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Abstract 14 

In this work, the experimental characterization of a rotating cylinder electrode (RCE) reactor 15 

employed for the complete degradation of the antibiotic ampicillin (AMP) by photoelectro-16 

Fenton (PEF) process has been addressed for the first time. Once produced from water 17 

oxidation at six Ti|IrO2 anodic plates, O2 was quickly transported by forced convection 18 

toward the central RCE, which consisted of a 316 stainless-steel cylinder covered with a (C-19 

PTFE)-coated carbon cloth, thus ensuring the continuous production of H2O2 from the two-20 

electron O2 reduction reaction (ORR). The accumulated H2O2 reached a concentration of 21 

83.3 mg L-1 H2O2 after 60 min in a 50 mM Na2SO4 solution at pH 3, operating at an RCE 22 

peripheral velocity U = 79.6 cm s-1 and fixed cathodic potential Ecath = 0.45 V vs. SHE. 23 

Furthermore, the optimum PEF conditions led to the complete destruction of 10 mg L-1 AMP 24 

in only 10 min upon addition of 0.4 mM Fe2+ as catalyst under UVA light irradiation, with a 25 

low electrolytic energy consumption of 0.211 kWh (g TOC)-1. In addition, the evolution of 26 

final carboxylic acids and inorganic ions over the electrolysis time was monitored by 27 

chromatographic and spectrophotometric techniques. PEF treatment clearly outperformed 28 

the anodic oxidation with H2O2 and the electro-Fenton (EF) processes, which opens the door 29 

to a sustainable and powerful electrochemical technology with no need for an air compressor 30 

for H2O2 production and viable under limitless sunlight irradiation. 31 

Keywords: Antibiotic residues; Electrochemical advanced oxidation processes; Hydrogen 32 

peroxide electrosynthesis; Oxygen reduction reaction; RCE reactor; Water treatment   33 
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1. Introduction 34 

 Antibiotics are one of humankind’s greatest inventions, decisively contributing to 35 

increase both the lifespan and the quality of life by confronting lethal bacterial diseases [1]. 36 

However, the ever-growing demand and consumption of these pharmaceuticals have caused 37 

their uncontrolled discharge into water bodies, causing negative environmental impact [2,3]. 38 

Many countries have reported the presence of antibiotics in wastewater treatment plants 39 

(WWTPs) and surface water, at concentrations ranging from ng L-1 to µg L-1 [4-7]. 40 

 Despite the low concentrations of these pollutants in the environment, some studies have 41 

shown their potential toxicity to aquatic organisms [3,8,9]. Furthermore, the worrisome 42 

expansion of antibiotic-resistant bacteria and genes poses a global health menace that must 43 

be considered a top-priority problem to be solved, as it endangers future wellness around the 44 

globe [3,8,9]. The prolonged presence of antibiotic residues with water empowers the 45 

pathogens [2,10-12], being urgent to develop more efficient strategies for the fast removal of 46 

these chemicals from wastewater [2,3,10,11,13,14]. 47 

 In the last decade, the electrochemical advanced oxidation processes (EAOPs) have 48 

emerged as one of the most powerful approaches to eliminate pharmaceuticals from water 49 

[1,15-17]. EAOPs offer crucial advantages as compared to more conventional oxidation 50 

processes, as for example the in-situ generation of chemicals needed to carry out the reactions 51 

by easily modulating the electrolysis conditions [18,19]. The great performance of EAOPs 52 

arises from the generation of highly oxidizing agents, e.g., the hydroxyl radical (●OH), either 53 

directly on the anode surface (M) from water oxidation (reaction (1)) or indirectly through 54 

the electrosynthesis of chemicals that can be further activated to yield homogeneous ●OH in 55 

the bulk solution [15,20]. In indirect EAOPs, the oxygen reduction reaction (ORR) occurs 56 
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through a two-electron pathway (reaction (2)) that yields H2O2 with high faradaic efficiency 57 

when carbonaceous cathodes are employed [20,21]. 58 

H2O + M → M( OH)• + H+ + 𝑒−        (1) 59 

O2 + 2H+ + 2e− → H2O2         (2) 60 

 The electro-Fenton (EF) process is the paradigm of indirect EAOPs, since H2O2 61 

continuously electrogenerated from reaction (2) is immediately decomposed by a metal 62 

catalyst to yield ●OH via reaction (3), thereby being feasible to attain a fast scission of the 63 

backbone of organic molecules [21-23]. Additionally, the reduced form of the catalyst can 64 

be cathodically regenerated (reaction (4)), which is fundamental to sustain the ●OH 65 

production [1]. Moreover, the irradiation with UVA light in the so-called photoelectro-66 

Fenton (PEF) process promotes the photoreduction of photosensitive refractory Fe(III)-67 

organic complexes (reaction (5)) and Fe(III)-hydroxocomplexes (reaction (6)) formed along 68 

the treatment, thereby feeding the Fenton’s reaction (3) continuously [24-27]. 69 

H2O2 + Fe2+ → Fe3+ + OH• + OH−       (3) 70 

Fe3+ + e− → Fe2+          (4)  71 

[Fe(OOCR)]2+ +  h𝑣 → Fe2+ + CO2 + R•       (5) 72 

[Fe(OH)]2+ +  h𝑣 → Fe2+ + OH•         (6) 73 

 The H2O2 electrosynthesis is the most distinct feature of EF and PEF processes, as a 74 

sufficiently high H2O2 concentration ensures a good degradation performance. It is well 75 

established that the ORR is very efficient with carbonaceous materials assembled in gas-76 

diffusion electrodes (GDEs) [28-32]. Nevertheless, the GDE configuration compels the use 77 

of an air compressor to fulfill the O2 demand needed to carry out the ORR, which increases 78 

the energy consumption of the process. 79 
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 On the other hand, the contribution of the anode material in EF and PEF to the 80 

elimination of pollutants is usually modest, since homogeneous ●OH generated through 81 

Fenton’s reaction (3) is much more abundant, available and reactive than the M(●OH) 82 

confined at the anode surface (reaction (1)) [33,34]. Most cell configurations for these 83 

applications are assembled using active anodes that favor the oxygen evolution reaction 84 

(OER, reaction (7)), being typically considered a detrimental reaction. Nonetheless, a well-85 

designed electrochemical reactor can convert the electrolytic O2 into a valuable resource to 86 

produce H2O2 from reaction (2), avoiding the use of an air compressor [35-37]. 87 

2H2O → O2 + 4H+ + 4𝑒−         (7) 88 

 One of our latest articles served as proof of concept of the advantageous interplay 89 

between OER and mass transport enhancement. The forced convection of dissolved anodic 90 

O2 was characterized in terms of H2O2 accumulation from ORR at a rotating cylinder 91 

electrode (RCE) reactor operated in batch mode [38]. A plateau attributed to the mass-92 

transport controlled H2O2 generation was identified at a cathodic potential of -0.65  Ecath  93 

-0.3 V vs. SHE. From this, potentiostatic trials were conducted to attain up to 5.2 mM H2O2, 94 

but no application to water treatment was developed. 95 

  To further expand the technologically relevant idea of self-sustained H2O2 96 

electrosynthesis within the context of EAOPs, the use of a reactor equipped with a central 97 

carbon cloth-coated stainless-steel rotating cylinder to produce H2O2 via anodically-98 

generated O2 and further eliminate the antibiotic ampicillin (AMP) by PEF process in batch 99 

mode is shown for the first time. The influence of key parameters, including the added Fe2+ 100 

and drug concentrations and the RCE peripheral velocity (U), on the antibiotic degradation 101 

was systematically analyzed. Bulk electrolytic trials were performed at Ecath = -0.45 V vs. 102 
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SHE to ensure that the ORR was controlled by mass transport. The evolution of final 103 

products, such as carboxylic acids and inorganic ions, was monitored during the trials. 104 

2. Material and methods 105 

2.1 Chemicals 106 

 Ampicillin (C16H19N3O4S; CAS No.: 69-53-4; molecular weight: 349.40 g mol-1; purity 107 

> 96%) was supplied by Sigma-Aldrich (see structure in Fig. 1). Analytical grade Na2SO4 108 

(purity > 99%) employed as supporting electrolyte was obtained from Karal, whereas 109 

concentrated H2SO4 solution (Reag. Ph. Eur., 96%) required for initial pH adjustment was 110 

purchased from PanReac AppliChem ITW Reagents. Other chemicals for analytical 111 

determinations were supplied by Sigma-Aldrich. Solutions to carry out the analyses and 112 

electrolytic trials were prepared with double-distilled water. Reagents needed for the mobile 113 

phase and organic solvents were of high-performance liquid chromatography (HPLC) grade. 114 

2.2 Experimental set-up 115 

 The isometric view of the RCE reactor is depicted in Fig. 2a. This system consisted of a 116 

glass beaker (inner diameter of 8.3 cm and height of 11.0 cm) filled with 500 mL of solution 117 

in each assay to be operated in batch mode. A rotating AISI 316 stainless-steel cylinder with 118 

dimensions of 3.8 cm (diameter) × 11.0 cm (length), resulting in an exposed surface area of 119 

120 cm2, was placed in the center of the beaker, once tightly covered with commercial C-120 

PTFE-coated carbon cloth (Sainergy). On the other hand, six TiIrO2 plates with dimensions 121 

of 13.0 cm (length) × 2.0 cm (width) × 0.3 cm (thickness), resulting in a geometric area of 122 

120 cm2 in contact with the solution, were placed as the anodes concentrically with one of 123 

their sides supported on the internal wall of the beaker. The anodes, which were 124 

manufactured by the Pechini method as described previously [39], were fastened with screws, 125 
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giving rise to the arrangement depicted in the zenithal view of Fig. 2b. An electric motor 126 

from IKA (model RW 20) with 0.11 hp of power served to rotate the central coated cylinder. 127 

In each given trial, the cathode potential (Ecath) was kept constant by connecting the working 128 

RCE to a saturated mercury/mercurous sulfate reference electrode that was placed in the gap 129 

between the central cathode and one of the anodes. In this manuscript, all the electrode 130 

potentials have been converted to be referred to the standard hydrogen potential (SHE). In 131 

Fig. 2a, also note that the experimental set-up included a 6-W fluorescent black light blue 132 

tube from Philips, employed as UVA lamp (λmax = 360 nm) in the PEF process. The 133 

experiments were always carried out in a black box, aiming to avoid the impact of 134 

environmental radiation when the electrolytic trials were performed with the UVA lamp 135 

turned off. 136 

2.3 Bulk electrolytic trials in the RCE 137 

 In all the experiments, a constant Ecath =  0.45 V vs. SHE was ensured by means of an 138 

SP 150 potentiostat-galvanostat, which was coupled to an external booster VMP3B-10 from 139 

BioLogic. The EC-Lab® software was employed to monitor the potential during the assays. 140 

It must be mentioned that this specific potential value was chosen to keep the ORR (reaction 141 

(2)) under mass transport control, on the basis of our recent investigation that demonstrated 142 

the existence of a plateau attributed to this reaction within the range -0.65 ≤ Ecath ≤ -0.35 V 143 

vs. SHE [38]. 144 

 The accumulation of H2O2 was carried out in the electrochemical system described in 145 

subsection 2.1. For this study, solutions of 500 mL of 50 mM Na2SO4 were electrolyzed at 146 

pH 3 and 298 ± 2 K for 60 min. The influence of the peripheral velocity of the rotating 147 

cylinder (U = 2fr/60, where f is in rpm, r denotes the RCE radius in cm, and 60 is a factor 148 
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to express U values in cm s1) on the accumulated H2O2 concentration over the electrolysis 149 

time was evaluated within the U range from 11.9 to 79.6 cm s-1 (i.e., 60 ≤ f ≤ 400 rpm). The 150 

H2O2 concentration was quantified at each selected time by means of the Ti(IV)-H2O2 151 

complex colorimetric method, employing a Perkin-Elmer Lambda 35 UV/Vis 152 

spectrophotometer set at λ = 408 nm. 153 

 Bulk electrolytic trials with duration of 60 min were also performed to investigate the 154 

AMP elimination by several EAOPs, using the same supporting electrolyte mentioned above 155 

at pH 3. The influence of initial Fe2+ concentration (from 0.3 to 0.6 mM), U (from 11.9 to 156 

79.6 cm s-1) and initial AMP concentration (from 5 to 15 mg L-1) was systematically assessed. 157 

These assays were also carried out at a fixed Ecath =  0.45 V vs. SHE. All data reported in 158 

the graphs have been averaged from two analogous trials, thereby providing the error bars. 159 

 In the mineralization trials by the PEF process, the energy consumption per unit TOC 160 

mass (ECTOC, in kWh (g TOC)-1) and mineralization current efficiency (MCE, in %) were 161 

calculated as follows: 162 

ECTOC =
𝐸cell𝐼𝑡

𝑉∆(TOCexp)
          (8) 163 

MCE =
𝑛𝐹𝑉∆(TOCexp)

4.32×107𝑚𝐼𝑡
× 100         (9) 164 

where Ecell is the cell voltage (V), I is the output current (A), t is the electrolysis time (h), 165 

∆(TOC)exp is the TOC variation during the assay (mg L-1 TOC), n is the number of electrons 166 

transferred during the mineralization of AMP solutions (reaction (10)), F is the Faraday 167 

constant, m is the number of carbon atoms contained in each AMP molecule, and 4.32 × 107 168 

is a conversion factor for dimensional homogeneity. 169 

C17H18FN3O3 + 37H2O → 17CO2 + F− + 2NO3
− + NH4

+ + 88H+ + 86e− (10) 170 
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2.4 Analytical methods 171 

 The Fe2+ concentration was quantified by the standard 1,10-phenanthroline colorimetric 172 

procedure, measuring the absorbance at λ = 510 nm in the same spectrophotometer mentioned 173 

above [40]. The AMP concentration was measured by HPLC in an Agilent Series 1200 174 

chromatograph, which was equipped with a PDA detector and an Agilent SB-C18 1.8 µm, 175 

50 mm × 2.1 mm (i.d.) column. An excellent AMP peak was identified at λ = 260 nm and 176 

retention time of 1.8 min, after injecting 100 µL of the sample that were eluted with a mixture 177 

of 90% water and 10% acetonitrile as mobile phase at 0.6 mL min-1. The solution TOC 178 

content was determined using a Teledyne Tekmar TOC Torch analyzer. 179 

 On the other hand, the carboxylic acids generated through the electrolysis were identified 180 

and quantified by ion-exclusion HPLC with the same chromatographic device described 181 

above, although equipped with an Agilent Hi-Plex H 8 mm, 300 mm × 7.7 mm (i.d.) column 182 

and the PDA detector set at λ = 210 nm. For this analysis, 20 µL of the sample were injected 183 

to be eluted by a 5 mM H2SO4 solution employed as mobile phase at 0.6 mL min-1. From the 184 

obtained chromatograms, two peaks were assigned to oxalic and oxamic acid at 9.0 and 13.2 185 

min, respectively. Nitrate ion was monitored by injecting 20 µL of the sample into a Perkin 186 

Elmer Flexar chromatograph equipped with a Shim-Pack IC-A1S, 100 mm × 4.6 mm, anionic 187 

column at room temperature. The mobile phase was composed of a mixture of 2.4 mM 188 

tris(hydroxymethyl)aminomethane (pH 4) and 2.6 mM phthalic acid, being eluted at 1.5 mL 189 

min-1. The resulting chromatograms exhibited two peaks at 1.9 and 13.5 min, attributed to 190 

nitrate and sulfate ions, respectively, upon comparison with standards. On the other hand, 191 

ammonium ion was analyzed using the standard indophenol blue colorimetric analysis, using 192 

the aforementioned spectrophotometer set at λ = 630 nm [41]. 193 
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3. Results and discussion 194 

3.1 Self-sustained H2O2 production 195 

 The electrosynthesis of H2O2 from two-electron ORR (reaction (2)) is a primordial step 196 

in Fenton-based EAOPs, which are often superior to their non-electrochemical counterparts 197 

because the H2O2 is progressively supplied to the bulk solution, mimicking a stepwise 198 

addition that allows minimizing the parasitic scavenging of ●OH that typically occurs when 199 

an excess of H2O2 is supplied at once. Fig. 3a shows the influence of U in the range 11.9-200 

79.6 cm s-1 on the H2O2 concentration accumulated from the reduction of the transported 201 

anodic O2. As can be observed, at each sampling time, the concentration increases when 202 

operating at greater peripheral velocity, attaining 0.92 mM (31.3 mg L-1), 1.21 mM (41.2 mg 203 

L-1), 1.30 (44.3 mg L-1), 1.99 mM (68 mg L-1), and 2.45 mM (83.3 mg L-1) of H2O2 at 11.9, 204 

19.9, 39.8, 59.7, and 79.6 cm s-1, respectively, after 60 min of electrolysis. It can be noticed 205 

that at t ≥ 20 min, a semi-plateau is reached at U ≥ 11.9 cm s-1. This progressive deceleration 206 

of the H2O2 accumulation can be mainly attributed to two parasitic reactions, whose 207 

contribution becomes more relevant at higher H2O2 content: (i) the H2O2 reduction reaction 208 

(11); and (ii) the direct H2O2 oxidation at the anode surface (reverse of reaction (2)). 209 

H2O2 + 2H+ + 2e− → 2H2O        (11) 210 

 The rising H2O2 concentration as U is increased can be explained by the faster mass 211 

transport (larger forced convection) of electrolytic O2 towards the cathode surface promoted 212 

by its rotation. The accumulated H2O2 concentrations reached in this work at t = 60 min are 213 

in good agreement with those obtained in our previous article, in which the electrolytic trials 214 

were performed for 180 min [38]. Also, at higher U, the O2 supersaturation in the solution is 215 

favored, which increases the amount of H2O2 that can be generated [38]. Furthermore, note 216 
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that at U = 11.9 cm s-1, the maximum H2O2 concentration achieved (0.92 mM at 60 min) was 217 

almost three-fold lower than that reached at the highest U = 79.6 cm s-1 (2.45 mM).  218 

 In the EF process, the addition of the Fe2+ catalyst has a negative effect on the H2O2 219 

accumulation, as expected from its partial consumption by Fenton’s reaction (3), which is 220 

accelerated by the cyclic regeneration of Fe2+ through cathodic reduction of Fe3+ (reaction 221 

(4)). This impact on H2O2 accumulation should be much more marked in the PEF process 222 

because the photoreduction of the Fe3+ species through reactions (5) and (6) constitutes a 223 

continuous source of Fe2+ that decomposes the H2O2. Fig. 3b shows the H2O2 accumulation 224 

profiles obtained in EF and PEF at a catalyst concentration of 0.4 mM Fe2+, at U = 79.6 cm 225 

s-1. As can be seen, the H2O2 accumulation in the EF process has a similar behavior to those 226 

without Fe2+, although reaching a lower H2O2 content at each sampling time because the 227 

oxidant is partially destroyed via Fenton’s reaction (3). The maximum concentration of 0.83 228 

mM (28.3 mg L-1) was attained at 60 min; a comparison with the trial at the same U of Fig. 229 

3a reveals that 63% of the accumulated H2O2 is consumed upon reaction with Fe2+. On the 230 

other hand, in the PEF process, it can be observed that H2O2 was only detected from 15 min 231 

of electrolysis, thereby following a gradual increase to reach a final concentration of 0.12 232 

mM (3.93 mg L-1), which represents only 5% of the final H2O2 concentration accumulated in 233 

the trial without catalyst and UVA radiation. Such drastic decay in the H2O2 accumulation 234 

supports the feasibility of photoreduction reactions (5) and (6) in an RCE set-up, which is 235 

demonstrated for the first time, suggesting that PEF can be highly effective in destroying 236 

organic pollutants because the H2O2 disappearance is known to be accompanied by the 237 

production of ●OH. 238 

3.2 Degradation of ampicillin by AO-H2O2, EF and PEF processes 239 
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 The ability of three different EAOPs with cathodic H2O2 production, namely AO-H2O2, 240 

EF and PEF processes, to degrade ampicillin was first compared. As can be seen in Fig. 4a, 241 

which highlights the AMP concentration decays over time, the complete drug elimination 242 

was feasible in the three systems, although in the timescale of the electrolytic trials, it was 243 

only achieved in the Fenton-based EAOPs. The fastest degradation occurred in the PEF 244 

process, requiring 10 min, being slower in EF (20 min) and attaining an incomplete removal 245 

(78% at 60 min) in AO-H2O2. The three decay trends could be adjusted to pseudo-first-order 246 

kinetics, yielding apparent rate constants (k1) with values of 3.6×10-2 (R2 = 0.99), 2.1×10-1 247 

(R2 = 0.98) and 4.2×10-1 min-1 (R2 = 0.96) obtained in AO-H2O2, EF and PEF process, 248 

respectively. The 2-fold faster destruction of AMP by PEF as compared to EF confirms the 249 

occurrence and influential role of reactions (5) and (6) to enhance the degradation process. 250 

This is further corroborated from Fig. 4b, which shows the time course of the normalized 251 

Fe2+ concentration throughout the EF and PEF treatments; in PEF, the catalyst concentration 252 

was maintained quite constant, close to its initial value thanks to its continuous and quick 253 

photoregeneration from photodecarboxylation and photo-Fenton reactions (5) and (6), 254 

respectively. On the other hand, a slight decrease in the Fe2+ content was obtained in EF, 255 

although the cathodic regeneration from reaction (4) ensured that about 60-65% of the initial 256 

Fe2+ content was always available to promote Fenton’s reaction. Considering the Fetotal 257 

profiles depicted in Fig. 4c, the missing 35-40% of Fe2+ along the EF trial may be partly 258 

(20-25% throughout the EF assay) explained by both the loss of soluble iron and the 259 

generation of stable Fe(III)-carboxylate complexes not detectable spectrophotometrically. 260 

Therefore, this means that the rest of the soluble iron (15%) was in the form of 261 

hydroxocomplexes of Fe3+ ion, which accumulated before being cathodically reduced. Such 262 
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accumulation of Fe3+ as part of diverse complexes accounts for the lower oxidation power of 263 

the EF process. In Fig. 4c, note that the absence of iron precipitates or stable Fe(III)-264 

carboxylate complexes in PEF treatment is confirmed by the high stability of Fetotal (> 97%). 265 

In conclusion, the greater catalyst regeneration in PEF justifies the observed oxidation power 266 

in the order: PEF > EF > AO-H2O2. 267 

3.3 Influence of the main experimental parameters on the antibiotic degradation 268 

 At his point, it is convenient to remind, as stated above, that the cathodically-generated 269 

H2O2 determines the extent and effectiveness of Fenton’s reaction (3), directly influencing 270 

the AMP degradation. Since a new electrochemical reactor for H2O2 Electrosynthesis in the 271 

context of Fenton-based EAOPs is tested for the first time, it is essential to undertake a 272 

systematic study to optimize the most critical parameters to apply the PEF process whose 273 

superiority has been demonstrated above. 274 

 First, the effect of the initial Fe2+ concentration was evaluated. In more conventional 275 

stirred tanks and filter-press cells equipped with C-PTFE carbon cloth as the cathode, the 276 

optimum Fe2+ content has been established within the range 0.5-1.0 mM [20,21]. Based on 277 

this and taking into account the excellent regeneration ability of the PEF process, the effect 278 

of Fe2+ concentration was investigated in a lower range (0.3-0.6 mM). In Fig. 5a, the 279 

influence of the catalyst concentration on the drug removal is depicted. As can be noticed, a 280 

quicker elimination is attained when the concentration is increased from 0.3 mM to 0.4 mM, 281 

whereupon a further increase becomes detrimental. More specifically, the antibiotic 282 

disappears at 15, 10, 13 and 20 min employing initial Fe2+ concentrations of 0.3, 0.4, 0.5 and 283 

0.6 mM, respectively. The slower elimination at [Fe2+]0 > 0.4 mM is attributed to the parasitic 284 

reaction (12) occurring between the catalyst and ●OH. Worth reminding from Fig. 3b, no 285 
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H2O2 accumulation was observed at electrolysis time shorter than 15 min at U = 79.6 8 cm s-286 

1 in the PEF process when an initial concentration of 0.4 mM Fe2+ was employed, which 287 

suggests that at Fe2+ concentration of 0.5 mM or greater the catalyst is found in excess, largely 288 

promoting reaction (12). The apparent rate constant (k1) had values of 2.3×10-1 (R2 = 0.98), 289 

4.2×10-1 (R2 = 0.96), 3.6×10-1 (R2 = 0.97) and 1.8×10-1 min-1 (R2 = 0.97) at Fe2+ 290 

concentrations rising from 0.3 to 0.6 mM. Moreover, the behavior of the Fe2+ concentration 291 

along the PEF treatment (Fig. 5b) evidences that at 0.4 mM Fe2+ the total catalyst 292 

regeneration is always ensured by photolytic and electrochemical reactions, whereas at 293 

higher initial contents some of the iron is not in the form of Fe2+. This is especially evident 294 

at 0.6 mM Fe2+, since only 50% of the species were present from 40 min, thus confirming 295 

the negative effect of the reaction (12). In agreement with the profiles of Fig. 5b, the Fetotal 296 

concentration shown in Fig. 5c is very stable and close to the initial one in the assay with 0.4 297 

mM Fe2+, whereas the catalyst content becomes more unstable and tends to decrease when 298 

rising the initial Fe2+ concentration. At 0.6 mM Fe2+, around 20-30% of Fetotal could not be 299 

identified, plausibly due to the accumulation of a large amount of very refractory Fe(III)-300 

carboxylate complexes that are slowly reduced. 301 

Fe2+ + OH• → Fe3+ + OH−        (12) 302 

 The second relevant parameter to be optimized was the peripheral velocity. As 303 

demonstrated in Fig. 3a, hydrodynamics has a crucial role in RCE reactors because mass 304 

transport is largely promoted as the rotation (i.e., peripheral velocity) is increased. Fig. 6a 305 

shows that the rise in U contributes to accelerate the AMP elimination in the PEF process, 306 

being the removal complete in all the tested U range; it was achieved after 30 min at U = 11.9 307 

cm s-1, only requiring 10 min at the greatest U = 79.6 cm s-1. Alongside the higher 308 
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concentration of H2O2 accumulated at U = 79.6 cm s-1 (Fig. 3a) as a result of the improved 309 

mass transport towards the coated RCE, the greater turbulence in the bulk solution favors the 310 

interaction between ●OH produced from Fenton’s reaction and AMP. In these trials, 311 

gradually greater k1-values of 1.1×10-1 (R2 = 0.98), 1.3×10-1 (R2 = 0.98), 1.4×10-1 (R2 = 0.98), 312 

2.5×10-1 (R2 = 0.98) and 4.2×10-1 min-1 (R2 = 0.96) at rising U values between 11.9 and 79.6 313 

cm s-1 were determined. Furthermore, the improvement of mass transport toward the central 314 

cathode can be corroborated by the Fe2+ concentration profiles depicted in Fig. 6b. Despite 315 

the fact that UVA photons promote the fast photoreduction of free and complexed Fe(III) via 316 

reactions (5) and (6), the simultaneous cathodic reduction of all these Fe(III) species is known 317 

to have a very positive impact as well [42]. This means that the increase of U enhances the 318 

mass transport of hydrated Fe3+ and the Fe(III) complexes, favoring the Fe2+ regeneration. 319 

The Fe2+ concentration fluctuated substantially during the electrolysis and decayed by 15-320 

20% at U  39.8 cm s-1, whereas it was kept quite constant and close to the initial value at 321 

greater U. In particular, at the highest velocity U = 79.6 cm s-1, the Fe2+ concentration was 322 

always over 95%. It is also remarkable that the total iron concentration was higher than 90% 323 

regardless of the peripheral velocity imposed to the coated RCE, confirming that the 324 

enhanced mass transport of Fe3+ and the Fe(III)-organic complexes toward the cathode 325 

surface favors the Fe2+ electro-regeneration (Fig. 6c). Therefore, the progressively greater 326 

contribution of reaction (4) at higher U allows explaining the accelerated drug degradation 327 

discussed from Fig. 6a. 328 

 Finally, the effect of the initial antibiotic concentration was evaluated within the range 329 

5-15 mg L-1 to assess the overall power of the PEF process a U = 79.6 cm s-1. From the results 330 

shown in Fig. 7a, it can be observed that the fastest drug elimination was achieved at 5 mg 331 
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L-1 AMP, only needing 7 min for complete removal, whereas this was feasible after 10 and 332 

20 min at higher drug contents of 10 and 15 mg L-1, respectively. The k1 determined for these 333 

three trials were 3.6-4.2×10-1 (R2 = 0.99) at 5-10 mg L-1 AMP, and 1.7×10-1 (R2 = 0.95) at 15 334 

mg L-1. Furthermore, Fig. 7b shows the catalyst behavior during these trials, which highlights 335 

that the optimum Fe2+ regeneration occurs at 10 mg L-1 AMP. Such a good Fe2+ recycling 336 

accounts for the much faster AMP degradation as compared to the trial using 15 mg L-1 AMP 337 

(Fig. 7a). Conversely, at the lowest drug content (5 mg L-1 AMP), the much smaller number 338 

of drug molecules could not be degraded at a significantly quicker rate (Fig. 7a) because of 339 

the decreasing Fe2+ concentration once the drug disappeared (Fig. 7b). This can be explained 340 

by the preferential consumption of ●OH through reaction with Fe2+ because of the lack of 341 

sufficient organic molecules. This reaction (12) yields mainly Fe3+, as can be deduced from 342 

the very stable Fetotal concentration evidenced in Fig. 7c. A more oscillating profile, always 343 

corresponding to a lower amount of accumulated Fe2+ (decay of at least 40%), is observed at 344 

15 mg L-1 AMP (Fig. 7b). However, total iron was kept quite constant throughout the trial. 345 

 A summary of the data obtained from PEF degradation trials can be found in Table 1. 346 

Note that the mineralization of the organic matter contained in the solutions followed a 347 

similar trend as compared to those of the AMP removals. The percentages of TOC abatement 348 

increased from 56% to 68% when rising from 11.9 to 79.6 cm s-1. The photodecarboxylation 349 

reaction (5) contributes remarkably to the very large mineralization achieved in a short time 350 

of 60 min. It is also noticeable that the fastest decontamination, reaching 72% in only 30 min, 351 

was obtained in the trial performed with 5 mg L-1 AMP and 0.4 mM Fe2+ at 79.6 cm s-1, with 352 

an energy consumption of 0.201 kWh (g TOC)-1. The MCE ranged from 2.8% to 6.4%, owing 353 

to the low AMP concentrations under study. These low MCE values confirm the negative 354 

effect of reaction (12). The ECTOC values were kept between 0.14 and 0.26 kWh (g TOC)-1.  355 
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 Here, it must be mentioned that, although the RCE reactor does not require a compressor 356 

to produce the H2O2, it requires energy to drive the electric motor that rotates the RCE, 357 

representing a quarter of the electrolytic energy consumption needed in the PEF process. In 358 

EF-related processes, the cost of electricity required tu operate the compressor is rarely 359 

reported. In a recent review on PEF process by Brillas [1], the ECTOC for treatments made 360 

with filter-press cells attained values of 0.19-0.68 kWh (g TOC)-1, which are similar to those 361 

obtained in the present study. Unfortunately, the energy consumed by the air compressor was 362 

not reported, but its inclusion in the calcualtions would substantially increase the energy 363 

costs. 364 

 Worth mentioning, the size of the O2 bubbles as well as the thickness of the diffusion 365 

layer (δ) may play a crucial role in the H2O2 electrosynthesis [43] and, consequently, in the 366 

PEF performance. In the RCE reactor, the control of the electrolytic O2 bubble size 367 

(preferably micro or nano) and δ mainly depends on the current density and the angular 368 

velocity of the RCE. Nonetheless, these aspects would require a deeper and focused 369 

experimental and computational fluid dynamic analysis.  370 

3.4 Time course of carboxylic acids and inorganic ions 371 

 The carboxylic acids and inorganic ions generated during the antibiotic treatment were 372 

identified and quantified employing the experimental conditions described in Fig. 7, at 5 mg 373 

L-1 AMP. This antibiotic concentration was chosen in order to be as close as possible to a 374 

realistic value, leading to an accumulation of by-products that might be reasonable when 375 

treating an actual wastewater sample. Two short-chain linear aliphatic acids, oxalic and 376 

oxamic, were detected, and their accumulation profiles are shown in Fig. 8a. A continuous 377 

accumulation of both acids is observed from the beginning of the electrolysis, with oxalic 378 
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acid rising up to 1.5 mg L-1 at 30 min. This trend informs about the considerable refractoriness 379 

of this aliphatic acid in a medium in which homogeneous ●OH is produced from reaction (3) 380 

[33]. A similar behavior is presented by oxamic acid, as it accumulates throughout the 381 

entirety of the electrolysis until a value of 1.35 mg L-1 is finally attained. It is worth noticing 382 

that a quasi-plateau of oxamic acid concentration is achieved after 15 min of electrolysis. At 383 

that time, 77% of the total N contained in AMP has already been converted into this acid, 384 

alongside ammonium and nitrate ions, discussed below, which limits a greater accumulation 385 

of oxamic acid. The final equivalent TOC concentrations from both acids are 0.40 mg L-1 386 

from oxalic and 0.36 mg L-1 TOC from oxamic, which represent 99% of the residual solution 387 

TOC at the end of the treatment. Note that the complete disappearance of both acids was not 388 

feasible under the tested conditions, in contrast to their reported quick photodegradation by 389 

PEF [1,25,41], because of their presence as non-photoactive Fe(II)-carboxylate complexes. 390 

 On the other hand, Fig. 8b shows the evolution of inorganic ions generated during the 391 

electrolysis. As can be seen, nitrate was continuously accumulated, owing to the high 392 

oxidation power of the PEF process that allows converting the N-species into nitrate. In 393 

contrast, ammonium almost reached a plateau from 15 min, which means that most N-species 394 

were oxidized to nitrate. The C-PTFE carbon cloth cathode is so efficient to reduce O2 to 395 

H2O2 that it is almost unable to reduce other species such as nitrate [20]. The final 396 

concentrations of nitrate and ammonium at 30 min were 0.94 mg L-1 (0.21 mg L-1 N), and 397 

0.22 mg L-1 (0.17 mg L-1 N), respectively, which added to the final equivalent N content from 398 

oxamic acid (0.21 mg L-1 N) approximately account for a 99% of the total N contained in the 399 

antibiotic.  400 
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4. Conclusions 401 

 Aqueous solutions of the antibiotic ampicillin were successfully treated in a batch reactor 402 

equipped with a C-PTFE carbon cloth-coated RCE that produces H2O2 from anodically-403 

produced O2. The feasibility of H2O2 electrosynthesis without the need of a compressor, in 404 

sufficient amounts to sustain several EAOPs for water treatment, is demonstrated for the first 405 

time. Up to 83.3 mg L-1 H2O2 (2.5 mM H2O2) were accumulated at 60 min at fixed Ecath = 406 

0.45 V vs. SHE and U = 79.6 cm s-1. The fastest degradation of solutions with 10 mg L-1 407 

AMP was established under PEF conditions, operating at 0.4 mM Fe2+, U = 79.6 cm s-1 and 408 

Ecath = 0.45 V to completely remove AMP in 10 min. In addition, a TOC abatement of 68% 409 

was achieved at 60 min, with ECTOC of 0.211 kW h (g TOC)-1. The residual TOC mainly 410 

corresponded to oxalic and oxamic acids. An important finding that supports the convenience 411 

of using an RCE to run the PEF process is that this reactor configuration decreases the 412 

electrolysis time owing to the outstanding mass transport. For example, filter-press type 413 

reactors typically require from 4 to 8 h to mineralize pharmaceuticals at a similar 414 

concentration to that assessed here. In addition, the results obtained in this work suggest that 415 

a sustainable treatment of antibiotics in water is feasible by using an RCE reactor with solar 416 

radiation, thus eliminating the cost of both the compressor and the lamp. 417 
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Figure captions 583 

Fig. 1. Structural formula of AMP antibiotic (in its sodium salt form, as employed here). 584 

Fig. 2. (a) Experimental set-up, including the UVA lamp that was turned on only in PEF 585 

trials. (b) Top view of the RCE reactor. 586 

Fig. 3. (a) Influence of peripheral velocity on the H2O2 concentration profile and (b) 587 

accumulated H2O2 concentration during the EF and PEF treatments at 0.4 mM Fe2+ and U = 588 

79.6 cm s-1. Solution: 50 mM Na2SO4 at pH 3 and 298  2 K. Ecath = 0.45 V vs. SHE. 589 

Fig. 4. (a) Comparison of the normalized AMP concentration decays over the electrolysis 590 

time upon application of AO-H
2
O

2
, EF and PEF treatments. Corresponding time course of 591 

normalized (b) Fe2+ concentration and (c) total iron concentration in the EF and PEF 592 

treatments of a solution of 10 mg L-1AMP + 50 mM Na2SO4 at pH 3 and 298  2 K. 593 

Conditions: Ecath = 0.45 V vs. SHE, U = 79.6 cm s-1. In EF and PEF, Fe2+ was initially added 594 

at a concentration of 0.4 mM. 595 

Fig. 5. Influence of initial Fe2+ concentration on normalized (a) AMP concentration decay, 596 

(b) Fe2+ concentration and (c) total iron concentration over the electrolysis time during the 597 

PEF treatment of 10 mg L-1AMP + 50 mM Na2SO4 at pH 3 and 298  2 K. Conditions: Ecath 598 

= 0.45 V vs. SHE, U = 79.6 cm s-1. 599 

Fig. 6. Influence of imposed U on normalized (a) AMP concentration decay, (b) Fe2+ 600 

concentration and (c) total iron concentration over the electrolysis time during the PEF 601 

treatment of 10 mg L-1AMP + 50 mM Na2SO4 + 0.4 mM Fe2+ at pH 3 and T = 298  2 K. 602 

Conditions: Ecath = 0.45 V vs. SHE, U = 79.6 cm s-1. 603 
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Fig. 7. Influence of AMP initial concentration on normalized (a) AMP concentration decay, 604 

(b) Fe2+ concentration and (c) total iron concentration over the electrolysis time during the 605 

PEF treatment of different concentrations of AMP in solutions containing 50 mM Na2SO4 + 606 

0.4 mM Fe2+ at pH 3 and T = 298  2 K. Conditions: Ecath = 0.45 V vs. SHE, U = 79.6 cm 607 

s-1. 608 

Fig. 8. Evolution of the concentration of (a) carboxylic acids and (b) inorganic ions during 609 

the elimination of the antibiotic AMP by PEF process. Same experimental conditions as those 610 

described in Fig. 7 at 5 mg L-1 AMP.  611 
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Fig. 3  632 
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Fig. 4  639 
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Fig. 5  646 
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Fig. 6  653 
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Fig. 7  660 
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Fig. 8  667 
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Table 1 668 

Summary of pseudo-first-order rate constants for AMP degradation by PEF process, and their 669 

corresponding R-squared values, as well as the percentages of TOC removal and electrolytic 670 

energy consumption per unit TOC mass for the trials performed in the RCE reactor. 671 

U  

/ cm s-1 

[Fe2+]0  

/ mM 

[AMP]0 

/ mg L-1 

k1 / ×10-2 

min-1 

R2 % TOC 

removal 

ECTOC  

/ kWh (g TOC)-1 

% MCE 

11.9 0.4 10 1.1 0.98 56a 0.142 5.3 

19.9 0.4 10 1.3 0.98 58a 0.165 4.7 

39.8 0.4 10 1.4 0.98 57a 0.195 3.9 

59.7 0.4 10 2.5 0.98 63a 0.203 3.3 

79.6 0.3 10 2.3 0.98 63a 0.177 3.1 

 0.4 5 3.6 0.99 72b 0.201 3.4 

 0.4 10 4.2 0.96 68a 0.211 2.8 

 0.4 15 1.7 0.93 37a 0.261 6.4 

 0.5 10 3.6 0.97 66a 0.216 2.9 

 0.6 10 1.8 0.97 60a 0.238 3.2 

At at = 60 min, and bt = 30 min. 672 


