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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• BiFeO3 coating showed an increase of 
the photoactivity of the Sb–SnO2 
ceramic anode. 

• EIS showed a reduction of the charge 
transfer resistance with the BiFeO3 
coating. 

• Norfloxacin mineralization increased 
with current density and light. 

• MCE and energy consumption of the 
system were improved in presence of 
light.  
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A B S T R A C T   

Advanced Oxidation Processes have been proven to be an efficient way to remove organic pollutants from 
wastewaters. In this work, a ceramic electrode of Sb–SnO2 (BCE) with a layer of the photocatalytic material 
BiFeO3 (BFO-BCE), has been characterized electrochemically and further tested for norfloxacin photo- 
electrooxidation in the presence and absence of light. The electrode photoactivity was highly enhanced thanks 
to the presence of BiFeO3, as confirmed by Linear Sweep Voltammetry, chronoamperometry and potentiometry, 
and Electrochemical Impedance Spectroscopy. Additionally, working in galvanostatic mode, a high minerali-
zation of norfloxacin was achieved after 240 min, reaching 62% at 25 mA cm− 2 under light conditions. This value 
is comparatively higher than the 40% achieved with the BCE. The oxidation byproducts were followed by ionic 
chromatography and HPLC analysis, which also allowed us to propose an oxidation pathway of the norfloxacin 
molecule. Finally, some indicators of the reactor performance such as the Mineralization Current Efficiency and 
the specific energy consumption were analyzed, revealing that lower current densities (8.3 mA cm− 2) led to 
higher current efficiencies, and that light improved both the current efficiency and energy consumption.   

1. Introduction 

Emerging pollutants have been paid great attention in recent years 

because of their innate hazard to human health and natural ecosystems. 
Among them, pharmaceuticals are typically found in wastewater due to 
their massive consumption rates (Abbassi et al., 2016; Balu et al., 2022; 
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Bao et al., 2021). Particularly, antibiotics have been widely used during 
the past decades, making them one of the most spread pollutants in 
water courses (Shurbaji et al., 2021). Their accumulation in natural 
environments may lead to toxic effects, due to their interaction with 
other compounds, as well as to increased antimicrobial resistance, which 
can imply a lower success rate on treating infections (Ashfaq et al., 
2016). Norfloxacin (NOR) is one of the most used antibiotics and a 
member of the family of fluoroquinolones. It is a synthetic antibacterial 
agent used for a variety of respiratory, urinal and biliary infections, not 
only for human treatments, but also for veterinary purposes (Lavaee 
et al., 2017). 

Attending to the difficulty of eliminating this kind of pollutants by 
the conventional methods available in Wastewater Treatment Plants 
(WWTPs) (Yu et al., 2020), many studies are bringing attention to 
Electrochemical Advanced Oxidation Processes (EAOPs) using different 
anode materials. In our previous work (Mora-Gomez et al., 2019), the 
performance of a Boron Doped Diamond (BDD) electrode was compared 
with that of a basic ceramic electrode made of SnO2 doped with Sb 
(referred to as BCE in this work). The ceramic electrodes showed to be a 
promising material for the degradation of NOR with a low economical 
investment compared to BDD, which despite showing higher degrada-
tion and mineralization rates, is significantly more expensive. In (Mor-
a-Gómez et al., 2020), the reactor configuration for the BDD and BCE 
anodes was evaluated in order to further characterize the BCE perfor-
mance. There, the target compound was the β-blocker atenolol, and the 
BCE electrode achieved mineralization rates of up to 27.3% and 39.2% 
using an undivided reactor and a reactor divided by a membrane, 
respectively, both after 90 min at a current density of 50 mA cm− 2. 
Further investigations were carried out to improve the BCE electrode. In 
(Carrillo-Abad et al., 2020b), CuO was added to the BCE in the sintering 
process in order to enhance its electrical and electrochemical perfor-
mance. However, no promising results were observed when compared to 
the BCE. For such reason, a further step was carried out by means of 
adhering photocatalytic materials to the BCE surface. In this regard, the 
main issue for the use of BCE as photoanode is that, even if it has some 
level of photoactivity, its high band gap (around 3.7 eV) reduces the 
light spectra that can be absorbed (Kim et al., 2018). This is why 
reducing its bandgap by coating the BCE with other photocatalysts has 
been proposed. By using this approach, the need to separate the pho-
tocatalysts from the treated effluent is also avoided (Daghrir et al., 2012; 
Su et al., 2016). Different materials are suitable for this purpose, mainly 
mixed oxides such as wolframates (Bi2WO6 (Zhao et al., 2007b), ZnWO4 
(Zhao and Zhu, 2006)) and spinels (ZnFe2O4 (Kumbhar et al., 2015), 
CdFe2O4 (Harish et al., 2012)), but also bismuth compounds, such as 
BiPO4 (Zeng et al., 2015), BiVO4 (Zhang et al., 2016) or Bi2MoO6 (Zhao 
et al., 2007a), have received increasing attention as photocatalytic 
coatings. Among bismuth compounds, BiFeO3 has been selected as the 
material for the present investigation. 

BiFeO3 (BFO) is considered a multiferroic material because it pre-
sents antiferromagnetic, ferroelectric and ferroelastic properties (Wu 
et al., 2012). It excels as a semiconductor material because of its 
bandgap of around 2.2 eV (Liao et al., 2021) at room temperature as well 
as its high chemical stability (Gulati et al., 2022; Y. Guo et al., 2017). In 
addition, its photocatalytic and photoelectrical properties vary under 
visible-light exposure, which has motivated many research studies about 
its applications in the field of electrochemistry. BFO is a material that in 
its bulk state presents very weak ferromagnetic properties at room 
temperature, as well as a high current leakage caused by structural de-
fects. However, thin films of this material showed an enormous 
improvement in its polarization and ferroelectric properties in com-
parison to its bulk version (Catalan and Scott, 2009; Pradhan et al., 
2005). 

Many examples confirm these improved properties of BFO thin films, 
in (Farhadi et al., 2021) BFO synthesized on reduced graphene oxide 
showed up to 90% of oxidation of acetimophen, and even more (98.6%) 
when doped with other metals such as La. Another example is 

(Nkwachukwu et al., 2021), where photoanodes made of La–BFO 
deposited over a fluorine-doped tin oxide substrate were tested for the 
elimination of different organic dyes (congo red, methanol blue or or-
ange II), showing elimination rates up to 84.2% within 2 h. Their ap-
plications in pharmaceuticals oxidation were also demonstrated in 
(Sharmin and Basith, 2022), where gadolinium doped BiFeO3 nano-
particles degraded up to 80% of ciprofloxacin and 79% of levofloxacin 
under solar light. 

Many different ways of creating BiFeO3 thin films have been pro-
posed in the literature such as sol-gel processing (Deepak Sharma and 
Basantakumar Sharma, 2022), chemical solution deposition (CSD) 
(Wang et al., 2022), or dip coating (Alam et al., 2018). Dip coating has 
been highlighted as one of the most reliable procedures along with 
sol-gel to produce BiFeO3 thin films. This technique consists of using a 
suspension of small particles and fixing them by a thermal treatment. 
The main advantage is the simplicity and cost efficiency when compared 
to other advanced techniques (Gumiel and Calatayud, 2021). 

In the present work, taking into consideration the properties and 
capabilities of the BFO to act as a photoelectric enhancer, a photoanode 
consisting of a BCE electrode coated via dip coating with a BFO layer is 
characterized and tested for the mineralization of norfloxacin in the 
presence and absence of a source of light. 

2. Material and methods 

2.1. Materials and chemicals 

SnO2 (purity 99.85%, Quimialmel S.A., Spain), Sb2O3 as dopant 
(purity 99%, Alfa-Aesar, Germany) and polyvinylalcohol (PVA, Mowiol 
8–88, Clariant Iberica S.A. Spain) were purchased for the BCE electrode 
synthesis. Additionally, iron oxide (Panreac Química S.A.U. Spain), 
bismuth oxide (Quimialmel S.A., Spain) and isopropyl myristate (Qui-
midroga S.A. Spain) were used for the BiFeO3 synthesis. 

For the photo-electrooxidation experiments, a commercial nor-
floxacin pill of 400 mg from Cinfa was purchased from a drugstore, 
whereas for the elaboration of reference standards, analytical standard 
norfloxacin (>98%) was purchased from Sigma-Aldrich, analytical 
grade anhydrous sodium sulfate (99%) from Sigma-Aldrich and sulfuric 
acid (95–97%) was obtained from J.T Baker. Distilled water was used to 
prepare the norfloxacin solutions. 

Sodium hydrogen carbonate (>99%), anhydrous sodium carbonate 
(>99%) and nitric acid/dipicolinic acid used to perform the ionic 
chromatography measurements were purchased from Sigma-Aldrich. 

Sodium thiosulfate from Sigma-Aldrich, potassium iodide (>99%) 
from Honeywell and a starch solution of 1% from PanReac Applichem 
were used to analyze the persulfate content. 

Acetonitrile hypergrade for LC-MS from Merck, acetic acid optima 
for LC-MS from Fischer Chemical and ultrapure type 1 water were used 
to prepare the dilutions for the HPLC analysis. 

2.2. Electrode synthesis 

The substrate material for the electrode was manufactured using 
SnO2 and Sb2O3 as dopant in a mole ratio 99/1. The ligand was poly-
vinylalcohol, which was added in a 0.8 wt%. The processing conditions 
employed for the electrode’s synthesis were described elsewhere (Car-
rillo-Abad et al., 2020b). Flat specimens of 80x20 × 5 mm were obtained 
by dry pressing the wet powder in a laboratory automatic press SS-EA 
(Nannetti Srl, Italy), working at 250 kg cm− 2. The electrodes were sin-
tered in a laboratory furnace (RHF1600, Carbolite Furnaces Ltd, UK). 
The temperature profile consisted of heating at 5 ◦C min− 1 from room 
temperature to 1200 ◦C, keeping 1 h at maximum temperature and 
subsequent cooling. 

The precursors of the BiFeO3 were iron oxide and bismuth oxide. The 
raw materials were mixed in a mortar using ethanol as solvent. The dry 
mixture was calcined in an electric furnace (RHF1600, Carbolite 
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Furnaces Ltd., UK) using a mullite crucible with a porcelain lid. The 
thermal treatment was heating at 10 ◦C min− 1 up to 800 ◦C, a soaking 
time of 4 h and cooling. The product was grinded in an agate mortar and 
the powder was characterized and used to obtain the suspension for dip 
coating. The suspension was prepared milling a mixture of powder and 
isopropyl myristate in a planetary mill with microballs (Pulverisette 5, 
Fritsch GmbH, Germany) for 60 min at 260 rpm. The suspension has a 
0.6 wt% in BiFeO3 as previous experiments showed that this ratio pro-
duced a better-quality layer on the electrode. The deposition of the 
catalyst by dip coating was carried out in a homemade apparatus, which 
enables the control of immersion and emersion speeds. After the depo-
sition, the electrodes were dried in an oven and the catalyst was ther-
mally fixed with a treatment, based on heating at 10 ◦C min− 1 up to 
800 ◦C and 1 h of soaking time, in an electric furnace (RHF 1400, Car-
bolite Furnaces Ltd. UK). 

2.3. Structural characterization of the electrodes 

The bulk density of the sintered electrodes was measured by mercury 
immersion (Archimedes’ method). The electrical resistivity of the sin-
tered samples was measured by a four points method with a HIOKI 
RM3545 equipment (Hioki E.E. Corporation, Japan). 

Characterization of crystalline structures was performed using an X- 
ray diffractometer (Theta-Theta D8 Advance, Bruker, Germany), with 
CuK radiation (λ = 1.54183 Å). The generator applied a light intensity of 
45 kV and 40 mA. XRD data were collected by means of a VÅNTEC-1 
detector in a 2θ from 5 to 90◦ with a step width of 0.015◦ and a counting 
time of 1.2 s/step. Images of the electrode’s surface metalized with Pt 
were taken from FEG-SEM (QUANTA 200 F, FEI Co, USA) with micro-
analysis to identify the characteristics and the composition of the cata-
lyst’s particles. 

2.4. Electrochemical characterization of the electrodes 

A prismatic reactor made of quartz and filled with 200 mL of 0.1 M 
sodium sulfate was used. The electrochemical characterization was 
conducted using a three-electrode configuration, where an Ag/AgCl 
electrode (Metrohm) was employed as a reference electrode. The 
counter electrode was a Pt foil of 1 cm2 (Mettler Toledo) and the 
working electrodes were the BCE and BFO-BCE with a working area of 
0.25 cm2. 

Linear sweep voltammetries (LSV) were carried out using an Autolab 
PGSTAT302N Potentiostat/Galvanostat (Metrohm), with a scan rate of 
50 mV s− 1, starting from the open circuit potential (OCP) until reaching 
2 V over the OCP in the positive direction. LSV experiments were con-
ducted with and without light using a Hamamatsu Lightningcure LC8 
device with a 200 W Xenon lamp. A light filter A9616-08 was installed in 
order to block the infrared light, only allowing the visible light spectra. 
All experiments were done at room temperature. Light pulsed chro-
noamperometry at 0.5 V over the OCP was performed using the same 
configuration, applying pulses of light and pauses of 150 s each. Light 
pulsed chronopotentiometric experiments were also performed until the 
stationary state was reached at an applied current density of 5.2 mA 
cm− 2, this value was selected from the previous chronoamperometric 
measurements. 

Electrochemical Impedance Spectroscopy (EIS) was performed using 
the same set-up beforementioned, where a DC potential value of 0.5 V 
over the OCP in the presence and absence of light was tested. A fre-
quency range between 100 kHz and 10 mHz and an AC signal amplitude 
of 5 mV were used. 

2.5. Photo-electrooxidation experiments 

The norfloxacin photo-electrooxidation experiments were carried 
out in the 200 mL prismatic quartz reactor beforementioned with a so-
lution of 100 mg L− 1 of norfloxacin and 2 g L− 1 of sodium sulfate as a 

supporting electrolyte. The experiments were conducted under stirring 
conditions and at room temperature. The working electrode was the 
BFO-BCE with an effective area of 24 cm2 and the cathode was an AISI 
304 stainless steel sheet of the same surface area. The reference elec-
trode was the Ag/AgCl mentioned before. 

The experiments lasted 4 h each and were carried out under two 
different galvanostatic conditions: 25 and 8.3 mA cm− 2 using a Peaktech 
P 1585 laboratory power supply. All the experiments were tested with 
and without light, by using the light source beforementioned. A 2 mL 
sample was taken every 15 min during the first hour; afterwards, the 
samples were collected every 30 min. 

2.6. Analytical methods 

The NOR mineralization was determined by measuring the total 
organic carbon (TOC) in a Shimadzu TNM-L ROHS TOC analyzer and the 
identification of the different ionic species was carried out by a Metrohm 
883 Basic IC Plus Ionic Chromatograph. Additionally, the persulfate 
content was analyzed by iodometric titration (Mora-Gómez et al., 2020). 

Ultra-High Performance Liquid Chromatography and Mass Spec-
trometry (UHPLC-Q-TOF/MS) was used for identifying the intermediate 
compounds formed during the degradation, as well as to qualitatively 
corroborate the evolution of NOR concentration. The device was an 
Agilent 1290 Infinity UHPLC with a ZORBAX Eclipse Plus C18 column. 
The sample injection volume was 10 μL and the column temperature was 
30 ◦C. The analysis was performed using ultrapure type 1 water with 
0.1% acetic acid as eluent A and acetonitrile as eluent B, in a gradient 
elution mode of 0.2 mL min− 1 flow rate. This elution gradient began 
with 10% of B and then increased up to 30% of B in 7 min, then 
decreased to 0% B in 13 min, after that it stayed stationary in 0% B for 1 
min, then increased again to 10% of B in 2 min and finally stayed sta-
tionary in 10% of B for 7 min. A mass spectrometer attached to the HPLC 
system worked with a positive electrospray ionization, a 4 kV capillary 
voltage, a 30 psi pressure nebulizer and a drying gas flowrate of 11 L 
min− 1 at 350 ◦C. 

2.7. Indicators of the reactor performance 

In order to assess the performance of the electrodes referred to the 
mineralization of NOR, the mineralization current efficiency (MCE) and 
the energy consumption were analyzed. The MCE was calculated, using 
Eq. (1) (Xu et al., 2022; Zhang et al., 2022). 

MCE=
n F V ΔTOCt

7.2 105 m I t
⋅100% (1)  

where n is the number of electrons exchanged in the system assuming a 
complete mineralization towards CO2 according to the oxidation of NOR 
shown in Eq. (2), F is the Faraday constant (C mol− 1), V is the reactor 
volume in L, ΔTOCt is the difference in TOC values between the sam-
pling time t and the initial value (mg L− 1), 7.2⋅105 is a unit correction 
factor, m is the number of carbon atoms in the NOR molecule and I is the 
applied current. 

C16H18FN3O3 + 29H2O → 16CO2 + 3NH+
4 +F− + 64H+ + 66e− (2) 

The energy consumption per unit of TOC removal in kWh kgTOC− 1 

was calculated following Eq. (3). 

E=

∫ t
0 U(t) I(t) dt
ΔTOCt V

(3)  

Where U(t) is the experimental cell voltage in V. 
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3. Results and discussion 

3.1. Electrode characterization 

A surface analysis was performed in order to evaluate the dip coating 
procedure over the BCE. The ceramic electrodes showed a grey-bluish 
color, characteristic of the solid solution of antimony oxide in tin 
oxide. Their porosity was estimated to be around 50%, taking into ac-
count the bulk density of the electrodes (3401 ± 14 kg m− 3) and the true 
density of tin oxide. The mean resistivity of the specimens was 0.0228 ±
0.0005 Ω cm, which is low enough to act as a ceramic electrode. 

The solid-state reaction generated a reddish product, which was 
difficult to grind. The diffractogram (Fig. S1) showed that the reaction 
was uncompleted as the product included two compounds of Bi and Fe 
(BiFeO3 and Bi2Fe4O9), jointly with an unexpected mixed oxide of bis-
muth and silicon, which was probably the result of the interaction of the 
reacting mixture with the mullite crucible. This result agrees with the 
work of Liu et al., which describes the difficulties to obtain pure BiFeO3 
and the limited stability interval (Liu et al., 2011). 

The microstructure of the electrode’s surface after the catalyst 
deposition showed three kinds of particles with different composition 
(Fig. 1a and b). Agglomerates of particles with cubic-like morphology 
rich in Fe, Bi and O which could correspond to Bi2Fe4O9 phase (signaled 
with A). Rounded particles rich in Bi and with lower proportion of Fe 
and O could correspond to BiFeO3 (signaled with B). Finally, agglom-
erates of lamellar-like particles which contain Si in addition to Bi, O and 
Fe could correspond to Bi24Si2O40 generated by reaction with the cru-
cible (signaled with C). 

The LSV obtained with the BFO-BCE and the BCE anode in presence 
and absence of external light are shown in Fig. 2a. In this figure, the X 
axis represents the overpotential applied over the OCP during the LSV. 
As expected, the BFO-BCE shows a higher current density value than the 
BCE for the entire range of scanned potentials, indicating that the 
resistance to charge transfer decreased thanks to the BiFeO3 coating. It is 
remarkable that the electrode requires the application of an external 
potential in order to register the photocurrent values. Also, it can be 
noticed that depending on the applied potential, the effect of light on the 
registered photocurrent varies: it is higher at intermediate values of the 
overpotential range. In Fig. 2b the photocurrent evolution with the 
overpotential is represented. Here the maximum difference between the 
experiments in presence and absence of light is achieved at around 0.75 
V over the OCP, with a photocurrent value around 0.94 mA cm− 2. This 
characteristic evolution with a maximum, has been previously seen in 
the work of (Malviya et al., 2017), and it is thought to be caused by the 
microstructure of the electrode. Towards the end of the potential scan 

rate, the gas generation is greater due to the higher potentials applied, 
and the pores of the structure are gradually filled with it. The gas 
accumulation within the porous structure of the electrode, which is hard 
to remove, increases the resistance of the system and reduces the current 
flow through the electrode and, therefore, also the effect of light on the 
current density. 

Fig. 2c shows the chronoamperometric curves obtained with the 
coated BFO-BCE electrode working at a potential of 0.5 V over the OCP, 
where light pulses were performed to confirm the photoactivity of the 
electrode after the addition of the BiFeO3 to the Sb–SnO2 porous struc-
ture. An immediate change in the current density values can be noticed 
when light is applied, however a 60–70 s window is required to achieve 
a steady-state value. Also, a period of 150 s seemed to be necessary to 
achieve the relaxation of the electrode response after switching off the 
light. This test showed an average increase of around 3.1 mA cm− 2 in the 
photocurrent response. This corroborates a clear effect of the BiFeO3 
coating in the photoactivity performance of the electrode. This 
enhancement is related to the fact that after the incidence of UV–visible 
light in the BiFeO3 coating, the electrons are excited from the valence 
band up to the conduction band, leaving behind holes in the valence 
band. This generation of charge carriers is well studied in literature 
(Gulati et al., 2022; Soltani and Lee, 2020), and is the responsible for the 
current increase under light conditions. 

The photocatalytic activity of BiFeO3 in terms of photocurrent at a 
given electrode potential has been demonstrated in Fig. 2c. However, in 
real applications it is common to operate at constant current density 
(galvanostatically) or at constant cell voltage. Operating an electro-
chemical reactor galvanostatically involves setting the rate of the elec-
trochemical reactions, i.e., in the case of an electrochemical advanced 
oxidation process, setting the rate of ⋅OH generation. Therefore, in this 
mode of operation, the photocatalytic activity of BiFeO3 can be expected 
to result in a change in the electrode potential. To confirm this, a 
chronopotentiometry study under light pulses was also performed and 
the results are presented in Fig. 2d. The applied current density value 
(5.2 mA cm− 2) was selected based on the chronoamperometry per-
formed previously, which registered this average value, as seen in 
Fig. 2c. Here the action of light on the electrode reduces the electrode 
potential, and it was applied until a steady-state value was achieved. 
Later comes a relaxation period, where the potential increases again 
until the original value is attained again. This evolution is the same for 
every light pulse, which indicates a reversibility in the effect of the light, 
i.e., the potential values decreased under the application of light thanks 
to the BFO layer, which reduces the charge transfer resistance. 

EIS analyses were also performed to gather qualitative information 
about the electrochemical behavior of the system. The spectra obtained 

Fig. 1. SEM image of electrode’s surface (a) and EDX analysis (b) of the particles A, B and C.  
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for the different experiments are presented in Fig. 3. Nyquist plots ob-
tained at a DC voltage signal of 0.5 V over the OCP are represented for 
the BCE and the BCE-BFO. It is observed a clear effect of the BiFeO3 
coating, where a lower resistance related to the radius of the second 
semicircle, associated with the charge transfer resistance, is obtained in 
comparison to the BCE electrode. This indicates that the BiFeO3 en-
hances the current flow of the basic electrode. When light is applied, it is 
observed that the resistance associated with the charge transfer resis-
tance also decreases (Liu et al., 2000; Wang et al., 2016)). For the BCE, a 
resistance of 1198 Ω was obtained, whereas for the BFO-BCE in absence 
of light was around 495 Ω and 411 Ω in presence of it. This indicates that 
the BFO-BCE electrode presents an ease to transfer photogenerated 
electron-hole groups. Also, the maximum of the semicircle for the BCE, 
achieved at 8.53 Hz, is displaced to the right end of the semicircle with 
the addition of BiFeO3 and even further in the presence of light, indi-
cating an acceleration of the electrochemical process, since this 
maximum in the BiFeO3 experiences is achieved at higher frequencies. 

Fig. 2. (a) LSV of the BFO-BCE and BCE anodes in a 0.1 M Na2SO4 solution in presence (L) and absence (NL) of light (b) BFO-BCE photocurrent evolution under light 
effect. (c) Chronoamperometry using light pulses for the BFO-BCE electrodes, applying an overpotential of 0.5 V. (d) Chronopotentiometry using light pulses for the 
BFO-BCE electrode, applying 5.2 mA cm− 2. 

Fig. 3. EIS analyses for 0.5 V over the OCP in presence (L) and absence of light 
(NL), for the BCE and the BFO-BCE. 
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3.2. Photo-electrooxidation experiments 

The mineralization of NOR is observed in Fig. 4, where the evolution 
of TOC/TOC0 is shown for the different experiments. Light enhances 
mineralization in every situation, although at lower current density 
values mineralization rates are more similar (Fig. 4a). The highest 
mineralization is achieved at 25 mA cm− 2 in presence of light, with a 
62% of NOR being mineralized (Fig. 4b), whereas at 8.3 mA cm− 2 only 
37% was achieved (Fig. 4a). In absence of light, mineralization rates 
around 56% and 34% for 25 mA cm− 2 and 8.3 mA cm− 2 were achieved, 
respectively. This indicates a 6% increase for 25 mA cm− 2 and 3% for 
8.3 mA cm− 2. For the BCE, around 40% of NOR was mineralized at 25 
mA cm− 2; this value being higher than the 32% obtained at 8.3 mA 
cm− 2. Higher mineralization rates in presence of light are related to the 
fact that BiFeO3, under light exposure, increases the formation of ⋅OH 
radicals that react with the NOR molecule and its intermediates, 
oxidizing it to CO2 and other inorganic byproducts. The formation of 

⋅OH in photocatalysts (He et al., 2013) is achieved by the effect of light 
over the material, which excites the electrons (eCB

− ), promoting them to 
the conduction band and leaving behind their associated holes (hVB

+ ) in 
the valence band (Eq. (4)). These holes, in need of electrons, react either 
with the NOR molecule directly, degrading it, or with the H2O present in 
the media, producing ⋅OH which also degrade the NOR molecules (Eq. 
(5)). Also, the electrons can react with dissolved O2, an electron scav-
enger, reducing it to O2⋅- (Eq. (6)) that also transforms into ⋅OH radicals 
through further reactions (Eq. (7), Eq. (8) and Eq. (9)) (Huang and Scott, 
2018; Wang and Xu, 2012). 

BFO − BCE + UV − energy→e−CB + h+
VB (4)  

h+
VB + H2O→H++⋅OH (5)  

e−CB + O2→O⋅−
2 (6)  

O⋅−
2 + e−CB + 2H+→H2O2 (7) 

Fig. 4. TOC/TOC0 evolution profile for current densities of a) 8.3 mA cm− 2 and b) 25 mA cm− 2 in presence (L) and absence of light (NL).  

Fig. 5. Ionic composition of every experience after 4h in presence (L) and absence (NL) of light.  

C. Domingo-Torner et al.                                                                                                                                                                                                                      



Chemosphere 313 (2023) 137518

7

H2O2 + e−CB→⋅OH + OH− (8)  

H2O2 + O⋅−
2 →⋅OH + OH − + O2 (9) 

For a further evaluation of the mineralization process of the NOR 
molecule, an analysis of ionic by-products was performed. The ions 
detected in the ion chromatography were short-chain organic molecules 
such as formiate and low traces of acetate as well as other inorganic 
ionic species derived from the original molecule such as fluorine, nitrate, 
nitrite and ammonia. As seen in Fig. 5, the presence of fluorine is an 
indicative of the proper rupture of the NOR molecule and the release of 
the F atoms present in it in the form of F− ions. The process of this 
degradation step of NOR is very similar in all cases showing insignificant 
variations due to the effect of current density or light. The detection of 
formiate proves the generation of organic intermediates during the 
degradation of NOR. It is remarkable that, at lower values of current 
density, the concentration of formiate detected is higher. This happens 
because although lower current densities eliminate a lower amount of 
NOR molecules producing short-chain carbon molecules (i.e., formiate), 
the rate of generation of these organic intermediates is higher than the 
rate at which they are fully oxidized to CO2; therefore, their concen-
tration keeps increasing with time. Regarding the evolution of nitrite, 
nitrate and ammonia, a higher oxidation degree of the nitrogen present 
in NOR was achieved at high current values and, therefore, it is deduced 
that a higher concentration of oxidating species is present in these ex-
periences. Theoretically, the nitrogen present in the NOR molecule tends 
to form NH4

+ as depicted earlier in Eq. (2), however as time passes, 
ammonia ions are further oxidized to nitrite and later to nitrate as 
observed in Fig. 5. 

The results obtained for the persulfates are also depicted in Fig. 5, 
where a clear effect of light is observed. Light reduces the number of 
persulfates at both current density values, being even undetected at 8.3 
mA cm− 2 under light exposure. At 25 mA cm− 2 in presence of light, there 
is around a 27% less persulfates than in absence of it, and for 8.3 mA 
cm− 2 a 100% less. As it was observed in a previous work (Montañés 
et al., 2020) the oxidation process of NOR in presence of Na2SO4 as a 
supporting electrolyte can lead to the formation of persulfates (S2O8

2− ) 
after the oxidation of SO4

− 2 ions. Persulfate ions increase the toxicity of 
the effluent, therefore here it can be concluded that light reduces the 
toxicity of the oxidation process. This decrease of persulfate concen-
tration is related to their activation under light exposure. When exposed 
to light, semiconductors generate electron-hole pairs that can react to 
generate hydroxyl radicals, as previously stated, but also with S2O8

− 2 to 
generate SO4⋅− and also ⋅OH (Tian et al., 2022). This is supported by the 
results in the mineralization process of NOR (Fig. 4a and b), where under 
light conditions the mineralization is higher; and also, in other works Fig. 6. Proposed degradation route for NOR molecule via HPLC analysis.  

Fig. 7. MCE (a) and energy consumption (b) for 8.3 mA cm− 2 and 25 mA cm− 2 in prese’nce (L) and absence (NL) of light.  
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(Gong et al., 2018), where the addition of persulfates greatly enhanced 
the degradation of an organic pollutant. 

Thanks to an HPLC analysis a degradation route of the NOR mole-
cules was proposed. Not only the characteristic peak of the initial NOR 
molecule at m/z = 320 for a time value of 8.14 min was detected 
(Fig. S2), but also different intermediate compounds. For 8.3 mA cm− 2, 
more intermediates were detected in comparison to 25 mA cm− 2. In 
Fig. 6, a mechanism for the formation of the most relevant intermediates 
is proposed. The main degradation pathways involved a decarboxylation 
(pathway I), an opening of the piperazine ring (pathway II) and an 
eventual defluorination (pathway III), as also confirmed in different 
works ( ; Ma et al., 2021; Zhu et al., 2020). Initially the NOR molecule 
may suffer a decarboxylation leading to intermediates with m/z = 276. 
Alternatively, the NOR molecule may suffer a gradual rupture of the 
piperazine ring due to the ⋅OH radicals and further oxidation of the 
hydroxyl groups, leading to the intermediate of m/z = 322. Two options 
are opened afterwards, one related to a decarboxylation leading to m/z 
= 278, or a further destruction of the piperazine ring leading to m/z =
294. The intermediates coming after can follow two routes as detected 
experimentally, one with decarboxylation (having a m/z = 250) and the 
other one with a complete scission of the piperazine ring, leaving an 
amide behind (m/z = 251). Following this last route, a defluorination of 
the intermediate results in m/z = 233. 

3.3. Analysis of the energy consumption 

A further analysis about the mineralization current efficiency (MCE) 
and the energy consumption was carried out. As shown in Fig. 7, there 
are no clear variations with time either for the MCE or the energy con-
sumption. MCE average values for 25 mA cm− 2 are 3.43% and 3.25% in 
presence and absence of light, respectively; and 6.72% and 5.83% for 
8.3 mA cm− 2 also in presence and absence of light. The average energy 
consumption values are 5102 and 5927 kWh kgTOC− 1 for 25 mA cm− 2 

in presence and absence of light, respectively; and 1244 and 1521 kWh 
kgTOC− 1 for 8.3 mA cm− 2 in presence and absence of light. The effect of 
light is clear since it increases the current efficiency and decreases the 
energy consumption. This effect of light was previously seen in the 
chronopotentiometry (Fig. 2c), where the light pulses reduced the 
electrode potential, which translates into a reduction of the cell poten-
tial and therefore in a lower energy consumption. 

The MCE (Fig. 7a) increased under light conditions around an extra 
15% at 8.3 mA cm− 2 and 5% at 25 mA cm− 2 in comparison with the 
experience in absence of light. This is achieved thanks to the formation 
of more ⋅OH radicals under light exposure as stated before. Additionally, 
at higher current density values the MCE is lower in both scenarios, with 
and without light, due to the increased relevance of parasitic reactions. 
These reactions are related to the high reactivity of ⋅OH, since a higher 
current density generates more ⋅OH capable of reacting in termination 
reactions instead of degrading NOR and its intermediate by-products, 
which reduces the current efficiency. Energy consumption rates 
(Fig. 7b) decrease in presence of light up to 8% in 8.3 mA cm− 2 and 
around 15% in 25 mA cm− 2. This means that, in practice, the positive 
impact of light in the system is noticeable. These results are of the same 
order of magnitude as those obtained in previous works (Carrillo-Abad 
et al., 2020a, 2022; Mora-Gómez et al., 2022), where the MCE and en-
ergy consumption values were relatively similar and with small varia-
tions with time. 

4. Conclusions 

This work was focused on the study of a basic electrode of Sb–SnO2, 
BCE, coated with a layer of BiFeO3, BFO-BCE, working under galvano-
static conditions and using Na2SO4 as a supporting electrolyte. The 
purpose was to evaluate the performance of the photoanodes in the 
mineralization of norfloxacin in presence and absence of light and to 
compare it with the results obtained using the basic electrode of 

Sb–SnO2. 
LSV experiments showed a clear improvement of the BFO-BCE anode 

thanks to the addition of a BiFeO3 layer, achieving higher current den-
sity values when the same potential was applied. Additionally, the light 
enhanced this phenomenon by increasing even more the current density 
obtained for a given overpotential. This was corroborated with a chro-
noamperometric and a chronopotentiometric study, where the photo-
activity of the BFO-BCE was tested through application of light pulses. A 
clear increase of the photocurrent and a decrease of the potential was 
observed under light exposure in each case. EIS analyses also confirmed 
that the BiFeO3 layer reduced the charge transfer resistance of the 
electrode, backing up the enhancement of the photocatalyst to the basic 
electrode. 

From the photo-electrooxidation experiments, the effects of the 
BiFeO3 coating, current density and light on the mineralization rates 
were also investigated. A clear improvement in mineralization rates was 
noticed when using the electrodes coated with BiFeO3. Mineralization 
was greater at higher current densities (25 mA cm− 2), and light further 
enhanced this increase. In absence of light, about 56% mineralization 
was achieved for the BFO-BCE, meaning that light improves the results 
for about a 6% in this case. 

The mineralization of NOR was also monitored by means of ion 
chromatography and HPLC analysis. The presence of short-string mol-
ecules like formiates indicated a proper destruction of the NOR mole-
cule. Also, nitrogen-related ions like nitrate, nitrite and ammonia were 
detected, indicating the oxidation of the original molecule. The sup-
porting electrolyte was also oxidized to some extent, generating per-
sulfate ions, which contribute to increase the toxicity of the treated 
effluents. In this case, light reduced the number of persulfates generated 
during the process. 

A lower current density showed better values of the MCE, up to an 
average of 6.72% for 8.3 mA cm− 2 in presence of light. Energy con-
sumption was, as expected, lower at 8.3 mA cm− 2, but the effect of light 
was more important at 25 mA cm− 2, where a 15% less energy was 
consumed in comparison to the same experiments in absence of light. 
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Mora-Gómez, J., Escribá-Jiménez, S., Carrillo-Abad, J., García-Gabaldón, M., 
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