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Tailoring the ORR selectivity for H,O,
electrogeneration by modification of Printex L6
carbon with 1,4-naphthoquinone: a theoretical,
experimental and environmental application
study

Matheus S. Kronka, {2 *2® Fernando L. Silva,® Alysson S. Martins,®®
Michell O. Almeida,® Kathia M. Honoério® and Marcos R. V. Lanza*®°

The modification of carbon-based materials with electroactive organic compounds can improve the
oxygen reduction reaction (ORR) efficiency toward H,O, electrogeneration. The present work sought to
evaluate the electrochemical properties of a Printex L6 carbon matrix modified with 1,4-naphthoquinone
(NQE) and its application toward the removal of paracetamol in different advanced oxidation processes.
The 1.0% NQE-modified material showed 93% selectivity for H,O, electrogeneration compared to 85% for
the unmodified carbon matrix. Density functional theory calculations helped confirm the NQE action as an
H* donor by improving the AG of the reaction from —277.11 kJ mol™ for PL6C to —986.1 kJ mol™! for
the NQE-modified material. Applied at 75 mA cm™2, the modified gas diffusion electrode presented a 30%
increase in H,O, electrogeneration compared to the unmodified electrode. Paracetamol removal followed
pseudo-first-order reaction kinetics in the following order: anodic oxidation with H,O, electrogeneration
(AO-H,0,) < AO-H,0,/UVC < electro-Fenton (EF) < photoelectro-Fenton (PEF). The action of the NQE
modifier helped enhance the ORR activity and selectivity for H,O, electrogeneration, thus making the
material suitable for environmental application in wastewater treatment.

compounds specifically require profound attention since they
are often disposed of through industrial waste and human

Over the past decades, the world has witnessed the emergence
of several problems stemming from disorderly population
growth. A large variety of the new products that are flooding
into the market are manufactured by pharmaceutical, agri-
cultural, industrial and food companies. Currently, one can
find a wide range of organic compounds in freshwater sources
such as rivers and springs; this is attributed to the haphazard
discharge of huge volumes of wastewater, which are left either
without treatment or treated inefficiently." Pharmaceutical

“Sdo Carlos Institute of Chemistry, University of Sao Paulo,
Avenida Trabalhador Sdo-Carlense 400, Sao Carlos, SP, 13566-590, Brazil.
E-mail: matheus.kronka@gmail.com, marcoslanza@usp.br

b National Institute of Alternative Technologies for Detection, Toxicological
Evaluation and Removal of Micropollutants and Radioactive Substances
(INCT-DATREM), Institute of Chemistry, Sdo Paulo State University, Araraquara,
14800-900, Sdo Paulo, Brazil

¢ School of Arts, Science and Humanities, University of Sao Paulo, Arlindo Bettio, 1000,
03828-000, Sao Paulo, SP, Brazil

t Electronic supplementary information (ESI) available. See DOI: 10.1039/

dO0ma00290a

1318 | Mater. Adv., 2020, 1, 1318-1329

excretion.”™ Paracetamol PRM (acetaminophen, 4-acetylamino-
phenol) is a drug widely used as an analgesic and antipyretic,
and there have been many reports regarding its presence in
rivers and wastewater.”” With the unrestrained consumption
of PRM, studies have shown that 90% of this drug is excreted by
humans with no change in its composition. The consequences
of the presence of PRM and its metabolites in the aquatic
ecosystem are still poorly understood. Its acute toxicity showed
variable magnitudes in a study with Danio rerio species (LC50)*
and freshwater arthropods (LD50).® In tests involving different
species of bacteria, ciliates, fish embryos and algae, PRM exhibited
highly toxic properties, classified as dangerous.” In this context,
the search for effective and efficient treatment mechanisms
capable of ensuring the complete removal of these organic
compounds in wastewater and surface water has become a
matter of unquestionable relevance.

Although several studies have proposed different methods
for the removal of contaminants in wastewater, the treatments
are commonly incapable of efficiently removing recalcitrant
compounds in low concentration.”™ Among the alternative

This journal is © The Royal Society of Chemistry 2020
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methods proposed, advanced oxidation processes (AOPs) can
complement the traditional treatments and ensure effective/safe
removal of pollutants. AOPs are based on the generation of highly
reactive oxygen species, such as hydroxyl radicals (*OH),"'*"* and
are known to promote non-selective oxidation of a wide range of
organic molecules. Hydroxyl radicals can be generated using
(i) semiconductor-ZnO,"* WO;,"* and TiO,;'® (ii) other precursors,
such as ozone (0;)" and hydrogen peroxide (H,0,);'*'° or
(iii) electro-Fenton (EF) reactions where Fe" catalyses the decom-
position of electrogenerated H,0, for *OH production.”*? In addi-
tion, AOPs can be combined with an irradiation source (ultraviolet or
visible) to help enhance the efficiency of the treatment process.

The application of H,0, in AOPs is particularly interesting
in the sense that it can be generated locally in the aqueous
matrix; as such, it diminishes the negative effects related to the
transport and storage of H,0O, given its corrosive and explosive
properties. The H,0, electrogenerated in aqueous medium
using gas diffusion electrodes (GDEs) has led to H,0, produc-
tion in high concentration (>100 mg L™ ")."®*** The electro-
generation of H,0, typically occurs through the application of
carbonaceous materials - usually carbon black -as a cathode in
the electrolyte matrix with pressurized O, gas.'®>*¢

Printex L6 (PL6C) is a carbon black pigment employed as a
high efficiency electrocatalytic matrix for H,O, electrogeneration;
its good performance can be attributed to corrosion resistance,
large surface area (265 m> g~ ') and oxygenated functional groups
(-C-O0H, -C=0, -C-OH).”” Furthermore, the hydrophobicity of
PL6C, associated with the role in the oxygen reduction reaction
(ORR), provides high selectivity for H,0,?** and makes it ideally
suitable for the application of O, gas at the electrolyte/electrode
interface in GDE reactions.***°

The use of the triple interface electrolyte/electrode/gas in
acid medium for PL6C in GDE reactions allows the occurrence
of the ORR involving 2-electron transfer, leading to the produc-
tion of H,0, molecules (eqn (1)).*' However, the reduction
process may be followed by other parallel reactions via a
pathway involving 4-electron transfer (eqn (2)) or H,O, electro-
reduction by 2-electron transfer (eqn (3)). Some reactions may
have negative effects on H,0, production and accumulation;
these include the H,O, disproportional reaction (eqn (4)) and
reactions that can compete with the ORR such as the H,
evolution reaction (eqn (5)).>">*3073*

0, + 2H" + 2¢” — H,0, (E, = 0.695 V vs. SHE)

(1)
0, + 4H' + 4e” — 2H,0 (E, = 1.229 V vs. SHE) (2)
H,0, + 2H" + 2¢~ — 2H,0 (E, = 1.76 Vvs. SHE)  (3)
2H,0, — 10, + H,0 (4)

2H" +2e¢~ — H, (E, = 0 V vs. SHE) (5)

In order to improve the ORR activity toward H,O, produc-
tion, some authors have proposed different techniques for
modifying carbon-based materials, including the use of metallic
oxides,**™” metallic complexes,'*** metallic nanoparticles**>°

This journal is © The Royal Society of Chemistry 2020
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and organic compounds.
lead to a decrease of the overpotentials required for the ORR
and an improvement of oxygen supply in solution, increasing
the H,0, generation.

The modification of carbon-based electrochemical matrices
by quinones has become widely applied because these organic
modifiers are ORR facilitators for the 2-electron pathway; this
also explains why they are commonly used in the traditional
process of hydrogen peroxide generation.>*' Eqn (6) shows the
electrochemical reduction of quinones in acidic medium.**™°

Q +2H" +2¢” = QH, (6)

The technique involving heterogeneous catalysis of cathodic
0, is based on the application of carbon-based materials modified
with organic redox compounds as the electrode matrix. The
literature on the inorganic-organic interface for ORR catalysis
considers the QH, groups present in the carbon matrix as
facilitators of hydrogen peroxide production (eqn (7)).**™*¢

QH; + O, —» H,0, )

In this sense, several studies published in the literature have
thoroughly investigated the use of quinones as modifiers of
carbon matrices for H,0, production.'®?**/*® The advantage
being that the mechanism for the ORR involves two-electron
transfer, favouring H,0, production. However, the mechanism
for H,0, electrogeneration is still not clearly understood.

Huissoud and Tissot*® tested 2-ethyl-9,10-anthraquinone as
a modifier in vitreous carbon; the modification significantly
increased the production of H,O, in catalyst-free electrodes.
Valim et al. (2013) showed that the addition of 1% (w/w) tert-
butylanthraquinone in a carbon black matrix contributed to an
increase in efficiency of 89.6% in H,0, production compared to
76.6% for unmodified Printex L6 carbon.'® More recently,
Moreira et al. (2019) reported the use of 2% anthraquinone-2-
carboxylic acid in a carbon matrix (w/w), which led to greater
current efficiency in H,0, electrogeneration compared to the
unmodified carbon electrode.”® Although these authors have
demonstrated the crucial contribution of quinones as modi-
fiers of the carbonaceous matrix, the mechanism has not been
thoroughly clarified.

Moreover, none of these authors used theoretical simulation
studies to prove their theories regarding the action mechanism
of the organic modifiers. Thus, the novelty of the present work
lies in the use of theoretical simulation studies to corroborate
the proposed action mechanism of the organic modifier
employed in this investigation. Quilez-Bermejo et al. (2019)
reported a theoretical study of the ORR involving the use of
Vulcan carbon and its N-doped groups, which resulted in the
enhancement of selectivity for H,0,.*° However, they did not
evaluate the functional groups present in carbon; instead, they
demonstrated how a separate organic molecule in the carbon
matrix can act as an H' donor for the ORR.

Considering the application potential of quinones as carbon
modifiers, the present work aims to investigate, for the first
time, the incorporation of 1,4-naphthoquinone in Printex L6
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carbon (PL6C) for the electrogeneration of H,0, in acid medium in
an electrochemical reactor. Taking into account the proposed
mechanism of action of these organic molecules, this work will
present theoretical simulations that can prove the reaction mechan-
isms in the ORR. To illustrate the applicability of the methodology,
GDEs were studied in the oxidation of paracetamol solution by
anodic oxidation (AO), photolysis (UVC), AO-H,0,, AO-H,0,/UVC,
electro-Fenton (EF) and photoelectron-Fenton (PEF) processes.

Results and discussion
Electrochemical study of catalytic materials for the ORR

Materials containing different percentages of NQE incorpo-
rated into the PL6C matrix were studied by cyclic voltammetry;
the redox profile of the materials can be observed in Fig. 1A.
The electrochemical study was performed using N,-saturated
electrolyte in order to avoid O, dissolution and its respective
electrochemical reaction. Comparing the voltammetry profile
of the PL6C matrix with the materials of different NQE per-
centages in the carbon matrix, the incorporation of the organic
modifier showed a redox profile in the region of 0.0 to 0.2 Vag/agci,
which is found to be related to the redox reaction of NQE to
NQE-H. In the cathodic region, the current observed is related
to the reduction of quinone to hydroquinone by the transfer of
2e” and 2H". The reversibility of the reaction is in accordance
with the potential difference of the anodic and cathodic peaks
of 40 mV with Q;/Q, ~ 1.°° Considering that Q is the charge
related to the cathodic (Q,) and anodic (Q,) reaction, the ratio
Q4/Q, ~ 1 indicates that the charge involved in the cathodic
reaction is practically the same as in the reverse reaction. The
slight shift in the NQE redox peak in CV analysis is attributed to
the change in the electrochemical properties, such as the
increase in resistivity of the matrix surface in the presence of
organic contents,>®*142

100
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The implication is that NQE-H has the ability to donate
electrons and hydrogen for reduction reactions, such as the
ORR, and to decrease the activation energy of the reaction or
increase its charge transfer, acting as a catalyst. With regard to
the capacitive region (—0.1 V < E > 0.2 Vjgaeci), all the
materials investigated here showed that the capacitive current
related to the electrical double layer was very close to that of the
Printex L6 carbon; this implies that the resistance obtained
for the microlayers is very similar, which thus confirms the
reproducibility of the methodology. Another point that deserves
mentioning is the increase observed in the peak current with
the increase in the percentage of NQE in the catalytic matrix;
this shows a direct response regarding the quantity of the
modifier and the redox peak current, thus validating the
method of incorporation adopted.

The O,-saturated electrolyte gives rise to another reaction
involving the reduction of O, to H,0, or H,0, which is referred
to as the oxygen reduction reaction (ORR). Through this system,
one is able to evaluate the influence of the organic modifier on
the displacement of the ORR potential and the selectivity of the
reaction in the generation of H,0,. Here, a hydrodynamic study
of the materials in the RRDE was carried out with the aid of an
O,-saturated electrolyte. The RRDE exhibited a rotation speed
of 900 rpm for all the materials containing different percen-
tages of NQE in the modified PL6C matrix and the unmodified
matrix. For the detection of H,0,, the working electrode ring was
polarized at +1.0 Vag/agai, as proposed by some authors.”*>"* This
overpotential applied promoted the oxidation of H,0,, exhibiting
a current proportional to the amount of H,O, involved.

Fig. 1B illustrates two analyses: (i) hydrodynamic voltam-
metry of the disk intended for studying the electrochemical
activity of the material for the ORR; and (ii) the detection of
H,0, in the ring via the application of chronoamperometry at
1.0 V. The highlighted area of the disk response shows the
reduction peak of NQE, which is in the same range of potentials

175
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Fig. 1 (A) Cyclic voltammetry on an RRDE with different percentages of NQE and PL6C matrix in No-saturated 0.1 mol L™ H,SO, (pH 2), at a scan rate of
50 mV sL. (B) Comparative linear sweep voltammogram of Printex L6 carbon microlayers and different percentages of NQE on the RRDE electrode in
O,-saturated 0.1 mol L™t H,SO,4 (pH 2), at 900 rom and a 5 mV s~ scan rate. The inset between 0.0 and 0.15 Vag/agcl is related to reduced quinone, while

the arrows indicate the direction of the scan.
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previously observed in the CV analysis. The materials containing
different amounts of NQE (in the modified PL6C matrix) showed
variations in terms of current efficiency and selectivity for H,O,
electrogeneration (see Table 1). The percentage of H,O, in the
system and the electron number (7. ) involved in the reaction were
calculated using eqn (8) and (9) proposed by Paulus et al. (2014).'*"

2iy /N
Hy0p = 2= |
%H,0, i 00% (8)
lq
He- = I 9)
4ty

Here, iy is the current from the ORR disk, i, is the current
observed in the ring, and N is the RRDE collection number
N =0.37.

The incorporation of NQE in the PL6C matrix led to an
increase in both the electrogeneration of H,0, and in the
reaction potential displacement. Table 1 shows that both 0.5
and 1.0% NQE/PL6C presented great values of selectivity for
H,O0, electrogeneration with 91.5 and 92.9% efficiency, respec-
tively. For the modified carbon matrix, a considerable increase
in current efficiency of 10% was observed compared to the
unmodified carbon matrix.

Both results are in agreement with the hypothesis suggested
regarding the catalytic activity of the modifier in the ORR
consisting of lower reaction activation energy and higher
selectivity for H,O, electrogeneration. Table S1 (see the ESIt)
presents a comparative analysis of the performance of similar
cathodic materials reported in the literature for H,O, produc-
tion. The modification of carbon-based materials with organic
redox compounds has been shown to increase the reaction
activity by ~400 mV and can lead to more than 90% selectivity
for H,0,.*”*”** Two studies that deserve mentioning here are
the studies reported by Valim et al (2013) and Rocha et al
(2020), which obtained 95 and 89% selectivity after modifying
the carbon matrix with 1.0% tert-butyl-anthraquinone and
1.0% 1,2-dihydroxyanthraquinone, respectively.'®*® In the pre-
sent work, the modification of PL6C with 1.0% NQE resulted in
higher ORR activity, shifting the onset reaction potential
to ~60 mV compared to the unmodified carbon matrix, in addition
to increasing the selectivity for H,O, production to ~93%. Based
on these results, one can say that 1,4-naphthoquinone is one of
the organic modifiers with the greatest ORR electrochemical
catalysis for H,O, electrogeneration.

The catalytic activity of quinone modifiers involving an
electrochemical-chemical mechanism has been previously

View Article Online
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reported in the literature."®?® In this mechanism, quinone is
electrochemically hydrogenated, and, in a subsequent process,
0, chemically reacts with hydroquinone, receiving 2H" and
paving the way toward the formation of H,0,. However, the
present study shows the first reaction of NQE, where the
compound undergoes reduction to NQE-H at the peak observed
at 0.1 Vagagcr With the presence of a subsequent reduction
current related to the ORR at more negative potentials. Based
on this observation, the action mechanism of this quinone can
be defined as purely electrochemical. This process occurs
through the action of the organic compound (quinone) as an
H" donor for the electrochemical reaction of O,. The adsorbed
0,, which is originally required to react with H' supplied by the
acid medium, reacts more easily with the H' donor species. The
inset of Fig. 1B shows an overpotential region between 0.0 and
0.2 Vgagcr; here, one can observe the presence of the peak
related to the reduction of quinone (NQE) to hydroquinone
(NQE-H). This can also be found in the cyclic voltammetry data.
Thus, the whole O, reduction reaction process is seen to be
influenced by NQE-H (hydrogenated species), which can be
considered a hydrogen donor for the adsorbed O,.

This electrochemical reaction favors the release of H' species for
O, reduction on the surface of the PL6C matrix by the chemical
oxidation reaction of hydroquinone, leading to the regeneration of
the original quinone. Fig. 2 shows that the presence of H" donor
species provokes ORR catalysis in the sense that the donating
species directly supplies H' species on the electrode surface
and diminishes the dependence of the reaction on the H'
coming from the diffusion layer.

To confirm the previous hypothesis, computational studies
related to the free energy (AG) of the reaction were performed
comparing the bare PL6C matrix and its modification with H"
donor species. Essentially, the first stage of the theoretical
study involved choosing the most suitable functional and basis
set for the system under investigation through a comparison of
the experimental and theoretical dipole moment of 1,4-naphtho-
quinone. Based on the results obtained, the method considered
as the most reliable was the one involving CAM-B3LYP and
6-311G(2d,2p), since the theoretical dipole moment was found
to be the closest to the experimental data (the values obtained
for the other basis sets and the functional B3LYP can be seen in
Table S2, ESIY).

Following the validation of the computational methodology,
the systems containing Printex L6 (with the -COOH group) with the
hydronium ion (structure 1), hydroquinone (structure 2) and the
hydronium ion in the presence of hydroquinone (structure 3)
were simulated in Gaussian09 with CAM-B3LYP/6-311G (2d, 2p),

Table 1 Comparison of the current efficiency for H,O, electrogeneration (%H,O,) and number of reaction electrons (n.~) of PL6C with different

percentages of NQE

Percentages of NQE/PL6C (w/w)

Material PL6C matrix 0.5% 1.0% 2.0% 3.0% 4.0% 5.0%
%H,0, 85.3 (1.2) 91.5 (0.9) 92.9 (0.8) 78.9 (2.1) 84.1 (1.9) 69.5 (1.5) 54.5 (1.9)
Ne— 2.30 2.16 2.14 2.42 2.22 2.60 2.92

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Proposed scheme for the unmodified carbon surface and incorporation of the organic compound 1,4-naphthoquinone, which acts as an H*

donor for the ORR.

Table 2 Values of ¢g + Georr and AG for structures 1, 2 and 3

Structure 1 (Printex 6L matrix + hydronium ion)

Reagent &0 T Georr AG
—4335716.4 k] mol™* —277.4 k] mol™*
Product &0 + Georr

—4335993.8 k] mol !

Structure 2 (Printex 6L matrix + hydroquinone)

Reagent &0 t Georr AG
—5539711.0 k] mol ™ —986.1 k] mol ™"
Product &0 + Georr

—5540697.1 k] mol*

Structure 3 (Printex 6L matrix + hydroquinone + hydronium ion)

Reagent &9 + Georr AG
—5743123.2 k] mol™* —341.5 k] mol™*
Product &0 + Georr

—5743464.7 k] mol ™"

where the optimized geometries and vibrational frequencies in
aqueous medium (CPCM) were calculated, and dispersion
corrections were also accounted for. The values of &, + Gy and,
consequently, the AG values obtained based on the simulations
conducted for structures 1, 2 and 3 are shown in Table 2.

From Table 2, one can observe that the reaction involving
structure 2 (Printex 6L + hydroquinone) exhibits greater stabi-
lity, which is attributed to the value of AG (—986.1 k] mol %);
this shows that the hydrogen bond between the hydroxide
group of hydroquinone and the O, adsorbed in the carbon
matrix is more stable in this configuration. The data related to
structure 3 shows that the hydrogen bond with the hydronium
ion in the presence of hydroquinone is more stable than the
interaction without the presence of the organic molecule
(structure 1), but it is still less stable than the interaction
involving the hydroquinone hydroxide group (structure 2).
Hence, one can conclude that the theoretical values corroborate

1322 | Mater. Adv., 2020, 1,1318-1329

the experimental data. This can be explained by the fact that
the AG values are lower when the hydrogen bond occurs with
hydroquinone, which implies that the efficiency of the electro-
generation of H,0, is increased under this configuration.

To reinforce the theoretical analysis regarding the hydrogen
bond in the system, the QTAIM methodology was employed.
The parameter considered for conducting this analysis was the
Laplacian of the electron density (V>p) of BCPs (Bond Critical
Points) of the hydrogen bonds; here, it is important to note that
the values of this parameter are positive, and when they are
bigger, the hydrogen bonds are likely to be stronger. The results
obtained from the QTAIM analysis can be found in the ESIf in
Fig. S1 and Table S3.

Based on Fig. S1 (ESIt), one can check the representations of
the hydronium ion and hydroquinone (circled in blue), NACPs
(Nuclear Attractor Critical Points), BCPs (Bond Critical Points;
green points between atoms) and RCPs (Ring Critical Points;
red points), and the possible intermolecular interactions
(trace). The representation of the BCP for the hydrogen bond
in structure 1 can be found between atoms H67 and 068; in the
case of structure 2, this representation can be found between
H85 and O79. The values for the BCPs are presented in Table S3
(ESIY). Looking at the values, one can see that the BCP value for
the hydrogen bond in structure 2 is more positive (0.16 a.u.);
this points to the presence of a stronger hydrogen bond.
For structure 3, the QTAIM analysis for the hydrogen bond
(H87-067) shows that this hydrogen bond is relatively weaker.
Thus, the theoretical analysis confirms that hydroquinone
increases the effectiveness of H" donation for the electrogenera-
tion of H,0,.

However, an increase in the amount (in percentage terms) of
the modifier resulted in a decrease in its catalytic effect in
terms of H,O, electrogeneration. This can be attributed to the

This journal is © The Royal Society of Chemistry 2020
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larger amounts of organic molecules on the surface of the PL6C
matrix, which induce changes in the O, molecule adsorption in
the ORR active sites. As shown in Fig. 2, the NQE molecules can
change the steric hindrance of the carbon surface, and this
can affect the interaction of O, with its adsorption sites.
Considering that there is an increase in steric impediment by
the overlapping of the O, adsorption sites, this is expected to
diminish the efficiency of H,O, electrogeneration. Other effects
of increasing the amounts of organic compounds in the cata-
Iytic matrix include the increase in the hydrophobicity of the
matrix and the decrease of its wettability. This can be well
understood by observing the analysis involving the contact
angle for both the unmodified and modified matrices, which
can be found in the ESIT (see Fig. S2).

The addition of organic compounds in the carbon matrix leads
to changes in its wettability. According to Moreira et al. (2019),>° an
increase in the amount of organic compound in the carbon matrix
causes an increase in the matrix hydrophilicity and, consequently,
a decrease in its contact angle. However, a non-carbon organic
material presents the greatest contact angle among the materials,
since organic materials do not interact well with water. Thus, the
present work shows that an increase in the amounts of organic
compounds leads to a decrease in the wettability of the matrix.
This effect is seen to be directly related to the decrease in the
efficiency of H,O, electrogeneration, once it is found to affect the
interaction of O, with the matrix surface (Fig. S2, ESIT). Lower NQE
values of 0.5 and 1.0% exerted a relatively smaller influence on the
contact angle, reaching values of 39.4 and 50.2°, respectively,
compared to the contact angle of 37.5° observed for the unmodi-
fied carbon matrix. Higher amounts of NQE in the carbon matrix
led to a dramatic increase in the contact angle, where values of
67.1 and 85.2° were recorded for the carbon matrix modified with
3.0 and 5.0% NQE, respectively.

Considering the aforementioned results obtained in the
study, the modification of the PL6C matrix with 1.0% NQE
was chosen as the optimal condition for promoting an improve-
ment in the catalytic efficiency of the material for H,O, electro-
generation. For a preliminary study of the ORR, the use of
conventional 2D electrodes yielded a good electrochemical
response in terms of efficiency and selectivity. However, these
electrodes are found to present some limitations with regard to
the ORR; the limitations include the low solubility of O, in
aqueous solution, in addition to the need for the transport of
O, from the bulk solution to the electrode. GDEs are porous
electrodes that have advantages over conventional electrodes
due to the fact that they allow the flow of gas through their
structure and help make O, directly available on the electrode
surface. To conduct large scale experiments with GDEs, the area
was increased from 0.25 cm” to 20 cm® while the solution
volume was increased from 150 to 450 mL; this enabled ex situ
quantitative analysis of H,0, electrogeneration by UV-vis
spectroscopy.

Quantitative, kinetics and energetic study using a GDE

The analysis of H,O, electrogeneration was carried out by
chronopotentiometry, with applied current densities ranging
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Fig. 3 (A) Electrogenerated H,O, concentration at different current den-

sities on the unmodified GDE and (B) on the 1.0% NQE modified GDE;
(C) comparison of the maximum concentration obtained in 120 minutes of
electrosynthesis; and (D) current efficiency of all the densities investigated
in 0.1 mol L™ K,SO4 electrolyte, pH = 2.5 (H,SO4) under 0.2 bar O,
pressure.

from 10 to 150 mA cm 2 on a 20 cm® GDE. The data obtained
are presented in terms of H,O, concentration as a function of
time (Fig. 3A and B).

The unmodified carbon electrode showed an improvement
in H,0, electrogeneration with the increase of the applied
current density (Fig. 3A); the optimal condition for the reaction
was obtained at 100 mA cm™ 2, with 420 mg L™' of electro-
generated H,0,. For the 1.0% NQE modified electrode, an
increase was also observed in H,0, electrogeneration with the
current density. Nevertheless, this modified electrode presented
a shift in the optimum condition to 75 mA ¢cm ™2 (Fig. 3B) and
an increase in the amount of accumulated H,O, compared
to the unmodified electrode. In addition, as shown in Fig. 3C
(a comparison is made regarding the maximum H,O, concen-
tration after 120 min at each current density), the modification
of the GDE catalytic mass contributed to an increase in H,0,
generation at all current densities. The concentration of H,0,
was found to decrease for current densities above these
optimum values; this is attributed to the energy efficiency of
the system (Fig. 3D). At all the current densities applied, the
modified GDE exhibited an increase in the system efficiency for
the electrogeneration of H,0O, compared to the unmodified
GDE; this provides support for the proposed mechanism involving
the use of NQE as a hydrogen donor for the reaction. For higher
current values (100-150 mA cm 7), the current efficiency
declined significantly for both modified and unmodified
electrodes, which may have been lost to the parallel reactions
in the ORR process. In order to study the consequences of PL6C
modification with NQE, the influence of NQE on the kinetic
velocity was also investigated. The results showed a pattern of
behavior typically similar to those obtained in other organic
modification studies, where an increase was observed in the
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final concentration of H,0, as well as a decrease in energy
consumption.'®'?*® Moreira et al. (2019) reported an increase
in H,0, electrogeneration by the modification of PL6C with
quinones and azo compounds without any changes in the
optimal current density.>® Apart from an increase in efficiency
for H,0,, the incorporation of NQE in the carbon matrix
displaced the optimal current density to 75 mA cm ™, indicating
lower energy consumption for the reaction.

The electrogeneration of H,0O, in acid medium without
separation of the anode and cathode presents some different
types of parallel reactions (reactions (1)-(5)) which influence
the reaction kinetics. According to some authors,*””*>** in the
systems that employ a GDE as the working electrode, the global
reaction kinetics is of pseudo-zero order, where the first 60 min
period presents a linear increase of the H,O, concentration.
Under the pseudo-zero order condition, the angular coefficient
of H,0, concentration vs. time is proportional to the apparent
velocity constant (k,pp) and reaction velocity (V). In Table S4
(ESIt), the values obtained display an increasing pattern of
reaction kinetics for the unmodified GDE, where a value of
4.6 mg L s~' was recorded at the optimal density condition
of 100 mA cm™> The incorporation of NQE in the carbon
matrix resulted in an increase in H,0, electrogeneration and,
consequently, led to the higher reaction kinetics observed for
the modified electrode under all the current densities investi-
gated. Thus, at a current density of 75 mA cm ™2, the modified
GDE presented a higher amount of electrogenerated H,O,
(555 mg L") and higher reaction kinetics (5.3 mg L™" min™")
compared to the unmodified GDE (which presented an amount
of 418 mg Lt electrogenerated H,0, and reaction kinetics of
4.5 mg L' min~"). This result was obtained by the addition of a
hydrogen-donating material (NQE) on the electrode surface,
which facilitated the reaction of H' and increased the electro-
generation rate of H,O,.

The value of the energy consumption (EC) represents
the amount of energy consumed under each applied current
density. Clearly, it is conceivably important to investigate the
effects of carbon modification and its influence on the
reduction of the EC. Eqn (10) was used to calculate the amount
of energy consumption in H,0, electrogeneration systems:*>

iEt

EC = T000m

(10)
where i is the current (A), E is the cell potential (V), ¢ is time (h),
and m is the mass of electrosynthesized hydrogen peroxide (kg).

The modified GDE system (with 1.0% NQE) exhibited lower
energy consumption and higher H,0, electrogeneration than
the unmodified GDE system under all the current densities
investigated. This shows that the modification of the PL6C
matrix with NQE yielded higher energy for the oxygen reduction
reaction process, and, consequently, required less energy for
the electrogeneration of H,O, from O,. A gradual increase in
the applied current density was also found to promote an
increase in the energy consumption of the system, with a
current density of 150 mA cm > presenting the highest energy
consumption of 500 kW h kg '. The conditions that yielded
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optimum values for both H,0, electrogeneration and energy
consumption were current densities of 75 and 100 mA cm > In
the case of the unmodified GDE, the variation of the applied
current density from 75 to 100 mA cm > led to a 6% increase
(small) in the concentration of H,0, generated with a more
than 50% increase in the energy consumption of the system
(Fig. 4). Based on the comparative analysis of the current
densities applied (j values), the best ratio of C(H,0,) to EC
for both the modified and unmodified electrodes was obtained
at a current density of 75 mA cm 2.

The tests conducted involving the electrogeneration and
accumulation of H,O, on both the unmodified GDE and 1%
NQE-modified GDE showed that the modification of the GDE
with NQE contributed to an increase in the amount of H,O,
generated with the application of a lower current density. Thus,
the modified electrode was used to carry out paracetamol
(PRM) degradation tests under the best current density condi-
tion (j = 75 mA ecm™?) in order to evaluate the homogeneous
*OH catalysis processes based on advanced electrochemical
oxidation processes (AEOPs).

Paracetamol degradation under optimized H,O,
electrosynthesis conditions

Paracetamol (PRM) degradation was performed (with the aid of
an electrochemical cell) by the chronopotentiometry technique
using a fixed current of —1.5 A (j = 75 mA em?) for 3 h with a
0.1 mol L™" solution of K,SO, (pH = 2.0) containing 80 mg L™"
of PRM. The monitoring of the degradation process was per-
formed by HPLC measurements. Aliquots were removed from
the solution over the 3 h degradation period and the degrada-
tion of the PRM concentration was monitored at a retention
time of 5.8 min.

The degradation study was performed considering the rela-
tive concentration of the compound according to the degrada-
tion time, given by C/C, (c¢f Fig. 5A), where C is the PRM
concentration at a given time, and C, stands for the initial
concentration of PRM. C/C, varies from 1 (0% PRM removal)

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 (A) Effect of different AEOPs on PRM degradation in 180 min of

experiment at j = 75 mA cm™2 using the 1.0% NQE modified GDE with
0.1 mol L™ K504 under pH 2 and 0.2 bar of O, flow; (B) analysis of
the pseudo-first order kinetics; and (C) comparison between the TOC
mineralization and energy consumption in each system.

to 0 (100% PRM removal). Six different types of experiments
were performed aiming at evaluating the best degradation
condition. Apart from the removal of PRM, the reduction of
the total organic carbon (TOC) of the system was also investi-
gated (based on the % mineralization for each process - see
Fig. 5C). The energy consumption of the system was assessed
based on the data on the TOC mineralization, applied current
(?), and cell potential.

Fig. 5A illustrates the difference between the degradation
processes employed in the study using the modified electrode,
and Fig. 5B shows a comparison of kinetic constant curves for each
process. The PRM degradation curve for direct photolysis with
UVC light showed a negligible decrease in PRM concentration
(4%), in addition to a low kinetic constant of 0.4 min~* (R* = 0.99).
The monochromatic intensity emitted by the UV lamp exhibits low
energy for paracetamol degradation, and, while this may lead the
molecule to an excited state, it does not oxidize it.

This journal is © The Royal Society of Chemistry 2020
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It is worth noting that three processes exhibit very similar
relative concentration values: the anodic oxidation (AO),
AO-H,0,, and AO-H,0,/UVC processes. The processes involving
the formation of H,0, have a better degradation efficiency, and
they are characterized by the combination of direct and indirect
processes; however, the electrogenerated H,O, tends to exhibit
low oxidizing power. The direct process comes from the anodic
contribution, while the indirect process is associated with the
action of H,O, molecules. The degradation of PRM involving
the application of the AO-H,0,/UVC technique presented
results found to be very similar to those of the AO-H,O,
technique, which does not involve the use of UV light; this
can be attributed to the low efficiency of monochromatic
ultraviolet radiation in the formation of *OH, which is evident
by the similar kinetic constants observed for both techniques
(8.1 x 1072 min~' for AO-H,0, and 8.3 x 10> min ' for
AO-H,0,/UVC). Kinetic constant values related to the other
experiments can be found in the ESIT (Table S5).

Electro-Fenton processes (EF) employ Fe>" as a catalyst in
order to obtain *OH (see eqn (11)); as a result, these processes
show relatively higher PRM removal (~97%) after 180 min
of treatment, and an increase in degradation kinetics (11.4 X
107> min~") when compared to processes that do not employ
this catalyst. In the EF process, the recovery of Fe** via the
reduction of Fe*" at the cathode (see eqn (12)) makes the process
viable, in addition to enhancing the efficiency over time.

Fe?" + H,0, — Fe*" + *OH + OH~ (11)
Fe’" e~ — Fe*" (E, = 0.77 vs. SHE) (12)

Usually, the degradation processes of organic compounds
give rise to by-products, such as carboxylic acids, which form
complexes with Fe*" species. This complexation makes the
metallic ions unavailable in the system and decreases the
efficiency of the Fenton process.”>>® Unlike the previous tests
involving the use of UVC radiation, which did not play any
effective role either in direct photolysis or in the catalysis of
H,0, to *OH, in the PEF process ultraviolet light played an
effective role in the release of iron complexes. When UVC light
is applied, one notices the action of this source of radiation
in the decarboxylation of iron complexes (see eqn (13)), which
leads to a rise in the availability of the catalyst and the
promotion of synergy in the removal of PRM. The application
of the PEF process resulted in nearly 99.5% degradation of PRM
in 180 min of treatment and generated the highest kinetic
constant value (kapp = 16.4 x 10 ° min~ ') among the processes
investigated in this work.

[Fe(OOCR)]** + hv — Fe** + CO, + R (13)

The mineralization of organic compounds was evaluated based
on the results obtained from TOC analysis. It is worth noting that
the organic load of the solution under investigation is directly
related to both the PRM concentration and the concentration of
its degradation byproducts, which may or may not be eliminated
during the experiment. The mineralization process can also
be used to estimate the energy consumption (EC) of the
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electrochemical degradation system.*” Fig. 5C shows the com-
parison between the mineralization percentage and the EC in
kW h groc ! under each of the degradation processes investi-
gated. One will notice the presence of Fe*" as a catalyst in the
mechanism involving the derivation of *OH from H,0,; clearly,
the use of the catalyst enhances the efficiency of the processes
when it comes to the mineralization of organic compounds, as
can be observed in the case of the EF (32%) and PEF (39%)
processes after 180 minutes of experiment. Furthermore, the
higher the mineralization efficiency, the lower the EC of the
process.

Another point that deserves mentioning here is that even
though the amount of energy consumed by the UVC lamp
employed in the PEF process is roughly similar to that con-
sumed under the EF process, the PEF process exhibited a
relatively higher TOC mineralization percentage (~42%) com-
pared to the EF process (~32%) after 180 min of experiment.
Considering that the application of the PEF process yielded the
highest rate of mineralization and the lowest energy consump-
tion, an exhaustive 360 min degradation process was conducted
based on this technique.

Fig. S3 (ESIt) shows the 3D-chromatograms for PRM ina 6 h
PEF degradation experiment using the 1.0% NQE modified
GDE. At the end of 180 min of experiment, the characteristic
peak of PRM was no longer detected, and all the PRM mole-
cules were found to have been completely eliminated in the
degradation process. In addition, at the end of 6 h of experiment,
no chromatographic peaks related to possible by-products were
observed for the 1.0% NQE modified electrode. Furthermore, the
TOC values obtained exhibited sequential increases in the per-
centage of organic compound removal, with 42.1, 58.2 and 79.3%
removal rates after 3, 4 and 6 h of experiment, respectively.

The incorporation of a hydrogen donor on the carbon matrix
surface resulted in an increase in in situ H,O, generation,
which, in turn, contributed toward good PRM degradation with
low energy consumption and high reaction kinetic velocity.
Another point worth considering is that the greater availability
of H,0, led to an increase in the removal rate of PRM and a
high percentage of mineralization as shown by TOC and 3D
chromatogram results. Considering the results obtained in this
study, one can conclude that the treatment technique proposed
here, involving the modification of the catalytic matrix PL6C
with 1.0% 1,4-naphthoquinone for the decontamination of
water using a contaminant model molecule (PRM), promotes
greater efficiency of the process with relatively lower costs.

Conclusions

The preliminary electrochemical study using an RRDE showed
that the modification of the PL6C matrix with an organic
compound (NQE) with potential H" donation characteristics
can increase the efficiency of H,0, electrogeneration. The
modification of the carbon matrix with 1.0% NQE resulted in
higher current efficiency for the ORR with high selectivity for
H,0,; this was subsequently confirmed by large scale analyses
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using GDE electrodes. In the quantitative analysis conducted,
the modified GDE presented a 30% increase in the concen-
tration of electrogenerated H,O, compared to the unmodified
GDE. In addition, the incorporation of an H" donor molecule
into the catalytic surface improved AG of the reaction from
—277.11 kJ mol ! for the bare PL6C matrix to —986.1 k] mol™*
for the NQE-modified PL6C matrix; this led to an increase in
the synthesis kinetics and a reduction in the energy consump-
tion of the system. The study of PRM degradation by the PEF
process presented the highest removal rate of PRM (~100%),
the highest mineralization percentage (42.1%), and the lowest
energy consumption (6.35 kW h groc™ ') in 180 min of experi-
ment. An exhaustive assay conducted in the study showed a
decline in HPLC peaks related to the by-products of degrada-
tion, where approximately 80% removal of TOC was obtained
after 6 h of experiment. The novelty of this work lies in the fact
that it merges theoretical concepts with practical application.
The findings of the work show that the incorporation of an
electroactive H" donor species (NQE) onto the surface of the
PL6C matrix can improve H,0, electrogeneration by reducing AG
of the reaction system. The hydrogen donor species employed in
the study was found to enhance the removal of organic com-
pounds present in water with low energy consumption, which
thus improves the efficiency of the water treatment process.

Experimental section
Reagents and materials

Printex L6 carbon (PL6C) acquired from Evonik do Brasil Ltda
was used as a matrix for hydrogen peroxide generation and as a
support medium for the 1,4-naphthoquinone (NQE) organic
modifier (97% purity) obtained from Sigma-Aldrich. The solu-
tions employed in conducting the experiments included the
following: 97.8% sulfuric acid (J. T. Baker), 99.5% isopropyl
alcohol (J. T. Baker), 99% potassium sulfate (Synth), iron sulfate
heptahydrate (Sigma-Aldrich), 60% w/w poly(tetrafluoroethylene)
(PTFE) dispersion (Uniflon), sodium bisulfite P. A. (Nuclear),
methanol (UV-IR-HPLC) 99.9% (Panreac) and ultrapure water
(Milli-Q, Millipore 18 MQ cm).

NQE modification theoretical study

Initially, calculations of the dipole moment of 1,4-naphthoqui-
none (isolated and constructed with the aid of the Avogadro
1.1.1 program®’) were performed using DFT (Density Func-
tional Theory)’®*® with two functionals, namely B3LYP and
CAM-B3LYP,%* > and Pople, Dunning and def2-TZVPD (Valence
triple-zeta polarization with diffuse functions) basis sets, as
shown in Table S2 (see the ESIT).®*"® The simulations were
carried out considering benzene as a solvent and using the
CPCM (Conductor-Like Polarizable Continuum Model) technique,®®
while maintaining the experimental conditions.®” After choos-
ing the method and basis set, the next simulations were
performed to confirm the experimental data obtained from
the ORR study for H,O, electrogeneration using the amorphous
carbon matrix as the ORR catalyst.

This journal is © The Royal Society of Chemistry 2020
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The carbon structures with the -COOH group (used for
simulating Printex 6L) were divided into structures 1 (O, adsorbed
on carbon with the hydronium ion), 2 (O, adsorbed on carbon
with hydroquinone) and 3 (O, adsorbed on carbon with the
hydronium ion in the presence of hydroquinone). The geometry
optimization and frequency calculations were performed in
Gaussian09, using DFT (CAM-B3LYP/6-311G (2d,2p) - the most
suitable functional and basis set for the system obtained
previously). The calculation details are displayed in Table S3
(ESIt). Thermochemical analysis was also performed in order to
analyze the hydrogen bonds found in structures 1, 2 and 3
(aiming at evaluating the possible formation of H,0,). The
value of the free energy (AG) is calculated based on eqn (14):%®

AG = Z (80 + GCOTI’)product - Z (80 + GCOTT)reagenI (14)

where the term (¢y + G.orr) represents the sum of free electronic
and thermal energies.

The reagents for structures 1, 2 and 3 are related to hydrogen
bonds (O, + hydronium ion for structure 1; O, + hydroquinone
for structure 2; and O, + hydronium ion in the presence of
hydroquinone for structure 3). For the reaction product related
to structure 1, the hydronium ion is transformed into one H,O
molecule, while with regard to structure 2, hydroquinone is
converted to 1,4-naphthoquinone, and in the case of structure
3, the hydronium ion is converted into a water molecule
(in the presence of hydroquinone). In addition to the afore-
mentioned simulations, QTAIM (Quantum Theory of Atoms in
Molecules)® analysis of structures 1 and 2 was carried out,
using the AIMALL program (Version 17.11.14, TK Gristmill
Software: 2017), in order to verify the strength of the hydrogen
bonds involved in these species.

Porous microlayer analysis on an RRDE

The organic modifier NQE was incorporated into the PL6C
carbon matrix by the impregnation method. A mixture was
produced containing 1 mg of the catalytic material (PL6C +
NQE) in 20 mL of isopropyl alcohol. The mixture was subjected
to mechanical stirring for 20 min; the material was subse-
quently oven dried at 100 °C for 3 h. Six samples were produced
based on the following nominal percentages: 0.5, 1.0, 2.0, 3.0,
4.0 and 5.0% (w/w) of NQE in relation to PL6C. The catalysts
were dispersed in ultrapure water, in a ratio of 1 mg of
the catalytic material to 1 mL of water, and subjected to an
ultrasonic bath (Soni-top 404A) for 20 min. The microlayer was
prepared with a 25 pL droplet of the material, and this was
deposited on the glassy carbon disc of a rotating ring-disc
electrode (RRDE) system and dried under a constant N, flow
of 1.0 mL min~". The fact that 25 pg of the material was applied
on a 0.2475 cm” disc meant that the microlayer had a loading of
101 pg cm 2
The redox reactions from the PL6C catalytic matrix surface and
NQE organic modifier were evaluated by cyclic voltammetry (CV).
The CV analysis was performed in acid medium of 0.1 mol L™*
K,S0, (pH 2.0) in the potential range of 0.6 to —0.6 Vagagci-
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The ORR process was investigated in a hydrodynamic system
in a three-compartment bench cell, with 0.1 mol L' K,SO, O,-
saturated electrolyte. The assays were performed using a poten-
tiostat Metrohm Autolab PGSTAT-302N. The working electrode
employed was a Pine 616 model rotating ring-disc electrode
(RRDE) with a glassy carbon disc and platinum ring; Ag/AgCl
(KCl 3 mol L™") was used as the reference electrode and a
~235 mm? platinum plate as the counter electrode. Linear
Sweep Voltammetry (LSV) analysis was performed in the
potential range of 0.4 t0 —0.8 Vag/agc1 ON the disc at a 5 mV st
scan rate. To monitor the detection of H,O, on the ring, a
constant potential of 1.0 V was applied. The frequency of the
working electrode was kept at 900 rpm.

The hydrophobic character of the materials was evaluated
based on the analysis of the contact angle using an Attension
Theta Flex tensiometer. In this analysis, a 3.0 pL drop of
ultrapure water was deposited on the surface of the material
microlayers, and the contact angle between the drop and the
surface was measured.

Analyses using a modified gas diffusion electrode (GDE)

The catalytic mass of the unmodified GDE was prepared
through the application of the unmodified PL6C matrix and a
hydrophobic agent. For the development of the catalytic mass
of the modified GDE, the PL6C matrix was modified with a
hydrophobic agent and 1.0% of the NQE modifier. PTFE was
used as the hydrophobic agent, where 20% PTFE was employed
relative to the total mass of the electrode. After drying, the
electrode was subjected to sintering under high pressure and
temperature so as to obtain a thin and solid electrode based on
the sintering procedure reported in the literature.'®'**® The
electrode was used as a cathode in a 450 mL bench top cell and
was allocated to a gas chamber to allow the flow of gas into
the system.

Hydrogen peroxide electrogeneration assays were performed
by chronopotentiometry using different current densities
(10, 25, 50, 75, 100 and 150 mA cm™ %) in 0.1 mol L™ K,SO,
(pH 2-H,S0,4) under pressurized O, gas of 0.2 bar, with tem-
perature control of 20 °C in a thermostatic bath (obtained from
Nova Etica). In the electrochemical cell, Ag/AgCl was used as a
reference electrode, a 24 cm?® platinum wire as a counter
electrode, and a GDE (modified or unmodified) as a working
electrode (20 cm®). The electronic system PGSTAT-30 (Metrohm
Autolab) potentiostat with booster module (BSTR-10A) was used
as an electron source.

The quantification of hydrogen peroxide was performed by
ex situ analysis of UV-vis spectroscopy as described in studies
published in the literature.'®*%2°

Paracetamol degradation analyses

For the study of paracetamol degradation, the following
advanced oxidative processes were employed: anodic oxidation
(AO), AO-H,0,, AO-H,0,/UVC coupling, electro-Fenton (EF) and
photoelectron-Fenton (PEF) performed in a conventional one-
compartment cell using 450 mL of solution (supporting elec-
trolyte + standard paracetamol) with a controlled temperature
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of 20 °C. H,0, electrogeneration was conducted by applying a
current density of 75 mA cm™? in K,SO, 0.1 mol L™" (pH 2.0)
with 80 mg L™ initial paracetamol concentration under an O,
pressure of 0.2 bar. To carry out the EF and PEF processes,
0.15 mmol of Fe*"*? was used, and for the UVC radiation
processes, the mercury lamp Pen-Ray model 11SC-2.12 with
monochrome emission of 254 nm was employed. In all the
samples employed in this investigation, sodium bisulfite was
used to remove all residual H,O, and to halt the drug degrada-
tion reaction.’*°?

Degradation monitoring

The monitoring of the PRM concentration was performed
by high performance liquid chromatography (HPLC) using a
Shimadzu Prominence model LC-20 AT chromatograph
coupled to an SPD-20A UV detector. To conduct the analysis,
an analytical curve was constructed based on an external
standard (Synth U.S.P. standard) using a concentration range
of 0.5-100 ppm of PRM (Fig. S4, ESIt). A Phenomenex Luna C18
column (250 x 4.6 mm, 5 pm) and a Supelcosil C18 pre-column
(4 x 3.0 mm i.d.) were used to separate paracetamol from its
byproducts. Methanol/ultrapure water in a ratio of 40:60 (v/v)
was used as the mobile phase and the drug detection was
performed with the aid of a UV detector at 243 nm wavelength.
The mineralization process of the organic compounds (para-
cetamol and its byproducts) was monitored based on the total
organic carbon (TOC) of the final samples using a Shimadzu
model TOC-VCPN analyzer.
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