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Abstract – The occurrence of pharmaceutical substances in wastewater represents a significant environmental issue, highlighting the 

urgent need for their degradation to safeguard ecological integrity. This study investigates the electrochemical advanced oxidation 

process (EAOP) for the degradation of ciprofloxacin (CIP), utilizing a lead dioxide-coated graphite (C/PbO2) anode. The anode was 

produced by applying a lead dioxide layer onto an inert graphite electrode. Under conditions of a current density of 30 mA cm-2, a pH 

of 3 (±0.5), and an electrode spacing of 2 cm, the degradation of CIP, initially at a concentration of 1 mg L-1, reached 98% within 30 

minutes. The degradation process followed a pseudo-first-order kinetic model. The predominant mechanism for degradation was 

identified as the action of hydroxyl radicals, confirmed by radical quenching tests using t-butanol. Additionally, a total organic carbon 

(TOC) removal rate of 85% demonstrated that CIP was not only converted into byproducts but also effectively mineralized. Toxicity 

assessments conducted on the reaction intermediates and byproducts against E. coli revealed lower toxicity levels compared to the 

original CIP influent. 
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1. Introduction 
As medicines were evolving day by day and increasing depending upon the treatment technologies, the misuse and 

overuse of these antibiotics have emerged as a global concern. The residual antibiotic concentration from human excretion 

was mixed up with water bodies, subsequently developing antimicrobial resistance (AMR) [1]. Study on the presence of 

antibiotics in surface water, wastewater, groundwater, and even drinking water was started in the 1970s. Since then, various 

studies have been carried out in different countries, including Canada [2], USA [3], and China [4]. Recently, in India, some 

reports have indicated the presence of different antibiotics in hospitals and municipal wastewater. These results have been 

reported from Patancheru, Ujjain, and Delhi regions [5], [6]. A report by Mutiyar and Mittal (2014) reflects the high 

concentrations of 21 antibiotic compounds, which were more than 1 µg L-1. Whereas for 11 compounds, the concentration 

was above 100 µg L-1. This was the highest reported concentration of antibiotics in any wastewater. The concentration of 

ciprofloxacin, centizine, enrofloxacin, norfloxacin, lomefloxacin, and enoxacin was 28000-31000, 1300-1400, 780-900, 

390-420, 150- 300, 150-300 µg L-1 respectively [7].  

Ciprofloxacin (1-cyclopropyl-6–fluoro-1,4–dihydro–4–oxo–7-(1-piperazinyl)–3-quinoline carboxylic acid) (CIP), is 

one of the antibiotics of quinolone group which was used in a wide spectrum throughout the world for generally bacterial 

infections has been selected as a target material for degradation in this study. It belongs to the fluoroquinolone groups of 

antibiotics, and the chemical structure is shown in Fig. 1 [8]. The conventional treatment processes used in wastewater 

treatment plants [9], [10], [11] were not favorable enough for separating the antibiotics from the wastewater matrix. One of 

the most efficient processes for the degradation of emerging contaminants is the advanced oxidation process (AOP) due to 

the generation of hydroxyl radicals (OH•), which has a standard oxidation-reduction potential of 2.8 V, which is only lower 

than that of fluorine (Eo = 3V vs. SHE) [12]. The high reactivity of OH• towards the organic contaminant and the ability to 

mineralize the cyclic and long-chain organics to simple end products made it one of the most advantageous oxidizing agents 

for the degradation of persistent organic pollutants. Unlike various AOPs such as ozone-based processes [13], photolysis, 

photocatalysis processes [14], and Fenton reaction-based processes [15], electrochemical advanced oxidation processes 

(EAOPs) have received growing attention due to their high-energy efficiency, low chemical consumption, and versatility 

[16]. Here, OH• is generated by applying an external current over the water matrix [17].  
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The primary limitations associated with this specific technology encompass both operational expenses and the 

requirements for electrical supply. Additionally, there is a potential for the generation of byproducts that may exhibit 

greater bio-recalcitrance and/or toxicity compared to the original pollutants [18]. The efficacy of the electrodes is 

compromised by a decline in their activity and a reduction in lifespan due to fouling, which involves the accumulation 

of organic materials on their surfaces [19]. A variety of electrodes, distinguished by their diverse types and material 

properties, including BDD, SnO2, IrO2, PbO2, have been employed to date [20], [21], [22]. Lead dioxide electrodes can 

be used as non-reactive anodes, which can efficiently degrade pharmaceuticals and other emerging pollutants from the 

water using EAOP [23]. It was also observed that the EAOP is mostly a surface phenomenon where the main governing 

criterion is the surface area. To mitigate lead consumption, a graphite substrate lead dioxide electrode (GSLD) has been 

developed, demonstrating significant mechanical strength and favorable conductivity.[24]. 

 

 
 

Fig. 1: Chemical structure of CIP 

 

A significant number of studies have been conducted on the removal of antibiotics through EAOP utilizing lead 

dioxide anodes. These studies have primarily concentrated on optimizing reaction conditions, elucidating oxidation 

kinetics, and evaluating overall process efficiency. However, the formation of byproducts and their toxicity assessment 

are vital considerations within the framework of environmental water matrices. Consequently, thorough research into 

these byproducts and their toxicological implications is essential for environmental protection.  

The current investigation aims to analyze the efficiency, reaction kinetics, and degradation mechanisms of CIP 

through the EAOP method employing a lead dioxide-coated graphite (C/PbO2) anode. Additionally, this study seeks to 

evaluate the mineralization efficiency and the residual toxicity of the treated wastewater. 

 

2. Materials and methods 
2.1. Chemicals and reagents 

Pure CIP powder was obtained from Alfa Aesar (Haverhill, Massachusetts, United States). A stock solution of CIP 

having a strength of 100 mg L-1 was prepared in deionized water and stored in a round-bottom volumetric flask of 1000 

mL at room temperature. Pure HPLC-grade solvents like acetonitrile, water, and acetic acid were brought from Thermo 

Fisher Scientific (Waltham, Massachusetts, United States). Analytical grade lead nitrate was brought from Qualigens.   

Copper nitrate, anhydrous sodium hydroxide pellets, anhydrous sodium sulfate, and sodium chloride were obtained 

from Spectrochem. For dilution and sample preparation, deionized water was used. 

 

2.2. Analytical methods 
CIP was analytically detected using HPLC (high-performance liquid chromatography) coupled with a diode array 

detector (DAD) (model: Dionex Ultimate 3000, Thermo Fisher Scientific). In the case of wastewater samples, it was 

first filtered through a 13 mm nylon syringe filter having a pore size of 0.2 µm and then separated and quantified in the 

HPLC column. The analyte was separated on an acclaim C18 column (4.6 mm × 150 mm; 3µm pore size). An isocratic 

mobile phase containing acetonitrile and 2% acetic acid (25:75 v/v) was used. The flow rate was maintained at 750 µL 

min-1. The peak was detected at 280 nm UV wavelength at 4.5 minutes. The injection volume was set to 50 µL. The 

limit of detection (LOD) of the sample was found to be 10.5 µg L-1. 

https://www.google.com/search?rlz=1C1UEAD_enIN990IN990&sxsrf=APwXEddcJwvzmJbsaMOoPhRARVoBngOdRQ%3A1680454806773&q=Haverhill%2C%2BMassachusetts&si=AMnBZoFk_ppfOKgdccwTD_PVhdkg37dbl-p8zEtOPijkCaIHMm6YNpap1LlhzFZ31T62_wrPItHNFNwa-qcpnTqHYl5TsaV0OOKKe170-oevBDIolXnmomPuk_ioxf1VkdYqi9eLTJwyni3h0Y7SEPp82VB83QLA0NFqcKVYZrYdadjogvrnV0QJJCsZ1SnBRvdhs4AoyvOSxC33UlWiXp1fZO2NaHBhKw%3D%3D&sa=X&ved=2ahUKEwiEjsb-1Yv-AhXb0mEKHSrsA6MQmxMoAXoECF8QAw
https://www.google.com/search?sa=X&rlz=1C1UEAD_enIN990IN990&biw=1536&bih=746&sxsrf=APwXEdfXnnVO9am-OJCrBHQ5hdhocS4IQg%3A1680455265861&q=Waltham&si=AMnBZoFk_ppfOKgdccwTD_PVhdkg37dbl-p8zEtOPijkCaIHMjrOwoPM9hDMB6S9ndin1hg2iYOJftIs7F6s0tPrPWnJTgovlvP3udfl4XdpoUGNfPibUsxRXeFr5YGotjlk0p0WomBIajLjZgsUEnBkXdgyO2RVHqeYSYI0CYYes-8i_IzJF49C37H4HEV9gULkJTSO68Jh&ved=2ahUKEwjK0LrZ14v-AhXo_mEKHfAUAaEQmxMoAXoECF0QAw
https://www.google.com/search?sa=X&rlz=1C1UEAD_enIN990IN990&biw=1536&bih=746&sxsrf=APwXEdfXnnVO9am-OJCrBHQ5hdhocS4IQg%3A1680455265861&q=Waltham&si=AMnBZoFk_ppfOKgdccwTD_PVhdkg37dbl-p8zEtOPijkCaIHMjrOwoPM9hDMB6S9ndin1hg2iYOJftIs7F6s0tPrPWnJTgovlvP3udfl4XdpoUGNfPibUsxRXeFr5YGotjlk0p0WomBIajLjZgsUEnBkXdgyO2RVHqeYSYI0CYYes-8i_IzJF49C37H4HEV9gULkJTSO68Jh&ved=2ahUKEwjK0LrZ14v-AhXo_mEKHfAUAaEQmxMoAXoECF0QAw
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2.3. Degradation of CIP by EAOP in batch mode 

The EAOP was carried out inside a complete mixed batch reactor (Fig. 2) with an effective volume of 250 ml. 

Continuous mixing was done at 500 rpm using a magnetic stirrer. Cylindrical shaped (10 mm Ø) C/PbO2 electrode was used 

used as an anode, and stainless steel was used as a cathode. The effective surface area of the anode was calculated to be 35 

be 35 cm2. The distilled water matrix was spiked up initially with 1 mg L-1 of CIP. The pH, current density, electrode 

spacing, and electrolyte (Na2SO4) concentration were 3(±0.5), 30 mA cm-2, 2 cm, and 150 mM, respectively. The values for 

for these parameters were determined based on findings from earlier research on the EAOP of fluoroquinolone antibiotics 

antibiotics [25][26][27][28]. The degradation experiments were conducted up to 30 min and samples were withdrawn at 

at regular intervals to determine the residual CIP concentration. The percentage degradation was determined using the 

following equation (eq.1).  

 

Percentage degradation =  
[CIP]o−[CIP]

[CIP]o
× 100                   (1) 

 

Where, [CIP]o is the initial CIP concentration and [CIP] is the concentration at any time t. 

 

 
 

Fig. 2: Schematic diagram of laboratory scale batch reactor for EAOP of CIP 

 

Kinetic analysis was made considering a pseudo-first-order kinetic model and the integrated form of the first-order 

model is shown below eq. (2). 

 

ln
[𝐶𝐼𝑃]

[𝐶𝐼𝑃]𝑜
=  − 𝑘𝑡              (2) 

Where, 𝑘 is the apparent pseudo-first-order reaction rate constant.  

 

The mineralization efficiency was analyzed by measuring the initial and residual TOC of the sample. The TOC was 

measured using a Shimadzu TOC-L analyzer with an autosampler tray. Samples were introduced inside 30 ml screw-capped 

airtight vials in the autosampler. The mineralization efficiency (ME) and current efficiency (CE) were calculated by the 

following equations (eq. (3) and (4)).  

ME (%) =  
(TOCi−TOCf)

TOCi
× 100              (3) 

CE (%) =  
n×F×V×∆TOCE

12000×mQ
× 100                (4) 
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Where, TOCi and TOCf are the initial and final total organic carbon content of wastewater in mg L-1. ∆TOCE is the 

experimental depletion of the total organic carbon content of water in mg L-1; 𝑛 is the number of electrons (78) required 

complete mineralization of CIP as per eq (5); 𝐹 is the Faraday’s constant (96487 C Mol-1); V is the effective volume of 

reactor; 𝑄 is the total charge consumed during the process (I×t); 12000 is the molecular mass of carbon in mg L-1 and 

the number of carbon atoms in 1 mole of CIP (m=17). 

 

C17H18FN3O3 +  34H2O →  17CO2 +  78H+ +  NO3
−  +  2NH4

+ +  F− + 78e−     (5) 

 

2.4. Evaluation of residual toxicity 
The investigation into the toxicity variations of 1 mg L−1 raw CIP and EAOP-treated effluent (50% degraded and 

final effluent) involved assessing the growth of E. coli through the optical density method at a wavelength of 600 nm. 

Using MUG agar, E. coli was isolated from municipal wastewater collected from the drain located near the First Gate 

of IIEST, Shibpur, Howrah. Subsequently, a stock culture of E. coli was prepared in lactose broth (LB). For the study, 

10 test tubes were prepared, each containing 5 mL of LB and 100 µL of the bacterial culture. Raw and EAOP-treated 

CIP were diluted in the ratio of 16:1 and 32:1 (sterilized water: sample) and introduced into these tubes to the same v/v 

ratio as LB. Additionally, two control tubes were created: one containing only sterilized water with LB and culture and 

the other containing sterilized water with LB but without culture. The test tubes were incubated for 24 hours at 37 °C, 

after which the growth of E. coli was evaluated by measuring the optical density of the culture at 600 nm (OD600).  

             

3. Results and discussion 
3.1. Degradation of CIP by EAOP 

The degradation of CIP by EAOP was studied in a batch reactor having a total volume of 250 mL The spacing 

between C/PbO2 and steel electrodes was 2 cm. The concentration of CIP was 1 mg L-1. A rapid degradation of CIP 

was observed initially and then it slowed down (Fig. 3a). About 50 % of the CIP was depleted within 5 min and 98% 

degradation was achieved in 30 min. The electrogenerated OH• attacks the CIP molecule vigorously, and hydroxylation 

occurs in the quinolone moiety, leading to the generation of reaction intermediates [29]. In the later stages, the 

degradation rate tends to decrease due to the side reactions of OH• with the intermediates alongside CIP. The 

degradation followed a first-order reaction model and the rate constant was determined to be 0.148 min-1 (Fig. 3b). 

To examine the mechanism of CIP degradation, OH• quenching study was done using t-butanol (tert-butyl alcohol). 

Upon adding t-butanol, the degradation was reduced to 31% which was observed to be 98% without t-butanol (Fig, 3a). 

This indicated that the major degradation of CIP was due to OH•. While the rest was associated with the direct anodic 

oxidation pathway. The reaction rate was decreased from 0.148 to 0.018 min-1 (Fig. 3b). Similar results can be seen in 

the study by Cai et al. (2019) where the addition of t-butanol reduced the degradation efficiency during the EAOP of 

di-n-butyl phthalate (DnBP) to 21% from 91% using BDD anode [30]. 
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(a) 

 
 

    (b) 

 
Fig. 3(a): Degradation of CIP during EAOP and (b) linearized plot of pseudo-first-order kinetic model [initial conc. 1 mg L-1; pH 

3(±0.5); current density 30 mA cm-2; spacing of electrodes 2 cm; 150 mM Na2SO4 as electrolyte] 

 
3.2. Mineralization of CIP and residual toxicity of treated effluent 

It was observed that the EAOP could reduce the CIP to a significant level. However, it is necessary to examine the 

mineralization efficiency and the toxicity of the effluent. Therefore, the TOC of the treated samples was determined. The 

TOC removal efficiency was observed to be increased during the process and attained a maximum of 85% at 30 min (Fig. 

4). This elucidates the fact that the organic carbon present in the matrix was being converted into inorganic form, mainly 

CO2 and H2O, which are the simplest end products of any organics, as per eq. (6). More mineralization indicates a smaller 

amount of partially oxidized byproducts, which leads to a reduction in the residual toxicity of effluent. The mineralization 

efficiency obtained using EAOP was observed to be higher than that of other AOPs like UV/H2O2, and UV/H2O2/Fe2+
 which 

were 29% and 55% respectively [31]. 

 

Organics +  OH•  → CO2 +  H2O            (6) 
 

The current efficiency, as indicated by eq. 4, was determined to be 42%. This suggests that the current applied is 

subsequently utilized by side reactions that occur during the generation of byproducts, in addition to the mineralization of 

the CIP. The more the applied current less will be the efficiency as the extra current will be utilized for the side reactions 

and oxygen evolution which was seen in the study of Wang et al. (2016) [32]. 

The toxicity of the residual byproducts and reaction intermediates was assessed, as mentioned in section 2.4. The OD600 

values for the 50 % degraded samples were found to be lower than the raw CIP solutions (Fig. 5). In contrast, for completely 

degraded samples, the absorbance was increased, indicating a higher growth of E. coli and lower toxicity. During the initial 

stages of the EAOP process, the generation of reaction intermediates was responsible for the enhanced toxicity. After 

sufficient mineralization of CIP, the toxicity-causing intermediates were removed. This again reduced the overall toxicity 

of the effluent. It is reported that different byproducts like phenol amine derivatives are produced during the AOP 

degradation of fluoroquinolone antibiotics [33]. These byproducts which are formed through defluorination, 

decarboxylation, or hydroxyl addition to the quinolone ring are mostly responsible for increasing the toxicity of effluent at 

the initial stages of the treatment. At later stages, the production of less toxic carboxylic acids increased the growth of E. 

Coli, i.e., reducing the toxicity [19]. Therefore, it can be stated that EAOP treatment will help to reduce the toxicity of CIP 

in wastewater and result in lowering the environmental risk.   
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Fig. 4: TOC removal during degradation of CIP by EAOP [initial conc. 1 mg L-1; pH 3(±0.5); current density 30 mA cm-2; spacing of 

electrodes 2 cm; 150 mM Na2SO4 as electrolyte] 

 

 

 
 
Fig. 5: Changes in absorbance at 600 nm during different stages (50% and 98%) of EAOP [initial conc. 1 mg L-1; pH 3(±0.5); current 

density 30 mA cm-2; spacing of electrodes 2 cm; 150 mM Na2SO4 as electrolyte] 

 

4. Conclusion 
The EAOP, using C/PbO2, as an anode successfully degraded the CIP from wastewater. The degradation was very 

fast at the initial stages showing 50% degradation at 5 min when initial CIP concentration was 1 mg L-1 at a current 

density of 30 mA cm-2, with an electrode spacing of 2 cm and pH of 3±0.5. Almost 98% degradation of CIP was 

achieved within 30 min. The degradation kinetics followed a pseudo-first-order model, and the rate constant was 

determined to be 0.148 min-1. Alongwith CIP degradation, the TOC removal was found to be 85%, indicating effective 

mineralization of the reaction intermediates. The current efficiency of the EAOP process was calculated to be 42% 

which indicated the usage of applied current in both the mineralization and the formation of intermediates. Furthermore, 

the final toxicity of the treated solution against E. coli was found to be lower than that of the influent matrix, suggesting 

the successful removal of toxic byproducts and a decrease in the ecological risks associated with the specific pollutant. 

Therefore, the EAOP process can be applied for the treatment of pharmaceutical wastewater.  

  



 

 

 

 

 

 

 

121-7 

5. Acknowledgments 
This research is supported by the Department of Civil Engineering, IIEST, Shibpur. No external funding was given by 

any organization for the fulfillment of the work. 

 

6. References 
[1] M. Hutchings, A. Truman, and B. Wilkinson, “Antibiotics: past, present and future,” Curr Opin Microbiol, vol. 51, 

no. Figure 1, pp. 72–80, 2019, doi: 10.1016/j.mib.2019.10.008. 

[2] X. Miao and F. Bishay, “Occurrence of antimicrobials in the final effluents of wastewater treatment plants in 

Canada,” Environ Sci Technol, vol. 38, no. 13, pp. 3533–3541, 2004. 

[3] J. M. Cha, S. Yang, and K. H. Carlson, “Trace determination of β-lactam antibiotics in surface water and urban 

wastewater using liquid chromatography combined with electrospray tandem mass spectrometry,” J Chromatogr A, 

vol. 1115, no. 1–2, pp. 46–57, 2006, doi: 10.1016/j.chroma.2006.02.086. 

[4] Y. Ben, M. Hu, X. Zhang, S. Wu, M.H. Wong, M. Wang, C.B. Andrews, and C. Zheng, “Efficient detection and 

assessment of human exposure to trace antibiotic residues in drinking water,” Water Res, p. 115699, 2020, doi: 

10.1016/j.watres.2020.115699. 

[5] V. Diwan, A.J. Tamhankar, R.K. Khandal, S. Sen, M. Aggarwal, Y. Marothi, R.V. Iyer, K. Sundblad-Tonderski, and 

C.S. Lundborg, “Antibiotics and antibiotic-resistant bacteria in waters associated with a hospital in Ujjain, India,” 

BMC Public Health, vol. 10, pp. 1–8, 2010. 

[6] D. G. J. Larsson, C. De Pedro, and N. Paxeus, “Effluent from drug manufactures contains extremely high levels of 

pharmaceuticals,” J Hazard Mater, vol. 148, pp. 751–755, 2007, doi: 10.1016/j.jhazmat.2007.07.008. 

[7] P. K. Mutiyar and A. K. Mittal, “Occurrences and fate of selected human antibiotics in influents and effluents of 

sewage treatment plant and effluent-receiving river Yamuna in Delhi (India),” Environ Monit Assess, vol. 186, pp. 

541–557, 2014, doi: 10.1007/s10661-013-3398-6. 

[8] A. Bhandari, L. I. Close, W. Kim, R. P. Hunter, D. E. Koch, and R. Y. Surampalli, “Occurrence of ciprofloxacin, 

sulfamethoxazole, and azithromycin in municipal wastewater treatment plants,” Practice Periodical of Hazardous, 

Toxic, and Radioactive Waste Management, vol. 12, no. 4, pp. 275–281, 2008, doi: 10.1061/(ASCE)1090-

025X(2008)12:4(275). 

[9] A. K. Gautam, S. Kumar, and P. C. Sabumon, “Preliminary study of physico-chemical treatment options for hospital 

wastewater,” J Environ Manage, vol. 83, no. 3, pp. 298–306, 2007, doi: 10.1016/j.jenvman.2006.03.009. 

[10] C. C. Kuan, S. Y. Chang, and S. L. M. Schroeder, “Fenton-like oxidation of 4-chlorophenol: Homogeneous or 

heterogeneous?,” Ind Eng Chem Res, vol. 54, no. 33, pp. 8122–8129, 2015, doi: 10.1021/acs.iecr.5b02378. 

[11] P. Schröder, B. Helmerich, B. Škrbić, M. Carballa, M. Papa, C. Pastore, Z. Emre, A. Oehmen, A. Langenhoff, M. 

Molinos, J. Dvarioniene, C. Huber, K.P. Tsagarakis, E. Martinez-Lopez, S.M. Pagano, C. Vogelsang, and G. 

Mascolo, “Status of hormones and painkillers in wastewater effluents across several European states—

considerations for the EU watch list concerning estradiols and diclofenac,” Environmental Science and Pollution 

Research, vol. 23, no. 13, pp. 12835–12866, 2016, doi: 10.1007/s11356-016-6503-x. 

[12] A. Asghar, A. A. A. Raman, and W. M. A. W. Daud, “Advanced oxidation processes for in-situ production of 

hydrogen peroxide/hydroxyl radical for textile wastewater treatment: A review,” J Clean Prod, vol. 87, no. 1, pp. 

826–838, 2015, doi: 10.1016/j.jclepro.2014.09.010. 

[13] C. V Rekhate and J. K. Srivastava, “Recent advances in ozone-based advanced oxidation processes for treatment of 

wastewater- A review,” Chemical Engineering Journal Advances, p. 100031, 2020, doi: 

10.1016/j.ceja.2020.100031. 

[14] A. Adak, Mangalgiri, J. Lee, and L. Blaney, “UV irradiation and UV-H2O2 advanced oxidation of the roxarsone 

and nitarsone organoarsenicals,” Water Res, vol. 70, pp. 74–85, 2015, doi: 10.1016/j.watres.2014.11.025. 

[15] E. Brillas and S. Garcia-Segura, “Benchmarking recent advances and innovative technology approaches of Fenton, 

photo-Fenton, electro-Fenton, and related processes: A review on the relevance of phenol as model molecule,” Sep 

Purif Technol, vol. 237, p. 116337, 2020, doi: 10.1016/j.seppur.2019.116337. 



 

 

 

 

 

 

 

121-8 

[16] B. P. Chaplin, “Critical review of electrochemical advanced oxidation processes for water treatment applications,” 

Environmental Sciences: Processes and Impacts, vol. 16, no. 6, pp. 1182–1203, 2014, doi: 10.1039/c3em00679d. 

[17] N. Abu Ghalwa, M. Hamada, H. M. Abu Shawish, and O. Shubair, “Electrochemical degradation of linuron in 

aqueous solution using Pb/PbO2 and C/PbO2 electrodes,” Arabian Journal of Chemistry, vol. 9, pp. S821–S828, 

2016, doi: 10.1016/j.arabjc.2011.08.006. 

[18] P. V. Nidheesh and R. Gandhimathi, “Trends in electro-Fenton process for water and wastewater treatment: An 

overview,” Desalination, vol. 299, pp. 1–15, Aug. 2012, doi: 10.1016/J.DESAL.2012.05.011. 

[19] J. F. Carneiro, “Comparing the electrochemical degradation of the fluoroquinolone antibiotics norfloxacin and 

ciprofloxacin using distinct electrolytes and a BDD anode: evolution of main oxidation byproducts and toxicity,” J 

Environ Chem Eng, vol. 8, no. January, 2020. 

[20] I. M. D. Gonzaga, A.R. Dória, R.S.S. Castro, M.R.R. Souza, M.A. Rodrigo, K.I.B. Eguiluz, and G.R. Salazar-Banda, 

“Microwave-prepared Ti/RuO2-IrO2 anodes: Influence of IrO2 content on atrazine removal,” Electrochim Acta, vol. 

426, no. April, 2022, doi: 10.1016/j.electacta.2022.140782. 

[21] H. B. Ammar, M. Ben Brahim, R. Abdelhédi, and Y. Samet, “Green electrochemical process for metronidazole 

degradation at BDD anode in aqueous solutions via direct and indirect oxidation,” Sep Purif Technol, vol. 157, pp. 

9–16, 2016, doi: 10.1016/j.seppur.2015.11.027. 

[22] Y. Wang, C. Shen, L. Li, H. Li, and M. Zhang, “Electrocatalytic degradation of ibuprofen in aqueous solution by a 

cobalt-doped modified lead dioxide electrode: influencing factors and energy demand,” RSC Adv, vol. 6, no. 36, pp. 

30598–30610, 2016, doi: 10.1039/c5ra27382j. 

[23] N. Hermes and G. Knupp, “Transformation of atrazine, bisphenol A and chlorendic acid by electrochemically 

produced oxidants using a lead dioxide electrode,” Environ Sci (Camb), vol. 1, no. 6, pp. 905–912, 2015, doi: 

10.1039/c5ew00149h. 

[24] K. C. Narasimham and H. V. K. Udupa, “Preparation and applications of graphite substrate lead dioxide (GSLD) 

anode,” J Electrochem Soc, vol. 123, no. 9, pp. 1294–1298, 1976, doi: 10.1149/1.2133063. 

[25] E. Guinea, E. Brillas, F. Centellas, P. Cañizares, M. A. Rodrigo, and C. Sáez, “Oxidation of enrofloxacin with 

conductive-diamond electrochemical oxidation, ozonation and Fenton oxidation. A comparison,” Water Res, vol. 

43, no. 8, pp. 2131–2138, 2009, doi: 10.1016/j.watres.2009.02.025. 

[26] Y. Xia and Q. Dai, “Electrochemical degradation of antibiotic levofloxacin by PbO2 electrode: Kinetics, energy 

demands and reaction pathways,” Chemosphere, vol. 205, pp. 215–222, Aug. 2018, doi: 

10.1016/j.chemosphere.2018.04.103. 

[27] J. Tang, Z. Cheng, H. Li, and L. Xiang, “Electro-Chemical Degradation of Norfloxacin Using a PbO2-NF Anode 

Prepared by the Electrodeposition of PbO2 onto the Substrate of Nickel Foam,” Catalysts, vol. 12, no. 11, Nov. 

2022, doi: 10.3390/catal12111297. 

[28] P. Villegas-Guzman, F. Hofer, J. Silva-Agredo, and R. A. Torres-Palma, “Role of sulfate, chloride, and nitrate anions 

on the degradation of fluoroquinolone antibiotics by photoelectro-Fenton,” Environmental Science and Pollution 

Research, vol. 24, no. 36, pp. 28175–28189, Dec. 2017, doi: 10.1007/s11356-017-0404-5. 

[29] B. Mondal, S. S. Basak, A. Das, S. Sarkar, and A. Adak, “UV-Based Degradation of Fluoroquinolone Antibiotic in 

Wastewater: Effects of Process Parameters, Identification of Degradation Products and Evaluation of Residual 

Toxicity,” Journal of The Institution of Engineers (India): Series A, vol. 105, no. 4, pp. 1017–1028, Dec. 2024, doi: 

10.1007/s40030-024-00840-2. 

[30] J. Cai, T. Niu, P. Shi, and G. Zhao, “Boron-doped diamond for hydroxyl radical and sulfate radical anion 

electrogeneration, transformation, and voltage-free sustainable oxidation,” Small, vol. 15, no. 48, pp. 1–9, 2019, doi: 

10.1002/smll.201900153. 

[31] V. B. Lima, L. A. Goulart, R. S. Rocha, J. R. Steter, and M. R. V. Lanza, “Degradation of antibiotic ciprofloxacin 

by different AOP systems using electrochemically generated hydrogen peroxide,” Chemosphere, vol. 247, May 

2020, doi: 10.1016/j.chemosphere.2019.125807. 

[32] Y. Wang, C. Shen, M. Zhang, B. T. Zhang, and Y. G. Yu, “The electrochemical degradation of ciprofloxacin using 

a SnO2-Sb/Ti anode: Influencing factors, reaction pathways and energy demand,” Chemical Engineering Journal, 

vol. 296, pp. 79–89, Jul. 2016, doi: 10.1016/j.cej.2016.03.093. 



 

 

 

 

 

 

 

121-9 

[33] B. O. Orimolade, A.O. Oladipo, A.O. Idris, F. Usisipho, S. Azizi, M. Maaza, S.L. Lebelo, and B.B. Mamba, 

“Advancements in electrochemical technologies for the removal of fluoroquinolone antibiotics in wastewater: A 

review,” Jul. 10, 2023, Elsevier B.V. doi: 10.1016/j.scitotenv.2023.163522. 

 


