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A B S T R A C T

This study investigated the application of cellulose/kraft lignin-derived carbon xerogels for hydrogen peroxide
(H2O2) electrogeneration using gas diffusion electrodes, intending to develop cost-effective and environmentally
sustainable H2O2-based processes for antibiotic degradation. Electrochemical characterization revealed that in-
creasing the proportion of kraft lignin in the xerogels enhanced selectivity towards H2O2 electrogeneration,
whereas calcination at elevated temperatures caused a positive shift in the onset potential of the oxygen reduc-
tion reactions (ORR), indicating a reduction in the energy requirements for H₂O₂ production. These enhance-
ments are likely related to morphological and structural modifications induced by kraft lignin incorporation into
the carbon xerogel, including changes in particle morphology, an increase in specific surface area, and the devel-
opment of a microporous structure. Additionally, the synthesis process introduced oxygen and nitrogen-
containing functional groups into the carbon xerogel, which are likely linked to the high selectivity obtained for
H2O2 electrogeneration. When implemented in the fabrication of gas diffusion electrodes, the optimized carbon
xerogel achieved a maximum H2O2 concentration of 700 mg L−1 within 1 h of electrolysis at a current density of
100 mA cm−2. Among the techniques evaluated, the photoelectro-Fenton process demonstrated the highest effi-
ciency for sulfamerazine removal, achieving complete degradation within 15 min and 75 % mineralization after
90 min.

1. Introduction

In recent years, the development of novel and efficient methodolo-
gies for the remediation of antibiotics in wastewater and natural water
systems has gained critical importance. It is widely acknowledged that
the widespread discharge of these compounds into aquatic environ-
ments can foster the appearance of antibiotic-resistant microorganisms,
which poses a significant public health concern. This phenomenon not
only exacerbates the prevalence and severity of infectious diseases but
also increases the complexity and costs associated with medical treat-
ments [1].

Building on insights from previous literature, the homogeneous pho-
toelectro-Fenton process has emerged as a promising technique for the
efficient degradation of various hazardous organic compounds, includ-
ing antibiotics [2,3]. This method operates through the generation of

hydroxyl active radicals via a cyclic reaction between hydrogen perox-
ide (H2O2) and ferrous iron ions (Fe2+) under light irradiation, typi-
cally within the ultraviolet spectrum.

[2]. In this approach, hydrogen peroxide is produced in situ through
the electrochemical reduction of O2 at the cathode of the electrochemi-
cal system, thereby eliminating the costs and hazards associated with
the handling, transportation, and storage of H2O2. Furthermore, the
process optimizes the Fe2+/Fe3+ redox cycle, reducing the required
concentration of iron ions [4]. Exposure to light also initiates synergis-
tic reactions that enhance hydroxyl radical production, including the
direct photolysis of H2O2 and the photoreduction of Fe3+ ions, resulting
in the subsequent release of additional hydroxyl radicals [5].

In this context, the photoelectro-Fenton process commonly employs
gas diffusion electrodes (GDEs) for the effective electrochemical gener-
ation of H2O2 [6,7]. These electrodes typically consist of a permeable
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Fig. 1. – Schematics of the reactor employed.

catalyst layer interfaced with a liquid electrolyte, through which a
gaseous stream of O2 will be permeated [8–10]. Carbonaceous materi-
als, including carbon nanotubes, graphene, graphene oxide, and carbon
blacks, are extensively utilized in GDEs owing to their advantageous
properties for the electrochemical reduction of O2 to H2O2. These prop-
erties encompass a variety of surface functional groups, high thermal
and chemical stability, a large specific surface area, and excellent elec-
trical conductivity [8–14]. Nevertheless, the fabrication of these mate-
rials is often associated with high production costs, complex synthesis
processes, and reliance on non-renewable carbon sources, such as pe-
troleum industry by-products [12]. Consequently, the development of
renewable carbonaceous materials to produce sustainable GDEs re-
mains a relatively underexplored yet highly promising avenue of re-
search. As an example, Wang et al. [15] developed cathodes based on
pyrolyzed pitaya peels, achieving great H2O2 productivity
(41.6 mg h−1 cm−2) [15]. Similarly, Gao et al. [16] employed a peanut
shell-derived biochar for H2O2 electrogeneration, with a stellar 87 %
H2O2 electrosynthesis selectivity at neutral pH [16].

In this context, the primary natural precursors for sustainable car-
bon materials are biopolymers extracted from plant structures, most no-
tably cellulose and lignin. Cellulose, recognized as the most abundant
natural biopolymer, boasts an annual global production of approxi-
mately 1.5 trillion tons, positioning itself as a virtually inexhaustible
source of raw material for the development of sustainable products
[17,18]. Lignin, on the other hand, is an intricate three-dimensional
polymer that mainly provides structural integrity to plant cell walls.
This polymer is often obtained as a byproduct of various industrial
processes, such as paper manufacturing and biofuel production, making
its utilization as a sustainable resource a significant and ongoing chal-
lenge [19]. In this perspective, substantial attention has been directed
toward the synthesis of cost-effective and sustainable carbon gels.
These materials offer considerable versatility, with their structural
properties readily tunable through variations in carbon precursors, syn-
thesis parameters, drying techniques, and thermal treatment processes
[20–23]. Despite the diverse applications of carbon gels derived across
a range of fields, their potential for use in the fabrication of gas diffu-
sion electrodes (GDEs) for H2O2 electrogeneration remains an underex-
plored area of research. Among the few examples available, Zhao et al.
[24] developed a metal-organic-framework/carbon aerogel cathode for
application in a solar photoelectro–Fenton process, exploring the degra-

dation of Rhodamine B and dimethyl phthalate. The authors reported
excellent degradation efficiency, however, the carbon aerogel em-
ployed was produced using resorcinol as a carbon precursor, diminish-
ing the environmental appeal of the electrocatalyst [24].

Thus, the objective of this study is to investigate the development of
novel gas diffusion electrodes (GDEs) derived from carbon xerogels syn-
thesized using sustainable carbon sources, specifically Kraft lignin and
cellulose. These electrodes are intended for application in the degrada-
tion of antibiotics, with a particular focus on the sulfamerazine mole-
cule, through the homogeneous photoelectro-Fenton process.

2. Methodology

2.1. Synthesis of the carbonaceous materials and gas diffusion electrodes
(GDEs)

Initially, pre-defined amounts of microcrystalline cellulose and
dried kraft lignin were weighed, totaling 5 g of biomass. To evaluate
the effect of the kraft lignin mass fraction on the final properties of the
proposed composites, three materials were synthesized with composi-
tions of 0 %, 25 %, and 50 % of kraft lignin. It is important to note that
lignin mass fractions higher than 50 % led to the destabilization of the
carbon gel during the gelation process and, therefore, could not be eval-
uated.

To create the carbon gel precursor, the weighed biomass was added
to a solution (80 mL) containing 7 g of sodium hydroxide (97 % w/w)
and 12 g of urea (99 % w/w). This mixture was cooled to −10 °C and
stirred until complete dissolution of the biomass was achieved. The
gelation of the precursor was carried out employing a coagulant solu-
tion (nitric acid, 2 mol L−1), to which the precursor was added in a
dropwise manner. The nitric acid acts as a non-solvent, permeating the
precursor droplets and leading to the creation of cross-linked cellulose-
lignin beads [25]. The resulting beads were separated from the nitric
acid solution and dried for 24 h (60 °C). After drying, the beads were
placed in sealed crucibles and calcined in a muffle furnace under an N2
atmosphere. Multiple temperatures (300, 450, and 600 °C) were em-
ployed, and the calcination process was conducted for 30 min using a
10 °C min−1 heating ramp. The resulting carbon xerogels were then
washed with deionized water until pH = 7 was achieved in the filtrate,
dried, and sieved through a 325-mesh sieve. The materials will be iden-
tified as K-L/C w% (y ºC), where w represents the kraft lignin mass frac-
tion and y represents the calcination temperature.

The production of the GDEs was carried out as follows: 2 g of the
carbonaceous material was added to 25 mL of ethanol. After that, poly-
tetrafuoroethylene (PTFE) was added to the mixture as a hydrophobic
binder (1.42 g of a 60 % PTFE aqueous dispersion). The mixture was
mechanically stirred for 30 min. The resulting slurry was evenly de-
posited onto the surface of a PX30-PW03 flat-weave carbon cloth
(7 × 18 cm, geometric area of 126 cm2). Another piece of carbon cloth
with the same dimensions was then positioned on top of the deposited
catalytic mass. This assembly was then subjected to a pressure of 2 tons
and a temperature of 290 °C for 2 h, using a heat press. Finally, the ob-
tained GDE was cut into a circular shape, with a 5 cm diameter and an
area of 20 cm2.

2.2. Characterization

Details about the characterization procedures can be found in the
supplementary material.

2.3. Evaluation of H2O2 production and sulfamerazine degradation

The H2O2 production by the GDE developed was evaluated employ-
ing current densities of 25, 50, 75, and 100 mA cm−2 in a 250 mL elec-
trochemical cell, using a 0.05 mol L−1 K2SO4 electrolyte at pH = 3 (ad-
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Fig. 2. A) Linear sweep voltammetry analysis (O2-saturated 0.05 mol L−1 of K2SO4 electrolyte (pH = 3), 1600 rpm); B) % of H2O2 formation.

justed with H2SO4) under an O2 flow of 0.05 L min−1. During the
process, 0.5 mL samples of the solution were added to 4 mL of acidic
ammonium molybdate solution
([(NH4)6Mo7O24.4H2O] = 0.0024 mol L−1, [H2SO4] = 0.5 mol L−1) to
quantify the hydrogen peroxide electrogeneration over time. The re-
sulting yellow-colored solution was analyzed at λ = 350 nm with a Shi-
madzu UV-1900 spectrophotometer.

The sulfamerazine (SFMZ) degradation tests were conducted using
the same electrochemical cell and electrolyte employed in H2O2 electro-
generation experiments, using a 50 mg L−1 SFMZ initial concentration.
A scheme of the system employed is shown in Fig. 1. For the kinetic
analysis of the degradation reaction, chronopotentiometry was applied
using a current density of 25 mA cm−2 for 90 min; the Fenton-based
tests were conducted by adding 0.10 mmol of Fe2+ (FeSO4.7H2O) to the
SFMZ solution. The radiation source for the UV-based tests consisted of
an 11 W submergible UV-C lamp. The anodic oxidation of SFMZ was
evaluated in the same manner described above; however, a nitrogen gas
flow was used instead of oxygen. All the degradation tests were per-
formed using the same gas diffusion electrode; after all the degradation
tests were conducted, a new H2O2 electrogeneration experiment was
performed in order to assess the stability of the GDE produced.

The SFMZ concentration during the tests was determined using an
LC-20 AT Shimadzu HPLC with a C-18 column (Phenomenex Luna).

The mobile phase consisted of 30 % deionized water and 70 % HPLC-
grade acetonitrile (flow rate = 1 mL min−1). Injection volume was
maintained at 20 μL, with a retention time of 10 min. UV detection was
carried out at λ = 270 nm. The determination of total organic carbon
(TOC) content was achieved using a TOC-VCPN analyzer (Shimadzu).

3. Results and discussion

3.1. Characterization

Fig. 2 displays the results obtained by linear sweep voltammetry
(O2-saturated electrolyte), as well as the current efficiency for H2O2
production, which was determined using Equation (1) [26].

(1)

where ir is the electrical current obtained on the ring of the RRDE, id is
the electrical current obtained on the disk of the RRDE, and N is the
electrode collection number (N = 0.37).

Concerning linear sweep voltammetry (LSV), it is crucial to identify
the reactions that may occur at both the ring and disk components of
the rotating electrode. Equations (2)–(6) depict the plausible reactions
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Fig. 3. Nitrogen adsorption-desorption isotherms for the K-L/C 0 % (300 °C)
and K-L/C 50 % (600 °C).

Table 1
Specific surface areas (SSAs) obtained for the synthesized materials.
Material SSA (m2g−1)

K-L/C 0 % (300 °C) 140.6
K-L/C 25 % (300 °C) 197.7
K-L/C 50 % (300 °C) 269.3
K-L/C 50 % (450 °C) 290.1
K-L/C 50 % (600 °C) 363.2

that may take place throughout the LSV tests [27]. Consequently, it can
be inferred that the sole reaction anticipated at the ring component of
the electrode is the oxidation of the electrogenerated H2O2.

• RRDE disk:

(2)
(3)
(4)

(5)

• RRDE ring:

(6)

Fig. 2 illustrates that the initial incorporation of kraft lignin did
not yield significant advantages for the K-L/C 25 % material concern-
ing H2O2 electrogeneration. This is evidenced by slightly reduced cur-
rents observed at both the ring and disk of the rotating ring-disk elec-
trode (RRDE) during voltammetry, alongside a decrease in current ef-
ficiency. However, an increase in the kraft lignin mass fraction to
50 % (K-L/C 50 % (300 °C)) resulted in increased ring currents and
higher current efficiency, indicating a greater electrogeneration of
H2O2. It is also noticeable that the inclusion of the kraft lignin in this
material led to a shift of approximately 0.05 V in the ORR onset to-
ward more positive potentials, signifying a reduced energy demand
for H2O2 production [6].

Regarding the calcination temperature, the use of a higher thermal
treatment temperature (600 °C) resulted in an increased disk current.
This behavior, however, led to a decrease in current efficiency for H₂O₂
generation. Nonetheless, a notable shift in the oxygen reduction reac-

tion (ORR) onset potential was observed (approximately 0.07 V), indi-
cating a lower energy requirement for the electrochemical generation
of hydrogen peroxide. Consequently, the K-L/C 50 % (600 °C) material
will be employed in the fabrication of the GDEs for the sulfamerazine
degradation tests.

To enhance the comprehension of the results derived from the elec-
trochemical tests, a comprehensive characterization of the developed
materials was conducted. Fig. 3 displays the N2 adsorption-desorption
of the samples K-L/C 0 % (300 °C) and K-L/C 50 % (600 °C), whereas
Table 1 presents the specific surface area (SSA) value for each material
synthesized.

The isotherms corresponding to K-L/C 50 % (600 °C) and K-L/C 0 %
(300 °C) are representative of a combination between types I-H4 and
IV-H4, which are commonly observed for micro-mesoporous materials.
The substantial adsorbed volume at low pressures reflects the presence
of micropores, while the distinctive isotherm behavior at high pressures
suggests the existence of a mesopore network [28]. The specific surface
area is identified as a key parameter influencing the activity of carbona-
ceous materials in H2O2 electrogeneration, as an increased surface area
provides more active sites for oxygen reduction reactions (ORR). Ac-
cordingly, the data in Table 1 aligns with the electrochemical evalua-
tion results shown in Fig. 2.

The incorporation of kraft lignin and higher calcination tempera-
tures was found to enhance the surface area of the materials, resulting
in superior ORR activity for H2O2 electrogeneration, as evidenced by K-
L/C 50 % (600 °C). Notably, the inclusion of kraft lignin in the K-L/C
50 % (600 °C) correlated with a significant 400 % increase in the mi-
cropore area of the composite. Lin et al. [29] reported that the inclusion
of lignin in lignin-cellulose carbon aerogels resulted in the formation of
micropores due to the thermal degradation of the lignin content during
the calcination stage, which aligns perfectly with the results obtained in
this work [29]. Furthermore, according to related literature, the pres-
ence of micropores can diminish the residence time of electrogenerated
H2O2 on the surface of electrochemical catalysts, thereby preventing its
further reduction to water and enhancing overall efficiency [8–10].
Thus, the observed modification is likely related to the enhanced effi-
ciency exhibited by the K-L/C 50 % (600 °C) for H2O2 electrogenera-
tion.

Fig. 4 shows the scanning electron micrographs (SEM) obtained for
the prepared materials.

The micrographs reveal significant structural changes induced by
the incorporation of kraft lignin into the prepared composites. As
shown in Fig. 4A, the K-L/C 0 % (300 °C) material consists of thin,
fiber-like particles, whereas the K-L/C 50 % (300 °C) exhibits particles
arranged in a three-dimensional structure. According to related litera-
ture, the initial stages of lignin pyrolysis result in the formation of hard-
shelled char with smooth particles; as the temperature increases (300-
400 °C), a porous structure emerges in lignin-based materials due to the
release of various gases (such as CO2, CO, and H2O) [30,31]. Therefore,
the observed morphological transformation in K-L/C 50 % can be at-
tributed to the inherent properties of lignin during the proposed ther-
mal treatment. Taking into consideration the mechanism involved in
oxygen reduction reactions, the development of such a porous structure
is highly advantageous for the mass transport processes required for
H2O2 electrogeneration, including the diffusion of O2 molecules to the
surface of the catalytic material [8–10,31,32[33]]. Furthermore, calci-
nation at 600 °C seemingly resulted in the formation of larger macrop-
ores on the surface of the K-L/C 50 % (600 °C), further enhancing oxy-
gen diffusion throughout the structure of the electrocatalyst.

Fig. 5 shows the infrared spectra collected for the materials devel-
oped, along with the XPS spectra and contact angle analysis for the K-
L/C 0 % (300 °C), K-L/C 50 % (300 °C) and K-L/C 50 % (600 °C)
samples.

Fig. 5A highlights a notable alteration in the chemical structure of
the materials, as evidenced by the band positioned around 930 cm−1,
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Fig. 4. – SEM for: A) K-L/C 0 % (300 °C) (5000x); B) K-L/C 50 % (300 °C) (5000x); C) K-L/C 50 % (300 °C) (20000x); D) K-L/C 50 % (600 °C) (5000x); E) K-L/C 50 %
(600 °C) (20000x).

associated with the 1,4 β-glycosidic bonds of cellulose. The intensity of
this band correlates with the amount of amorphous cellulose present,
as the deformation of C-C-H, C-O-C, and C-C-O bonds contribute to the
manifestation of this vibrational mode [34]. The addition of kraft
lignin resulted in a significant reduction in the intensity of the 1,4 β-
glycosidic band and an augmentation in the C-O band associated with
C-O-C bonds (1040 cm−1). These changes suggest a structural re-
arrangement within the cellulose component of the composite [34].

The bands observed at 1240, 1390, and 1480 cm−1 can be associ-
ated with the existence of amine superficial functional groups (C-N),
while the band at approximately 1590 cm−1 can be attributed to both
C=N bonds and C=C bonds within the lignin structure [35]. The for-
mation of such nitrogen-based groups is likely a result of the substantial
quantity of urea used in the synthesis of the carbon materials. Lastly,
the band at 1145 cm−1 can be related to the existence of superficial oxy-
genated groups (C-O) on the surface of the prepared materials, which in
turn can be attributed to both the inherent structure of the chosen bio-
masses and the influence of nitric acid, employed as an activator during
the synthesis and thermal treatment processes [36]. Given that the gela-
tion process relies on the permeation of nitric acid through the cellu-
lose/kraft lignin droplets as an anti-solvent, it is expected that the gels
obtained retain traces of this acid throughout the thermal treatment
process. The use of nitric acid as an activator during the thermal treat-
ment of carbonaceous matrices has been reported to contribute to the
formation of various oxygenated functional groups, including car-
boxylic, lactonic, and phenolic groups [37].

As for the contact angle results (Fig. 5B), it can be noted that the in-
clusion of lignin into the composite led to a significant increase in the
hydrophobicity of the composite, as a higher contact angle was ob-

tained for both the K-L/C 50 % samples in comparison to the K-L/C 0 %
(300 °C), which was considerably hydrophilic. This result can be attrib-
uted to the chemical modification of the composite's surface functional
groups induced by the addition of lignin, as well as the morphological
texturization achieved, as illustrated in Fig. 4. Enhancing the surface
roughness of hydrophilic materials has been shown to improve their hy-
drophobic properties, leading to higher apparent contact angles, as ob-
served for the K-L/C 50 % materials [38]. Recent literature has re-
ported that controlling the hydrophilic/hydrophobic nature of catalytic
materials is crucial for managing the interfacial conditions between
electrodes and electrolytes, as excessive hydrophilicity or hydrophobic-
ity can be detrimental to the overall efficiency of H2O2 generation [39].
In this context, Cordeiro-Junior et al. [12] reported that elevated hy-
drophilicity or hydrophobicity was linked to inferior efficiencies for
H2O2 electrogeneration, through the evaluation of multiple carbon-
based catalysts [12]. Thus, it can be stated that the K-L/C 50 % samples
possess more balanced wettability properties, which could be also re-
lated to their superior H2O2 electrogeneration performance (Fig. 2).

Regarding the XPS results, the carbon C1s spectrum for all samples
was deconvoluted into three distinct peaks. The first peak, located at
284.6 eV, corresponds to C–C bonds within the carbonaceous materials,
while the adjacent peak at 286.2 eV is attributed to C–O bonds, consis-
tent with the findings from the infrared (IR) analysis [40]. The smaller
peak at 289 eV was attributed to O-C=O bondings, probably derived
from the structure of the biomasses employed. Similarly, the two peaks
deconvoluted from the O 1s spectra are linked to the presence of C-O
(532.6 eV) and C=O (531.2 eV) bondings within the structure of the
material, which is likely indicative of oxygenated surface groups
[41–43]. However, it can be noted that the oxygen content of the K-L/C
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Fig. 5. A) Infrared spectra for the materials; B) Contact angle analysis for the materials; C) XPS spectra of the K-L/C 0 % (300 °C); D) XPS spectra of the K-L/C 50 %
(300 °C); E) XPS spectra of the K-L/C 50 % (600 °C).

50 % (600 °C) sample is lower than the one observed for the material
calcined at 300 °C, with a particular reduction of the C=O band, indi-
cating that higher calcination temperatures led to the loss of some oxy-
genated functional groups. Finally, the nitrogen (N 1s) spectra for all
samples exhibited two peaks of higher intensity. The first, located
around 398.2 eV, is associated with superficial pyridinic nitrogen
groups, while the second peak, at 400.2 eV, corresponds to pyrrolic ni-
trogen groups [31,32,44].

In the context of H2O2 electrogeneration, the interplay between oxy-
genated and nitrogen-based functional groups in enhancing efficiency
is highly complex, being reportedly related to a myriad of factors, such
as type of material, morphology, mass fraction of nitrogen (N) and oxy-
gen (O), and the pH of the electrolysis process [30,31,45,46]. It is well-
established that the presence of oxygenated functional groups can be
linked to higher selectivity of H2O2 during electrolysis, whereas both
the pyridinic and pyrrolic groups have been reported to influence posi-
tively the ORR onset and selectivity towards H2O2 during the oxygen re-
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Fig. 6. Combined schematics of the 2e− and 4e− pathways for the electrochemical oxygen reduction reaction.

Fig. 7. A) X-ray diffractograms obtained for the synthesized samples; B) Raman spectra obtained for the synthesized samples.
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Fig. 8. A) H2O2 electrogeneration capacity for GDE produced using the K-L/C 50 % (600 °C) material (0.05M K2SO4, pH = 3, V = 0.25 L); B) Current efficiency
and energy consumption achieved during the H2O2 electrogeneration tests employing different current densities.

duction reactions under specific conditions. This effect is attributed to
the retention of the *OOH intermediate, hindering its further breakage
into *O and *OH species in the 4e− reduction pathway, as exemplified
in the scheme provided in Fig. 6 [30,31,46–48]. However, Li et al.
[30,31,46] also reported that an excessive nitrogen content can pose a
negative influence on the selectivity for H2O2 electrogeneration, favor-
ing the 4e− ORR pathway [30,31,46]. Thus, the decrease of the oxygen
content observed for the K-L/C 50 % (600 °C) sample may be related to
both its improved ORR onset and lower selectivity for H2O2, as it may
have changed the complex interplay involved in the 2e− ORR pathway
promoted by the functional groups available.

Fig. 7 shows the results of the X-ray diffraction and Raman spec-
trometry obtained for the synthesized materials.

In Fig. 7A, the prominent characteristic bands at 2θ = 24.3° and 44°
correspond to the (002) and (101) planes of hexagonal carbon, respec-
tively [49]. The position and low intensity of these bands suggest that
the synthesized samples are primarily amorphous with low levels of
graphitization. This observation is consistent with the fact that nitrogen
doping in carbon materials, as observed in the XPS analyses (Fig. 5C, D,
and 5E), introduces defect sites and disrupts the carbon lattice struc-
ture, thereby hindering the formation of well-ordered graphitic do-
mains [30,31,46].

The Raman spectra further confirm the amorphous nature of the
synthesized materials, as only two peaks, located at 1340 cm⁻1 and
1560 cm⁻1, can be observed. These peaks are related to the D band and
G band of the carbonaceous structure, respectively. The D band is asso-
ciated with vacancies and impurities leading to a loss in the hexagonal
symmetry of the carbon structure, representing disordered sp2-
hybridized carbon, whereas the G band signifies the presence of a
graphitic structure, corresponding to the 2E2g vibrational mode of a
two-dimensional C–C bond stretching in the network structure [50].

3.2. Degradation tests

Considering all the information gathered in Section 3.1, the K-L/C
50 % (600 °C) was chosen for the production and application of the
GDE described in Section 2.1. Firstly, the H2O2 electrogeneration capac-
ity using the GDE was evaluated, along with the current efficiency and
energy consumption achieved. The results are presented in Fig. 8.

The assessment of H2O2 electrogeneration over time in correlation
with the cell potential enables the calculation of the current efficiency

(CE) and energy consumption (EC) parameters, employing Equations
(7) and (8), respectively [51].

(7)

(8)

where i is the current applied (A) to the system, t is the duration of the
H2O2 electrogeneration test, Ecell is the potential of the electrochemical
cell during each experiment (V), m represents the mass of electrogener-
ated H2O2 (kg), CH2O2 represents the concentration of H2O2 (mol L−1), F
is equal to the Faraday constant (96.49 C mol−1), and V is the volume of
electrolyte used in each test (L).

The results demonstrate that the GDE fabricated using the K-L/C
50 % (600 °C) was able to generate up to 700 mg L−1 of hydrogen per-
oxide in the proposed reactor, after 1 h of electrolysis. A progressive in-
crease in current density led to higher concentrations of electrogener-
ated hydrogen peroxide, as anticipated. Nevertheless, the increase in
applied current density also resulted in a reduction in current effi-
ciency. This phenomenon could be attributed to excessive energy sup-
plied to the system, which may promote parallel secondary reactions
alongside hydrogen peroxide generation, such as its reduction via the
2e⁻ pathway, leading to the formation of H₂O (Fig. 6) [7]. Among the
current densities applied during the electrogeneration process, the con-
dition of 25 mA cm⁻2 exhibited the highest current efficiency and the
lowest energy consumption. Consequently, this condition was selected
for subsequent sulfamerazine degradation experiments.

The results for the sulfamerazine degradation tests employing the K-
L/C 50 % (600 °C) GDE are displayed in Fig. 9. Table S1 shows the re-
sult of the linear fitting of the data obtained to a pseudo-1st-order ki-
netic model.

Firstly, the UV-based degradation process obtained the smallest
mineralization percentage (4 %) and apparent reaction rate (kapp
(UV) = 0.003 min−1), indicating that the UV radiation alone is not suffi-
cient to efficiently degrade the SFMZ molecule. Observing Fig. 9A, it is
noticeable that the efficiency of SFMZ removal solely by the electrogen-
erated hydrogen peroxide closely resembles that of anodic oxidation, as
both these processes achieved similar kapp values (kapp(AO) = 0.027
min−1 and kapp(H2O2) = 0.030 min−1). This similarity suggests that, on
its own, the electrogenerated H2O2 lacks a strong oxidation potential
for the degradation of the sulfamerazine molecule, even if a slightly
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Fig. 9. A) Results for the sulfamerazine degradation tests (0.05M K2SO4, pH = 3, V = 0.25 L, CSFMZ = 50 mg L−1, Current density = 25 mA cm−2, AO = Anodic
oxidation, EF = electro-Fenton, PEF = photoelectro-Fenton); B) TOC results for the degradation tests after 90 min; C) H2O2 concentration during each degradation
test; D) H2O2 electrogeneration before and after all the SFMZ degradation tests.

higher TOC removal was obtained in the H2O2 test. Further evidence of
the lower efficiency of this test can be noticed in Fig. 9C, as the concen-
tration of H2O2 during the SFMZ degradation test remains virtually the
same as the one observed in the H2O2 electrogeneration test conducted
previously, indicating that the hydrogen peroxide available was not
converted into active hydroxyl radical.

Subsequently, the electro-Fenton and UV-H2O2 degradation
processes were examined. In these tests, there was a notable improve-
ment in the degradation of SFMZ, as depicted in Fig. 9A. In the case of
the UV-H2O2 process, an improved apparent reaction rate (kapp(UV-
H2O2) = 0.050 min−1) was obtained, which can be attributed to the ef-
fect of UVC light irradiaiton, which facilitates the generation of homo-
geneous hydroxyl radicals through the photolysis of H2O2. However, no
enhancement was observed in the TOC removal, indicating that the sole
inclusion of the UV radiation was not enough to efficiently remove the
SFMZ and its degradation intermediates from the system. As for the
electro-Fenton process, the introduction of ferrous iron into the system
is known to catalyze the formation of hydroxyl radicals via Fenton-like
reactions, further amplifying the efficiency of the degradation process
[5]. Thus, a higher apparent reaction rate (kapp (EF) = 0.06 min−1) was
achieved for the SFMZ degradation through the electro-Fenton process,
accompanied by a higher mineralization percentage (28 %). Fig. 9C
confirms the behavior described above for the UV-H2O2 and electro-
Fenton tests, as the concentration of H2O2 during these degradation

tests was clearly reduced, indicating the successful formation of hy-
droxyl radicals through the mechanisms proposed.

Finally, the photoelectro-Fenton process achieved the highest degra-
dation efficiency and mineralization capacity among the tests per-
formed, due to the synergistic effect of the UV light and Fenton-like re-
actions to produce hydroxyl radicals through the conversion of electro-
generated H2O2, as evidenced by the low concentration of hydrogen
peroxide observed during the PEF test (Fig. 9C). In this case, the en-
hanced mineralization of PEF is attributed to the optimization of the
Fenton reaction between H2O2 and Fe2+ by additional regeneration of
Fe2+ ions through additional mechanisms induced by light irradiation.
This can be achieved through the photoreduction of Fe(OH)2+, which is
the main iron-based species at pH between 2.8 and 3.5, and the pho-
todecarboxylation of Fe(III)-carboxylate species [2]. Therefore, the
highest kapp value (kapp (PEF) = 0.420 min−1) and TOC removal (75 %)
were observed in this test, highlighting the favorable synergy between
the individual processes composing the photoelectro-Fenton method
for SFMZ degradation.

Regarding the stability of the fabricated GDE, Fig. 9D shows a com-
parison between H2O2 electrogeneration tests before and after all the
degradation tests were performed. The results show that the GDE was
able to maintain its H2O2 electrogeneration capacity after the SFMZ
degradation tests, indicating good stability for application under multi-
ple cycles.
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Fig. 10. Electrical energy consumed to reduce the concentration of SFMZ under
different processes.

Equation (9) was used to assess and compare the treatment methods
based on their electrical energy consumption per order of decrease in
pollutant concentration (E/EO). In this equation, Ecell represents the cell
potential in volts (V), Plamp is the power of the UVC lamp in watts (W),
kapp is the pseudo-first-order rate constant (s−1), and V is the volume in
cubic meters (m3) [52]. Fig. 10 shows the results obtained.

(9)

The superior performance of the PEF process is evident, with the
lowest E/EO value (10.2 kWh m−3 order−1). In contrast, the individual
and binary processes exhibited significantly higher energy consumption
(the individual photolysis process, not shown in Fig. 10, achieved an
E/EO value of 937.2 kWh m−3 order−1). This makes the PEF process the
most advantageous among the methodologies studied, as the reduced
energy required to achieve a one-order magnitude reduction in the
SFMZ concentration highlights the environmentally friendly and cost-
effective nature of this process.

4. Conclusion

Regarding the kraft lignin/cellulose carbon xerogel, it was con-
cluded that both the kraft lignin mass fraction and calcination tempera-
ture exerted a significant influence on the electrochemical and struc-
tural properties of the composites. A higher kraft lignin content (50 %)
combined with an elevated calcination temperature (600 °C) resulted in
a material with advantageous properties for the H2O2 electrogeneration
process, probably due to morphological modifications and a significant
increase in the specific surface area. The application of the optimized
material in the fabrication of gas diffusion electrodes was successful re-
garding the electrochemical generation of H2O2, achieving H2O2 con-
centrations of approximately 700 mg L−1 (100 mA cm−2) after 1 h of
electrogeneration. Finally, the application of the sustainable GDE in
sulfamerazine degradation proved to be highly effective, in particular
for the photoelectro-Fenton process. This method was able to harness
the synergistic interaction between Fenton reactions and UV irradia-
tion, achieving complete degradation of the SFMZ within 15 min and
75 % mineralization after 90 min.
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