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This study investigates the electrochemical degradation of the broad-spectrum antibiotic levofloxacin (LVX) in
synthetic hospital effluents using two different anode materials: Boron-Doped Diamond (BDD) and RuOy/Ti.
Experiments were performed under a range of current densities (5-50 mA Cm’z) to assess removal efficiency,
reaction kinetics, intermediate by-product formation, and effluent toxicity. The degradation process was

BDD anode . . o . . . - .
RuO,/Ti anode modelled using first-order kinetics, revealing that complete LVX removal is achievable under optimised operating
Toxicity conditions. BDD anodes demonstrated higher degradation efficiency at lower current densities, whereas RuOy/Ti

anodes required higher values to attain comparable degradation rates. Detailed analyses of electrogenerated
oxidants and intermediate compounds indicated that direct oxidation at the anode surface and mediated
oxidation via hydroxyl radicals and other reactive species contribute significantly to the degradation mechanism.

Additionally, the breakdown of organics in the effluent resulted in the release of nitrogen, primarily as nitrate,
which is subsequently reduced to ammonium and further reacts with hypochlorite to form chloramines, thereby
enhancing the degradation process, mainly when using RuO,/Ti anodes. Mineralisation studies showed that
Total Organic Carbon (TOC) removal exceeded 80 % with BDD anodes. Toxicity evaluations, conducted in vitro
and silico methods, confirmed that most of the by-products generated during treatment pose minimal environ-
mental risk. These findings underscore the potential of electrochemical oxidation as a sustainable and robust

technology for the remediation of pharmaceutical contaminants in hospital effluents.

1. Introduction

Over the years, the continuous release of pollutants into the envi-
ronment driven by industrialisation and evolving human lifestyles has
increasingly pressured aquatic ecosystems [1-4]. Among various water
contaminants, pharmaceutical residues, classified as emerging contam-
inants, pose a significant challenge due to their potential impacts on the
environment and human health [5,6]. Hospitals rank among the largest
consumers of pharmaceutical products and their metabolites, which
include antibiotics, analgesics, antineoplastics and iodinated contrast
agents. Since most of these drugs are not completely metabolised in the
body, they are excreted through hospital effluents, which can range from
400 to 1200 dm® per bed per day, depending on the capacity of the
healthcare facility [7]. When mixed with urban wastewater, these ef-
fluents are discharged into Wastewater Treatment Plants (WWTPs),
which have demonstrated low efficiency in removing pharmaceutical
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compounds [8-11].

Antibiotics, particularly fluoroquinolones, have become increasingly
common for treating infectious diseases, which account for approxi-
mately 25 % of global morbidity and mortality, according to the World
Health Organization (WHO) [12-14]. Among these, levofloxacin (LVX)
is a broad-spectrum antibiotic effective against Gram-positive and
Gram-negative bacteria, and it is widely employed to treat severe bac-
terial and nosocomial infections [15]. After oral administration, up to 80
% of LVX is excreted unmetabolised [16]. Consequently, LVX concen-
trations in micrograms per litre to milligrams per litre have been
detected in hospital effluents [17,18]. In contrast, levels in nanograms
per litre to micrograms per litre have been observed in wastewater [19].
In this context, it is crucial to develop clean and efficient technologies to
remove pharmaceutical compounds, especially antibiotics, from hospi-
tal effluents before their discharge into WWTPs [20].

Several Advanced Oxidation Processes (AOPs), such as ozonation,
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photoelectrocatalysis, electro-Fenton or activated peroxymonosulfate,
have been proposed to remove LVX, yielding promising results [21-25].
For instance, Goulart et al. investigated the degradation of LVX in syn-
thetic urine by photoelectrolysis using an MMO electrode [22]. Their
findings revealed that electrochemical oxidation at a low applied po-
tential (0.2 V) was insufficient to degrade LVX, whereas photo-
electrochemical oxidation using a Ti/MMO/ZnO photoanode achieved
high removal efficiency. Similarly, Xue et al. examined the heteroge-
neous activation of peroxymonosulfate (PMS) for LVX degradation
under various reaction conditions [24]. They demonstrated that efficient
activation of PMS (50 mg dm~3) by a catalyst (50 mg dm 3 MgO/Co304)
resulted in the degradation of 96.93 % of an initial 10 mg dm™> LVX
solution. However, most studies have focused on removing LVX in
simple matrices, which differ considerably from real effluents. There-
fore, validating these results in real or complex matrices that closely
mimic actual wastewater compositions is essential.

With this background, the present work evaluates the electro-
chemical oxidation of synthetic hospital effluents containing LVX as a
fluoroquinolone antibiotic model. This technology has proven highly
effective in removing recalcitrant organic compounds by generating
non-selective *OH radicals [26-29]. Consequently, it is considered one
of the most promising approaches for eliminating pharmaceuticals from
hospital effluents. This study will assess the influence of the anode
material (Boron-Doped Diamond, (BDD) and RuO,/Ti) and the current
density (5-50 mA cm™2) on the process performance. Additionally, the
intermediate compounds formed during the electrochemical degrada-
tion of LVX will be analysed and identified to propose potential degra-
dation pathways. Finally, the ecotoxicity of the treated samples will be
evaluated using data from the Ecological Structure-Activity Relationship
(ECOSAR) software, which predicts aquatic toxicity based on quantita-
tive structure-activity relationships derived from both in vitro and in
silico methods. In vitro assays involving organisms of varying complexity
(bacteria, algae, daphnids, and fish) will be employed to assess acute
and chronic toxicity effects [30].

2. Material and methods
2.1. Chemicals

Levofloxacin (LVX, C1gH50FN304) of analytical grade (> 98 % pu-
rity) was obtained from Sigma-Aldrich. The synthetic hospital waste-
water (HWW) was prepared using analytical grade reagents: sodium
chloride, ammonium chloride, calcium chloride, sodium phosphate,
sodium nitrate and sodium bicarbonate (Sigma Aldrich), magnesium
sulphate and sodium acetate (Fisher), and urea, potassium sulphate and
sodium sulphate (Panreac). Additional chemicals used for urea deter-
mination (4-(dimethylamino)benzaldehyde and hydrochloric acid) were
of analytical grade and purchased from Sigma-Aldrich. Sulfuric acid,
potassium iodide (Fischer), and a starch solution (Panreac) were
employed to quantify total oxidants. The concentrations of anions were
analysed using sodium carbonate (Panreac) and sodium bicarbonate
(Sigma-Aldrich), while oxalic acid and nitric acid (Sigma-Aldrich) were
used for cations analysis. HPLC-grade acetonitrile (Fischer) and formic
acid (Sigma-Aldrich) were used as mobile phases during HPLC
determinations.

2.2. Experimental procedure

A single-compartment electrochemical cell operating in batch mode
was used for the electrochemical oxidation experiments [31]. Briefly,
circular BDD ([B]: 500 mg dm ) and RuO,/Ti electrodes, purchased
from NeoCoat and Tianode, respectively, served as anodes, while a
stainless-steel electrode was used as the cathode. The inter-electrode gap
was 9 mm, and the total electrode surface area was 78 cm?. The main
features of the cell have been described in detail in previous works [32].

The synthetic HWW was prepared as an aqueous solution containing
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the organic and inorganic compounds listed in Table 1, as reported in the
literature [33]. One litre of HWW spiked with 5 mg dm™3 LVX was
transferred to a cylindrical borosilicate tank and pumped through the
electrochemical cell at 440 mL min . Electrochemical oxidation tests
were conducted under galvanostatic conditions with current densities
ranging from 5 to 50 mA cm 2. These current densities were chosen
based on promising results from previous studies, where low current
densities effectively degraded other antibiotics, such as chloramphen-
icol [34]. The electric current was provided by a Dr Meter PS-3010DF
DC power supply (0-30 V, 0-10A).

2.3. Analytical methods

A high-performance liquid chromatography (HPLC) system (Agilent
1100 series) with a DAD detector was employed to measure LVX con-
centration. An analytical column Poroshell 120 EC—C18 4 pm (4.6 x
150 mm) was used at 40 °C. The mobile phase comprised 70 % formic
acid (0.1 %) and 30 % acetonitrile, with a flow rate of 0.6 cm® min’l, an
injection volume of 20 pL and a DAD detection wavelength of 295 nm
[35]. Urea concentration was determined using a colourimetric method
described elsewhere [36,37]. Total Organic Carbon (TOC) was
measured using a Shimadzu TOC-V CSH analyser, which performs
oxidative combustion at 714 °C with CO, detection via infrared
spectroscopy.

Ion chromatography (IC) was employed to determine inorganic ions.
Anions were measured using a Metrohm 930 Compact IC Flex equipped
with a conductivity detector and a Metrosep A Supp 5 250/4.0 column,
while cations were analysed using a Metrosep C6 250/4.0 column. The
mobile phases used were Nay;CO3 (3.2 uM) and NaHCOj3 (1 uM) at a flow
rate of 0.7 cm® min ! for anions, and oxalic acid (1 mM) and nitric acid
(3 mM) at a flow rate of 1 cm® min~? for cations. Each sample was
injected at a volume of 20 pL. Oxidants were determined iodometrically
using HySO4 (20 %), KI and a starch solution (1 %), following the
method described by Kolthoff & Carr [38]. Conductivity and pH were
measured simultaneously using a HI5521 pH/EC Meter (Hanna
Instruments).

The identification of LVX intermediates was performed using a high-
resolution quadrupole time-of-flight mass spectrometer (QTOF Impact
II, Bruker Daltonics, Billerica, MA) coupled to an Ultra-High-
Performance Liquid Chromatography (UHPLC) system (ELUTE, Bruker
Daltonics, Billerica, MA). Compounds were separated using a Bruker
Intensity Solo HPLC Column C18 (2 pm particle size, 2 mm x 100 mm)
and detected by an Electrospray ionisation (ESI, positive mode) with an
Apollo I Ton source. The injection volume was 10 pL. The mobile phases
were acetonitrile (A) and ultrapure water containing 0.1 % formic acid
(B) at a flow rate of 0.4 cm® min~'. The gradient started with 5 % B,
increased to 95 % B over 10 min, was maintained at 95 % B until 12 min,
returned to initial conditions at 13 min, and concluded at 15 min.

Table 1
Composition of synthetic hospital effluent.

Compound Concentration (mg dm %)
cl- 301.77
NO3 5.11
P03~ 14.48
S0%~ 70.60
NHj 10.10
Na* 351.03
Mg>* 3.03
K" 20.17
Ca?* 5.05
HCO3 50
CH3CO0~ 323.66
NH,CONH, (urea) 375
COD 315
BODs 220
pH 7.5
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Aquatic toxicity of the chemicals was predicted using ECOSAR for
Windows (version 2.2), which estimates toxicity on structural similar-
ities to compounds with known aquatic toxicity [39]. Acute and chronic
toxicity were assessed for marine organisms, including fish, Daphnia and
green algae.

3. Results and discussion

Fig. 1 shows the evolution of LVX concentration with the operation
time during the electrochemical oxidation of synthetic hospital effluents
polluted with 5 mg dm™3 LVX using BDD and RuO,/Ti anodes at
different current densities.

As can be observed, the LVX concentration decreases over time,
regardless of the current density and the anode material used. However,
these parameters influence the removal percentage and the time
required. With BDD anodes, complete LVX removal is achieved at all
current densities studied in <120 min. Specifically, current densities
between 5 and 10 mA em ™2 result in complete degradation within 120
min, while increasing the current density to 50 mA cm™2 reduces the
required time to 60 min. In contrast, complete removal of LVX from
hospital effluents using RuOy/Ti anodes is only possible at current
densities of 10 mA cm ™2 or higher, with complete removal achieved in
60 min. At 5 mA cm ™2, the RuO,/Ti anode attains a removal percentage
of 90.7 %, and the experimental data suggests that extending the
operating time would likely result in complete LVX removal under these
operating conditions.

It is important to point out that LVX degradation at current densities
of 10 and 50 mA cm™2 is faster with RuO,/Ti anodes, whereas, at the
lower current density (5 mA cm™2), complete removal of the drug is
achieved only with BDD anodes. These results underscore the distinct
behaviours of each anode material and their influence on the LVX
removal process under different operating conditions. For this reason,
experimental data were fitted to a first-order kinetics model for com-
parison purposes, and the resulting kinetic constants (k) are shown in
Table 2.

The higher the current density, the higher the kinetic constant for
both anodes, consistent with the data shown in Fig. 1. At 5 mA cm ™2, the
kinetic constant for the BDD anode process is almost twice that of the
RuO./Ti anode. This difference is attributed to the BDD anode achieving
complete LVX removal in 120 min. In contrast, complete pollutant
degradation is unattainable within 180 min using the RuO,/Ti anode,
despite the cell potential being quite similar under these operating
conditions for both anodes (Vgpp = 5.7 V; Vmmo = 4.2 V). As the current
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Fig. 1. Influence of the current density on LVX removal during the electro-
chemical oxidation of synthetic hospital effluents. (li[]) 5 mA cm~?; (aA) 10
mA cm % (@0) 50 mA cm~2; [LVX]o: 5 mg dm~3; cathode: SS; T: 25 °C. Black
symbols: BDD anode; white symbols: RuO5/Ti anode.
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Table 2
Kinetic constants for the electrolysis of LVX with BDD and RuO,/Ti anodes.
Anode j (mA cm™2) k (0-10 3 min™1) SZ (mg?L72) R?
BDD 5 24.4 £1.81 0.00805 0.96776
10 35.2 £ 1.36 0.00451 0.99114
50 74.0 + 6.83 0.02721 0.95884
RuO,/Ti 5 12.9 + 0.60 0.01101 0.98295
10 99.3 + 8.27 0.03994 0.96621
50 102.1 + 37.81 0.83408 0.55729

density increases, the kinetic constants for RuOy/Ti anodes become
significantly higher, nearly three times those of the BDD anode at 10 mA
cm™2 and about 25 % higher at 50 mA cm ™2, These findings indicate that
a current density of 5 mA cm ™2 is sufficient to remove LVX in <180 min
with the BDD anode. In contrast, a minimum current density of 10 mA
cm ™2 is required to achieve complete removal with RuO,/Ti anode.

The degradation of LVX by electrochemical oxidation can occur via
direct oxidation at the anode surface or through mediated oxidation via
electrogenerated oxidants and radicals. The dominant mechanism is
influenced by the applied current density and the nature of the anode
material used [28]. Lower current densities typically favour direct
oxidation, whereas higher current densities promote the generation of
powerful oxidants and radicals, thus favouring mediated oxidation. The
nature of the electrogenerated oxidants and the direct oxidation of the
pollutant depend on the electrocatalytic properties of the anode [40]. In
this context, the finding that LVX is eliminated at 5 mA cm~2 only with
BDD anodes, operating at a cell potential comparable to that observed
with MMO anodes, suggests that direct oxidation plays a more relevant
role under these operating conditions and that BDD anodes are more
efficient at this mechanism. The measured cell potentials exceed the
chloride oxidation potential to free chlorine (1.4-1.6 V), the predomi-
nant species expected to be generated with both anodes given the high
chloride content of the effluent. Consequently, low concentrations of
these species, evidenced by the LVX degradation results, are generated
under these operating conditions. As the current density increases, the
cell potential for the BDD anode rises to 6.5 V at 10 mA cm ™2 and 12.6 V
at 50 mA cm ™2, whereas MMO anodes exhibit cell potentials of 4.8 V at
10 mA cm 2 and 7.9 V at 50 mA cm 2. These results indicate that both
direct and indirect oxidation mechanisms can occur during the process
at the current densities studied and that the nature and concentration of
the oxidants generated can substantially affect LVX degradation kinetics
since higher kinetic constants are obtained with MMO anodes at lower
cell potentials when applying 10 and 50 mA cm 2. To confirm the
contribution of the direct oxidation mechanism at low current densities,
the degradation of LVX in 450 mg dm~3 HCIO4 was investigated using
both anodes (Figure S1). This acid concentration was selected to match
the conductivity of hospital effluent. HClO4 is an inert medium where
LVX degradation occurs primarily via direct pollutant oxidation at the
electrode surface or through attack by hydroxyl radicals generated from
water oxidation. However, at the current density of 5 mA cm™2, signif-
icant generation of hydroxyl radicals is not expected, even with DBB
anodes [41], thus making direct oxidation the main degradation
mechanism for LVX. The results demonstrate a time-dependent decrease
in LVX concentration, albeit at a slightly slower rate compared to that
observed in hospital effluent. Nonetheless, the degradation efficiencies
achieved (BDD: 100 % and MMO: 79 %) clearly indicate the predomi-
nant influence of the direct oxidation mechanism over mediated
oxidation under these operating conditions (5 mA c¢m—2). On the other
hand, to assess the role of mediated oxidation in the degradation of LVX,
the oxidants electrogenerated during the process with both anodes were
monitored, and the results are shown in Fig. 2.

Total oxidants increase with the operating time at all current den-
sities, and the maximum values obtained show a clear positive correla-
tion with the applied current density. Specifically, with BDD anodes, the
maximum oxidants reached were 0.57, 0.58 and 0.93 mmol at 5, 10 and
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Fig. 2. Influence of the current density on oxidants production during the
electrochemical oxidation of synthetic hospital effluents. (M[]) 5 mA cm %
(aA) 10 mA cm’z; (@°) 50 mA cm’z; [LVX]o: 5 mg dm’g; cathode: SS; T: 25 °C.

Black symbols: BDD anode; white symbols: RuO,/Ti anode.

50 mA cm 2, respectively, whereas RuO2/Ti anodes produced 0.53, 1.76
and 1.87 mmol under the same conditions. This behaviour supports the
higher LVX removal efficiencies observed at higher current densities
(Fig. 1), as a more significant generation of oxidising species accelerates
organic pollutant degradation. Furthermore, it reveals the contribution
of mediated oxidation to the degradation of LVX in hospital effluents.
The oxidant species analysed and shown in Fig. 2 do not represent all the
oxidants generated during the process, but only those that have not
reacted with the organic matter present in the effluent, which means
that higher concentrations could have been produced with both anodes.

A distinct difference between the anode materials is evident. With
RuO/Ti anodes, during the first hour of reaction, which corresponds to
complete LVX degradation, 1.29 and 1.87 mmol of oxidants are gener-
ated at 10 and 50 mA cm 2, respectively. In contrast, BDD anodes
produce roughly three times fewer oxidants under the same operating
conditions (0.54 and 0.59 mmol at 10 and 50 mA cm_z, respectively).
This higher generation rate with RuO5/Ti anodes accounts for the faster
degradation observed at higher current densities, as these anodes exhibit
a more rapid oxidant generation during the early stages of the reaction
compared to BDD.

However, a different behaviour is observed at the lower current
density of 5 mA cm™2. Although the overall oxidant production is similar
between the two anodes, LVX is removed faster with BDD anodes. This
confirms that, at low current densities, direct oxidation at the electrode
surface is the dominant mechanism, while mediated oxidation via
electrogenerated species plays a lesser role. It is important to note that
the nature of the oxidants electrogenerated depends on the electrode
material and their interactions with the organic compounds [42,43]. In
addition, the different concentrations of electrogenerated oxidants with
both anodes largely depend on the nature of the oxidants produced, as
they exhibit varying reactivities and, consequently, their stability in the
effluent is affected. RuOy/Ti anodes favour the generation of free chlo-
rine by the electrochemical oxidation of chlorides present in the effluent
(Egs. (1)-3), whereas BDD anodes promote not only the formation of
free chlorine species but also the generation of peroxocompounds, such
as peroxydisulphate and peroxodiphosphate, by the oxidation of sul-
phate and phosphate ions (Egs. (4)-7) [28]. These peroxocompounds
possess higher oxidising power than free chlorine, which helps explain
why, even at low current densities where both electrodes generate
similar amounts of oxidants, the specific oxidant profile produced by
BDD anodes results in complete LVX degradation. Nonetheless, the
overall quantity of electrogenerated peroxocompounds is expected to be
lower than that of free chlorine due to the lower initial concentrations of
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sulphate or phosphate than chloride ions. Furthermore, free chlorine is
more stable than peroxocompounds, so the analysed concentration of
the latter, which are mainly generated with BDD anodes, is expected to
be lower.

2CI >Cl, + 2e~ 1)
Cl, + H,0—~HCIO + CI” + H* 2
HCIO=H" + ClO~ 3
SO;—SO; +e (€]
SO, + S0, —S,03" (5)
PO} —PO} +e ©
PO} + POZ —P,04" )

Additionally, both types of electrodes generate hydroxyl radicals
from water oxidation (Eq. (8)). However, their interactions with the
electrode surfaces differ markedly [44]. RuOy/Ti anodes chemically
interact with hydroxyl radicals, resulting in their adsorption onto the
electrode surface. In contrast, BDD anodes promote the physisorption of
these radicals, making them more available to react with and degrade
organic pollutants. For this reason, RuO,/Ti anodes are classified as
active anodes, while BDD anodes are considered non-active. Further-
more, hydroxyl radicals generated at BDD anodes can react with ions in
the effluent, further enhancing the production of oxidising species that
contribute to LVX removal (Egs. (9)-12).

H,O—-OH+H' +e 8
Cl" + OH-Cl + OH" 9
Cl + Cl—Cl, (10)
SO~ + OH—SO, + OH~ an
PO + OH—PO}?  +OH" 12

Overall, the oxidants profile suggests that these species are
consumed during the degradation of LVX, as indicated by the plateau
zone reached at different current densities. This implies that the gen-
eration and consumption rates of oxidants become comparable. In some
cases, particularly at high current densities, this plateau zone is pre-
ceded by a decline in the amount of oxidants in the effluent, which may
indicate that the oxidants are being transformed into other species. In
this context, the presence of chlorides in the effluent may promote not
only the generation of free chlorine but also the generation of more
highly oxidised chlorine species, such as chlorate and perchlorate, from
electrogenerated hypochlorite oxidation (Equations 13-15). In addition,
these chlorine species can also be generated by the reaction of chloride
with hydroxyl radicals (Equations 16-19) [31,45].

ClO™ + H,0—ClO, + 2H" + 2e~ (13)
ClO; + H,0—ClO; + 2H" + 2e~ (14)
ClO; + H,0—ClO; + 2H" + 2e~ 15)
Cl” + OH—CIO” +H" + e (16)
ClO~ + OH—CIO, + H" + e~ a7
ClO, + OH-ClO; +H' + e~ (18)
Clo; + OH—CIO; +H" + e~ 19
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Chlorate and perchlorate pose potential risks to human health and
the environment by affecting normal metabolism, growth, and devel-
opment [46]. Consequently, the generation of these species was moni-
tored during the treatment of synthetic hospital effluents polluted with
LVX, and the results are plotted in Fig. 3.

As shown in Fig. 3a, chlorate concentration increases with operating
time for all current densities studied using the BDD anode. This increase
is significantly influenced by current density. Specifically, the maximum
chlorate concentrations recorded during the electrochemical oxidation
with BDD anodes were 0.75, 3.42 and 2.35 mmol dm ™2 at 5, 10 and 50
mA cm 2, respectively. Notably, the highest chlorate concentration is
not observed at the highest current density, which is likely due to the
reactivity of this species.

At current densities below 10 mA cm™2, chlorate concentration in-
creases throughout the experiment. However, at 50 mA cm ™2, its con-
centration exhibits a characteristic profile of a reaction intermediate: an
initial increase followed by a decline to a final value below 1 mmol
dm™3. This behaviour suggests that chlorate is further oxidised to
perchlorate, as evidenced by the significant increase in perchlorate
concentration at high current densities, reaching a final maximum value
of approximately 7 mmol dm3 (Fig. 3b). In contrast, at 10 mA cm’z, the
final perchlorate concentration remains below 0.5 mmol dm ™3, which
explains the continuously increasing trend in chlorate at this current
density. Similarly, at 5 mA cm 2, perchlorate formation is negligible,
and chlorate concentration remains low.

On the other hand, electrochemical oxidation with RuO5/Ti anodes
results in maximum chlorate concentrations of 0.23 and 4.29 mmol
dm3 at 10 and 50 mA cm ™2, respectively, while at lower current den-
sities, chlorate formation is negligible (Fig. 3a). Importantly, no
perchlorate formation is detected at any current density when using
RuO2/Ti anodes (Fig. 3b). This is because the electrochemical genera-
tion of chlorate and perchlorate primarily occurs by hydroxyl radical-
mediated oxidation (Egs. (18)-19), a process significantly enhanced
with BDD anodes due to their electrocatalytic properties as non-active
electrodes.

The formation of chlorate and perchlorate during electrochemical
oxidation explains the observed decrease in oxidant generation together
with the degradation of organics (Fig. 2). Although these species possess
a higher oxidation state than free chlorine, they are not reactive under
the temperature and pressure conditions of this work. Based on the
chlorine speciation results, it is recommended to operate up to 10 mA
cm~2 when using BDD anodes, as this allows for complete LVX removal
within 120 min while minimising chlorate formation in the effluent (no
perchlorate concentration was detected under these operating

(@

[CI-C10;7] / mmol dm

Time / min
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conditions). Likewise, the optimal current density for RuO2/Ti anodes is
10 mA cm~2, ensuring complete LVX removal in 60 min without the
generation of chlorine compounds in a high oxidation state.

In addition to LVX, the synthetic hospital effluents used in this work
contain other organic compounds, such as urea and acetate. These
compounds are susceptible to oxidation during the process, competing
with the degradation of the target pollutant. For this reason, their con-
centration was monitored over time for all current densities studied with
BDD and RuO,/Ti anodes and results are shown in Fig. 4.

Urea concentration decreases with operating time at all current
densities applied for both BDD and RuO,/Ti anodes (Fig. 4a). Increasing
the current density results in higher degradation rates with both anodes,
although complete urea removal was achieved only with BDD anodes at
50 mA cm™2 within 180 min. At a low current density of 5 mA em ™2,
urea removal was 45.76 % with BDD anodes and 30.27 % with RuO,/Ti
anodes. At 10 mA cm ™2, both anodes ultimately attained similar final
removal percentages. However, the initial degradation rate was higher
with BDD anodes. At 50 mA cm’z, RuO,/Ti anodes achieved a final urea
removal of 78.52 %. Overall, these results indicate that BDD anodes
provide higher urea removal rates than RuO,/Ti anodes, likely due to
the nature of the electrogenerated oxidants.

On the other hand, acetate concentration decreases over time with
BDD anodes, reaching final removal percentages of 25.70, 33.57 and
78.47 % at 5, 10 and 50 mA crn’z, respectively (Fig. 4b). With RuOy/Ti
anodes, significant acetate degradation was observed only at current
densities above 10 mA cm ™2, with final removal percentages of 24.93
and 27.54 % at 10 and 50 mA cm ™2, respectively. These values are lower
than those obtained with BDD anodes, which can be attributed to the
different electrocatalytic properties of both anodes in generating
powerful oxidants and radicals. Interestingly, the initial removal rate of
acetate is higher with RuO,/Ti anodes at 10 and 50 mA cm™2. The
higher amount of oxidants electrogenerated with these anodes under
these operating conditions may explain this unexpected behaviour.
However, these oxidants are transformed from around 60 min onward
into chlorine compounds in a high oxidation state (Fig. 3), reducing the
effective oxidant pool available for acetate degradation. At 5 mA cm™2,
acetate degradation is negligible, and its concentration remains nearly
constant in its initial value. These results highlight the refractory nature
of acetate compared to urea since its degradation rate is significantly
lower despite the initial acetate concentration being nearly half that of
urea.

It is important to note that the degradation of urea and acetate is not
the primary objective of the treatment process since the focus is selec-
tively degrading the hazardous antibiotic LVX. Urea and acetate do not
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Fig. 3. Influence of the current density on chlorine speciation during the electrochemical oxidation of synthetic hospital effluents. (MJ) 5 mA cm™ 2 (aA) 10 mA
cm’z; (@c) 50 mA cm’z; [LVX]o: 5 mg dm’3; cathode: SS; T: 25 °C. (a) Chlorate; (b) perchlorate; black symbols: BDD anode; white symbols: RuO,/Ti anode.
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Fig. 4. Influence of the current density on organics removal during the electrochemical oxidation of synthetic hospital effluents. (l[]) 5 mA cm’z; (aA) 10 mA
cm ™2 (@0) 50 mA cm 2 [LVX]o: 5 mg dm~3; cathode: SS; T: 25 °C. (a) Urea; (b) acetate; black symbols: BDD; white symbols: RuO,/Ti.

pose an environmental risk in the effluent, and their degradation rep-
resents a competing reaction that consumes electrons. The superior
removal of urea and acetate with BDD anodes at current densities above
10 mA cm™2 may partly explain the slightly lower LVX removal rates
observed with these anodes than RuO,/Ti anodes (Fig. 1). Nonetheless,
at the operating times required for complete LVX removal with both
anodes, the degradation of these organics (urea and acetate) remains
lower, indicating that the electrochemical oxidation process selectively
targets the antibiotic while only partially degrading other organics
present in the effluent. The selective degradation of the target antibiotic
can occur through both direct and mediated oxidation mechanisms, with
the applied current density playing a crucial role in determining which
mechanism predominates, as demonstrated above.

Urea contains two nitrogen atoms, which can be released to the
effluent during electrochemical oxidation. Similarly, LVX contains three
nitrogen atoms that may also be released during degradation. According
to the literature, nitrogen from organic matter is initially oxidised or
dissolved in the effluent to nitrite (Egs. (20)-21) and then rapidly con-
verted to nitrate (Egs. (22)-23). Additionally, nitrate can be reduced to
ammonium at the cathode surface (Eqs. (24)-25) [32]. Synthetic hos-
pital effluents contain low concentrations of nitrate (0.074 mmol dm™3)
and ammonium (0.535 mmol dm~3), although these levels can vary due
to urea degradation and the subsequent release of nitrogen. Therefore,

—_
(=)

(@

[N-NO;] / mmol dm
[\ W £ W N N o] el

200

Time / min

the evolution of nitrate and ammonium concentrations was monitored,
and the results are shown in Fig. 5.

N, + 20, + 2 —2NO, (20)
N, + 4H,0—2NO; + 8H" + 6e~ (21)
3NO, + 2H"=2NO + NO; + H,0 (22)
NO, + %oz—wo; (23)
NO; + 6H,0 + 8¢ =NH; + 90H" 24
NH; + H,O=NH; + OH~ (25)

As can be observed, nitrate concentration increases over time when
using both BDD and RuO,/Ti anodes, regardless of the applied current
density (Fig. 5a). This increase indicates that nitrogen from degraded
organic compounds is converted into inorganic nitrate during electro-
chemical oxidation. Furthermore, higher current densities lead to a
more significant nitrate generation, which correlates with a more pro-
nounced decrease in LVX (Fig. 1) and urea concentrations (Fig. 4a).
Specifically, final nitrate concentrations of 2.665, 4.628 and 8.897

(b)

[N-NH,*] / mmol dm

100

150 200

Time / min

Fig. 5. Influence of the current density on nitrogen speciation during the electrochemical oxidation of synthetic hospital effluents. (M) 5 mA cm™2; (aA) 10 mA
cm’z; (@c) 50 mA cm’z; [LVX]o: 5 mg dm’3; cathode: SS; T: 25 °C. (a) Nitrate; (b) ammonium; black symbols: BDD anode; white symbols: RuO,/Ti anode.
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mmol N dm 3 were achieved with BDD anodes at 5, 10 and 50 mA cm ™2,
respectively, compared to 0.703, 1.184 and 1.660 mmol N dm~2 ob-
tained with RuO,/Ti anodes. As expected, nitrate formation is more
pronounced with BDD anodes, which is attributed to the faster urea
degradation (the primary nitrogen source in the effluent).

At a low current density (5 mA cm’z), both anodes show a gradual
increase in nitrate concentration over time. However, when the current
density is increased by 10 (50 mA cm™2), the nitrate generation rate
tends to decrease or stabilise at the end of the process, suggesting that
nitrate is reduced to ammonium under these operating conditions. This
hypothesis is supported by the evolution of ammonium concentration
depicted in Fig. 5b With BDD anodes at 50 mA ¢m 2, ammonium con-
centration increases significantly, reaching a final value of 1.517 mmol
N dm~3. In contrast, at current densities lower than 10 mA cm™2,
ammonium levels remain nearly constant, indicating that nitrate
reduction is not favoured at these operating conditions.

A markedly different behaviour is observed with RuO,/Ti anodes. At
5 mA cm™2, the ammonium concentration remains nearly constant,
while at 10 and 50 mA cm ™2, it decreases over time until it is eliminated
after 120 min. The nature of the oxidants generated likely influences this
behaviour. RuO,/Ti anodes enhance the electrochemical generation of
free chlorine from chloride oxidation (Fig. 2). The resulting hypochlo-
rite, produced in significant concentrations at higher current densities,
can react with ammonium to form inorganic chloramines (Eqs. (26)-28)
[471.

NH; + ClO~—NH,Cl + H,0 (26)
NH,Cl + HCIO—NHCI, + H,O 27)
NHCl, + HCIO—NCl; + H,O (28)

Consequently, the observed decrease in ammonium concentration
with RuO,/Ti anodes at 10 and 50 mA cm 2 is likely due to chloramine
formation. These combined chlorine species contribute to LVX degra-
dation, but their oxidising power is lower than that of free chlorine.
Although synthetic hospital effluent initially contains only low con-
centrations of nitrate and ammonium, these species should not increase
significantly during the treatment, as elevated nitrate levels can pose
health and environmental risks. Under moderate operating conditions,
the complete removal of LVX with BDD anodes at 5 mA cm 2 results in a
maximum nitrate concentration of 1.641 mmol N dm 3. In contrast, the
ammonium concentration remains at its initial value of 0.535 mmol N
dm~3. Similarly, when LVX is wholly removed using RuO,/Ti anodes at
10 mA cm 2, the final nitrate concentration is only 0.456 mmol N dm3,
and the ammonium concentration decreases to 0.283 mmol N dm 3,

The degradation of LVX and other organics (urea and acetate) by
electrochemical oxidation can lead to the complete mineralisation of the
organic matter or the formation of other intermediate organic com-
pounds. Total Organic Carbon (TOC) was analysed during the electro-
chemical oxidation at different current densities with BDD and RuO,/Ti
anodes to evaluate the mineralisation grade. Fig. 6 shows the TOC
evolution as a function of the operating time when treating synthetic
hospital effluents polluted with LVX.

TOC decreases with the operation time for all current densities tested
with both anodes. However, complete mineralisation of the organic
matter in the effluent is not achieved, regardless of the current density
and anode material used. This is an expected behaviour because only
LVX is completely removed (Fig. 1), while urea and acetate are only
partially degraded (Fig. 4), accumulating significant intermediate
compounds. With RuOy/Ti anodes, the mineralisation percentage in-
creases slightly with the current density, with TOC removal reaching
10.09, 32.83 and 54.11 % at 5, 10 and 50 mA cm 2, respectively. A
similar trend is observed with BDD anodes, which achieve maximum
mineralisation percentages of 41.55, 45.19 and 83.80 % at 5, 10 and 50
mA cm 2, respectively.

These results confirm that BDD anodes facilitate the degradation of
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Fig. 6. Influence of the current density on TOC removal during the electro-
chemical oxidation of synthetic hospital effluents. (W) 5 mA cm™2; (aA) 10
mA cm’z; (@c) 50 mA cm’z; [TOClo: 149.77 mg dm’B; [LVX]o: 5 mg dm’3;
cathode: SS; T: 25 °C. black symbols: BDD anode; white symbols: RuOy/
Ti anode.

the target antibiotic and enhance the mineralisation of the organic
matter to a greater extent. In contrast, the decreasing trend observed
during electrochemical oxidation with RuOy/Ti anodes suggests that
similar mineralisation levels might be achieved if the operating time
were increased. Overall, the experimental data reflect the distinct
electrocatalytic behaviours of both electrodes. BDD anodes, charac-
terised by a higher overpotential for oxygen evolution, favour the pro-
duction of hydroxyl radicals and thus promote the electrochemical
combustion of the organic matter in the effluent. Meanwhile, RuO4/Ti
anodes typically follow an electrochemical conversion pathway, trans-
forming organics into partially oxidised intermediates over shorter
operation times. This difference helps explain the higher mineralisation
rates with BDD anodes, particularly at higher current densities [48].

To gain insight into the degradation of LVX from hospital effluents by
electrochemical oxidation with both anodes, the organic intermediates
formed were analysed by HPLC-MS coupled with a QTOF mass detector.
For this purpose, experiments conducted at 10 mA cm ™2 with BDD and
RuO2/Ti anodes were selected to compare the compounds generated
under similar operating conditions. This current density was chosen
because it is the lowest value at which LVX is fully degraded with both
anodes. The analysed samples were selected at key points during the
reaction: one sample at the beginning of the process, another when 50 %
of the antibiotic had been degraded, and a final sample when the anti-
biotic had been completely removed from the effluent. Table 3 sum-
marises the main intermediates identified during the electrochemical
oxidation of synthetic hospital effluents polluted with LVX using BDD
and RuO,/Ti anodes. The technique used has limitations for determining
the exact positions of functional groups without additional fragmenta-
tion studies or NMR analysis. However, the most likely hydroxylation
positions can be proposed based on typical degradation pathways re-
ported in the literature and supported by the observed mass shifts
[49-51].

HPLC-MS analysis revealed that 13 main intermediate organic
compounds were formed during the electrochemical oxidation of syn-
thetic hospital effluents polluted with LVX using BDD and RuO/Ti an-
odes. More of these intermediates were detected with RuO,/Ti anodes
(12) than with BDD anodes (6). Since some of these LVX degradation by-
products may be even more hazardous than the parent pollutant, a
toxicity analysis was conducted using the ECOSAR software. Based on
their quantitative structure, this tool evaluates the potential aquatic
ecotoxicity (both acute and chronic) of chemicals toward various marine
organisms, including fish, Daphnia and green algae. In this study, the
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Table 3
Main intermediates formed during the degradation of LVX from synthetic hospital effluents by electrochemical oxidation at 10 mA cm 2.
No. m/z (elemental composition predicted) = m/z (elemental composition experimental) ~ Tg (min)  Molecular formula  Proposed molecular structure Anode
P1 377.1387 377.1451 3.02 C18H20FN305 o 9 BDD
F RuO,/
OH ‘ OH Ti 2
K\N N
Hic” N\) 0\)\CH3
P2 351.1230 351.1219 2.05 C16H18FN305 o BDD
F. on RuOy/
| Ti
N N
HO/N\) O\)\OH
P3 347.1281 347.1147 3.00 C17H18FN304 9 9 RuOy/
F Ti
‘ OH
hN N
H, e NQ OQ
P4 335.1281 335.1352 3.20 C16H18FN304 o (\j RuO,/
F Ti
‘ OH
mw
H.c” NJ O\c
P5 307.0968 307.0722 3.80 C14H14FN304 o o RuOy/
F Ti
‘ OH
hNH N
NH, OJ
P6 305.1176 305.093 5.10 C15H16FN303 ] Q RuOy/
E Ti
OH
hN N
v
H.c”
P7 305.1176 305.0679 6.10 C15H16FN303 o ‘0 RuOy/
F Ti
hNH N
NH, OJ\
CH.
P8 295.0957 295.2576 8.04 C16H13N303 2 ‘0 BDD
|
(\N N
N%) O\)
P9 280.0859 279.2625 8.01 C13H13FN,04 I BDD
F | - RuO,/
O N n
0\)\0,,‘
P10  278.0703 278.0775 4.40 Cy3H11FN,04 o o0 RuOy/
F Ti
‘ OH
HoN N
OJ\
CH,
P11  274.0954 274.2732 6.04 C14H14N204 o BDD
‘ oH RuO,/
HaC\,\“ N Ti
CHs O\)
P12 269.1164 269.3146 3.05 C15H15N302 e BDD
RUOQ/
| Ti

(continued on next page)
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Table 3 (continued)
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No. m/z (elemental composition predicted) ~ m/z (elemental composition experimental) =~ Tgr (min)  Molecular formula  Proposed molecular structure Anode
P13 263.1434 263.0666 5.50 Cy4H;8FN30 F RuOy/
| Ti
NH N
NH, o

acute and chronic toxicities of the degradation by-products were
assessed for these three organisms. The results are presented in Table 4,
with colour coding according to the GHS system (Globally Harmonized
System of Classification and Labeling of Chemicals): green for non-toxic
effects (> 100 mg dm’3), yellow for harmful effects (10-100 mg dm’3),
orange for toxic effects (1-10 mg dm’g), and red for very toxic effects (<
1 mg dm™3) [52]. The identified functional groups in these in-
termediates include primarily aliphatic amines (AA), neutral organics
(NO), vinyl/ allyl/ propargyl ketones (V/A/PK), vinyl/ allyl/ propargyl
aldehydes (V/A/PA) and anilines (A).

As can be observed, 7 LVX by-products (P1, P3, P4, P5, P6, P9 and
P11) are considered non-toxic to the evaluated species because they lack
functional groups associated with harmful effects. Of these, 5 were
generated exclusively with the RuOy/Ti anode and 2 were produced
with both electrodes. In contrast, only 1 of the 13 identified in-
termediates (P12) exhibits toxicity across all the species studied with
both anodes. This finding suggests that under the operating conditions
tested, the electrocatalytic properties of RuO,/Ti anodes favour the
formation of more toxic species.

For the remaining intermediates, toxicity varies depending on the
species and the functional groups present. For instance, P2 exhibits

Table 4

chronic toxicity only to Daphnia in the AA group, while P10 stands out
for its toxicity in the A group. However, it is important to note that these
toxic intermediates are present at much lower concentrations than the
parent compound, reducing their overall environmental impact.

These results reveal that at 10 mA cm 2, RuOy/Ti anodes generate
more toxic intermediate compounds than BDD anodes. However, the
hazard associated with these compounds could be substantially reduced
if the operating time were extended to achieve complete mineralisation
of the organic matter, although this would increase the energy re-
quirements of the process.

Based on the intermediates identified and the toxicity analysis,
different LVX degradation pathways have been proposed for RuO,/Ti
anodes since this electrode promotes the formation of more intermediate
compounds. A sequence of reactions involving de-piperazinyl, de-
methylation, decarboxylation, dehydration, defluorination, and quino-
lone ring opening can be achieved during the electrochemical oxidation
of synthetic hospital effluents polluted with LVX. Fig. 7 shows the pro-
posed degradation pathways.

The first pathway involves the formation of P2 (m/z = 351.33) via
the substitution of a methyl group by a hydroxyl group. Subsequently,
P2 undergoes de-methylation and de-piperazinyl to yield P9 (m/z =

Estimated toxicities for the main LVX degradation by-products identified using the ECOSAR program. (=) Non-toxic (>100 mg dm’3), () harmful (10-100 mg dm’s),

() toxic (1-10 mg dm’3), (m) very toxic (<1 mg dm™3).

Classes of Acute toxicity (mg dm™) Chronic toxicity (mg dm™)
Compounds | n~ocip | Fish | Daphnia | Algac | Fish | Daphnia | Algae | Anode
(LCs0-96h) (LCso-48h) (ECs0-96h) (CV) (CV) (CV)
AA 2710° | 1.6:10° | 3.1210° | 454-10° | 861 | 7.56-10°
Pl NO 7.06:10° | 2.8410° | 5.07-10° | 1.06°105 | 6.16:10° | 9.62-10% | 500
uO,/Ti
V/APK | 157-10° | 1.I-10° | 9.2210° | 451-10° | 1.86-10° | 7.7-10°
P2 AA L110° | 13210° | 1.73-10° | 1.66-10° | 86.6 486 | BDD
NO 1.8210° | 8.6:10° | 2.98-10° | 1.43-10° | 5.10° | 5.17-10° | RuO:Ti
AA 3.510° | 3.0810° | 4.63-10° | 5.1510° | 188 | 12:10°
P3 NO 64-10° | 28510° | 7.8210° | 47-10° | 1.42-10° | 12-10° | RuOTi
V/APK | 3.67-10° | 2.54-10° | 1.41-10° | 3.55-10° | 3.05-10° | 2.07-10°
AA 6.52-10" | 5.45-10° | 9.08-10° | 1.12:10° | 317 | 233-10°
P4 NO 15210° | 6.510° | 1.51-10° | 1.06-10° | 2.89-10° | 2.11-10° | RuOuTi
VIAPK | 6.03.10° | 4.2.10° | 27.10° | 89-10° | 5.76-10° | 3.23-10°
AA 1.66-10° | 1.29-10° | 25-10° | 3.63-10° | 693 | 6.08-10°
P5 NO 5.64.10° | 2.27.10° | 4.07.10° | 3.67.10° | 8.49.10° | 4.95.10° | RuO.Ti
V/APK | 127-10° | 8.96'10" | 7.41-10° | 3.6:10° | 1.5-10° | 6.21-10°
AA 6.71-10° | 5.56-10° | 9.43-10° | 1.19-10° | 330 | 2.41-10°
P6 NO 1.6310° | 69510° | 1.56-10° | 1.14-10° | 3.03-10° | 2.15-10° | RuOuTi
VIAPK | 6.06:10° | 4.24'10° | 2.83-10° | 9.67-10° | 59-10° | 3.21-10°
AA 985 94.5 120 11 6.29 34
P7 NO 1.19-10° | 5.67-10° | 2.07-10° | 946 3492 370 | RuO,TI
V/APK | 12810° | 876 | 3.69-10° | 5.98-10° | 842 79.9
NO 592 323 204 55.2 282 489
P8 V/A/PK 214 143 358 249 8.95 16 BDD
V/A/PA 1.01 2.06
P9 NO 5.64-10° | 2.78-10° | 1.15-10° | 4.66-10° | 1.82-103 | 2.18-10° | RuO.Ti
A 177°10° | 579 185 288 823
P10 NO 2.62-10° | 1.33-10° | 633-10° | 22510° | 960 | 1.30-10° | RuOyTi
V/A/PK__ | 5.0410° | 341-10° | 1.12-10° | 121-10° | 267 343
. NO 9.63-10° | 5.13-10° | 2.29-10° | 872 417 662 | BDD_
VIAPK | 2.77-10° | 1.86-10° | 5.13-10° | 4.20-10° | 126 201 | RuOSTi
o2 NO 493 299 294 5.22 3.52 894 | BDD
V/A/PK - 30.9 50.9 18.0 137 411 | RuO/Ti
AA 423 5.11 4.10 2.36 138 4
Pl NO 169 97.2 75.7 16.8 9.77 203 | T
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Fig. 7. LVX degradation pathways proposed for the electrochemical oxidation of synthetic hospital effluents with RuO,/Ti anode at 10 mA cm™~.

280.25). In the second pathway, the addition of a hydroxyl group leads
to the formation of P1 (m/z = 377.37), which then undergoes de-
methylation, decarboxylation, dehydration, and defluorination to form
P12 (m/z = 269.30). Alternatively, via a third route, P1 can be degraded
through de-methylation, de-piperazinyl, and dehydration to produce
P10 (m/z = 278.23). The fourth pathway results in the formation of P7
(m/z = 305.30) through de-piperazinyl and dehydration.

In the fifth pathway, de-methylation leads to the formation of P3 (m/
2z = 347.34). This intermediate then undergoes further modifications,
including quinolone ring opening and de-methoxylation, resulting in
different degradation products: P4 (m/z = 335.50) and P6 (m/z =
305.30), respectively. The sixth pathway involves the transformation of
P3 via piperazine ring opening and de-methylation to form P5 (m/z =
307.28). Finally, the seventh pathway forms P11 (m/z = 274.27)
through de-methylation, de-piperazinyl, and defluorination.

Based on these proposed pathways and previous literature [53-55],
it can be assumed that the next stage in the degradation process involves
further oxidation into low molecular weight carboxylic acids, ultimately
leading to the complete mineralisation of the organic matter to CO and
H>0.

4. Conclusions

This study demonstrates that electrochemical oxidation is highly
effective for treating synthetic hospital effluents contaminated with 5
mg dm ™ of levofloxacin (LVX). The following conclusions can be drawn
from this work:

e Using BDD anodes, complete degradation of LVX was achieved
across a wide range of current densities (5 - 50 mA cm™?), with
higher currents significantly enhancing the degradation rate due to
the increased production of oxidising species. Although MMO anodes
(such as RuOy/Ti) yielded slightly faster LVX oxidation rates at
higher currents, the overall process efficiency was strongly influ-
enced by the nature and amount of electrogenerated oxidants.

m/z=305.30

m/z=263.31

2

e The study revealed distinct chlorine speciation depending on the
anode material: BDD anodes generated chlorates and perchlorates,
whereas only chlorates were detected with RuO,/Ti anodes. Notably,
the concentration of these chlorine species remained negligible
during the period required for complete LVX removal.

e The electrochemical oxidation process targeted LVX and facilitated
the degradation of other organic constituents, such as urea and ac-
etate, in the synthetic effluent. However, the treatment exhibited
selectivity toward LVX, which was degraded more rapidly than these
competing organics.

o The oxidation of urea resulted in the release of nitrogen, which was

subsequently transformed into nitrite, nitrate, and ultimately

ammonium. When using RuO,/Ti anodes, the ammonium reacted
with free chlorine to form chloramines, contributing further to the
disinfection process.

A comparative analysis between active (RuOy/Ti) and non-active

(BDD) anodes revealed that while RuO,/Ti anodes favour electro-

chemical conversion pathways, BDD anodes promote electro-

chemical combustion. This is evidenced by the higher Total Organic

Carbon (TOC) removal (exceeding 80 % across the tested current

densities) achieved with BDD anodes.

Finally, the identification of LVX degradation intermediates via

HPLC-MS enabled the proposal of several mineralisation pathways,

which include piperazine ring opening, de-piperazinylation, de-

methylation, and decarboxylation. The experiments detected more
intermediates using RuOy/Ti anodes, indicating more complex
degradation mechanisms.
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