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Abstract 

This study focuses on the role of the anode material for the electrochemical degradation of the 

top-selling anti-inflammatory drug naproxen (NPX). Aqueous solutions containing 40 mg L−1 

NPX sodium in 0.050 M NaClO4 at pH 3.0 were comparatively treated by electrochemical 

advanced oxidation processes (EAOPs) like electro-oxidation with electrogenerated H2O2 

(EO-H2O2), electro-Fenton (EF) and UVA photoelectro-Fenton (PEF). The experiments were 

performed in a 2.5 L flow plant equipped with an annular glass photoreactor coupled to a cell 

with a Pt, IrO2-based (DSA-O2), RuO2-based (DSA-Cl2) or boron-doped diamond (BDD) 

anode and an air-diffusion cathode to electrogenerate H2O2. In EF and PEF, 0.50 mM Fe2+ 

was added as catalyst. At 50 mA cm-2, the oxidation power of EAOPs rose in the order: EO-

H2O2 < EF < PEF, regardless of the anode used. The IrO2-based anode led to greater 

mineralization in EO-H2O2 and EF. In contrast, the BDD anode allowed an almost total 

mineralization in PEF, being superior to 85% attained with the other three materials. DSA, a 

significantly cheap anode compared to Pt and BDD, can then be a suitable candidate for 

treating NPX solutions by EAOPs. For each process, the mineralization current efficiency and 

specific energy consumption were determined. The NPX concentration decay always 

followed a pseudo-first-order kinetics and, in PEF, it was enhanced in the sequence: RuO2-

based < Pt < BDD < IrO2-based. GC-MS analysis of treated solutions allowed detecting six 

aromatic products, whereas maleic and oxalic acids were identified by ion-exclusion HPLC. 

A reaction sequence for the degradation of NPX by EAOPs is finally proposed. 

Keywords: BDD; DSA; Electrochemical oxidation; Electro-Fenton; Naproxen; Photoelectro-

Fenton  
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1. Introduction 

 The unpredictable consequences arising from the presence of pharmaceuticals in the 

aquatic environment have stimulated an intense investigation in all areas within this field, 

including the development of technologies to enhance their removal [1]. These pollutants are 

continuously introduced into the ecosystems, which affects the quality of drinking water 

supplies and constitutes a potential environmental impact on ecosystems and human health 

[2]. Their occurrence in water comes pre-eminently from improper disposal as well as through 

human and animal excretion. They are difficult to remove in wastewater treatment facilities 

(WWTFs) and, consequently, they become persistent pollutants in water [3-5]. 

Non-steroidal anti-inflammatory drugs (NSAIDs) are commonly employed for the 

treatment of fever and pain in adults. They are released to the aquatic as either pristine 

compounds or metabolites [4,6]. Naproxen (NPX, usually commercialized as sodium salt of 

(+)-(S)-2-(6-methoxynaphthalen-2-yl)propanoate, NaC14H13O3, M = 230.26 g mol-1) is a 

widely used NSAID in human and animal medicine. It is frequently detected in WWTFs and 

surface water due to its large persistence, whereas its photodegradation by-products are even 

more toxic than the parent drug [3-6]. 

 The effective destruction of toxic and biorefractory pollutants is an important, urgent 

issue in modern societies. Since low removal percentages are reported for pharmaceuticals in 

conventional WWTFs, more powerful technologies are needed [3]. It is not surprising, 

therefore, that the electrochemical advanced oxidation processes (EAOPs) like electro-

oxidation (EO), electro-Fenton (EF) and photoelectro-Fenton (PEF) have received increasing 

attention in recent years [7,8]. They are environmentally friendly technologies that have 

shown good prospective for the abatement of pharmaceuticals in wastewater. EAOPs are 

based on the in situ production of hydroxyl radicals (•OH), which are potent oxidants capable 

of degrading persistent organic pollutants until their mineralization to CO2 [3,4,7]. 
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 The simplest and most widespread EAOP is EO, where organics are oxidized by 

physisorbed hydroxyl radicals M(•OH) generated at high current from water discharge via 

reaction (1) at the surface of the anode M, including Pt [4,9], dimensionally stable anodes 

(DSA) based on RuO2 or IrO2 [10-14], SnO2, PbO2 and boron-doped diamond (BDD) thin-

film electrodes [9,15]. Among them, BDD is the preferred anode in EO because the weak 

interaction between •OH and its surface, along with its larger O2-overpotential, yields greater 

amounts of M(•OH) with ability to mineralize persistent organic pollutants in water. 

M + H2O → M( OH) 
•

+ H++ e-       (1) 

 On the other hand, one of the main drawbacks of the chemical Fenton’s reagent for 

wastewater treatment is the high cost associated with H2O2 consumption [15,16]. This can be 

overcome by using EAOPs where H2O2 is electrogenerated at the cathode from the two-

electron reduction of injected O2 from reaction (2), being carbon-felt [17-19] and carbon-

polytetrafluoroethylene (PTFE) gas (O2 or air) diffusion electrodes very effective [8,19,20]. 

O2(g) + 2H++ 2e- → H2O2        (2) 

 In an undivided cell, the EO process with electrogenerated H2O2 (EO-H2O2) can then be 

applied, with the destruction of organics mainly resulting from the attack of M(•OH), as well 

as from weaker reactive oxygen species (ROS) like H2O2 and hydroperoxyl radical M(HO2•), 

formed as an intermediate of O2 evolution via reaction (3) [8,20]: 

M + H2O2 → M(HO2
• )+ H++ e-       (3) 

In EF, the organic pollutants may undergo the additional attack of •OH originated in the 

bulk by Fenton’s reaction (4) between generated H2O2 and small quantities of added Fe2+ at 

optimum pH ~ 3. This reaction is catalytic and can be propagated from Fe2+ regeneration by 

Fe3+ reduction at the cathode [3,4,15,16]. 
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H2O2+ Fe2+ → Fe3++ OH 
•

+ OH-       (4) 

Hydroxyl radicals can be consumed by waste reactions that reduce the oxidation power 

and efficiency of EF. In PEF, the solution is additionally irradiated with artificial UVA light 

within the range 320–400 nm [4,8,15]. This radiation favors the degradation of organic 

pollutants promoting: (i) a quicker Fe2+ regeneration and •OH production from Fe(OH)2+ 

photoreduction by reaction (5), and (ii) the photoreduction of final Fe(III)-carboxylate 

complexes from reaction (6) [8,20,21]. 

Fe(OH)2++ ℎν → Fe2+ + OH
•

       (5) 

Fe(OOCR)2++ ℎν → Fe2+ + CO2 + R•      (6) 

 Physicochemical treatments such as adsorption on activated carbon [22,23] and 

photolysis [24,25] have been explored to remove NPX from aqueous solutions. A more 

effective destruction has been described by several AOPs like ozonation [26], photo-Fenton 

[27], TiO2 photocatalysis [28] and sono-assisted processes [29,30]. Interestingly, EO with Pt 

and BDD anodes has been the only EAOP tested so far [6,31,32]. 

 The generation of oxidants in the EAOPs depends of the electrode materials and the 

operation parameters. In particular, little is known about the role of RuO2- and IrO2-based 

anodes in EF and PEF treatments of pharmaceuticals [33-36]. This study is necessary since 

DSA is much less expensive than Pt and BDD, which are the most studied anodes in EAOPs, 

and could become highly appealing for the application of EF and PEF at industrial scale. 

This paper presents a comparative study on the degradation of acidic aqueous solutions of 

NPX in 0.050 M NaClO4 at pH 3.0 by EO-H2O2, EF and PEF. The assays were performed in 

a 2.5 L flow plant containing an electrochemical cell equipped with a Pt, RuO2-based, IrO2-

based or BDD anode and an air-diffusion cathode in order to clarify the influence of the 

different anode materials on each EAOP. A perchlorate salt was chosen as background 
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electrolyte since it is inert and does not interfere in the reactivity of produced hydroxyl 

radicals [8,37]. The effect of the applied current density (j) on the NPX decay and 

mineralization rate was examined. The kinetic decay of the pharmaceutical and the evolution 

of final carboxylic acids were determined by high-performance liquid chromatography 

(HPLC), whereas primary aromatic intermediates were identified by gas chromatography 

coupled to mass spectrometry (GC–MS). Based on the identified products, a reaction 

sequence for the initial degradation of NPX by EAOPs is proposed. 

2. Materials and methods 

2.1. Chemicals 

 Naproxen sodium with > 98% purity was supplied by Sigma-Aldrich. Perchloric acid 

(70%) and sodium hydroxide were of analytical grade supplied by Merck and Panreac, 

respectively. Analytical grade iron (II) sulfate heptahydrate used as catalyst in EF and PEF 

was purchased from Fluka. All the solutions were prepared with deionized water. Carboxylic 

acids, organic solvents and other chemicals were of HPLC or analytical grade supplied by 

Sigma-Aldrich, Merck and Panreac. 

2.2. Flow plant 

 A sketch of the flow plant designed by us to operate in batch mode and used in this work 

is shown in Fig. SM-1 of Supplementary Material. Each trial involved the recirculation of 2.5 

L of a NPX solution, introduced into a reservoir, through the plant by a centrifugal pump, 

keeping the flow rate at 180 L h-1 with a flowmeter and the solution temperature at 35 ºC with 

two heat exchangers connected to a water bath. The electrochemical reactor was an undivided 

filter-press cell equipped with a 20 cm2 anode and a 20 cm2 carbon-PTFE air-diffusion 

cathode from E-TEK, separated 1.2 cm. Four anodes were utilized: (i) a Pt sheet (99.99% 

purity) from SEMPSA, (ii) a DSA-O2 plate (IrO2-based anode) from NMT Electrodes, (iii) a 
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DSA-Cl2 plate (RuO2-based anode) from NMT Electrodes, and (iv) a BDD thin-film 

electrode, deposited onto p-Si, from NeoCoat. A PVC gas chamber fed with atmospheric air 

at an overpressure of 8.6 kPa regulated with a back-pressure gauge was in contact with the 

cathode for continuous H2O2 production. The assays were performed at constant j controlled 

by a Grelco GVD310 (0-10 A) power supply, directly providing the potential difference 

between electrodes. All the experiments were carried out with an annular Schott-Duran glass 

photoreactor of 210 mm height, 110 mm external diameter and 10 mm thickness, whose 

capacity was 640 mL, connected to the outlet of the electrochemical reactor to keep the same 

flow rate in all EAOPs. For PEF trials, a 160-W Philips black light blue lamp of λmax = 360 

nm was placed inside the annular photoreactor to irradiate the solution. 

 All the 2.5 L solutions contained 0.050 M NaClO4 as background electrolyte. They were 

prepared by neutralizing the required amount of HClO4 with NaOH. Afterwards, the solution 

pH was adjusted to 3.0 with HClO4. The specific conductivity of solutions was 4.1 mS cm-1. 

EO-H2O2, EF and PEF treatments of the above solutions with around 40 mg L-1 NPX sodium 

(corresponding to near saturation at acidic pH) were performed with Pt/air-diffusion, IrO2-

based/air-diffusion, RuO2-based/air-diffusion and BDD/air-diffusion cells at 50 mA cm-2. 

This high NPX sodium concentration was chosen to compare the degradation rate of the 

processes and to better identify the oxidation products generated. It was stable in the 

perchloric medium used. The effect of j between 10 and 50 mA cm-2 on the oxidation power 

of the PEF process was examined. In EF and PEF, 0.50 mM Fe2+ was used as optimum 

catalyst content [38-40]. 

2.3. Apparatus and analytical methods 

 The solution pH was determined on a Crison 2000 pH-meter. The accumulated H2O2 

concentration was obtained from the light absorption of the titanic-hydrogen peroxide colored 

complex at λ = 408 nm [41]. 
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 The mineralization of the NPX sodium solutions was monitored from their total organic 

carbon (TOC) abatement, measured on a Shimadzu VCSN TOC analyzer. To do this, samples 

withdrawn from treated solutions at given times were microfiltered with 0.45 µm PTFE filters 

from Whatman, followed by immediate injection of 50 μL aliquots into the analyzer, thus 

obtaining reproducible TOC values with ±1% accuracy. 

 Since NPX is expected to be mineralized to carbon dioxide as follows: 

C14H13O3
- + 25H2O → 14 CO2+ 63H++ 64e-     (7) 

the above TOC data were used to estimate the mineralization current efficiency (MCE) for 

each treated solution at a given time t (in h) from Eq. (8) [38]: 

MCE (%)= 𝑛𝑛 𝐹𝐹 𝑉𝑉𝑠𝑠 ∆(TOC)exp

4.32 x 107 𝑚𝑚 𝐼𝐼 𝑡𝑡
 x 100       (8) 

where n is the number of electrons consumed per drug molecule (= 64), F is the Faraday 

constant (= 96,487 C mol-1), Vs is the solution volume (in L), ∆(TOC)exp is the experimental 

TOC abatement (in mg of C L-1), 4.32×107 is a conversion factor to homogenize units (= 

3,600 s h-1 x 12,000 mg C mol-1), m is the number of carbon atoms of NPX (= 14) and I is the 

applied current (in A). The energy consumption per unit TOC mass (ECTOC) at time t (in h) 

was determined as follows [38]: 

ECTOC (kWh (g TOC)-1)= 𝐸𝐸cell 𝐼𝐼𝑡𝑡
𝑉𝑉𝑠𝑠 ∆(TOC)exp

      (9) 

where Ecell is the average potential difference between the anode and cathode, with a value of 

15.0 V for EAOPs with Pt, RuO2-based and IrO2-based anodes at 50 mA cm-2, and 7.1, 11.0 

and 19.2 V using BDD at 10, 25 and 50 mA cm-2, respectively. 

 The kinetic decay of NPX was determined by analyzing the degraded solutions by 

reversed-phase HPLC through a Waters 600 LC fitted with a BDS Hypersil C18 6 µm, 250 

mm × 4.6 mm, column at 35 ºC and coupled to a Waters 996 photodiode array detector set at 

λ = 230 nm. In the EF and PEF experiments, the aqueous samples were diluted with the same 



9 
 

volume of acetonitrile to stop the degradation process. These measurements were made by 

injecting 20 µL aliquots into the LC after microfiltration with 0.45 µm PTFE filters from 

Whatman using a 60:40 (v/v) acetonitrile/water mixture at 0.6 mL min-1 as mobile phase. The 

chromatograms displayed a well-defined peak related to NPX at retention time (tr) of 8.2 min. 

Final carboxylic acids were identified by ion-exclusion HPLC using the above LC fitted with 

a Bio-Rad Aminex HPX 87H, 300 mm × 7.8 mm, column at 35 ºC and the photodiode 

detector selected at λ = 210 nm. Aliquots of 20 µL were also injected into the LC and the 

mobile phase was a 4 mM H2SO4 solution eluted at 0.6 mL min-1. The chromatograms 

showed well-defined peaks at 6.9 and 9.0 min related to oxalic and maleic acids, respectively. 

 Several solutions with 40 mg L-1 NPX sodium in 0.050 M NaClO4 at pH 3.0 were 

electrolyzed for short times by EO-H2O2 and EF with a BDD/air-diffusion cell at 50 mA cm-2 

to identify the aromatic products formed. The organic compounds contained in 200 mL of 

each treated solution were extracted with CH2Cl2 (3 × 25 mL) and the resulting fraction was 

dried over anhydrous Na2SO4, filtered and concentrated up to ca. 1 mL to be analyzed by GC-

MS, using a NIST05 MS library to identify the mass spectra. This analysis was made with an 

Agilent Technologies system composed of a 7890A gas chromatograph and a 5975C mass 

spectrometer operating in EI mode at 70 eV. Non-polar Agilent J&W HP-5ms or polar HP 

INNOWax columns, both of 0.25 µm, 30 m × 0.25 mm, were used. The temperature ramp 

was 36 ºC for 1 min, 5 ºC min-1 up to 300 ºC for the non-polar or 250 ºC for the polar column, 

respectively, and hold time 10 min. The temperature of the inlet, source and transfer line was 

250, 230 and 280 ºC or 250, 230 and 250 ºC for the non-polar and polar column, respectively. 

3. Results and discussion 

3.1. Accumulation of H2O2 in the electrolytic systems 
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 To characterize the ability of the electrolytic systems to accumulate H2O2 from reaction 

(2), solutions containing the background electrolyte (0.050 M NaClO4) at pH 3.0 were 

electrolyzed in the absence of Fe2+ using Pt or BDD as the anode and an air-diffusion cathode 

at j = 50 mA cm-2, i.e., under EO-H2O2 conditions. Fig. 1a highlights a quick rise in H2O2 

concentration using Pt up to reach 28.6 mM after 360 min of electrolysis. In contrast, the 

content of this species increased much more slowly using BDD, only attaining 10 mM at the 

same time. This suggests that the BDD anode promotes more largely than Pt the oxidation of 

H2O2 by reaction (3), prior to further O2 evolution from the HO2• formed [41,42]: 

M(HO2
• ) → M + O2 + H++ e-       (10) 

 A further study was made by adding 0.50 mM Fe2+ to the 2.5 L of 0.050 M NaClO4 

solution at pH 3.0 to be electrolyzed at j = 50 mA cm-2 for 360 min under EF conditions using 

the four anodes. A remarkable influence of the anode on H2O2 accumulation can be observed 

in Fig. 1b. At 60 min of electrolysis, for example, the H2O2 concentration was 0.53, 1.31, 2.06 

and 2.92 mM for RuO2-based, IrO2-based, BDD and Pt, respectively. This relative trend was 

maintained up to 240 min, whereupon a slightly higher H2O2 content was accumulated in 

BDD compared to Pt. For these four anodes, 3.90, 4.97, 5.42 and 5.09 mM H2O2 were finally 

obtained. Note that both DSA yielded a linear trend for H2O2 accumulation, being the slope 

steeper for the IrO2-based one, which finally yielded a similar amount to that obtained with Pt. 

Comparison of these results with those of Fig. 1a for EO-H2O2 with Pt and BDD allows 

concluding that the presence of Fe2+ causes a rapid decay of H2O2 concentration via Fenton’s 

reaction (4), thereby producing large amounts of •OH in the bulk that make the EF process 

very effective. The larger H2O2 accumulation in the order: RuO2-based < IrO2-based ~ Pt < 

BDD can then be related to the parallel oxidation of H2O2 at the anode by reaction (3), as well 

as the ability of Fe2+ regeneration at the cathode, which is also influenced by its anodic 

oxidation to Fe3+ at the anode [43]. Consequently, all the anodes tested showed a good ability 
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to accumulate H2O2 in the medium in EF, thus ensuring a significant generation of M(•OH) 

and •OH to oxidize organic compounds. 

 The ability of the Pt/air-diffusion and BDD/air-diffusion cells to generate and accumulate 

H2O2 in 2.5 L of 0.050 M NaClO4 with 0.50 mM Fe2+ at pH 3.0 was finally examined under 

PEF conditions, i.e., by irradiating the solution circulating by the annular glass photoreactor 

with a 160-W UVA lamp. The results obtained for these trials at j = 50 mA cm-2 are also 

presented in Fig. 1b. As can be seen, a drastic reduction of H2O2 content compared to that of 

EF process was found in both cases, attaining a similar value close to 1.9 mM at the end of 

the electrolysis. This result can be related to the quicker Fe2+ regeneration from the photolytic 

reaction (5) that accelerates Fenton’s reaction (4) with the consequent consumption of H2O2 

and larger production of •OH. Note that Fig. 1b evidences that H2O2 achieved a steady state 

after 240 min of PEF, suggesting that it was attained just when its production rate at the 

cathode by reaction (2) became equal to its destruction rate via reactions (3)-(5). These 

findings indicate again that each electrolytic system is able to generate and accumulate H2O2 

in order to produce high amounts of hydroxyl radicals, which are expected to be formed to 

larger extent in PEF than in EF. 

3.2. Comparative degradation with Pt, IrO2-based, RuO2-based and BDD anodes by EAOPs 

 Solutions of 2.5 L with 40 mg L-1 NPX sodium in 0.050 M NaClO4 at pH 3.0 were 

degraded by the different EAOPs in the flow plant with Pt/air-diffusion, IrO2-based/air-

diffusion, RuO2-based/air–diffusion or BDD/air-diffusion cells at j = 50 mA cm-2 for 360 min. 

In EF and PEF, 0.50 mM Fe2+ was added as catalyst of Fenton’s reaction (4). All treated 

solutions became slightly more acid during electrolysis, attaining final values of 2.7-2.8, thus 

suggesting the formation of acidic products like short aliphatic carboxylic acids [18,21,38]. 

Treated solutions were always colorless in the EO-H2O2 treatments, whereas they acquired a 

pale yellow color after a few minutes of EF and PEF degradations, probably due to the 
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formation of complexes of some products with Fe(III). The solutions became again colorless 

after 60-90 min of electrolysis, once such complexes became oxidized [28]. 

 Fig. 2a-d depict the normalized TOC-time plots obtained for these assays. A quick look 

to these figures allows concluding that the oxidation ability of EAOPs grew in the sequence 

EO-H2O2 < EF < PEF, regardless of the anode used. The former process was less potent 

because of the slower destruction of NPX and its intermediates by the corresponding oxidants 

M(•OH) originated at each anode from reaction (1) [9,44]. The Pt anode led to the poorest 

mineralization, with a maximum TOC decay of 6.5% at 360 min (see Fig. 2a), whereas at this 

time TOC was reduced by about 23-25% using the RuO2-based (see Fig. 2c) and BDD (see 

Fig. 2d) anodes and up to 36% with the IrO2-based one (see Fig. 2b). This is a rather 

surprising result since it is usually considered that BDD is the most powerful anode for EO 

[9,15]. However, for this pollutant, the IrO2-based anode possessed superior oxidation ability, 

probably due to the greater adsorption of organics onto its surface, which enhances their 

reaction with •OH physisorbed on the anode. The poor mineralization of NPX solution by EO 

with a BDD anode has also been reported by González et al. [31], who found a maximum 

TOC removal of 38% operating at alkaline pH of 10.7 and at a very great j of 194 mA cm-2. 

 Fig. 2a-d highlight a quite similar mineralization for the EF process with IrO2-based, 

RuO2-based and BDD anodes, attaining final TOC abatements of 46%-49%, higher than 40% 

found for Pt. The remarkable enhancement compared to EO-H2O2 corroborates the parallel 

oxidation in the bulk by •OH formed from Fenton’s reaction (4) along with that promoted by 

physisorbed M(•OH). Note that different intermediates were produced in both treatments 

owing to the formation of iron complexes in EF, as pointed out above. The degradation 

resulting from the attack of M(•OH) and •OH was very similar in EF with IrO2-based, RuO2-

based and BDD anodes, whereas the lower mineralization achieved using Pt suggests a much 

lower oxidation ability of Pt(•OH), in agreement with the scarce TOC removal found with this 
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anode in EO-H2O2 (see Fig. 2a). It is also noticeable that in all the EF processes the quicker 

mineralization of the drug solution was attained up to 180-240 min of electrolysis, whereas at 

longer times TOC abatement was progressively decelerated. This is indicative of the 

formation of very recalcitrant products that are not removed by M(•OH) and •OH in each cell. 

In contrast, most of products were photosensitive under UVA light irradiation, rapidly 

disappearing in PEF. As can be seen in Fig. 2a-d, TOC was quickly abated for 120 min in all 

cases and, at that time, the mineralization achieved was 80% for Pt, 78% for IrO2-based, 76% 

for RuO2-based and 83% for BDD. At longer time, the presence of highly recalcitrant 

products caused a strong deceleration of the degradation and only the BDD anode led to an 

almost total mineralization of 91%, whereas a value of ca. 85% was obtained with the other 

anodes. From these findings, one can conclude that PEF in the flow plant with the BDD/air-

diffusion cell was the most powerful process for the treatment of the 40 mg L-1 NPX sodium 

solution at pH 3.0, as a result of the greater oxidation of organics upon synergistic action of 

BDD(•OH), •OH and UVA light. 

 The current density determines the amount of oxidizing agents in EAOPs [9,15,16] and 

then, the influence of this parameter on the mineralization rate of the drug solution was 

examined for the most powerful system, namely PEF with a BDD anode. As expected, Fig. 2d 

shows an enhancement of TOC removal with increasing j, which was more apparent when 

raising from 10 to 25 mA cm-2. This can be explained by the simultaneous acceleration of 

reaction (1) to produce larger amounts of BDD(•OH) and reaction (2) to generate a greater 

quantity of H2O2 that further ends in larger amounts of •OH via Fenton’s reaction (4). Under 

these conditions, Fe2+ is more rapidly regenerated from reaction (5) to enhance •OH 

production. Moreover, organics are more rapidly oxidized to yield photoactive species that, in 

turn, are more quickly photodegraded by UVA light and cause a greater TOC removal. At the 

end of these trials, 87%, 90% and 91% mineralization was attained at 10, 25 and 50 mA cm-2, 
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respectively. Based on the similar TOC-time profiles obtained at 25 and 50 mA cm-2 (see Fig. 

2d), the former value can be considered as the optimum j for PEF with a BDD anode. A 

similar trend is expected for the comparative PEF treatments with Pt, IrO2-based and RuO2-

based anodes since an analogous enhancement can be plausibly hypothesized in such systems 

when increasing j [15,16], although with lower mineralization ability due to the smaller 

oxidization power of their physisorbed M(•OH) compared with BDD(•OH). 

3.3. Mineralization current efficiency and specific energy consumption 

 The mineralization current efficiency for the above trials calculated from Eq. (8) is 

presented in Fig. 3a-d. The MCE values at j = 50 mA cm-2 rose with the oxidation power of 

the EAOPs, always increasing in the sequence: EO-H2O2 < EF < PEF, regardless of the anode 

used. In the case of EO-H2O2, a very small current efficiency was found with Pt owing to its 

low oxidation ability (see Fig. 3a), whereas it attained an initial value of about 20-22% with 

the other anodes that finally dropped to about 2.5-2.8% using the RuO2-based (see Fig. 3c) 

and BDD (see Fig. 3d) and to a higher value of 4.0% using the IrO2-based one (see Fig. 4d). 

In EF, Pt yielded again the lowest MCE values, which decayed from 13.3% at 20 min to 4.4% 

at 360 min (see Fig. 3a). In contrast, similar final current efficiencies near 5.3% were obtained 

with the other three anodes (see Fig. 3c-d) since they led to analogous TOC abatement. Fig. 

3a-d also shows that the greatest MCE values for each anode were found for the most potent 

process, i.e., PEF. At 120 min of this treatment, when almost maximum mineralization was 

attained, about 25-26% current efficiency was achieved with Pt, RuO2-based and IrO2-based 

anodes, whereas near 28% was obtained using BDD anode, further being reduced to 10.2% at 

360 min. These results confirm that the synergistic combination of BDD(•OH), •OH and UVA 

light in PEF with a BDD/air-diffusion cell leads to the most efficient mineralization of the 40 

mg L-1 NPX sodium solution. It is also noticeable the progressive decay of MCE with 

prolonging electrolysis in all the trials shown in Fig. 3a-d. This loss in current efficiency can 
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be ascribed to the gradual decrease in organic matter load as well as the formation of 

recalcitrant products, which makes the EAOPs much more inefficient over time [9,15]. 

 The effect of j on the MCE values determined for PEF process with a BDD anode are 

also depicted in Fig. 3d. A gradual drop in current efficiency with raising j from 10 to 50 mA 

cm-2 can be observed. At 120 min, for example, MCE values of 53.1%, 49.1% and 28.0% 

were determined at 10, 25 and 50 mA cm-2, respectively, which diminished up to 40.1%, 

19.2% and 10.2% at 360 min. The fall in current efficiency at greater j can be related to the 

quicker acceleration of parasitic non-oxidizing reactions of generated hydroxyl radicals with 

the consequent deceleration of organics oxidation. Among them, the most important parasitic 

reaction is the anodic oxidation of BDD(•OH) to O2 from reaction (11), whereas less 

significant reactions involve the dimerization of •OH to H2O2 and its destruction by H2O2 and 

Fe2+ from reactions (12)-(14), respectively [9,15,16,39,45]: 

2BDD( OH) 
•

) → 2BDD + O2 + 2H++ 2e-      (11) 

2 OH
•

 → H2O2         (12) 

H2O2 + OH
•

 → HO2
•  + H2O        (13) 

Fe2+ + OH
•

 → Fe3++ OH-        (14) 

 On the other hand, the change of ECTOC calculated from Eq. (9) with electrolysis time for 

the assays of Fig. 2a-d at j = 50 mA cm-2 are presented in Fig. 4a-d, respectively. It is evident 

that lower TOC removal, which entailed a poorer current efficiency, yielded greater specific 

consumption. The EO-H2O2 treatments were then the most expensive in all cases, particularly 

using Pt that yielded ECTOC values as high as 21 kWh (g TOC)-1 at 360 min (not shown in 

Fig. 4a). For all the processes, an almost linear increase of ECTOC over time can be observed 

in Fig. 4a-d. The lowest specific energy consumptions for all the EAOPs tested were obtained 

with the IrO2-based anode, with similar values in EF and PEF using the RuO2-based one and 
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close results to those with Pt in PEF. Conversely, with BDD, higher ECTOC values compared 

to those with IrO2-based anode were always found, even in PEF despite yielding the largest 

mineralization, owing to the greater Ecell of the BDD/air-diffusion cell. For example, at 120 

min of PEF treatments, about 0.59 kWh (g TOC)-1 was consumed using Pt, IrO2-based and 

RuO2-based anodes and a higher consumption of 0.71 kWh (g TOC)-1 was needed with BDD. 

It should be mentioned that the energy consumption related to the UVA lamp was not 

considered in PEF since free sunlight can be alternatively employed as energy source [15]. 

Fig. 4d also highlights the expected decay of ECTOC with decreasing j from 50 to 10 mA cm-2. 

For the best process, namely PEF with a BDD anode at j = 25 mA cm-2, ECTOC = 0.69 kWh (g 

TOC)-1 was found at 240 min, which increased up to 1.01 kWh (g TOC)-1 at 360 min when 

91% mineralization and 19.2% current efficiency were reached. 

3.4. Decay of NPX concentration 

 The kinetics of the reaction between NPX and hydroxyl radicals (M(•OH) and/or •OH) in 

the EAOPs tested was followed by reversed-phase HPLC. A blank experiment with 

recirculation of 2.5 L of a 40 mg L-1 NPX sodium solution in 0.050 M NaClO4 at pH 3.0 in 

the flow plant under irradiation with the UVA lamp did not show any change in the 

concentration of the drug, meaning that it is photostable and its oxidation in all the EAOPs is 

mainly due to the action of generated hydroxyl radicals. 

 Fig. 5a depicts the rapid decay of the normalized NPX concentration in the EF and PEF 

treatments of the 0.174 mM drug solution using a BDD anode at j = 50 mA cm-2. The data for 

the analogous EO-H2O2 process (without Fe2+) are not presented because its decay kinetics 

was much slower, which confirms the preeminent oxidizing role of •OH in the bulk in EF and 

PEF. As can be seen, NPX disappeared in 12 min by EF and at a time slightly shorter of 10 

min by PEF. The quicker destruction of the drug in the latter process can be related to the 

additional generation of •OH induced by the photolytic reaction (5) under UVA irradiation. 
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This corroborates that the pale yellow color reached after few minutes of EF and PEF is due 

to the formation of Fe(III) complexes of some products, as proposed above. The NPX 

concentration decay for both processes obeyed a pseudo-first-order kinetics, as can be seen in 

the inset panel of Fig. 5a. From this behavior, a pseudo rate constant (k1) of 5.2 × 10-3 s-1 

(square regression coefficient, R2 = 0.994) for EF and 6.4 × 10-3 s-1 (R2 = 0.998) for PEF was 

determined. This behavior suggests the reaction of NPX with a constant amount of hydroxyl 

radicals. 

 Fig. 5a also shows an increasing abatement of normalized NPX content when j varies 

from 10 to 50 mA cm-2 for PEF with a BDD anode. These data always followed a pseudo-

first-order kinetics (see the inset panel of Fig. 5a), with raising k1 values of 1.4 × 10-3 s-1 (R2 = 

0.995), 2.1 × 10-3 s-1 (R2 = 0.990) and 6.4 × 10-3 s-1 (R2 = 0.998) at 10, 25 and 50 mA cm-2, 

respectively. This trend can be again associated with the greater generation of •OH from 

reactions (4) and (5) as j increased. 

 On the other hand, Fig. 5b exemplifies the drop of the normalized NPX concentration 

under PEF conditions using Pt, IrO2-based and RuO2-based anodes at j = 50 mA cm-2, also 

obeying a pseudo-first-order kinetics with respective k1 values of 3.1 × 10-3 s-1 (R2 = 0.997), 

8.4 × 10-3 s-1 (R2 = 0.991) and 2.0 × 10-3 s-1 (R2 = 0.987). Comparison with Fig. 5a allows 

inferring that NPX oxidation rate depended on the anode used, being increasingly favored in 

the sequence: RuO2-based < Pt < BDD < IrO2-based. This tendency shows a clear influence of 

the anode material, suggesting a small participation of its generated M(•OH) radicals during 

the destruction of the drug. It differs from the relative TOC decay found or PEF, where BDD 

was the most effective anode (see Fig. 2a-d), since this parameter evaluates the mineralization 

of intermediates by hydroxyl radicals and UVA irradiation, showing different reactivity than 

the parent molecule. Our PEF results are better than those reported for the photo-Fenton 

degradation of NPX at neutral pH, which needed about 30 min to remove 30 µg L-1 of this 
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drug and other 31 emergent pollutants from a WWTF effluent using 5 mg L-1 of Fe2+ and 50 

mg L-1 of H2O2 under UVC (λmax = 254 nm) and solar irradiation [27]. 

3.5. Identification of aromatic intermediates and generated carboxylic acids 

 Several short treatments of 2.5 L of 40 mg L-1 NPX sodium solutions were performed by 

EO-H2O2 and EF using a BDD anode at j = 50 mA cm-2. The six aromatic by-products 

determined by means of GC–MS from the organic fraction extracted from the electrolyzed 

solutions are shown in Fig. 6, which presents a plausible sequence for their formation from 

NPX (compound 1) in all the EAOPs tested. The process is initiated by the hydroxylation of 

the methyl position of 1 upon attack by M(•OH) and/or •OH to yield 2-methoxy-6-

vinylnaphthalene (compound 2) and 2-acetyl-6-methoxynaphthalene (compound 3), which are 

sequentially oxidized to 6-methoxy-2-naphthoic acid (compound 4). Parallel hydroxylation of 

compound 3 with demethylation leads to 1-(6-hydroxynaphthalen-2-yl)ethanone (compound 

5) that can be subsequently hydroxylated to compound 6. Further degradation of the above 

naphthalene derivatives with opening of one benzenic ring gives phthalic acid (compound 7) 

as final aromatic by-product. The mass spectra of NPX and its six detected by-products are 

shown in Fig. SM-2 of Supplementary Material. Note that Chin et al. [6] also found the 

compound 3, along with 2-(6-hydroxy-2-naphtyl)propanoic acid, as major intermediates 

during the EO of NPX solutions using Pt and Pt/MWCNTs particles on FTO glasses as 

anodes. 

 On the other hand, ion-exclusion HPLC of electrolyzed solutions revealed the formation 

of short-linear carboxylic acids like maleic and oxalic. These acids proceed from the 

consecutive cleavage of the above aromatic by-products, being oxalic acid the last compound 

formed because it is directly transformed into CO2 [35,38-40]. Concentrations < 1 mg L-1 

were always detected for maleic acid, which disappeared at times shorter than 300 min. In 

contrast, oxalic acid was accumulated to a much larger extent, except for EO-H2O2 where it 
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was not practically detected due to the low mineralization achieved in all cases (see Fig. 2). 

Fig. 7 shows the time course of this acid during the EF and PEF treatments of 2.5 L of 40 mg 

L-1 NPX sodium solutions with 0.50 mM Fe2+ at pH 3.0 in a BDD/air-diffusion cell at j = 50 

mA cm-2, where final Fe(III)-oxalate complexes are largely formed [37]. For the EF process, 

oxalic acid underwent gradual accumulation up to reach 23.2 mg L-1, as expected if Fe(III)-

oxalate are hardly degraded by hydroxyl radicals. This content represents 6.20 mg L-1 TOC 

that corresponds to 44% of the remaining 14.1 mg L-1 TOC of the final solution (see Fig. 2d). 

This means that the application of EF generates a large proportion of products that are even 

more recalcitrant than short-linear carboxylic acids. Conversely, Fig. 7 evidences that oxalic 

acid disappears in less than 180 min by PEF, as a result of the fast photolysis of its Fe(III) 

complexes by UVA light via reaction (6). Moreover, the synergistic action of this radiation 

also enhanced the destruction of several recalcitrant intermediates, reducing the final solution 

TOC up to 2.49 mg L-1 (see Fig. 2d). This explains the superiority of PEF over EF to 

mineralize NPX. 

4. Conclusions 

 This work demonstrates the fundamental role of the anode material to determine the 

performance of EAOPs. Solutions containing NPX have been degraded using a flow plant 

with a filter-press cell. The oxidation power of the processes increased in the order: EO-H2O2 

< EF < PEF at 50 mA cm-2, regardless of the anode material, although they showed different 

characteristics in terms of TOC removal, mineralization current efficiency and specific energy 

consumption. Pt was the worst choice for EO-H2O2 and EF, yielding low mineralization. In 

contrast, the IrO2-based anode led to the largest mineralization in both treatments, performing 

better than the RuO2-based anode. The BDD anode yielded an almost total mineralization of 

91% in PEF, slightly better than 85% found with the other three anodes. Cheap DSA anodes 
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can then be successfully used for the degradation of NPX in water. The decrease in j yielded 

higher current mineralization and lower specific energy consumption and thus, the optimum 

treatment was PEF with a BDD anode at 25 mA cm-2, yielding 90% mineralization, 19.2% 

current mineralization and ECTOC = 1.01 kWh (g TOC)-1 at 360 min. The NPX concentration 

decay always obeyed a pseudo-first-order kinetics. In PEF, this decay became faster in the 

sequence: RuO2-based < Pt < BDD < IrO2-based, confirming a strong influence of the anode 

nature on the M(•OH)-mediated destruction of NPX and its intermediates. Up to six aromatic 

products and short-linear carboxylic acids like maleic and oxalic were identified. The Fe(III)-

oxalate complexes were not removed in EF, but its fast decomposition under UVA irradiation 

explained the almost total mineralization achieved by PEF with a BDD anode. 
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Figure captions 

Fig. 1. Change of the accumulated H2O2 concentration with electrolysis time for the treatment 

of 2.5 L of a 0.050 M NaClO4 solution at pH 3.0 and 35 ºC using a flow plant equipped with a 

filter-press cell with electrodes of 20 cm2 coupled with an annular glass photoreactor of 640 

mL irradiated volume at j of 50 mA cm-2 and liquid flow rate of 180 L h-1. An air-diffusion 

carbon-PTFE cathode was always employed. In (a), use of () Pt and () BDD as anode, in 

the absence of Fe2+. In (b), 0.50 mM Fe2+ was added to the solution using a () Pt, () IrO2-

based, () RuO2-based and () BDD anode. In photoassisted trials, the photoreactor was 

irradiated with a 160 W UVA lamp placed inside, and a () Pt or () BDD anode was used. 

Fig. 2. Variation of normalized TOC with electrolysis time for the degradation of 2.5 L of 40 

mg L-1 naproxen sodium (26 mg L-1 TOC) solutions in 0.050 M NaClO4 at pH 3.0 and 35 ºC 

using a flow plant with an anode of (a) Pt, (b) IrO2-based, (c) RuO2-based and (d) BDD at 

liquid flow rate of 180 L h-1. () Electrochemical oxidation with electrogenerated H2O2 (EO-

H2O2), () electro-Fenton (EF) with 0.50 mM Fe2+ and () photoelectro-Fenton (PEF) with 

0.50 mM Fe2+ under a 160 W UVA irradiation. Current density: () 10 mA cm-2 and () 25 

mA cm-2 for PEF, and 50 mA cm-2 for () EO-H2O2, () EF and () PEF. 

Fig. 3. Profiles of mineralization current efficiency estimated from Eq. (8) with electrolysis 

time for the trials of Fig. 2. 

Fig. 4. Specific energy consumption per unit TOC mass calculated from Eq. (9) vs. 

electrolysis time for the experiments shown in Fig. 2. 

Fig. 5. Evolution of normalized naproxen concentration during the treatment of 2.5 L of 40 

mg L-1 (0.174 mM) naproxen sodium in 0.050 M NaClO4 with 0.50 mM Fe2+ at pH 3.0 and 

35 ºC using a flow plant at liquid flow rate of 180 L h-1. (a) () EF at 50 mA cm-2 and PEF at 
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() 10 mA cm-2, () 25 mA cm-2 and () 50 mA cm-2 using a BDD anode. (b) PEF process 

at 50 mA cm-2 using an anode of () Pt, () IrO2-based and () RuO2-based. 

Fig. 6. Proposed reaction pathway for the initial degradation of naproxen by electrochemical 

advanced oxidation processes. The main oxidants are M(•OH) formed at the anode M from 

water oxidation in EO-H2O2, along with •OH produced from Fenton’s reaction in EF and 

PEF. 

Fig. 7. Time course of oxalic acid concentration detected during the mineralization of 2.5 L of 

40 mg L-1 naproxen sodium in 0.050 M NaClO4 with 0.50 mM Fe2+ at pH 3.0 and 35 ºC using 

a flow plant with a BDD/air-diffusion cell at 50 mA cm-2 and liquid flow rate of 180 L h-1. 

Method: () EF and () PEF. 
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Fig. 4 
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Fig. 5 
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