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B S T R A C T

ffective electrochemical degradation of carbamazepine (CBZ) in water was accomplished with minimal energy
nd chemical requirements, showing that electrochemical Advanced Oxidation Processes (eAOPs) with a Boron-
oped Diamond (BDD) anode are a promising method for the in situ degradation of contaminants of emerging
oncern (CECs). The influence of several operating parameters (i.e., pH, temperature and initial anolyte
nd pollutant concentrations) was determined through the Taguchi optimization method. Optimal conditions
orresponded to 1 μM CBZ, pH 2, 30 ◦C, 10 mM Na2SO4 and 50 A m−2, resulting in complete CBZ removal
n less than 5 min. Complementary scenarios with different ion species, energy sources and current densities
urther corroborated the suitability of the optimum. Moreover, they revealed that the optimal conditions were
riven by the presence of both SO2−

4 and NO−
3 ions in solution. Hence, the optimal degradation results were

lso attained when replacing HNO3 by NaNO3, which allowed to operate without prior pH adjustments. The
ontribution of ∙OH and SO∙−

4 radicals was studied through scavenging tests and it was for the first time
entatively ascribed to the Oxygen Evolution Reaction (OER), since the selection of the operating potential
nfluences the type of oxidative species present. Finally, the primary transformation products formed during
BZ degradation under optimal conditions were investigated.
. Introduction

Driven by the development of more sophisticated analytical tech-
iques, in recent years there has been a notorious increase in inter-
ational awareness about the presence of contaminants of emerging
oncern (CECs) in natural water bodies. Their occurrence is largely
aused by the limitations of conventional wastewater treatment meth-
ds to fully eliminate them [1,2]. Advanced Oxidation Processes (AOPs)
ave emerged in this context as promising treatments for the degra-
ation of recalcitrant compounds by means of highly reactive radical
pecies, with hydroxyl radicals (∙OH) being the most prevalent ones [3–
]. Nonetheless, sulfate radicals (SO∙−

4 ) have also demonstrated to
be effective in the degradation of multiple CECs in various water
streams [6,7], showcasing several unique advantages, such as (i) wide
redox potential (i.e., 2.5–3.1 V, depending on the pH) [8,9], (ii) reactiv-
ty at neutral, acidic and alkaline conditions [10], (iii) longer lifetime

than ∙OH radicals (i.e., approximately 1.5–2 ⋅ 103 times longer) [7],
iv) fast reaction rates [11] and (v) lower (self-)scavenging effects [12],

∗ Corresponding author.

which may lead to a higher number of CECs potentially being degraded
by SO∙−

4 [4].
Conventional generation methods for SO∙−

4 rely on the addition of a
precursor such as peroxymonosulfate (PMS, SO5

2−) or peroxydisulfate
(PDS, S2O8

2−) that is activated by an external agent (e.g., thermal
energy, solar irradiation, ultrasonic irradiation, electricity, low-valent
transition metals) [6,8,10]. Few studies have been conducted where
precursors are omitted and SO∙−

4 originates from the sulfate ions (SO2−
4 )

present in the solution [9,13–15]. To this end, activation of SO2−
4 has

been attained via electrochemical AOPs (eAOPs), which are considered
a promising treatment to degrade CECs for several reasons: (i) high
degradation efficiencies and reaction rates can be attained, (ii) no or
limited external addition of reactants is needed as the key reaction
driver (i.e., electrons) is a clean species (iii) waste and sludge pro-
duction are reduced compared to other conventional methods, (iv)
treatment takes place under mild conditions (i.e., ambient temperature
and pressure), (v) safety risks from chemical handling, transportation
E-mail address: raf.dewil@kuleuven.be (R. Dewil).
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List of abbreviations

AOP(s) Advanced Oxidation Process(es)
BDD Boron-Doped Diamond
CBZ Carbamazepine
CEC(s) Contaminant(s) of Emerging Concern
CV Cyclic Voltammetry
eAOPs Electrochemical Advanced Oxidation Processes
HRMS High-Resolution Mass Spectrometry
LOD Limit of Detection
LLOQ Lower Limit of Quantification
OEP Oxygen Evolution Potential
OER Oxygen Evolution Reaction
PDS Peroxydisulfate
PMS Peroxymonosulfate
QC Quality Control
SR-AOPs Sulfate Radical-based Advanced Oxidation

Processes
SR-eAOPs Sulfate Radical-based electrochemical

Advanced Oxidation Processes
TP Transformation Product
UV Ultraviolet

and storage are reduced, (vi) environmental footprint associated to
their high energy consumption can be compensated by using renewable
sources and (vii) integration with other technologies is feasible and
often enhances process efficiency [16–18].

A specific electrode material that has been reported to successfully
generate ∙OH and SO∙−

4 on its surface is Boron-Doped Diamond (BDD)
(Eqs. (1) and (2)). BDD electrodes are typically composed of a p-silicon
r monocrystalline niobium support with a thin diamond lattice coating
oped with boron atoms [19]. This structure showcases high-quality
erformance in terms of conductivity, potential range, anodic stabil-
ty, resistance to harsh environments, O2 over-potential, mechanical
urability and lifetime [20,21]; which in turn has proven BDD to be
ighly effective in CECs degradation for various effluents [22]. Once
nodically polarized, the operability of the BDD material is argued to
ccur by the weak adsorption on its surface (i.e., physisorption) of
he different species in solution and by a diverse set of subsequent
lectron transfer mechanisms, namely four indirect (indicated as 1 to 4
n Fig. 1) and one direct (listed as 5 in Fig. 1) oxidation pathways [23].
t should be noted that indirect mechanisms have been reported more
ffective than direct oxidation at the anode, not only regarding the CEC
egradation but also in terms of SO∙−

4 formation [22].

DD + H2O ←←←←←←←←←←←←←←←←←→ BDD(∙OH) + H+ + 𝑒− (1)

DD + SO4
2− ←←←←←←←←←←←←←←←←←→ BDD(SO4

∙−) + 𝑒− (2)

Carbamazepine (CBZ) is a common anticonvulsant of which approx-
mately 28% is not absorbed by the human body, inevitably entering
he sewage system and eventually fresh water reservoirs and seas [26,
7]. Although several studies have been conducted on CBZ degra-
ation via Sulfate Radical-based electrochemical Advanced Oxidation
rocesses (SR-eAOPs) [14,25], there is still a knowledge gap on the
nderlying mechanistic phenomena that prevent these techniques from
eing implemented industrially. Therefore, the main purpose of this
tudy was to further investigate the roles of SO∙−

4 and ∙OH radicals for
BZ degradation when generated at the surface of a BDD electrode in
n electrochemical cell in order to contribute to the development of
astewater treatments showcasing the ‘‘green’’ advantages of oxidative

adicals generated with BDD electrodes (and thus without precursors).
Fig. 1. Postulated phenomena occurring at the BDD anode surface: (1) Indirect CEC
oxidation by hydroxyl radicals generated from water electrolysis, (2) Indirect CEC
oxidation by sulfate radicals generated from the reaction of hydroxyl radicals with
a bisulfate or sulfuric acid medium, (3) Indirect CEC oxidation by sulfate radicals
generated from sulfate ions, (4) Indirect CEC oxidation through persulfate generated
from the recombination of sulfate radicals and (5) Direct CEC oxidation at the anode.
Source: Adapted from Diyyapriya and Nidheesh (2021) [22], Song et al. (2018) [14],
Chen et al. (2018) [15], Farhat et al. (2018) [24] and Farhat et al. (2015) [25].

s a result, the specific objectives of this research were threefold:
i) to analyze the influence of different operating conditions on CBZ
egradation, (ii) to elucidate the underlying degradation mechanism
ased on the transformation products identified and (iii) to investigate
he contribution of different oxidative radicals, namely SO∙−

4 and ∙OH.

. Materials & methods

.1. Chemicals

High-purity grade carbamazepine (C15H12N2O, CBZ, ≥99%) and
acetonitrile (CH3CN, ≥99.9%, HPLC grade) were purchased from
Sigma-Aldrich (Germany). Sulfuric acid (H2SO4, 95%) was acquired
from VWR Chemicals (France) and potassium hydroxide (KOH, ≥85%)
from Carl Roth (Germany). Nitric acid (HNO3, 65%), tert-butanol
((CH3)3COH, 99.5%), sodium persulfate (Na2S2O8, 98%) and sodium
nitrate (NaNO3, ≥99%) were purchased from Acros Organics (Belgium).
Methanol (CH3OH, HPLC super grade) was provided by Chem-Lab
(Belgium), while sodium sulfate (Na2SO4, ≥99%) was purchased from
Honeywell (Germany). For the LC-Q-TOF-MS analysis, LC-MS ultra-
grade solutions of ammonium acetate (NH C H O , 7.5 M), acetic acid
4 2 3 2
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(CH3COOH, glacial) and methanol (CH3OH, ≥99.9%) were acquired 
from Sigma-Aldrich (United States), Fisher Scientific (United States) 
and Honeywell (Germany), respectively. Working solutions were pre-
pared with Milli-Q water purified using a Milli-Q®-Reference system 
(18 M Ω cm−1) from Merck (Germany).

2.2. Experimental set-up

Degradation experiments were performed in a customized
laboratory-scale jacketed electrochemical cell (Fig. A.1) supplied by 
Redoxme (Sweden), which was made of borosilicate glass and polyether
ther ketone (PEEK) material. The cell included a 20 mL cathodic cham-
er to isolate undesired reduction processes, being divided from the 
ulk by a cation exchange membrane (Nanoporous PEEK membrane, 

50 μm thickness, 25 mm diameter and 20 nm pore size). The solution
olume exposed to the degradation was 750 mL. The working electrode 
onsisted of a Boron-Doped Diamond (BDD) coating (polycrystalline,
-10 μm thick, ∼5000 ppm boron doping) on a monocrystalline silicon
ubstrate plate of dimensions 40 × 80 × 3 mm. The counter electrode 

was a Stainless Steel 317L electrode of dimensions 40 × 80 × 0.5 mm, 
while the reference electrode selected was Ag/AgCl (+0.210 V vs SHE), 
placed in the proximity of the BDD electrode. Due to the PEEK holders
of the working and counter electrodes, their active surface corre-
sponded to the cathode-facing side and was reduced by approximately 
10%. Inter-electrode distance was fixed at 40 mm [14]. Chronopoten-
tiometry experiments were conducted with a potentiostat/galvanostat
AUT302N.S PGSTAT302N acquired from Metrohm (Belgium), includ-
ing a pH/temperature module (pX1000.S) and operated with NOVA
software. In general terms, experiments were conducted in batch mode,
at room temperature and with constant magnetic stirring at 600 rpm,
unless otherwise indicated. To ensure the reproducibility and reliability
of the results, experiments were performed at least in triplicate.

Prior to the degradation experiments, the BDD electrode was anod-
cally polarized for 30 min in a 0.1 M H2SO4 solution at a constant
urrent density of 100 A m−2, resulting in a stable anode potential
f 3.0 ± 0.12 V. Electrochemical degradation of CBZ was then per-
ormed in galvanostatic mode by providing constant current densities
o the electrochemical cell. At given time intervals, 1 mL samples were
ollected, filtered with a high-grade syringe filter (CHROMAFIL® Xtra
ET, 25 mm diameter, 0.45 μm pore size, Macherey-Nagel, Germany)

and subsequently quenched with 500 μL HPLC-grade methanol to
prevent further degradation reactions. Scavenging tests were likewise
performed, with addition to the reaction matrix of tert-butanol and
methanol as scavengers for ∙OH radicals only and for both ∙OH and
SO∙−

4 radicals, respectively. The selected molar ratio of both scavengers
with respect to CBZ was set to 1000:1, allowing for successful scaveng-
ing without affecting the degradation medium [28]. Characterization
f the BDD electrode under the operating conditions of interest was
arried out by means of Cyclic Voltammetry (CV), which was performed
y sweeping from 0 V to +3.0 V (vs Ag/AgCl reference electrode) at a
can rate of 100 mV s−1 [22].

Regarding the design of the degradation experiments, four param-
eters (i.e., CBZ concentration, sulfate anolyte (Na2SO4) concentration,
pH and temperature) were considered in the comparative assessment
of their influence on the degradation kinetics as follows:

• In terms of CBZ concentrations, solutions were prepared at 0.5, 1
and 2 μM. These concentrations were selected because of their
similarity to reported CBZ in municipal and urban wastewater
(i.e., up to 1.1 μM) [29]. In fact, the presence of CECs in wastewa-
ter at low concentrations is a major challenge when implementing
AOPs at industrial scale [30], and thus of interest for this research
to investigate the performance under realistic conditions.
 r
• Both the anolyte and catholyte consisted of a sodium sulfate
(Na2SO4) solution. The catholyte concentration was kept at 0.1 M
Na2SO4 to ensure a suitable conductivity level. In contrast, the
anolyte concentration was varied to elucidate its influence on the
generation of sulfate radicals. In total, three anolyte concentra-
tions were tested: 1, 5 and 10 mM Na2SO4. The rationale behind
this selection is two-fold. Firstly, it was desired to operate at
sulfate concentrations that would be of similar order of magnitude
to those reported in water streams (i.e., up to 6.6 mM and
2.4 mM for surface and groundwater, respectively) [13,25,31].
Secondly, it was desired to operate at sulfate concentrations
whose conductivity could ensure a stable current delivery without
the need for additional ions, as these could intervene in the
degradation reactions. As a result, the current density applied
in each case was set to the maximum possible value that would
safeguard a constant current for a given natural conductivity.
After monitoring the current stability under different conditions
(Fig. C.1), the threshold was found to be 25 A m−2 per 1 mS cm−1

in conductivity, which corresponded to a Na2SO4 concentration
of approximately 4.5 mM. Therefore, it was decided to set the
threshold as 5 A m−2 per 1 mM of Na2SO4.

• Solution pH was not buffered for any experiment and only ini-
tially adjusted with concentrated HNO3 and KOH to operate at
either acidic or alkaline conditions, respectively. In particular,
three pH values were selected: 2, 7 (i.e., not adjusted) and 9.

• Both low (i.e., 10 ◦C) and high (i.e., 30 ◦C) temperature con-
ditions were tested in addition to ambient values and recreated
by means of a circulation cooling water bath system (Witeg, Ger-
many) and a hot water bath (Memmert, Germany), respectively.

.3. Chemical analysis

The CBZ concentration was monitored using the methodology re-
orted by Yu et al. (2021) with a High Performance Liquid Chro-
atography instrument (HPLC Agilent 1100, Agilent Technologies,
ermany) [32]. The limit of detection (LOD) and the lower limit of
uantification (LLOQ) considering the standard error of the calibration
ntercept were 17.28 and 52.36 μg L−1, respectively. To identify the

CBZ transformation products, degradation samples as well as blanks
were qualitatively analyzed on an Agilent Infinity 1290 Ultra High
Performance Liquid Chromatography (UHPLC) system equipped with
a binary pump, a thermostatted autosampler and a heated column
compartment, connected to an Agilent 6550 iFunnel Quadrupole Time
of Flight Mass Spectrometry (Q-TOF-MS) system (Agilent Technologies,
Germany). For the analysis, 5 μL aliquots were injected onto an Acquity
UPLC HSS T3 column (2.1 × 100 mm, 1.8 μm) coupled to an Acquity
UPLC HSS T3 VanGuard pre-column (2.1 × 5 mm, 1.8 μm) from Waters
(Ireland) using a gradient program of mobile phases (A) milli-Q water
with 1 mM ammonium acetate and 1 mM acetic acid and (B) methanol,
at a flow rate of 0.4 mL min−1 at 40 ◦C. The gradient elution program
started at 2% B for 0.8 min, followed by an increase up to 40% B
in 8.2 min, which was then further increased to 98% B in 11 min
and maintained at 98% B for 5 min. Afterwards, the mobile phase
composition was returned to the initial conditions in min 0.1 min
and kept constant for 4.9 min. The Q-TOF-MS was operated in the
Extended Dynamic Range (2 GHz) mode. Ionization was performed
in positive electrospray ionization mode using the Dual Agilent Jet
Stream Technology, operated at a gas temperature of 200 ◦C, drying
gas flow rate of 15 L min−1, nebulizer pressure of 40 psi and sheath
gas temperature and flow rate of 300 ◦C and 12 L min−1, respectively.

he capillary, nozzle and fragmentor voltages were set at 3500, 0 and
65 V, respectively. MS and MS/MS spectra were collected at 2 spectra
−1 and 500 ms spectra−1, respectively. Fragmentation was conducted
t 10, 20 and 40 eV. In addition, QC pooled samples (i.e., quality-
ontrol samples composed of aliquots of all samples included in the
equence) were also analyzed with the LC-QTOF-MS. To ensure the
eproducibility of the results, experiments were carried out in triplicate.
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2.4. Data analysis

CBZ degradation was modeled under pseudo-first order kinetics and
fitted by linear and non-linear regressions, while the influence of differ-
ent operating parameters was investigated through the Taguchi Method
for Design of Experiments. The theoretical background of both data
analyses can be found in the Supplementary Material (Section B), where
the estimation of the energy consumption parameter is also described.
Calculations were performed with RStudio® [33]. Agilent’s MassHunter 
Qualitative Analysis®, MassHunter ProFinder® and MassHunter Per-
sonal Compound Database and Library (PCDL) Manager® software 
were used for the analysis of the transformation products. Peak area
normalization based on QC pooled samples was carried out through the 
MetaboAnalyst platform [34]. Elucidation of the chemical structures
corresponding to the detected degradation products based on MS/MS 
spectra was possible in combination with MetFragWeb online tool [35].
MarvinSketch® was used for drawing, displaying and characterizing 
chemical structures, substructures and reactions [36].

3. Results & discussion

3.1. Influence of operating conditions on carbamazepine (CBZ) degradation

Given the different parameters and levels of interest, the Taguchi
L-9 design was selected (Table A.1). Each experiment was performed
in triplicate and the Taguchi S/N analysis (Eq. (3)) was applied to 
the corresponding reaction rate constants (Fig. 2), which were de-
ived through non-linear regression analysis (Supplementary Material,
ection B). Further evaluation of the kinetic models, both regarding
esiduals analysis and comparison to linear regression results, can be

found in the Supplementary Material (Section C).

𝑆∕𝑁 = −10 log

(

1
𝑛

𝑛
∑

𝑖=1

1
𝑦2𝑖

)

(3)

Based on the results depicted in Table B.3, the S/N ratio average
for the three levels in each of the four parameters was computed
(Fig. 3). As defined by the Taguchi Method, optimal levels correspond
to those with the highest S/N ratio values. Thus, it can be argued that a
combination of the optimal levels will result into a maximized reaction
rate constant for CBZ degradation. In this case, the level values of the
Taguchi optimum coincide with experiment #7, i.e., pH 2, 10 mM
Na2SO4, 30 ◦C and 1 μM CBZ, ranked in decreasing order of influence
on the experimental results. Thus, pH is considered the most influenc-
ing factor since it presents the largest S/N range (i.e., 23.2), meaning
that a change in its level can result in significant S/N variations.
Similarly, initial sulfate anolyte concentration also has a relevant effect,
being its S/N range approximately 22.9. On the other hand, varying
the temperature or the initial CBZ concentration has a lower impact,
as their S/N ranges are approximately 70% narrower than that of the
pH. These findings suggest that the treatment performance is more
dependent on factors directly related to the generation of oxidative
radicals, such as the amount of radical precursors available and the
favored radical interactions under different pH conditions.

In addition to the S/N ratio analysis, the relative significance of
different parameters plays a major role in determining the effects
of the process conditions on the degradation results. Thus, ANOVA
analysis was performed with 95% confidence and results are displayed
in Table B.3. Given that the corresponding F-values are considerably
higher than the critical F-value (i.e., 𝐹0.05,1,18 = 4.4139) and that the
p-values are considerably lower than the significance level (i.e., 𝛼 =
0.05), it is possible to reject the null hypothesis that the group means
are equal. Therefore, the results obtained are statistically significant.
Additionally, ANOVA also enabled the quantification of the parameter
contributions, which turned out to be fairly spread across all four
process variables. Once again, pH was the most influencing parameter
to CBZ degradation kinetics, with a total contribution of 28.4%.
Table 1
Degradation parameters obtained in the experiments carried out to investigate the
variability of the Taguchi optimum.

Experiment Degradation after
60 min (%)

Rate constant
(h−1)

E𝐸𝑂
(kWh m−3 order−1)

Opt-Na2SO4/HNO3 100.0 55.774 0.019
Opt-Na2SO4/NaNO3 100.0 38.847 0.028
Opt-HNO3 100.0 2.655 0.521
Opt-Na2S2O8 100.0 3.728 0.177
Opt-Na2S2O8/Heat 98.9 2.932 0.000
Opt-Na2SO4 63.4 1.013 0.991
Opt-Na2SO4/Low 11.7 0.123 0.097

The enhanced removal efficiency at acidic pH is also aligned with
previous observations [37,38]. However, it should be noted that during
the degradation experiments, significant variations in pH were ob-
served in most non-acidic Taguchi experiments, as both the initially
alkaline and near neutral pH conditions rapidly evolved towards acidic
values (Fig. C.2). It can be argued that this is caused by either (i) the
generation of organic acids as transformation products [39,40], (ii) the
occurrence of reactions that release protons in solution (Eqs. (1) and
Fig. (4)) [14,22,41,42], or (iii) the formation of hydrogen peroxide
(H2O2) from the recombination of ∙OH radicals and its further oxidation
(Eqs. (5) and (6)) [22,43,44]. It is also possible that HNO3, which was
used to regulate the pH, and its derived nitrate ions (NO3

−) react with
SO∙−

4 radicals (Eq. (7)) or ∙OH radicals (Eq. (8)) and produce nitrate
radicals (NO∙

3) [28]. In fact, NO3
− is a known photosensitizer that can

romote the production of ∙OH and NO∙
2 radicals (Eqs. (9) and (10)),

eading to indirect photolysis of several CECs, including CBZ [45–47].
his hypothesis is also supported by the degradation rates observed
ven when no electrochemical treatment was applied and the solution
as exposed to natural light (i.e., 16.9% CBZ removal after one hour)

Fig. C.3). Hence, to validate the observed enhanced degradation under
cidic conditions, additional experimental scenarios were conducted
nd are further discussed in the Section 3.2.

.2. Evaluation of the Taguchi optimum

Based on the Taguchi S/N (Fig. 3) and ANOVA analyses (Table B.3),
t was possible to conclude that the optimal conditions that maximize
he kinetics of the degradation of CBZ in the studied water matrix are
H 2, 30 ◦C, 10 mM Na2SO4 anolyte concentration and an initial CBZ
oncentration of 1 μM. With the Taguchi Method it was possible to
redict the optimum value for the reaction rate constant as defined by
qs. B.5–B.7, where the different prediction components (Table B.4)
ed to a predicted rate constant of 55.695 ± 2.082 h−1. Additional
onfirmation replicates of the Taguchi optimum experiment were car-
ied out and the obtained degradation profile is shown in Fig. 5. From
he corresponding non-linear regression, the value of the experimental
eaction rate constant was found to be 55.774 h−1, which is within its
redicted range. Further variations of the Taguchi optimum (referred
o as Opt-Na2SO4/HNO3) were conducted, as there was a notorious
ifference in results with respect to all other Taguchi trials and it was
esired to confirm the need for the acidic pH conditions. An overview
f the conditions of each variation experiment are depicted in Table
.2 and the obtained degradation parameters are shown in Table 1.

In the variation experiment designated as Opt-HNO3, no sulfate
ource was added to the optimal reaction medium. Similarly, in exper-
ment Opt-Na2SO4, initial pH was near to neutral values and there was
o nitrate source that could participate in the degradation. The ratio-
ale behind studying such scenario was that (1) operating at very acidic
H conditions limits the potential of a technology for an industrial roll-
ut, and (2) avoiding the need for additional chemicals contributes to
he economy of the process. Experiment Opt-Na2SO4/NaNO3 consisted
f a variation of the optimum where NaNO3 was used as nitrate source.
n this way, it was possible to investigate both the role of pH and the



s
o
o
s

T
c
o
i
l
w
o

v
p
f
p
N
c

s
w

Fig. 2. Derived kinetics of Taguchi L9 design through non-linear regression analysis.
(
E
t
o
d
o
s
o
c
a
r

3

o
e

parent species of the potentially generated NO3
∙ radicals. As it can be

een in Fig. 6, similar degradation profiles were obtained regardless
f the NO3

− source, and hence, regardless of the initial pH. On the
ther hand, driving the degradation relying solely on nitrate or sulfate
ources (i.e., Opt-HNO3 and Opt-Na2SO4) decreased the reaction rate

constant from 55.774 h−1 down to 2.655 and 1.013 h−1, respectively.
hese results demonstrate that the presence of either ions in solution
ontributed to a reasonable CBZ degradation (over 63% after one hour
f treatment), but the synergistic effect of both ions in solution really
nduced the optimal conditions. Energy-wise, the optimum showed the
owest consumption of electrical energy per order of magnitude (E𝐸𝑂),
hereas the highest corresponded to the Opt-Na2SO4 experiment, being
ver 50 times more energy-intensive.

To evaluate the relevance of the sulfate source in the optimum,
ariation experiments consisted of the addition of peroxydisulfate (or
ersulfate) to the water, as it is a conventional approach in Sul-
ate Radical-based Advanced Oxidation Processes (SR-AOPs). In such
ersulfate-driven experiment, 10 mM Na2SO4 was replaced by 5 mM
a2S2O8 as an equivalent source of sulfate ions. Given that persulfate
an decompose to H2O2 in strongly acidic solutions [25], the pH was

in this case not adjusted. This conventional route was carried out
both with and without an electrochemical treatment, which are further
referred to as Opt-Na2S2O8 and Opt-Na2S2O8/Heat, respectively. Fig. 7
hows that complete CBZ degradation in a persulfate-based scenario
as attained within the one-hour window, although the degradation
kinetics were about 15-fold lower than that of the optimum. In ad-
dition, the similarity in results when activating persulfate with and
without the electrochemical treatment illustrates that when operating
at 30 ◦C, either approach would be suitable and that its selection could
be motivated depending on the associated operating costs or energy
consumption.

Based on the results from the CV tests (Fig. C.4), experiment Opt-
Na2SO4 was also performed at a lower current density of 1 A m−2

Opt-Na2SO4/Low), corresponding to the conditions below the Oxygen
volution Potential (OEP). At such low potential, it can be argued that
he electrolyte is not fully oxidized, and thus, ∙OH radicals are not the
nly reactive species in solution [22]. However, Fig. 8 shows significant
ifferences in the degradation profiles between both scenarios and the
ptimum. This is likely due to a weakened electron transfer at the
urface and a subsequently hindered radical formation [38]. In fact,
perating at low current densities reduces in this case the reaction rate
onstant by 99.8%, leading to significantly longer reaction times to
ttain a suitable removal percentage. In addition, the electrical energy
equired in such scenario is still greater than that of the optimum.

.3. Determination of radicals contribution

Scavenging tests were performed to understand the contribution
f sulfate and hydroxyl radicals on the overall CBZ degradation in
xperiments Opt-Na2SO4 and Opt-Na2SO4/Low, as they correspond to

different conditions across the Oxygen Evolution Reaction (OER) curve.
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Fig. 3. Average S/N ratios for Taguchi L9 design. The optimal level for each parameter is highlighted as a blue dot.
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Fig. 4. Postulated reactions that explain the acidic evolution and the role of nitric
acid.

This way of indirect identification relies on the addition of radical
scavengers to the reaction medium, coupled with a subsequent kinetic
analysis (Supplementary Material, Section B) [28,48]. The selected
cavengers were tert-butanol and methanol, as the former inhibits ∙OH
adicals and the latter can scavenge both ∙OH and SO∙−

4 . Fig. 9(a)
epicts both scavenging tests applied to experiment Opt-Na2SO4, where
t can be observed that there are perceptible differences in degradation
rofiles. Such deviations in reaction rate constants led to an estimated
ontribution of 16% and 84% for SO∙−

4 and ∙OH radicals, respectively.
n contrast, the scavenging tests with experiment Opt-Na2SO4/Low
Fig. 9(b)) showed a narrower degree of change among reaction rate
onstant values, which correspond to a contribution estimation of 1%
nd 99% for SO∙−

4 and ∙OH radicals, respectively. Given that both ex-
eriments showcased a dominant presence of ∙OH radicals, it supports
he fact that acidic pH values led to higher degradation efficiencies, as
Table 2
Degradation parameters in scavenging tests.

Experiment Degradation after
60 min (%)

Rate constant
(h−1)

Opt-Na2SO4/MeOH 32.4 0.4131
Opt-Na2SO4/tBuOH 36.1 0.5118
Opt-Na2SO4/Low/MeOH 8.5 0.0922
Opt-Na2SO4/Low/tBuOH 7.7 0.0924

the redox potential of ∙OH is at its highest [38]. An overview of the
degradation parameters attained is shown in Table 2.

Obtaining such a difference in radical contribution by varying the
current density evidences that it is a key parameter in the formation of
specific radicals. In fact, the scavenging scenarios entailed either high
or low potential (i.e., 2.88 ± 0.17 V and 1.78 ± 0.05 V, respectively),
which in turn corresponded to different conditions with respect to
the OEP in water (i.e., ∼2.5 V). At the BDD, the OER begins with
water oxidation that generates ∙OH radicals (Eq. (1)). At low potential,
these ∙OH radicals recombine to form H2O2 (Eq. (5)), which is further
xidized by direct electron transfer towards the formation of HO2

∙

adicals (Eq. (11)) [49]. At high potential, the process continues, where
OH radicals also react with the electro-generated H2O2 (Eq. (12)) and

HO2
∙ radicals play an intermediate role towards the final formation of

O2 (Eqs. (13)–(17)) [49–51]. Therefore, it can be argued that at high
potential ∙OH radicals are dominant, whereas at low potential, HO2

∙

radicals are also present (See Fig. 10).
When sulfate is involved, at high potential the anolyte is fully

oxidized (Fig. C.4) and the recombination of the electro-generated SO∙−
4

radicals to form persulfate (i.e., S2O2−
8 ) (Eq. (18)) is observed [22,52,

53]. Subsequently, this may trigger a set of reactions where additional
S2O∙−

8 , O∙−
2 and SO∙−

4 radicals are formed (Eqs. (19)–(23)) [28,42,51,54,
55]. During scavenging tests at high current density with tert-butanol,
where ∙OH radicals were inhibited, a noticeable contribution of SO∙−

4
radicals was estimated. Thus, it can be argued that the degradation
of CBZ occurs thanks to the presence of free SO∙−

4 and/or S2O∙−
8 rad-

icals, as O∙−
2 is likely to participate in the OER. In contrast, at low

potential the sulfate anolyte is not fully oxidized. Thus, the formation
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Fig. 5. Additional replicates on the degradation of CBZ under the Taguchi optimum: pH 2, 10 mM Na2SO4, 30 ◦C, 1 μM initial CBZ and 50 A m−2.
Fig. 6. Optimum variation experiments to investigate the influence of sulfate and nitrate ions.
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of S2O2−
8 is not observed and its subsequent reactions are limited. In

addition, at low potential, HO2
∙ radicals originating from the OER may

act as a scavenger of SO∙−
4 radicals (Eq. (24)) [54] as well as non-

xidized water molecules may lead to the generation of ∙OH radicals
Eq. (25)) [22,42,51], which are eventually scavenged by tert-butanol.

As a result, the occurrence of both these reactions and the absence of
additional radicals deriving from the co-generation of persulfate, brings
a plausible explanation to the lower SO∙−

4 radical contribution observed
at low current density (See Fig. 11).

Even though these hypotheses encourage to operate at higher cur-
rent densities to avoid a possible scavenging of sulfate radicals and
promote their participation in the degradation of CBZ as well as attain
faster kinetics, they are not directly scalable to a non-scavenged sce-

–(32)) [22,
nario, where additional reactions can take place (Eqs. (26)
28,42,50–52,54,55]. In fact, Eqs. (27)–(30) show that ∙OH radicals can
play a key role in the formation of SO∙−

4 radicals. Given that the inves-
tigated scavenging scenarios promoted ∙OH scavenging, the formation
of SO∙−

4 could have been equally hampered in both, with the detected
SO∙−

4 radicals only originating at the anode. Consequently, the precise
ature and origin of the radicals participating in the degradation of CBZ
s well as their degree of involvement needs to be further elucidated.

O4
∙− + OH− ←←←←←←←←←←←←←←←←←→ SO4

2− + ∙OH (26)

OH + SO4
2− ←←←←←←←←←←←←←←←←←→ OH− + SO4

∙− (27)

OH + HSO4
− ←←←←←←←←←←←←←←←←←→ H2O + SO4

∙− (28)

OH + S O 2− ←←←←←←←←←←←←←←←←←→ HSO − + 1O + SO ∙− (29)
2 8 4 2 2 4
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Fig. 7. Optimum variation experiments for comparison with persulfate-driven treatments.
Fig. 8. Optimum variation experiments to evaluate different current densities in a sulfate-containing medium.
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OH + S2O8
2− ←←←←←←←←←←←←←←←←←→ OH− + S2O8

∙− (30)

OH + SO4
∙− ←←←←←←←←←←←←←←←←←→ HSO4

− + 1
2
O2 (31)

OH + SO4
∙− ←←←←←←←←←←←←←←←←←→ HSO5

− (32)

.4. Elucidation of CBZ transformation products during Taguchi optimum

The degradation mechanisms of CBZ have been extensively inves-
igated in multiple AOPs as well as mediated by various oxidative
pecies. An overview of transformation products previously reported
an be found in Table D.1. In this study, the focus was on identifying
ransformation products that are formed during the Taguchi optimum
xperiment, given the novelty of these conditions. Thus, a non-targeted

creening by means of HRMS analysis was conducted within the time a
indow in which carbamazepine is fully depleted (i.e., up to 5 min).
ased on the MS results, transformation products were detected based
n their exact mass, m/z value and retention time. In addition, exper-
mental peak areas were normalized with respect to the peak area of
arbamazepine before degradation. Only the transformation products
hat (i) were not detected in the initial sample, (ii) appeared in all
xperimental replicates when detected at later times, (iii) exhibited a
old-change at any sampling time equal or higher than 2 [56] and (iv)
howed a maximum relative peak area of at least 0.2% with respect
o the initial CBZ, were considered as relevant and are reported here.
s a result, 10 transformation products were detected, which can be
rgued to be intermediates of reaction due to their bell-shape profile
Fig. 12) and complete disappearance after 20 min of treatment (data
ot shown). The most abundant transformation products were the
ntermediates with exact mass 356.1489 g mol−1, 320.0778 g mol−1

nd 268.0857 g mol−1.
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Fig. 9. Scavenging tests consisting in the addition of methanol (i.e., MeOH) or tert-butanol (i.e., tBuOH) to experiments (a) Opt-Na2SO4 and (b) Opt-Na2SO4/Low.
Fig. 10. Oxygen Evolution Reaction (OER) at high and low potential.
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A tentative identification of the chemical structures corresponding
o these 10 transformation products was performed, out of which
everal feasible structures were proposed for 8 transformation prod-
cts (Fig. 13 and Table 3). The elucidation of these structures relies
n a comparative analysis with database information for the MS/MS
pectra obtained after the targeted fragmentation of each compound
n the samples showcasing the highest peak intensity values. Detailed
nformation on MS/MS spectra for each proposed structure can be
ound in the Supplementary Material (Section D). The final selection
f suitable chemical structures was based on (i) a qualitative and
uantitative analysis of the fragments matched, (ii) the validation that
heir retention time and expected polarity (i.e., logP value) were in
greement to those of CBZ as reference (RT: 13 min, logP: 2.77),
nd (iii) their structural resemblance to the parent compound. As a
esult, a total of 25 possible chemical structures were proposed. The
9 structures assigned to the transformation products ranging from
95.0687 g mol−1 to 285.1009 g mol−1 appear to be more likely, as
 i
hey met all 3 selection requirements. For further structural confir-
ation of these compounds and possible evaluation of their toxicity

mplications, their MS/MS spectra should be validated with those of
eference standards as well as it would be recommended to investigate
heir possible evolution towards secondary transformation products,
iven that they were eventually eliminated within the lapse of time
nder study. In addition, it can be argued that some of these transfor-
ation products are novel compounds and therefore have not been yet

haracterized and included in the databases of reference. Therefore, in
uch cases additional research would be required to consolidate their
dentification.

.5. Scale-up and future research recommendations

This study has shown that the BDD electrochemical Advanced Ox-

dation Process is a promising method for the degradation of CECs in



s
(
t
t

Fig. 11. Sulfate radical-based reactions involved in scavenging tests with tert-butanol.
Fig. 12. Detected CBZ transformation products (expressed in terms of exact mass) during Taguchi optimum experiment that showcase a bell shape. Relative areas were computed
in reference to the initial peak area of carbamazepine and normalized with respect to multiple QC pooled samples. Error bars correspond to the standard deviation across replicate
experiments.
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wastewater treatment. In particular, this work has focused on simple
water matrices containing carbamazepine (CBZ) at previously reported
trace concentrations, for which the degradation was carried out in
several scenarios with lower energy and chemicals requirement than
in most studies. In fact, current densities lower than 50 A m−2 and
ulfate concentrations similar to those found in wastewater effluents
1–10 mM) were used. In view of future scale-up opportunities, both
hese features represent a competitive advantage over other treatment

echnologies. Firstly, because electrochemical oxidation is considered s
ne of the most environmentally-friendly AOPs [61], and the use of
enewable energy can reduce its environmental impact by over 90%
cross multiple Life Cycle Assessment categories [62]. Secondly, be-
ause it is possible to degrade CBZ without the addition of chemical
recursors, given that the ionic species required for the generation
f oxidative radicals are typically already present in the wastewater.
s a result, additional economic burdens as well as the formation of

econdary waste streams can be circumvented.
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Fig. 13. Proposed chemical structures for the detected CBZ degradation products during the Taguchi optimum experiment. Structures drawn in darker font correspond to those
meeting all selection criteria.
Table 3
Detailed information on detected CBZ degradation products during the Taguchi optimum experiment and their proposed structures. When more
than one structure could be applicable to the same transformation product, they have been denoted with a letter A–H.

Exact mass
(g mol−1)

m/z RT
(min)

Formula Proposed chemical
structure (s)

Match in the literature Mass accuracy
(ppm)

195.0687 196.0758 12.06 C13H9NO TP 195 – –
266.0696 267.0769 10.77 C15H10N2O3 TP 266A, TP 266B 1-(2-Formylphenyl)

quinazoline-2,4(1H,3H)-
dione
[14,57–60]

1.73

266.0698 267.0769 8.21 C15H10N2O3 TP 266C, TP 266D – –
268.0857 269.0927 11.11 C15H12N2O3 TP 268A, TP 268B,

TP 268C, TP 268D
– –

280.0859 281.0925 13.28 C16H12N2O3 TP 280A, TP 280B – –
285.1009 286.1077 17.73 C16H15NO4 TP 285A, TP 285B,

TP 285C, TP 285D,
TP 285E, TP 285F,
TP 285G, TP 285H

– –

311.0544 334.0438 12.02 – – – –
320.0778 321.0850 11.86 C15H14NO7 TP 320 – –
325.0704 348.0595 12.50 – – – –
356.1489 357.1563 11.88 C18H20N4O4 TP 356A, TP 356B,

TP 356C, TP 356D,
TP 356E

– –
6
However, industrial implementation of these experimental condi-
ions for CBZ degradation is strongly limited to the variability of
he influent water matrix, especially if organic (e.g., dissolved or-
anic matter, humic acids, amino acids, proteins. . . ) and inorganic
e.g., (bi)carbonates, chlorides, bromides. . . ) radical scavengers are
resent. These scavengers may not only hinder the overall process
erformance, but also lead to reaction intermediates or by-products that
re more toxic than the original parent compound. For instance, it has
een reported that the presence of active chlorine in an electrochemical
xidation system may lead to the formation and accumulation of toxic
hlorate, perchlorate, chloramines and organochloride derivatives [63,
4]. Similarly, the formation of several organosulfates of concerning
effects, such as phenyl sulfate and p-cresyl sulfate, has been recently
reported as a result of direct radical addition mechanisms [65]. More-
over, it is also necessary to investigate the degradation of multiple
CECs simultaneously, as in a real-case scenario they will be treated
in a mixture and thus there will be different implications in terms of
degradation efficiency, underlying kinetics, operational costs and toxic-
ity risk estimations. Typically, CECs removal efficiencies decrease with
increasing water matrix complexity, as more non-targeted species may
participate in competitive reactions [22,45]. Nonetheless, some studies
have also reported that water matrix constituents may in contrast have
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neutral or promoting effects, depending on the reaction mechanisms
taking place [45,46]. Thus, it is of utmost importance to evaluate water
matrix effects depending on the wastewater and CECs of interest.

4. Conclusions

The Taguchi Method enabled the simultaneous optimization of mul-
tiple operating parameters, leading to the complete degradation of
CBZ in less than 5 min under the optimal conditions of pH 2, 30 ◦C,
10 mM Na2SO4 anolyte, 1 μM initial CBZ and 50 A m−2. Nonetheless,
t was observed that the wastewater under treatment showed a natural
endency to evolve towards acidic conditions regardless of the initial
H and that the optimal conditions were due to the joint effect of
aving both SO2−

4 and NO−
3 ions in solution. Thus, the optimal results

ere also attained when replacing HNO3 by NaNO3, which alleviated
he drawbacks of adjusting the pH before treatment. Complementary
cenarios with different ion species, energy sources and current den-
ities further corroborated the suitability of the optimum. In addition,
he transformation products formed under the optimal conditions were
valuated. A total of 10 primary transformation products were detected
nd 8 of them were tentatively identified. A key finding was that these
ompounds were also eliminated in parallel to the removal of CBZ.

The contribution of different radicals in a sulfate-based medium was
nvestigated through scavenging tests, which revealed that ∙OH radicals
re the dominant oxidative species. This phenomenon was for the first
ime linked to the Oxygen Evolution Reaction (OER), where at low
otential, HO2

∙ radicals and non-oxidized water molecules appear to be
eterminant factors for the scavenging of SO∙−

4 radicals. In contrast, at
igh potential, even if ∙OH radicals are abundant, the complete oxida-
ion of the sulfate anolyte promotes oxidative species such as SO∙−

4 and
2O∙−

8 radicals, which may also contribute to the pollutant degradation.
iven the complexity of a non-scavenged scenario, the type, source
nd contribution of the radicals participating in the degradation of CBZ
eed to be further elucidated.
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