reaction (3) 55 

[19]. Under such conditions, the organics are competitively degraded by both, M(

OH) and 56 

active chlorine. 57 

M  +  H2O    M(

OH)  +  H

+
  +  e


       (1) 58 

2Cl

    Cl2  +  2e


         (2) 59 

Cl2  +  H2O    HClO  +  Cl

  +  H

+
       (3) 60 

 EO is particularly useful to treat wastewater with relatively high organic load. 61 

Conversely, PC is more appropriate to remove organic pollutants at small concentration [20]. 62 

This technique is based on the exposure of a semiconductor to photons having an energy 63 

superior to that of its bandgap (Egap), which promotes an electron from the valence to the 64 

conduction band. Reaction (4) represents the production of charge carriers on the 65 

photocatalyst surface, i.e., a hole at the valence band (hVB
+
) and an electron at the conduction 66 

band (eCB

) [16,21]. In inert media, the oxidation of the organic molecules occurs 67 

preferentially by the attack of P(

OH), formed from hVB

+
-mediated water oxidation via 68 

reaction (5). However, the oxidation power of PC is limited by the fast recombination of the 69 

eCB

/hVB

+
 pair. This drawback can be overcome by means of PEC process, in which the 70 

photocatalyst acts as the anode of an electrochemical cell. It still allows the occurrence of 71 

reaction (1) but, in addition, the photogenerated eCB

 is drained to the cathode, thus 72 

minimizing the destruction of hVB
+
 and eventually enhancing the P(


OH) production [20,22]. 73 

Photocatalyst  +  h    hVB
+
  +  eCB


      (4) 74 

Photocatalyst  +  hVB
+
  +  H2O    P(


OH)  +  H

+
     (5) 75 
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 The most commonly used photocatalyst is TiO2 in its anatase form, with an Egap = 3.2 eV 76 

( = 387 nm) [20]. This material requires UV light, which represents < 5% of solar spectrum, 77 

for optimum photoexcitation. Several attempts have been made to extend the photon 78 

absorption to the visible range ( > 400 nm), such as decoration with noble metals like Ag 79 

[22] and Au [23,24]. Recently, we have developed a new photocatalyst composed of ZnO 80 

nanorods (NRs) coated with TiO2 and further decorated with electrodeposited Ag2Se NPs 81 

[25]. The NRs provide a large surface area, TiO2 confer a larger photostability and the Ag2Se 82 

NPs (Egap = 1.85 eV) allow the absorption of visible photons. The ability of PEC with the 83 

ZnO/TiO2/Ag2Se composite on fluoride-doped tin oxide (FTO) to destroy the antibiotic 84 

oxytetracycline in urban wastewater was demonstrated, but more research is needed to 85 

confirm the viability of the system for drug removal. 86 

 This work presents a study on the degradation of NPX solutions at natural pH by means 87 

of visible-light PEC. First, the presence of the Ag2Se NPs was corroborated by high-88 

resolution transmission electron microscopy (HRTEM). Comparative EO and PC trials in 89 

sulfate medium were carried out to clarify the role of the different oxidizing agents in PEC 90 

process. In this medium, the effect of NPX concentration on PEC performance was examined. 91 

The influence of active chlorine in Cl

 medium was considered as well. Finally, an initial 92 

degradation route for NPX in sulfate medium has been proposed considering the by-products 93 

detected by liquid chromatography quadrupole time-of-flight mass spectrometry (LC-QToF-94 

MS). 95 

2. Materials and methods 96 

 Naproxen sodium (NaC14H13O3, M = 252.24 g mol
-1

, ~ 100% purity) was acquired from 97 

Sigma-Aldrich. TEC7 FTO glass wafers were from Dyesol Australia. Analytical grade 98 

Na2SO4 and NaCl were purchased from Fluka. Solutions were prepared with Millipore Milli-99 
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Q ultrapure water. All the syntheses and analyses were made with HPLC or analytical grade 100 

chemicals purchased from Alfa Aesar, Panreac, Sigma-Aldrich and Merck. 101 

 The FTO/ZnO/TiO2/Ag2Se thin-film photoanode was prepared following the procedure 102 

reported in earlier work [25]. Briefly, the FTO substrate with dimensions of 2.5 cm × 2.0 cm 103 

was first pre-treated and then placed as the cathode of an electrolytic cell to deposit Zn(OH)2 104 

seeds from a 0.10 mM Zn(CH3COO)2 solution at 70 ºC by applying a cathodic potential 105 

(Ecath) = -1.1 V/Ag|AgCl for 180 s. After calcination at 400 ºC for 2 h, the ZnO NRs were 106 

grown upon immersion in a 0.15 mM Zn(NO3)2 + 0.80 M NaOH supernatant solution at 90 107 

ºC for 75 min. The resulting ZnO thin film onto FTO was immersed in an alkaline colloidal 108 

TiO2 suspension, prepared with Ti(IV) isopropoxide at pH 11, at 5 cm min
-1

 and after 10 min 109 

it was retrieved at the same rate. The sample was dried at 100 ºC for 10 min and calcined at 110 

550 ºC for 1 h. The whole procedure was repeated to obtain 3 layers. Finally, Ag2Se NPs 111 

were electrodeposited onto the FTO/ZnO/TiO2 composite via immersion in AgNO3 + H2SeO3 112 

solution at pH 3.0 and 25 ºC, applying an Ecath = -0.65 V/Ag|AgCl for 600 s. 113 

 To confirm the integrity and morphological properties of the resulting thin films, the 114 

samples were characterized by HRTEM employing a JEOL JEM-2100 LaB6 microscope with 115 

energy-dispersive X-ray spectroscopy (EDX), operating at 200 kV in scanning TEM (i.e., 116 

STEM) mode. For these analyses, the films were scratched out from the substrate. 117 

Additionally, the sample was prepared for cross-sectional analysis: it was cut into two pieces, 118 

which were glued together (active side on), then the ensemble was mechanically polished in 119 

the perpendicular direction and finally thinned via ion milling upon attack by two Ar
+
 guns at 120 

7º and 5 kV. HRTEM images and electron energy loss spectroscopy (EELS) spectra were 121 

acquired in high-angle annular dark-field (HAADF) STEM mode, clearly revealing the 122 

elemental distribution in the NRs. 123 
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 An undivided three-electrode cell, equipped with a jacket to keep the solution 124 

temperature at 25 ºC by recirculating thermostated water, was used to treat 100-mL solutions 125 

by EO, PC and PEC under magnetic stirring at 600 rpm. The anode or photoanode was the 126 

synthesized FTO/ZnO/TiO2/Ag2Se thin film, the cathode was a Pt wire and the reference 127 

electrode was an Ag|AgCl (saturated KCl). PC assays were carried out in the absence of 128 

current flow, whereas in EO and PEC an anodic potential (Eanod) = +1.0 V/Ag|AgCl was 129 

provided by an Amel 2049 potentiostat-galvanostat. In PC and PEC trials, the photocatalyst 130 

thin film was exposed to irradiation from a Highgrow 36 W blue LED lamp, composed of 131 

LED light bulbs of 2 W arranged in a grid, placed at 7 cm. The irradiance from the lamp was 132 

173 W m
-2

 at max = 450-460 nm. Between two consecutive runs, the FTO/ZnO/TiO2/Ag2Se 133 

was rinsed with Milli-Q water, which ensured the obtention of reproducible duplicates for 134 

drug concentration decays. Average values are given in this work, with error bars depicted in 135 

each curve. In photo-assisted trials, the entire system was embedded inside a mirror box to 136 

upgrade the photon collection. 137 

 The pH measurement, reversed-phase high-performance liquid chromatography (HPLC) 138 

analysis to monitor the NPX concentration, and LC-QToF-MS analysis to detect the primary 139 

by-products of NPX in PEC trials, were made with the same equipment and procedures 140 

reported elsewhere [25]. In reversed-phase HPLC, a BDS Hypersil C18 5μm (250 mm  4.6 141 

mm) column at 35 ºC, and a mobile phase composed of 40:60 (v/v) CH3CN/H2O (0.010 M 142 

KH2PO4) at pH 3.0 and eluted at 1.0 mL min
-1

, were employed, yielding a sharp peak for 143 

NPX ( = 231 nm) at a retention time of 5.0 min, with a limit of quantification of 5 µg L
-1

. 144 

3. Results and discussion 145 

3.1. Comparative degradation of NPX in sulfate medium by EO, PC and PEC 146 
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 The physicochemical, photochemical, morphological and structural characteristics of the 147 

as-synthesized FTO/ZnO/TiO2/Ag2Se thin-film composite have been described in our earlier 148 

work [25]. Aiming to further complete those characterizations, a more detailed HRTEM 149 

analysis has been carried out, as shown in Fig. 1. In one of the sample replicates prepared, the 150 

coating was scratched out and its morphology can be observed in Fig. 1a. NRs with a length 151 

of several hundreds of microns are clearly identified, being their walls decorated with quite 152 

rounded NPs as that highlighted in yellow. The second replicate served to do a cross-sectional 153 

analysis. A certain alignment of the NRs on the FTO can be seen in Fig. 1b, where one of the 154 

NPs is highlighted in blue. A closer view in Fig. 1c allows identifying a certain degree of NRs 155 

entanglement, probably due to the sample preparation, and a total length greater than 500 nm, 156 

which agrees with that found in our previous work. In this HAADF-STEM cross-sectional 157 

micrograph of the photoanode, several spots are distributed along the NRs. The EELS 158 

analysis of one of them, highlighted as a brighter spot, informs about the elemental 159 

distribution. It corroborates that the rounded NPs that decorate the rods are rich in Ag and Se 160 

(see the maximum intensity of both elements in the bright spot area), whereas the rods are 161 

rich in Ti and O as corresponds to the presence of the TiO2 layers coating the underlying ZnO. 162 

 First degradation tests were made with 100 mL of solutions containing 5.0 mg L
-1

 NPX 163 

and 50 mM Na2SO4 at natural pH 5.7 and 25 ºC. According to Fig. 2a, the drug underwent a 164 

continuous but very slow abatement by EO at Eanod = +1.0 V/Ag|AgCl for 210 min, ending in 165 

a degradation as low as 12.0%. An analogous trial was made in parallel, at Eanod = 0 V, 166 

causing no drug removal, which allowed discarding a relevant adsorption on the thin-film 167 

photoanode. Therefore, the trend observed in EO can be explained by the active nature of the 168 

anode, which implies a very low production of oxidant M(

OH) from reaction (1) [3,10]. A 169 

much quicker and greater NPX removal, finally reaching 51.3% decay, can be observed for 170 

the PC process. This means that a comparatively larger amount of oxidant P(

OH) was 171 
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generated from reaction (5), significantly contributing to the removal. Fig. 2a highlights that 172 

both methods cannot compete with PEC process, which allowed the total disappearance of the 173 

drug in 210 min. This suggests the occurrence of a synergistic phenomenon, yielding an 174 

abatement much superior to that arising from the sum of single EO and PC. This behavior 175 

agrees with the expected acceleration of P(

OH) production as result of the substantial 176 

inhibition of the eCB

/hVB

+
 recombination [20,22,26]. 177 

 The fitting of the above concentration decays was attempted by means of kinetic 178 

equations with different reaction orders, obtaining the best linear profiles for a pseudo-first-179 

order reaction, as can be seen in Fig. 2b. This kind of behavior can be interpreted assuming 180 

that a steady content of M(

OH) and/or P(


OH) is responsible for the drug destruction during 181 

each treatment. It should be noted that the solution pH remained practically constant in each 182 

run, and reproducible profiles (see errors in Fig. 2a) were obtained by simply rinsing the thin 183 

film with Milli-Q water before further use. From the analysis of Fig. 2b, the pseudo-first-184 

order rate constant (k1) for NPX decay and the corresponding R
2
-value were determined. All 185 

these results are summarized in Table 1. As can be seen, excellent regressions (R
2
 > 0.98) 186 

were always obtained, and the k1-value of 0.0126 min
-1

 in PEC was 3.5-fold and 21.5-fold 187 

greater than those found in PC and EO, confirming the synergy between light irradiation and 188 

current supply for drug removal. 189 

3.2. Effect of NPX concentration on PEC performance in sulfate medium 190 

 The influence of NPX content on the PEC degradation power in sulfate medium was 191 

investigated by employing solutions with 50 mM Na2SO4 and drug concentrations ranging 192 

from 2.0 to 5.0 mg L
-1

 at natural pH. They were treated by PEC at Eanod = +1.0 V/Ag|AgCl, 193 

for 210 min as maximal. No substantial pH variation was observed in these runs, which 194 

showed a high reproducibility just following a simple cleaning procedure before each 195 

subsequent electrolysis. 196 
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 Fig. 3 shows the profiles of the normalized concentration removals during such assays, 197 

alongside the corresponding excellent pseudo-first-order kinetic analyses in the inset panel. A 198 

gradually lower degradation rate can be observed as the drug content was increased, with 199 

overall disappearance at about 180 min when starting at 2.0 mg L
-1

 and a progressive increase 200 

in time up to 210 min needed at 5.0 mg L
-1

 (see Table 1). As expected, the k1-value also 201 

collected in Table 1 decreased from 0.0273 to 0.0126 min
-1

 when the NPX concentration grew 202 

from 2.0 to 5.0 mg L
-1

, pointing to consider that k1 was a function of the number of oxidizing 203 

agents available in practice for NPX oxidation in each treatment. Worth noting, the oxidation 204 

power of the system in practice was raised at higher NPX concentration, as deduced from the 205 

fact that a gradually larger quantity of drug was removed. For example, after 180 min of PEC 206 

treatment, 2.0, 3.0, 3.95 and 4.74 mg L
-1

 of NPX were destroyed starting at 2.0, 3.0, 4.0 and 207 

5.0 mg L
-1

, respectively. This enhancement is not surprising, since it is typically found in 208 

EAOPs [3]. It can be accounted for by the deceleration of parasitic reactions that cause the 209 

destruction of generated M(

OH) and P(


OH); consequently, a greater number of fruitful 210 

reactive events occurs, thus removing a larger number of organic molecules. Among those 211 

parasitic reactions that waste the 

OH one can include, for example, its anodic oxidation to O2 212 

or its dimerization to H2O2 [10,19]. The above results demonstrate the ability of the 213 

FTO/ZnO/TiO2/Ag2Se photoanode to degrade NPX. This performance is better than that 214 

reported by Zhao et al. [17], who achieved 85% degradation after 360 min of treatment of 60 215 

mL of 15 mg L
-1

 drug solutions with 0.1 M Na2SO4 using a porous Bi2/MoO6-BDD 216 

photoanode (Eanod = +2.0 V/SCE) exposed to a 150 W Xe lamp (filtered at  > 420 nm). 217 

3.3. Influence of Cl

 concentration on PEC treatment 218 

 The influence of Cl

 ion presence in the aqueous matrix on the degradation process was 219 

assessed with 5.0 mg L
-1

 NPX treated by PEC at Eanod = +1.0 V/Ag|AgCl for 210 min. Two 220 

solutions containing chloride, namely 25 mM Na2SO4 + 35 mM NaCl and 70 mM NaCl, were 221 
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chosen since they possessed the same specific conductivity as the 50 mM Na2SO4 solution 222 

[19]. Again, no substantial pH changes were observed and the degradation profiles were quite 223 

reproducible at least in two consecutive trial replicates. 224 

 A surprising tendency is evidenced in Fig. 4, since the degradation rate in the mixed 225 

sulfate + chloride matrix was lower than that attained in pure sulfate, whereas the assays in 226 

pure chloride became significantly better than the others (see also Table 1). This suggests a 227 

fast attack of P(

OH) formed from reaction (5), and even faster by HClO formed from 228 

reaction (3), at high Cl

 content (70 mM), becoming more rapid than that of M(


OH) and 229 

P(

OH) that are prevalent in sulfate medium. In contrast, a smaller amount of hydroxyl 230 

radicals and HClO was available in the mixed sulfate + chloride matrix, because of their 231 

mutual destruction that ended in the generation of much less powerful chlorine and 232 

oxychlorine radicals that react more slowly with the drug. 233 

 The inset of Fig. 4 illustrates the pseudo-first-order reaction also followed in the media 234 

with presence of chloride. This is indicative of the attack of constant and small quantities of 235 

M(

OH), P(


OH) and/or HClO over NPX. The k1-values given in Table 1 disclose a 1.3-fold 236 

enhancement in 70 mM NaCl as compared to 50 mM Na2SO4. This corroborates the 237 

electrocatalytic ability of the FTO/ZnO/TiO2/Ag2Se thin-film photoanode to oxidize Cl

 via 238 

the anodic reaction (2), allowing the production of sufficient amounts of HClO that rapidly 239 

attack the drug. As a first assessment of the durability of the photoanode, five consecutive 240 

runs of 210-240 min were carried out in pure chloride medium, finding quite reproducible 241 

profiles. 242 

 It should be noted that the change of total organic carbon content with time in all the 243 

above assays was not evaluated due to its very low initial value (i.e., 3.6 mg C L
-1

 at 5.0 mg 244 

L
-1

 NPX). Nevertheless, a quicker mineralization should occur in sulfate medium, because in 245 

chloride media the formation of recalcitrant chloro-derivatives is expected [26]. 246 
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3.4. Detection and evolution of by-products and proposed initial degradation route 247 

 LC-QToF-MS analysis of a 5.0 mg L
-1

 NPX (1, m/z 230) solution with 50 mM Na2SO4 at 248 

natural pH 5.7 treated by PEC under the conditions of Fig. 2a revealed the formation of four 249 

derivatives with m/z values of 246, 185, 201 and 202. These values matched with those 250 

expected for naphthalenic molecules like the hydroxylated NPX (compound 2), 2-methoxy-6-251 

vinylnaphthalene (compound 3), its hydroxylated derivative (compound 4) and 6-methoxy-2-252 

naphthoic acid (compound 5), respectively. Note that compounds 3 and 5 have been detected 253 

as oxidation by-products of NPX during electro-Fenton and photoelectro-Fenton treatments 254 

[10]. 255 

 Fig. 5 shows the evolution of these compounds while the target molecule disappeared 256 

from the medium. As can be seen, compound 2 was rapidly generated, thereby being 257 

completely removed at 240 min. In contrast, the other three compounds were gradually 258 

accumulated, thus accounting for a larger stability and slower destruction rate. That means 259 

that a long time will be needed to achieve a large mineralization. 260 

 Based on the detected by-products, a plausible route for the initial NPX degradation by 261 

PEC in sulfate medium is schematized in Fig. 6. The oxidizing agents are the generated 262 

M(

OH) and P(


OH), which are simply denoted as 


OH in the scheme. The process is initiated 263 

either by the hydroxylation of 1 to yield 2 or its decarboxylation to form 3. Further 264 

hydroxylation of 3 leads to 4, whereas the oxidation of its vinyl group yields 5. After this 265 

stage, the cleavage of the naphthalene ring of these compounds would generate final short-266 

chain linear carboxylic acids that are mineralized to CO2, as has been widely reported for 267 

other aromatic pollutants [3,10]. 268 

4. Conclusions 269 
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This study has confirmed the viability of an FTO/ZnO/TiO2/Ag2Se thin-film photoanode to 270 

quickly and completely remove drug residues from water at natural pH. NPX was degraded in 271 

sulfate medium by visible-light PEC at Eanod = +1.0 V/Ag|AgCl. Comparison with EO and PC 272 

trials has demonstrated that the PEC degradation entails synergistic phenomena. In all cases, 273 

the concentration decay obeyed a pseudo-first-order reaction. In PEC, the drug removal was 274 

slower as the drug concentration was increased, but in turn this enhanced the oxidation power 275 

due to the deceleration of the parasitic reactions of M(

OH) and P(


OH). The presence of a 276 

high Cl

 concentration accelerated the drug degradation because of the electrocatalytic ability 277 

of the photoanode to generate active chlorine. The NPX transformation to four main 278 

naphthalenic derivatives has been evidenced by LC-QToF-MS. 279 
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Figure captions 371 

Fig. 1 HRTEM images of the ZnO/TiO2/Ag2Se composite: (a) Powder scratched out from the 372 

FTO support, at 60,000×, and (b) cross-sectional view of the aligned NRs in the thin film 373 

grown on FTO, at 15,000×. (c) HAADF-STEM cross-sectional analysis of the thin-film 374 

photoanode, alongside the elemental distribution (EELS data) 375 

Fig. 2 (a) Normalized concentration decays and (b) their pseudo-first-order kinetic analyses 376 

during the degradation of 100 mL of solutions containing 5.0 mg L
-1

 NPX and 50 mM 377 

Na2SO4 at pH 5.7 and 25 ºC, using the FTO/ZnO/TiO2/Ag2Se as anode, supported 378 

photocatalyst or photoanode. Method: Electrochemical oxidation (EO) and 379 

photoelectrocatalysis (PEC) with a Pt wire as cathode, and photocatalysis (PC). In EO and 380 

PEC, Eanod = +1.0 V/Ag|AgCl. In PC and PEC, a 36 W blue LED lamp was utilized to 381 

irradiate the thin-film composite 382 

Fig. 3 Influence of NPX concentration on drug concentration removal and pseudo-first-order 383 

kinetic analysis (inset panel) upon PEC treatment of 100 mL of drug solutions with 50 mM 384 

Na2SO4 at pH 5.7 and 25 ºC. A cell equipped with an FTO/ZnO/TiO2/Ag2Se photoanode 385 

(Eanod = +1.0 V/Ag|AgCl), exposed to a 36 W blue LED lamp, and a Pt wire cathode was 386 

used. 387 

Fig. 4 Effect of the electrolyte composition on the normalized drug concentration decay 388 

during the PEC treatment of 100 mL of 5.0 mg L
-1

 NPX solutions at pH 5.7 and 25 ºC, using 389 

the cell and conditions described in Fig. 3. The inset panel presents the kinetic analysis. 390 

Fig. 5 Time course of by-products detected by LC-QToF-MS under PEC conditions of Fig. 2.  391 

Fig. 6 Proposed initial degradation route for NPX upon PEC treatment in sulfate medium. 392 
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Table 1 Percentage of NPX degradation and pseudo-first-order rate constant with the corresponding 

R-squared value for several treatments of 100 mL of drug solutions containing different electrolytes 

at pH 5.7 and 25 ºC, using the FTO/ZnO/TiO2/Ag2Se photoanode exposed to a 36 W blue LED lamp 

(Eanod = +1.0 V/Ag|AgCl) and Pt wire cathode. 

Method [NPX] 

(mg L
-1

) 

Electrolyte % Degradation 

(time (min)) 

k1 

(10
-3

 min
-1

) 

R
2
 

EO 
a
 5.0 50 mM Na2SO4 12.0 (210) 0.586 0.980 

PC 
b
 5.0 50 mM Na2SO4 51.3 (210) 3.65 0.990 

PEC 
c
 2.0 50 mM Na2SO4 100 (180) 27.3 0.976 

 3.0 50 mM Na2SO4 100 (180) 21.0 0.988 

 4.0 50 mM Na2SO4 100 (210) 16.4 0.983 

 5.0 50 mM Na2SO4 100 (210) 12.6 0.993 

 5.0 25 mM Na2SO4 + 35 mM NaCl 96.4 (210) 10.7 0.992 

 5.0 70 mM NaCl 100 (150) 16.3 0.994 

a
 Electrochemical oxidation (in dark conditions) 

b
 Photocatalysis (no applied anodic potential) 

c
 Photoelectrocatalysis (with light irradiation and anodic potential application) 
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