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The biggest allure of heterogeneous electro-Fenton (HEF) processes largely fails on its high efficiency for the
degradation of a plethora of hazardous compounds present in water, but still challenging to search for good and
cost-effective electrocatalyst. In this work, carbon black (CB) and oxidised carbon black (CBox) materials were
investigated as cathodes in the electrochemical production of hydrogen peroxide involved in HEF reaction for the
degradation of 2-phenylphenol (2PP) as a target pollutant. The electrodes were fabricated by employing carbon
cloth as support, and the highest HoO5 production yields were obtained for the CBox, pointing out the beneficial
effect of the hydrophilic character of the electrode and oxygen-type functionalization of the carbonaceous sur-
face. HEF degradation of 2PP was explored at —0.7 V vs. Ag/AgCl exhibiting the best conversion rates and
degradation grade (total organic carbon) for the CBox-based cathode. In addition, the incorporation of an
electrochemical sensor of 2PP in line with the HEF reactor was accomplished by the use of screen-printed
electrodes (SPE) in order to monitor the pollutant degradation. The electrochemical sensor performance was
evaluated from the oxidation of 2PP in the presence of Fe>™ ions by using square wave voltammetry (SWV)
technique. The best electrochemical sensor performance was based on SPE modified with Meldola Blue showing
a high sensitivity, low detection limit (0.12 ppm) and wide linear range (0.5-21 ppm) with good reproducibility
(RSD 2.3 %). The all-in-one electrochemical station has been successfully tested for the degradation and quan-
tification of 2PP, obtaining good recoveries analysing spiked waters from different water matrices origins.

1. Introduction spectrum microbiocide, which belongs to the hydroxybiphenyl chemi-

cal family [3]. It is extensively employed as surface disinfectant in

During the last decades, anthropogenic activities are becoming a
significant threat to the global environment, and consequently, the
continuous release of different types of pollutants into the aquatic media
is leading to the dramatic deterioration of the surface water resource
quality. These hazardous pollutants are, in general, persistent species
that accumulate in the aquatic medium, provoking a high toxicological
impact on the environment, and consequently, affecting the human
health and the subsistence of living beings. The most common pollutants
come from the industry activity and include, among others, dyes, heavy
metals, pesticides, pharmaceuticals, personal care products, industrial
additives, and agrochemicals [1,2].

2-phenylphenol (also named ortho-phenylphenol), 2PP, is a broad-
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hospitals, houses, and laundries, as well as preservative (with E number
E231) in wood and treatments of cosmetics, citrus fruit storage, and
canned drinks [4,5]. Due to the wide use of this biocide, its detection has
been reported in sediments, natural water [6,7], and even in prepared
food (i.e., washed, peeled, cooked, etc.) [8]. Regarding 2PP toxicity,
several studies have been revealing that could cause chronic toxicity to
organisms by bioaccumulation. It can disrupt the endocrine system of
both male and female organisms and possess carcinogenic and cytotoxic
properties [9-11]. Accordingly, World Health Organization (WHO)
established 0.4 mg/kg of body weight as an acceptable daily intake
(ADI) for humans.

According to all the above, during the last decade different
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remediation strategies are emerging, some of them consolidated, to
reduce this compound concentration from aqueous media, through
biodegradation [12], adsorption in porous materials [13,14] or chemi-
cal degradation [15,16]. In this regard, Hou et al. reported the adsorp-
tion mechanism of 2PP on various zeolites obtaining an adsorption
capacity of 299.4 mg/g in a microporous zeolite [17]. Olak-Kucharczyk
and co-workers reported the use of HO5/UVC process consisting of the
in-situ generated hydroxyl radicals, through H>O, photolysis, as main
oxidants; the authors achieved 89 % of total organic carbon reduction
after 2 h of reaction [18].

Among the chemical degradation methods of pollutants, heteroge-
neous electro-Fenton (HEF) processes emerged as an attractive electro-
chemical mechanism based on the in-situ electrogeneration of HyO9
through a cathodic reduction of O in acidic medium (equation (1)) and
the subsequent generation of hydroxyl radicals by the Fenton reaction
between the Fe?* species (present in solution) and H20,, thus gener-
ating Fe?t (equation (2)) which is further reduced on the cathode
maintaining the catalytic cycle (equation (3)) [19,20]. Finally, the hy-
droxyl radicals generated react with the organic pollutant (equation

(4).

03 (g) + 2H" 4 2¢” = H,0, (¢))
Fe?* + H,0, »°OH + OH + Fe** 2
Fe3t + e — Fe?t 3)
Pollutant 4+ *OH — CO, + H,0 @

As far as the electrochemical reaction (1), different electrodes have
been investigated to promote the two-electron oxygen reduction reac-
tion (ORR), being carbonaceous materials a good alternative for noble
metal-based electrodes (e.g., Au- and Pt-based electrodes), due to their
low cost, chemical stability, and environmental compatibility [21].
Nonetheless, carbon felt [22,23], reticulated vitreous carbon [24,25],
carbon sponge [26], graphite [27] and even those carbon materials
doped with heteroatoms (e.g., N-, O-, B-) [21,28-30] are some examples
of the carbon materials employed as good electrocatalysts. Particularly,
carbon blacks, formed through incomplete combustion of either gaseous
or liquid hydrocarbons, are widely used as support or additive for
electrodes in electrochemical applications (e.g., supercapacitors, batte-
ries, polymer electrolyte membrane fuel cells, PEMFC) due to their high
electrical conductivity, low cost, and reasonably high chemical stability
[31,32]. More recently, its electrocatalytic performance towards
two-electron ORR was reported to show interesting results [33-35].

Apart from the adequateness of cathode material and optimal HEF
conditions to reach the pollutant degradation, exhaustive monitoring of
the molecule and produced intermediates, in terms of cost-effectivity
and real-time monitoring, is required to study the efficiency of the
electrochemical process. In this sense, the most analytical tools
employed for HEF reaction monitoring include external or ex-situ
analytical procedures such as high-performance liquid chromatography
(HPLC) either coupled with UV-Vis or mass spectrometry. However,
these analytical techniques are highly solvent-dependent, sample
destruction and time-consuming, as well as mostly expensive; addi-
tionally, in most cases, a sample pre-treatment is required (filtration
and/or pH adjustment). Alternatively, electroanalysis is presented as a
rapid (few minutes), sensitive, and majorly non-sample treatment
method to follow a HEF reaction [36,37].

Despite the plethora of studies based on electro-Fenton (EF) process
for the degradation of pollutants, scarce literature is found on its
application for the degradation of 2PP. Currently, only Sanroman and
collaborators reported an EF-like process in which they employed a
transition metal as catalyst (Ni and Zn), showing a removal percentage
of 80% before 1 h with optimal experimental conditions [38].

In this work, we first explore the conversion of the fungicide 2PP via
EF reaction in an undivided electrochemical cell by comparing both a
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commercial carbon black and the modified one by introducing oxygen-
containing functional groups. The electrocatalytic activity of both car-
bon black based cathodes is examined toward the direct increase in the
production rate of hydrogen peroxide and, therefore, indirectly degra-
dation efficiency of 2PP and total organic carbon reduction in aqueous
solutions under controlled potentials. Secondly, the all-in-one electro-
chemical device, including HEF station and electroanalysis one is
developed. The aim is to couple the electrochemical cell to an electro-
chemical sensor based on screen printed electrode (SPE), which allows a
fast and accurate evaluation of the grade of 2PP degradation under real-
time conditions during HEF electrolysis. On this matter, the electro-
chemical sensor for the monitoring of 2PP solutions in the presence of
iron (II) ions has been partially validated in terms of sensitivity, LoD,
LoQ, repeatability and reproducibility, and the performance of the
electrochemical sensor is compared to conventional chromatographic
method. Finally, the all-in-one system has been tested for pollutant
degradation in three spiked real waters.

2. Materials and methods
2.1. Materials and reagents

All chemicals commercially available were used without further
purification. Analytical grade polytetrafluoroethylene, (PTFE, 60 wt. %
dispersion in Hy0), potassium titanium oxide oxalate dihydrate
(K2C409Ti-2H50, >90 %), sodium sulfate (NaSOg4, 98 %), and iron (II)
sulfate heptahydrate (FeSO4e7H0, puriss p.a.), Nafion (5 % in water)
were purchased from Sigma Aldrich. Acetone (>99 %), ethanol absolute
(96 % v/v), acetonitrile (>99.9 %), and sulfuric acid (HSO4, 98 %) were
purchased from VWR. 2-phenylphenol (99 %) was supplied by Ther-
moscientific. All aqueous solutions were prepared using doubly deion-
ized water (DIW), not less than 18.2 MQ cm, purified by Milli-Q water
system.

The carbon cloth was purchased from E-TEK with a thickness of 0.40
mm and no wet proofing. Before use, carbon cloth was cleaned by me-
chanical sonication in acetone using an ultrasound bath for 30 min, and
then the same procedure was followed in water, and finally dried at
80 °C for 12 h. A piece of carbon cloth with 5.5 x 4.5 cm dimensions was
used as a substrate for the carbonaceous electrode preparation which
involved the dip coating into carbon black materials dispersion.

Carbon black (Vulcan XC72R) was supplied by Cabot and named as
CB. For the mild oxidation of CB, 2.0 g was placed on 200 mL of
concentrated HNO3 (>65 %), and heated under reflux at 120 °C under
vigorous stirring for 90 min. After the oxidation treatment, the obtained
material was filtered, then thoroughly washed with DIW, and dried at
60 °C for 12 h; the sample was named CBox.

2.2. Cathodes preparation

The ink for the fabrication of cathodes used in the HEF process
consisted of mixing the carbonaceous material (CB or CBox) in a con-
centration of 2 mg/mL and PTFE as binder in a concentration of 5 mg/
mL in a 1 to 2.5 ratio v/v of EtOH:H50. Successively, the carbon cloth
pieces were submerged in the ink solution and sonicated in an ultra-
sound bath for 30 min in order to get a homogeneous impregnation.
Then, the impregnated carbon cloths were dried at 80 °C for 12 h and
annealed at 350 °C in a muffle for 30 min. For comparative purposes, a
carbon cloth was impregnated with PTFE (in the absence of carbona-
ceous material). The resulting modified carbon cloths account for CC-
PTFE, CC-CB, and CC-CBox. With regards to the HEF, the modified
carbon cloth electrodes were held up in a homemade electrode holder
and a titanium wire was employed to make the electrical connection.

2.3. Characterization techniques of materials

Since the thermal treatment applied for the cathode’s preparation
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(see section 2.2) is expected to modify the surface chemistry of the
material (Fig. S1), prior to material characterization, a thermal pre-
treatment (350 °C for 30 min) was carried out to CBox to mimic the
final material present on the cathodes.

The surface pH was determined by measuring the pH of equilibrated
aqueous suspensions (ca. 1.0 g/L stirring for 72 h) of each material.
Thermogravimetric analysis (TG) was carried out using a thermogravi-
metric analyser from Netzsch. Experiments were carried out under an
argon flow rate of 50 mL/min at a heating rate of 10 °C/min, up to a final
temperature of 900 °C. For each experiment, about 20 mg of sample was
used. As far as temperature-programmed desorption coupled with mass
spectrometry (TPD-MS) experiments, the gas phase (CO and CO3) was
continuously monitored by MS.

X-ray photoelectron spectroscopy (XPS) was performed with a K-
ALPHA spectrometer (Thermo Scientific, Waltham, MA, USA). Each
spectrum was recorded using Al-Ka radiation (1486.6 eV), mono-
chromatized by a twin crystal monochromator, generating a focused X-
ray spot with a diameter of 400 nm, at 3 mA x 12 kV. The alpha
hemispherical analyzer was set to the constant energy mode with survey
scan pass energies of 200 eV to access the whole energy band and 50 eV
in a narrow scan.

The electrochemical characterization of the CB and CBox supported
on glassy carbon electrode (GCE, 3.0 mm diameter) and glassy carbon
rotating disk electrode (RDE, 3.0 mm diameter) was carried by cyclic
voltammetry (CV) and linear sweep voltammetry (LSV), respectively. An
ink consisting of a suspension of 5 mg/mL of each carbon black (CB and
CBox) in ethanol in the presence of 1.5 % of Nafion (total loading of ca.
0.7 mg/cm?) was drop-casted layer by layer on top of the GCE and let
dry overnight in air. The electrodes were labelled as GCE-CB and GCE-
CBox, and RDE-CB and RDE-CBox for GCE and RDE, respectively.

The CV and LSV responses were recorded by using a VMP-3e
multichannel potentiostat/galvanostat (Biologic-EC-Lab) in a 3-elec-
trode cell configuration using GCE-CB or GCE-CBox as working elec-
trode, a graphite rod, and Ag/AgCl (3 M KCl) via luggin as counter and
reference electrodes, respectively. Electrochemical experiments were
performed at room temperature and in triplicate.

2.4. Electrochemical assays

HEF assays were carried out at controlled potential (—0.7 V vs. Ag/
AgCl) in an undivided electrochemical cell containing 200 mL solution
with 20 ppm 2-phenylphenol and 0.2 mM of FeSO4 in 50 mM NaySO4 as
a supporting electrolyte. The pH was previously adjusted to 3.0 by
adding a few drops of 1 M HSO4 (the resulting solution displays an ionic
conductivity of 850.0 uS/cm). The CB- and CBox-based electrodes were
used as working electrode (cathode), while a single junction Ag/AgCl
(3.0 M K(l) via luggin and a boron-doped diamond (BDD) sheet (3.5 x
2.5 cm) were employed as reference and counter (anode) electrodes,
respectively. The cathode and anode were arranged in parallel with an
interelectrode gap of 6.0 cm. Prior to HEF measurements, the electro-
chemical cell was O,-saturated by bubbling the aqueous solution with a
flux of oxygen (99.7 %) for 30 min; thereafter, a continuous O, bubbling
in the vicinity of the cathode was maintained together with stirring by
using a magnetic bar in order to promote the mass transfer of dissolve Oz
from the bulk to the interface electrode/electrolyte. Likewise, a similar
electrochemical setup is followed for the H2O3 electro-generation by
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using 50 mM Na,ySO4 as a supporting electrolyte at pH 3.0 at different
selected potentials (—0.5 to —1.0 V vs. Ag/AgCl). As far as the cathode
stability test, six consecutive HEF reactions were carried out under the
same experimental conditions.

For the electrochemical experiments with real water, three matrices
from different sources (tap, spring, and irrigation water) were spiked
with 20 ppm of 2PP. The ionic conductivity and solution pH were
adjusted if necessary (with NapsSO4 and H2SO4) to mimic the experi-
mental conditions described above. The main parameters of as-received
real waters are collected in Table 1.

Before all HyO, electro-generation and HEF experiments, electrodes
were soaked in 50 mM NaySOy4 for 24 h to ensure the diffusion of the
electrolyte into the carbon-based electrode network.

2.5. Analytical methods

The electrocatalytic generation of HoO, was followed through the
titanium oxalate complexation method [39]. Briefly, aliquots of 1.5 mL
were taken from the electrochemical cell at specific intervals time until
2 h; all aliquots were subsequently mixed with 0.65 mL of HySO4 (385
g/L) and 0.35 mL of potassium titanium oxide oxalate dihydrate solution
(50 g/L). Once the reaction was completed (ca. 1 min), the solution
turned yellow colour as a result of the formation of the Ti(IV)-H02
complex. The complex concentration was recorded by UV-Vis spectro-
photometry at 400 nm (maximum absorbance) using a Shimadzu spec-
trophotometer (UV-2401PC). Reading absorbance values were
transformed into concentration according to the previous calibration
curve made using known Hy05 concentration solutions.

The HEF performance was assessed by both chromatographic and
electroanalytical methods by following the 2PP concentration. As far as
chromatography analysis, aliquots of 2 mL sample were taken from the
electrochemical cell (the total solution volume was corrected for con-
centration calculations after aliquot withdrawal), and then filtered
through a PTFE syringe filter (0.22 pm). Samples were analysed by HPLC
(Agilent) equipped with a diode array detector (DAD) using a reverse-
phase column (Poroshell 120, EC-C18, 3.0 x 100 mm, particle size of
2.7 pm), with a mobile phase water (0.1 % formic acid): acetonitrile
(40:60 v/v) and a flow rate of 0.4 mL/min. The column was thermo-
stated at 30 °C and the injection volume was 20 pL. 2PP peak was
recorded at a wavelength of 245 nm exhibiting a retention time of 2.7
min. Simultaneously, total organic carbon (TOC) measurements were
recorded on the solutions in a TOC-CV Shimadzu analyser.

Alternatively, the electroanalytical measurements of 2PP concen-
tration were carried out in two types of homemade screen-printed car-
bon electrodes [40] with a three-electrode configuration system using
silver/silver chloride (Ag/AgCl, C61003P7 Sun Chemical, South Nor-
manton, UK) and carbon graphite (C2000802P2, Sun Chemical, South
Normanton, UK) for the reference and counter electrodes, respectively.
In the case of the working electrodes, two different carbon-based inks
were employed: graphene (SPE-G, from JE Solutions Consultancy Ltd) or
Meldola Blue (SPE-MB, C2030519P5 Sun Chemical, South Normanton,
UK). CV and square wave voltammetry (SWV) techniques were used to
explore the electrochemical response of 2PP at both SPEs. The electro-
analytical detection of 2PP was followed by SWV from -0.3 to +-0.8 V vs.
Ag/AgCl. Optimal SWV parameters were the following: modulation
amplitude, 100 mV; frequency, 8 Hz; modulation step, 2 mV.

Table 1

Origin and main parameters of the different water samples employed in this work.
Water sample Origin Conductivity (uS/cm) pH Chloride (ppm) NO3/NO3 (ppm) TOC (ppm)
DI water (DIW) Milli-Q water system 6.0 n.d. n.d./n.d. n.d.
Tap water (TW) Alicante, Spain (38.3808°N, —0.5239°W); May 2023 8.1 356 n.d./7.11 n.d.
Irrigation water (IW) Murcia, Spain (38.0373°N, —1.0727°W); March 2023 2640.0 8.3 817 n.d./58.00 2.00
Spring water (SW) Huesca, Spain (42.6630°N, 0.3212°W); June 2023 7.8 n.d. n.d./0.59 n.d.

n.d.: Non detected.
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The concentration of nitrate, nitrite, and chloride ions present in real
water samples was analysed by ion chromatography (Metrohm) using an
anion exchange column (MetroSep A Supp 4, Metrohm) of 250 x 4.0
mm and a particle size of 9 pm. The eluent was made of NayCO3 (1.8
mM)/NaHCO3 (1.7 mM) pumped at 1 mL/min. Detection of ions was
performed by monitoring ionic conductivity with chemical suppression.

2.6 Experimental all-in-one set-up.

The all-in-one electrochemical station consisted of two main units,
the HEF reactor coupled with an in-line cell for the 2PP degradation
monitoring (Scheme 1, Fig. S2). The cell was designed with Solidworks
software and fabricated using Clear resin (supplier reference:
FLGPCLO04) -stable under acidic media- in a Formlabs Form 3D printer.
The screen-printed electrode was inserted into the internal reservoir (ca.
10 mL) of the cell through an upper slot and was employed for the 2PP
concentration monitoring. To do so, the reservoir was continuously fed
with the treated solution, containing 2PP-FeSO4-NaSOy4, from the HEF
cell using a peristaltic pump. At certain times of reaction, the flow was
stopped, and the electroanalytical measurement based on SWV was
taken by using the SPE into solution. Prior to SPE integration into the
cell, the 2PP calibration curve of each electrode was made.

3. Results and discussion

The first section of this manuscript deals with the characterization of
the carbonaceous materials employed for the formulation of the inks and
further the HEF cathodes preparation for the generation of HyO5. The
identification of experimental conditions towards high current effi-
ciency and production of H203 is crucial for an HEF process, so the
second part of the manuscript is devoted to the 2PP degradation, as a
model hazardous fungicide, aiming to explore the feasibility of
modified-carbon cloths. In this regard, the effect of the CB surface
chemistry on the HyO5 electrogeneration and, therefore, on the final 2PP
degradation efficiency was explored. The development of an electro-
chemical sensor to detect 2PP is not an easy task and therefore requires a
more exhaustive study in terms of choice of appropriate materials and
electrochemical devices. To do so, the electrochemical sensing of 2PP is
addressed based on electrochemical characterization of two different
SPEs towards 2PP detection in the presence of iron (II) ions in solution
which are involved in EF reaction. Under the best electroanalytical
outcomes, the electrochemical sensor of 2PP is partially validated
regarding sensitivity, linear range concentration, LoD, LoQ, repeat-
ability, reproducibility, and its performance in real waters. Finally, the
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all-in-one electrochemical station is proven for continuous monitoring
of the pollutant degradation by applying a HEF process.

3.1. Characterization of carbonaceous-based materials and cathodes

XPS analysis was performed to assess the nature of the chemical
modification of CB as a result of the oxidation treatment (Fig. S3). As far
as both pristine CB and CBox, Fig. S3 reveals that the low binding energy
component of the C 1s core level spectra, located at 284.6 eV is related to
the graphitic carbon and the peak centered at 285.5-285.6 eV is asso-
ciated with the aliphatic hydrocarbons. Additionally, the peaks located
at 286.3-286.6 eV and 287.0-288.6 eV are assigned to -C-O and -C=0
species, respectively. The O 1s core level spectrum of CB was composed
of three main peaks in the range of 531.4-531.7, 532.9-533.4,
534.1-535.1 eV associated with -C=0, -C-O and -O-/O-C=O0, respec-
tively [44]. Table 2 compiles the atomic percentage of C and O of
pristine CB and CBox extracted from C 1s and O 1s core levels, those
results reveal a low oxidised degree of CB that was remarkably increased
after the acidic treatment rising from 1.7 to 8.5 at. % of O. It is worthy of
note that N-containing groups were not incorporated into the material
surface during nitric acid treatment. This fact is also important to
discard the influence of N-containing compounds on the 2-electron
transfer ORR [28,45]. The profiles of CO and CO; release on TPD-MS
(Fig. S4) revealed the presence of O-containing groups for CBox mate-
rial with relatively large amounts of CO; evolving groups (attributed to
carboxylic acids and anhydrides of acidic nature) for CBox compared to
CB [46]. A similar trend was observed for CO-releasing groups, associ-
ated with the presence of carbonyl, phenolic, and quinone-type groups
in CBox. These results are in accordance with those obtained by XPS
where the presence of carbonyl groups on the surface of CBox was
shown. Furthermore, the presence of these oxygen functional groups led
to an increase of the acidity which is corroborated by a decrease of
surface pH values from 8.1 to 5.4 after the oxidation of CB by HNO3

Table 2
Surface pH, and C and O atomic percentage of CB and CBox materials. Values
obtained from the XPS are expressed in % of total atomic surface concentration.

Material Surface pH C at. % (XPS) O at. % (XPS) O/C ratio
CB 8.1 98.3 1.7 0.02
CBox 5.4 91.5 8.5 0.09
Peristaltic
---e
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Scheme 1. Elements of the all-in-one station.
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treatment (see Table 2).

The electrochemical behaviour of CB and CBox materials by CV was
explored in Ar and O,-saturated NaySO4 solutions (Fig. S5). Under
deaerated conditions, the GCE-CB displayed a CV with a narrow current
intensity in the region dominated by capacitive processes typically
related to the carbonaceous materials with low or none porosity,
showing a quasi-rectangular shape thereby denoting the absence of iR
drops linked presumably to higher electrical conductivity of CB. GCE-
CBox, interestingly, revealed a notably greater double-layer capaci-
tance compared to that one exhibited by the CB-based electrode mainly
associated with the increase in the accessibility of electrolyte within
surface area and improved hydrophilicity because of the incorporation
of oxygen-functionalized groups. Furthermore, the presence of these
likely oxygen-containing functionalities was confirmed by the observa-
tion of broad reversible pseudo-faradaic peaks at the potential range
between ca. 0.20 and 0.50 V vs. Ag/AgCl [41-43]. Under an Os-satu-
rated solution (Fig. S5B), both materials exhibit a marked irreversible
cathodic peak associated with ORR, which is centered at ca. —0.30 and
—0.20 V vs. Ag/AgCl for the GCE-CB and GCE-CBox, respectively. This
positive displacement is also observed on LSV performed on a rotating
disk electrode (RDE), revealing an onset potential of —0.07 V and —0.16
V vs. Ag/AgCl for CBox and CB, respectively, at 1600 rpm of rotating rate
(Fig. S6). This positive shifting obtained for the CBox material suggests
that O-functional groups incorporated into the carbonaceous surface, i.
e., carbonyl and carboxyl groups, display more significant electro-
catalytic activity toward ORR.

The electrocatalytic activity of ORR was explored to elucidate the
best cathode for two-electron ORR towards HyO» generation. Fig. 1
depicts the LSV of both CB- and CBox-based electrodes (CC-CB and CC-
CBox) at 5 mV/s in Ar- and Os-saturated solutions by performing a po-
tential excursion from O V to —1.0 V vs. Ag/AgCl. It is of notice that the
ORR response of the CC-PTFE is also recorded for comparative purposes.
As seen, in Ar-saturated solution, no faradaic current intensity was
observed until a potential of ca. —0.80 V vs. Ag/AgCl set at a current
density of 1 mA where hydrogen evolution reaction (HER) takes place
[47]. Under Og-saturated conditions the LSV shows a larger cathodic
current intensity with a marked onset potential for both cathodes at ca.
—0.30 Vand —0.20 V vs. Ag/AgCl for CC-CB and CC-CBox, respectively.
These values are in concordance with the onset potentials and the peak
potential observed in the CV behaviour of both materials (Fig. S5).
Beyond the onset potential, the current intensity value increases
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Fig. 1. Linear sweep voltammetry of the electrodes CC-PTFE, CC-CB, and CC-
CBox in 50 mM Na,SO4 pH 3.0 under Ar- (dashed line) and O»- (solid line)
saturated electrolyte. Scan rate: 5 mV/s.
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markedly for both carbonaceous electrodes without the appearance of
evident cathodic limit current or cathodic wave associated with two or
four-electron ORR before the HER. Current intensities of 16 and 46 mA
were recorded at —0.7 V vs. Ag/AgCl for CC-CB and CC-CBox, respec-
tively, (while 2 mA were recorded for CC-PTFE) pointing out the highest
catalytic performance of CBox in comparison to that of CB. It should be
mentioned that at potentials more negative than —0.7 V, the HER starts
to compete with ORR (as was seen in the results obtained from
Ar-saturated LSV), slightly increasing the total net current.

With an aim of avoiding biased interpretation of the generated cur-
rent intensity associated with the different cathodes’ area, the electro-
chemically active surface area (ECSA) measurement was carried out for
both the CC-CB and CC-CBox electrodes by deriving a double layer
capacitance from CV curves (Fig. S7). As expected, CC-CBox unveils a
higher ECSA value than that of CC-CB (i.e., 15.4 and 33.0 cm? for CC-CB
and CC-CBox, respectively), In order to take into account the effect of the
ECSA on the current intensities obtained in Fig. 1, the normalized LSV of
both electrodes -current density in mA/cm? over applied potential-is
depicted in Fig. S8 again revealing a lower onset potential and larger
current density for the electrode CC-CBox, confirming that the intro-
duction of O-containing groups into the carbon structures creates
structural defects and new active sites that boost ORR in acidic medium.

3.2. HEF process for 2PP degradation

3.2.1. H,0; electrogeneration

At this point, we need to reconsider whether the 2e- ORR is a
dominant pathway within a specific potential range and whether
hydrogen peroxide yield and production rate are remarkable high as a
function of electrode potentials. In this regard, Fig. 2 depicts the HoO,
production rate obtained during the electrolysis for studied cathodes
when applying different potentials (selected according to LSV responses
shown in Fig. 1) in the range of —0.5 and —1.0 V vs. Ag/AgCl during 30
min of electrolysis. Results reveal a notable increase in the HyO, pro-
duction rate after incorporating carbonaceous material onto the carbon
cloth at all studied potentials, especially in the case of CBox. Addition-
ally, in all the cathodes, the production rate increases monotonically
with applied negative potentials, which is in concordance with the
largest current measured in the LSV curves.

Hence, it seems evident that the introduction of oxygenated groups
improves the 2e- ORR due to: i) easier Oy adsorption on the surface’s
electrode, ii) the highest hydrophilic character of the cathode due to the
presence of -COOH and C-OH groups, facilitating the O, diffusion or
approach, and iii) increase of the active sites favouring the reaction ef-
ficiency [33,44,48,49]. Production rate values of HyO, (in the range of
0.5 and 1.2 mg/h cm?) are in the same order as those reported for
floating air cathodes modified with carbon black/activated carbon [49],
carbon black-PTFE [50] and carbon black modified with
tert-butyl-anthraquinone [51] gas diffusion cathodes. However, our
findings are far from those reported by air-calcined carbon black-based
floating air electrodes with productions up to 5 mg/h ecm? [35] at an
applied potential of —1.0 V vs. Ag/AgCl.

Fig. 2B shows the accumulated HyO, production profiles generated
with the tested cathodes by applying a constant electrode potential of
—0.7 V vs. Ag/AgCl up to 2 h. In both cathodes, a linear increase is
observed at the first stage of the reaction, i.e., up to reach ca. 30-50 min,
and subsequently, a decline in increase of HoO5 concentration occurs
reaching a somewhat plateau. This behaviour can be ascribed to the
participation of side reactions associated with the H0, self-
decomposition either on the anode or in the bulk solution or its reduc-
tion at the cathode [52,53]. This is also linked with the coulombic ef-
ficiency (Table S1), which generally drops with longer times of reaction,
being more noticeable for the highest potentials applied. It is worth
noting that HyO, production rates at stationary state, i.e., when reaching
plateau during electrolysis, results to be almost irrelevant compared to
that obtained for CC-CB and CC-CBox electrodes (Fig. S9).
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Fig. 2. (A) H,0, production rate obtained for CC-PTFE, CC-CB, and CC-CBox
electrodes after 30 min of electrolysis at different potentials. (B) H,O2 con-

centration profiles using CC-PTFE, CC-CB, and CC-CBox electrodes at an applied
potential of —0.7 V.

3.2.2. Pollutant conversion by electro-Fenton process

Next, we turn out for the feasibility of the fabricated electrodes to-
wards the 2PP degradation by EF. Before doing so, it is worthwhile to
consider the previous adsorption process of 2PP on the carbon materials-
based electrode with the aim of saturating the cathodes’ porosity and
avoiding accounting for the organic compound removal from the solu-
tion associated with its adsorption into the electrode’s porosity (the
degradation of 2PP nanoconfined on the porosity is out of the aim of this
work).

The effect of contact time on the adsorption of 2PP at all three
electrodes, as shown in Fig. S10, revealed a total amount adsorbed of 13,
48, and 40 pg 2PP/cm? for CC-PTFE, CC-CB, and CC-CBox, respectively,
thereby showing a stable 2PP concentration in solution after 30 min
(presumably a scenario of saturation of electrode’s porosity).

After the pre-adsorption step, the degradation of 2PP was evaluated
by applying —0.7 V vs. Ag/AgCl as the potential of reference since the
production rate of HyOj is very similar for both carbonaceous electrodes
as a function of time, so that the 2PP degradation may be decoupled
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from the influence the effect of porosity and nature chemistry onto the
surface of CB material; also the participation of HER is discarded at the
selected potential.

Fig. 3A shows the degradation rate of the pollutant for the three
studied electrodes exhibiting a notable improvement of degradation
observed when CB and CBox were incorporated into the carbon cloth.
For the modified cloths, the 2PP removal was increasing from 19.2% for
CC-PTFE to 34.4 % and 90.0 % for CC-CB and CC-CBox, respectively,
after 5 min of electrochemical reaction (Table 3). The reaction rate
constants obtained adjusting curves to a pseudo-first-order equation,
were 0.36 (R = 0.994), 0.11 (R? = 0.996), and 0.06 min~ ' (R? = 0.993)
for CC-CBox, CC-CB and CC-PTFE, respectively.

These results pointed out the catalytic character of the carbon black-
based materials being the most catalytic the CC-CBox electrode, which is
able to reach 100 % 2PP degradation after 7 min of reaction, while for
CC-PTFE more than 60 min are needed for removing the pollutant from
the solution. The highest 2PP conversion via HEF reaction obtained for
the oxidised material is attributed to the beneficial presence of oxygen-
containing functional groups (mainly carboxyl, hydroxyl, and quinones)
that also facilitates the electron transfer for Fe>* reduction, acting as
active sites allowing the Fe?" regeneration which improves the catalytic
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Fig. 3. (A) 2PP conversion profiles by HEF on the studied electrodes at —0.7 V
vs. Ag/AgCl and (B) TOC removal percentage during 6 consecutive cycles.
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Table 3

2PP removal percentage after 5 and 30 min of reaction performed at —0.7 V vs.
Ag/AgCl, TOC removal after 60 min of reaction, and energy consumption for
2PP degradation for CC-PTFE, CC-CB, and CC-CBox electrodes.

Electrode  2PP removal TOC Energy Consumption (W h/g 2PP)
(%) removal
(%) .
5 30 after 5 min of over 80% 2PP
min min HEF reaction degradation
CC-PTFE 19.2 78.0 40.1 9.0 14.2
CC-CB 34.4 96.5 65.9 4.7 5.8
CC-CBox 90.0 100.0 72.8 5.7 3.9

effect [54].

Even though the conversion of 2PP was fast by the use of CC-CBox
electrode, this conversion may result in different organic in-
termediates (mainly carboxylic acids and quinones or hydroquinones)
[55,56]. To evaluate the grade of mineralization of 2PP, TOC was ana-
lysed at the end of the HEF reaction. After 60 min of degradation, TOC
was removed by 40, 66 and 73 % on CC-PTFE, CC-CB, and CC-CBox,
respectively (see compiled data in Table 3). The incomplete minerali-
zation within 60 min suggests that a variety of organic intermediates are
still present, being the CBox-based electrode that reaches the higher
mineralization degree. This fact points out again that the oxygenated
groups not only play a crucial role in the degradation of the pollutant but
also display a high efficiency of intermediates degradation. Nonetheless,
further investigation is required to clarify the specific role of the oxi-
dised cathode on the degradation pathway.

Table 3 shows the energy consumption per unit mass of 2PP removed
for all the three electrodes after a short time of reaction (5 min) and over
80 % of the 2PP conversion. The values were determined by the
following equation:

EC kW h :Uolol
g VeAC

where U is the applied cell voltage in V (4.0 V in all experiments), I is the
current intensity in A, t is the time in h, V is the solution volume in L, and
AC the variation in the 2PP concentration in ppm. The incorporation of
the carbonaceous material into the carbon cloth reduces up to ca. 40 %
the energy consumption. However, due to the different electrolysis times
required to reach the same conversion percentage, energy consumption
is also expressed over 80% of 2PP conversion for comparative purposes,
where slightly lower energy consumption for CC-CBox electrode is
achieved upon the same conversion grade.

Fig. 3B depicts the reusability of the electrodes through six consec-
utive HEF reactions by showing the TOC removal after 60 min using CC-
PTFE, CC-CB, and CC-CBox electrodes. It might be mentioned that the
use of CC-PTFE exhibits small changes over the cycles with a slight in-
crease after the 2™ electrolysis (<10 %). In the case of the CC-CB
electrode, a decay of ca. 15 % on TOC removal was observed after the
3t electrolysis, and then the TOC removal remained constant for the
subsequent reactions. Moreover, for CC-CBox, the maximum TOC
removal was observed for the first electrolysis, and thereafter, a decay of
the removal percentage was observed from 73 % to 58 % for 1* and 2"
electrolysis, respectively and, after the second electrolysis, the TOC
reduction remains stable. This loss in TOC reduction efficiency could be
associated with several factors: i) accumulation of the intermediates
and/or the pollutant on the porosity and surface of the carbonaceous
cathodes which can inactivate reactive sites for 2e” ORR or the regen-
eration of Fe(Il) (although the cathodes are previously saturated with
the starting 2PP compound, the applied potential could favour the
adsorption-desorption of molecules [57,58] clogging up the active sites);
ii) accumulation of the iron cations or Fe complexes on the electrode’s
surface blocking the catalytic activity, and/or iii) deactivation of the
active sites by hydrogen peroxide during consecutive electrolysis. In
spite of that, the loss in degradation efficiency after the 1st experiment
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for CC-CBox, the TOC removal still attains values above 55 %, higher
than those reached by CC-CB, revealing its greater applicability for HEF
treatment of 2PP.

3.3. Electrochemical behaviour of 2 PP at SPEs

Fig. 4A and B show the CV behaviour of 30 ppm 2PP when per-
forming a scanning of electrode potential from —0.30 until 0.80 V vs.
Ag/AgClin 50 mM NaySO4 pH 3.0 in the presence of 0.2 mM FeSOy4 (the
aforementioned working solution for HEF) for both two employed SPEs,
SPE-G and SPE-MB. In both electrodes, the redox peaks ascribed to the
FeZ*/Fe3* pair overlapped with the anodic wave of 2PP; nonetheless,
current intensity linked to the Fe(II) oxidation is almost negligible ac-
cording to the current intensities obtained from CV in Fig. S10.

More deeply, for SPE-G (Fig. 4Ai), a sole oxidation peak is observed
at 0.60 V during the excursion to positive potentials at the first cycle,
showing two cathodic peaks at 0.20 and —0.15 V on the backward to
negative potentials. During the second cycle, an extra anodic peak ap-
pears at 0.25 V. While the current intensity of the main anodic (at 0.60
V) starts decreasing after successive cycling, the rest of the peaks dis-
appeared after four scans. As a result, over the number of cycles, the
electrode is completely blocked, passivated, or fouled caused by poly-
merization pathways after the eighth cycle, as also reported for the
electrooxidation of a similar moiety [59-61]. A complex polymerization
mechanism presumably takes place on the electrode surface involving
the oxidation of the phenolic ring of 2PP.

Regarding the CV on SPE-MB (Fig. 4Bi), a similar behaviour is ob-
tained with the presence of a main anodic at 0.60 V on the positive scan
excursion, and then, two cathodic peaks at 0.22 and —0.07 V appeared
after the reverse scan during the first cycle. However, at this electrode,
three additional anodic peaks appear at 0.06, 0.26, and 0.36 V, indi-
cating that the oxidation and polymerization process might follow
different pathways. Interestingly, the evolution of the CV pattern in-
dicates that at least 40 cycles are needed to reach a complete blocking of
the electrode surface, though this can be linked to a bigger current in-
tensity of the main anodic peak at the SPE-MB electrode compared to
that one exhibited at SPE-G.

We next turned out to explore the electroanalytical outcomes of 2PP
the SWV response of the electrolyte in the absence and presence of Fe(II)
species were recorded since the pair Fe?>*/Fe3" is always present on the
HEF-treated solutions (as catalysts). The response of 0.2 mM FeSO4 (in
50 mM NaySO4 pH 3.0) at the SPE-G revealed a broad but well-defined
anodic peak at ca. 0.55 V vs. Ag/AgCl corresponding to the oxidation
reaction of Fe>* to Fe>*. When 2PP was present in the solution, during
the first cycle, an oxidation peak appeared at ca. 0.50 V which over-
lapped with one of the Fe?* oxidation. Shortly thereafter, the reuse of
the same SPE-G with a fresh solution, the SWV response unveiled an
additional anodic peak centered at ca. 0.2 V. As was already observed on
the second cycle of CV, this peak is associated with the generated
polymeric-film coming from the oxidation of 2PP. On the consecutive
scans (Fig. 4 iii), a prominent shift of the main anodic peak to more
positive potentials is observed along with a decrease in current intensity
denoting fouling or passivation of the electrode surface.

A similar SWV response is obtained for the electrode SPE-MB which
shows first a higher background current intensity when the SWV is
recorded for the electrolyte alone, fact that is also observed for the CV
experiments (see Fig. S11B). Surprisingly, when using SPE-MB, the
anodic oxidation wave associated with Fe?* oxidation is not observed
when performing the SWV under the same conditions as those ones
performed using the SPE-G electrode; this is of analytical importance
since 2PP oxidative conversion can be accurately detected without
interference. Even though the SPE-MB depicted the same SWV pattern
for the 2PP oxidation (1% and ond cycle, see Fig. 4Bii) as that one dis-
played for the SPE-G electrode, the former revealed a higher stable
anodic peak (centered at 0.55 V); beyond the ond cycle until the 10" one
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Fig. 4. (A) SPE-G and (B) SPE-MB behaviour by (i) cyclic voltammetry with different number of scans of 30 ppm 2PP in 50 mM Na;SO4 pH 3.0 as electrolyte in the
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FeSO4. Two consecutive scans are recorded when 2PP is in solution; (iii) depict various SWV measurements when 2PP is in solution. SWV parameters: modulation

amplitude, 100 mV; frequency, 8 Hz; modulation step, 2 mV.

showing peak current intensity stability (Fig. 4Biii) with peak area
variation lower than 5 % after 10 consecutive SWV experiments. This
points out the resistance of the electrode SPE-MB against the fouling or
passivated film formation.

In view of the SWV outcomes, SPE-MB was selected as the electrode
to follow the 2PP degradation during an HEF reaction due to i) the SWV
response of Fe?" is not interfering with the potential of study under
working conditions; and ii) the higher stability of the SWV response
regarding the electrooxidation of 2PP after consecutive measurements.

3.4. 2PP sensor and all-in-one device application
Prior to carrying out a HEF coupled with the electrochemical

detection of 2PP, the SPE-MB was first validated in terms of sensitivity
and range concentration linearity in 50 mM NaySO4 pH 3.0 in the

(A)

presence of 0.2 mM FeSO4. Fig. 5 shows SWV responses of 2PP at
different concentrations and a calibration plot regarding peak area
versus concentration. A good degree of linearity was observed in the
range of 0.5-21 ppm with a sensitivity following the next equation:

Peak area, SWV = 3.5 -:107% -Copp (ppm) — 9.1 -107%%; R? = 0.999.

The limits of detection (LoD) and quantification (LoQ) were 0.12
ppm and 0.40 ppm, respectively. These values were calculated as three
and ten times the noise level, respectively.

Since during the HEF reaction, 2PP concentration is expected to
decrease with time, the reversibility within the linear concentration
range of the SWV response of the electrode SPE-MB was evaluated by
following two consecutive calibration curves performed by increasing
and decreasing 2PP standard concentrations (Fig. 5A and B). Repro-
ducible responses were obtained with a relative standard deviation
(RSD) of 2.3 % validating the use of the electroanalytical method to be
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SWV parameters: modulation amplitude, 100 mV; frequency, 8 Hz; modulation step, 2 mV. (B) Calibration curves were obtained.
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coupled with HEF reaction evolution.

Scheme 1 (and Fig. S2) illustrates the all-in-one electrochemical
station, in which the HEF reactor is coupled to the electrochemical
sensor through an inlet and outlet tubes allowing the electroanalytical
cell to be filled with the sample by the use of a peristaltic pump. The
inner reservoir of the cell has a conic shape to facilitate the circulation of
the solution from up to down, favouring the sample transport and
therefore minimizing the energy consumption by the pump.

According to the results described in section 3.1, the electrode CC-
CBox was chosen to carry out the 2PP degradation by HEF of spiked
real samples (i.e., tap water, TW, irrigation water, IW, and spring water,
SW). Fig. 6A shows the 2PP conversion profiles performed in three types
of waters together with doubled distilled water which is included for
comparison purposes. Similar conversion rates were obtained for all
tested real aqueous matrices, with a slightly lower conversion rate for
IW, probably related to its higher content of chloride and nitrate ions
(Table 1), affecting the efficiency of the EF process.

The current trends of the 2PP conversion in spiked real waters were
followed by HPLC and the electrochemical sensor based on the use of
SPE-MB electrode in the all-in-one electrochemical station. Fig. 6B-E
show the SWV response of the treated solution after 1 min of HEF pro-
cess of the three tested samples as well as DIW. It is worthy of note that
for TW and IW a somewhat shift in peak potential is observed for all the
SWYV towards higher positive potentials, i.e., from 0.55 V (DIW) to 0.63
and 0.67 V for detection peak in TW, and IW, respectively. This shift in
peak potentials could be correlated to the higher concentration of
chloride ions in both samples. Moreover, no extra peaks or humps were
observed in the working potential range for the three tested water
samples at any time of HEF reaction indicating that intermediates
products obtained from the conversion of 2PP are not interfering with
the 2PP electroanalytical outcome.

Table 4 compiles the calculated 2PP concentration obtained from the
SPE-MB electrochemical sensor and HPLC for the three samples. Good
recovery values were achieved in the range of 100.2-105.6 %, con-
firming the high reliability of the electrochemical sensor. Table S2 also
compiles in more detail the comparative analysis of 2PP conversion
using the aforementioned techniques as a function of adsorption and
electrolysis time. Overall, the results also pointed out a good perfor-
mance of the electrochemical sensor with differences between 0.03 and
1.48 ppm (in absolute value) when compared with HPLC, demonstrating
the good degree of accuracy of the developed the all-in-one
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electrochemical station.
4. Conclusions

The use of carbon black (CB) and its thermally treated in the presence
of nitric acid (CBox) have been explored as cathodes for the HyO4
electrogeneration. The as-obtained CBox, with an increase in the elec-
trochemical active surface area and the incorporation of oxygenated
functional groups into the surface, favoured the electrocatalysis towards
the two electrons ORR pathway. The use of CBox as a cathode supported
on carbon cloths provided high coulombic efficiency and production
rate of HyO4 associated with the highest hydrophilicity of the material
facilitating the Oy adsorption on the surface’s electrode and its diffusion,
and to the increase of the number of active sites for the oxygen reaction.
In addition, using the CBox based cathode, the HEF process towards the
2PP degradation reached a removal percentage of ca. 90.0 % after 5 min
of reaction compared to CB based cathode with a removal of ca. 34.4 %,
The all-in-one electrochemical station was designed and validated for
the continuous degradation and monitoring of 2PP by using HEF pro-
cess. The screen-printed electrode modified with Meldola Blue resulted
to be an appropriate electrochemical sensor for the detection and ac-
curate quantification of 2PP spiked in real water without any interfer-
ence of the oxidation of Fe?" ions, exhibiting a great 2PP concentration
range linearity, sensitivity, LoD and robustness against fouling or
blocking of the electrode surface. This work demonstrates that the
developed methodology allows the application of an efficient HEF pro-
cess in real aqueous samples, coupled with continuous electrochemical
sensing toward the monitoring of 2PP degradation.
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Table 4
2PP determination by HPLC vs. electrochemical sensor.

Talanta 272 (2024) 125761

Process Tap water, TW Irrigation water, IW Spring water, SW
[2PP] (ppm) Diff [2PP] (ppm) Diff [2PP] (ppm) Diff
HPLC Sensor HPLC Sensor HPLC Sensor
Initial time 18.84 18.88 —0.04 20.48 21.32 —0.84 20.48 21.62 -1.14
After adsorption 16.98 17.10 —0.12 17.96 17.45 0.51 18.72 19.08 —0.36
5 min HEF 2.04 1.61 0.43 3.04 2.16 0.88 1.44 1.56 -0.12
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