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Abstract

Industrial effluents containing persistent synthetic dyes represent an important environmen-
tal challenge because of their high chemical stability, low biodegradability, and potential
adverse effects on aquatic ecosystems. This study evaluates electrochemical advanced
oxidation processes (EAOPs) as remediation strategies for dye-contaminated tanery dyes,
with particular emphasis on conditions representative of complex industrial effluents.
Electrochemical oxidation (EOx), electro-Fenton (EF), and photoelectro-Fenton (PEF) pro-
cesses using boron-doped diamond (BDD) electrodes were comparatively investigated
for the degradation of Violet S4B and a multicomponent mixture containing Violet S4B,
Brown DR, and Black NT2. The effects of current density and pollutant concentration
were assessed through discoloration, pseudo-first-order kinetics, chemical oxygen demand
(COD) removal, and HPLC analysis of oxidation intermediates. For the multicomponent
system, PEF achieved approximately 99% discoloration after 120 min, compared with
nearly 97% for EF and 95% for EOx, with apparent rate constants increasing in the order
EOx < EF < PEF. More importantly, COD analysis demonstrated extensive mineraliza-
tion during PEF treatment, while HPLC revealed negligible accumulation of oxalic acid,
indicating effective oxidation of refractory intermediates. The results demonstrate that com-
bining anodic oxidation, electrochemically generated Fenton chemistry, and photo-assisted
reactions enhances the remediation of complex dye mixtures. These findings support
BDD-based EAOPs, particularly PEF, as promising technologies for reducing persistent
organic pollution associated with tannery dye solutions.

Keywords: environmental remediation; electrochemical advanced oxidation processes;
boron-doped diamond; photoelectro-Fenton; multicomponent dye mixtures; water
pollution

1. Introduction
Industrial wastewaters generated by textile, leather, pharmaceutical, and related

manufacturing sectors represent an important source of persistent organic pollution in
aquatic environments because they frequently contain recalcitrant contaminants that are
poorly removed by conventional treatment technologies. Among these industrial activities,
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leather manufacturing is of particular environmental concern due to the large volumes of
wastewater generated and the discharge of synthetic dyes and auxiliary chemicals during
retanning, dyeing, and oiling operations. The persistence and chemical stability of these
compounds can contribute to the deterioration of receiving water bodies, emphasizing the
need for effective treatment strategies capable of reducing the organic pollutant load before
wastewater discharge or reuse. These effluents exhibit high chemical stability and low
biodegradability, limiting the effectiveness of conventional treatments and promoting the
persistence of contaminants in aquatic environments. Consequently, developing efficient
oxidation technologies capable of enhancing pollutant degradation and mineralization has
become an important challenge for the sustainable management of tannery wastewaters.
In this context, advanced oxidation processes (AOPs) have attracted considerable attention
because of their ability to generate highly reactive species for the degradation of refractory
organic contaminants and improved treatment performance [1,2].

Beyond pollutant removal, advanced treatment technologies play an important role in
promoting sustainable industrial practices and circular economy strategies. In the tannery
industry, efficient treatment of dye-containing effluents enables water reuse and recir-
culation, reducing both freshwater consumption and wastewater generation. Therefore,
advanced oxidation processes capable of treating complex dye mixtures represent a promis-
ing approach for improving the environmental sustainability and resource efficiency of
leather production systems [3].

Synthetic dyes used in leather processing are designed to exhibit high color intensity
together with excellent resistance to light, oxidation, and biodegradation [4]. Although
these properties are essential for producing durable leather products, they also make these
compounds highly persistent in wastewater and difficult to remove by conventional treat-
ment technologies. Even at low concentrations, dyes adversely affect water quality by
reducing light penetration, disrupting aquatic photosynthesis, and generating toxic or mu-
tagenic transformation products during degradation [5]. Consequently, the development
of effective technologies for degrading these recalcitrant contaminants remains a major
research priority in environmental and chemical engineering [6].

Specific discharge limits for individual industrial dyes such as Violet S4B, Brown DR,
and Black NT2 are generally not established. In Mexico, NOM-001-SEMARNAT-2021 regu-
lates colored wastewater through the true-color parameter, establishing maximum spectral
absorption coefficients of 7.0, 5.0, and 3.0 m−1 at 436, 525, and 620 nm, respectively [7].
Although concentrations of these specific commercial dyes in real tannery effluents have
not been systematically reported, dye-containing industrial wastewaters commonly ex-
hibit concentrations of 10–50 mg L−1, while values of 100–200 mg L−1 and ranges up to
10–250 mg L−1 have also been reported for different textile and dyeing operations [8]. Thus,
the concentrations evaluated in this study (50–150 mg L−1) are within environmentally
relevant pollutant loads reported for industrial dye-containing effluents.

Although electrochemical advanced oxidation processes (EAOPs) have been exten-
sively investigated, most studies evaluate their performance using single model pollutants
under simplified laboratory conditions. While these investigations provide valuable mech-
anistic insights, they do not adequately represent industrial wastewaters, where multiple
organic contaminants simultaneously compete for reactive oxygen species and active elec-
trode sites. Consequently, the performance of EAOPs under representative multicomponent
conditions remains insufficiently understood, limiting the extrapolation of laboratory-scale
results to real industrial applications.

Conventional technologies, including coagulation–flocculation, adsorption, membrane
filtration, and biological treatment, have been widely employed for dye-containing wastew-
aters. However, these methods exhibit significant limitations when treating persistent
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organic contaminants. Physical processes generally transfer pollutants from the aqueous
phase to another medium without destruction, generating secondary waste that requires
further management [9]. Likewise, biological treatment is often ineffective because of the
high chemical stability and low biodegradability of synthetic dyes [10]. Consequently, more
efficient oxidation technologies capable of achieving effective contaminant degradation
and mineralization are required.

Advanced oxidation processes (AOPs) have emerged as effective technologies for the
treatment of recalcitrant organic contaminants in water and wastewater. Their performance
is based on the in situ generation of highly reactive species, particularly hydroxyl radicals
(•OH), which possess high oxidation potential and react non-selectively with a broad range
of organic compounds [11]. These reactions promote the breakdown of complex molecular
structures into smaller intermediates and, under appropriate operating conditions, their
eventual mineralization to carbon dioxide, water, and inorganic ions.

Among advanced oxidation technologies, electrochemical advanced oxidation pro-
cesses (EAOPs) have attracted considerable attention because of their operational flexibility
and suitability for on-site wastewater treatment. In these systems, oxidizing species are
generated either directly at the electrode surface or indirectly through electrochemically
produced reagents. A key advantage of EAOPs is the ability to regulate reactive species
generation by controlling the applied current density (j) or electrode potential, providing
precise control over the oxidation process [12].

Electrooxidation (EOx) is the simplest EAOP for the degradation of organic contami-
nants. In this process, water oxidation at the anode generates adsorbed hydroxyl radicals
that react with pollutants in solution [13]. Process performance largely depends on the
anode material, with boron-doped diamond (BDD) electrodes being among the most ef-
fective because of their wide potential window, high chemical stability, low background
current, and ability to generate weakly physisorbed hydroxyl radicals (BDD(•OH)) accord-
ing to Equation (1) [14]. These properties promote efficient contaminant oxidation while
minimizing electrode fouling.

BDD + H2O → BDD(•OH) + H+ + e− (1)

Electro-Fenton (EF) is another widely studied EAOP based on the electrochemical
generation of hydrogen peroxide (H2O2) and its catalytic activation by ferrous ions. In this
process, H2O2 is continuously produced at the cathode through the reduction of dissolved
oxygen, as described by Equation (2) [15]:

O2 + 2H+ + 2e− → H2O2 (2)

The electrogenerated H2O2 subsequently reacts with ferrous ions through the classical
Fenton reaction to produce hydroxyl radicals (•OH), as described by Equation (3) [16]:

Fe2+ + H2O2 → Fe3+ + OH− + •OH (3)

The electrochemical reduction of ferric to ferrous ions, according to Equation (4),
enables continuous Fenton reagent regeneration and sustained hydroxyl radical produc-
tion [17]. This feature enhances process efficiency and has enabled the successful appli-
cation of EF to the treatment of dyes, pharmaceuticals, pesticides, and other industrial
contaminants [18].

Fe3+ + e− → Fe2+ (4)

The efficiency of the electro-Fenton process can be further enhanced by coupling
it with irradiation, giving rise to the photoelectro-Fenton (PEF) process. In this hybrid
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system, UVA or solar radiation promotes the photoreduction of ferric complexes, according
to Equation (5), increasing hydroxyl radical (•OH) production and improving process
performance [19].

Fe(OH)2 + hv → Fe2+ + •OH (5)

In addition, irradiation promotes the photodegradation of carboxylate intermediates
that are more resistant to electrochemical oxidation, according to the general reaction
described by Equation (6) [20]. This synergistic effect accelerates mineralization and
enhances the overall performance of the PEF process compared with EF alone.

Fe3+(RCOO−)
2+

+ hv → Fe2++CO2 + R• (6)

Despite their proven effectiveness, systematic comparisons of electrooxidation (EOx),
electro-Fenton (EF), and photoelectro-Fenton (PEF) under identical operating conditions
remain limited. Such evaluations are essential for elucidating the relative contributions
of electrochemical and photochemical pathways and for identifying the most suitable
treatment strategy for complex wastewaters. Kinetic analysis provides a quantitative basis
for comparing process performance by determining apparent degradation rate constants
under different operating conditions, thereby facilitating the evaluation and optimization
of EAOPs [21].

This study presents a comparative evaluation of electrooxidation (EOx), electro-Fenton
(EF), and photoelectro-Fenton (PEF) for the treatment of a representative tannery dye
and a multicomponent dye mixture using boron-doped diamond (BDD) electrodes [22].
The influence of key operating parameters, particularly current density and initial dye
concentration, was systematically investigated, whereas the Fe2+ concentration employed
in the EF and PEF experiments was selected based on previous optimization studies.
Process performance was assessed through discoloration, chemical oxygen demand (COD)
removal, and pseudo-first-order kinetic analysis [23]. Particular emphasis was placed on
comparing the contributions of electrochemical and photo-assisted oxidation pathways
under identical operating conditions. The results provide environmentally relevant insights
into the performance of EAOPs for the remediation of complex dye-contaminated waters
and their potential application to the treatment of tannery effluents containing persistent
organic pollutants.

2. Materials and Methods
2.1. Chemicals

The model dye used in this study was Violet S4B (Crystal Violet), a synthetic dye
commonly employed during leather dyeing in the tannery industry (Pequeño Curtidor
de León, S.A. de C.V. (PCL, León, Guanajuato, Mexico)). In addition, a representative
multicomponent dye mixture was prepared to simulate industrial effluents, containing
Violet S4B, Brown DR, and Black NT2 at equal concentrations (50 mg L−1 each; total
concentration 150 mg L−1) in 50 mM Na2SO4 at pH 3.0. The initial pH was adjusted to 3.0
for all experiments to provide a common operating condition for comparison among EOx,
EF, and PEF and, particularly, to ensure favorable conditions for the Fe2+/Fe3+ catalytic
cycle involved in the Fenton-based processes. It should be emphasized that the dye
solutions investigated here were model systems rather than actual tannery wastewater.
Consequently, the selected pH does not represent the native pH of tannery effluents,
which may be alkaline depending on the processing stage. Application of EF or PEF to
alkaline tannery wastewater would therefore require pH adjustment as a pretreatment
step, and the associated chemical consumption should be considered when evaluating
practical implementation.
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Comparative experiments with the dye mixture were performed using a BDD plate
anode at 70 mA cm−2. Ferrous sulfate heptahydrate (FeSO4·7H2O, ≥99%, Merck KGaA
(Darmstadt, Germany) was used as the Fe2+ source in the EF and PEF processes. Sodium
sulfate (Na2SO4, ≥99%, Merck KGaA (Darmstadt, Germany)) served as the supporting
electrolyte, while sulfuric acid (H2SO4, 95–98%, Fisher Scientific S.L. (Alcobendas, Madrid,
Spain)) and sodium hydroxide (NaOH, ≥98%, Merck, Germany) were used for pH adjust-
ment. All reagents were analytical grade and used without further purification.

Solutions were prepared with untreated tap water to better represent practical model
systems treatment conditions, as described previously [24]. Continuous air bubbling
(≈3 L min−1) supplied the dissolved oxygen required for H2O2 electrogeneration using
an aquarium air pump (SunSun YT-302C air pump (Sensen Group Co., Ltd., Zhoushan,
China), 3 W) connected to a porous air-stone diffuser located at the bottom of the reactor,
ensuring adequate oxygen transfer and electrolyte mixing.

Fresh dye solutions were prepared immediately before each experiment. The Fe2+

concentration employed in the EF and PEF experiments was selected from preliminary
optimization studies reported previously [25].

2.2. Electrochemical Reactor

Electrochemical experiments were conducted in a laboratory-scale batch reactor with
a working volume of 500 mL. The reactor consisted of a cylindrical borosilicate glass vessel
to allow efficient light transmission during the PEF experiments. The electrochemical cell
consisted of a 5 cm2 BDD plate anode (METAKEM GmbH (Usingen, Germany)) and a
stainless-steel cathode for the EOx process. In the EF and PEF experiments, both electrodes
were of BDD. The electrodes were arranged in a parallel configuration and connected to
a regulated B&K Precision 1670A DC power supply (B&K Precision Corporation, Yorba
Linda, CA, USA) for accurate control of the applied current [24].

During all the experiments, the dye solution was continuously stirred to enhance
mass transfer between the bulk solution and the electrode surfaces. All electrochemical
treatments were performed at room temperature [26].

For the PEF experiments, the electrochemical system was coupled with an ultraviolet
irradiation source. A UV-A lamp (365 nm, 15 W, Philips, model TL-D 15W/08, Signify
Netherlands B.V. (Philips), Eindhoven, The Netherlands) was positioned approximately
10 cm above the reactor, providing uniform illumination of the reaction medium with an
average irradiance of about 20–25 W m−2. The complete reactor arrangement is shown
in Figure 1. Similar irradiation conditions have been reported in photo-Fenton and PEF
processes for dye degradation, as described in previous studies [27].

2.3. Analytical Methods

Dye degradation during the electrochemical treatments was monitored by UV–Vis
spectrophotometry. Before the experiments, full spectra (200–800 nm) were recorded using
a double-beam UV–Vis spectrophotometer (CINTRA 1010, GBC Scientific Equipment Pty
Ltd., Braeside, Victoria, Australia) to determine the maximum absorption wavelength
(λmax), which was subsequently used to monitor dye concentration throughout the experi-
ments. Aliquots were collected at predetermined intervals (10–20 min), filtered through
0.45 µm PTFE syringe filters (MilliporeSigma, Burlington, MA, USA), and immediately
analyzed. The relative dye concentration (C/C0) was calculated from the corresponding
absorbance values according to the Beer–Lambert law.

Mineralization was evaluated by measuring the chemical oxygen demand (COD)
using the dichromate method (Standard Methods 5220D). COD measurements were per-
formed with a digestion reactor (HACH DRB200, Hach Company, Loveland, CO, USA)
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and a multiparameter photometer (HACH DR6000, Hach Company, Loveland, CO, USA).
Samples collected before and after treatment were used to determine the extent of organic
matter removal.

Figure 1. Schematic diagram of the laboratory-scale batch photoelectrochemical reactor employed for
the EOx, EF, and PEF experiments. The reactor consisted of a 500 mL borosilicate glass cell equipped
with BDD electrodes (5 cm2), UV-A irradiation (365 nm), continuous air bubbling, magnetic stirring,
and a constant-current DC power supply.

Selected samples were further analyzed by high-performance liquid chromatography
(HPLC) to identify intermediate degradation products. Analyses were carried out using an
Agilent 1260 Infinity system (Agilent Technologies, Inc., Santa Clara, CA, USA) equipped
with a diode-array detector (DAD). Carboxylic acids were separated by ion-exclusion
chromatography using a Bio-Rad Aminex HPX-87H column, 300 × 7.8 mm, (Bio-Rad
Laboratories, Inc., Hercules, CA, USA) with 4 mM H2SO4 as the mobile phase at a flow
rate of 0.6 mL min−1. The injection volume was 20 µL, and the column temperature was
maintained at 35 ◦C.

2.4. Experimental Procedure

Electrochemical degradation experiments were performed using aqueous dye solu-
tions prepared with untreated tap water. The initial pH was adjusted to 3.0 using dilute
H2SO4 or NaOH before each experiment. The electrolyte was transferred to the electro-
chemical reactor and maintained under continuous stirring throughout the treatment.

EOx experiments were conducted under galvanostatic conditions by applying a con-
stant current density in a batch reactor for the desired electrolysis time. For EF experiments,
Fe2+ was added before electrolysis, while continuous air bubbling was supplied to promote
the electrogeneration of H2O2. PEF experiments were carried out under the same operating
conditions as EF, with the addition of UVA irradiation.

The influence of the applied current density and initial dye concentration on process
performance was systematically evaluated. The Fe2+ concentration employed in the EF and
PEF experiments was fixed at the value selected from previous optimization studies [28].
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3. Results and Discussion: Environmental Remediation of Tannery
Dye-Contaminated Water
3.1. UV–Vis Characterization of Violet S4B

The UV–Vis absorption spectrum of the initial Violet S4B solution shown in Figure 2
was recorded prior to the electrochemical experiments exclusively to characterize its initial
spectroscopic behavior and identify the maximum absorption wavelength (λmax) used for
subsequent discoloration monitoring. Therefore, Figure 2 is intended as an initial spec-
troscopic characterization rather than as a representation of the spectral evolution during
electrochemical treatment. Violet S4B is an industrial dye employed in tannery operations
rather than a commercially standardized model compound; consequently, information
regarding its spectroscopic properties and degradation behavior is scarce. This charac-
terization therefore provides the analytical basis for evaluating the performance of the
electrochemical advanced oxidation processes (EAOPs) investigated in this study.

Figure 2. Initial UV–Vis absorption spectrum of 50 mg L−1 Violet S4B in 50 mM Na2SO4 at pH
3.0, recorded prior to electrochemical treatment for determination of the maximum absorption
wavelength (λmax).

As shown in Figure 2, the spectrum exhibits a broad absorption band centered at
approximately 541 nm, responsible for the characteristic violet color of the solution. This
band is consistent with π→π* electronic transitions within conjugated aromatic structures
typical of industrial dyes designed for high color intensity and chemical stability. The slight
asymmetry and broad tail extending toward longer wavelengths suggest the presence of
multiple chromophoric groups or substituents that influence the electronic distribution of
the molecule.

It should be emphasized that dye discoloration does not necessarily indicate complete
mineralization, since chromophore destruction may occur while oxidation intermediates
remain in solution [29]. Therefore, UV–Vis analysis was used to monitor color removal,
whereas mineralization was evaluated independently by chemical oxygen demand (COD)
measurements.

3.2. Electrochemical Characterization of the Dye

The electrochemical behavior of Violet S4B was investigated by cyclic voltammetry
to elucidate its redox properties and susceptibility to electrochemical oxidation. Measure-
ments were performed using a potentiostat/galvanostat (BASi) in a conventional three-
electrode cell equipped with a glassy carbon working electrode, a platinum wire counter
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electrode, and an Ag/AgCl reference electrode. The supporting electrolyte consisted of
50 mM Na2SO4 at pH 3.0 containing 50 mg L−1 of the dye.

As shown in Figure 3a, the cyclic voltammogram recorded at a scan rate of 100 mV s−1

exhibits a single well-defined anodic peak centered at approximately 0.98 V. No corre-
sponding cathodic peak is observed during the reverse scan, indicating that the oxidation
process is electrochemically irreversible under the experimental conditions. Such behavior
is characteristic of the oxidative transformation of complex aromatic structures, where the
primary electron transfer is followed by rapid chemical reactions that prevent regeneration
of the parent molecule [30].

Figure 3. Electrochemical characterization of 50 mg L−1 Violet S4B in 50 mM Na2SO4: (a) cyclic
voltammogram at 100 mV s−1, (b) cyclic voltammograms at different scan rates, and (c) relationship
between anodic peak current and the square root of scan rate.

Figure 3b presents the voltammograms recorded at different scan rates, showing a
progressive increase in anodic peak current with increasing scan rate. As illustrated in
Figure 3c, the anodic peak current (Ipa) varies linearly with the square root of the scan rate,
confirming that the oxidation process is predominantly diffusion-controlled. The inset sum-
marizes the regression parameters used to validate the linear relationship. The absence of a
reduction peak further indicates that the oxidation products are electrochemically unstable
and undergo subsequent homogeneous reactions leading to irreversible degradation of the
chromophoric structure. This behavior is consistent with an EC-type mechanism, in which
the initial electron transfer is followed by fast chemical transformations in solution [31].

Only minor changes in the anodic peak potential were observed as the scan rate
increased, suggesting that the oxidation mechanism remains essentially unchanged within
the investigated range. The increase in current can therefore be attributed mainly to
enhanced mass transport resulting from a thinner diffusion layer at higher scan rates [32].
During prolonged electrochemical measurements, however, gradual electrode passivation
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was observed, most likely due to the accumulation of strongly adsorbed oxidation products
or polymeric species on the electrode surface. Consequently, cyclic voltammetry was
unsuitable for quantitative determination of Violet S4B because progressive surface fouling
reduced the effective electroactive area and compromised calibration reproducibility [33].

Overall, the electrochemical characterization demonstrates that Violet S4B undergoes
irreversible anodic oxidation through a diffusion-controlled process. These findings confirm
the intrinsic electrochemical reactivity of the dye and provide a mechanistic basis for its
subsequent degradation by electrochemical advanced oxidation processes (EAOPs) [34].

3.3. FTIR Characterization of Violet S4B

The FTIR spectrum presented in Figure 4 provides structural information on Violet
S4B and its potential influence on the electrochemical oxidation process. The identified
absorption bands confirm the predominance of highly conjugated aromatic structures and
amine-containing functional groups, which are characteristic of triphenylmethane dyes
and are closely related to their chromophoric properties and electrochemical reactivity.

Figure 4. FTIR spectrum of Violet S4B (Crystal Violet).

As shown in Figure 4, a broad absorption band centered at approximately 617 cm−1

was observed within the fingerprint region, suggesting the presence of additional struc-
tural components associated with the industrial-grade formulation of the dye. Such com-
positional complexity may influence both the spectroscopic response and the oxidation
pathways, particularly during the formation of intermediate species throughout the degra-
dation process [35].

The predominance of aromatic amine groups and extended π-conjugated structures is
consistent with the irreversible oxidation behavior observed in the cyclic voltammetry stud-
ies, since these functionalities are highly susceptible to oxidative transformation [2]. Like-
wise, the presence of additional constituents may contribute to electrode fouling through
the formation of polymeric or strongly adsorbed oxidation products, which progressively
block active sites and decrease the electroactive surface during prolonged electrochemi-
cal operation [36].
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3.4. Electrochemical Advanced Oxidation Processes

The degradation of Violet S4B by electrochemical oxidation (EOx) was evaluated at
initial dye concentrations of 50, 100, and 150 mg L−1, selected to represent the concentration
range investigated in this study. Dye concentration was monitored by UV–Vis spectroscopy
using a calibration curve constructed from the maximum absorption wavelength (541 nm).
The removal efficiency was calculated according to Equation (7):

Percent of removal = (C0 − Ct)/C0 × 100 (7)

where C0 and Ct correspond to the concentration at the initial time and at time t,
respectively [37].

3.4.1. Effect of Applied Current Density at Different Initial Concentrations in
Electrochemical Oxidation

The electrochemical oxidation (EOx) of Violet S4B was evaluated at current densities
of (■) 20 mA cm−2, (•) 50 mA cm−2, and (▲) 70 mA cm−2, using initial dye concentrations
of 50, 100, and 150 mg L−1 in 50 mM Na2SO4 at pH 3.0. Under all experimental conditions,
the degradation profiles were satisfactorily described by pseudo-first-order kinetics.

At an initial concentration of 50 mg L−1, Figure 5a shows rapid dye removal, reaching
(■) 94.8%, (•) 99.7%, and (▲) 99.9% after 60 min. The corresponding apparent rate constants
(Figure 5b) increased from (■) 0.0742 min−1 to (•) 0.1505 min−1 and (▲) 0.2736 min−1 as
the current density increased, indicating that the degradation rate was primarily governed
by the generation of oxidizing species at the anode [38].

Increasing the initial concentration to 100 mg L−1 resulted in lower degradation
efficiencies (Figure 5c), with removals of (■) 26.8%, (•) 62.3%, and (▲) 82.3% at 20, 50, and
70 mA cm−2, respectively. Likewise, the apparent rate constants (Figure 5d) decreased to
(■) 0.0052 min−1, (•) 0.0162 min−1, and (▲) 0.0298 min−1, reflecting the greater competition
for reactive species and the progressive limitation imposed by the higher pollutant load [38].

A similar trend was observed at 150 mg L−1. As shown in Figure 5e, dye removals of
(■) 71.6%, (•) 77.8%, and (▲) 81.0% were achieved after 60 min, while the corresponding
kinetic constants (Figure 5f) were (■) 0.0210 min−1, (•) 0.0251 min−1, and (▲) 0.0277 min−1.
Despite the higher organic loading, the electrochemical process maintained high removal
efficiencies over the investigated current density range, demonstrating its suitability for
treating concentrated dye solutions.

The improvement in degradation performance with increasing current density is
attributed to the enhanced electrogeneration of physisorbed BDD(•OH) on the anode
surface, which increases the oxidation capacity of the system. At the highest current den-
sities, however, part of the applied current may be consumed by competing reactions,
particularly oxygen evolution, leading to a partial decrease in current efficiency. Never-
theless, the overall oxidation performance remained high throughout the investigated
operating conditions [39].

From a mechanistic standpoint, EOx is dominated by heterogeneous oxidation me-
diated by BDD(•OH) generated at the electrode surface. As electrolysis proceeds, the
process gradually shifts from reaction-controlled to mass transfer-controlled conditions,
making pollutant transport from the bulk solution to the electrode increasingly important.
This effect becomes more pronounced at higher dye concentrations, explaining the lower
apparent degradation rates despite the higher production of oxidizing species [40].
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Figure 5. Effect of current density on the electrochemical oxidation of Violet S4B using a BDD anode
in 50 mM Na2SO4 at pH 3.0 at different initial dye concentrations: (a,b) 50 mg L−1, (c,d) 100 mg L−1,
and (e,f) 150 mg L−1. Panels (a,c,e) show the normalized concentration (C/C0) as a function of
electrolysis time, whereas panels (b,d,f) show the corresponding pseudo-first-order kinetic plots,
−ln(C/C0) versus time, with linear regression fits. The apparent rate constants (kapp) and coeffi-
cients of determination (R2) obtained from the linear regressions are indicated in the kinetic panels.
(■) j = 20 mA cm−2, (•) j = 50 mA cm−2, and (▲) j = 70 mA cm−2.

3.4.2. Effect of Initial Concentration in Electrochemical Oxidation

The influence of the initial dye concentration on the performance of the EOx process
is presented in Figure 6a. An inverse relationship between the initial concentration and
degradation efficiency was observed. At 50 mg L−1 (▲), rapid oxidation led to nearly
complete dye removal within the early stages of electrolysis. In contrast, increasing the
concentration to 100 mg L−1 (■) and 150 mg L−1 (•) at 70 mA cm−2 resulted in progressively
slower degradation profiles, reflecting the greater oxidant demand imposed by higher
pollutant loadings [41].
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Figure 6. Effect of initial dye concentration on the electrochemical oxidation of Violet S4B at 70 mA
cm−2 in 50 mM Na2SO4 at pH 3.0: (a) normalized concentration (C/C0) as a function of electrolysis
time and (b) corresponding pseudo-first-order kinetic plots, −ln(C/C0) versus time, with linear re-
gression fits. The apparent rate constants (kapp) and coefficients of determination (R2) obtained from
the linear regressions are indicated in panel (b). (▲) 50 mg L−1, (■) 100 mg L−1, and (•) 150 mg L−1.

This trend is confirmed by the kinetic analysis shown in Figure 6b, where the apparent
rate constants decreased markedly with increasing dye concentration. The system con-
taining 50 mg L−1 exhibited the highest apparent rate constant (0.27236 min−1), whereas
substantially lower values of 0.0298 min−1 and 0.0251 min−1 were obtained at 100 and
150 mg L−1, respectively. Overall, increasing the dye concentration from 50 to 150 mg L−1

reduced the apparent reaction rate by approximately one order of magnitude [42].
The decrease in degradation kinetics can be attributed primarily to the lower oxidant-

to-pollutant ratio as the dye concentration increases. Although the electrogeneration rate
of BDD(•OH) remains governed by the applied current, a larger number of dye molecules
compete for the same population of reactive species, reducing the probability of effective
oxidation events [43]. Simultaneously, oxidation intermediates formed during electrolysis
accumulate to a greater extent at higher pollutant concentrations and compete with the
parent dye for hydroxyl radicals, further decreasing the overall degradation rate and
increasing the complexity of the oxidation pathway [44].

In addition to these chemical effects, mass transport becomes increasingly important
at higher dye concentrations. As the oxidation rate at the electrode surface increases, the
transport of pollutant molecules from the bulk solution to the electrode may become the
limiting step, resulting in lower apparent kinetic constants despite the high oxidation
capability of the BDD anode [45].
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Overall, these results demonstrate that the efficiency of electrochemical oxidation is
strongly dependent on the initial pollutant loading. Lower dye concentrations favor faster
degradation because the oxidizing species generated through Equation (1) are more readily
available for reaction with the target pollutant, whereas higher concentrations progressively
shift the process toward oxidant-limited and mass transfer-controlled conditions.

3.4.3. Effect of Current Density on the Electro-Fenton Process

An initial dye concentration of 150 mg L−1 was selected for the electro-Fenton (EF)
experiments based on the results obtained during electrochemical oxidation, where sat-
isfactory degradation performance was achieved under comparable operating condi-
tions. Moreover, this concentration is representative of highly contaminated tannery
wastewaters, providing a more realistic basis for evaluating the treatment efficiency under
practical conditions.

Figure 7a illustrates the degradation of Violet S4B during EF treatment at current
densities of (■) 20, (•) 50, and (▲) 70 mA cm−2 in 50 mM Na2SO4 (pH 3.0) containing
0.02 mM Fe2+. The normalized concentration (C/C0) decreased more rapidly as the applied
current density increased. After 60 min of electrolysis, dye removals of (■) 55%, (•) 78%,
and (▲) 96% were achieved at 20, 50, and 70 mA cm−2, respectively. This behavior reflects
the greater electrogeneration of H2O2 at higher current densities, which enhances hydroxyl
radical production through the Fenton reaction and consequently increases the overall
oxidation capacity of the system [46].

Figure 7. Electro-Fenton degradation of 150 mg L−1 Violet S4B using BDD electrodes in 50 mM
Na2SO4 at pH 3.0 with 0.02 mM Fe2+: (a) normalized concentration (C/C0) as a function of elec-
trolysis time at different current densities and (b) corresponding pseudo-first-order kinetic plots,
−ln(C/C0) versus time, with linear regression fits. The apparent rate constants (kapp) and coefficients
of determination (R2) obtained from the linear regressions are indicated in panel (b). (■) 20 mA
cm−2, (•) 50 mA cm−2, and (▲) 70 mA cm−2.
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The kinetic analysis presented in Figure 7b confirms that dye degradation follows
pseudo-first-order kinetics over the investigated current density range. The apparent rate
constants increased from (■) 0.0104 min−1 to (•) 0.0305 min−1 and (▲) 0.0475 min−1 as the
current density increased, demonstrating that the degradation rate is strongly governed by
the availability of reactive oxygen species generated during the EF process [47].

From a mechanistic perspective, increasing the applied current enhances the cathodic
reduction of dissolved oxygen to H2O2, which subsequently reacts with Fe2+ to generate
hydroxyl radicals in the bulk solution. This homogeneous oxidation pathway complements
the heterogeneous oxidation occurring at the BDD anode, producing a synergistic effect
that accelerates dye degradation. Nevertheless, excessively high current densities may
also promote competing reactions, such as hydrogen evolution at the cathode and oxygen
evolution at the anode, which can partially reduce current efficiency despite the higher
oxidation rate.

Overall, the EF process exhibited a pronounced dependence on current density, with
higher applied currents producing faster degradation kinetics and greater discoloration
efficiencies. These results demonstrate the superior oxidation capability of EF compared
with direct electrochemical oxidation under equivalent pollutant loading and support its
applicability for the treatment of highly concentrated tannery dye solutions [48].

3.4.4. Photoelectro-Fenton Process

Figure 8a presents the degradation of 150 mg L−1 Violet S4B by the photoelectro-
Fenton (PEF) process in 50 mM Na2SO4 at pH 3.0 using current densities of (■) 20, (•) 50,
and (▲) 70 mA cm−2. As observed for EOx and EF, increasing the applied current den-
sity significantly enhanced the degradation performance owing to the greater production
of reactive oxygen species. Dye removals after 60 min reached (■) 92%, (•) 98%, and
(▲) complete discoloration at 20, 50, and 70 mA cm−2, respectively. The correspond-
ing pseudo-first-order kinetic constants (Figure 8b) increased from (■) 0.0466 min−1 to
(•) 0.0733 min−1 and (▲) 0.0992 min−1, confirming the acceleration of the oxidation process
with increasing current density. Based on these results, 70 mA cm−2 was selected for the
subsequent evaluation of the effect of the initial dye concentration [49].

The influence of the initial pollutant loading is shown in Figure 9. Complete dye
removal was achieved after (■) 35 min for 50 mg L−1, (•) 50 min for 100 mg L−1, and
(▲) 60 min for 150 mg L−1 under identical operating conditions. Although higher dye
concentrations increased the treatment time, the PEF process maintained excellent degra-
dation performance throughout the investigated concentration range, demonstrating its
robustness under variable organic loads [50].

A comparative assessment of the three electrochemical processes is presented in
Figure 10a. Under the specific electrode configurations and operating conditions employed
for each process, the degradation performance followed the order ▲ PEF > • EF > ■ EOx.
However, this comparison should not be interpreted as a strictly controlled evaluation of
the intrinsic contribution of Fenton chemistry and UV irradiation alone, since the electrode
configuration differed between treatments: EOx employed a BDD anode coupled with
a stainless-steel cathode, whereas EF and PEF employed BDD electrodes as both anode
and cathode. Therefore, the observed differences reflect the overall performance of each
experimental configuration, including both the oxidation mechanism and the electrode
arrangement. Within this context, the enhanced performance observed for EF and partic-
ularly PEF is consistent with the additional contribution of electrogenerated H2O2 and
homogeneous Fenton chemistry, while UV irradiation in PEF further promotes Fe3+ pho-
toreduction and the photolysis of Fe(III)-carboxylate complexes, enhancing the availability
of reactive oxidizing species [51].
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Figure 8. Photoelectro-Fenton degradation of 150 mg L−1 Violet S4B using BDD electrodes in 50 mM
Na2SO4 at pH 3.0: (a) normalized concentration (C/C0) as a function of electrolysis time at different
current densities and (b) corresponding pseudo-first-order kinetic plots, −ln(C/C0) versus time,
with linear regression fits. The apparent rate constants (kapp) and coefficients of determination (R2)
obtained from the linear regressions are indicated in panel (b). (■) 20 mA cm−2, (•) 50 mA cm−2,
and (▲) 70 mA cm−2.

The kinetic comparison shown in Figure 10b further demonstrates the superiority of
the photo-assisted process. Apparent rate constants of (■) 0.0384 min−1, (•) 0.0470 min−1,
and (▲) 0.0992 min−1 were obtained for EOx, EF, and PEF, respectively. Notably, PEF
achieved more than 95% dye removal within only 30 min, whereas comparable removals
required approximately 60 min for both EOx and EF. These results confirm that UV ir-
radiation enhances not only the generation but also the effective utilization of oxidizing
species, leading to substantially faster degradation kinetics and improved overall process
performance [52,53].
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Figure 9. Decay of Violet S4B concentration at different initial dye concentrations (50, 100, and
150 mg L−1) under identical experimental photoelectro-Fenton conditions. Complete removal was
achieved after 35 min (■), 50 min (•), and 60 min (▲) for initial concentrations of 50, 100, and
150 mg L−1, respectively.

Figure 10. Comparison of electrochemical oxidation (EOx, ■), electro-Fenton (EF, •) and photoelectro-
Fenton (PEF, ▲) processes for the degradation of 150 mg L−1 Violet S4B at 70 mA cm−2: (a) normalized
concentration decay vs. time and (b) pseudo-first-order kinetic analysis.
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3.4.5. Electrochemical Behavior of Dye Mixtures

Real tannery dye solutions contain complex mixtures of dyes and auxiliary chemi-
cals rather than individual pollutants. Therefore, evaluating electrochemical advanced
oxidation processes under multicomponent conditions provides a more realistic assess-
ment of their practical applicability. In this study, a representative dye mixture containing
a total concentration of 150 mg L−1 was prepared using 50 mg L−1 each of Violet S4B,
Brown DR, and Black NT2 in 50 mM Na2SO4 at pH 3.0. All experiments were performed
at 70 mA cm−2, and the discoloration of the ternary dye mixture was monitored from
the decrease in absorbance at 514 nm. The wavelength of 514 nm was selected as the
monitoring wavelength for the multicomponent system based on the absorption response
of the combined dye solution. The absorbance at this wavelength was used as a global
spectrophotometric response to follow the degradation of the ternary mixture and was not
intended to independently quantify the concentration of each individual dye.

As shown in Figure 11a, all three electrochemical treatments produced a continuous
decrease in the normalized dye concentration throughout the treatment period. Under the
specific electrode configurations employed in this study, PEF (▲) exhibited the highest dis-
coloration efficiency, achieving approximately 99% after 120 min, followed by EF (•) with
nearly 97%, whereas EOx (■) reached approximately 95%. However, these differences
should be interpreted as the overall performance of the respective experimental configura-
tions rather than as a strictly controlled comparison of the intrinsic oxidation mechanisms,
because EOx employed a BDD anode coupled with a stainless-steel cathode, whereas
EF and PEF employed BDD electrodes as both anode and cathode. Thus, the observed
performance differences may reflect contributions from both the electrode arrangement
and the additional oxidative pathways associated with the Fenton-based processes.

The kinetic analysis presented in Figure 11b further illustrates the differences in degra-
dation rates among the three experimental configurations. The apparent rate constants
increased from 0.0259 min−1 for EOx to 0.0290 min−1 for EF and 0.0321 min−1 for PEF.
Relative to EOx, these values correspond to increases of approximately 12% and 24% for
EF and PEF, respectively. Nevertheless, because the cathode material differed between EOx
and the Fenton-based systems, these kinetic differences cannot be attributed exclusively to
the incorporation of Fenton chemistry and UV irradiation. Rather, they should be inter-
preted as reflecting the combined influence of electrode configuration and the additional
homogeneous and photo-assisted oxidation pathways operating in EF and PEF [22].

From a mechanistic perspective, the higher degradation rates observed for the Fenton-
based configurations are consistent with the contribution of additional oxidation pathways
beyond anodically generated BDD(•OH). In EF, electrogenerated H2O2 reacts with Fe2+ to
produce hydroxyl radicals in the bulk solution, whereas PEF additionally benefits from UV-
assisted Fe3+ photoreduction and the photolysis of Fe(III)-carboxylate complexes. These
mechanisms can enhance the availability and utilization of reactive oxidizing species.
However, because the electrode configuration was not identical among all three treatments,
the individual contribution of each mechanism cannot be fully isolated from the effect of
the electrode arrangement [25,28,30,50].

From an environmental perspective, the experiments performed with the representa-
tive multicomponent dye system provide a more relevant assessment of treatment perfor-
mance than evaluations based exclusively on a single model compound. The simultaneous
presence of Violet S4B, Brown DR, and Black NT2 introduces competition among organic
constituents for the reactive species generated during treatment, thereby approaching
the chemical complexity encountered in dye-containing industrial effluents. Despite this
increased complexity, PEF maintained the highest degradation rate and achieved approxi-
mately 99% discoloration, demonstrating that the benefits of photo-assisted electrochemical
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oxidation are preserved under multicomponent conditions. These findings are particu-
larly relevant for environmental remediation because they indicate that the process can
effectively reduce the pollutant load of complex dye mixtures rather than being limited
to the degradation of isolated model contaminants. Nevertheless, validation using real
tannery dyes containing dyes, dissolved organic matter, inorganic ions, and other auxiliary
chemicals will be required to further assess the applicability of the process under actual
industrial conditions.

Figure 11. Degradation of a ternary dye mixture (50 mg L−1 each of Violet S4B, Brown DR, and Black
NT2) using EOx (■), EF (•), and PEF (▲) processes: (a) normalized concentration decay vs. time and
(b) pseudo-first-order kinetic analysis.

3.4.6. Comparative Performance of Electrochemical Oxidation Processes

The comparative evaluation of EOx, EF, and PEF clearly demonstrates the benefits
of progressively integrating electrochemical oxidation, Fenton chemistry, and UV irradia-
tion. The incorporation of additional oxidation pathways increased the availability and
utilization of reactive oxygen species, resulting in faster degradation kinetics and improved
oxidation performance.

For Violet S4B degradation, the apparent pseudo-first-order rate constants increased
from 0.0384 min−1 for EOx to 0.0470 min−1 for EF and 0.0992 min−1 for PEF. Relative to
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conventional electrochemical oxidation, these values correspond to kinetic enhancement
factors of 1.22 and 2.58 for EF and PEF, respectively. Likewise, for the multicomponent
dye mixture, the apparent rate constants increased from 0.0259 min−1 for EOx to 0.0290
min−1 for EF and 0.0321 min−1 for PEF, corresponding to enhancement factors of 1.12 and
1.24, respectively. A summary of the kinetic performance of the three oxidation systems is
presented in Table 1.

Table 1. Apparent pseudo-first-order rate constants and kinetic enhancement factors for EOx, EF
and PEF.

System Process kapp (min−1) Intensification Factor

Violet S4B EOx 0.0384 1.00

Violet S4B EF 0.0470 1.22

Violet S4B PEF 0.0992 2.58

Dye mixture EOx 0.0259 1.00

Dye mixture EF 0.0290 1.12

Dye mixture PEF 0.0321 1.24
Intensification Factor = kprocess/kEOx.

Overall, the comparative analysis demonstrates that incorporating homogeneous Fen-
ton chemistry and UV irradiation progressively improves process performance, with PEF
consistently providing the highest degradation rates under both single-dye and multicom-
ponent conditions. The results further indicate that these advantages are maintained in
representative tannery dye mixtures, supporting the applicability of photo-assisted elec-
trochemical oxidation for the treatment of complex industrial wastewaters and providing
useful criteria for selecting electrochemical treatment strategies according to wastewater
composition and treatment objectives.

3.4.7. Mineralization Assessment by Chemical Oxygen Demand

From an environmental remediation perspective, discoloration alone is insufficient to
demonstrate effective treatment of dye-contaminated wastewater because the destruction
of chromophoric groups does not necessarily imply the removal of the associated organic
pollutant load. Oxidation intermediates may remain in solution after color disappearance
and continue contributing to the chemical oxygen demand of the treated water. Therefore,
COD evolution was evaluated together with discoloration during PEF treatment of the
multicomponent dye system to distinguish between chromophore destruction and the
progressive oxidation of residual organic matter. This combined assessment provides a
more environmentally relevant measure of treatment performance by determining whether
the process promotes not only rapid color removal but also extensive mineralization of the
organic constituents and their transformation products [54].

Figure 12a compares the evolution of (■) dye removal and (■) normalized COD
during the treatment of the representative dye mixture. Dye removal proceeded rapidly,
reaching approximately 70% within the first 10 min, 90% after 20 min, and exceeding
95% after 30 min, with nearly complete discoloration attained between 40 and 60 min of
electrolysis [55].
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Figure 12. Performance parameters during PEF treatment of the ternary dye mixture: (a) percentage
of removal and COD decay and (b) current efficiency (%CE).

In contrast, COD removal followed a slower and more gradual trend. The normalized
COD decreased from an initial value of 1.0 to approximately 0.4 after 10 min, 0.15 after
20 min, 0.05 after 30 min, and approached zero after 50–60 min of treatment. These results
indicate that although chromophore destruction occurs rapidly, complete mineralization
requires additional oxidation of intermediate species generated during dye degradation,
confirming that discoloration alone is not a reliable indicator of complete pollutant removal.

The variation in current efficiency (CE), calculated from the COD data, is presented
in Figure 12b. CE progressively decreased from 11.62% at the beginning of the treatment
to 2.16% at the end of electrolysis. This behavior reflects the gradual depletion of readily
oxidizable organic compounds, which reduces the probability of productive reactions with
electrochemically and photochemically generated hydroxyl radicals. As mineralization
progresses, oxidation becomes increasingly limited by mass transport and by the persis-
tence of more refractory intermediates, particularly low-molecular-weight carboxylic acids,
which react more slowly with •OH. Simultaneously, competing reactions such as oxygen
evolution at the BDD anode, hydroxyl radical recombination, and non-productive H2O2

decomposition consume part of the applied current, contributing to the observed decline
in current efficiency.

Despite this progressive decrease, the continuous photochemical regeneration of Fe2+

through the reduction of Fe3+ species and the photolysis of Fe(III)-carboxylate complexes
sustained the Fenton cycle and enabled almost complete mineralization after prolonged
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electrolysis. These results demonstrate that PEF effectively couples rapid discoloration with
extensive mineralization, highlighting its potential for treating complex model systems.

3.4.8. HPLC Analysis of Degradation Products in Dye Mixtures

High-performance liquid chromatography (HPLC) was employed to identify degra-
dation products formed during the treatment of the dye mixture, with particular em-
phasis on low-molecular-weight carboxylic acids, which are recognized as key interme-
diates during the oxidative degradation of aromatic dyes and useful indicators of the
mineralization process.

Figure 13 compares the chromatogram obtained from the final aliquot collected after
PEF treatment with that of a 20 mg L−1 oxalic acid standard analyzed under identical
chromatographic conditions. The standard chromatogram (red) exhibited a well-defined
oxalic acid peak with a retention time (Rt) of approximately 6.5 min. In contrast, the
chromatogram of the treated sample (blue) displayed only a very weak signal at the same
retention time, indicating that oxalic acid did not accumulate significantly during the
oxidation process.

Figure 13. HPLC chromatograms of the final treated dye mixture by PEF (in blue) showing the peak
assigned to oxalic acid (Rt = 6.51 min). In red, solution of standard oxalic acid.

This behavior can be attributed to the photo-assisted chemistry occurring during PEF
treatment. Oxalic acid forms complexes with Fe(III) that can undergo photolysis under
irradiation, as described by Equation (6), simultaneously promoting Fe2+ regeneration and
further oxidation of the carboxylic intermediate toward CO2. This pathway contributes
to maintaining the Fe2+/Fe3+ catalytic cycle while favoring the removal of low-molecular-
weight intermediates that may otherwise persist during the final stages of treatment [51,56].
The negligible residual concentration of oxalic acid observed by HPLC is therefore con-
sistent with the substantial COD reduction achieved during PEF treatment and provides
complementary evidence of the extensive mineralization promoted by the photo-assisted
electrochemical process.
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From an environmental remediation perspective, these results are particularly relevant
because discoloration alone does not necessarily indicate the removal of the organic pollu-
tant load. Destruction of the chromophoric structures may occur rapidly, while oxidation
products can remain in solution and continue contributing to residual organic matter. In
this study, the combination of extensive COD removal and negligible accumulation of
oxalic acid indicates that PEF treatment proceeds beyond visible dye removal toward the
oxidation of low-molecular-weight degradation products. Taken together, the UV–Vis,
COD, and HPLC results demonstrate that the photoelectro-Fenton process promotes both
effective discoloration and extensive mineralization of the representative multicomponent
tannery dye system, strengthening its potential as an environmental remediation strategy
for complex dye-contaminated wastewaters [51,56].

4. Conclusions
This study demonstrates the potential of electrochemical advanced oxidation processes

for the remediation of tannery dye-contaminated water through a comparative evaluation of
electrochemical oxidation (EOx), electro-Fenton (EF), and photoelectro-Fenton (PEF) using
BDD electrodes. The progressive integration of anodic oxidation, homogeneous Fenton
chemistry, and UV-assisted reactions enhanced pollutant degradation and mineralization,
with treatment performance consistently following the order EOx < EF < PEF for both
Violet S4B and the representative multicomponent dye mixture.

The evaluation of the multicomponent system provided a more environmentally rele-
vant assessment of treatment performance than experiments based exclusively on a single
dye, since the simultaneous presence of Violet S4B, Brown DR, and Black NT2 introduced
competition for the reactive species generated during oxidation. Despite this increased
complexity, PEF maintained the highest degradation rate and achieved approximately 99%
discoloration, demonstrating the robustness of the photo-assisted process under conditions
approaching the complexity of dye-containing industrial effluents.

The combined UV–Vis, COD, and HPLC analyses further demonstrated that rapid
discoloration should not be considered equivalent to complete removal of the organic
pollutant load. Although chromophore destruction occurred rapidly, additional treatment
was required for the oxidation of the resulting intermediates. The extensive COD removal
achieved by PEF, together with the negligible accumulation of oxalic acid at the end of
treatment, confirmed that the process proceeded beyond visible color removal toward
extensive oxidation and mineralization of residual organic matter.

Overall, the superior kinetic performance, extensive mineralization, and effectiveness
of BDD-based PEF under multicomponent conditions highlight its potential as an envi-
ronmental remediation strategy for persistent organic pollution associated with tannery
effluents. These findings support the application of EAOPs to complex dye-contaminated
waters while emphasizing the importance of evaluating treatment performance through
both pollutant degradation and mineralization. Further validation using real multicom-
ponent dye mixtures and larger-scale treatment systems will be necessary to determine
process performance in the presence of the broader chemical complexity encountered under
actual industrial conditions.
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