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ARTICLE INFO ABSTRACT

Editor: Despo Kassinos In this work, a comparison between novel photoanodes based on Sb-SnO, (BCE) coated with BiFeO3 (BFO-BCE)

and BiaWOg (BWO-BCE) was carried out. An improvement in the catalytic activity of the electrodes under light

Keywords: exposure was demonstrated by means of Linear Sweep Voltammetry, light pulsed chronoamperometry and

Nf)rﬂoxaCIH Electrochemical Impedance Spectroscopy, being more notorious at current densities below 25 mA-cm~? for the

glF‘j\% BFO-BCE and above 25 mA-cm ™2 for the BWO-BCE. This improved performance was caused by an increase of the
12W0e

photogenerated oxidizing species. As compared with the uncoated BCE anode used without light, photo-
electrooxidation tests led to improvements of around 40% in the degradation degree of norfloxacin (NOR) using
both photoanodes at 8.33 mA-cm™2. This improvement was also observed in the mineralization degree of the
model wastewaters, with an increase of 36% and 28% at 25 mA-cm ™2 for the BWO-BCE and BFO-BCE, respec-
tively. The degradation and formation of subproducts was followed by ion chromatography and HPLC analysis,
where some of the main intermediates were detected, allowing us to elaborate a degradation route for NOR with
these novel electrodes. The Mineralization Current Efficiency (MCE), energy consumption and extent of elec-
trochemical combustion (@) showed improvements with light application for both electrodes at high current
densities, being the BWO-BCE the one with the highest MCE and @ at the cost of a slightly higher energy con-
sumption. This showed the importance of light for these electrodes and its impact in the general process per-
formance, which can be of great advantage in future applications.

Emerging pollutant
Electrochemical advanced oxidation processes
Photoelectrooxidation

1. Introduction with the subsequent health problems associated. This is the case of the

antibiotics group of fluoroquinolones, such as norfloxacin (NOR), for

In the past decades, the use of antibiotics has incredibly increased
due to their importance for improving the quality of life to all living
beings. This massive increase of antibiotics usage is also reflected in a
greater presence of them in wastewaters, since the legal regulations for
these compounds are normally not clearly defined and therefore many
wastewater treatment plants (WWTPs) still lack of proper removal sys-
tems [1]. Within the countries with the greatest consumption rates of
antibiotics, Spain represented a 1.9% of the total consumption in 2017,
with a trend to increase up to 2,7% in 2030 [2]. Around the world, many
of these antimicrobials, considered now as emerging pollutants, have
been proven to have a great impact on the ecology of the affected areas
due to their toxicity and capability to generate bacterial resistance [3,4],
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which a relatively high bacterial resistance has been detected in Spain
[5].

Therefore, there is a great need to develop new and efficient methods
for removing antibiotics from the environment, since the technologies
currently applied in WWTPs are generally poorly adapted to their
elimination [6]. Electrochemical Advanced Oxidation Processes
(EAOPs) are among the main investigated technologies for this purpose
because they are environmentally friendly, thanks to the fact that they
do not require the addition of hazardous reagents, as they work through
the direct generation of oxidizing species (e.g. ‘OH, 0—2 or SOZ;) [71.
Boron-Doped Diamond (BDD) is one of the most used electrodes in
EAOPs, because it generates high concentrations of OH radicals that
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Fig. 1. Diffractograms of the two samples of catalyst synthesized with two
different thermal treatments.

further react with organic pollutants, transforming them into less
harmful species such as CO5 and H,0 [7,8]. The high capability of BDD
to generate OH radicals is related to the fact that BDD is a non-active
anode, that is, it has a high overpotential for the oxygen evolution re-
action. As compared with the minimum theoretical potential for water
oxidation of 1.23 Vgyg, the onset potential for this reaction in the case of
non-active electrodes is normally higher than 2 Vgyg [9].

However, the high production cost of commercial BDD electrodes
[10] has motivated research studies using alternative materials with
similar capabilities. Some non-active anodes that are extensively used
are those based on PbO; or SnOs. Pure PbO, has a low production cost
compared to BDD and has greater electrical conductivity and stability
than the pure SnO,, but at the cost of having a lower oxygen evolution
potential, which is around 1.8-2 V for the PbO; and 1.9-2.2 V for the
SnO,, this making the SnO, slightly better in terms of OH generation
[11,12]. Many works have proposed improvements for the pure PbO5 in
order to optimize its capabilities as an electrocatalyst, like using a
bismuth-doped three-dimensional network carbon felt/PbO,
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(CF/Bi-Pb0,), where Bi improved the oxygen evolution potential, the
electrochemical active area and the service time greatly. Moreover, its
capabilities in the removal of diuron herbicide were tested, achieving up
to 97.6% removal in 25 min [13]. As for the SnO,, one of its main doping
improvements is the usage of Sb on SnO, (Sb-SnO3), which is also a
non-active anode that generates high quantities of OH. This was the
material used in our previous works, over a ceramic matrix, referred to
as BCE (Basic Ceramic Electrodes). BCE was compared with BDD in the
degradation of NOR [14], and also, the addition of CuO to the BCE
structure was tested as a strategy to reduce their electrical resistance
[15]. Our latest investigation was based on coating them with photo-
active materials, such as BiFeO3 via dip-coating [16], in order to in-
crease their capability to generate OH radicals by photocatalytic and
electrochemical means. Indeed, a noticeable improvement was noticed
with a 62% mineralization of NOR under light exposure for a BCE coated
with BiFeOgs, whereas only a 40% mineralization was achieved with the
BCE. These results proved the great possibilities of improvement of the
basic ceramic electrode with a photoactive coating. Light is key in these
experiments because it enhances the formation of OH radicals when it
reaches the photocatalyst surface [17]. After the improvement observed
with BiFeO3, more materials based on bismuth were studied and tested,
one of those is Bi,WOg.

Bi,WOg is a photocatalytic material that has attained great attention,
as it is non-toxic, it exhibits high thermal and photocatalytic properties
and a low bandgap of around 2.8 eV [18-20]. It presents great photo-
activity under visible light exposure thanks to its unique alternating
layered structure, which allows Bi;WOg to absorb radiation at longer
wavelengths, which can be provided via the direct exposure to solar
light [21,22]. These characteristics are achieved thanks to the properties
of its components. WO3 is not only a non-toxic component, but also it is a
photostable semiconductor capable of absorbing visible light [23].
Bismuth-based materials are known by their low production cost, nar-
row band gap, photostability and resistance to photocorrosion [24]. Its
great performance in terms of degrading different emerging pollutants
has been demonstrated in different studies, for example, NOR using a
Zn0O/BiaWOg heterojunction [25]; dyes such as Plasmocorinth B using
BioWOg/ZnWO4 [26] or Rhodamine B using BisWOg [22]; and tetracy-
cline using a Bi;WOg/CuBiz04 heterojunction [27]. Also, working with
thin films of the photocatalyst over a solid support has been chosen as a
promising alternative in this field [28]. For achieving these films,
different techniques are available, but one of the most cost-effective and
simplest techniques is dip-coating.
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Fig. 2. (a.1) SEM image of the uncoated BCE and (a.2) SEM image of coated BCE electrode surface with the Bi,WOg photocatalyst. (b) EDX analysis of the catalyst

deposited in the electrode surface.
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Fig. 3. (a) LSV comparison of the BWO-BCE in presence (L) and absence (NL) of light; (b) Photocurrent evolution profiles for both coatings BWO-BCE and BFO-BCE.
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Fig. 4. Light pulsed chronoamperometry for the BWO-BCE (a) and BFO-BCE (b) electrodes for two different overpotentials, + 0.35 V and + 1 V.

Taking into consideration the properties and capabilities of Bi;WOg
as a coating for the BCE (BWO-BCE), a comparison between an already
studied BiFeO3 (BFO-BCE) photoanode, the new BWO-BCE one and the
BCE electrode has been conducted in the present work. The aim of this
study is to evaluate the capabilities of two different bismuth-based
materials as photoactive coatings for cost-efficient and easy manufac-
tured Sb-SnO; ceramic based electrodes that could give another
perspective to the elimination of emerging pollutants. To achieve this,
the degradation of NOR as a model emerging pollutant is studied.

2. Material and methods
2.1. Materials and chemicals

For the synthesis of the BWO-BCE, SnO5 and Sb203 (purity 99.85%,
Quimialmel S.A., Spain and purity 99%, Alfa-Aesar, Germany, respec-
tively), polyvinylalcohol (PVA, Mowiol 8-88, Clariant Iberica S.A.
Spain), ammonium metatungstate hydrate ((NH4)sW12039-xH20 > 85%
WOs, Sigma Aldrich, Germany), bismuth oxide (Quimialmel S.A., Spain)
and isopropyl myristate (Quimidroga S.A. Spain) were used.

For the norfloxacin degradation experiments, analytical grade so-
dium sulfate (99%) from Sigma-Aldrich, norfloxacin from Cinfa (400 mg
pill), sulphuric acid (96%) from J.T Baker and distilled water were used.

Persulfate analysis was performed using potassium iodide (>99%)
from Honeywell, sodium thiosulfate from Sigma-Aldrich and starch so-
lution (1%) from PanReac.

For the ion chromatography tests, a mixture of nitric/dipicolinic
acid, sodium carbonate (>99%) and sodium hydrogen carbonate
(>99%) from Sigma-Aldrich were used.

For the HPLC analysis, ultrapure water, LC-MS grade acetic acid from
Fischer Chemical and hypergrade LC-MS acetonitrile from Merck were
used.

2.2. Electrode synthesis

The electrodes were made of a solid mixture of antimony oxide in tin
oxide obtained from a mixture of SnO, and Sb;03, in a mole ratio 99/1.
Polyvinylalcohol was used as a binder, which was added in a 0.8 wt% to
the oxides. The processing conditions employed for the electrode syn-
thesis was described elsewhere [29]. Briefly, prismatic specimens of
80x20x5 mm were shaped by dry pressing the wet powder in a labo-
ratory automatic press working at 250 kg-cm~2 (SS-EA, Nannetti Srl,
Italy). The green specimens were sintered in an electric furnace
(RHF1600, Carbolite Furnaces Ltd, UK). The temperature profile was
heating at 5 °C-min ! from room temperature to 1200 °C, a stage of 1 h
at the maximum temperature and subsequent cooling.
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Fig. 5. EIS profile for the BWO-BCE electrode in presence (L) and absence (NL)
of light applying different potentials over the OCP: (a) + 0.2 and + 0.5V (b)
+ 0.7 and + 1 V; ¢) Comparison of EIS profiles for the BCE, BWO-BCE and BFO-
BCE at 1 V over the OCP in presence (L) and absence (NL) of light.

Bi,WOg was synthesized from ammonium metatungstate hydrate
and bismuth oxide. Stoichiometric proportions of the raw materials were
dry mixed in an agate mortar to prevent solubilization of the tungsten
precursor. The reaction was performed in a mullite crucible with a
porcelain lid inside the electric furnace previously mentioned. The
synthesis cycle was heating at 10 °C-min " up to 700 °C, a soaking time
of 4 h and subsequent cooling. After the synthesis, the product was
ground in an agate mortar until it passed through a 200 um mesh. The
powder was then calcined again with the same heating cycle, and the
product was reground in the mortar until it passed through the 200 pm
mesh. This powdered product was used to prepare the catalyst suspen-
sion, milling a mixture of sieved 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 Bi;WOg, as
previous experiments showed that this ratio produced a better-quality
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layer on the electrode. BiFeO3 synthesis was explained in detail in our
previous work [16], which shared the same synthesis procedure only
varying the precursors of the photocatalyst and some heating conditions,
since the Bi;WOg required a higher temperature.

The deposition of the catalysts by dip-coating was carried out in a
home-made apparatus, which enables the control of immersion and
emersion speeds. After the deposition, the electrodes were dried in an
oven and the catalyst thermally fixed with a treatment, characterized by
heating at 10 °C.min~! up to 1000 °C for the Bi;WOg and 800°C for the
BiFeO3, and 1 h of soaking time, in the electric furnace (RHF 1400,
Carbolite Furnances Ltd. UK).

2.3. Physical characterization of the electrodes

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 point method with a HIOKI
RM3545 equipment (Hioki E.E. Corporation, Japan), using a homemade
setup. Characterization of crystalline structures was performed using an
X-ray diffractometer (Theta-Theta D8 Advance, Bruker, Germany), with
CuK radiation ( = 1.54183 A). The generator applied an intensity light
source of 45 kV and 40 mA. XRD data were collected by means of a
VANTEC-1 detector in a 20 from 5° to 90° with a step width of 0.015°
and a counting time of 1.2 s-step~ L. Images of the electrode surface were
taken with a FEG-SEM (QUANTA 200 F, FEI Co, USA) with microanal-
ysis (Genesis 7000 SUTW, EDAX, USA) to evaluate the characteristics
and the composition of the catalyst particles.

2.4. Electrochemical characterization of the electrodes

Accelerated lifetime tests for the BCE electrode were performed in a
previous work [30]. These tests were performed under 100 mA-cm ™2 in
a 0.5 M H,SO4 solution during 24 h using a three-electrode configura-
tion. The reference was an Ag/AgCl electrode from Metrohm; the
counter electrode was a Pt foil from Mettler Toledo and the working
electrode was the BCE. Achieving potential values greater than 5 V over
its initial value was considered as a deactivation of the electrode and if
the electrode showed no potential variations after 24 h, the current
density was increased 100 mA-cm 2 and the cycle was repeated several
times.

For the electrochemical characterization experiments, a quartz
reactor filled with a solution of 0.1 M of sodium sulfate, under a three-
electrode configuration (see Fig. SM1) was employed. The reference and
counter electrode were the same as in the lifetime tests, but here the
working electrodes were the BCE, BWO-BCE and BFO-BCE photoanodes
with an effective surface of 0.25 cm? A PGSTAT302N Autolab poten-
tiostat/galvanostat from Metrohm was used as a power source and to
monitor the electrochemical tests.

Linear Sweep Voltammetry (LSV) was conducted at a scan rate of 50
mV-s~L, from the open circuit potential (OCP) towards the positive di-
rection up to an overpotential of + 2 V. A Hamamatsu Lightningcure LC8
with a 200 W Xenon lamp was used as a source of light. In order to block
the infrared light, an A9616-08 light filter was inserted, which only
allows the passage of radiation in the visible range.

Light pulse chronoamperometry was performed at two different
overpotentials (+0.35 and +1 V from the OCP), which were selected on
the basis of the LSV experiments, with a pulse duration of 150 s

Electrochemical Impedance Spectroscopy (EIS) analysis were per-
formed in a range of overpotentials in presence and absence of light
(+0.2, +0.5, +0.7 and +1 V), working with an amplitude of 5 mV and a
frequency range between 10 kHz and 1 Hz.

2.5. Photoelectrochemical experiments

In the photoelectrochemical experiments, the same reactor as that
employed for the characterization of the electrodes experiments was
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Fig. 6. Evolution of the degradation (C/Cp) and the mineralization (TOC/TOCy) in absence of light at (a),(c) 8.33 mA-cm~2 and (b),(d) 25 mA-cm 2 for the BCE,

BWO-BCE and BFO-BCE.

also used, but in this case, the solution was composed of 100 mg-L_1 of
NOR and 2 g-L ! of supporting electrolyte, NaySO4. The anodes (24 cm?)
were the BCE, BWO-BCE and BFO-BCE, the reference was an Ag/AgCl
from Metrohm, and the cathode was a 24 cm? sheet of stainless steel
(AISI304). Four different current densities were studied (8.33, 16.67, 25
and 33.33 mA-cm~2), under visible light exposure and without it. The
light source used was the same 200 W Xenon lamp used during the
electrochemical characterization. The experiments lasted 4 h and eleven
samples were extracted every 15 min during the first hour of experiment
and then every 30 min

2.6. Methods of analysis

The NOR concentration evolution was determined using a UV/Vis
device Unicam UV4-200, following its characteristic absorption band of
NOR at a wavelength of 277 nm (as shown in Fig. SM2). The minerali-
zation of NOR was followed by measuring the Total Organic Carbon
(TOC) using a Shimadzu TNM-L ROHS TOC analyzer. The ion content of
the samples was analyzed using an ionic chromatograph Metrohm 883
Basic IC Plus. A iodometric titration was used to determine the persul-
fates of the samples [31].

For the HPLC analysis, an Agilent 1290 Infinity UHPLC equipped
with a C18 column (ZORBAX Eclipse Plus) was used. The method fol-
lowed is described elsewhere [16].

2.7. Assessment of the reactor performance

The mineralization current efficiency, was calculated using Eq. (1)
[32,33]:

n F V

=200 m 1 1 100% M

where ATOC; is the difference of TOC concentration between a given
time t and the initial value, n is the number of electrons exchanged in the
reaction of complete oxidation of NOR (Eq. (2)), F is the Faraday con-
stant (96,500 C~mol’1), V is the solution volume (L), 7.2-10° is a unit
correction factor, m is the number of carbon atoms in the NOR molecule
and I is the applied electric current.

C16H18FN3O3 -+ 29H20—>16C02 + 3NHI +F + 64-}1+ + 66¢~ (2)

The energy consumption per kg of TOC removed (kWh-kgTOC™})
was calculated making use of Eq. (3) [33,34]:

. LU@ I(t)dt

3
ATOC, V 3)

where U(t) is the cell voltage (V).
The extent of electrochemical combustion (®) was calculated using
Eq. (4) [31,35]:
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where ® ranges between 0 and 1 (0 means that the process takes place
with oxidation but without mineralization, and 1 that there is a total
mineralization of NOR).

3. Results and discussion
3.1. Electrode characterization

The sintered ceramic electrodes showed a bluish colour, an indica-
tion of the formation of the solid solution between tin and antimony
oxides. This assumption was confirmed by the mean resistivity value of
the samples, 0.0246 + 0.0002 Q-cm for the BWO-BCE and 0.0228
+ 0.0005 Q-cm for the BFO-BCE, which were sufficiently low for the
electrode function, considering their ceramic nature. Their low bulk
density (mean 3691 + 13 kg-m~%) allows us to estimate a porosity of
around 46% by comparison with the true density of tin oxide, very
similar to the 50% porosity value obtained for the BFO-BCE.

For the BWO-BCE, the products of the two thermal treatments were
yellowish and easy to grind, an indication that the densification mech-
anisms had low activity along synthesis. The XRD characterization in-
dicates that, after the first thermal treatment, the product is a mixture of
the target phase BiaWOg with unreacted WO3 and a low proportion of
another bismuth tungstate Bi;4W2027 (4 h in Fig. 1). However, after the

second thermal cycle (4 +4 h in Fig. 1), the product had a higher pro-
portion of Bi,WOg, as the reflections of Bi;sW5027 and tungsten oxide
were of reduced intensity. Consequently, the product of the second
thermal treatment was selected to elaborate the catalyst suspension.
Considering that there are five stable phases at room temperature in the
Bi;O3 - WO3 phase diagram [36], the synthesis of the catalyst can be
considered simple. Additionally, the successful synthesis of BFO-BCE
was also reported in a previous work [16]. The only difference
observed among both photocatalysts was the ease to obtain a purer
phase, since BiFeOs presents a really limited stability interval which
complicates obtaining a pure coating of this material.

After the deposition process, the characterization of the electrode
showed that the catalyst was well fixed to the surface of the BCE sub-
strate (Fig. 2a). Specifically, the surface free of catalyst that shows its
characteristic porosity is observed in Fig. 2a.1 and the catalyst was the
phase that partially filled the surface porosity, as seen in Fig. 2a.2. This
was confirmed by EDX analysis, since Bi and W were present in this
phase (Fig. 2b), but the main signal is generated by the tin oxide of the
ceramic substrate. This result implies a high compatibility between the
catalyst particles and the ceramic support, which can support large
amounts of catalyst per unit area.

Accelerated service life tests showed no major changes at
100 mA-cm ™2 after 24 h (potential increased up to 2.85 V). Therefore,
200 mA-cm 2 were applied and after another consecutive 24 h only an
average value of 3.8 V was achieved. Then 300 mA-cm ™2 were applied
for another 24 h (making a total of 72h of electrolysis), achieving
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average potential values of 4.5 V. Some 5 V peaks were detected during
the 200 and 300 mA-cm~2, but those were related to the formation of
oxygen bubbles that blocked the electrode surface. These lifetime tests,
previously reported in [30] for the BCE electrode, showed no evidence of
change by using SEM image analysis before and after the electrolysis.

According to the electrochemical characterization tests, similar LSV
were obtained for all electrodes, as an example, the comparison between
the LSV of the BWO-BCE in presence and absence of light is shown in
Fig. 3a. The BiaWOg coating exhibits a limited growth of current density
at low overpotentials, up to around + 0.75V over the OCP, beyond
which it follows an exponential evolution. Light increases the current
density signal for the same overpotential, also having a greater effect
from overpotential values of + 0.75 V onwards. This indicates that the
BiaWOg coating under light exposure greatly decreases the resistance to
charge transfer at higher overpotentials. This phenomenon is well
observed when the photocurrent evolution is analyzed (see Fig. 3b). This
figure shows the comparison of the photocurrent profiles for the BWO-
BCE and the BFO-BCE. It is observed that an overpotential of around
+ 0.75V there is a change in the trend: for the BWO-BCE electrode the
slope changes notably, and the curve follows a clear crescent trend with
the overpotential; whereas the BFO-BCE achieves a maximum of
0.94 mA-cm ™2 at that overpotential and then a gradual decline of the
photocurrent takes place. This means that the BFO-BCE works better at
medium-low potentials, where its sensibility to light is higher, while the
BWO-BCE works better at higher overpotential values.

Light pulsed chronoamperometry measurements at two different

overpotentials (+0.35 V and +1 V) are presented in Fig. 4. There is an
instant change in the current density profile when light is applied. At
+ 0.35 V the 150 s pulse is necessary to achieve a steady-state value;
however, at + 1 V a fairly stable value of current density is achieved
almost immediately after turning on the light, but with an increased
signal noise behavior due to the generation of gas bubbles. This increase
in the current density under light application further confirms the
photocatalytic enhancement of the BCE electrode, which is related to the
higher generation of charge carriers thanks to the excitation of electrons
in the valence band after light impacts the coating [37]. Fig. 4a shows
the results for the BWO-BCE where, as expected from previous obser-
vations, at lower potentials, the effect of light on the photocurrent
generated by the BioWOg coating is smaller (an average value of
0.26 mA-cm™2). If compared with Fig. 4b, which includes the BFO-BCE
results, the BFO-BCE works noticeably better at low potentials (an
average value of 0.67 mA-cm™2). At higher potentials, there is no clear
difference between electrodes. This confirmed the results previously
seen in Fig. 3b, where at lower overpotentials, + 0.35 V, the BFO-BCE
showed greater photocurrent response and at + 1 V, the photocurrent
values were similar for both electrodes.

In order to further evaluate the electrochemical behavior of the
BWO-BCE electrode, EIS in the presence and absence of light was per-
formed. The results, shown as Nyquist plots, are compared in Fig. 5a and
b. At lower overpotentials (+0.2 V), closer to the OCP, the effect of light
does not improve the charge-transfer resistance of the system, associated
to the diameter of the semicircle. As the DC potential increases (Fig. 5b),
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Table 1
Comparison with other works which treat antibiotics in similar conditions.
Photoanode Conditions Target antibiotic =~ % Removal Ref.
BFO-BCE 33.3 mA-cm 2, 200 W lamp, 4 h Norfloxacin 99% NOR Current
66% TOC work
BWO-BCE 33.3mA-cm 2, 200 W lamp, 4 h Norfloxacin 99% NOR Current
71% TOC work
MMO-RuO5IrO, 30 mA-cm 2, 9 W lamp, 7.24-8 h Penicillin G 82-100% [43]
Meropenem
Chloramphenicol
Ti/Rug.3Tig702 20 mA-cm 2, no light, 20 min Tetracycline 100% [44]
hydrochloride
Self-doped titanium dioxide nanotubes modified with electrodeposited Pt (SD- 25 mA-cm ™2, 100 W Xenon lamp, Tetracycline 86% [45]
TNT/Pt) 60 min hydrochloride
Ti/SnO2-RuO, 25 mA-cm 2, no light, 45 min Cefotaxime 86.33% [46]
sodium
Rug 3Tig 70,-Ti 10.53 mA-cm 2, 250 W lamp Erythromycin 38% TOC [47]
BiPO,4/Sb-Sn0, 15.5 mA-cm ™2, no light, 4 h Norfloxacin 83.4% NOR [48]
15.5 mA-cm ™2, 200 W lamp, 4 h 98.82%
NOR
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Fig. 10. By-products detected with HPLC analysis at m/z 322.11, 318.14, 294.12, 251.08 and 233.07.

light has a greater effect on reducing the charge-transfer resistance,
confirming what was previously seen during the LSV (Fig. 3). If the in-
fluence of the applied potential is considered, it is seen that as it in-
creases, the charge transfer resistance decreases, which is related to the
inverse of the slope at the different regions included in Fig. 3a.

In Fig. 5c, a comparison of the EIS profiles at + 1 V over the OCP
between the BCE, BWO-BCE and BFO-BCE is shown, where there is a
clear improvement of the behavior of the coated electrodes in relation to
the BCE. As expected from previous observations, the Bi,WOg coating
reduces the charge transfer resistance, enhancing the current flow
through the electrode, which further decreases with light application, a
phenomenon well observed in different photocatalysts [38]. In other
words, the charge carrier transfer is enhanced when light is applied
thanks to the faster generation of electron-hole pairs via incident photon
collision. In addition, Bi;WOg presents a better behavior than BiFeO3 at
higher potentials, since it presents the lowest values of charge-transfer
resistance. Also, with EIS it is confirmed that light has less effect on
the BFO-BCE when working at higher potentials, since its
charge-transfer resistance is very similar for both cases, in presence and
absence of light.

3.2. Photo-electrooxidation experiments

Fig. 6 shows the comparison of the relative concentration of NOR (C/
Co) and TOC (TOC/TOC) between the three different anodes in absence
of light: BCE, BWO-BCE and BFO-BCE, at two different current densities.
All figures follow the same evolution with time, with C/Cg values having
initially a linear descending trend up to 45-60 min and a later expo-
nential trend until 4 h. With regards to TOC/TOCy, the behavior
observed for all the experiments follows a linear evolution through the
4h. At 8.33 mA.cm 2 (Figure 6a) a clear improvement with both
photocatalytic coatings is seen during the whole experience, especially
in the degradation of NOR. The improvement in NOR degradation was of
around 40% for both materials as compared with the BCE. In Fig. 6b the
values of C/Cy for 25 mA-cm ™2 are shown, where there is no significant
improvement with respect to the BCE with any of the bismuth coatings.
In Fig. 6¢, where TOC/TOGC, at 8.33 mA-cm 2 is depicted, no major
improvement is observed, which means that the effect on mineralization
is low at these low current densities. At the higher current density of
25 mA-cm 2 (Fig. 6d), a notable improvement in mineralization of
around 28% for the BFO-BCE and 36% for the BWO-BCE is observed, as
compared with the BCE. This means that at low current densities, the
bismuth coatings improve the degradation of NOR but not the miner-
alization, whereas at higher current densities the contrary happens.
Attending to the improvements seen for both coatings a deeper analysis
of the materials is shown in Fig. 7 and Fig. 8.

Fig. 7 depicts the results of the evolution of C/Cy and TOC/TOC for
the BFO-BCE at the four different current densities under study in
presence and absence of light. With the increase of current density, the
system is faster and achieves higher degradation and mineralization
rates. Values go from 85% to 88% NOR degradation at 8.33 mA-cm ™2, in
absence and presence of light, respectively; and up to 97-99% at
33.33 mA-cm 2. According to the TOC values, around 34-37% was
mineralized at 8.33 mA-cm~2 and around 57-66% at 33.33 mA-cm 2.
Light had a notable effect during all experiments at all current densities
within the degradation values being greater at medium current den-
sities, as expected from Fig. 3b.

Fig. 8 summarizes the C/Cy and TOC/TOC results for the BWO-BCE
at all four current densities in the presence and absence of light. With
this photoanode it is also observed that with the increase of current
density the system is faster, achieving values of C/Cy at 8.33 mA-cm ™2 of
around 82-84% of eliminated NOR and increasing at 33.33 mA-cm ™2 up
to around 98-99%. A similar behavior is observed for the values of TOC/
TOCy, where at 8.33 mA-cm ™2 about 31-34% NOR was mineralized but
at 33.33 mA-cm 2 the value was around 65-71%. Light effect followed
the same tendency as that observed during the characterization, where
at low current densities the effect was lower, and it was more noticeable
at higher current densities. Additionally, light seemed to have a greater
effect in the mineralization but almost negligible in the degradation.

For both electrodes the observed effect of light (hv) is accomplished
thanks to the generation of electron-hole pairs (Eq. 5): electrons (e7) are
generated in the conduction band and holes (h") in the valence band
[39]. During the formation of the reactive oxygen species, electrons
react with Oy, reducing it and forming the superoxide radical, 0,,
following Eq. (6); and the holes react with Hy0, oxidizing it to OH as
indicated in Eq. 7. The O, and OH radicals can react directly with the
NOR molecules, oxidizing them to its subproducts as seen in Eq. 8 and
Eq. 9, respectively, but also O can further react with other species
generating more OH radicals (Eqs. (10)—(12)). Due to the nature of the
electrolyte, NaySOy, there is also presence of persulfates (SyOg 2) in the
media, formed by direct oxidation of SOz 2 jons (Eq. (13)) [40]. Per-
sulfate ions can also become activated by the effect of light, where the
electrons formed in the conduction band react with them and generate
SO:; radicals (Eq. 14), which can directly degrade the NOR molecule or
can be involved in the formation of other oxidizing species (Eqs. (15)—
(17)) [41,42].

Taking these reactions under consideration, the reason why in Fig. 8
light affected more the mineralization in the BWO-BCE than in the
degradation can be related to the amount of persulfate content detected
(Fig. 9c¢), which is also later discussed. For the BWO-BCE, persulfate
content is much higher than the BFO-BCE after 4 h of essay, but in
presence of light it is almost reduced by a 44% at 8.33 mA-cm ™2 and
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25% at 25 mA-cm 2. This decrease of persulfates is related to their

NOR + OH_)NOR:ubproduct: (9)
activation into sulfate radicals (later detailed in Eq. (14)), which are
really reactive. These. su.lfate rad}cals mme.r?hze not only the NOR 0, + H*>HO, (10)
molecule but also all its intermediates. Additionally, they can further
create more hydroxyl radicals too (Eq. (17)). 2HO,—-H,0, + 0, an
This could be the reason why under illumination, the effect on
mineralization is more noticeable, since it is always easier to oxidize a 0,” +H,0,—~. 0OH (12)
smaller molecule than the original molecule of NOR.
-2 -2
BWO — BCE + hv—e™ +h* ) 20550 s
0, +e =0, ©) 505% +e" =50, +50;* a4
H,0+ 1" = OH + H* 7) S04 +H'—HS,04 (15)
NOR + 0, =NORuproducts 8 HS,04 +e —SH" + SO, + SO;2 (16)

10
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SO, + OH —. OH + S0,* a7

In order to compare the previous results with those obtained in other
works, a comparative table (Table 1) has been elaborated, grouping data
from different works that share similar conditions, showing the great
behavior of the BFO-BCE and BWO-BCE in terms of the antibiotic
degradation.

The formation of NOR subproducts was also followed by ion chro-
matography, as summarized in Figure SM3 for the BWO-BCE. Formate
concentration was higher at 8.33 mA-cm 2 as seen in Figure SM3a due
to the lower mineralization capability at lower current densities, which
leads to an accumulation of short string carbon molecules. With the
increase of current density (25 mA-cm’Z), the oxidation power increases
and the accumulation of formate was significantly lower. When the ef-
fect of light is studied, for 8.33 mA-cm ™2 the concentration of formate
remains invariable confirming the low effect of light seen during the
TOC analysis (Fig. 8a), but as expected at 25 mA-cm 2 the effect of light
was greater as seen in Fig. 8c. Ammonia was followed in Figure SM3b.
Initially, in absence of light there is a gradual formation of ammonia,
where the concentration keeps increasing with time at both current
densities up to an almost steady-state value. At 25 mA-cm ™2 the amount
achieved was greater, due to a faster degradation of the NOR molecule as
seen in Fig. 8c and, therefore, a greater formation of nitrogen species
takes place. In presence of light there is a notable change, where after an
initial formation of the ammonia, it starts to disappear faster at
25 mA-cm ™2 due to its oxidation towards nitrates.

Other ions, like fluoride and nitrates were also followed by evalu-
ating their final values after 4 h. Fig. 9a shows the results at lower
current densities (8.33 rnAvcm’z), where the content of fluorine is quite
similar in presence and absence of light for both electrodes. For nitrate
content, it is observed that at 8.33 mA-cm™2 in presence of light the
amount of nitrate for the BWO-BCE is higher than in absence of light,
which is due to a greater generation of radicals, which oxidize the ni-
trogen present in the NOR molecule leading to its accumulation. In
Fig. 9b, the results at 25 mA-cm 2 are shown, and for both ions and
electrodes the trend with light stays the same, being the main difference
the amount of nitrates present in the final samples, since the concen-
tration is doubled for both electrodes at high current densities due to a
greater degradation of the NOR molecule and, therefore, a greater
generation of nitrogen species.

When comparing both electrodes, the BFO-BCE generated a greater
amount of fluoride and nitrate at both current densities than the BWO-
BCE, which is possibly associated with the existence of variations in the
degradation pathways that increase the formation of intermediates with
the nitrogen and fluoride still attached to a large organic molecule.

Persulfate content for both electrodes was also followed in Fig. 9¢
and d. Here the influence of current density is clear, the higher the
current density is (Fig. 9d), the greater the oxidation and therefore there
is an increase of the persulfate content. When light is applied, persulfate
content decreases in every scenario due to the activation of persulfates
with light, that transforms them into SO, radicals that work as heavy
oxidizing species of the NOR molecule, as previously stated. When the
results of the BWO-BCE are compared with those obtained for the BFO-
BCE, it is shown that the BWO-BCE generated much more persulfates.
Also, since persulfates are associated to a higher toxicity of the solution,
these results indicate that the BWO-BCE generates more toxicity during
the degradation, and, therefore, that light reduces this toxicity due to
lower persulfate generation.

With the HPLC analysis it was possible to detect some of the major
subproducts from the degradation of the NOR molecule, at the following
m/z values: 322.12, 318.14, 294.12, 251.08 and 233.07 (Fig. 10), pre-
sent in the degradation route (Fig. SM4) of the NOR molecule that has
been described in different studies [16,49,50]. The evolution with time
of these subproducts is described in Figure SM5. The subproduct 322.11
is an early compound derived from the degradation of the NOR mole-
cule, where the piperazine ring starts to open leading to the formation of
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short-chained carbon molecules such as formates, as seen in Figure SM3.
The subproduct 318.14 is also a variation of the first steps of the
degradation of NOR, which can be the reason for the formation of
fluoride ions at early stages. The subproduct 294.12 can be theoretically
associated with an intermediate with the piperazine ring opened. The
subproduct 251.08 can be associated with a molecule with the pipera-
zine ring completely removed, leading to the formation of oxidized
species derived from the nitrogen atoms allocated there, which can be
related to the gradual evolution of ammonia observed in Figure SM3 and
in the accumulation of nitrates as shown in Fig. 9. Finally, the inter-
mediate of m/z 233.07, which is theoretically formed after the complete
elimination of the piperazine ring and the defluorination of the NOR
molecule, which can be confirmed due to the presence of fluorine and
nitrates detected previously by ion chromatography.

3.3. Analysis of the energy consumption

To further analyze the mineralization of NOR, the efficiency of the
system was described in Fig. 11, where the average values of the MCE,
the energy consumption of the system and the extent of electrochemical
consumption (estimated from Eqs. (1), (3) and (4), respectively) are
shown for both electrodes, the BWO-BCE and BFO-BCE. MCE evolution
with time was shown in Fig. 11a for the BWO-BCE, where an initial
increase up to 15% at 60 min is observed, and a later slow decrease to
10%. The MCE average values (Fig. 11b) for the BWO-BCE at
8.33 mA-cm 2 are 11.82% under light exposure and 12.4% without it,
which means a difference of 4.66%, an expected result taking under
consideration the small effect of light seen in previous analysis at this
current density, while the BFO-BCE presented 6.72% in presence of light
and 5.83% in absence of it, with light having a slight effect over the MCE
at this current density, as observed in Fig. 3. For 25 mA-cm ™2 the values
of MCE were always higher under light application, as expected since at
this current density the light had a greater effect, whereas for the BFO-
BCE, even though it had a better performance under light exposure, the
improvement was less noticeable. This improvement under light expo-
sure is related, as it has been stated before, to the higher formation of
free radicals like OH, SOy or O, that enhance the mineralization at the
same applied current.

The energy consumption, whose instant values for the BWO-BCE are
shown in Fig. 11c, indicate that almost steady values were obtained
during all the experiment with little effect of light at low current den-
sities, which aligns with that observed during the LSV analysis. Average
values of energy consumed, shown in Fig. 11d, have a similar behavior
as the MCE for both electrodes, where light had a positive effect in
almost every scenario, but for the BWO-BCE at 8.33 mA-cm ™2 no effect
was observed (values were 897.52 kWh~kgTOC’1 and 907.58
kWh-kgTOC ™! in presence and absence of light). For the BWO-BCE, at
25 mA-cm™2 the average values were 5250.09 kWh-kgTOC™! and
6124.66 kWh-kgTOC™! in presence and absence of light, respectively.
For both electrodes, increasing the current density increases the cell
voltage, leading to the concomitant increase of energy consumption.
Light reduces the cell voltage and, consequently, it reduces the energy
consumption as seen.

The extent of electrochemical combustion calculated from Eq. (4) is
shown in Fig. 11e for both electrodes. Light had little effect at low
current densities but at higher current densities the BWO-BCE showed a
better performance under light application (values closer to 1), which
means that more degraded NOR could be also mineralized, corrobo-
rating what was previously observed in Fig. 3.

Electrodes with similar characteristics under similar testing condi-
tions achieved values of the same order of magnitude. For instance, in
the degradation of phenol, electrodes which consisted of a Ti mesh (M)
covering an Sb-SnO; (M-SnO) anode presented a similar evolution
trend for the MCE, with maximum values at the beginning and a later
decrease with time. These values ranged between 20% and 15% at
10 mA-cm™2 in absence of light [51]. Also, a mixed metal-oxide
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electrode under light exposure and 30 mA-cm 2 used for the degrada-
tion of ofloxacin, achieved MCE values of 30% which decreased during
the first 60 min to around 7.5%, and then more gradually up to 2.5%
after 4 h. Also, energy consumption values achieved were around 2500
kWh-kgTOC™! after 4 h [52].

4. Conclusions

BioWOg was successfully synthesized and adhered to the Sb-SnO,
electrode via dip-coating, making a viable photoanode, the BWO-BCE,
which was compared in different aspects with the BFO-BCE, another
bismuth-based material, and with the BCE.

LSV experiments for the BWO-BCE showed its improvement with
light, which presented a higher current density for the same applied
potential. Also, photocurrent analysis of both electrodes, showed that
the performance of the BWO-BCE improved at higher current densities
and that of the BFO-BCE at lower current densities. This was further
confirmed with the light pulsed chronoamperometries. Also, EIS showed
an improvement of the BWO-BCE as the applied potential increased,
reducing its charge transfer resistance. The comparison of the BWO-BCE
with the BCE and BFO-BCE at + 1V over the OCP showed a clear
improvement when working with this photoanode at higher current
densities.

Photoelectrooxidation experiments showed an improvement in the
degradation of NOR of around 40% for both materials at 8.33 mA-cm ™2
in relation to the BCE, but none at 25 mA-cm ™2, whereas in the miner-
alization the opposite occurred, obtaining improvements at 25 mA-cm ™2
of 36% (BWO-BCE) and 28% (BFO-BCE). Also, for the BFO-BCE, light
had a notable effect during all the degradation experiments at all current
densities, especially at medium values. For the BWO-BCE at higher
current densities the light effect was more noticeable and had a greater
effect in the mineralization but almost negligible in the degradation.

The detection of formate indicated a proper oxidation of the NOR
molecule, with higher concentrations at lower current densities for the
BWO-BCE due to lower mineralization capability. For ammonia, at
higher current densities the amount achieved was greater, due to a faster
degradation of the NOR molecule, where light showed an increased
elimination of ammonia, thanks to a higher oxidation. Fluorine content
showed no major differences under light application or current density
for both electrodes. Nitrate content was higher in presence of light due
to higher generation of oxidizing species at both current densities and
for both electrodes. However, there was a big effect of current density,
doubling its concentration at high current density values, due to a
greater degradation of the NOR molecule at high current densities. Also,
the BFO-BCE presented greater concentrations than the BWO-BCE at
both current densities. The presence of persulfates also indicated an
oxidation of the supporting electrolyte, in a lower concentration when
light was applied probably due to their activation. Also, the BWO-BCE
presented greater amounts of persulfates, which is related to a higher
toxicity.

MCE values indicated a better efficiency for the BWO-BCE at low
current density, but less impactful at higher current densities. Energy
consumption also showed slightly lower values for the BWO-BCE at
8.33 mA-cm ™2, but greater at 25 mA-cm 2, where light reduced the
energy consumption. Light had no effect on the extent of electro-
chemical combustion at low current densities for both electrodes,
especially the BWO-BCE, however with light more degraded NOR was
being mineralized for the BWO-BCE anode.
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