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ABSTRACT

This study focuses on the catalytic wet peroxide oxidation (CWPO) of the synthetic azo dye Methyl Orange (MO)
using a set of clay-based catalysts impregnated with transition metals (Cu, V, Fe, and Mn). The prepared materials
Cu/Clay, V/Clay, Fe/Clay, and Mn/Clay—were obtained through a wet impregnation route and characterized in detail
using X-ray diffraction (XRD), scanning electron microscopy (SEM), and Fourier-transform infrared spectroscopy
(FTIR) to elucidate their structural and surface properties. The degradation of MO was investigated under exclusive
experimental conditions, including variations in catalyst loading, hydrogen peroxide concentration, and pH. Kinetic
information indicated that the oxidation followed a pseudo—first order reaction. Among the examined catalysts, Cu/
Clay exhibited the most efficient oxidative conduct, achieving approximately 98% color removal and nearly 70% re-
duction in chemical oxygen demand (COD) reduction after 3 h under optimized conditions (5% Cu loading, 4 g L™
catalyst). The catalytic activity decreased in the following order: Cu/Clay > V/Clay > Mn/Clay > Fe/Clay. Overall,
these effects suggest that copper-modified clays can function as sensible, low-cost, and environmentally sustainable
catalysts for advanced oxidation processes (AOPs) to treat dye-contaminated wastewater.

Keywords: chemical oxygen demand; wastewater treatment; catalytic wet peroxide oxidation.

INTRODUCTION

Textile dyes, which are important synthetic
chromophores in global manufacturing, pose a
significant environmental legal responsibility in
developing economies (Yanping and Dahlina Bt
Rusli, 2024). The textile, brassware, and tannery
industries in Morocco alone release approximate-
ly 10 million cubic meters of colored wastewater
each year (Lamrani et al., 2026), flooding the re-
ceiving water bodies with this untreated waste-
water. Ecotoxicological tests have validated their
acute toxicity in microbial consortia, interference

with aquatic photosynthesis, significant biotox-
icity, and mutagenic and carcinogenic poten-
tial in scenarios of continuous exposure (Isibor
and Imoobe, 2025). The complexity of effluents,
caused by different types of dyes and chemical
matrices, makes them even harder to degrade. Fra-
grant azo linkages and sulfonate substituents ren-
der them highly resistant to photodegradation and
oxidation (Vaiano and De Marco, 2023). Standard
remediation portfolios that include adsorption,
coagulation/flocculation, membrane filtration and
biotreatment are not always effective (Pessoa,
2025). Sorbent-based methods produce hazardous
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stable waste, osmotic methods become fouled,
and anaerobic digestion often produces carcino-
genic aromatic amines that persist longer than the
parent dyes (Shindhal et al., 2020).

Catalytic wet peroxide oxidation (CWPO)
changes the game by turning biorefractory dyes
into COz, H20, and inorganic residues or harm-
less intermediates under normal conditions (am-
bient T/P) (Azimi et al., 2020). Essentially, re-
dox-active transition metals (Fe*, Cu’, and Mn?
) activate H20: to form hydroxyl radicals (-OH;
Eo=2.80 V/NHE). These radicals are highly reac-
tive (k =10° M's™") and can break C=C, N=N,
and C-S bonds without care.

Published benchmarks highlight the diver-
gence between catalysts. Contreras Olivares et
al., 2016, attained 99% Reactive Black 5 decol-
orization via Fe(Ill)/Montmorillonite K10, while
Yang and Yang, 2022 confirmed 4-chlorophenol
mineralization over Al-Fe-Cu-pillared clays,
crediting layered aluminosilicates for metal sta-
bilization and mass transfer enhancement. Clay
appeal stems from intrinsic attributes: high cation
change potential (80—-150 meq/100 g), lamellar
structure amenable to pillaring, and price-effec-
tiveness. However, homogeneous Fe-Fenton sys-
tems and early heterogenized variations remain
pH-confined (optimum =3) to suppress Fe(OH)s
gelation, rendering them impractical for native
textile streams (pH 6-10) (Sun et al., 2018).

Cu (/1) (E°= 0.17 V), Mn (I/III/IV), and V
(IV/V) redox manifolds are non-ferrous options
that do not require acidic conditions for their op-
eration. They continue to produce -OH even un-
der neutral conditions (Biswal and Ranjan, 2025).
Mechanistic details are most important: copper
speeds up the direct reduction of H-0O:; manga-
nese helps form surface peroxo-complexes; and
vanadium activates Lewis acid, which changes
the effectiveness, selectivity, and leaching oxi-
dants (Oh et al., 2019).

This study addresses significant deficiencies
by evaluating natural clay-derived catalysts (Cu/
Clay, V/Clay, Mn/Clay, and Fe/Clay) for MO
CWPO, an anionic azo probe (Amax=464 nm) suit-
able for textile applications, using H202 at 293
K/1 abm. The synthesis included wet impregna-
tion (metal nitrates, 0.5.5 wt% loading), selec-
tive thermal activation (300-500°C), and multi-
scale validation: XRD (phase registry), SEM/
EDX (morpho-dispersion), FTIR (M-O coordi-
nation), and textural analysis (BET) and leach-
ability profiling (ICP-MS). Operational mapping

systematically separated pH (3-9), catalyst dos-
age (0.5-4 g/L), and [H202]o (5-100 mM), result-
ing in pseudo-first-order kinetics (r2>0.98) and
mineralization metrics (color/COD/TOC). Cu/
Clay was the best, with 98% decolorization and
70% COD abatement (pH 6.5, 3h) and less than
2% steel lixiviation over five cycles. This was
better than the Fe (30%), Mn (79%), and V (80%)
homologue. These results change the clay-based
AOP layout by placing pH-strong, recyclable
non-Fe catalysts at the top of the list for large-
scale use in the textile effluent crisis in Morocco.
This connects the promise of the laboratory to the
practicality of business.

EXPERIMENTAL

Chemicals and reagents

Copper(I)nitratetrihydrate(Cu(NOs)2-:3H-0),
ammonium metavanadate (NHaVOs), iron(II)
chloride hexahydrate (FeCls-6H20), manganese
(IT) nitrate tetrahydrate (Mn(NOs):'4H20), hy-
drogen peroxide (30 wt%), and Methyl Orange
(MO) have been procured from Sigma-Aldrich
and used as received (analytical grade, no simi-
larly purification).Ultrapure water was obtained
from a Milli-Q Direct-Q UV3 machine (resistiv-
ity 18.2 MQ-cm).

Catalyst preparation

Moroccan bentonite clay was used as a guide,
and its bulk composition was determined by
X-ray fluorescence (XRF): SiO: (37.86 wt.%),
ALO; (10.43 wt.%), Fe:0s (4.65 wt.%), MnO
(0.06 wt.%), MgO (2.52 wt.%), CaO (18.72
wt.%), Na:O (0.26 wt.%), and K-O (2.34 wt.%)
(Marouf et al., 2021). The raw clay was purified
by repeated washing with ultrapure water to re-
move soluble impurities, followed by overnight
drying at 100 °C.

Clay-supported metallic oxide catalysts were
synthesized via wet impregnation. Metal precur-
sors were dissolved (focused on 1.5-7.5 wt.%
metal loading) in 50 mL distilled water. The clay
powder was suspended in the solution and stirred
vigorously (120 rpm) in a 100 °C water bathtub
until the entire solvent evaporated. The dried sol-
ids (105 °C, overnight) underwent calcination at
500 °C for 4 h (5 °C/min ramp, muffle furnace) to
join the active levels.
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Catalyst characterization

The crystalline stages were identified using
powder X-ray diffraction (XRD) on a Panalyti-
cal X’Pert PRO diffractometer (Cu Ko radiation,
A = 0.154060 nm; 40 kV, 30 mA; 26 = 10°-80°;
0.017¢ step, 1 s/step).

Morphology and elemental mapping were per-
formed using scanning electron microscopy-en-
ergy dispersive X-ray spectroscopy (SEM-EDX)
(FEI Quanta 200 FEG, 15-20 kV, EDAX detector).

Surface functional groups and metallic-clay
interactions were probed using Fourier-transform
infrared (FTIR) spectroscopy (Bruker Vertex 70,
400-4000 cm™, 4 cm™ resolution, KBr pellet).

The clay bulk composition was quantified us-
ing XRF (PANalytical Axios, wavelength-disper-
sive, Be—U).

Catalytic activity evaluation

Batch CWPO experiments were performed
to assess MO degradation (Co = 4.6 x 10
mol/L, 50 mL) at 25 °C in a 100 mL glass reac-
tor. The catalyst (optimized dose) was dispersed
inside the dye solution and stirred magnetically
(400 rpm, 15 min) to reach adsorption-desorp-
tion equilibrium. H.O: was then modified and
dosed, marking t = 0.

Post-response aliquots were filtered (0.45
um syringe filters) to quench the catalysis and
isolate the particulates from the solution. De-
colorization was quantified spectrophotometri-
cally (Jasco V-530, Amax = 464 nm) for 180
min. Blank runs (without the catalyst) showed
negligible abiotic decay.

Parametric studies optimized pH (3-9, ad-
justed using 0.1 M HCI/NaOH), catalyst load-
ing (0.5-4 g/L), and [H20:2]o) (5-100 mM). The
MO elimination performance (%) was calculat-
ed as follows:

Decolorization efficiency (%) =

[CO —-Ct
co

(1

]xlOO

where: CO is the initial attention of the dye so-
lution, and Ct is the attention of the dye
solution at time t.

The chemical oxygen demand (COD) was
measured using a COD meter (HACH COMPA-
NY) after a response time of 1 h, and the COD

removal performance was calculated using the
following equation:

COD removal efficiency (%) =

COD initial — COD final 2)
= — X 100
COD initial

RESULTS AND DISCUSSION

XRD results

Figure 1 shows the XRD pattern of the clay.
The dominant crystalline phases observed in
the clear diffractogram appeared at 20 angles of
20.9°,26.7°, and 29.4° and were attributed to cal-
cite and quartz, respectively.

The XRD profiles (Figure 2) of all the cata-
lysts exhibited diffraction peaks similar to those of
pure clay, 20 =26.7°, indicating that the structural
framework was preserved even after incorporat-
ing metal oxides. However, the diffractograms of
the catalysts showed the emergence of new phases
in the XRD patterns. In the Cu/Clay catalyst, the
most intense peaks, attributed to the characteristic
reflections of crystalline CuO (Minyukova et al.,
2018), appeared at 35.45° and 38.6°, respective-
ly. In the Mn/Clay catalyst, the MnO- phase was
observed with peaks at 37.3°, 42.6°, and 56.6°,
respectively. Several vanadium crystalline sourc-
es were detected in the V/Clay catalyst. Indeed,
some reflections from the vanadium-containing
phases (mainly at approximately 20°, 26°, and
30°) overlapped with the reflection angles char-
acteristic of the host mineral and quartz impurity
(Duchesne et al., 2016). The peaks attributable to
V20s appear at approximately 20.2°, 26.09°, and
30.98° (Gaibnazarov et al., 2023). All samples
presented typical oxide profiles, indicating that
most of the metal oxides were immobilized in the
clay through the impregnation method.

SEM results

The surface morphology of the raw clay sam-
ple was examined using Scanning Electron Mi-
croscopy (SEM), and the results are presented in
Figure 3. This reveals a uniform distribution of
particles, associated with a high BET-specific sur-
face area of 58 m?*/g and an exceptional adsorp-
tion capacity for various substances. The EDX
spectrum further confirmed the presence of the
major elements previously identified by X-ray
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Figure 1. X-ray powder diffraction pattern of raw Clay
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Figure 2. XRD patterns of calcined catalysts, 5% Cu/Clay, 5% V/Clay, 5% Mn/Clay and 5% Fe/Clay

fluorescence (Si, Al, Na, Mg, Ca, and Fe), thus
validating these results. However, impregnation
with metal oxides significantly alters the surface
morphology (Ichikawa and Nakamura, 2023).
The samples intercalated with copper and vana-
dium oxides were distinguished by cornflake-like

crystals with a fuzzy appearance, indicative of
their particularly fine lamellar structures (Rajesh
Ch and Rao N, 2022). This change can likely be
attributed to the reduction in the initial amorphous
phases and modification of the surface charge in-
duced by the chemical process.
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Figure 3. SEM images coupled by EDX of Clay

In contrast, the samples impregnated with Fe
and Mn (Figure 4c, d) displayed a more massive
and irregular appearance, characteristic of a ho-
mogeneous dispersion of oxides across the entire
surface of the clay (Van Groeningen et al., 2020),
as confirmed by XRD. Finally, EDX analysis of
the four catalysts confirmed the presence and ex-
cellent distribution of metals (Cu, Fe, Mn, and V)
compared to the native clay.

FTIR results

The FTIR spectra (4000-400 cm™) of all the
samples are shown in Figure 5. The persistence
of all characteristic bands of the clay structure
in the samples indicates that the host mineral
remained intact after metal impregnation. In the
O-H stretching region, the distinctive bands at
3620, 3653, 3690, and 3400 cm™ correspond to
the AI-OH groups, with an absorption at 3600
cm ! associated with the internal hydroxyl groups
located between the tetrahedral and octahedral
sheets of the clay mineral. The OH bending band
at 1630 cm™ confirms the presence of hydration
water linked to pillaring. The intense peaks at
1415 cm™ are attributed to freely bound water
molecules due to the hydration effects induced
by metal pillaring. The typical Si—O-Si stretch-
ing bands, located at approximately 1001 cm™,
exhibited a slight shift towards lower frequencies
after impregnation, with no significant change in
intensity. The lower-intensity bands at approxi-
mately 505, 693, 789, and 872 cm™ correspond
to the Al-O-Si, Si-O, AI-OH, and AI-OH-Al
bonds, respectively, in the clay structure.

Compared to the native clay, the FTIR spectra
of the catalysts show minimal changes, except for
Cu/Clay, which reveals a new distinctive band at
1388 cm™, attributed to the Cu—OH bond, con-
firming the successful intercalation of copper into
the clay (Kloprogge et al., 2021). The signals for
the V-OH species at approximately 3650 cm™
likely overlap with those of the hydrogen-bonded
silanols in all the impregnated samples, whereas
the intensity of the interlayer water band at 3410
cm™! decreases. Finally, no significant metal ox-
ide bands were detected in the spectra of the Fe/
Clay and Mn/Clay catalysts, suggesting that the
metal oxide particles were below the FTIR detec-
tion limit of the instrument (Hess, 2021).

Discoloration experiments

The effect of metal loading in the catalyst

Figure 6 presents the findings from the experi-
ment with the catalysts Cu/Clay, Fe/Clay, V/Clay,
and Mn/Clay, varying their metal loadings from
1.5, 2.5, 5, to 7.5 at.%. The results show a strong
dependence of the catalytic activity on the metal
ion concentration, with the maximum activity be-
ing 5% loading, with the results being 94% Cu/
Clay, 65% V/Clay, 60% Mn/Clay, and 20% Fe/
Clay. The activity of Cu/Clay can be attributed
to the high redox potential of Cu,”/Cu” species as
well as a strong coating of the clay, which can
facilitate the rapid transfer of electrons, which in
turn increases the formation of radicals that are
responsible for the degradation of MO.

A 5% metal loading was optimal for the cat-
alysts, as with higher loading (>5%), the activity
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Figure 4. SEM Microscopy images coupled by EDX of (a)5%Cu/Clay, (b)5%V/Clay,
(¢)5%Mn/Clay and (d)5%Fe/Clay

decreased for Cu/Clay and Mn/Clay, while the
rest of the catalysts remained unchanged. This
is likely due to an overloading of the catalysts,
which can initiate undesirable side reactions that
can consume the OH- ions, which are consid-
ered the most important in MO decolorization to
reduce the formation of metal hydroxides (Cu,
Fe, V, Mn).

Effect of catalyst loading

Figure 7 shows the effect of catalyst amount
on methyl orange (MO) decolorization. In het-
erogeneous Fenton-like systems, the reaction be-
tween ferrous or non-ferrous ions and hydrogen
peroxide occurs in close proximity to the catalytic

base, making it highly dependent on the exact
base area of the material (Enami et al., 2013). It
also promotes the formation of hydroxyl radicals
(Raza et al., 2023).

The experiments were performed under the
following conditions: initial pH = 6 and H,O,
(30%) = 2.5 mL. When the Cu/Clay and Fe/Clay
catalyst dosages were improved from one hun-
dred and fifty mg to 200 mg, the decolorization
efficiency slightly improved from 91% to 94%
and from 23% to 28%, respectively. and rose to
63%. This improvement can be attributed to the
increased availability of organic network sites on
the catalytic substrate, which promotes the for-
mation of free hydroxyl radicals (Mccann and
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Figure 6. Decolorization efficiency as a function of metal loading for Cu/Clay, Fe/Clay, V/Clay,
and Mn/Clay catalysts, obtained under well-defined reaction conditions (2.5 mL of H20»,
catalyst dosage of 200 mg, reaction time of 120 min)

Stahl, 2015). These reactive species effectively
reduced the size of the dye chromophore, thereby
improving the overall decolorization efficiency
of methyl orange. However, the performance of
all catalysts decreased when the catalyst loading
exceeded 200 mg. This decrease is likely related
to radical-radical recombination and excessive
hydroxyl radical scission, both of which reduce

radical availability and normal catalytic efficien-
cy (Leifert and Studer, 2019).

Influence of hydrogen peroxide concentration

The concentration of hydrogen peroxide is a
key parameter in Fenton-type processes because
it governs the generation of reactive radical spe-
cies responsible for the decolorization of dyes
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Figure 7. Influence of catalyst dosage on the decolorization efficiency of methyl orange (MO),
obtained under well-defined reaction conditions (2.5 mL of H.O:, 5 wt% metal loading,
and a reaction time of 120 min)

(Diya’Uddeen et al., 2012). The precise mecha-
nism by which dyes are broken down in the pres-
ence of H20: is still under discussion. It is most
likely that the process follows an adsorption-
oxidation-desorption sequence. Initially, the dye
molecules and H-0: were adsorbed onto the cata-
lyst surface. H20: is then broken down into high-
ly reactive radical species, such as O.", HO", and
HO-", through the catalytic action of the active
sites of a solid catalyst (Pedziwiatr et al., 2018).
These newly formed radicals possess strong oxi-
dizing power and induce destructive oxidation
of the organic dye. Finally, the low-molecular-
weight degradation products obtained are de-
sorbed from the catalyst surface, thereby regen-
erating the active sites (Hutchings, 2021). Figure
8 illustrates the influence of the amount of H.0O:
on the oxidation of methyl orange (MO) dye mol-
ecules on the four catalysts, studied at different
H:0: concentrations (2—3 mL) while keeping the
catalyst dosage (200 mg), initial dye concentra-
tion (15 mg/L), and contact time (120 min). It was
observed that an increase in the molar amount of
H20: accelerated the decolorization process for
all four catalysts. For example, when the volume
of H20: was increased from 2 to 2.5 ml in the
case of Cu/Clay, the MO degradation efficiency
increased from 85% to 91%. The catalytic per-
formance of the prepared catalysts followed the
order Fe/clay < Mn/clay < V/clay when 2.5 ml of
H:0: was used.

As mentioned above, hydrogen peroxide
decomposes on the catalyst surface to gener-
ate hydroxyl radicals (Pedziwiatr et al., 2018).

Therefore, higher concentrations of H-0O- can pro-
duce a greater number of hydroxyl radicals (Ros,
2021). However, the decolorization efficiency did
not increase proportionally to the amount of H-0O-
applied. When the volume of H.02 was increased
from 2.5 to 3 ml, the decolorization efficiency de-
creased from 63% to 47% and from 60% to 54%
for V/Clay and Mn/Clay, respectively. This behav-
ior is likely attributable to an excessive concentra-
tion of peroxides, in which hydroperoxyl radicals
(HO:") are formed from the hydroxyl radicals al-
ready generated (Eq. 3). Hydroperoxyl radicals
are significantly less reactive and do not contrib-
ute significantly to the oxidative degradation of
organic substrates, which occurs mainly through
reactions with HO*(Mancipe et al., 2025).

H,0,+ HO* H,0+ HOO- 3)

Consequently, 2.5 ml was the optimal amount
of H20: for the decolorization of the dye on the
four catalysts.

Influence of initial pH

Fenton-type reactions are highly dependent
on the solution pH during oxidation. Although the
conventional Fenton system achieves high oxida-
tion efficiency, it operates effectively only within a
narrow pH range (pH < 3.0), which is necessary to
prevent the precipitation of Fe** and Fe** species in
the reaction system (Chen et al., 2021). This con-
straint considerably limits the practical applicabil-
ity of the conventional homogeneous Fenton pro-
cess. Heterogeneous Fenton-type catalysts have
been extensively studied to address this limitation.
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The influence of the initial pH on the removal
of MO was investigated in the pH range of 3.0—
7.0, without any subsequent pH adjustment during
the experiments. Figure 9 shows that as the pH in-
creased from 3 to 7, the decolorization efficiency
of the V/Clay and Mn/Clay catalysts decreased;
however, both catalysts still exhibited relatively
high decolorization at pH 6 (~ 60.3% and 60.1%
of MO was decolorized, respectively). The Fe/
Clay catalyst achieved the highest decolorization
efficiency of approximately 55% at pH 3. This
aligns with the commonly accepted understanding
that the ideal pH for traditional Fenton oxidation
is between 2.5 and 3.5 (Pliego et al., 2015). Addi-
tionally, the catalytic effectiveness of Cu/Clay var-
ied with the initial pH of the dye solution. Under
these circumstances, a maximum decolorization
efficiency of approximately 98% was achieved at
a pH of 6, demonstrating that Cu/Clay maintains
high activity over a much broader pH range. This
indicates that Cu/clay can be effectively utilized
under near-neutral conditions, significantly in-
creasing its practical applicability for wastewater
treatment in real-world applications (Pareek and
Ledwani, 2022). Consequently, further experi-
ments were conducted at pH 6, which corresponds
to the natural pH of methyl orange solutions.

Catalytic performance and kinetic study

This study aimed to examine and evaluate the
potential applications of four distinct catalysts in
the oxidation of MO. One of the primary benefits
of MO, an anionic dye, is that it does not adhere to
the surfaces of any of the four catalysts at its natu-
ral pH, thus preventing interference from surface

interactions during the reaction. Initial tests with
MO in aqueous solutions and different catalysts
specifically Cu/clay, V/clay, Mn/clay, and Fe/
clay — verified that no adsorption occurred under
the given experimental conditions. This property
also facilitates the easy use of spectrophotometric
monitoring at 464 nm to observe the progress and
kinetics of reactions.

Decolorization and mineralization experi-
ments were performed using 4.6 x 10~ mol/L
of MO dissolved in ultrapure water, and the re-
sults are shown in Figure 9. Over a 120-minute
reaction period, the Cu/clay catalyst showed the
highest activity, achieving a maximum decolor-
ization of 91.67% and a chemical oxygen demand
(COD) removal of 70%. In comparison, the COD
removal efficiencies of V/clay, Mn/clay, and Fe/
clay were 75%, 70%, and 20%, respectively, re-
spectively. These findings highlight the superior
oxidative performance of Cu/clay, underscoring
its promising potential for dye degradation under
moderate conditions of temperature and pH.

As shown in Figure 10, the general cata-
lytic performance of MO oxidation on specific
catalysts systematically changed after 180 min
of reaction. In the presence of H,O,, the results
showed that every catalyst tested showed measur-
able activity in MO oxidation.

Under the experimental conditions of natural
pH and room temperature, the V/Clay and Mn/
Clay catalysts exhibited remarkable decoloriza-
tion abilities, achieving 85% and 80% conversion
after 180 min, respectively.

Notably, the Cu/clay catalyst proved to be
a strong oxidizing agent, leading to complete
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Figure 10. (a) Evolution of C/C over time for 5% Cu/Clay, 5% V/Clay, 5% Mn/Clay, and 5% Fe/Clay catalysts;
(b) evolution of In (C/C)) for the same catalysts under identical conditions (initial concentration: 15 mg/L;
reaction time: 120 min; initial pH: 6.5; catalyst dosage: 200 mg; H,0,: 2.5 mL)

decolorization within 120 min. This superior per-
formance can be attributed to the unique redox
habitats of copper ions, which catalyze nucleo-
philic substitution reactions (Saranya and Anilku-
mar, 2020). Du et al. (2024) reported that Cu,*
based Fenton-type catalysts produce hydroxyl
radicals (HO-) capable of oxidizing organonnear-
neutralsninnear-neutrals in near-medial aqueous
medium. These observations suggest that the
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daytime catalytic Fenton catalysts are powerful
conditions for Fenton orange.

In the standard, the reaction rates of MO de-
composition in aqueous solution obtained using
the heterogeneous Fenton technique under maxi-
mum conditions are well defined by the following

pseudo-first-order equation:

In(C/C)=A+Kt 4)
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where: C denotes the initial dye concentration,
C, the dye concentration at time ¢, ¢ the
decolorization time (min), K the apparent
first-order rate constant (min!), and 4 an
empirical constant derived from experi-
mental fitting.

Kinetic analysis of methyl orange decolor-
ization demonstrated that the process followed a
pseudo-first-order model, with excellent agree-
ment between the experimental data and the pro-
posed equation. The fitted results based on the da-
taset are illustrated in Figure 10(A) is displayed
in Figure 10(B), where the correlation coeffi-
cients (R =0.979, 0.976, and 0.9803) for the Cu/
Clay, V/Clay, and Mn/Clay catalysts were close to
unity, confirming the validity of the kinetic model
in all cases. Furthermore, the Cu/Clay catalyst
exhibited the highest rate constant, indicating its
superior catalytic efficiency in promoting the oxi-
dative degradation of the dye compared to that of
the other catalysts (Azimi et al., 2020).

Catalytic reusability

From the present experimental data, it can be
concluded that the catalysts retained their activity
for the oxidation of methyl orange at neutral pH
and room (or ambient) temperature. The stabil-
ity and recyclability of catalysts are crucial from
both economic and environmental standpoints,
and their reuse is expected to reduce the operat-
ing costs of wastewater treatment processes (Xu
and Liu, 2023).

The catalyst was employed over three con-
secutive cycles using fresh dye solutions under
the optimized conditions. At the end of each cy-
cle, the catalyst was washed thrice with ultrapure
water and dried in an oven at 100 °C. The recov-
ered catalyst was subsequently reused in the next
oxidation cycle.

As shown in Table 1, the catalysts were ef-
ficiently recycled in minimal cycles without any

Table 1. Decolorization efficiency of MO dye by the
catalysts in three cycles

Number of cycles
Catalyst 18t Cycle 2" Cycle 3 Cycle
Cu/Clay 92% 86% 71%
V/Clay 64% 41% 43%
Mn/Clay 62% 52% 52%
Fe/Clay 26% 29% 24%

significant decrease in catalytic performance;
however, a marked decrease in performance was
observed over three cycles. All experiments were
conducted at a fixed reaction time of 60 min, un-
less otherwise specified. Therefore, the catalysts
exhibited good operational stability and could be
reused without significant loss of catalytic activity.

CONCLUSIONS

This study demonstrates that supported clay-
based catalysts prepared through impregnation
with transition metals (Cu, V, Mn, and Fe) are re-
markably effective in promoting the Fenton-type
decomposition of the azo dye methyl orange us-
ing H,O, as the oxide. The overall performance
of the catalyst was shown to be strongly influ-
enced by the nature of the metal, its dispersion
in the support, and the subsequent morphology,
with copper-based catalysts showing a very good
last interest tool for each decolorization and COD
removal under moderate conditions (natural pH
and ambient temperature). with 2.5 mL H,O, on
Cu/clay (4 g/L) basis, completed almost com-
plete (99%) decolorization of methyl orange in
180 min, revealing its potential in real-world ap-
plications in wastewater treatment to explain the
nature of active copper network also understand
the reaction mechanism of the hetero-oxidation
process in general.
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