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Abstract: Electro-Fenton (EF) and peroxyelectrocoagulation (PEC) processes were investigated to 

mineralize 10 mg L−1 erythromycin from ultrapure water, evaluating the influence of the anode ma-

terial (BDD and Fe), current density (janode) (5 mA cm−2 and 10 mA cm−2), oxygen flowrate injected to 

the cathode (0.8 L min−1 O2 and 2.0 L min−1 O2) and pH (2.8, 5.0 and 7.0) on the process efficiency 

and the electricity costs. 70% mineralization was reached after applying 0.32 A h L−1 under the best 

operational conditions: PEC treatment at 5 mA cm−2, 2.0 L min−1 O2 and pH 2.8. The electricity con-

sumption of the electrochemical cell under these conditions was approximately 0.3 kWh m−3. Early-

stage intermediates produced from erythromycin degradation were identified and quantified 

throughout the treatment and a potential erythromycin degradation pathway was proposed. The 

most appropriate operational conditions tested with synthetic solutions were applied to treat a real 

effluent from the tertiary treatment of an urban wastewater treatment plant. All emerging com-

pounds listed in the EU Decision 2018/840 (Watch List 2018) were determined before and after the 

PEC treatment. All listed pollutants were degraded below their quantification limit, except estrone 

and 17-α-ethinylestradiol which were 99% removed from water. Electricity consumption of the elec-

trochemical cell was 0.4 kWh m−3. Whilst awaiting future results that demonstrate the innocuity of 

the generated byproducts, the results of this investigation (high removal yields for emerging pollu-

tants together with the low electricity consumption of the cell) indicate the promising high potential 

of PEC treatment as a water treatment/remediation/regeneration technology. 

Keywords: erythromycin; peroxyelectrocoagulation; electro-Fenton; Watch List 2018; emerging 

contaminants; antibiotics 

 

1. Introduction 

Over the last two decades there has been increasing concern regarding emerging 

contaminants due to the possible threats they pose to both the human population and the 

aquatic environment [1]. Wastewater reuse practices, together with more advanced ana-

lytical methods to detect substances at levels ranging from ng L−1 to µg L−1 [2], have re-

sulted in more advanced and stringent regulations aiming at tackling this environmental 

problem [3]. At the European Union (EU) level, the first watch list of substances for track-

ing was published in 2015 [4] establishing 10 substances or groups of substances to be 

monitored. This watch list aimed to gather data for the future prioritisation of emerging 

compound regulation in the field of water policy. It was updated in 2018 by the EU Deci-

sion 2018/840 [5] (called in this paper, Watch List 2018) and just the last year (EU Decision 
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2020/1161) it was again modified since “according to Article 8b(2) of Directive 

2008/105/EC, the duration of a continuous watch list monitoring period for any individual 

substance shall not exceed four years” [6]. 

Three macrolide antibiotics (erythromycin, clarithromycin, azithromycin) were in-

cluded in the EU Decision 2018/840 [5] although their monitoring ceased in 2019 [6]. An-

tibiotics are a class of pharmaceutical active compounds with high usage and consump-

tion worldwide both for humans and animals [7]. They can enter to the environment via 

several pathways and can, therefore, contaminate different environmental compartments 

[8]. Their presence has been detected in surface water, groundwater and drinking water 

[9]. This fact has further increased concern due to their negative effect, including the 

spread of antibiotic resistance [10]. 

Among the macrolide antibiotics listed in the Watch List 2018, erythromycin was de-

tected in diverse water matrices such as surface water (85,200 and 7100 ng L−1 [11]), hos-

pital effluents (127–575 ng L−1 [12], maximum of 140 ng L−1 [13], 1000–27,000 ng L−1 [14]), 

livestock wastewater (139 ng L−1 [12]), and urban wastewater (179–185 [15]), among oth-

ers. 

The removal of this pollutant from water by various technologies has been studied. 

More than 88% and 93% erythromycin removals from a hospital effluent were obtained 

by powdered activated carbon and ozone, respectively, at pH 8.5–8.8 [13]. However, less 

than 35% erythromycin degradation was achieved by applying UV-C doses equal to or 

lower than 7200 J m−2 [13], indicating that it is not a photoactive compound at 254 nm. Its 

total degradation was achieved both by the EreB esterase enzymatic treatment [16] and 

solar-driven heterogeneous photocatalysis with immobilised TiO2 [15]. However, its deg-

radation percentage diminished by 45% or 22% when solar light was simulated during 

immobilised [16] or suspended [17] TiO2 photocatalysis, respectively. The solar photo-

Fenton process also resulted in 100% erythromycin removal [17]. 

The results of previous investigations demonstrate that advanced oxidation pro-

cesses (AOPs) are highly efficient treatments to reach gradual oxidation of erythromycin 

[15–17] as well as other emerging contaminants [18–21], through the generation of highly 

reactive oxygen species (ROS) (mostly hydroxyl radical •OH) with high oxidation poten-

tials (e.g., E0NHE = 2.80 V in the case of •OH) and low selectivity. Among the mechanisms 

to generate hydroxyl radical, the Fenton process [22] (caused by the decomposition of 

H2O2 mediated by catalytic quantities of Fe(II) under acidic and dark conditions (Equation 

(1)) has been widely investigated for wastewater treatment [23,24]: 

H2O2(aq) + Fe2+(aq)   Fe3+(aq) + OH−(aq) + •OH(aq) k = 41.7 − 79 M1 s1  (1)

However, the major drawback of this process is that the regeneration of Fe(II) takes 

place by Fenton-like reaction (Equation (2)), which presents a reaction rate much lower 

than the Fenton reaction: 

Fe3+(aq) + H2O2(aq)   Fe2+(aq) + HO2•(aq)  k = 9.1 · 10−7 M−1 s−1 (2)

It is for this reason that solar light is usually applied during the Fenton process so as 

to accelerate the Fe(II) regeneration and to improve process efficiency [16]. Alternatively, 

high quantities of iron should be added to the contaminated water, which implies an in-

crease in the consumption of the iron reagent and the generation of an iron oxyhydroxide 

sludge at the end of the treatment that needs to be managed. 

The upgraded version of the Fenton process is the electrochemical generation of H2O2 

and Fe(II), where both reagents are in-situ generated in an electrochemical cell. Moreover, 

Fe(II) can be regenerated by Fe(III) reduction on the cathode (Equation (4)), ensuring the 

continuity of the Fenton reaction (Equation (1)). This process is known as peroxyelectro-

coagulation (PEC) [25–27]. The main reactions occurring at the oxygen/air diffusion cath-

ode (Equations (3) and (4)) and at the Fe anode (Equation (5)) are detailed below: 

O2(g) + 2H+(aq) +2e− 
            
�⎯⎯� H2O2(aq) (3)
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Fe3+(aq) + e− 
            
�⎯⎯� Fe2+(aq) (4)

Fe(s) 
            
�⎯⎯� Fe2+(aq) + 2e− (5)

When an inert material is used as an anode instead of iron, Fe(II) must be added to 

the system. In this case, other oxidation reactions occur at the anode, depending on its 

materials. Partial water oxidation to hydroxyl radical (Equation (6)) takes places at non-

active boron-doped diamond (BDD) anodes [28]. This process is called electro-Fenton (EF) 

[29]. 

H2O(l) 
            
�⎯⎯�  •OH(aq) + H+(aq) + e− (6)

Although a dark electrochemical process to degrade erythromycin from water was 

studied, such as a microbial electro-Fenton system with an average removal efficiency of 

89% in 48 h [30], oxidation of this compound using the EF and PEC processes has not yet 

been investigated. Again, solar light was chosen to increase the efficiency of the electro-

chemical treatment [31]. Approximately 69% of 165 mg L−1 erythromycin was mineralized 

by solar photo electro-Fenton process with Pt/Ti anode, graphite-felt cathode, and apply-

ing the following conditions: 27.7 mg L−1 Fe(II), pH 3, a current density on cathode (jcathode) 

of 0.16 mA cm−2 and a current density on anode (janode) of 32.8 mA cm−2 [31]. This study 

[31] also examined certain erythromycin transformation byproducts generated at inter-

mediate (30 min) or elevated (120 min) treatment times of the solar photo electro-Fenton 

process. 

Considering all this information, studying the removal of this emerging compound 

from water in Fenton-based processes in dark conditions was highly recommendable, 

given that they offer the opportunity of competitive industrial technologies with lower 

surface occupation and lower investment costs when compared to solar driven treatments 

[32]. 

The intention of this article is to describe how to answer this necessity, investigating 

the mineralization of erythromycin from ultrapure water by PEC and EF processes, com-

paring the influence of current density, oxygen flowrate injected into the cathode and pH 

on the process efficiency. The erythromycin concentration (10 mg L−1) used in the current 

work is higher than those potentially found in real effluents [11–15] in order to identify 

non-reported erythromycin degradation byproducts generated during the early stage of 

the treatment and to propose its degradation pathway. Finally, the most appropriate op-

erational conditions detected in synthetic water were applied to treat a real effluent from 

the tertiary treatment of a municipal wastewater treatment plant (WWTP). The emerging 

compounds listed in the Watch List 2018 were quantified for this effluent and their deg-

radation percentage, total mineralization, and the economic efficiency of the electrochem-

ical process determined. 

2. Materials and Methods 

2.1. Chemicals 

Erythromycin (purity > 99%) was of reagent grade and supplied by Sigma Aldrich 

(St Louis, MO, USA). Anhydrous Na2SO4 (used as background electrolyte) and 

FeSO4·7H2O (used as catalyst during EF experiments) were of analytical grade and both 

were purchased from Scharlab S.L. (Sentmenat, Spain). Reagent grade 30% (w/w) H2O2 

was also supplied by Scharlab S.L. Analytical grade 96% H2SO4 and NaOH pellets from 

Scharlab S.L. were used for the preparation of diluted solutions used for the pH adjust-

ment. 1000 mg L−1 Ti standard solution (TiSO5 × H2SO4) from Sigma Aldrich and analytical 

grade 96% H2SO4 were used to determine the H2O2 concentration. 

Solutions were prepared with high-purity water from a Milli-Q Academic (Merck 

Life Science S.L, Madrid, Spain) system (resistivity > 18 MΩ cm, at 25 °C). 
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Acetonitrile (ACN), methanol (MeOH) and water, all LC-MS grade, were purchased 

from Scharlab S.L. Formic acid (CH2O2) LC-MS grade were purchased from Fisher Scien-

tific (Loughborough, Leicestershire, UK), and ammonium fluoride (NH4F), dimethyl-

sulfoxide (DMSO) LC-MS grade, phosphate buffered saline (PBS) and ammonium for-

mate (NH4HCO2) were supplied by Sigma-Aldrich. 

The standards to determine the compounds described in the EU Decision 2018/840 

[5] were supplied by various companies. 17-α-ethinylestradiol (EE2), 17-β-estradiol (E2) 

and metaflumizone were supplied by Dr. Ehrenstorfer GmbH (Augsburg, Germany); es-

trone (E1) and erythromycin were supplied by Sigma-Aldrich; clarithromycin, azithromy-

cin, methiocarb, imidacloprid, thiacloprid, thiametoxam, chlothianidin, acetamiprid and 

ciprofloxacin-HCl were supplied by Neochema GmbH (Bodengeim, Germany) at a con-

centration of 10 mg L−1 with ACN; amoxicillin trihydrate was supplied by Toronto Re-

search Chemicals (Toronto, ON, Canada). 

Isotopically labelled compounds were used as internal standards (IS). 17-α-ethi-

nylestradiol-2,4,16,16-d4, 17-β-estradiol-2,4,16,16,17-d5, erythromycin-d3, estrone-2,4-

16,16-d4, clarithromycin-d3, imidacloprid-d4, methiocarb-d3 were supplied by Neo-

chema GmbH at a concentration of 10 mg L−1 in ACN; thiamethoxam-d4 (oxadiazine-d4) 

and chlothianidin-d3 (N’-methyl-d3) were supplied by Dr. Ehrenstorfer GmbH; acetam-

iprid-d3 (N-methyl-d3) (mixture of isomers) was supplied by CDN isotopes (Pointe-

Claire, QC, Canada); and amoxicillin–d4 (major) was supplied by Toronto Research 

Chemical. Standard solutions were prepared in MeOH LC-MS grade, with the exception 

of amoxicillin trihydrate that it was prepared with DMSO. Calibration mixtures were pre-

pared in water:MeOH (1:1, v/v). 

2.2. Instruments and Analytical Procedures 

Dissolved organic carbon (DOC), total inorganic carbon (TIC) and total nitrogen (TN) 

was monitored by an Multi N/C 3100 analyser (Analytik Jena, Jena, Germany). Reproduc-

ible values, within ± 2% accuracy, were obtained by injecting 50 µL aliquots previously 

filtered by 0.45 µm polyvinylidene fluoride (PVDF) membranes. Total and dissolved iron 

was measured by the spectrophotometric method based on Standard Method 3500-Fe-B 

[33]. A UV/Vis UV-2450 spectrophotometer (Shimadzu, Kyoto, Japan) was used to deter-

mine H2O2 concentrations from absorption of the Ti-H2O2 coloured complex at λ = 410 nm 

[34], filtering previously 1 mL of samples by 0.45 µm PVDF filters. A sensiIONTM MM374 

pH meter and electrical conductivity meter (Hach Lange Spain, S.L.U., Hospitalet de 

Llobregat, Barcelona, Spain) was used to follow the values of pH and the conductivity. 

For the determination of erythromycin and its transformation products, 100 µL of 

water sample was mixed with 50 µL of internal standard solution (erythromycin-d3) at a 

concentration of 1 mg mL−1 prepared in ultrapure water. The samples were diluted with 

850 µL of PBS to adjust the pH of the solution at 7.8 since erythromycin degradation is 

promoted at acidic pH. Then, samples were vortexed, centrifuged for 5 min at 4 °C and 

15,000 rpm and transferred to a chromatographic vial for their analysis. 

The chromatographic separation was performed on an UHPLC 1290 Infinity II Series 

coupled to a QTOF/MS 6550 Series, both from Agilent Technologies (Santa Clara, CA, 

USA). The chromatographic column was a Kinetex EVO C18 (100 × 2.1 mm) from Phe-

nomenex (Torrance, CA, USA) and the mobile phase was 100% water with 0.1% formic 

acid (A) and 100% ACN (B). The gradient elution was as follows: 0–0.5 min (0% B iso-

cratic); 0.5–1.0 (0–15% B); 1.0–10.0 (15–60% B); 10.0–11.0 (60–100% B); 11.0–13.0 (100% B 

isocratic). The flowrate was set at 0.6 mL min−1, the column temperature at 25 °C and the 

injection volume was 2 µL. 

The mass spectrometer operated in positive electrospray ionization (ESI) mode and 

the source parameters were as follows: gas temperature (260 °C), gas flow (11 L min−1), 

sheath gas temperature (350 °C), sheath gas flow (12 L min−1), nebulizer (20 psi), capillary 

voltage (5100 V) and nozzle voltage (500 V). Data acquisition was carried out in full-scan 
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over a mass-range of 100 to 1700 m/z at 2.5 spectra/s and MS/MS spectra were performed 

at 15, 30 and 45 eV. 

The assignment of erythromycin was performed by direct comparison with the com-

mercial standard, whereas the tentative identification of erythromycin degradation prod-

ucts was according to bibliography [16,35–39], exact mass, retention time and tandem 

mass spectra. These degradation products were semi-quantified using the erythromycin 

internal standard calibration curve. Additionally, erythromycin E and erythromycin F de-

hydrogenation TP-2 which have the same exact mass and retention time were semi-quan-

tified by using their product ion spectra with the chromatographic peak of 

748.4478→574.3605 and 748.4478→590.3554 transitions, respectively. 

A solid phase extraction (SPE) procedure based on a previous publication [40] to an-

alyze the compounds included in the Watch List 2018 was carried out. Oasis HLB SPE 

cartridges (3 mL, 400 mg) were supplied by Waters (Milford, MA, USA) and the extraction 

was performed on a Supelco Visiprep SPE Vacuum Manifold (Sigma Aldrich, Saint Louis, 

MI, USA). The cartridges were previously conditioned with successive volumes of 2 mL 

of MeOH and 2 mL of Milli-Q water. Then, 100 mL of wastewater samples, previously 

filtered through a 0.45 µm nylon filter from Millipore (Burlington, MA, USA), were spiked 

with 0.1 mL of internal standard mixture at a concentration of 1 µg mL−1 and loaded to the 

SPE cartridge. After this, the cartridges were washed with 2 mL of Milli-Q water and dried 

under vacuum system. The compounds were eluted with 1.5 mL of MeOH. The eluates 

were evaporated under a nitrogen flow and reconstituted with 200 µL of MeOH:water 

(80:20, v/v) and transferred to glass vials for LC-MS/MS analysis. 

The chromatographic analysis of the compounds of the Watch List 2018 was per-

formed on and UHPLC 1290 Series coupled to a triple quadrupole mass spectrometer 

(QqQ) 6490 Series, both from Agilent Technologies. 

The compounds included in this study were determined in two different chromato-

graphic methods depending on their ESI mode (positive or negative). In both cases, the 

chromatographic separation was performed using a Acquity UPLC BEH C18, 1.7 µm (100 

× 2.1 mm) from Waters. The group of compounds determined on negative ESI mode (ESI-

), corresponding to estrogens (detailed in Table 1), were separated using as a mobile phase 

of 100% water with 5 mmol L−1 of ammonium fluoride (A) and 100% MeOH (B). The gra-

dient elution was as follows: 0–1 min (5% B isocratic); 1–2 min (5–50% B), 2–9 min (50–

65% B), 9–10 min (65–98% B), 10–12 min (98% B isocratic). The flowrate was set at 0.3 mL 

min−1, the column temperature at 40 °C and the injection volume was 2 µL. The source 

parameters were gas temperature (250 °C), gas flow (16 L min−1), sheath gas temperature 

(375 °C), sheath gas flow (12 L min−1), nebulizer (40 psi), capillary voltage (3000 V) and 

nozzle voltage (1000 V). Quantification of compounds was performed by internal stand-

ard calibration using multiple reaction monitoring acquisition, as detailed in Table 1. 

The other compounds described in the Watch List 2018 (detailed Table 1) were deter-

mined by positive ESI (ESI+). The compounds were separated using a mobile phase con-

sisting on water:MeOH (98:2, v/v) with 0.1% of formic acid (A) and MeOH:water (99:1) 

with 0.1% of formic acid and 10 mmol L−1 of ammonium formate (B). The gradient elution 

was as follows: 0–1 min (0% B isocratic); 1–6 min (0–50% B), 6–8.5 min (50–55% B), 8.5–

11.5 min (55–75% B), 11.5–13.5 min (75–85% B), 13.5–19.0 (85% B isocratic), 19.0–19.3 min 

(85–100% B), 19.3–21.3 min (100% B isocratic), 21.3–21.4 min (100–0% B), 21.4–23.4 min (0% 

B isocratic). The flowrate was set at 0.5 mL min−1, the column temperature at 40 °C and 

the injection volume was 2 µL. The source parameters were gas temperature (180 °C), gas 

flow (20 L min−1), sheath gas temperature (225 °C), sheath gas flow (11 L min−1), nebulizer 

(40 psi), capillary voltage (4500 V) and nozzle voltage (0 V). Quantification of compounds 

was performed by internal standard calibration using multiple reaction monitoring acqui-

sition, as detailed in Table 1. 
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Table 1. Detailed multiple reaction monitoring transitions and retention time for each analyte listed in the EU Decision 

2018/840. 

Compound 
Retention 

Time (min) 
ESI 

Quantitative 

Transition (m/z) 

Qualitative 

Transition (m/z) 

Collision 

Energy (V) 
r2 

Quantifica-

tion Limit 

(MLOQ) (ng 

L−1) 

Detection 

Limit 

(MLOD) (ng 

L−1) 

17-β-Estradiol-d5 8.70 ESI (−) 276.2→147.1 276.2→187.2 49/41    

17-β-Estradiol (E2) 8.75 ESI (−) 271.2→145.1 271.2→183.1 45/49 0.99 1 0.3 

Estrone-d4 8.76 ESI (−) 273.1→147.1 273.1→145.0 49/60    

Estrone (E1) 8.79 ESI (−) 269.1→145.1 269.1→143.1 41/60 0.99 1 0.3 

17-α-Ethinylestra-

diol-d5 
8.90 ESI (−) 299.2→147.1 299.2→269.1 33/53    

17-α-Ethinylestra-

diol (EE2) 
8.85 ESI (−) 295.2→145.2 295.17→142.9 49/60 0.99 1 0.03 

Amoxicillin-d4 2.71 ESI (+) 370.1→114.0 370.1→353.3 21/9    

Amoxicillin 2.73 ESI (+) 366.1→114.0 366.1→349.2 18/4 0.95 1 0.3 

Thiamethoxam-d4 4.78 ESI (+) 296.1→215.0 296.1→183.0 5/21    

Thiamethoxam 4.82 ESI (+) 292.0→210.9 292.0→180.8 9/21 0.99 1 0.3 

Ciprofloxacin 5.39 ESI (+) 332.1→231.0 332.0→314.2 45/17 0.99 1 0.3 

Clothianidin-d3 4.47 ESI (+) 253.0→172.0 253.0→131.8 9/21    

Clothianidin 4.48 ESI (+) 250.0→131.9 250.0→169.1 13/9 0.99 1 0.3 

Imidacloprid-d4 5.49 ESI (+) 260.1→179.2 260.1→213.1 13/9    

Imidacloprid 5.52 ESI (+) 256.1→175.0 256.1→209.1 1721 0.99 10 3 

Acetamiprid-d3 5.94 ESI (+) 226.1→126.1 226.1→59.2 21/13    

Acetamiprid 5.95 ESI (+) 223.1→126.1 223.1→56.0 17/13 0.99 1 0.3 

Thiacloprid 6.42 ESI (+) 253.0→125.9 253.0→98.9 21/53 0.99 1 0.3 

Azithromycin 7.25 ESI (+) 749.5→82.9 749.5→591.3 60/33 0.99 1 0.3 

Erythromycin-d3 9.12 ESI (+) 737.5→161.0 737.5→82.9 37/60    

Erythromycin 9.12 ESI (+) 734.4→158.1 734.4→83.1 37/60 0.99 6 1.8 

Methiocarb-d3 10.36 ESI (+) 229.1→169.1 229.1→121.0 9/17    

Methiocarb 10.38 ESI (+) 226.1→169.0 226.1→121.1 17/9 0.99 20 6 

Clarithromycin-d3 10.84 ESI (+) 751.5→161.1 751.5→83.1 25/57    

Clarithromycin 10.86 ESI (+) 748.5→158.2 748.5→83.1 37/60 0.99 1 0.3 

Metaflumizone 14.60 ESI (+) 507.1→178.2 507.1→87.0 33/25 0.99 6 1.8 

2.3. Experimental Setup and Operational Conditions 

1 L of 10 mg L−1 erythromycin (Milli-Q water) and 0.05 M Na2SO4 (background elec-

trolyte) was treated by EF and PEC processes by continuously recirculating the solution 

from a reservoir (cylindrical Pyrex glass reactor of 2 L and 100 mm of internal diameter) 

to a mono-compartment filter-press cell at 20 L h−1. Figure 1 shows a scheme of the exper-

imental system. 

The electrochemical cell was integrated by an anode and an oxygen-diffusion cath-

ode, both of 100 mm of diameter, separated 5 mm. Two anode materials were tested: Fe 

and boron doped diamond coated on silicon (BDD/Si), the later with a resistivity of 100 

mΩ·cm, and with a 2.5 µm BDD coating ([B] = 700 ppm) (NeoCoat®, Eplatures-Grise, La 

Chaux-de-Fonds, Switzerland). The oxygen-diffusion cathode was composed by a tita-

nium diffuser, used as electrode collector, and an activated carbon cloth with polytetra-

fluoroethylene (PTFE) (Fuel Cells Etc, College Station, TX, USA) that promotes the reduc-

tion of oxygen to H2O2. Oxygen was fed to the cathode at an overpressure of 4.5 bar, test-

ing two different flowrates: 0.8 L min−1 and 2.0 L min−1. The carbon cloth of the oxygen-

diffusion cathode was previously activated by electrolyzing 1 L of 0.05 M Na2SO4 at 150 

mA cm−2 and pH 2.8 during 1 h. 
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Figure 1. Scheme of the experimental system for the EF and PEC processes. 

Experiments were carried out under galvanostatic conditions, using a power supply 

of Elektro-Automatik GmbH & Co (Viersen, Germany), and directly measuring the po-

tential difference, assessing the influence of two current densities on anode (janode): 5 mA 

cm−2 and 10 mA cm−2. These current densities were chosen considering that the most suit-

able janode = 16.7 mA cm−2 for the EF treatment of a complex pharmaceutical mixture [41], 

therefore smaller current densities were selected to study the treatment of a synthetic wa-

ter and an urban wastewater. 

Solutions were maintained at 25 °C with a water circulation jacket connected to an 

external thermostat. The pH was also kept constant throughout the trials. Three different 

pHs were evaluated: 2.8 (optimal pH for the Fenton process [42,43]), near neutral pH (5.0) 

and neutral pH (7.0), the two last were studied to reduce the use of acid reagent to adjust 

the pH. During EF experiments, the initial concentration of the catalyst, added externally 

to the water, was 10 mg L−1 Fe(II). This value was chosen considering that the maximum 

iron concentration of wastewaters to be discharged in the sewer is 10 mg L−1 in Catalonia 

[44]. Therefore, no additional posttreatments to precipitate iron would be needed for treat-

ing a wastewater by the EF process at 10 mg L−1 Fe(II). 

Finally, the electrochemical treatment was applied to a real effluent from a sand filter 

of the tertiary treatment of an urban WWTP using the optimal operational conditions 

identified for treating synthetic polluted water. All the experimental conditions are sum-

marized in Table 2. 

Table 2. Summary of the experimental conditions. 

Experiment 

Conditions 
Type of Water Anode Type 

janode 

(mA/cm2) 

Oxygen 

Flowrate 

(L/min) 

pH 

EF-1 

Ultrapure water.  

10 mg L−1 erythromycin and 0.05 

M Na2SO4 

BDD 5 2.0 2.8 

EF-2 BDD 10 2.0 2.8 

PEC-1 Fe 5 2.0 2.8 

PEC-2 Fe 10 2.0 2.8 

PEC-3 Fe 5 0.8 2.8 

PEC-4 Fe 10 0.8 2.8 

PEC-5 Fe 5 2.0 5.0 

PEC-6 Fe 5 2.0 7.0 

PEC-7 
Effluent from a tertiary treat-

ment of an urban WWTP 
Fe 5 2.0 2.8 
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3. Results and Discussion 

3.1. Effect of the Anode Material and the Current Density 

Electro-Fenton (using a BDD anode) and PEC (using a Fe anode) were compared ap-

plying two different current densities (5 and 10 mA cm−2), at pH 2.8 and injecting 2.0 L 

min−1 O2 into the cathode. Figure 2 plots the evolution of the DOC and the [H2O2] as a 

function of the applied charge. 

 

Figure 2. Evolution of dissolved organic carbon (DOC) (△, ○, ◇, □) and [H2O2] remained in water (▲, ●, ◆, ■) 

through the applied charge in 1 L of 10 mg L−1 erythromycin and 0.05M Na2SO4 (ultrapure water) treated by the EF and 

PEC processes at 25 °C, 2 L min−1 O2 and pH = 2.8 under the following conditions: (△, ▲) BDD anode, 10 mA cm−2 (left 

graphic); (○, ●) Fe anode, 10 mA cm−2 (left graphic); (◇, ◆) BDD anode, 5 mA cm−2 (right graphic); (□, ■) Fe anode, 5 

mA cm−2 (right graphic). 

The mineralization of the organic matter was defined as the complete oxidation of 

the organic molecules into CO2, inorganic ions, and water, and it was determined by the 

analysis of the total dissolved organic carbon (DOC) throughout the treatment time. 

The mineralization rates of the EF (kEF) and the PEC (kPEC) processes under studied 

conditions followed a pseudo-first order kinetics (Equation (7)): 

ln(C/C0)/t = k (7)

where C and C0 represent the final and initial erythromycin concentration, respectively, 

and t the treatment time. 

Mineralization constant rates obtained by the EF process under the studied condi-

tions were kEF1 (5 mA cm−2) = 0.008 s−1 and kEF2 (10 mA cm−2) = 0.004 s−1. These values were 

significantly lower than those achieved when iron is used as anode (PEC process), where 

constant rate increased to 0.020 s−1 for both current densities. The mineralization reached 

in EF process was approximately 35%, whereas it was increased at 70% during PEC treat-

ment, after applying 0.32 A h L−1. 

As depicted in the Figure 2, the remained H2O2 concentrations after 1 h of the EF 

treatment were around 260 mg L−1 and 460 mg L−1 at 5 and 10 mA cm−2 when 0.32 and 0.64 

A h L−1 were applied, respectively. 

These experimental H2O2 concentrations remained throughout the EF were similar 

than the theoretical ones generated. This fact indicates that only small quantities of H2O2 

reacted with the 10 mg L−1 Fe(II). Moreover, it should be considered that an excessive H2O2 

concentration acts as •OH scavenger (Equation (8)) reducing the efficiency for organic 

matter oxidation: 

•OH(aq) + H2O2(aq) 
            
�⎯⎯� HO2•(aq) + H2O(l)  k = 1.7–4.5 · 107 M−1 s−1 (8)
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Although •OH reacts with organic molecules with rate constants of 109–1010 M−1 s−1 

[45], it reacts with H2O2 at a 100–1000 times lower rate constant (k = 1.7–4.5 · 107 M−1 s−1 

[24]) as the reaction rate depends on the initial concentration of organic matter and H2O2. 

Considering the initial erythromycin concentration (10 mg L−1) and the remained H2O2 

concentrations of this work, the molar H2O2/erythromycin ratio was higher than 100 after 

the 15 min and 5 min of the EF treatment at 5 and 10 mA cm−2, respectively. Therefore, 

after these treatment times, hydroxyl radical is expected to react preferentially with H2O2 

instead of organic matter. This fact can explain why the kEF2 (10 mA cm−2) = 0.004 s−1 was 

lower than kEF1 (5 mA cm−2) = 0.008 s−1. 

In comparison, most H2O2 was consumed during PEC experiments, remaining 

around 20 mg L−1 at the end of the trials. This is a consequence of the higher Fe concentra-

tions generated during PEC (theoretical concentrations of around 220 mg L−1 and 440 mg 

L−1 Fe(III) at 0.32 and 0.64 A h L−1, respectively) compared to that used during EF trials (10 

mg L−1 Fe(II)). Indeed, in the PEC experimental conditions, the molar H2O2/Fe(III) ratios 

were around 1.7–2.0, indicating that higher iron concentration resulted in higher reactivity 

with the hydrogen peroxide. Consequently, higher theoretical concentration of hydroxyl 

radical (Equation (1)) and other reactive oxygen species that can attack organic com-

pounds can be obtained. Nonetheless, elevated concentrations of Fe(II) or Fe(III) can also 

act as scavenger of •OH, following Equations (9) and (10) [24]: 

Fe2+(aq) + •OH(aq) 
            
�⎯⎯� Fe3+(aq) + OH−(aq)  k = 2.5–5.1 · 108 M1 s1 (9)

Fe3+(aq) + •OH(aq) 
            
�⎯⎯� Fe4+(aq) + OH−(aq)  k = 7.9 · 107 M1 s1 (10)

After 15 min and 8 min of PEC treatment at 5 and 10 mA cm−2, respectively, the molar 

ratio Fe(III)/erythromycin was higher than 100, therefore the •OH starts to preferentially 

react with Fe(II) or Fe(III) instead of organic matter. 

Moreover, it should be also considered that at elevated concentrations of Fe(III) 

(higher than 0.6 mg L−1) ferric oxyhydroxides start to precipitate at pH = 2.8 [46], whereas 

Fe(II) remains in solution at this pH. Related to this, the percentage of dissolved versus 

total iron was around 100–85% throughout the PEC treatment at 5 mA cm−2 whereas this 

value decreased to 75–40% at 10 mA cm−2. These results indicate that most iron was dis-

solved at 5 mA cm−2 and pH 2.8. The quantity of dissolved iron at both current densities 

were similar, thereby contributing in a similar way to the Fenton (Equation (1)) and Fen-

ton-like (Equation (2)) reactions. Dissolved iron can be associated to ferrous cationic spe-

cies, whereas ferric oxyhydroxides would be associated to iron precipitated. 

All these reasons explain the no significant differences observed with the rate con-

stants for both current densities (kPEC = 0.02 s−1) tested during PEC trials. 

These results demonstrate that, in the studied conditions, the PEC is more recom-

mendable than the EF process in terms of both mineralization rate and electricity con-

sumption. After applying 0.32 and 0.64 A h L−1, the electricity consumptions for BDD elec-

trodes (EF) were around 3.7 kWh m−3 and 7.9 kWh m−3, whereas they were reduced to 0.3 

kWh m−3 and 0.6 kWh m−3 when Fe was used as anode (PEC), respectively. This means a 

reduction of almost 12-fold in the electricity costs by using Fe anodes. 

Therefore, the PEC treatment was selected to study the influence of oxygen flowrate 

injected into the cathode. 

3.2. Effect of the Oxygen Flowrate 

The influence of two different oxygen flowrates (0.8 L min−1 O2 and 2.0 L min−1 O2) to 

the mineralization efficiency was studied by carrying out the PEC treatment applying two 

different current densities (5 and 10 mA cm−2), at pH 2.8. Results are plotted in Figure 3. 
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Figure 3. Evolution of DOC (○, △, □, ◇) and [H2O2] remained in water (●, ▲, ■, ◆) through the applied charge in 1 

L of 10 mg L−1 erythromycin and 0.05M Na2SO4 (ultrapure water) treated by the PEC process at 25 °C, pH = 2.8, under the 

following conditions: (○, ●) 10 mA cm−2 at 2 L min−1 O2 (left graphic); (△, ▲) 10 mA cm−2 at 0.8 L min−1 O2 (left graphic); 

(□, ■) 5 mA cm−2 at 2 L min−1 O2 (right graphic); and (◇, ◆) 5 mA cm−2 at 0.8 L min−1 O2 (right graphic). 

When injecting 0.8 L min−1 O2, the mineralization kinetics followed a pseudo-first or-

der constant during the first 30 min of treatment, being the constant rate of 0.013 s−1 for 5 

and 10 mA/cm−2. The kinetics mineralization decreased at 0.8 L min−1 O2 (0.013 s−1) com-

pared with the value obtained at 2.0 L min−1 O2 (0.020 s−1). This fact can be associated to 

the concentration of dissolved oxygen. With 2.0 L min−1 O2 injected into the cathode, con-

tinuous oxygen saturation in water can be obtained, resulting in more dissolved oxygen 

available to produce H2O2. 

No significant differences on mineralization rates between the studied current den-

sities (5 and 10 mA/cm−2) were found in any of the tested oxygen flowrates (0.8 and 2.0 L 

min−1 O2). The electricity consumption of the electrochemical cell also followed a similar 

pattern for both oxygen flowrates. 

Therefore, the PEC process at 5 mA cm−2 applying 2.0 L min−1 O2 was chosen to study 

the influence of the pH on the process efficiency. 

3.3. Effect of the pH 

The influence of the pH on the efficiency of the PEC treatment was also studied. The 

results obtained are depicted in Figure 4. 

 

Figure 4. Evolution of DOC through the applied charge in 1 L of 10 mg L−1 erythromycin and 0.05 

M Na2SO4 (ultrapure water) treated by the PEC process at 5 mA cm−2, 25 °C, 2 L min−1 O2, under 

the following pHs: (□) 2.8; (∗) 5.0; (+) 7.0. 
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The optimal pH for the PEC process was 2.8, the same as the most favourable pH 

found for Fenton process [42,43]. At pH values close to 2.8, the predominant ions of iron, 

ferrous and ferric, are dissolved in the form of aqua-complexes, highlighting as main com-

pounds the [FeII(H2O)6]2+, [FeIII(OH)(H2O)5]2+, [FeIII(OH)2(H2O)4]+ and [FeIII(H2O)6]3+ and, to 

lesser extent, [Fe2(H2O)8(OH)2]4+ [47,48]. However, we determined that at pH 5.0, around 

0.2–0.6% iron was dissolved (0.2–1.1 mg L−1), whereas at pH 7.0 all iron was precipitated. 

As observed by Serra-Clusellas et al. [49], minute concentrations of Fe(III) (0.6 mg L−1) 

were enough to promote the Fenton-like reaction and the mineralization of organic pollu-

tants at pH 3.6. This fact was then confirmed in the current work at pH 5.0, where around 

25% of DOC was removed after applying 0.32 A h L−1. Unlike pH 5.0, no mineralization 

was reached at pH 7.0; on the contrary, an increase of DOC throughout the treatment was 

observed. This rise can be associated to organic leaches from silicone tubs used for the 

peristaltic pump for recirculating the solution, which can be partially oxidized by hydro-

gen peroxide and other reactive oxygen species. This fact evidenced that mineralization 

percentage obtained in this article could be higher if other tubbing materials were used. 

Despite this, the most suitable operating conditions found in this work are as follows: 

PEC treatment at 5 mA cm−2, injecting 2.0 L min−1 O2 at pH 2.8. 

3.4. Identification of Aromatic Byproducts of Erythromycin and Degradation Pathway Proposed 

Aromatic byproducts generated during the early stage of the erythromycin mineral-

ization pathway were identified for the PEC process at the most suitable operational con-

ditions, specified above. 

Most of transformation products for erythromycin and its degradation pathways 

have already discussed in bibliography [16,35–39] under different conditions but it has 

not been investigated under PEC water remediation process. Pérez et al. [31] identified 

the intermediates formed at 30 and 120 min of the solar photo electro-Fenton process of a 

165 mg L−1 erythromycin solution at pH 3 and jcathode = 0.16 mA cm−2, determined by GC-

MS. However, no information was found about the first intermediates generated during 

the early stages of the erythromycin mineralization pathway by the electrochemical-Fen-

ton based processes. 

In this paper we used chromatographic separation behaviour and high-resolution 

tandem mass spectrometry HRMS2 for the identification and quantification of erythromy-

cin transformation products. By using this approach, 23 erythromycin intermediates were 

putative identified by their theoretical exact mass, logical retention time (compared to 

bibliography) and diagnostic tandem mass ions. In addition, these compounds were 

quantified by using an erythromycin IS calibration curve and their concentration (eryth-

romycin + 23 intermediates) throughout the PEC treatment time are presented on Table 3. 

Table 3. Erythromycin and aromatic intermediates detected during PEC of 10 mg L−1 erythromycin and 0.05M Na2SO4 

(ultrapure water) at 5 mA cm−2, 25 °C, 2 L min−1 O2, pH = 2.8. 

N° Compound 
Molecular 

Formula 

Pseudo-

Molecular 

Ion (m/z) 

Retention 

Time (min) 

Compound Concentration (µg L−1) 

0 min 

pH 2.8 
5 min 15 min 30 min 45 min 60 min 

1 Erythromycin (Erythromycin A) C37H67NO13 734.4685 4.0 457.4 17.9 0.8 

Non de-

tected 

(n.d.) 

n.d. n.d. 

2 Erythromycin B C37H67NO12 718.4736 4.6 204.1 47.0 0.5 n.d. n.d. n.d. 

3 Erythromycin C C36H65NO13 720.4529 3.5 5.2 n.d. n.d. n.d. n.d. n.d. 

4 Erythromycin C anhydrous C36H63NO12 702.4423 4.2 61.1 19.2 0.2 n.d. n.d. n.d. 

5 
Erythromycin A desosamine N-de-

methylation 
C36H65NO13 720.4529 3.9 13.5 2.3 1.5 n.d. n.d. n.d. 

6 Erythromycin E C37H65NO14 748.4478 3.9 301.3 71.0 2.9 n.d. n.d. n.d. 

7 
Erythromycin E dehydration + de-

hydroxylation 
C37H63NO12 714.4423 5.2 22.1 99.3 1.2 n.d. n.d. n.d. 
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N° Compound 
Molecular 

Formula 

Pseudo-

Molecular 

Ion (m/z) 

Retention 

Time (min) 

Compound Concentration (µg L−1) 

0 min 

pH 2.8 
5 min 15 min 30 min 45 min 60 min 

8 
Erythromycin E dehydration + de-

hydroxylation—cladinose 
C29H49NO9 556.348 4.3 n.d. 46.7 5.0 n.d. n.d. n.d. 

9 Erythromycin F C37H67NO14 750.4634 3.7 241.7 14.5 n.d. n.d. n.d. n.d. 

10 Erythromycin F—cladinose TP-1 C29H53NO11 592.3691 2.5 99.1 43.6 2.3 n.d. n.d. n.d. 

11 Erythromycin F—cladinose TP-2 C29H53NO11 592.3691 2.6 1.2 64.3 3.2 n.d. n.d. n.d. 

12 Erythromycin A—cladinose C29H53NO10 576.3742 3.0 68.1 149.0 9.1 n.d. n.d. n.d. 

13 
Erythromycin F enol ether or anhy-

drous 
C37H65NO13 732.4529 3.6 3.5 20.8 0.8 n.d. n.d. n.d. 

14 
Erythromycin F dehydrogenation 

TP-1 
C37H65NO14 748.4478 3.5 0.7 31.4 0.8 n.d. n.d. n.d. 

15 
Erythromycin F dehydrogenation 

TP-2 
C37H65NO14 748.4478 3.9 12.8 61.0 3.1 n.d. n.d. n.d. 

16 
Erythromycin F enol ether or anhy-

drous + lactone dehydration TP-1 
C37H63NO12 714.4423 4.4 40.6 21.1 0.2 n.d. n.d. n.d. 

17 
Erythromycin F enol ether or anhy-

drous + lactone dehydration TP-2 
C37H63NO12 714.4423 4.8 20.9 27.4 0.2 n.d. n.d. n.d. 

18 

Erythromycin F enol ether or anhy-

drous + lactone dehydration—cla-

dinose 

C29H49NO9 556.348 3.0 n.d. 5.6 0.4 n.d. n.d. n.d. 

19 Erythromycin A enol ether TP-1 C37H65NO12 716.458 4.8 5.1 4.4 n.d. n.d. n.d. n.d. 

20 Erythromycin A enol ether TP-2 C37H65NO12 716.458 5.2 1.8 8.6 0.1 n.d. n.d. n.d. 

21 
Erythromycin A enol ether—cladi-

nose 
C29H51NO9 558.3637 4.2 20.5 7.2 n.d. n.d. n.d. n.d. 

22 Erythromycin A anhydrous C37H65NO12 716.458 4.5 1533.5 432.0 2.6 n.d. n.d. n.d. 

23 
Erythromycin A anhydrous desosa-

mine N-demethylation 
C36H63NO12 702.4423 4.4 56.2 3.5 n.d. n.d. n.d. n.d. 

24 
Erythromycin A anhydrous—cladi-

nose 
C29H51NO9 558.3637 3.5 46.7 79.4 4.7 n.d. n.d. n.d. 

The erythromycin degradation pathway proposed for the early stage of the PEC pro-

cess is represented in Figure 5. 

As described in the literature, the decomposition of erythromycin A proceeds via the 

known intermediate erythromycin A-6,9-hemiketal. The monodehydroxylation or dide-

hydroxylation of this intermediate produced the main compounds described in the liter-

ature, i.e., erythromycin A enol ether isomers (716.458 m/z) (compounds 19 and 20 of Fig-

ure 5) and anhydrous erythromycin A (716.458 m/z) (compound 22), respectively. Sequen-

tially, the respective transformation products of the compounds 19, 20 and 22 from the 

cleavage of cladinose group were assigned (compounds 21 and 23) by their exact mass 

and the observation of unmodified desosamine fragment (158.1176 m/z) and cladinose 

neutral loss ([M+H-158.0937]+ m/z). These results indicated that the delta mass observed 

was produced on the lactone part of erythromycin A. The last two compounds were as-

signed on the basis of their similar fragmentation pattern in respect of their precursor 

compound (480–580 m/z range), where neutral losses of water from lactone part are ob-

served. Thus, anhydrous erythromycin A (compound 22) either with or without a cladi-

nose moiety had two consecutive losses of water from 558.3637 m/z ion, whereas erythro-

mycin A enol ether (compound 19) either with or without cladinose moiety had only one 

losses of water from 558.3637 m/z ion. In addition, an isomer of erythromycin A enol ether 

was identified (compound 20) since their fragmentation pattern was equal between the 

two chromatographic peaks. 
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Figure 5. Proposed early-stage mineralization pathway for the removal of 10 mg L−1 erythromycin (ultrapure water) by 

the PEC process. 

Moreover, erythromycin A without a cladinose sugar (compound 12) was identified 

based on the no observation of the neutral loos of cladinose and the observation of desosa-

mine fragment, as well as other erythromycin isomers such as erythromycin B (compound 

2), erythromycin C (compound 3), erythromycin E (compound 6) and erythromycin F 

(compound 9) and some of their transformation products concerning the cleavage of cla-

dinose moiety (compound 8, 10, 11). Erythromycin isomers A, C, E and F dehydrate pro-

duced the compounds 22, 4, 13 and 7, respectively. For example, tandem mass spectrum 

of erythromycin C and erythromycin C anhydrous had the neutral loss of the modified 

cladinose (-OH instead of -OCH3). All this transformation products have already been 

described for different remediation processes and follow the proposed degradation path-

way indicated in Figure 5. Nonetheless, we found other interesting signals (732, 714, and 

555 m/z) that had a delta mass of −2 m/z of the main erythromycin A transformation prod-

ucts explained before. Thus, their tandem mass spectra were also carefully inspected and 

we hypothesize that a degradation of erythromycin-A is promoted by the formation of 

erythromycin F (750.4634 m/z) intermediate (compound 9) and its degradation to erythro-

mycin F enol ether or anhydrous (732.4529 m/z) (compound 13) and its lactone dehydra-

tion (714.4423 m/z) (isomers 16 and 17) and successive cladinose cleavage (556.348 m/z) 

(compound 18), or compound 13 dehydrogenation (748.4478 m/z) producing two isomers 

(compounds 14 and 15). Finally, an N-demethylation of erythromycin A generated the 

intermediate 5. 
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The results of the Table 3 show that none of these compounds were detected after 30 

min of treatment, all of them thus being early-stage intermediates. 

Another aspect to highlight is that after adjusting the pH to 2.8, and before starting 

the PEC process (0 min), only 5% of the initial erythromycin (erythromycin A, compound 

1) remained in solution. 28% of this substance was degraded to the 23 intermediates de-

tected in this work, being the erythromycin A anhydrous (compound 22) the most de-

tected by-product produced (approximately 15%). This means that 67% of the initial eryth-

romycin was degraded to other byproducts not determined in this article just due to the 

acidification. This acid-catalysed water molecule loss from erythromycin occurs rapidly 

at pH < 4 [50,51]. Therefore, this is an important aspect to be considered in future works, 

especially when working or analysing the erythromycin in acid pH solutions. 

3.5. Extrapolation of the PEC Process to a Real Effluent 

Finally, the PEC process under the most appropriate conditions (5 mA cm−2, injecting 

2.0 L min−1 O2 into the cathode and pH 2.8) was validated by treating a real effluent ob-

tained from the tertiary treatment (coagulation/flocculation and sand filtration) of an ur-

ban WWTP. Its composition is shown in Table 4. 

Table 4. Composition of the effluent from the tertiary treatment of an urban WWTP. 

Parameter Units Value 

pH - 7.6 

Electrical conductivity mS cm−1 1.5 

Total Inorganic Carbon mg L−1 72.8 

DOC mg L−1 9.9 

Total N mg L−1 33.1 

No electrolyte was added to the water. The concentrations of the emerging com-

pounds included in the Watch List 2018 in the influent and effluent of the electrochemical 

treatment are summarized in Table 5. 

Table 5. Concentration of the compounds listed in the Watch List 2018 in the analysed effluents. 

Compound 

Effluent from the Tertiary 

Treatment of an Urban 

WWTP (ng L−1) 

Treated Effluent from the 

PEC Treatment (ng L−1) 
Removals (%) 

E1 858 5 99% 

E2 127 <MLOQ >99% 

EE2 117 1 99% 

Amoxicillin trihydrate <MLOQ <MLOQ - 

Thiamethoxam 7 <MLOQ >86% 

Ciprofloxacin 1 <MLOQ - 

Clothianidin 6 <MLOQ >83% 

Imidacloprid 60 <MLOQ >83% 

Acetamiprid 30 <MLOQ >97% 

Thiacloprid 21 <MLOQ >95% 

Azythromycin 365 <MLOQ 100% 

Erythromycin 23 <MLOQ >74% 

Methiocarb 30 <MLOQ >33% 

Clarythromycin 31 <MLOQ >97% 

Metaflumizone 17 <MLOQ >65% 

In general terms, the compounds found in the WWTP tertiary effluent (PEC influent) 

were not detected in the treated PEC effluent, except for E1 and EE2, although high deg-
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radation percentages were achieved (99% removal). As commented before, the determi-

nation of erythromycin, but also the amoxicillin, is significantly affected by the low pH in 

the treated water, since the internal standard is not stable in the acidic conditions. The 

initial DOC of the water was 9.9 mg L−1 and its evolution was plotted in Figure 6. 

 

Figure 6. Evolution of the DOC (■) and the electric consumption (x) through the applied charge 

in 1 L of an effluent from an urban WWTP treated by the PEC process at 5 mA cm−2, 25 °C, 2 L 

min−1 O2 at pH 2.8. 

Approximately 30% DOC was removed at the end of the PEC treatment, applying 

0.32 A h L−1. The electricity consumption associated to the electrochemical cell was around 

0.4 kWh m−3, that means a cost of around 0.09 € m−3, considering the Spanish electricity 

price in first half 2020 was 0.2239 € kWh−1 [52]. This low electricity consumption with the 

high degradation efficiencies for all the compounds of the Watch List 2018, appoint the 

PEC as a potential technology to be applied for removing these types of emerging com-

pounds from waters, preventing their arrival to the aquatic systems, and thus improving 

the water quality of the environment. Future studies should also include toxicity assays 

of the transformation byproducts generated during the PEC treatment to ensure a suitable 

final quality of water. 

These results indeed suggested PEC as a promising technology to be implemented 

for water and wastewater remediation. For example, PEC can be applied to treat complex 

industrial wastewaters such as pharmaceutical or leachate effluents coupled before a bio-

logical treatment to increase water biodegradability. However, a neutralization step must 

be applied after the PEC process to send the effluent to a biological treatment. Also, this 

post-treatment would be required if the effluent was discharged to a municipal sewer in 

order to reduce the iron concentration below the limit sets by the legislation (10 mg L−1 Fe, 

in the case of Catalunya [44]). 

4. Conclusions 

The results of this investigation demonstrate the technical and economic feasibility 

of the peroxyelectrocoagulation (PEC) process to degrade contaminants of emerging con-

cern present in water such as those included in the EU Decision 2018/840 (Watch List 

2018). The article proves that PEC can degrade most of the compounds included in the 

Watch List 2018 below their quantification limit and mineralize the 25% DOC of a real 

WWTP tertiary effluent, applying an electrical charge of 0.32 A h L−1, a current density 

janode = 5 mA cm−2, injecting 2.0 L min−1 O2 into the cathode and keeping the pH at 2.8. The 

electricity consumption of the cell was 0.27 kWh m−3. These operational conditions were 

selected by previously studying the removal erythromycin from ultrapure water, obtain-

ing 70% mineralization with an electricity consumption of 1.7 kWh m−3. The research also 
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revealed the early-stage transformation byproducts generated during the erythromycin 

mineralization, by identifying and quantifying 23 erythromycin intermediates. 
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