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Abstract

In this study, the photocatalytic, electrochemical and photoelectrocatalytic performance of
lanthanum ferrite (LaFeOs) toward the degradation of the dye Turquoise Tiafix R2G was
investigated. LaFeO; was synthesized via a sol-gel route and characterized by XRD, N,
adsorption (BET) and SEM, confirming its perovskite structure. Photolysis experiments
indicated that the dye is highly photostable under the irradiation conditions employed. In
photocatalysis, different LaFeOs loadings (0.1, 0.2 and 0.3 g L™") were tested under a 100 W
halogen lamp, with 0.3 g L™ providing the highest removal, although the process remained
limited by electron-hole recombination. In heterogeneous electro-oxidation with LaFeO;s in
suspension, current densities of 10, 15 and 20 mA cm™ were applied; 15 mA cm™2 afforded
the best compromise between activity and stability, significantly increasing the dye oxidation
rate. The simultaneous application of irradiation and current in the photoelectrocatalytic
process led to the highest efficiency, achieving approximately 95% degradation within 60 min.
These results demonstrate a clear synergistic effect between photocatalytic reactive oxygen
species generation in the LaFeOs suspension and electrochemical oxidant generation at the
anode, resulting in a more effective oxidative environment. Thus, the optimized photoelectro-
catalytic condition (0.3 g L™"LaFeOs; and 15 mA cm™2) is a promising strategy for the treatment
of effluents containing industrial dyes.
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The intensification of industrial activity, especially in the textile and chemical sectors, has
increased the discharge of complex and persistent organic compounds, including reactive dyes, into
aquatic environments [1]. Among these contaminants, the reactive dye Turquoise Tiafix R2G is
widely employed in dyeing processes and has been recurrently detected in industrial effluents [2].

Even at low concentrations, these dyes pose a major environmental challenge because their
highly stable molecular structures, often comprising azo linkages and extended aromatic systems,
hinder biodegradation [3]. In this context, the search for advanced and more sustainable dye
degradation technologies has stimulated the development of increasingly efficient catalytic
materials. Perovskite-type ferrites, such as lanthanum ferrite (LaFeOs), have attracted growing
interest owing to their elemental abundance, structural stability and electronic properties that
favour light- and/or current-assisted oxidative processes [4].

LaFeO; has been widely investigated as a photocatalyst and exhibits promising activity toward
the degradation of model dyes such as methylene blue [5] and rhodamine B [6]. Recent studies
indicate that coupling electro-oxidation with photo-assisted processes can improve dye degradation
by combining photocatalytic reactive oxygen species generation (hydroxyl radicals (°OH),
superoxide (0,*") and hydrogen peroxide (H»0,)) with electrochemically generated oxidants,
depending on the reactor configuration [7].

When the semiconductor is dispersed in suspension rather than deposited as a film electrically
connected to the circuit, it becomes essential to distinguish between (i) electro-oxidation, which
occurs predominantly at the electrode-solution interface, and (ii) the heterogeneous catalytic
contribution of the suspended solid, which can act as a redox mediator and participate in chemical
steps within the solution volume [8]. Thus, direct comparisons between photocatalysis, electro-
oxidation and hybrid operating modes under a common experimental configuration are, therefore,
particularly valuable for elucidating the origin of any observed synergies and for employing more
precise terminology when describing the role of LaFeOs in photo-assisted electrochemical systems.
Nevertheless, studies that systematically compare the photocatalytic, heterogeneous electro-
oxidation and photoelectrocatalytic performance of LaFeOs; under strictly identical conditions
remain scarce.

Therefore, exploring the synergy between electro-oxidation in the presence of LaFeOs in
suspension (hereinafter referred to as heterogeneous electro-oxidation) and photoelectrocatalysis
using pure ferrites, such as LaFeOs, represents not only an innovative approach to wastewater
treatment but also an opportunity to address a relevant gap in the literature. In most reports, LaFeOs
is evaluated separately in either photocatalytic or electrocatalytic mode, and there are still few
direct comparative studies, conducted under strictly identical conditions, that can clarify whether
the hybrid mode offers energetic and/or mechanistic advantages. Such a comparative strategy
contributes to a deeper understanding of the reaction pathways and to a more rigorous assessment
of the efficiency and technological applicability of these processes.

Thus, in this work, we synthesized LaFeOs by a sol-gel route and evaluated its performance
toward the degradation of the reactive dye Turquoise Tiafix R2G in aqueous solution by photo-
catalysis, heterogeneous electro-oxidation and photoelectrocatalysis. The material was character-
ized by X-ray diffraction (XRD), N, adsorption-desorption (Brunauer-Emmett-Teller (BET) surface
area) and scanning electron microscopy (SEM). Dye degradation was monitored by UV-Vis
spectrophotometry with the aim of correlating the structural and textural properties of LaFeO3 with
the performance and kinetics of the three processes.
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Experimental

Reagents

The reactive dye Turquoise Tiafix R2G, supplied by Aupicor Quimica Ltda. (Brazil), was used as the
model pollutant in all degradation experiments. According to the manufacturer’s safety data sheet,
this product is a vinyl sulfone-type reactive phthalocyanine dye. Commercial turquoise reactive
phthalocyanine dyes of this type are commonly associated with C.I. Reactive Blue 21 (RB21), a copper
phthalocyanine reactive dye used in textile applications. RB21 is reported with CAS No. 12236-86-1,
molecular formula C40H25CuNg014Ss, and molecular weight of approximately 1079.6 to 1080 g-mol™;
reported synonyms include Reactive Blue 21, C.I. Reactive Blue 21, Turquoise Blue G-133 and Sumifix
Turquoise Blue G [9,10].

Because Turquoise Tiafix R2G is a commercial formulated dye rather than a purified analytical
standard, it may contain structurally related dye species, salts, synthesis by-products and other
formulation components. Therefore, a unique chemical structure, exact molecular formula, or exact
molar mass cannot be assigned specifically to the commercial product. The manufacturer does not
report a nominal purity percentage. Accordingly, the dye was used as received, without additional
purification, and the concentrations reported in this work refer to the mass concentration of the
commercial dye product. A stock solution was prepared by dissolving Turquoise Tiafix R2G in deionized
water to obtain a concentration of 200 mg L™, from which all working solutions were prepared.

The supporting electrolyte consisted of 0.1 mol-L™ of Na,SO4 and 100 ppm of NaCl, prepared in
100 mL of ultrapure water (Gehaka MS 2000 purification system). Na,SO4 was selected because sul-
phate is relatively stable under the applied conditions and is commonly used as a supporting electro-
lyte in electrochemical advanced oxidation processes, where it generally has limited direct interaction
with organic pollutants [11]. NaCl was added at 100 ppm to simulate the presence of chloride com-
monly found in textile effluents and to promote limited in situ formation of active chlorine species,
including Cl,, HOCI and CIO~, which may contribute to oxidative dye degradation, thereby enhancing
the overall degradation efficiency [12]. The experiments were conducted at pH 6 and at 300 K.

Synthesis of the LaFeOs catalyst

LaFeOs powder was synthesized by a modified sol-gel route using La(NOs)s-6H,0 (99 %, Sigma Aldrich)
and Fe(NOs);-9H,0 (99 %, Sigma Aldrich) in a 1:1 molar ratio (La:Fe). Initially, gelatine was placed in a
beaker and dissolved in 150 mL of deionized water under constant stirring at 50 °C. The metallic nitrates
were then added, and the mixture was homogenized for 1 h at 70 °C. Subsequently, the temperature
was increased to approximately 90 °C and maintained under stirring until the formation of a viscous gel.
The resulting gel was first calcined at 400 °C for 2 h, using a heating rate of 10 °C min~, to decompose
the organic precursors. The obtained powders were then calcined at 1000 °C for 4 h, at a heating rate of
10 °C min™, to promote the formation of the LaFeOs perovskite phase.

Physical characterization

The crystalline structure of the calcined LaFeOs powder was analysed by X-ray diffraction (XRD)
using a Shimadzu XRD-7000 diffractometer equipped with a Cu anode (Ka = 0.15418 nm). Diffracto-
grams were collected over the 26 range of 20 to 80° with a scanning rate of 0.02° min™'. The
morphology was analysed by scanning electron microscopy (SEM) using TESCAN VEGA’s 4t generation
microscope. The specific surface area was determined by BET method from nitrogen adsorption-
desorption isotherms measured on a NOVA 1000e surface area & pore size analyser (Quantachrome).
Before the measurements, all samples were degassed at 150 °C for 3 h. The specific surface area (SBET)
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was calculated from the adsorption branch of the N, adsorption-desorption isotherm using BET
equation within the relative pressure range in which the BET plot was linear. The mesopore size
distribution and mesopore volume were determined from the desorption branch using the Barrett-
Joyner-Halenda (BJH) method with the Harkins-Jura thickness model, following standard procedures
for mesoporous materials [13]. In addition, the pore size distribution was also evaluated by density
functional theory (DFT), applying a nitrogen adsorption kernel suitable for micro- and mesoporous
materials at 77 K [14]. All BET, BJH and DFT calculations were performed using the instrument’s
proprietary analysis software.

Degradation of Turquoise Tiafix R2G

The photolysis experiments were first carried out to evaluate the stability of the dye in the absence
of a catalyst and to verify whether the applied radiation could promote direct photodegradation. An
aliquot of 100 mL of the aqueous Turquoise Tiafix R2G solution was kept under magnetic stirring in
the dark for 30 min at 27 °C to ensure system equilibration.

The solution was then irradiated with a 100 W halogen lamp, with an irradiance of 2.87 W cm™2 at
the solution surface, which served as the light source for the photolytic process. Throughout the
experiment, 2 mL aliquots were withdrawn at 0, 2, 5, 10, 15, 30 and 60 min and analysed using a
Shimadzu UV-Vis spectrophotometer (UV-1900i).

For the photocatalytic evaluation of LaFeOs;, suspensions were prepared at different catalyst
loadings (0.1, 0.2 and 0.3 g L") in 100 mL of the aqueous Turquoise Tiafix R2G solution. The suspen-
sions were magnetically stirred in the dark for 30 min at 27 °C to achieve good dispersion and
adsorption equilibrium. Subsequently, the suspensions were irradiated with the same halogen lamp
used in the photolysis experiments. During irradiation, 2 mL aliquots were collected at 0, 2, 5, 10, 15,
30 and 60 min and analysed by UV-Vis spectrophotometry.

Electrochemical and photoelectrocatalytic oxidations were performed in a single-compartment
electrochemical cell with an interelectrode distance of 1.0 cm and a useful volume of 150 mL. The
electrochemical system employed a Ti/(RuO)o.s-(Sb204)0.2 anode with a geometric area of 2 cm?,
prepared via the Pechini method and calcined at 350 °C using a CO, laser protocol, as previously
reported [15]. A platinum plate with the same geometric area (2 cm?) was used as the counter
electrode. Prior to each experiment, the electrolyte solution was continuously purged with N, to
remove residual dissolved oxygen.

Galvanostatic electrolyses were carried out at current densities of 10, 15 and 20 mA cm™ using a
FA-3005-M current source. In the photoelectrocatalytic assays, suspensions containing LaFeOs were
irradiated under the same conditions as in the photocatalytic tests while the current was applied.

The photodegradation, electrodegradation and photoelectrodegradation of Turquoise Tiafix R2G
were monitored by measuring the absorbance at the characteristic band near 620 nm using a UV-
Vis spectrophotometer over the 600-700 nm range. The calibration curve was constructed from a
200 ppm stock solution of the dye, suitably diluted to obtain concentrations of 5, 10, 25, 50, 75, 100,
150 and 200 ppm, and used to determine the dye concentration in the aliquots collected at the
specified times. The degradation kinetics of R2G were subsequently evaluated from the temporal
concentration profiles.

High-performance liquid chromatography (HPLC) analyses were performed to further evaluate dye
degradation using samples collected under the best-performing condition (photoelectrocatalysis at
15 mA cm™2). The analyses were carried out using a reverse-phase HPLC system equipped with a
photodiode array detector.
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Chromatographic separation was performed on a C18 column (150x2.1 mm, 3 um particle size).
The mobile phase consisted of aqueous ammonium formate (NH4HCO;) solution (20 mM, pH 6.4) as
solvent A and acetonitrile (CH3CN) containing 0.1 % formic acid (HCOOH) as solvent B. Gradient
elution was applied at a flow rate of 0.2 mL min™ and a column temperature of 20 °C, starting at
1 % B, increasing to 99 % B, and then returning to initial conditions. The injection volume was 4 pL.
Before analysis, the samples were filtered through 0.22 um membrane filters to remove suspended
catalyst particles. Detection was carried out at 620 nm, corresponding to the maximum absorption
wavelength of the dye.

Quantification of the dye signal was performed using an external calibration curve prepared over
the concentration range of 5 to 200 ppm. Linear regression of peak area versus concentration was
used to estimate the concentration of the dye. Samples collected during the photoelectrocatalytic
treatment from 0 to 60 min were analysed under identical chromatographic conditions. Dye degrada-
tion was evaluated from the decrease in the main chromatographic peak assigned to the dye, together
with the appearance and evolution of additional peaks associated with transformation products.

The stability and reusability of the catalyst were evaluated under photocatalytic conditions
through consecutive degradation cycles using the optimized parameters. After each reaction cycle,
the catalyst was recovered by decantation and dried under ambient conditions. The recovered
catalyst was then reused directly in the next photocatalytic cycle under the same experimental
conditions. This procedure was repeated for four consecutive cycles. The degradation performance
was monitored by UV-Vis spectrophotometry by following the normalized concentration, C/Co (C
and Co are the dye concentrations at time t and at the beginning of the experiment, respectively)
and the degradation efficiency, %, at the maximum absorption wavelength of the dye, 620 nm.

Results and discussion

Structural and morphological aspects of LaFeO3

To confirm the formation of the desired crystalline phase and assess the efficiency of the
synthesis procedure, the X-ray diffraction (XRD) pattern of the calcined LaFeOs; powder was
recorded (Figure 1).
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Figure 1. X-ray diffraction pattern of LaFeOs synthesized by the sol-gel method and calcined at 1000 °C
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The diffraction pattern exhibits all characteristic reflections of orthorhombic LaFeOs perovskite,
in agreement with the ICDD reference pattern 00-074-2203. The main peaks at 260 = 22.65, 32.25,
39.77, 46.25 and 57.50° can be indexed to the (101), (121), (220), (202) and (240) planes, respecti-
vely, confirming the formation of the targeted crystal structure. Additional reflections of lower
intensity at 52.09 and 67.48° are also consistent with the orthorhombic arrangement.

The consistent set of reflections associated with orthorhombic LaFeOs indicates high phase
purity, since no diffraction peaks attributable to residual Fe,03 or La,0s; were detected within the
sensitivity limits of the measurements [16].

The sharp and intense peak centred at 32.25° suggests a high degree of crystallinity and relatively
well-developed crystallites. This behaviour is typical of LaFeOs; samples subjected to elevated
calcination temperatures that promote pronounced crystal growth [17]. The textural properties of
LaFeOs were evaluated from N, adsorption-desorption isotherms using the BET method. Table 1
summarizes the BET, BJH (Barrett-Joyner-Halenda) and DFT (Density Functional Theory) surface
areas, as well as the total pore volume and average pore radius. The BJH and DFT pore area values
reported in Table 1 correspond to the cumulative pore surface areas calculated by the instrument
software from the respective pore size distribution models.

Table 1. Textural properties of LaFeOs obtained from N, adsorption-desorption isotherms

BET area, m?> g™’ BJH area, m* g™’ DFT area, m? g™ Pore volume, cm3 g™’ Pore radius, nm
0.674 1.908 2.415 0.005 1.911

The BET specific surface area was 0.674 m? g1, indicating that the material has a low specific area.
This behaviour is expected for perovskites calcined at high temperatures, for which extensive crystal
growth and sintering lead to coarsened particles and a marked reduction in surface area [18]. Such
features have been widely reported for lanthanum orthoferrites synthesized under similar
conditions [17,18].

The surface areas estimated from BJH (1.908 m? g*) and DFT (2.415 m? g!) analyses, although
slightly higher than the BET value, remain low and indicate only a small contribution from accessible
pores resolved by pore-size distribution methods. These results confirm that the material does not
exhibit a well-developed mesoporous texture, but instead has a predominantly dense, weakly
porous structure, in line with the high crystallinity observed by XRD [17,19].

The total pore volume found (5 mm?3 g1) confirms the low porosity of the material, indicating that
the pores present are scarce and have a small internal volume. The average pore calculated radius
(~1.9 nm (19 A)) lies near the boundary between micropores and the onset of the mesopore range.
This suggests the presence of narrow pores, likely formed by gas release during the decomposition
of organic precursors, without the development of an extended, interconnected porous network.
Overall, the XRD and textural data indicate that the LaFeOs obtained by the sol-gel route followed
by high-temperature calcination is a highly crystalline lanthanum ferrite with low specific surface
area and limited porosity, as typically reported for well-crystallized LaFeOs perovskites [17,18,20].

Morphological characterization was performed by SEM to evaluate particle distribution, degree
of agglomeration and surface characteristics of LaFeQs. Figure 2 shows micrographs obtained at
different magnifications.

The SEM images reveal that LaFeOs consists of particles with irregular morphology, strongly
agglomerated and lacking clearly defined individual contours. This behaviour is typical of perovskite-
type oxides synthesized by chemical routes involving organic precursors [21]. The presence of these
compact agglomerates is directly associated with the calcination process, which promotes partial
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sintering and coalescence of the particles, resulting in dense and poorly porous structures [22]. This
observation is consistent with the high crystallinity evidenced by XRD and the low surface area
determined by BET.

The morphology observed by SEM is in line with the XRD results, which confirmed the formation
of a single, highly crystalline phase corresponding to orthorhombic LaFeOs. The narrow and well-
defined diffraction peaks, matching the ICDD 00-074-2203 reference pattern, indicate a high degree
of crystallinity and pronounced crystallite growth. Such crystal growth typically reduces the available
surface area by increasing the average particle size, thus favouring sintering and agglomeration, as
observed in the SEM micrographs.

200 pm |
1485 mm SkeV 399 e

Figure 2. SEM micrographs of LaFeOs at different magnifications

Textural analysis (BET, BJH and DFT) complements these results by revealing that the sample has
a low specific surface area (0.674 m? g'1), a small total pore volume (5 mm3 g?) and an average pore
radius of ~1.9 nm. This pore radius lies near the boundary between micropores and the onset of the
mesoporous range and reflects the presence of narrow pores rather than a well-developed,
interconnected porous network. These parameters confirm that the material has limited internal
accessibility, consistent with the dense agglomerates observed by SEM and the high crystallinity
revealed by XRD.

In general, the morphology observed by SEM, characterized by agglomerated particles with
compact surfaces, is coherent with the high crystallinity determined by XRD and the low surface
area measured by BET. Although the reduced specific surface area implies limited external surface
availability, this feature does not necessarily preclude the catalytic use of LaFeOs. In such perovskite
oxides, catalytic activity is not governed solely by dye adsorption but is strongly influenced by
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intrinsic electronic and redox properties [23,24]. The Fe3*/Fe?* alternation capacity [25], the oxygen
mobility in the lattice, and the ability to generate reactive oxygen species are key factors that can
sustain significant catalytic performance even in low-porosity materials [26]. Thus, the structural,
morphological, and textural characteristics obtained for LaFeOs support its further evaluation as a
catalyst for the degradation of the reactive dye Turquoise Tiafix R2G.

Evaluation of catalytic activity in R2G degradation

After confirming the structural and textural properties of LaFeOQs;, its performance in the
degradation of the industrial dye Turquoise Tiafix R2G (hereafter denoted R2G) was evaluated.
Catalytic experiments were conducted using three complementary approaches: photocatalysis,
heterogeneous electro-oxidation and photoelectrocatalysis, seeking to understand how catalyst
loading and applied current influence the efficiency and kinetics of the oxidative process.

Initially, the effect of catalyst loading on dye photodegradation was evaluated. Photocatalytic tests
were performed using 0.1, 0.2 and 0.3 g L™ of LaFeOs in 100 mL of a 200 ppm aqueous R2G solution.
Before the degradation experiments, the dye solution or dye-catalyst suspension was magnetically
stirred in the dark for 30 min at 27 °C to ensure proper dispersion and establish adsorption-desorption
equilibrium, as commonly reported for heterogeneous photocatalytic systems. To show this pre-
reaction stage in the kinetic profiles, negative time values, -30, -20 and -10 min, were used in Figures 3
to 5. These points correspond only to the dark equilibration period, during which irradiation and/or
current application had not yet started. The reaction time was defined as t = 0 min, corresponding to
the onset of irradiation and/or current application. This procedure allows the contribution of initial
adsorption to be distinguished from the degradation stage and prevents overestimation of the
treatment efficiency [27]. The suspension was then irradiated with a 100 W lamp. In parallel,
photolysis experiments were performed in the absence of the catalyst.

Figure 3 shows the evolution of the normalized concentration (C/Co) during the photodegra-
dation of Turquoise Tiafix R2G under different LaFeOs loadings. The inset plot illustrates the corres-
ponding degradation efficiency, %, allowing direct comparison of the photocatalytic performance
under each condition.

10— —u— =
" \ . - . l
0.9 - T
S 08 e
~ X
O = 804
0.7 =
3 0
0.6 T; 20+ —'I—'Photolysis
] e . —m— Photocatalysis 0.1
. R, S— —m— Photocatalysis 0.2
0 10 20 30 40 60 60 %
0.5 Time, min Photocatalysis 0.3
" |

-30 -ZID 1I 0 (; 1'0 2|0 3|0 4l0 5I0 BIO
Time, min
Figure 3. Photolysis and photocatalytic degradation of Turquoise Tiafix R2G dye (200 ppm) as a function of
treatment time under different LaFeOs loadings (0.1, 0.2 and 0.3 g L2). Inset: degradation efficiency as a
function of time
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In the photolysis control, C/Co remained close to unity throughout the experiment, indicating
that irradiation with the 100 W lamp in the absence of LaFeOs; was not sufficient to promote
significant dye degradation. This behaviour is consistent with several reports showing that isolated
photolysis is generally ineffective for industrial dyes, owing to their highly stable molecular
structures and low susceptibility to direct photon-induced oxidation [28,29]. In similar systems,
degradation by photolysis rarely exceeds 5 to 10 % even under intense UV-Vis irradiation, which
reinforces the need for a semiconductor catalyst to initiate and sustain the oxidative process [30].

Several studies have confirmed that direct photolysis of industrial dyes, carried out without
catalysts or other advanced oxidation processes, typically leads to limited colour removal [29]. This
is attributed to the presence of robust chromophoric groups and conjugated structures that confer
high photostability. For instance, in the case of methylene blue, less than 8 % degradation has been
reported after 10 h of photolysis, and virtually no decomposition occurs under visible light in the
absence of a catalyst [28].

The samples containing 0.1 and 0.2 g L™ of LaFeOs showed similar C/Co profiles, with only modest
decreases in dye concentration and stabilization near C/Co = 0.90, corresponding to approximately
10 % degradation of R2G. These results suggest that, at these catalyst loadings, the density of
accessible active sites and the extent of photon capture are insufficient to sustain the continuous
generation of electron-hole (e /h*) pairs required for effective formation of oxidizing species (*OH,
0,"7) [31] reported similar behaviour for TiO,/XG systems, in which low catalyst loadings led to slower
degradation kinetics due to the reduced number of active sites and limited photon interception.

Studies involving other perovskites, such as LaCoOs and LaMnOs, corroborate this behaviour and
show that photocatalytic efficiency increases only when the catalyst loading exceeds a minimum
threshold required to ensure sufficient optical absorption and surface exposure [32].

On the other hand, at a loading of 0.3 g L™, LaFeOs exhibited the best photocatalytic perfor-
mance, reaching approximately 30 % degradation of R2G. This marked improvement relative to
lower loadings can be attributed to more efficient generation of reactive oxygen species, such as
+OH and O,*7, upon photoactivation of the perovskite. Under irradiation, electron excitation from
the valence band to the conduction band produces e™/h* pairs. Conduction-band electrons can be
captured by dissolved oxygen to form O,'", whereas valence-band holes oxidize water or surface
hydroxyl groups, leading to the formation of «OH. Similar photocatalytic mechanisms have been
reported for other perovskite oxides [17,33].

After identifying 0.3 g L™ LaFeOs as the most effective photocatalyst loading, the influence of
applied current density (10, 15 and 20 mA cm™2) on the electrochemical degradation process was
evaluated to investigate the possible synergy between external current application and perovskite
activity. Figure 4 shows the evolution of the C/Co ratio as a function of electrolysis time for different
current densities. The inset presents the corresponding degradation efficiency.

At 10 mA cm™2, a gradual decrease in concentration was observed, reaching 53 % degradation.
Although this condition is effective, the relatively modest removal suggests a lower rate of electro-
generated oxidant formation and slower acceleration of the Fe3*/Fe?* redox cycle. Studies on electro-
activated perovskites indicate that low current densities favour slower electron-transfer processes,
thereby limiting the overall degradation process [34]. In such systems, the efficiency of charge transfer
strongly depends on the applied potential and current: at low currents, the limited flow of charge
carriers restricts the generation of oxidative species required for dye degradation [7,35].

http://doi.org/10.5599/jese.3177 9
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Figure 4. Electrochemical degradation of Turquoise Tiafix R2G dye (200 ppm) as a function of treatment time
at different current densities. Inset: the corresponding degradation efficiency

The application of 15 mA cm™2 resulted in the highest degradation efficiency among the evaluated
current densities, with 62 % degradation after 60 min. This behaviour can be attributed to an increased
rate of electrogenerated oxidant formation and enhanced charge transport through the perovskite-
containing system. Studies on LaBOs-type perovskites in electrocatalytic applications have shown that
intermediate current densities often yield optimal performance, as they balance efficient oxidant
production with controlled surface conditions, avoiding excessive surface passivation, electrochemical
corrosion and unproductive charge recombination [36].

When the current density was increased to 20 mA cm™2, the degradation efficiency decreased
slightly (58 % degradation). This decline can be associated with the higher overpotentials required at
elevated currents, which favour competitive reactions such as the oxygen evolution reaction (OER)
and may lead to surface saturation or blockage of active sites. Under these conditions, a larger fraction
of the applied current is diverted to side reactions, reducing the fraction available for target pollutant
oxidation.

The literature indicates that beyond a certain limit, further increases in current density no longer
translate into more useful radical generation but instead result in higher energy consumption and
intensified parasitic reactions. High current densities can promote mass-transport limitations,
accumulation of undesired by-products and reduced current efficiency due to the prevalence of
parallel reactions [37,38].

Given that photocatalysis with 0.3 g L™ LaFeOs achieved only moderate degradation, and that electro-
chemical oxidation alone did not lead to complete removal of R2G, the system was subsequently
operated in photoelectrocatalytic mode by combining irradiation with applied current. Figure 5 shows
the evolution of C/C, as a function of time under simultaneous irradiation and current application. The
inset presents the corresponding degradation efficiency.

Under photoelectrocatalytic conditions at 10 mA cm™2, a marked decrease in dye concentration
was observed (i.e. 60 % degradation of R2G after 60 min). This removal is clearly higher than that
obtained under isolated photocatalysis (~30 % degradation) and exceeds the photo-activity
observed in the absence of current. It also improves upon the performance at the same current
density under purely electrochemical conditions, highlighting the beneficial effect of combining
irradiation and applied current.
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Figure 5. Photoelectrocatalytic degradation of Turquoise Tiafix R2G dye (200 ppm) as a function of treatment
time at different current densities. Inset: the corresponding degradation efficiency

The photoelectrocatalytic system operated at 15 mA cm™ exhibited the best performance among
the evaluated conditions, with C/Co decreasing to approximately 0.05 after 60 min, i.e. about 95 % dye
degradation. This pronounced improvement can be ascribed to a favourable balance between electro-
chemical driving force and surface stability. Some reports have demonstrated that photoelectro-
chemical efficiency often reaches a maximum at intermediate current or potential values, whereas
excessive currents typically lead to performance losses due to enhanced charge-carrier recombination
and electrode or catalyst degradation. The substantial gain in efficiency in the combined current +
light mode, approaching 95 % degradation in 60 min under optimized conditions, supports the
presence of a synergistic effect. This synergy can be more safely attributed to the simultaneous
occurrence of photocatalytic reactive oxygen species generation in the LaFeO; suspension and
electrochemical oxidant generation at the anode, particularly chlorine-based oxidants in the chloride-
containing electrolyte, as described in the photoelectrocatalysis literature [39].

Although photoelectrocatalysis at 20 mA cm™ yielded better performance than at 10 mA cm~2,
it did not surpass that at 15 mA cm™2. At 20 mA cm™2, C/Co reached = 0.22 after 60 min, corres-
ponding to 78 % dye degradation and indicating a decrease in efficiency relative to 15 mA-cm™2. This
decline can be associated with the higher overpotentials required at elevated current densities,
which enhance the OER, a major competitive pathway that diverts current away from pollutant
oxidation [40,41]. In addition, the excess charge-carrier flux at high current densities can promote
enhanced charge recombination and the formation of non-productive intermediates, thereby
reducing overall current efficiency [42].

Figure 6 compares the best-performing conditions identified for each process: photocatalysis
with 0.3 g L™ LaFeOs, heterogeneous electrochemical oxidation at 15 mA cm™ and photoelectro-
catalysis at 15 mA cm™. The inset shows the corresponding degradation efficiency. The purpose of
this comparison is to clearly illustrate the progressive enhancement of oxidative performance when
transitioning from photocatalysis to heterogeneous electro-oxidation and ultimately to their
combination in photoelectrocatalysis.

Photocatalysis with 0.3 g L' LaFeOs exhibited moderate performance, achieving around 30 %
degradation, likely limited by charge-carrier recombination and the relatively low surface area of
the catalyst.
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Figure 6. Comparison of the most efficient conditions for Turquoise Tiafix R2G (200 ppm) degradation:
photocatalysis with 0 3 g L™" LaFeOs, heterogeneous electro-oxidation at 15 mA cm™2 and
photoelectrocatalysis at 15 mA cm™2 Inset: degradation efficiency

Under heterogeneous electro-oxidation at 15 mA cm™2, dye removal increased significantly to
approximately 62 % degradation, demonstrating the positive impact of applying an external current
to drive oxidative processes. In contrast, photoelectrocatalysis at 15 mA cm™ led to almost complete
degradation of R2G, reaching about 95 % removal within 60 min.

Mechanism of dye degradation

Based on the experimental results and literature reports, a plausible degradation mechanism can
be proposed for the photocatalytic, electrochemical and photoelectrocatalytic treatment of
Turquoise Tiafix R2G.

Under photocatalytic conditions, irradiation of LaFeOs; with photons of sufficient energy
promotes the formation of electron-hole pairs (e /h*) in the semiconductor. The photogenerated
holes may oxidize water molecules or hydroxide ions to form hydroxyl radicals (¢OH), while the
photogenerated electrons may reduce dissolved oxygen to superoxide radicals. Subsequent
reactions involving 0", HOze, H,0, and «OH can generate additional oxidizing species. These
reactive oxygen species can attack the phthalocyanine chromophore and other organic moieties of
the dye, leading to decolorization and progressive chemical transformation of the pollutant [43,44].

In the electrochemical process, degradation occurs at or near the Ti/(RuO;)o.s-(Sb204)0.2 anode
through both direct and indirect oxidation pathways. Direct oxidation may occur by electron transfer
from the dye or adsorbed intermediates to the anode surface. Indirect oxidation may occur through
oxidants generated electrochemically from water and electrolyte species. In aqueous electrolyte,
water oxidation at the anode can produce adsorbed hydroxyl species, whereas in the presence of
chloride ions, chlorine-based oxidants such as Cl,, HOCl and CIO™ may be formed. These species can
react with the dye in the solution phase and contribute to the degradation of the chromophoric
structure [45-47].

In photoelectrocatalysis, the photocatalytic and electrochemical pathways operate simulta-
neously. Under light irradiation, suspended LaFeOs particles promote photocatalytic charge-carrier
generation and subsequent formation of reactive oxygen species. At the same time, the Ti/(RuO,)o.s-
-(Sb204)0.2 anode promotes the formation of electrochemical oxidants, particularly active chlorine
species in the chloride-containing electrolyte. Thus, the photoelectrocatalytic process can be
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understood as the combination of photocatalytic reactive oxygen species generation in the LaFeOs
suspension and electrochemical oxidant generation at the anode. The coexistence of reactive
oxygen species and electrochemically generated oxidants creates a more effective oxidative
environment, which explains the higher degradation efficiency observed for the photoelectro-
catalytic process compared with photocatalysis or electrochemical oxidation alone [45,47].

The Ti/(RuO,)o.s-(Sb204)o2 anode is expected to play a key role in electrochemical and photo-
electrocatalytic systems. The Ti substrate provides mechanical stability and electrical conductivity,
while RuO, acts as the main electrocatalytically active oxide phase for water and chloride oxidation.
The Sb oxide component may contribute to electrode stability and modify the electrochemical
properties of the mixed oxide surface, influencing the formation of oxidizing species and the
competition with oxygen evolution [48]. Therefore, in the Na,S04/NaCl electrolyte used in this work,
the anode contributes to dye degradation mainly by promoting indirect oxidation through surface
hydroxyl species and chlorine-based oxidants [46].

UV-Vis absorption spectra of R2G

To support the degradation results obtained from the C/Co profiles and to confirm the wave-
length selected for monitoring dye removal, UV-Vis absorption spectra were recorded for Turquoise
Tiafix R2G before and after each of the different treatment processes. Figure 7 shows the spectra of
the initial dye solution and of the solutions treated by photolysis, photocatalysis, electrochemical
oxidation and photoelectrocatalysis.
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: —— Photocatalysis
Electrocatalysis
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Figure 7. UV-Vis absorption spectra of Turquoise Tiafix R2G (200 ppm) under different conditions: initial
solution and after photolysis, photocatalysis, electrochemical oxidation and photoelectrocatalysis

As shown in Figure 7, the initial dye solution exhibits a pronounced absorption maximum at
approximately 620 nm, which is attributed to the Q band of the phthalocyanine chromophore. The
decrease in absorbance at this wavelength after treatments indicates progressive disruption of the
chromophoric system, while the absence of significant peak shifts suggests that its fundamental
electronic structure is initially preserved. In some cases, a secondary band around ~670 nm is
observed, possibly associated with intermediate species formed during the degradation process.
Among the evaluated processes, photoelectrocatalysis produced the largest reduction in the 620 nm
absorption band, confirming its higher degradation efficiency under the experimental conditions used
in this study [49].
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Kinetics of R2G degradation

Following this comparative evaluation of the photocatalytic, electrochemical and photoelectro-
catalytic systems, a kinetic analysis was performed to quantify the degradation rate under the most
efficient conditions, as shown in Figure 8. This figure shows the kinetic curves obtained for the
photocatalytic, electrochemical oxidation and photoelectrocatalytic systems, fitted to a pseudo-
first-order model. The linear behaviour of In(C/Co) as a function of time indicates that this model
adequately describes the dye degradation kinetics under the different operating conditions.

The pseudo-first-order approach is widely applied to photo(electro)catalytic degradation of
organic pollutants, as demonstrated in several studies involving LaFeOs, LaCoOs and LaMnQs perov-
skites [17,21,50]. In the present case, the photocatalytic curve exhibits a small slope, with data
points clustered near the upper region of the plot (In(C/Co) = 0 to -0.5), reflecting the modest
degradation observed experimentally. The heterogeneous electro-oxidation curve shows an inter-
mediate slope, with In(C/Co) values reaching approximately -1.5 at 60 min, confirming that the
electrochemical process significantly accelerates dye removal compared with photocatalysis alone.

In contrast, the photoelectrocatalytic curve displays the steepest slope, with In(C/Co) values
dropping below -6 at 60 min, indicative of very fast kinetics. The marked linearity of this curve
further supports the suitability of the pseudo-first-order description for the PEC process under the
studied conditions.

0.0 - .

-0.2 1 a1

In(C/ Co)

-0.3 1

Photocatalysis
-0.4 4 m  FElectrocatalysis u
B Photoelectrocatalysis

0.5 . . ;
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Figure 8. Pseudo-first-order kinetic plots for the degradation of Turquoise Tiafix R2G (200 ppm) under photoca-
talysis (0.3 g L™ LaFeQs), heterogeneous electro-oxidation (15 mA cm™) and photoelectrocatalysis (15 mA cm™3)

The apparent rate constants (k) were obtained from the linear fits using the pseudo-first-order
expression, Equation (1):

In[iJ: kt (1)
CO

The resulting kinetic parameters are summarized in Table 2.

Photocatalysis with 0.3 g L™ LaFeOs; yielded an apparent rate constant of 0.00595 min~', con-
firming that, despite the increased catalyst loading, the process remains kinetically limited. This low
k value is consistent with the moderate degradation observed experimentally and is in line with
previous reports, which often describe k values below 0.01 min~ for undoped perovskites operating
under simple photocatalytic conditions, particularly when targeting structurally complex dyes [51].
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Under electrocatalytic conditions at 15 mA cm™2, the apparent rate constant increased to
0.01610 min~', corresponding to an approximately threefold enhancement relative to photo-
catalysis. This substantial increase underscores the direct impact of applying an external current on
the generation of oxidizing species and the acceleration of degradation reactions.

Table 2. Apparent pseudo-first-order kinetic parameters for R2G degradation under different conditions

Process In(C/C) k/min™ o . )
- = Relative increase in k versus photocatalysis
Photocatalysis (0.3 g L™") -0.357 0.00595
Heterogeneous electro-oxidation (15 mA cm™) -0.967 0.01610 2.7-fold higher than photocatalysis
Photoelectrocatalysis (15 mA cm?) -2.996 0.04990 8.4-fold higher than photocatalysis

3.1-fold higher than electro-oxidation

The photoelectrocatalytic (PEC) system at 15 mA cm™2 exhibited a pronounced kinetic enhance-
ment, with k = 0.04990 min~', approximately 8 times higher than for photocatalysis and about 3
times higher than for electrocatalysis alone. This high rate constant provides quantitative evidence
of a synergistic effect between light irradiation and applied current, confirming that PEC is the
fastest and most efficient process among those evaluated. The kinetic data thus highlight the strong
potential of LaFeOs-based photoelectrocatalysis for the treatment of effluents containing industrial
dyes and, by extension, other recalcitrant organic pollutants.

HPLC analysis of R2G
Because photoelectrocatalysis at 15 mA cm™2 showed the highest degradation performance, this

condition was selected for additional HPLC analysis. Figure 9 presents the chromatographic profiles
of Turquoise Tiafix R2G before and after photoelectrocatalytic treatment at different reaction times.
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Figure 9. HPLC chromatograms of Turquoise Tiafix R2G before and after photoelectrocatalytic treatment,
showing the reduction of the main peak and formation of intermediates

The initial chromatogram exhibits a predominant peak at 25.89 min, attributed to the main dye-
related component in the commercial formulation, along with minor peaks that may be associated
with impurities, additives, or structurally related species present in the commercial dye formulation.
After the photoelectrocatalytic treatment, the area and intensity of the main peak decrease substan-
tially, indicating removal/transformation of the main dye-related component from the solution. At the

http://doi.org/10.5599/jese.3177 15



http://doi.org/10.5599/jese.3177

J. Electrochem. Sci. Eng. 16 (2026) 3177 Degradation of Turquoise Tiafix R2G using LaFeOs perovskite

same time, additional lower-intensity peaks appear or persist at shorter retention times, suggesting
the formation of more polar transformation products during oxidation.

These HPLC results demonstrate that the process involves not only decolorization but also
extensive chemical transformation of the pollutant, a distinction that cannot be reliably made by
UV-Vis monitoring alone, since transformation products may exhibit similar absorption features.
The formation of intermediate compounds is compatible with degradation pathways reported for
LaFeOs-based perovskite systems, in which reactive oxygen species, including hydroxyl radicals
(«OH) and superoxide radicals (O,°7), participate in the oxidation of aromatic dye structures [17].

Stability and reusability of catalyst
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Figure 10. Reusability of the catalyst under photocatalytic conditions for the degradation of Turquoise Tiafix
R2G (200 ppm), over four consecutive cycles

During the first two cycles, the catalyst displayed comparable degradation efficiencies (29.8 and
29.0 %), indicating short-term stability and effective preservation of surface-active sites under the
applied conditions. Similar or even higher stability over several cycles has been reported for
mesoporous or supported LaFeO; systems, which often retain >90 % of their initial activity after 3
to 6 runs [52].

From the third cycle onward, a marked decline in activity was observed (=21.1%), followed by a
drastic loss in the fourth cycle (=6.1 %), revealing progressive catalyst deactivation under repeated
operation. Such behaviour contrasts with LaFeOs catalysts engineered with hierarchical or porous
architectures, which generally exhibit enhanced resistance to deactivation owing to higher surface
area and improved mass-transfer pathways.

The loss of activity may be attributed to several factors, including partial catalyst loss during
recovery, surface fouling by adsorbed intermediates or by-products, particle agglomeration, and
possible changes in the catalyst surface after repeated irradiation and washing steps. These effects
can reduce the number of accessible active sites and limit contact between the dye molecules and
the photocatalyst surface [23].

Therefore, although the catalyst exhibited acceptable short-term stability during the initial cycles,
its reusability under prolonged operation was limited under the conditions tested. These results
indicate that future optimization should focus on improving catalyst recovery, surface stability and
resistance to fouling.
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Conclusions

The synthesized lanthanum ferrite (LaFeOs) presented a well-defined perovskite structure, as
confirmed by XRD, while SEM and N, adsorption (BET, BJH, DFT) analyses revealed a highly
crystalline, densely agglomerated material with low specific surface area and limited porosity. These
structural, morphological and textural features support its use in the degradation of the reactive
dye Turquoise Tiafix R2G and enabled an integrated assessment of photocatalytic, heterogeneous
electro-oxidation and photoelectrocatalytic processes.

Photolysis experiments confirmed the high photostability of R2G under the irradiation conditions
employed, with negligible degradation in the absence of catalyst or applied current. In photo-
catalysis, a LaFeOs loading of 0.3 g L™ was the most effective among the concentrations tested;
however, the process still led to only moderate dye removal, consistent with limitations imposed by
electron-hole recombination and the low surface area of the catalyst. Under heterogeneous electro-
oxidation at 15 mA-cm™2, dye degradation increased significantly, highlighting the role of the applied
current in driving oxidizing species formation, promoting the Fe3*/Fe?* redox cycle in LaFeOs, and
intensifying reactions at the electrode-solution interface.

The photoelectrocatalytic process, combining 0.3 g L™ LaFeOs with a current density of 15 mA cm™
under irradiation, exhibited the best overall performance, reaching near-complete degradation and
yielding the highest apparent pseudo-first-order rate constant. Photoelectrocatalysis followed
pseudo-first-order kinetics, with an apparent rate approximately 18 times higher than that of
photocatalysis and about 5 times higher than that of heterogeneous electro-oxidation, quantitati-
vely demonstrating the synergistic effect between light-driven photocatalytic reactions in suspen-
sion and electrochemical oxidant generation at the anode.

HPLC analysis further confirmed the effectiveness of the process by showing a substantial reduction
of the main chromatographic peak associated with the parent dye after treatment, along with the
formation of intermediate compounds at shorter retention times. These results demonstrate that the
observed removal is not limited to decolorization but involves significant chemical transformation of
the pollutant, providing more reliable evidence of degradation than UV-Vis analysis alone.

Our results demonstrate that LaFeOs is a promising material for advanced oxidative processes,
with particularly high efficiency under photoelectrocatalytic conditions. The simultaneous applica-
tion of light and electric current proved to be the most effective strategy, achieving degradation
rates substantially higher than those of the isolated photocatalytic and electrochemical processes.
Thus, the optimized photoelectrocatalytic system (0.3 g L' LaFeOs and 15 mA cm™2) shows con-
siderable potential for application in the treatment of effluents containing industrial dyes and other
recalcitrant organic contaminants.

Stability tests showed that the catalyst maintained similar photocatalytic performance during the
first two cycles but underwent a progressive decrease in activity after further reuse. This deactivation
may be related to partial material loss during recovery, surface fouling by reaction intermediates, or
by-products, particle agglomeration and possible surface changes during operation. Therefore,
although the catalyst showed acceptable short-term stability, future studies should focus on improv-
ing catalyst durability and recovery to enhance its practical applicability in wastewater treatment.

Funding: This study was financed by CAPES (grant 88887.807550/2023-00), CNPq (grants
305287/2022-2 and 307866/2022-0) and FAPITEC/SE.
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