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ABSTRACT 36 

In this work, the performance of a photoelectrochemical cell to degrade a mixture 37 

of contaminants of emerging concern (CECs) in distilled water and simulated 38 

wastewater effluents (SWWE) was assessed. The CECs mixture included 39 

trimethoprim (TMP), diclofenac (DFC), sulfamethoxazole (SMX) and 40 

carbamazepine (CBZ) (100 μg·L−1 each). WO3 nanoplate-like structures 41 

synthesized on fluorine tin oxide coated glass (FTO) were used as the 42 

photoanode with Pt or carbon gas diffusion electrodes (GDE) as the counter 43 

electrode. The most efficient degradation of the CECs was obtained with the 44 

WO3-GDE combination. Significant degradation of the CECs was observed under 45 

visible only radiation. Even under visible radiation, reasonable rate constants 46 

5.67·10-3, 5.35·10-3, 2.9·10-3 and 4.35·10-3 min-1 were obtained for TMP, SMX, 47 

CBZ and DFC degradation. The degradation mechanism at the cathode and the 48 

photoanode was elucidated using a two-compartment cell, which allowed the 49 

identification of reactive species generated at each electrode. Photogenerated 50 

holes were the main responsible for CEC degradation in SWWE. With the carbon 51 

GDE, a high Faradaic efficiency (55%) for H2O2 production was observed. 52 
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1. Introduction 69 

There is global concern about the pollution of water resources with contaminants 70 

of emerging concern (CECs) due to their  potential threat for the environment and 71 

human health [1,2]. Pharmaceuticals residues have been detected in 72 

environmental water bodies at concentrations ranging from ng·L−1 to μg·L−1  [3]. 73 

They can pose a serious threat to human and lead to toxic effects [1,3–5]. 74 

Conventional wastewater treatment plants are not able to effectively remove 75 

CECs, and more advanced treatment processes must be developed to address 76 

this challenge.  77 

Advanced Oxidation Processes (AOPs) are a potential solution for the 78 

degradation of CECs in water [6]. Heterogeneous photocatalysis generates 79 

reactive oxygen species (ROS) and can degrade refractory pollutants, including 80 

CECs, and inactivate disinfection resistant waterborne microorganisms [7]. When 81 

a semiconductor photocatalyst is irradiated by photons with energy equal or 82 

greater than the band gap energy, charge carriers are generated. Valence band 83 

holes (h+) can either directly oxidize the organic compound or oxidise water to 84 

generate hydroxyl radicals (HO·) that will attack organic matter [8]. If the 85 

conduction band edge potential is negative enough (as with TiO2) 86 

photogenerated electrons (e-) can reduce O2 to produce superoxide radical anion 87 

and hydrogen peroxide. Photocatalysis can be inefficient due to fast 88 

recombination of charge carriers. Photoelectrocatalysis (also referred to as 89 

electrochemically assisted photocatalysis (EAP) uses a photo-electro-chemical 90 

cell with an applied potential that helps separate charge carriers thus reducing 91 

the rate of recombination and increasing the efficiency of electron and hole 92 

transfer to solution [8]. The use of an electrically biased counter electrode means 93 

that photogenerated electrons can be transferred to solution even when the 94 

photoanode does not have a negative enough conduction band edge potential. 95 

The most commonly studied photocatalyst is TiO2 but it can only absorb UV 96 

radiation, hence limiting the solar efficiency [9]. There is much interest in 97 

photocatalysts with a narrower band gap energy which can utilise visible photons 98 

and improve the solar efficiency [10]. WO3 has good chemical resistance and is 99 

able to utilise visible photons up to 470 nm  [11]. In addition, nano-engineering of 100 

photocatalysts to give TiO2 nanotubes [12,13] and WO3 nanoplates [11,14], has 101 



 

 

been reported to result in improved photocurrents and greater photocatalytic 102 

activity due to  exposed reactive facets and shorter charge diffusion lengths [15]. 103 

Pt is commonly used as the counter electrode material in electrochemically 104 

assisted photocatalysis studies [10], however, other less expensive and earth 105 

abundant materials can be used. For example carbon gas diffusion electrodes 106 

made from  carbon or graphite felts, carbon-PTFE GDEs and carbon sponge [16], 107 

have shown good performance because they favour the generation of H2O2 by 108 

the 2 electron reduction of molecular oxygen and provide good stability, 109 

conductivity and chemical resistance [17,18]. 110 

Most reported studies relating to the degradation of CECs will focus on only one 111 

compound [19,20] but in real applications there will most likely be mixtures of 112 

several CECs and the evaluation of electrochemically assisted photocatalysis for 113 

the degradation of a mixture of CECs, at realistic concentrations, is therefore of 114 

interest [17,18]. Only a few studies have reported results of electrochemically 115 

assisted photocatalysis for wastewater treatment [21–24] using concentrations of 116 

mg·L-1, which are well above realistic levels [10]. The configuration of the cell will 117 

have significant influence on the performance of the system [25]. A front-side 118 

configuration can only be used if the photocatalyst is coated on non-transparent 119 

substrates, for example irradiating through a mesh [26]. Thus, the radiation 120 

intensity will drop upon travelling through the solution due to its absorption by the 121 

electrolyte and other chemical compounds. In the case of wastewater which may 122 

absorb strongly in the same wavelength range as the  photocatalyst, the design 123 

of thin-layer or rotating disk EAP reactors have been identified as an option to 124 

minimise absorption losses [25,27,28]. Alternatively, optically transparent 125 

supporting electrodes (OTE) are often used, including Fluorine doped Tin Oxide 126 

(FTO) or Indium doped Tin Oxide (ITO); in this case they allow back-face 127 

irradiation. Moreover, if the photoanode is irradiated back-face, a flat 128 

plate/sandwich configuration can be used in which the photoanode faces towards 129 

the cathode, leading to a more uniform current density distribution and lower cell 130 

resistance [29].This study aims at evaluating the performance of a cell with back-131 

face irradiated photoanode to degrade a mixture of CECs, in a realistic range of 132 

few μg·L−1, in simulated wastewater effluent (SWWE). WO3 nanoplates 133 

electrodes were selected as the photoanode as they show good performance 134 



 

 

even under visible only irradiation as compared to TiO2 [11]. The degradation 135 

rates obtained employing Pt and carbon paper (CP), a gas diffusion electrode 136 

(GDE), as the counter electrode were compared. A careful examination was 137 

carried out using scavengers and a two-compartment cell to determine which 138 

oxidizing species are the most important and at which electrode they were 139 

generated. To the best of our knowledge, no studies have been published 140 

reporting a thorough study of the different ROS produced in simulated wastewater 141 

effluent using a EAP cell with a WO3 photoanode and carbon GDE cathode. 142 

 143 

2. Experimental section 144 

2.1.  Materials 145 

 146 

All the chemicals used in this study were analytical grade and used as received. 147 

Methanol (HPLC grade, CH3OH>99.9%), FTO glass (Sigma-Aldrich, fluorine-148 

doped tin oxide SnO2:F ~7 Ω/sq), SU8 photoresist (Microchem), hydrochloric acid 149 

(Merk, HCl 37%),  sodium tungstate dehydrate (Sigma-Aldrich, 150 

Na2WO4·2H2O>99%), Acetonitrile (Sigma-Aldrich, CH3CN>99.9%), sodium 151 

oxalate (Aldrich, Na2C2O4>99.5%), Decon™ Decon 90 (Decon  Laboratories  152 

Ltd.), sodium sulfite (ACS reagent, Na2SO3≥98.0%), potassium iodide (Sigma 153 

Aldrich, KI ≥99.0%), hydroquinone (Sigma-Aldrich, C6H6O2≥99.0%), formic acid 154 

(Merk, HCOOH>98%), p-benzoquinone (reagent grade, C6H4O2≥98%), 155 

isopropanol (C3H8O≥99.9%), coumarin (Sigma-Aldrich, HPLC grade, 156 

C9H6O2≥99.0%), umbelliferone (Sigma-Aldrich, C9H6O3≥98.0%), sodium sulfate 157 

(Sigma-Aldrich, Na2SO4>99%), hydrogen peroxide (Sigma-Aldrich, H2O2≥30%, 158 

for trace analysis), titanium oxysulfate in dilute sulfuric acid (Sigma-Aldrich 159 

TiOSO4, 27-31% H2SO4 basis), trimethoprim (Merck HPLC grade, 160 

C14H18N4O3≥98%), diclofenac sodium salt (Merck, C14H10Cl2NNaO2≥98%), 161 

sulfamethoxazole (Merck, C10H11N3O3S analytical standard), carbamazepine 162 

(Merck C15H12N2O), NaHCO3 (Sigma-Aldrich, ≥99.7%), CaSO4.2H2O (Sigma-163 

Aldrich, ≥99%),  peptone (Sigma-Aldrich), MgSO4 (Sigma-Aldrich, ≥99.5%), NaCl 164 

(Sigma-Aldrich, ≥99%), KCl (Sigma-Aldrich, ≥99%), beef extract (Sigma-Aldrich), 165 

humic acid (Sigma-Aldrich, technical grade), tannic acid (Sigma-Aldrich, ACS 166 

reagent), lignosulfonic acid sodium salt (Sigma-Aldrich, average Mw ~52,000, 167 



 

 

average Mn ~7,000), sodium lauryl sulfate (Sigma-Aldrich,  United States 168 

Pharmacopeia (USP) Reference Standard), gum arabic from acacia tree (Sigma-169 

Aldrich, spray dried), (NH4)2SO4 (Sigma-Aldrich, ≥99%) and K2HPO4 170 

(Sigma-Aldrich, ≥98%).   All the solutions were prepared with deionized water (15 171 

MΩ·cm-1).   172 

 173 

2.2.  Preparation of WO3 photoanode 174 

 175 

WO3 structures were grown hydrothermally on FTO glass coupons of, 8.4 cm x 176 

8.4 cm used in the one-compartment cell (Figure S1) and 2 cm x 1.5 cm for the 177 

two-compartment cell (Figure S2), as previously reported [11]. A full description 178 

of the synthesis methodology can be found in the supplementary information. A 179 

thorough characterization of the material tested here was carried out in a previous 180 

study [11], including crystal structure, morphology, surface composition and 181 

photoelectrochemical characterization. 182 

 183 

2.3. Preparation of simulated wastewater treatment plant effluent  184 

 185 

For this study we used simulated wastewater treatment plant effluent (SWWE) as 186 

water matrix as previously reported [30] which included: 96 mg·L-1 of NaHCO3, 187 

60 mg·L-1of CaSO4.2H2O, 60 mg·L-1 of MgSO4, 580 mg·L-1 of NaCl and 4 mg·L-1 188 

of KCl; beef extract (1.8 mg·L-1), peptone (2.7 mg·L-1), humic acid (4.2 mg·L-1), 189 

tannic acid (4.2 mg·L-1), lignosulfonic acid sodium salt (2.4 mg·L-1), sodium lauryl 190 

sulfate (0.9 mg·L-1), gum arabic from acacia tree (4.7 mg·L-1), (NH4)2SO4 (23.6 191 

mg·L-1) and K2HPO4 (7.0 mg·L-1). The SWWE had a pH, conductivity and 192 

concentration of dissolved organic carbon close to 8, 1.4 mS·cm-1 and 8.1 mg·L-193 
1 respectively. 194 

 195 

2.4.  EAP degradation of a mixture of CECs in a one-compartment cell 196 

 197 



 

 

The EAP degradation of a mixture of four CECs, trimethoprim (TMP), diclofenac 198 

(DFC), sulfamethoxazole (SMX) and carbamazepine (CBZ), in SWWE was 199 

evaluated. Experiments were performed in a one-compartment EAP cell, Figure 200 

1. A scheme and pictures of the experimental set up that was used to assess the 201 

performance on the degradation of a mixture of CECs can be found in the 202 

supplementary information (Figure S1). The irradiation source was a 1000 W Xe 203 

lamp with AM 1.5 filter. The EAP cell was a 30 mL 3D-printed reactor made of 204 

acrylonitrile butadiene styrene (ABS). A power supply (PLH 120 DC power 205 

supply, RS) to apply a cell potential, a reservoir tank and a pump (Cole-Parmer, 206 

model 7521-10) to continuously flow the solution through the system. The 207 

photoanode was irradiated back-face through a 6.1-cm-diameter window and the 208 

flow was 0.15 L·min-1. The electrical contact was provided by direct contact 209 

between the edges of the electrodes and a copper frame. To reduce heating of 210 

the cell, an infrared filter (with ultrapure water) was located between the Xe lamp 211 

and the electrochemical cell. When the activity of the photoanode was tested 212 

under visible only irradiation, a UV cut-off filter was used, which only transmitted 213 

radiation with a wavelength higher than 415 nm. The spectral intensity of the 214 

incident radiation was determined by using a spectral radiometer (Ocean Optics 215 

B.V, Netherlands) (Figure S3). The WO3 photoanodes (8.4 cm x 8.4 cm or 2 cm 216 

x 1.5 cm) were used as working electrodes and a Pt plate (umicore Electroplating, 217 

Platinode®) or carbon paper (Ion Power, SIGRACET® Gas Diffusion Media, 218 

Type GDL 38 BC) as counter electrode. The temperature of the solution was ~25 219 

ºC. When air was flown behind the cathode, the part where the cathode was 220 

placed featured a closed chamber with a port to purge air (Figure 1 A and B). 221 

When air was not purged, the part where the cathode was place had a 6.1-cm-222 

diameter window to allow air diffusion through the carbon GDE (Figure 1 C and 223 

D). 224 



 

 

 225 

Figure 1. One compartment EAP cell used for the degradation of CECs in simulated 226 
wastewater when air or N2 was purged (A and B) and when no air was purged (C and 227 

D). 228 

A stock solution with all the CECs (2.5 g·L-1 of each CEC) in methanol was 229 

prepared, following the procedure described in other studies [18,31]. The stock 230 

solutions with high concentrations of CECs to minimize the amount of methanol 231 

added to the water matrix. In a usual experiment, a certain volume of the stock 232 

solution was spiked in 200 mL of the SWWE to obtain the desired initial 233 

concentration of each CEC (100 µg·L-1), and the mixture was transferred to the 234 

tank where it was continuously stirred. The methanol from the stock contributed 235 

an additional TOC concentration of 11.5 mg L-1. Thus, when simulated 236 

wastewater was used the initial TOC concentration was near 19.5 mg L-1. The 237 

Electrical contacts

WO3
on FTO

Port for purging 
air or N2

Carbon 
paper

A)

C)

B)
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solution was pumped through the system for 30 minutes in the dark to attain 238 

adsorption equilibrium and the Xe lamp was switched on so that the emission 239 

would become stable. Then, a few mLs of the solution were taken out, the cell 240 

potential was applied and the reactor was irradiated. When air was bubbled into 241 

the solution or in the chamber behind the cathode an air blower was employed. 242 

Samples were withdrawn every 15 min for the first hour and subsequently every 243 

30 min. Samples were filtered using PTFE hydrophilic syringe filters (Ossila) with 244 

0.45 µm pore size prior to analysis. The optimum applied cell potential was 245 

determined by sweeping the potential from 0 V to +2.0 V, with a step of 0.1 V, in 246 

dark and under irradiation and measuring the current response with a multimeter. 247 

The optimum potential was chosen as the lowest applied potential at which the 248 

photocurrent density was maximum.   249 

For scavenger studies, potassium iodide (KI) was used as a hole scavenger, 250 

isopropanol as a HO· scavenger, and hydroquinone and p-benzoquinone were 251 

used to scavenge O2
·-. The initial concentration of each scavenger added was 5 252 

mM. When the experiment required absence of O2, oxygen free N2 was purged 253 

in the system for 30 min before the experiment began and Na2SO3 was added to 254 

the solution as an oxygen scavenger [32]. 255 

A two-compartment cell previously reported [33] was used to investigate the ROS 256 

generated at each electrode (Figure S2). The compartments were magnetically 257 

stirred, and a cation membrane was placed to separate them and prevent 258 

interference with the working electrode. The EAP cell was operated as a 3-259 

electrode set-up with the WO3 photoanode, carbon GDE cathode and a saturated 260 

calomel electrode (SCE) reference electrode. The anode potential was 0.95 V 261 

(SCE), selected to maintain a cell potential of ~1.5 V. The volume added to each 262 

compartment was 35 mL. All the experiments were performed using an 263 

electrochemical workstation (AUTOLAB PGSTAT 30) and the photoanode was 264 

back-face irradiated with a 450 W xenon lamp (Horiba Jobin Yvon FL-1039/40) 265 

equipped with an IR water filter and an AM 1.5 filter, as it represents the average 266 

annual air mass value at locations within the continental US and Europe [34]. In 267 

this case, the incident average UVA (315-400 nm) radiation was around 25 W·m-268 
2. In the 415-480 nm range, the irradiance was 61 W·m-2 and the spectral 269 

distribution very similar to solar spectrum. The irradiance was obtained with a 270 



 

 

spectral radiometer (Ocean Optics B.V, Netherlands) and the spectrum is shown 271 

in the supplementary information (Figure S4). The irradiance between 200 and 272 

480 nm was 86 W·m-2.  273 

The concentration of the CECs was detected and quantified by using an HPLC 274 

system (Agilent Technologies Series 1260 Infinity II) equipped with a UV detector 275 

and an analytical column Poroshell 120 EC-C18 (4.6x100 mm). The injection 276 

volume was 100 μL and the detection wavelengths for TMP, SMX, CBZ and DFC 277 

were 267, 273, 273 and 285 nm, respectively. A gradient method was used: from 278 

95/5 (v/v) of formic acid (25 mM)/acetonitrile (ACN) to 20/80 (v/v) of formic acid 279 

(25 mM)/ACN after 13 min, from 20/80 (v/v) to 0/100 (v/v) until 14 minutes and a 280 

posttime of 3 min, with a flow rate of 1 mL·min−1. The temperature was set to 30 281 

ºC. The limit of quantification (LOQ) was calculated for the different parent compounds. 282 

The LOQ values were 0.8, 1.5, 0.6 and 0.8 µg L-1 for TMP, SMX, CBZ and DCF. 283 

Different probes and methodologies were followed to detect and quantify the 284 

potential ROS that can be formed in the EAP process. The concentration was 285 

chosen based on previous experience obtained from several studies performed 286 

in our research group and from other reported studies [18,33,35–37].  287 

Hydroxyl radicals (HO·) were detected by using coumarin as a probe that reacts 288 

with HO· to generate different by-products, among them umbelliferone [38]. The 289 

initial concentration of coumarin dissolved in SWWE was 0.4 mM. The 290 

concentration of umbelliferon was quantified by using an HPLC (described 291 

above). The injection volume was 100 μL and the detection wavelength were 250, 292 

270 and 325 nm, respectively. A gradient method was used: 90/10 (v/v) of formic 293 

acid (25 mM)/methanol for the first 6.6 minutes, from 90/10 (v/v) of formic acid 294 

(25 mM)/methanol to 66.5/33.5 (v/v) of formic acid (25 mM)/methanol in the range 295 

6.6-13.20 min, and from 66.5/33.5 (v/v) to 50.5/49.5 (v/v) up to 26.5 minutes and 296 

a post time of 3 min. The flow rate was 0.5 mL·min−1 and the temperature 30 ºC. 297 

Hydrogen peroxide (H2O2) was quantified by a spectrophotometric method in 298 

which 1.5 mL of the sample was mixed with 1.5 mL of a 280 mM TiOSO4 solution 299 

[36]. The absorbance of the yellow complex was measured using a JENWAY 300 

6305 spectrophotometer at 410 nm. 301 



 

 

Superoxide radical (O2
·-) generation was assessed by monitoring the degradation 302 

of hydroquinone in the presence of a KI as a h+ scavenger (5 mM) to avoid its 303 

oxidation by holes or HO· [39]. Because of the higher selectivity of hydroquinone 304 

towards O2
·- [40], it reacts with superoxide radicals to produce p-benzoquinone. 305 

The concentration of hydroquinone was quantified using an HPLC (described in 306 

section 2.4). A simple isocratic method was adopted: 0.5 mL·min−1, 80/20% v/v 307 

formic acid (25 mM)/methanol. The injection volume was 5 μL and the 308 

temperature 30 ºC. The detection wavelengths were 290 and 250 nm. 309 

Free chlorine (FC) was also measured using a photometer system (Chlorine+ 310 

eXact® EZ, Industrial Test systems, Inc.) and eXact® Strip Micro Free Chlorine 311 

(DPD-1).  312 

 313 

3. Results and discussion 314 

3.1.  Comparison of CECs degradation using Pt or GDE as a cathode 315 

The performance of the EAP cell using a carbon GDE as a cathode was 316 

compared to that using Pt for the degradation of a mixture of 4 CECs in simulated 317 

wastewater effluent (SWWE). The use of the GDE removes the need to sparge 318 

the electrolyte with air or oxygen [33]. The optimal cell potentials were +1.3 for 319 

the Pt CE and +1.5 V for the carbon GCE CE (Figure S5). 320 

The degradation profiles for the mixture of CECs obtained when using the Pt 321 

cathode are shown in Figure 2 along with the controls i.e., fixed potential in the 322 

dark (EC) and the photocatalytic reaction (under irradiation and open circuit). 323 



 

 

 324 

Figure 2. Concentration of CECs simulated wastewater effluent vs time with 325 
electrochemically assisted photocatalysis (EAP) experiments in under the following 326 

conditions: WO3 was used as a photoanode and Pt as a cathode, [CECs]0=100 µg·L-1, 327 
VT=200 mL, I0, EAP (200-480 nm)=86 W·m-2, I0, EAP Vis (415-480 nm)=61 W·m-2, cell 328 

potential=1.3 V and irradiated area=29 cm2. Legend: ■ Electrochemically Assisted 329 
Photocatalysis (EAP), ● Electrocatalysis (EC), ▲ Photocatalysis (PC), ▼ 330 
Electrochemically Assisted Photocatalysis with only visible light (EAP,Vis). 331 

All the CECs, except CBZ, showed significant degradation with electrocatalysis 332 

in the dark (EC). The kinetic constants were estimated assuming pseudo-first 333 

order reaction rate (Table 1). When the electric potential was applied under 334 
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irradiation (EAP) a significant increase in CEC degradation was observed, with 335 

three times the rate observed for TMP or SMX, as compared to EC. CBZ  is 336 

reported as one of the most persistent and difficult to degrade CECs [17,41,42]. 337 

The rate constant for CBZ degradation was 5.34 x10-3 min-1 for EAP as compared 338 

to only 0.81 x10-3 min-1 for EC. More importantly, the WO3 photoanode showed 339 

marked activity under visible only irradiation.  Even though the irradiation for the 340 

EAP experiments using the UV cut-off filter was almost two thirds of the value 341 

under the whole spectrum, 61 and 86 W·m-2, rate constants 5.67·10-3, 5.35·10-3, 342 

2.9·10-3  and 4.35·10-3 min-1 were estimated for TMP, SMX, CBZ and DFC, 343 

proving the viability of using WO3 as a photoanode under solar radiation to drive 344 

the EAP process. This is a significant  advantage of using WO3, where the band 345 

gap (2.6 eV) is smaller than that of TiO2 (3.2 eV) [10]. Furthermore, it can be 346 

concluded that in the photocatalytic experiment (at open circuit potential) the 347 

CECs underwent no degradation. This behaviour is different to the results 348 

reported previously using TiO2. Salmeron et al. [18] observed similar removal 349 

efficiences in the photocatalytic and EAP degradation of a mixture of organic 350 

micro-polluants using TiO2 nanotubes as photoanode. These results were 351 

ascribed to the organic matter present in the water matrix, which scavenge 352 

oxidizing species. Similarly, Tang et al. [20] observed conversions of tetracycline 353 

close to 88% and 100% after 120 min of the photocatalytic and EPA reactions 354 

using g-C3N4 nanosheets implanted into TiO2 nanotubes. Pablos et al. [43] also 355 

observed no differences in the oxidation of methanol with and without applied 356 

potential. They stated that applying an electric bias will lead to an improvement 357 

in the degradation of chemical compounds when charge interactions between a 358 

photoanode and the target are highly influential, hence reducing mass transfer 359 

limitations. However, when WO3 was used as photocatalyst no degradation was 360 

expected as the conduction band potential (~+0.7 V vs SHE) [11,19] is more 361 

positive than the potential required to carry out possible reduction reaction, such 362 

as the reduction of oxygen to produce superoxide radicals (𝑒!"# + 𝑂$ → 𝑂$·!, -363 

0.33 V SHE, pH 0) or the reduction of protons to form hydrogen (2𝑒!"# + 2𝐻& →364 

𝐻$, 0.0 V SHE, pH 0) (Figure 3) [33]. Therefore, for WO3 to be used as a 365 

photocatalyst an electron acceptor would have to be added.  366 



 

 

 367 

Figure 3. Band diagram of WO3 at pH 0 with the conduction band edge (ECB) and 368 
valence band edge (EVB) positions shown, with the key reactions for pollutant 369 

degradation and water splitting.  370 

Table 1. Pseudo-first order reaction rate constants and 95% upper and lower 371 
confidence intervals (UCI / LCI) estimated for the degradation of each CEC in SWWE 372 

using WO3 as photoanode and a Pt sheet or carbon paper (CP) as a cathode. 373 

   WO3-Pt  WO3-CP  
    k (min-1)x103   

EAP EC EAP, 
Vis EAP EC EAP, 

Vis No air flow 
TMP  8.18 2.51 5.67 6.28 1.6 4.22 8.72 
SMX  6.52 2.08 5.35 5.99 1.4 4.33 9.24 
CBZ  5.34 0.81 2.9 3.72 0.67 3.03 5.16 
DFC  5.21 3.62 4.34 4.07 2.5 2.97 7.57 

    LCI / UCIx103 

 
  EAP EC EAP, 

Vis EAP EC EAP, 
Vis No air flow 

TMP LCI 7.85 2.1 5.47 6.13 1.41 4.17 8.54 
UCI 9.05 3.1 6.52 7 1.83 4.51 9.49 

SMX LCI 6.62 2.03 5.27 5.95 1.39 4.23 9.02 
UCI 7.28 2.2 5.5 6.78 1.45 4.53 10.12 

CBZ LCI 5.22 0.66 2.74 3.47 0.53 2.85 4.78 
UCI 5.89 0.98 3.13 4.03 0.83 3.34 5.88 

DFC LCI 4.66 3.21 4.05 3.61 2.53 2.7 7.22 



 

 

UCI 6.33 4.3 4.89 4.84 2.92 3.58 9.38 

 374 

When carbon paper was used as a cathode with air flowing behind the cathode, 375 

similar trends were observed for the degradation of each CEC (Figure S6) 376 

compared to the obtained with Pt, i.e., neither adsorption nor degradation was 377 

observed with photocatalysis (open circuit) and significant rates of degradation 378 

were attained under visible light. The degradation rates decreased slightly, but 379 

the kinetic constants were always 75% of those estimated with Pt as a cathode 380 

(shown in the supplementary information, Table 1). No significant reduction in 381 

TOC was observed, as the contribution of CECs to the TOC was far smaller than 382 

the TOC from the organic matter present in the SWWTE. Owing to the lower cost 383 

and similar performance of the carbon GDE as compared to the Pt, it was 384 

selected as cathode for all other experiments.   385 

 386 

3.2.  Effect of air flow in the WO3-carbon paper GDE system  387 

 388 

In order to evaluate the effect of O2 in the EAP process when carbon GDE was 389 

used as a cathode, different experiments were performed (Figure S7) pumping 390 

air, either into the storage tank or into the chamber at the back of the cathode, 391 

and without pumping air (the GDE was open to air, see Figure 1), e.g., letting 392 

atmospheric air diffuse through the carbon paper.  393 

According to the degradation profiles, pumping air did not lead to faster 394 

degradation kinetics for all the CECs. Lower current densities have also been 395 

detected when higher air flows were used since the formation of bubbles can 396 

increase ohmic resistance [33]. Moreover, even though ROS generated via O2 397 

reduction might not be important, electrons can still play a part in the process via 398 

H2O2 electro-activation through an electron transfer reaction at the cathode or 399 

through direct reduction of the pollutants [44]. It is important to note that when air 400 

was not pumped, the reaction rates were even faster than the attained when Pt 401 

was utilized as a cathode (see kinetic constants in Table 1), achieving values of 402 

8.72·10-3, 9.24·10-3, 5.16·10-3  and 7.57·10-3 min-1 for TMP, SMX, CBZ and DFC. 403 



 

 

From here on now, all the experiments were carried out without pumping air 404 

unless stated otherwise. 405 

 406 

3.3.  Effect of water matrix in the WO3-CP system  407 

 408 

To examine the influence of the water matrix on the degradation of the mixture of 409 

CECs in SWWE, experiments were undertaken using distilled water where 410 

Na2SO4 was added to obtain the same electrolyte conductivity as the SWWE (1.4 411 

mS·cm-1). The comparison of the degradation results obtained in distilled water 412 

with sodium sulfate for the EAP and the control experiments in the dark (EC) and 413 

under radiation at open circuit potential (PC) can be seen in the supplementary 414 

information (Figure S8). Figure 4 shows a small effect of the water matrix for the 415 

degradation of TMP and SMX, attaining conversions of each CEC near 85% in 416 

both water matrices. Faster degradation rates were observed for CBZ and 417 

especially DFC. A decrease of the degradation performance for all the CECs 418 

would be expected in the simulated wastewater as several studies have reported 419 

a drop in the process efficiency due to the competition for ROS with the 420 

background organic matter and some inorganic ions [42].  421 

Similar results for some of the CECs studied here can be found in the literature. 422 

It has been reported that the degradation of SMX was not affected by the 423 

presence of Cl- or SO4
$- in water [45]. Higher degradation of SMX was also 424 

detected at acidic pH due to a greater adsorption on TiO2 [46], as the anionic form 425 

of SMX (pKa2=5.6) will prevail at pH similar to those of the SWWE (pH=8) 426 

whereas the neutral form and the anionic form should predominate the pH of the 427 

distilled water (pH=6.1). However, since the surface of the photoanode is always 428 

positively charged under applied positive bias the difference cannot be ascribed 429 

to the electrostatic interactions. In fact, Cai et al. observed similar effects of the 430 

pH and concluded that the faster degradation at lower pH was due to a stronger 431 

radiation absorption and higher photochemical reactivity of SMX in its neutral 432 

form, that leads to shorter half-lives and higher decomposition efficiency [47]. As 433 

for TMP (pKa=6.7), they did not note any effect of the pH as described here [47]. 434 

Other studies have reported significantly lower degradation rates of DFC at lower 435 



 

 

pH. Since in the pH range from 6.1 to 8 it is always negatively charged (pKa=4 436 

[48]), the electrostatic interactions between the photoanode and DFC can favour 437 

its degradation.  438 

 439 

 440 

Figure 4. CECs degradation vs time with EAP using simulated wastewater effluent or 441 
7.5 mM Na2SO4 solution (in distilled water) as a water matrix. In all the experiments 442 

WO3 was used as a photoanode and carbon paper as a cathode, [CECs]0=100 µg·L-1, 443 
VT=200 mL, solar simulated light, I0 (200-480 nm)=86 W·m-2, no air was purged in the 444 

system, cell potential=1.5 V and irradiated area=29 cm2. 445 

 446 

3.4. Effect of scavengers and detection of ROS  447 

 448 
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In order to elucidate the degradation mechanism and the relevance of the 449 

different ROS that can be produced in the EAP process, the degradation 450 

reactions were performed in the presence of different scavengers. Potassium 451 

iodide (KI), isopropanol, hydroquinone and p-benzoquinone were used to 452 

scavenge h+, HO· and O2
·- respectively [19,45,49–51]. The initial concentration of 453 

each scavenger was 5 mM. The results, along the degradation profiles in the 454 

absence of scavengers, are depicted in Figure 5. To elucidate to which extent the 455 

pollutants are degraded at the anode and at the cathode, a two-compartment cell 456 

was used. The cell featured a membrane that separated both compartments to 457 

prevent interference and allow the study of the anodic and cathodic reactions and 458 

the detection of the main ROS. Figure 6 shows the concentration profiles of each 459 

CEC in the anode and cathode compartments. 460 

 461 



 

 

 462 

 463 

Figure 5. Comparison of CECs degradation over the EAP degradation experiments in 464 
the presence of different scavengers (using simulated wastewater effluent as water 465 

matrix). In all the experiments WO3 was used as a photoanode and carbon paper as a 466 
cathode, [CECs]0=100 µg·L-1, VT=200 mL, solar simulated light, I0 (200-480 nm)=86 467 

W·m-2, applied cell potential=1.5 V and irradiated area=29 cm2. The initial 468 
concentration of each scavenger was 5 mM. Legend: ■ no scavenger, ● isopropanol, 469 

▲ oxalate, ▼ Hydroquinone, ♦ p-benzoquinone, ◄ N2, X KI. 470 
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 471 

Figure 6. Comparison of CECs degradation over the EAP degradation experiments in 472 
the anode and cathode compartment. In all the experiments WO3 was used as a 473 

photoanode and carbon paper as a cathode, [CECs]0=100 µg·L-1, Vcompartment=35 mL, 474 
solar simulated light, I0 (200-480 nm)=19 W·m-2, cell potential=1.5 V and irradiated 475 

area=2 cm2. 476 

 477 

When KI was used to scavenge h+ there was a considerable decrease in the 478 

reaction rate for most of the CECs studied, indicating that h+ plays a vital role in 479 

the EAP process. It is worth mentioning that diclofenac degradation was 480 

significantly increased upon the addition of KI. I- could be easily oxidized by holes 481 

into free iodine (FI) which can cause the iodination of diclofenac and formation of 482 

by-products since the kinetic constant for the reaction between FI and DFC is 483 

large (2000–3000 M−1 s−1) [52]. The addition of isopropanol as HO· scavenger 484 

did not reduce the degradation rate of the DFC and TMP and the rate of 485 

0 2 0 40 60 8 0 10 0 1 20 1 4 0 16 0 1 80
0.0

0.2

0.4

0.6

0.8

1.0

 

 A nod e
 Ca th od e
 A nod e+N2

C/
C

0

T ime (min)

Diclo fena c

0 20 40 60 80 10 0 12 0 14 0 1 6 0 1 80
0.0

0.2

0.4

0.6

0.8

1.0

 

An od e
Ca th od e
An od e+N2

C/
C

0

Time ( min)

Carb am aze pin e

0 20 40 60 8 0 10 0 1 2 0 1 40 1 60 1 80
0.0

0.2

0.4

0.6

0.8

1.0

 

 Anod e
 Ca thod e
 Anod e+N2

C/
C

0

T ime (min)

Sulfa meth ox az ole

0 20 40 60 80 10 0 12 0 14 0 1 6 0 1 80
0.0

0.2

0.4

0.6

0.8

1.0

 

 Ano de
 Catho de
 Ano de+N2

C/
C

0

Time ( min)

Trime tho prim



 

 

degradation of SMX and CBZ was slightly reduced. In order to know the 486 

performance of the process to produce HO· radicals, coumarin was used as a 487 

probe since it reacts with HO· radicals with high selectivity to generate 7-488 

hydroxycourmarin [38]. The concentration of coumarin and 7-hydrodxycoumarin 489 

over the reaction time can be seen in Figure S9. The concentration of 7-490 

hydroxycoumarin increases linearly and remains constant after 90 minutes of 491 

reaction time while the concentration of coumarin continues decreasing until the 492 

end of the reaction. In other words, after 4 hours only 76.4 nmol were formed. 493 

The photonic efficiency (ηλ) to produce 7-hydroxycoumarin and the faradaic 494 

efficiency (ηe) for the HO· generation was calculated in the supplementary 495 

information. The small amount of HO· radical detected and the low efficiencies 496 

would suggest a small contribution to the degradation of the studied CECs, 497 

especially taking into account the scavenging effect of the organic matter and 498 

some ions present in the SWWE. Regarding the degradation results obtained in 499 

the two-compartment cell, it could be noted that much higher conversions were 500 

obtained for all the CECs in the photoanode compartment and conversions lower 501 

than 10% were obtained in the cathode compartment. Experiments were 502 

performed to evaluate the generation rate of HO· in both compartments. However, 503 

no significant HO· was detected in the cathode compartment and only a small 504 

signal, below the quantification limit, was observed in the anode compartment 505 

(data not shown). The reason why in this cell we were not able to detect HO· 506 

whereas it could be monitored in the one-compartment cell is ascribed to the 507 

difference in radiation intensities (I0 (200-480 nm)=86 W·m-2 and I0 (200-480 508 

nm)=19 W·m-2 for the one- and two-compartment cells) and to higher volume to 509 

surface ratio of the two-compartment cell. It also explains why for most of the 510 

CECs studied, the degradation kinetics were not affected by the presence of the 511 

HO· scavenger. 512 

Due to the presence of Cl- in the water matrix it can be oxidized by holes or  HO· 513 

radicals to generate various chlorinated reactive radicals, such as chlorine (Cl2) 514 

and hypochloric acid (HOCl), and free chlorine (reactions 1-6) [53–55].  515 

Cl! + h& → Cl∙																																																																							E((Cl∙ Cl!⁄ ) = 2.62	V	vs	SHE					1 516 

Cl! + HO∙ → ClOH∙!																																																																																																																							2 517 



 

 

ClOH∙! + H& → Cl∙ + H$O																																																																																																										3 518 

Cl∙ + Cl! → Cl$∙! + H$O																																																																																																																	4	 519 

Cl$∙! + Cl$∙! → Cl$ + 2Cl!																																																			E((Cl2/Cl$∙!) = 1.36	V	vs	SHE				5 520 

Cl$	(,-) + H$O → HOCl + H& + Cl!																													E((HOCl Cl!⁄ ) = 1.49	V	vs	SHE			6   521 

 522 

The free chlorine concentration was measured over the experiment, but after 4 523 

hours only 0.28 mg·L-1 were formed, which is below the recommended free 524 

chlorine level for residual disinfection of water [56]. Thus, it can be confirmed that 525 

the degradation of the CECs was not likely to be caused by reactive Cl species.  526 

Even though sulfate radicals can be generated from the SO4
2- present in the 527 

simulated wastewater effluent and oxidize organic compounds, it has been 528 

reported that they are more easily generated at acidic pH to avoid the hydrolysis 529 

of SO4
·- into HO· [53]. Also it has been reported that the availability of SO4

·- is 530 

considerably decreased in the presence of Cl- because chlorides scavenge SO4
·- 531 

[53]. This effect was also observed by Gao et al. [54] who reported a marked 532 

inhibition on the triclosan conversion at concentration of Cl- below 10 mM, 533 

detecting a small amount of free chlorine. 534 

As H2O2 can also play a key role in the EAP process and lead to the generation 535 

of more HO·, the formation of H2O2 in the one-compartment cell was assessed 536 

(Figure 7) without purging air in the system. 537 



 

 

 538 

Figure 7. Comparison of H2O2 production over the EAP degradation experiments in the 539 
one-compartment cell (using simulated wastewater effluent as water matrix) without 540 

pumping air. In the experiment WO3 was used as a photoanode and carbon paper as a 541 
cathode, [CECs]0=100 µg·L-1, VT=200 mL, solar simulated light, I0 (200-480 nm)=86 542 

W·m-2, applied potential=1.5 V and irradiated area=29 cm2. 543 

 544 

Significant concentrations of H2O2 were produced at the cathode and the 545 

Faradaic efficiency for the electrogeneration of H2O2 was calculated according to 546 

the following equation: 547 

 548 

η/ =
𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠		𝑓𝑜𝑟𝑚𝑒𝑑
Number	of	electrons =

𝐶0!1! · 𝑉𝑅 · 𝑛 · 𝐹

∫ 𝐼𝑑𝑡𝑡
0

																												𝐸𝑞. 1 549 

 550 

Where 𝐶0!1! is the concentration of H2O2 generated, 𝑉2 is the total reaction 551 

volume, 𝑛 is the number of electrons transferred for H2O2 (2), 𝐹 the Faraday 552 

constant (96,486 C/mol), 𝐼 is the photocurrent and 𝑡 the reaction time. A Faradaic 553 

efficiency close to 54% was obtained. This reasonable Faradaic efficiency for the 554 

production of H2O2 could be very advantageous for the inactivation of bacteria 555 
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since H2O2 has been reported to be a key ROS for disinfection. Few EAP studies 556 

monitored the H2O2 production, any that did have reported lower Faradaic 557 

efficiencies. Salmeron et al. [18] was not able to detect any H2O2 during the EAP 558 

removal of CECs in a EAP cell in which TiO2 nanotubes were used as photoanode 559 

and carbon felt as cathode. Daghrir et al. [57] compared the production of H2O2 560 

using different cathodes (applying 0.39 A in a EAP with Ti/TiO2 as photoanode) 561 

and found out that the highest generation was attained with vitreous carbon, 0.2 562 

mmol/L (Faradaic efficiency close to 3.3%). Therefore, the studied EAP system 563 

seems promising for the simultaneous degradation of CECs and inactivation of 564 

microorganisms. H2O2 can also be generated on the photoanode through the two-565 

hole oxidation of H2O to form H2O2 (reactions 7,8) [40]. 566 

2h& + 2H$O → H$O$ + 2H&																																																																																																						7 567 

2HO· → H$O$																																																																																																																																		8	568 

The H2O2 concentration formed at the anode and at cathode of the two-569 

compartment cell was measured. H2O2 was only produced at the cathode (Figure 570 

8) reaching a concentration just over 11 mg·L-1 after 150 min (the measured 571 

current was around 430 μA). The Faradaic efficiency for H2O2 production was 572 

55.8%, similar to that obtained in the one-compartment cell, verifying that H2O2 573 

is only generated at the cathode. Since no HO· was detected in the cathode 574 

compartment it can be concluded that HO· was not generated by the one electron 575 

reduction of H2O2 (reaction 14). This agrees with the results reported by other 576 

authors, which stated that carbonaceous cathodes and gas-diffusion electrodes 577 

have low catalytic activity towards H2O2 decomposition [58,59]. It is noteworthy 578 

that despite the production of H2O2 at the cathode no relevant degradation of the 579 

CECs was attained. This is related to the fact that H2O2 is only a moderate oxidant 580 

whose standard apparent redox potential is lower at basic pH than at acid pH 581 

(1.77 V vs SHE and 0.88 V vs SHE at acid and basic pH). Hence, it is unable to 582 

attack phenol and it is only able to degrade some organics such as aldehydes or 583 

formic acid [44]. 584 



 

 

 585 

Figure 8. H2O2 concentration vs time in the cathode compartment for EAP in the two 586 

compartment cell. WO3 was used as a photoanode and carbon GDE as a cathode, 587 

[CECs]0=100 µg·L-1, Vcompartment=35 mL, solar simulated light, I0 (200-480 nm)=19 W·m-588 
2, cell potential=1.5 V and irradiated area=2 cm2. 589 

 590 

Para-benzoquinone and hydroquinone have been used to evaluate the role of O2
·- 591 

[37,39,40]. Looking at the concentration profiles of CBZ and DFC (Figure 5) no 592 

degradation was observed in the presence of neither of the O2
·- scavengers, which 593 

seemed to indicate that O2
·- plays an important part in the process. However, as 594 

discussed in the supplementary information the use of quinones to detect 595 

superoxide radicals is subject to interferences and results have to be interpreted 596 

carefully. In fact, when N2 was purged into the system (to evaluate the role of the 597 

different ROS generated via oxygen reduction, reactions 9-14), the degradation 598 

of the CECs was not affected, entailing that electrons or ROS generated at the 599 

cathode do not play an important part in the degradation mechanism of these 600 

CECs.  601 

e!34 + O$ → O$·!																																																																							E( = −0.33	V	vs	SHE									9 602 

O$·! 	+ H& → HO$· 																																																																						E( = −0.05	V	vs	SHE									10	603 
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O$ 	+ 2H& 	+ 2e! → H$O$																																																						E	( = 0.695	V	vs	SHE										11	604 

H$O$ + O$·! → HO· + O$ + HO!																																																																																														12	605 

2O$·! + 2H$O → 2HO· + O$ + 2HO!																																																																																						13 606 

H$O$ + e45! → HO· + HO!																																																											E( = 0.31	V	vs	SHE								14 607 

 608 

Concerning the O2
·- production in the two-compartment cell, hydroquinone 609 

degradation was monitored to determine whether some electrons can still reduce 610 

O2 at the anode. To prove that the decrease in hydroquinone concentration was 611 

driven by the attack of O2
·- several controls (applied potential in the dark, EC; EAP 612 

at open circuit potential, PC and EAP process purging N2, EAP+N2) were 613 

performed. The evolution of hydroquinone concentration at both electrodes is 614 

plotted in the supplementary information, Figure S10. The profiles were fitted to 615 

a zero-order kinetic and the reactions rates are collected in Table 2.  616 

Table 2. Degradation rates of hydroquinone under different operating conditions. 617 
 

(-r) (mg·L-1·min-1)  
EAP EAP+N2 PC EC 

Anode 0.40 0.31 0.36 0.38 
Cathode 0.41 0.27 0.23 0.22 

 618 

Hydroquinone degradation was similar for the PC and EC controls in both 619 

compartments. With the PC control O2 reduction would not be expected due to 620 

the positive conduction band potential of WO3 (as explained in section 3.1).  621 

Therefore,  hydroquinone degradation may be due to thermal oxidation and 622 

oxidation by O2 since the pH>7 [39,60], giving rise to p-benzoquinone. However, 623 

even when N2 was purged in the system the concentration of hydroquinone 624 

decreased. This decrease was not caused by oxidation since no p-benzoquinone 625 

was detected, as shown in the chromatograms in Figure S11. However, in the 626 

chromatograms of the EAP+N2 new peaks that didn’t appear in the EAP, PC and 627 

EC experiments were identified (Figure S11), pointing out some interaction 628 

among KI and hydroquinone in the absence of O2. During the EAP experiment in 629 

the cathode compartment a higher degradation rate for the HQ (compared to the 630 



 

 

controls) was observed, which indicated the production of O2
·-. However, it could 631 

be noted that the degradation rates of hydroquinone at the anode were similar for 632 

all the experiments, which means that hydroquinone was being degraded only by 633 

thermal oxidation and oxidation by O2. Moreover, these results confirmed that 634 

hydroquinone and p-benzoquinone must be used as O2
·- scavengers with care 635 

because they can react with h+ inhibiting the CECs mineralization. Furthermore, 636 

owing to the negligible concentration of HO· measured at the anode, it can be 637 

concluded that CECs were mainly degraded by photogenerated h+ and HO· may 638 

play a role in the degradation of SMX and CBZ, although to a minor extent. This 639 

was confirmed by looking at the degradation profiles of the CECs when N2 was 640 

purged in the anode compartment (Figure 6), which did not affect their reaction 641 

rates.  642 

 643 

3.5. Calculation of energy consumption: “Electric energy per order” 644 

 645 

Since economics is often the most relevant parameter and advanced oxidation 646 

technologies (AOTs) usually consume considerable amount of energy, different 647 

figures-of-merit were proposed related to the electric-or solar-energy efficiency 648 

[61]. In this study the electric energy per order, EEO (kWh·m-3·order-1) was 649 

calculated, using equation 2, to evaluate the EAP process. This metric is suitable 650 

for electric-energy-driven systems when working with low concentrations. It is the 651 

electric energy in kilowatt hours (kWh) required to degrade a contaminant C by 652 

one order of magnitude, for example from 10 mg L-1 to 1 mg L-1, in a unit volume 653 

(e.g., 1 m3) of contaminated water. 654 

𝐸61 =
𝑃 · 𝑡 · 1000

𝑉 · 𝑙𝑜𝑔(𝐶7 𝐶8⁄ ) 																																																																																																												𝐸𝑞. 2	 655 

where 𝑃 stands for the rated power (kW) of the treatment system, 𝑡 being the 656 

treatment time (h), 𝑉 the treated volume (0.2 L) and 𝐶7 and 𝐶8 the initial and final 657 

concentrations of the pollutant after the 𝑡 treatment time. The treatment time 658 

considered for the CECs removal was 4 h. Since in a real application the EAP 659 

system would be solar-driven and the irradiation source was only employed to 660 

simulate solar conditions, the energy input corresponding to the Xe lamp was not 661 



 

 

taken into account. The EEO values were calculated for the EAP degradation of 662 

pollutants using simulated wastewater and without purging air. Given that for that 663 

experiment the average current response was 4.98 mA, the EEO values were 664 

0.15, 0.16, 0.32, 0.22 kWh·m-3·order-1 for TMP, SMX, CBZ and DFC. When the 665 

radiation source was taken into account, the electric energy per order increased 666 

drastically. The values of EEO are 19.8·103, 21.8·103, 42.2·103 and 29.5·103 667 

kWh·m-3·order-1 for TMP, SMX, CBZ and DFC. The increase is mainly cause to 668 

scale-up the irradiation source (a 1000 W Xe lamp) as the EEO values are given 669 

per m3. That is why for the system to be sustainable it has to be solar driven. 670 

In literature EEO is the most reported figure-of-merit due to its suitability for low 671 

concentration range. Electrical energy per order has been calculated for different 672 

applications and using different photoelectrochemical processes. Bennani et al. 673 

[62] studied the influence of the radiation intensity on the EEO and degradation of 674 

phenol. They estimated EEO<4 kW h·m-3·order−1 to reach conversions over 90% 675 

of phenol. However, using lower UV radiation intensities entailed more energy 676 

efficient processes despite the treatment time being higher. Collivignarelli, et al. 677 

[23] obtained EEO=152 kW h·m-3·order−1 for a decolorization process (based on 678 

EAP+H2O2), after 2 h of contact time and only taking into account the power 679 

necessary for the UV lamp and power supply. Bessegato et al. [63,64] estimated 680 

the electric energy per order for the mineralization of Benzophenone-3 (BP-3) in 681 

distilled water and hair dyeing wastewater using different combinations of 682 

Advanced Oxidation Processes (AOPs). Using O3/EAP processes they reported 683 

EEO of 20 kW h·m-3·order−1 and ~150 kW h·m-3·order−1 to achieve a 684 

mineralization of around 60 and 50% for the treatment of BP-3 and hair dye 685 

effluent, respectively. Lower EEO and higher mineralization efficiencies could be 686 

achieved using O3/UV/H2O2 systems. The EEO was used to assess the 687 

performance of an annular photoelectrocatalytic reactor using multiple discs 688 

coated with TiO2 on the electrochemically assisted photocatalytic degradation of 689 

a pharmaceutical (acetaminophen) [65]. The calculated EEO values were 83 and 690 

67 kW h·m-3·order−1 at 4.0 and 8.0 V, respectively. Thus, the values for the EAP 691 

system studied here were lower to those reported in other articles [10] and could 692 

also be attributed to the application of a photoanode activated by solar light.   693 



 

 

 694 

4. Conclusions  695 

The performance of a EAP system based on WO3 plate-like structures on the 696 

degradation of a mixture of CECs in simulated wastewater plant effluent was 697 

evaluated using two different cathodes, Pt and carbon gas diffusion electrode. 698 

The cell configuration, in which the photoanode was irradiated back-face through 699 

FTO glass and was facing the cathode, was suitable to degrade CECs in 700 

wastewater treatment plant effluent. Using carbon paper GDE as a cathode, 701 

without the need of flowing air, yielded higher degradation rates compared to Pt. 702 

Furthermore, the feasibility of the EAP system to work under visible radiation was 703 

proven, attaining high conversions of the different CECs. Moreover, this was also 704 

verified by the electrical energy per order, which was lower than 0.3 kWh·m-705 
3·order-1 for each CEC considering solar irradiation conditions. 706 

Despite several ROS being identified, such as O2
·- or H2O2, photogenerated holes 707 

played the most important part in the CECs removal in SWWE. When carbon 708 

GDE was used, H2O2 was generated with Faradaic efficiencies near 55%.  Thus, 709 

this EAP system may have potential for disinfection of water or to be coupled with 710 

other advanced oxidation processes which utilise H2O2, such as electro-Fenton 711 

or solar photoelectro-Fenton. 712 
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