
Electrochemical systems equipped with 2D and 3D microwave-

made anodes for the highly efficient degradation of antibiotics in 

urine 

 

Isabelle M.D. Gonzagaa,b,c, Aline R. Dóriaa,b, Angela Moratallac, Katlin I. B. Eguiluza,b, 

Giancarlo R. Salazar-Bandaa,b, Pablo Cañizaresc, Manuel A. Rodrigoc, Cristina Saezc* 

 

 

 

a Electrochemistry and Nanotechnology Laboratory, Research and Technology Institute - ITP, 

Aracaju, SE, Brazil 

 

b Processes Engineering Post-graduation - PEP, Universidade Tiradentes, 49037-580 Aracaju, 

SE, Brazil 

 

c Chemical Engineering Department, Universidad de Castilla-La Mancha, Campus 

Universitario, Ciudad Real, Spain 

 

 

 

 
* Author to whom all correspondence should be addressed (cristina.saez@uclm.es) 

 

 

 



1 
 

Abstract 

This work focuses on the importance of choosing a suitable electrochemical cell to remove 

antibiotics from urines. For this purpose, we investigate the use of two electrochemical cells for 

electrolysis and photo-electrolysis of urine polluted with a mixture of Penicillin G, Meropenem, 

and Chloramphenicol. The two reactors studied were a conventional flow pass electrochemical 

cell (E-cell) and a microfluidic flow-through reactor (MF-Reactor). Both reactors are equipped 

with a mixed metal oxide anode (MMO-RuO2IrO2) produced by hybrid heating using 

microwaves. The MMO coating was deposited on a Ti plate for the E-cell (2-D electrode) and 

on a Ti foam for the MF-Reactor (3-D electrode). Results demonstrate that the MF-Reactor stands 

out to reduce two important factors in electrochemical oxidation, the ohmic resistance associated 

with the microfluidic concept and the mass transfer limitations associated with the flow-through 

configuration. Moreover, it allows operating at a lower effective current density because of its 

larger active anodic surface area. Photo-electrolysis results in faster removal of all antibiotics 

studied in the MF-Reactor and E-cell, compared to the single electrolysis, thereby highlighting 

the significance of UV light-mediated electrochemical oxidation processes. This work highlights 

that despite the large number of papers focused on the selection of suitable electrodes for the 

electrochemical treatment of different types of wastes, the choice of the electrochemical cell can 

be even more important than the selection of those electrode materials, and it demonstrates that 

even using the same coating as the anode, highly different outcomes can be reached. 
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through; electrochemical cell 



2 
 

1. Introduction 

Nowadays, contamination by micropollutants of reservoirs of water generates enormous 

concern since it may cause serious environmental problems for the aquatic ecosystem and human 

health [1]. The technologies applied in conventional wastewater treatment facilities are 

inappropriate to completely remove these compounds from urban or industrial wastewater. 

Hence, they are starting to be accumulated in the environment [2], so it has become a relevant 

research area in recent years. According to the WHO (World Health Organization), the presence 

of drugs that kill specific microorganisms (i.e., antibiotics, antiparasitic and antifungal) is one of 

the main concerns because they can promote the development of resistant bacteria [3,4]. 

Consequently, it is imperative to minimize their occurrence and, in turn, their later accumulation 

in the environment.  

For that purpose, the efficient treatment of hospital wastewater has emerged as a priority 

since they contain drugs in high concentrations (in order mg L–1) and represent an important 

source for the entrance of antibiotics into the environment [5,6]. Among hospital effluents, urine 

is considered one of the wastes with higher chemical and biological risk due to the variety of 

medicines and pathogens that it contains [7]. The treatment of hospital urine is a challenge, as it 

is an extremely complex matrix with a high concentration of different pharmaceuticals and their 

metabolites. In this topic, Advanced Oxidative Processes (AOP) have shown promising removal 

outcomes [8–13].  

Electrochemical oxidation is one of the most significant AOP since it can eliminate organic 

pollutants through the electro-generation of different radicals via direct and indirect anodic 

oxidation [14,15]. Several researchers are studying the influence of anodic material and the 

design of the cell/electrochemical reactor to optimize the process [16]. Among the anodes, MMO 

(mixed metal oxides) are plenty promising, as they have a low cost of synthesis and excellent 

electrocatalytic properties [17,18]. As reported in the literature [19,20], when MMO is used, two 
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processes will occur concurrently, the direct oxidation that occurs on the surface of this material 

(through adsorbed hydroxyl radicals) and oxidation mediated by electrogenerated oxidants 

(contained in the electrolyte), being fundamental to increase the efficiency of electrolysis [21].  

Commonly, the electrochemical processes are performed using a two-dimensional (2D) 

anode, which has some disadvantages, such as the limitation of mass transfer, the low area-

volume ratio, the increase in temperature during the process, and low current efficiency [22]. In 

order to overcome these drawbacks, some research proposes the use of three-dimensional (3D) 

electrodes. The direct oxidation of organic pollutants using 3D anodes is superior due to the 

larger contact surface and more active sites than 2D electrodes [23]. Evidently, to implement 

these 3D electrodes, a different mechanical design of the electrochemical cell is required, and 

recently, our group proposed a significantly efficient design in which the concepts of 

microfluidics and flow-through electrodes were properly merged [1–4,24] 

Given the above, this article studies the behavior of 2D, or 3D anodes (MMO-Ti/RuO2IrO2) 

synthesized employing a new heating technique using microwaves [17,25] in the electrolysis and 

photo-electrolysis of urine polluted with a mixture of antibiotics: Penicillin G (PENG), 

Meropenem (MEP) and Chloramphenicol (CLP). These electrodes are placed in different 

electrochemical cells: a conventional single-flow cell (E-cell) for the 2D electrode and a flow-

through microfluidic reactor (MF-Reactor) for the 3-D electrode. In the first, the urine flows over 

the surface of the electrode, while in the second, it percolates through it. Results obtained will 

help clarify the importance of choosing a suitable electrochemical cell and of appropriate 

electrodes for the selective oxidation of antibiotics into compounds without antibiotic effect (not 

complete mineralization) and the reduction of the impact of hospital wastewater on the 

environment.  

 
2. Experimental 

2.1 Chemicals 
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All compounds used to prepare synthetic urine (urea, creatinine, uric acid, potassium chloride, 

magnesium sulfate, calcium phosphate, sodium carbonate, and diammonium hydrogen 

phosphate) were of analytical grade. Penicillin G, meropenem, chloramphenicol, and the reagents 

used in the mobile phase of the chromatographic measurements (methanol, formic acid, acetone, 

2,6-pyridinedicarboxylic acid, and nitric acid) were purchased from Sigma Aldrich®. All 

chemicals used for analytical measurements were analytical grade and used as received. 

Ultrapure water (Millipore Milli-Q system, resistivity: 18.2 MΩ cm at 25 ° C) was used to prepare 

all solutions. 

 

2.2 Experimental set-up 

In this work, two e+xperimental configurations were used: a conventional one-chamber single-

flow electrochemical cell (later referred to as E-cell) and a microfluidic flow-through reactor 

(later referred to as MF-Reactor). Figure 1 shows the layout and details of both cells. Their 

mechanical details were also shown elsewhere [1–3,5,6,24]. In both configurations, an MMO-

Ti/RuO2IrO2 electrode prepared using microwave heating was used as an anode, a method 

previously proposed by Gonzaga and co-authors[17]. The mixture of metal oxides was deposited 

over a Ti plate (4.0 cm² of geometric area) for use in the E-cell. In the MF-Reactor, the support 

material was a porous titanium foam (supplied by American elements) with a geometrical area 

similar to that of the Ti plate. As a cathode, an AISI304 stainless steel mesh was used in both 

cases. In the MF-Reactor, the inter-electrode gap was 150 μm, trying to improve mass transport 

limitations.  

 



5 
 

 

Figure 1. Layout and details of the (a) MF-Reactor and (b) E-Cell where were used the 3-D and 

2-D Ti/RuO2IrO2 electrodes, respectively. 

 

For photoelectrolysis and photoelectrolysis in both configurations, a UVC lamp (λ = 254 

mm) was placed in the reservoir tank to irradiate 9 W directly in the electrolyte solution (Figure 

1). During electrolisys and photoelectrolysis the experiments were carried out on a galvanostatic 

mode at a current density of 30 mA cm–2. A total electrical charge of 6.4 Ah dm–3 was passed, 

which corresponds to 7.24 h or 8 h of operation in the MF-Reactor or E-Cell, respectively. 

Solutions were recirculated through the reactor using a Micropump® with a flow rate of 140 L h–

1. The volume of the solution was 120 mL.  

 

2.3 Physical and electrochemical characterization 
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The surface morphology of the microwave prepared MMO-Ti/RuO2IrO2 was visualized 

employing a field-emission scanning electron microscope (FE-SEM; Zeiss GeminiSEM 500). 

The cyclic voltammetry measurements were performed using an Autolab PGSTAT302 N 

(Metrohm) using a conventional three-electrode cell. The counter electrode was a stainless steel, 

the Ag/AgCl reference electrode, and a working electrode, which consisted of a microwave-

prepared plate or foam. The potential range of 0.0–1.2 V with a scan rate of 20 mV s–1. 

 

2.4 Analytical techniques 

The evolution of PENG was quantified by high-performance liquid chromatography (HPLC), 

with an Eclipse Plus C-18 column (4.6 mm x 100 mm) at 30 °C. A mixture of 50% methanol and 

50% acidified water (0.1% formic acid) was used as a mobile phase, flowing at 0.6 mL min–1. 

The injection volume was 20.0 µL, measured at a wavelength of 220 nm. The mobile phase at 

15% acetonitrile and 85% formic 0.1% was used to monitor the MEP concentration, with a flow 

rate of 0.2 mL min–1 and the injection volume was 20 μL. For the CLP, the mobile phase of 50% 

methanol/50% Milli-Q water was used with a flow rate of 0.6 mL min–1, with an injection volume 

of 20 μL and a wavelength of 270 nm DAD detection. Besides, the evolution of other organics 

contained in the urine composition was monitored using HPLC (uric acid), ion chromatography 

(creatinine), and colorimetric methods (urea) according to previously reported methodologies 

[7]. Finally, the total organic carbon (TOC) changes were measured using a TOC Multi N/C 3100 

Analytik Jena analyzer. 

 

2.5  Antibiotic activity assay 

In addition, the antibiotic activity of the treated samples was monitored using a μ-Trac® 4200 

(Sy-lab, Austria) that performs the counting of microorganisms. The tests were carried out with 

two types of bacteria, E. Coli and E. Faecalis, which were initially placed on agar plates and 
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incubated at 37 °C. Then, the urine matrix was contaminated with 106–107 CFU of E. Coli or E 

Faecalis; after contamination, a sample was measured to verify the initial concentration of 

microorganisms. The treated samples were measured at different concentrations (without 

dilution, 1:10, 1: 100, and 1: 1000) and kept under stirring and controlled temperatures (37 °C) 

for 3 h. Finally, the number of microorganisms was measured by the μ-Trac® 4200. 

 

2.6 Performance parameters 

The synergistic coefficient (%) was calculated [26] using Eq. (1), where k is the kinetic constant 

calculated for the different single and combined processes studied (electrolysis, photo-

electrolysis, and photolysis). 

 

Synergy coefficient  (%) =   x 100                                           (1) 

Electric energy per order (EEO) is an important figure of merit and is used to determine the 

electrical energy (kWh) needed to reduce the concentration of the pollutant by order of 

magnitude. It can be calculated from Eq. (2) for a batch operation [27] and Eq. (3) for flow-

through operation [28], where 38.4 × 10−4 is a conversion factor (1 h / 60 min / 0.4343) [28], Ecell 

(V) is the cell potential, I (A) the applied current, F is the flow (m3/h), and k is the kinetic constant 

(min–1). 

EEO =
𝟑𝟖.𝟒 𝐱  𝟏𝟎 𝟒 𝐄𝐜𝐞𝐥𝐥 𝐱 𝐈 𝐱 𝟏𝟎𝟎𝟎

𝐕𝐬 𝐱 𝐤
                                                                                                (2) 

EEO =
𝟑𝟖.𝟒 𝐱  𝟏𝟎 𝟒𝐱 𝐄𝐜𝐞𝐥𝐥 𝐱 𝐈 𝐱 𝟏𝟎𝟎𝟎

𝐅 𝐱 𝐤
                                                                                               (3) 

 

3. Results and discussion 

3.1 Characterization of the 2-D and 3-D electrodes 
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Figure 2 shows the physical and electrochemical characterization of the developed anodes. In 

order to obtain a more accurate and complete view of the surface characteristics of the 

synthesized materials, cyclic voltammetry (CV) was performed in the potential range of 0.2–1.2 

V. The voltammetric charge values were obtained from the integration of cyclic voltammograms, 

which are used as a relative measure of the electrochemically active area of the MMO.  

 

 

Figure 2.  Cyclic voltammetry curves obtained at a scan rate of 20 mV s−1 using the anodes (a) 

Ti foam and (c) Ti plate; scanning electron microscopy (SEM) images of anodes (b)Ti foam and 

(d) Ti plate. 

 

The voltammetric charge calculated, from Figure 2a, for the foam electrode is 3208 mC, 

being around 10-fold greater than that of the Ti plate electrode (Figure 2b) for the same geometric 

area tested. As it is known [27], the larger the electroactive area, the higher the number of active 
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sites, and consequently, the better the electrocatalytic activity. Thus, the anode with Ti foam as 

a substrate could display an enhanced electrocatalytic activity associated with its larger 

electrochemically active area. 

Figures 2b and 2d show the SEM images acquired for the anodes synthesized in this study. 

Both electrodes are covered by homogeneous thin films, with high adherence  since that  handling 

does not produce detachments of film. Likewise, we observe that the substrate structure of the Ti 

foam (Figure 2b) is highly porous and that the deposition of the oxides did not obstruct the pores, 

thereby giving an anode with a larger surface area. The Ti plate (Figure 2d) has a coating with a 

typical “cracked mud” morphology resulting from the different expansion rates during the 

calcination process. Similar results were found in several studies [17,18,29–31] focused on the 

synthesis of MMO anodes, where cracked mud aspect was also found in the electrode surface 

morphology. This outcome corroborates with the CV data, where the Ti foam has a greater 

voltammetric active area than the Ti plate. 

 

3.2 Degradation of antibiotics by electrolysis and photo-electrolysis 

Figure 3 shows the removal of PENG, MEP, and CLP achieved during photolysis, electrolysis, 

and photo-electrolysis in urine polluted with 50 mg L−1 of each antibiotic and treated in the MF-

Reactor and E-cell. The experiments were carried out in galvanostatic mode at 30 mA cm−2. The 

decay results were plotted as a function of the concentration of pharmaceuticals, and the reaction 

kinetics are plotted on a semi-logarithmic scale. 

For photolysis, regardless of the reactor configuration used, no decrease in antibiotic 

concentrations is observed, indicating that this single technology is unsuitable for removing 

antibiotics and consequently for their mineralization. Regarding electrolysis, good removal of 

antibiotics was achieved (at least 70%). Finally, in photo-electrolysis, the removals were more 

accentuated (82%–100%). However, a critical point is the configuration of the reactor. The MF-
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Reactor noticeably promotes faster and larger removal of target contaminants. The  key point for 

this behavior is that the Ti foam is three-dimensional, possessing pores that provide an enhanced 

contact surface than the Ti plate, and consequently, it has a pronounced electroactive area (see 

Fig. 2). This effect corroborates with the data obtained in the electrode CVs (Figure 2), 

confirming that the higher is the electroactive area, the higher is the electrocatalytic activity 

toward the removal of the pollutants. 

Besides, the MF-Reactor configuration allows exploring two fundamental points: the micro 

inter-electrode gap (which reduces the ohmic resistance of the system) and the percolation 

associated with the flow-through configuration (which increases the anode contact surface). 

Therefore, the greater electroactive area in contact with the polymedicated urine results in 

efficient degradation using the MF-Reactor. Similar results were found by Perez and 

collaborators [32] once compared a commercial cell flow with a microfluidic flow-through 

reactor in the electrochemical degradation of clopyralid. The energy needed to mineralize 100-

ppm clopyralid reduced 15-fold when used the flow-through reactor. This improvement was 

attributed to both a greater surface area and a 70% higher mass transfer coefficient. 
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Figure 3. Removal of antibiotics in synthetic urine using (a) Microfluidic flow-through reactor 

(c) Electrochemical cell and kinetics decay as a function of treatment time by different processes 

(b) Microfluidic flow-through reactor (d) Electrochemical cell. 

 

Figures 3b and 3d show the kinetics decays for the removal of the pharmaceuticals studied 

here. All cases adjust well to pseudo-first-order kinetics. The kinetic constants adjusted from 

experimental data are shown in Table 1. For photolysis, regardless of the reactor configuration 

used, there is only one behavior with extremely slow reaction speed, which justifies the low or 

negligible removal of the antibiotics. For electrolysis and photo-electrolysis, two behaviors with 

different tangents are distinguishable, indicating different antibiotic removal rates. This behavior 

has been previously reported in the literature, and it can indicate the coexistence of more complex 

processes (parallel reactions) and the competitive oxidation between the different organic 
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compounds contained in the urine [11]. It is observed that the first zone is the fastest, and 

consequently, the most efficient. The second zone has a slower rate, which probably corresponds 

to the competition for oxidants produced during the reaction between the antibiotics and their 

intermediates [33]. 

Furthermore, it is worth considering that, when using the MF-Reactor, the reaction rate is 

much faster (from 2–4 times) than when using the E-cell. This fact can be explained in terms of 

the configuration of the reactor and the anode used. The MF-Reactor has a configuration that 

allows the electrodes to have a microdistance [16]. This micro-gap decreases the ohmic resistance 

of the system and consequently increases mass transport [32]. In general, very small distances 

(in this case, micrometers) between the electrodes spontaneously enhance the mass transport of 

pollutants towards the electrode surfaces [34]. Additionally, since the 3-D anode allows the flow 

through it, the contact surface increases compared with the 2-D anode , in addition to decreasing 

the accumulation of gases within the interelectrodic range. The importance of this information is 

highlighted, since the ohmic resistance does not only depend on the gap between the electrodes, 

but also on the fluid dynamics within it [32]. Another relevant explanation for the increase in 

mass transport in the flow-through configuration is the local turbulence induced by the 3D 

electrode used in the MF-reactor [35]. 

Regardless of the system configuration, integrated photo-electrolysis removes antibiotics 

more efficiently than photolysis and electrolysis, indicating that mediated oxidation is important 

to increase the efficiency of the process. Mechanisms for understanding this improved efficiency 

have been previously studied [7]. The oxidants electrogenerated on anodes surfaces are 

transformed into highly oxidant radicals by UV irradiation, therefore extending the oxidation 

from the proximity of the surface of the electrodes to the bulk of the treated wastewater. 

Additionally, the combination of electrochemical and UV light processes generates synergism 

for removing the three antibiotics, affecting 3-fold more positively when using the MF-Reactor, 
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for all antibiotics (Table 1). The improvement of efficiency after adding UVC light can be 

justified by forming massive chlorine and hydroxyl radicals through homolytic reactions of ions 

present in the urine [36]. 
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Table 1: Kinetic constants observed for antibiotics decays and the synergistic coefficient on MF-Reactor and E-cell. 

Kinetic contants Synergistic coefficient (%) 

  
Meropenem Penicillin G Chloramphenicol MRP PenG CLP 

k1 R2 k 2 R2 k 1 R2 k 2 R2 k 1 R2 k 2 R² Z1 Z2 Z1 Z2 Z1 Z2 

M
F

-R
ea

ct
or

 Ph 
0.0001 1 – – 0.001 0.99   0.0001 1 – – 22 77 63 13 28 42 

EC 
0.59 1 0.13 0.99 0.61 0.98 0.23 0.99 0.25 0.99 0.19 0.99 

PhEC 
0.72 1 0.23 0.99 1.02 0.99 0.26 0.99 0.32 0.99 0.27 0.99 

E
-c

el
l  

Ph 
0.0001 1 – – 0.001 1 –  0.0001 1 – – 20 9 13 8 27 14 

EC 
0.15 0.99 0.14 0.98 0.31 0.98 0.11 0.96 0.15 0.98 0.12 0.99 

PhEC 
0.19 0.99 0.16 0.98 0.37 0.98 0.12 0.98 0.17 0.99 0.13 0.97 
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On the other hand, Figure 4 shows the removal of other organics contained in the urine 

composition (urea, creatinine, and uric acid) and TOC after passing 6.4 Ah dm–3 of electric charge 

with a current density of 30 mA cm–2. Note that these organics (urea, creatinine, and uric acid) 

remain in the solutions in highly relevant concentrations after treatment using all the 

configurations and processes tested here. It indicates that the competitive oxidation of antibiotics 

is favored [37–39] over creatine, urea, and acid uric. In light of these results, the use of MMO 

seems to be promising for selective treatments where electrochemical processes are used to 

reduce the concentration of dangerous pharmaceuticals (which occurred with a low current 

charge and, consequently, lower operating cost) [33]. 
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Figure 4. Removal of TOC, uric acid, urea, and creatinine during the electrolysis and 

photoelectrolysis of PENG, MRP, and CLP solutions in urine media. The electric charge passed 

was 6.4 Ah dm–3 at 30 mA cm–2. TOC0: 800 mg L–1 
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When using the E-cell, TOC removals of 17% and 25% are achieved by electrolysis and 

photo-electrolysis, respectively. Whereas by using MF-Reactor, removals of 20 and 30% are 

achieved by applying electrolysis and photo-electrolysis, respectively.  

In addition, another essential point to be highlighted is the micro-gap between the 

electrodes, which reduces the ohmic resistance observed in the MF-Reactor, which can reduce 

operating costs [40,41]. Besides, the use of UVC light favors the activation of oxidants in the 

bulk solution, transforming them into radical species [42–44]. 

However, it is worthwhile to consider that monitoring only the decay of compounds and 

TOC is not enough to assess the risk of accumulation of antibiotics in the environment because 

intermediates formed during the oxidation may have antibiotic behavior. Because of that, in this 

work, the antibiotic resistance of treated and untreated polymedicated urine solutions was 

assessed by exposure to two types of bacteria, a gram-positive (Enterococcus Faecalis) and a 

gram-negative (Escherichia Coli) [45]. Particularly, E. Faecalis bacteria are intrinsically 

resistant to many commonly used antimicrobial agents but exhibit sensitivity to penicillin, 

whereas E. Coli has a high sensitivity to chloramphenicol and meropenem. Therefore, the 

information acquired from both microbiological tests can be a valuable indicator of the antibiotic 

effect of urine after treatments. Figure 5 shows the results obtained for these antibiotic resistance 

tests, in which each sample was measured in four dilutions (without dilution, 1:10, 1:100, and 

1:1000) [46]. When the urine still contains an antibiotic effect, a CFU decrease should be 

observed, which indicates the high ecotoxicity risk of the urine sample. The antibiotic effect of 

the treated urine is still high after electrolysis due to the presence of antibiotics (regardless of the 

bacteria or anode used) that still deactivates the bacteria (from 107 to 105 CFU mL–1). Conversely, 

the population of E. Faecalis and E. Coli is practically unaffected when the urine is treated by 

photo-electrolysis (the bacterial population remains around 107 CFU mL–1) for MF-Reactor. 
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Therefore, this result indicates a low risk of ecotoxicity for this sample; thereby, its release into 

the environment can occur without adverse impacts. 
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Figure 5. Antibiotic effect (bars) in terms of E. Faecalis (a) and E. Coli (b) survival measured 

after the electrolysis and photo-electrolysis of PENG (●), MRP (●), and CLP (●) in urine 

mediaThe electric charge passed was 6.4 Ah dm–3. 
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As another critical operational characteristic, the electrical energy to reduce the concentration 

of antibiotics by one order of magnitude (EEO) was calculated for Ecell (Figure 6a) and MF-

Reactor (Figure 6b). The EEO is lower (~1.5 times) when PhEC is used, irrespective of the 

configuration used. However, when comparing the E-cell and MF-Reactor, it is clear that the 

electrical consumption to oxidize pollutants is about 3 times lower in the MF-Reactor. This 

behavior can be attributed to the primary factors: the 3D morphology of the anode (largest active 

area) and the improved mass transport and decreased ohmic resistance associated with the 

innovative reactor design (micro distance between the anode and cathode). 
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Figure 6.  Electrical energy by one order of magnitude consumed to reduce the concentration of 

PEN G, MRP, and CLP. (a) Data for the E-cell and (b) data for the MF-Reactor. 

 

The results obtained in this study were compared with previous research in the literature 

in which the degradation of antibiotics in the urine matrix using AOP was evaluated. Comparing 

these different studies is a complex task since the research uses different experimental conditions 
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tested, such as the antibiotics under study, the electrode material used, the reaction time, and the 

current density. 

Table 2 gives an overview of both the experimental conditions and the main results found. 

All works listed use electrochemical oxidation (EO) to degenerate one or more antibiotics in a 

highly complex matrix, urine. Antonin et al. [47] the degradation of 100 mL of 0.245 mM of the 

antibiotic ciprofloxacin in urine matrix using a DDB or Pt anode. The EO process with DDB was 

considered the most efficient treatment, obtained the removal of ciprofloxacin and 98% of 

mineralization after 6 h of electrolysis.  

Similar results were reported by Herraiz-Carboné et al. [24] during electrolysis of urine 

solutions containing chloramphenicol: the antibiotic is removed after 6 h of treatment at 1.25 mA 

cm–2. Besides, there was a 74% decrease in toxicity and a 60% increase in biodegradability after 

treatment. These results are in agreement with those obtained during the electrolysis or 

photoelectrolysis of MRP, CLP, and PENG. However, the system configuration appears to be a 

key parameter in removing antibiotics (major kinetics and removal) and in the removal of 

antibiotic resistance (as shown in Figs. 3 and 5). Thus, the results of our study once more confirm 

the excellent performance of the MF-Reactor configuration and the efficiency of the 3D anode 

for treating hospital wastewater. 

 

Table 2. Comparison of the performance antibiotics degradations in urine matrix 

Antibiotics AOP Parameters Results Reference 

Ciprofloxacin EO t = 6 h 
j = 66 mA cm–2 
C0 = 0.245 mM 
Anode = DDB or Pt 
 

96% ciprofloxacin removal and 
98% mineralization after 6 h  

[47] 

Tetracycline EO t = 3 h 
j = 10–40 mA cm–2 
C0 = 200 mg L–1 
Anode= 
Ti/Ru0.3Ti0.7O2 

 

50% tetracycline removal [39] 
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Cephalexin EO t = 2 h 
j = 6 mA cm–2 
C0 = 0.86 mM 
Anode: Ti/RuIr 

80% Cephalexin removal and 
56% activity antibiotic removal  

[8] 

Norfloxacin EO t = 3 h 
j = 6.53 mA cm–2 
C0 = 125 μM 
Anode: Ti/IrO2 

 

60% Norflaxacin removal and 
more than 6 h for complete 
removal of antibiotic activity   

[9] 

Cefazolin EO t = 8 h 
j = 0.5 mA cm–2 
C0 = 100 μM 
Anode: Pt 

60% Cefazolin removal [48] 

chloramphenicol EO j = 1.25–5 mA cm–2 
C0 = 100 mg L–1 
Anode: DDB or RuO2 

 

100% chloramphenicol removal 
and 60% increase in 
biodegradability 

[24] 

Ibuprofen and 
Cloxacillin 

EO j = 100 or 1000 A m–2 
C0 = 10 mg L–1 
Anode: DDB 

100% antibiotic removal [11] 

Meropenem,  
chloramphenicol 
and Penicillin G 

EO; 
PhEC 

t =7.24 h 
j = 30 mA cm–2 
C0 = 50 mg L–1 
Anode: Foam or plate 
(Ti/RuO2IrO2) 

~100% antibiotic removal and 
complete removal of antibiotic 
activity 

This work 

  

4. Conclusions 

Based on the results obtained from this research, the following conclusions are drawn: 

- Simple photolysis is inefficient in removing the antibiotics studied here, regardless of the 

configuration used. However, valuable-positive synergisms are obtained by irradiating 

UVC light to electrochemical processes, which are explained in terms of the activation of 

electrogenerated oxidants in solution. 

- MMO-RuO2IrO2 electrodes, produced in this work by a novel microwave heating 

technique, have demonstrated outstanding features for the treatment of pollutants contained 

in urine. 

- The reactor design is of extreme significance for the treatment process efficiency. The cell 

equipped with the 3D anode proved to be extremely efficient in removing antibiotics. This 

behavior was directly related to the greater electroactive area of the anode and the flow-
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through configuration of the reactor, which increased the contact area and improved the 

mass transport, consequently favoring the degradation of organic compounds.  

-The lower interelectrode gap is also a great advantage obtained with the use of 3-D 

electrodes that leads to cheaper treatment processes. The MF-Reactor can degrade 

antibiotics more quickly and consume lower energy. 

- The photo-electrolysis with MMO is one of the best technologies to decrease the 

ecotoxicity risk of hospital urine wastes polluted with PENG, CLP, and MRP. 

 

Acknowledgments 

Financial support from Junta de Comunidades de Castilla-La Mancha (JCCM), European Union 

(European Regional Development Fund), and the Ministry of Science and Innovation through 

the projects SBPLY/17/180501/000396 and PID2019-110904RB-I00 are gratefully 

acknowledged. The Spanish Ministry of Economy, Industry, and Competitiveness and the 

European Union (project EQC2018-004469-P) are also gratefully acknowledged. Brazilian 

agencies CNPq (304419/2015-0, 305438/2018-2, and 311856/2019-5), CAPES 

(88882.365553/2018-01 and 88881.190029/2018-01), and FAPITEC/SE are also gratefully 

acknowledged. 

 

References 

[1] D.P. Mohapatra, S.K. Brar, R.D. Tyagi, P. Picard, R.Y. Surampalli, Analysis and 

advanced oxidation treatment of a persistent pharmaceutical compound in wastewater and 

wastewater sludge-carbamazepine, Sci. Total Environ. (2014). 

doi:10.1016/j.scitotenv.2013.09.034. 

[2] J.F. Pérez, J. Llanos, C. Sáez, C. López, P. Cañizares, M.A. Rodrigo, Treatment of real 

effluents from the pharmaceutical industry: A comparison between Fenton oxidation and 

conductive-diamond electro-oxidation, J. Environ. Manage. 195 (2017) 216–223. 

doi:10.1016/j.jenvman.2016.08.009. 



22 
 

[3] J.J. Huang, H.Y. Hu, S.Q. Lu, Y. Li, F. Tang, Y. Lu, B. Wei, Monitoring and evaluation 

of antibiotic-resistant bacteria at a municipal wastewater treatment plant in China, 

Environ. Int. (2012). doi:10.1016/j.envint.2011.03.001. 

[4] M. Harnisz, Total resistance of native bacteria as an indicator of changes in the water 

environment, Environ. Pollut. (2013). doi:10.1016/j.envpol.2012.11.005. 

[5] S. Cotillas, M.J.M. De Vidales, J. Llanos, C. Sáez, P. Ca, M.A. Rodrigo, Electrolytic and 

electro-irradiated processes with diamond anodes for the oxidation of persistent pollutants 

and disinfection of urban treated wastewater, J. Hazard. Mater. 319 (2016) 93–101. 

doi:10.1016/j.jhazmat.2016.01.050. 

[6] P. Verlicchi, M. Al Aukidy, E. Zambello, What have we learned from worldwide 

experiences on the management and treatment of hospital effluent? - An overview and a 

discussion on perspectives, Sci. Total Environ. 514 (2015) 467–491. 

doi:10.1016/j.scitotenv.2015.02.020. 

[7] I.M.D. Gonzaga, A. Moratalla, K.I.B. Eguiluz, G.R. Salazar-Banda, P. Cañizares, M.A. 

Rodrigo, C. Saez, Influence of the doping level of boron-doped diamond anodes on the 

removal of penicillin G from urine matrixes, Sci. Total Environ. (2020). 

doi:10.1016/j.scitotenv.2020.139536. 

[8] L.A. Perea, R.E. Palma-goyes, J. Vazquez-arenas, I. Romero-ibarra, C. Ostos, R.A. 

Torres-palma, Science of the Total Environment Ef fi cient cephalexin degradation using 

active chlorine produced on ruthenium and iridium oxide anodes : Role of bath 

composition , analysis of degradation pathways and degradation extent, Sci. Total 

Environ. 648 (2019) 377–387. doi:10.1016/j.scitotenv.2018.08.148. 

[9] S.D. Jojoa-Sierra, J. Silva-Agredo, E. Herrera-Calderon, R.A. Torres-Palma, Elimination 

of the antibiotic norfloxacin in municipal wastewater, urine and seawater by 

electrochemical oxidation on IrO2 anodes, Sci. Total Environ. 575 (2017) 1228–1238. 

doi:10.1016/j.scitotenv.2016.09.201. 

[10] S. Giannakis, B. Androulaki, C. Comninellis, C. Pulgarin, Wastewater and urine treatment 

by UVC-based advanced oxidation processes: Implications from the interactions of 

bacteria, viruses, and chemical contaminants, Chem. Eng. J. 343 (2018) 270–282. 

doi:10.1016/j.cej.2018.03.019. 

[11] S. Cotillas, E. Lacasa, C. Sáez, P. Cañizares, M.A. Rodrigo, Removal of pharmaceuticals 

from the urine of polymedicated patients: A first approach, Chem. Eng. J. 331 (2018) 606–

614. doi:10.1016/j.cej.2017.09.037. 

[12] S. Dbira, N. Bensalah, A. Bedoui, P. Cañizares, M.A. Rodrigo, Treatment of synthetic 



23 
 

urine by electrochemical oxidation using conductive-diamond anodes, Environ. Sci. 

Pollut. Res. 22 (2015) 6176–6184. doi:10.1007/s11356-014-3831-6. 

[13] S. Dbira, N. Bensalah, M.I. Ahmad, A. Bedoui, Electrochemical oxidation/disinfection of 

urine wastewaters with different anode materials, Materials (Basel). 12 (2019). 

doi:10.3390/ma12081254. 

[14] M.A. Oturan, J.J. Aaron, Advanced oxidation processes in water/wastewater treatment: 

Principles and applications. A review, Crit. Rev. Environ. Sci. Technol. (2014). 

doi:10.1080/10643389.2013.829765. 

[15] I. Sirés, E. Brillas, M.A. Oturan, M.A. Rodrigo, M. Panizza, Electrochemical advanced 

oxidation processes: Today and tomorrow. A review, Environ. Sci. Pollut. Res. 21 (2014) 

8336–8367. doi:10.1007/s11356-014-2783-1. 

[16] G. de O.S. Santos, I.M.D. Gonzaga, A.R. Dória, A. Moratalla, R.S. da Silva, K.I.B. 

Eguiluz, G.R. Salazar-Banda, C. Saez, M.A. Rodrigo, Testing and scaling-up of a novel 

Ti/Ru0.7Ti0.3O2 mesh anode in a microfluidic flow-through reactor, Chem. Eng. J. 398 

(2020). doi:10.1016/j.cej.2020.125568. 

[17] I.M.D. Gonzaga, A.R. Dória, V.M. Vasconcelos, F.M. Souza, M.C. dos Santos, P. 

Hammer, M.A. Rodrigo, K.I.B. Eguiluz, G.R. Salazar-Banda, Microwave synthesis of 

Ti/(RuO2)0.5(IrO2)0.5 anodes: Improved electrochemical properties and stability, J. 

Electroanal. Chem. 874 (2020) 114460. doi:10.1016/j.jelechem.2020.114460. 

[18] A.R. Dória, R.S. Silva, P.H. Oliveira Júnior, E.A. dos Santos, S. Mattedi, P. Hammer, 

G.R. Salazar-Banda, K.I.B. Eguiluz, Influence of the RuO2 layer thickness on the physical 

and electrochemical properties of anodes synthesized by the ionic liquid method, 

Electrochim. Acta. (2020). doi:10.1016/j.electacta.2020.136625. 

[19] C.A. Martínez-Huitle, M. Panizza, Electrochemical oxidation of organic pollutants for 

wastewater treatment, Curr. Opin. Electrochem. 11 (2018) 62–71. 

doi:10.1016/j.coelec.2018.07.010. 

[20] M. Panizza, G. Cerisola, Direct And Mediated Anodic Oxidation of Organic Pollutants, 

Chem. Rev. 109 (2009) 6541–6569. doi:10.1021/cr9001319. 

[21] H. Pourzamani, N. Mengelizadeh, Y. Hajizadeh, H. Mohammadi, Electrochemical 

degradation of diclofenac using three-dimensional electrode reactor with multi-walled 

carbon nanotubes, Environ. Sci. Pollut. Res. (2018). doi:10.1007/s11356-018-2527-8. 

[22] C. Zhang, Y. Jiang, Y. Li, Z. Hu, L. Zhou, M. Zhou, Three-dimensional electrochemical 

process for wastewater treatment: A general review, Chem. Eng. J. (2013). 

doi:10.1016/j.cej.2013.05.033. 



24 
 

[23] A. Dargahi, D. Nematollahi, G. Asgari, R. Shokoohi, A. Ansari, M.R. Samarghandi, 

Electrodegradation of 2,4-dichlorophenoxyacetic acid herbicide from aqueous solution 

using three-dimensional electrode reactor with G/β-PbO2 anode: Taguchi optimization 

and degradation mechanism determination, RSC Adv. (2018). doi:10.1039/c8ra08471h. 

[24] M. Herraiz-Carboné, S. Cotillas, E. Lacasa, Á. Moratalla, P. Cañizares, M.A. Rodrigo, C. 

Sáez, Improving the biodegradability of hospital urines polluted with chloramphenicol by 

the application of electrochemical oxidation, Sci. Total Environ. (2020). 

doi:10.1016/j.scitotenv.2020.138430. 

[25] I.M.D. Gonzaga, A. Moratalla, K.I.B. Eguiluz, G.R. Salazar-Banda, P. Cañizares, M.A. 

Rodrigo, C. Saez, Outstanding performance of the microwave-made MMO-Ti/RuO2IrO2 

anode on the removal of antimicrobial activity of Penicillin G by photoelectrolysis, Chem. 

Eng. J. (2021). doi:10.1016/j.cej.2021.129999. 

[26] S. Cotillas, E. Lacasa, C. Sáez, P. Cañizares, M.A. Rodrigo, Electrolytic and electro-

irradiated technologies for the removal of chloramphenicol in synthetic urine with 

diamond anodes, Water Res. 128 (2018) 383–392. doi:10.1016/j.watres.2017.10.072. 

[27] A.R. Dória, G.O.S. Santos, M.M.S. Pelegrinelli, D.C. Silva, D.B. De Matos, E.B. 

Cavalcanti, R.S. Silva, G.R. Salazar-banda, K.I.B. Eguiluz, Improved 4-nitrophenol 

removal at Ti / RuO 2 – Sb 2 O 4 – TiO 2 laser-made anodes, (2020). 

[28] J.R. Bolton, K.G. Bircher, W. Tumas, C.A. Tolman, Figures-of-merit for the technical 

development and application of advanced oxidation technologies for both electric- and 

solar-driven systems, Pure Appl. Chem. (2001). doi:10.1351/pac200173040627. 

[29] C.W. dos Anjos Bezerra, G. de Oliveira Santiago Santos, M. Moura de Salles Pupo, M. de 

Andrade Gomes, R. Santos da Silva, K.I. Barrios Eguiluz, G.R. Salazar-Banda, Novel eco-

friendly method to prepare Ti/RuO2–IrO2 anodes by using polyvinyl alcohol as the 

solvent, J. Electroanal. Chem. 859 (2020) 113822. doi:10.1016/j.jelechem.2020.113822. 

[30] T.É.S. Santos, R.S. Silva, K.I.B. Eguiluz, G.R. Salazar-Banda, Development of 

Ti/(RuO2)0.8(MO2)0.2 (M=Ce, Sn or Ir) anodes for atrazine electro-oxidation. Influence 

of the synthesis method, Mater. Lett. 146 (2015) 4–8. doi:10.1016/j.matlet.2015.01.145. 

[31] T.É.S. Santos, R.S. Silva, C.T. Meneses, C.A. Martínez-Huitle, K.I.B. Eguiluz, G.R. 

Salazar-Banda, Unexpected Enhancement of Electrocatalytic Nature of Ti/(RuO2)x-

(Sb2O5)yAnodes Prepared by the Ionic Liquid-Thermal Decomposition Method, Ind. 

Eng. Chem. Res. 55 (2016) 3182–3187. doi:10.1021/acs.iecr.5b04690. 

[32] J.F. Pérez, J. Llanos, C. Sáez, C. López, P. Cañizares, M.A. Rodrigo, Development of an 

innovative approach for low-impact wastewater treatment: A microfluidic flow-through 



25 
 

electrochemical reactor, Chem. Eng. J. (2018). doi:10.1016/j.cej.2018.06.150. 

[33] S. Cotillas, E. Lacasa, M. Herraiz, C. Sáez, P. Cañizares, M.A. Rodrigo, The Role of the 

Anode Material in Selective Penicillin G Oxidation in Urine, ChemElectroChem. 6 (2019) 

1376–1384. doi:10.1002/celc.201801747. 

[34] O. Scialdone, C. Guarisco, A. Galia, G. Filardo, G. Silvestri, C. Amatore, C. Sella, L. 

Thouin, Anodic abatement of organic pollutants in water in micro reactors, J. Electroanal. 

Chem. (2010). doi:10.1016/j.jelechem.2009.10.031. 

[35] D. Pletcher, Z.Q. Tian, D.E. Williams, Developments in Electrochemistry: Science 

Inspired by Martin Fleischmann, 2014. doi:10.1002/9781118694404. 

[36] G. Hurwitz, P. Pornwongthong, S. Mahendra, E.M.V. Hoek, Degradation of phenol by 

synergistic chlorine-enhanced photo-assisted electrochemical oxidation, Chem. Eng. J. 

(2014). doi:10.1016/j.cej.2013.11.087. 

[37] S. Dbira, N. Bensalah, P. Cañizares, M.A. Rodrigo, A. Bedoui, The electrolytic treatment 

of synthetic urine using DSA electrodes, J. Electroanal. Chem. 744 (2015) 62–68. 

doi:10.1016/j.jelechem.2015.02.026. 

[38] R. Zhang, Y. Yang, C.H. Huang, L. Zhao, P. Sun, Kinetics and modeling of sulfonamide 

antibiotic degradation in wastewater and human urine by UV/H 2 O 2 and UV/PDS, Water 

Res. (2016). doi:10.1016/j.watres.2016.07.037. 

[39] K.N. Parra, S. Gul, J.M. Aquino, D.W. Miwa, A.J. Motheo, Electrochemical degradation 

of tetracycline in artificial urine medium, J. Solid State Electrochem. 20 (2016) 1001–

1009. doi:10.1007/s10008-015-2833-8. 

[40] A.L. Giraldo, E.D. Erazo-Erazo, O.A. Flórez-Acosta, E.A. Serna-Galvis, R.A. Torres-

Palma, Degradation of the antibiotic oxacillin in water by anodic oxidation with Ti/IrO2 

anodes: Evaluation of degradation routes, organic by-products and effects of water matrix 

components, Chem. Eng. J. 279 (2015) 103–114. doi:10.1016/j.cej.2015.04.140. 

[41] Y. Jiao, L. Ma, Y. Tian, M. Zhou, A flow-through electro-Fenton process using modified 

activated carbon fiber cathode for orange II removal, Chemosphere. 252 (2020) 126483. 

doi:10.1016/j.chemosphere.2020.126483. 

[42] I. Sánchez-Montes, J.F. Pérez, C. Sáez, M.A. Rodrigo, P. Cañizares, J.M. Aquino, 

Assessing the performance of electrochemical oxidation using DSA® and BDD anodes in 

the presence of UVC light, Chemosphere. 238 (2020). 

doi:10.1016/j.chemosphere.2019.124575. 

[43] G.O.S. Santos, K.I.B. Eguiluz, G.R. Salazar-Banda, C. Saez, M.A. Rodrigo, 

Photoelectrolysis of clopyralid wastes with a novel laser-prepared MMO-RuO2TiO2 



26 
 

anode, Chemosphere. 244 (2020). doi:10.1016/j.chemosphere.2019.125455. 

[44] E. Guinea, J.A. Garrido, R.M. Rodríguez, P.L. Cabot, C. Arias, F. Centellas, E. Brillas, 

Degradation of the fluoroquinolone enrofloxacin by electrochemical advanced oxidation 

processes based on hydrogen peroxide electrogeneration, Electrochim. Acta. 55 (2010) 

2101–2115. doi:10.1016/j.electacta.2009.11.040. 

[45] M. Cycoń, A. Mrozik, Z. Piotrowska-Seget, Antibiotics in the soil environment—

degradation and their impact on microbial activity and diversity, Front. Microbiol. 10 

(2019). doi:10.3389/fmicb.2019.00338. 

[46] I.M.D. Gonzaga, A. Moratalla, K.I.B. Eguiluz, G.R. Salazar-Banda, P. Cañizares, M.A. 

Rodrigo, C. Saez, Novel Ti/RuO2IrO2 anode to reduce the dangerousness of antibiotic 

polluted urines by Fenton-based processes, Chemosphere. 270 (2021). 

doi:10.1016/j.chemosphere.2020.129344. 

[47] V.S. Antonin, M.C. Santos, S. Garcia-Segura, E. Brillas, Electrochemical incineration of 

the antibiotic ciprofloxacin in sulfate medium and synthetic urine matrix, Water Res. 83 

(2015) 31–41. doi:10.1016/j.watres.2015.05.066. 

[48] F. Sordello, D. Fabbri, L. Rapa, C. Minero, M. Minella, D. Vione, Electrochemical 

abatement of cefazolin: Towards a viable treatment for antibiotic-containing urine, J. 

Clean. Prod. (2021). doi:10.1016/j.jclepro.2020.125722. 

 


