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Abstract

Red Amaranth (RA) Azo dye is a persistent pollutant in wastewater and stands as
a toxicological risk, which has led to the development of effective methods for its re-
moval and photocatalytic degradation. Therefore, CeO2 nanoparticles were synthesized
by a controlled precipitation method, and Ultraviolet-Visible (UV–Vis) analysis and Tauc
plots yielded a band gap of ~3.24 eV. The CeO2 nanoparticles showed the fluorite cubic
phase, and nearly spherical particles with an average size of ~10 nm. Nitrogen physisorp-
tion revealed a type IV isotherm with a Brunauer–Emmett–Teller (BET) surface area of
85.27 m2·g−1 and a total pore volume of 0.27 cm3·g−1, indicating a mesoporous structure
and high surface accessibility. The chemical behavior showed Ce and O, consistent with
phase purity. Photocatalytic performance was evaluated in 20 ppm aqueous solution of
RA under 365 nm UV irradiation (LED 100 W), with a temperature of ~20 ◦C and a 15 min
dark adsorption step. Concentration decay was followed at λmax = 520 nm by Lambert–
Beer. The degradation efficiency η and pseudo-first-order kinetic were obtained from
ln(C0/Ct) vs. time. In addition, chemical oxygen demand (COD) tests were performed on
RA solution before and after photodegradation, showing a COD reduction of ~85% (from
19.8 to 3 mg O2·L−1), which corroborates mineralization beyond chromophore bleaching.
Under [C0 = 20 mg·L−1] and [mcat = 1.0 g·L−1], CeO2 achieved [RA = 90% at 180 min,
k = 0.0125 min−1]. These results demonstrate that CeO2 is an effective photocatalyst for
RA degradation under UV-A irradiation, integrating adsorption, kinetic behavior, and
mineralization performance into a coherent structure–property relationship.

Keywords: photocatalytic nanoparticles; photocatalysis; contaminated wastewater;
environmental remediation

1. Introduction
Azo dyes are among the most persistent classes of organic contaminants in textile

effluents. Their high chemical stability, aqueous solubility, and sulfonated groups confer
resistance to conventional treatment processes (coagulation–flocculation, adsorption, acti-
vated sludge), favoring their transport into water bodies and the formation of recalcitrant
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aromatic byproducts [1,2]. Within this group, Red Amaranth (RA) stands out due to its azo
(–N=N–) structure conjugated with sulfonated aromatic rings, which provides high chro-
matic intensity and remarkable resistance to biodegradation, thus posing environmental
and toxicological challenges when evaluated only by spectral decolorization and not by
mineralization [3,4].

Advanced Oxidation Processes (AOPs) represent an effective route for the degradation
of such compounds, as they generate reactive oxygen species (ROS) capable of cleaving
π bonds and opening aromatic rings [2,5]. Among AOPs, heterogeneous photocataly-
sis has been established as a versatile alternative owing to its potential for operation at
room temperature, compatibility with complex matrices, and feasibility of coupling with
UV/visible-light sources [2,6]. Upon irradiation, semiconductors generate e−/h+ pairs
which, in the presence of O2 and H2O, yield ROS (•OH, •O2

−, HO2•, H2O2) that drive
oxidative attack [5,6]. However, overall efficiency depends critically on charge separa-
tion, substrate adsorption, and electron-transfer kinetics at the solid–liquid interface [7,8].
Well-established semiconductor photocatalysts such as TiO2 and ZnO have been exten-
sively investigated for azo dye degradation due to their strong oxidative capability and
chemical stability [9,10]. Reported performances for these oxide systems typically show
degradation efficiencies ranging from about 60% to nearly complete removal within irradi-
ation times of approximately 80–120 min, depending on catalyst composition and reaction
conditions [9,10]. Recent studies have further optimized their structural and optical prop-
erties to enhance photocatalytic efficiency [9,10]. However, persistent challenges remain,
including rapid electron–hole recombination, limited visible-light response, and restricted
oxygen activation pathways, which constrain overall mineralization efficiency [11]. These
limitations highlight the need for alternative oxide systems with tunable defect chemistry
and redox flexibility.

In this context, cerium dioxide (CeO2) has emerged as a promising photocatalyst due
to its fluorite structure, the Ce4+/Ce3+ redox couple, and the presence of oxygen vacancies
(VO), which act as trapping/transfer centers, reducing recombination and enhancing O2

activation [1,6,7]. At the nanoscale, CeO2 nanoparticles (NPs) exhibit a higher surface
fraction of defects, a larger specific area, and the ability to tune the Ce3+/Ce4+ ratio. These
features correlate with a higher density of active sites and favorable redox dynamics for the
sustained generation of ROS [5,7,12–15]. Additionally, the near-UV excitation threshold
(Eg = ~3.0–3.2 eV) allows efficient activation under UV-A LED (365 nm), overcoming the
practical limitations of mercury lamps (heating, safety, broad spectrum) and facilitating
energy balance and scalability [13,14].

Despite advances with TiO2, ZnO, and related heterostructures, the specific evidence
for RA degradation over CeO2 remains fragmented and heterogeneous: (i) experimental
conditions vary widely (concentration, pH, catalyst dosage, irradiance), hindering
comparisons [3,4,16–19]; (ii) UV–Vis decolorization is often reported as the sole indica-
tor, omitting mineralization metrics (e.g., Chemical Oxygen Demand (COD) and Total
Organic Carbon (TOC)) and the identification of released inorganic ions [8,12,13,20–22];
(iii) essential controls (photolysis, dark adsorption) are not always included, preventing iso-
lation of the net photocatalytic effect [18,19]; and (iv) explicit mechanistic suggestions link-
ing CeO2 defect chemistry (Ce3+/VO) with azo bond cleavage and the evolution of aromatic
intermediates into low-molecular-weight carboxylic acids and, ultimately, CO2 + H2O are
scarce [5,7,12]. To the best of our knowledge, only a limited number of reports have ad-
dressed RA degradation using CeO2-based systems, with most studies focusing on other
dyes under heterogeneous conditions, making direct comparisons difficult.

To address these gaps, this work reports the synthesis of CeO2 nanoparticles via
a controlled precipitation route and their evaluation in the photocatalytic degradation of
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Red Amaranth under UV-A LED irradiation (365 nm, 100 W), isothermal operation (~20 ◦C),
and a 15 min dark adsorption pre-equilibrium with explicit photolysis controls. The primary
objective is to establish a structure–property–activity relationship by correlating nanoscale
features with adsorption behavior, kinetic performance, and mineralization trends. Degra-
dation rates were determined using pseudo-first-order kinetics based on ln(C0/Ct) vs. time,
and COD analysis was employed to assess oxidation beyond chromophore decolorization.

2. Experimental Details
2.1. Synthesis of CeO2 Nanoparticles

A 0.10 M cerium (III) precursor solution was prepared by dissolving 2.17 g of cerium
(III) nitrate hexahydrate (Ce(NO3)3·6H2O, ≥99%, (Sigma Aldrich, St. Louis, MO, USA)) in
50 mL of deionized water (18.0 MΩ·cm) at room temperature under magnetic stirring at
300 rpm. The pH was adjusted to 10.0 by the dropwise addition of NaOH solution at 1.0 M
with continuous stirring. The resulting Ce(OH)3 precipitate was allowed to mature for
30 min to homogenize the precipitate and minimize local pH gradients prior to filtration,
contributing to improved particle uniformity after calcination, and was then recovered
by vacuum filtration (Polytetrafluoroethylene (PTFE) membrane, 0.45 µm), thoroughly
washed with deionized water followed by ethanol, and dried at 90 ◦C for 24 h. The dried
hydroxide was calcined in air at 500 ◦C for 2 h using a muffle furnace with a heating
ramp of 10 ◦C·min−1 and natural cooling inside the furnace to obtain CeO2 nanoparticles
(Figure 1).

Figure 1. Flowchart for the synthesis of CeO2 by the precipitation method.

2.2. CeO2 Nanoparticles Characterization

The optical band gap of CeO2 was measured by UV–Vis spectroscopy (Shimadzu
UV-260, Shimadzu Corporation, Kyoto, Japan). The morphology and particle size were
examined by High-Resolution Transmission Electron Microscopy (HR-TEM JEM-2010,
200 kV; JEOL, Akishima, Japan). Elemental composition was assessed by Energy-Dispersive
X-ray Spectroscopy (EDS) using a Field-Emission Scanning Electron Microscope (FE-SEM)
Lyra 3 XMU, Tescan, Brno, Czech Republic) equipped with a Bruker Quantax X-Flash
6160 detector. Structural and crystallographic information was obtained by HR-TEM
and X-ray diffraction (XRD; PANalytical Empyrean, Almelo, The Netherlands), Cu Kα,
λ = 0.15406 nm) with an X’Celerator detector, scanning 2θ = 20–90◦ at room temperature.
Textural properties were evaluated by N2 adsorption–desorption isotherms at 77 K using
a TriStar II Plus surface area and porosity analyzer (Micromeritics, Norcross, GA, USA).
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2.3. Photocatalytic Degradation Test

Photocatalytic experiments were conducted in a 50 mL batch reactor using a 365 nm
UV-LED source (100 W). The photocatalytic reactor setup used in this study is shown
in Figure S1 (Supplementary Materials). The irradiance at the reactor surface was not
directly measured; therefore, kinetic parameters are reported under specific operating
conditions without normalization to photon flux. A 20 ppm aqueous solution of Red
Amaranth was prepared, and 50 mg of CeO2 was added (equivalent to 1.0 g·L−1). This
catalyst loading was selected to enable a comparison with commonly reported conditions
in heterogeneous photocatalysis of azo dyes. A detailed mass-transfer analysis was beyond
the scope of the present study. Suspensions were sampled every 15 min up to 180 min;
the interval −15 to 0 min was performed in the dark to establish adsorption equilibrium.
Three conditions were evaluated: (i) dye + UV (no catalyst), (ii) dye + catalyst (dark), and
(iii) dye + catalyst + UV (photocatalysis). The temperature was maintained at ~20 ◦C. All
experiments were conducted at the natural pH of the dye solution without adjustment. Dye
concentrations were obtained from the absorbance at 520 nm (RA) using a (Thermo Evolu-
tionTM 60S UV–Vis spectrophotometer, Thermo Fisher Scientific, Waltham, MA, USA).

The degradation percentage, %η, was determined using the following equation:

%η =
(A0− At )

A0
× 100 =

(C 0− Ct )

C0
× 100 (1)

where A0 corresponds to the initial absorbance of the dye mixture and At, to the absorbance
after t minutes. Both values are related to the initial concentrations, C0, and the concentra-
tion at time t, Ct, which varies according to the Lambert–Beer law [23].

Chemical oxygen demand (COD, dichromate method) was measured before irradia-
tion and after reaction to assess mineralization. Full experimental details (COD protocol)
are provided in the Supplementary Materials. The COD calibration curve obtained using
potassium hydrogen phthalate (KHP) standards is presented in Figure 2. The relationship
between COD and the baseline-corrected absorbance (ABC) follows:

COD [mg O2·L−1] = 138.05·ABC + 1.4 (2)

Detailed calibration data are provided in Table S1 (Supplementary Materials).

 

Figure 2. COD calibration curve used for mineralization analysis during RA photodegradation.

The mineralization efficiency of RA was evaluated using the (COD) values determined
before and after photocatalytic treatment according to the following equation:
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Removal RA (%) =
COD0 − CODt

COD0
× 100 (3)

where COD0 corresponds to the initial COD value of the RA solution and CODt represents
the COD measured after irradiation time t.

3. Results and Discussion
3.1. Physicochemical Analysis of CeO2

The optical band gap of CeO2 was estimated from UV–Vis absorption data using the
Tauc method. The Tauc relation between the absorption coefficient (α) and the photon
energy (hν) is:

αhν = B
(
hν − Eg

)n (4)

where B is a constant and n depends on the electronic transition. For CeO2, a direct allowed
transition was assumed (n = 2) [7]. Eg was obtained by linear fitting of the high-energy
region of (αhν)2 versus hν and extrapolation to the energy axis (Figure 3). The resulting
optical band gap was ~3.24 eV, consistent with reported values for CeO2 [1,2].

Figure 3. Optical absorption spectrum and Tauc plot of CeO2.

The XRD pattern of CeO2 (Figure 4) shows reflections at 2θ = 28.51◦, 33.05◦, 47.37◦,
56.27◦, 59.09◦, 69.33◦, 76.61◦, 79.25◦, and 88.39◦, indexed to the (111), (200), (220), (311), (222),
(400), (331), (420), and (422) planes, respectively. These peaks agree with the cubic fluorite
structure of CeO2 nanoparticles (ICSD 98-006-1595) and with previous reports [7,13,14].
The crystallite size D was estimated using the Debye–Scherrer equation:

D =
0.9 λ

βcos θ
(5)

where λ is the wavelength, β is the full width at half maximum (FWHM), and θ is the
Bragg’s angle expressed in radians. The calculated crystal size was ~14.7 nm.

Additionally, the interplanar distance (d) for the plane (111) was determined by
Bragg’s equation:

d =
nλ

2sin θ
(6)

The results indicated that the interplanar distance was ~0.31 nm for the plane
(111) [14,15].

TEM micrographs in Figure 5 are representative of the CeO2 samples. Figure 5a
shows agglomerates of near-spherical primary crystallites with an average particle
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size of ~10.6 nm. XRD analysis yielded a crystallite size of ~14.7 nm, calculated using
the Scherrer equation. The slight difference between TEM and XRD values is expected, as
XRD estimates coherent crystalline domain size based on diffraction broadening, whereas
TEM measures the physical particle size and may reflect size dispersion effects.

Figure 4. X-ray diffraction pattern of CeO2 nanoparticles.
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Figure 5. TEM/EDS characterization of CeO2 nanoparticles: (a) low-magnification TEM micrograph;
(b) HR-TEM lattice fringes; (c) SAED ring pattern indexed; (d) EDS spectrum.

Figure 5b (HR-TEM) displays lattice fringes with d111 = ~0.31 nm, assigned to the
(111) planes of fluorite CeO2 [14,15]. The selected-area electron diffraction (SAED) pattern
in Figure 5c exhibits concentric rings indexed, confirming a crystalline nature. The EDS
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spectrum (Figure 5d) shows only Ce and O within detection limits; minor C arises from the
carbon support.

Textural properties were assessed by N2 adsorption–desorption isotherms at 77 K
(Figure 6). The isotherm exhibits a type IV profile according to the IUPAC classifica-
tion, confirming mesoporosity [24]. The Brunauer–Emmett–Teller (BET) surface area was
85.27 m2·g−1, with a total pore volume of 0.27 cm3·g−1, indicating a mesoporous structure
with a high density of accessible surface sites. In CeO2-based systems, such textural fea-
tures, together with surface defect chemistry, have been reported to enhance dye adsorption
and promote interfacial charge separation and reactive oxygen species generation during
photocatalysis [25,26].

Figure 6. N2 adsorption–desorption isotherm of CeO2 nanoparticles.

3.2. Photocatalytic Degradation of RA Dye

In the UV–Vis curves (Figure 7a–c), the main bands of RA (~520 nm) remain essentially
unchanged under UV-A without catalyst, confirming negligible photolysis at 365 nm. In the
dark with CeO2, a decrease attributed to dye adsorption on the catalyst surface is observed,
consistent with the −15 → 0 min pre-stage. Only under the CeO2 + UV-A condition, the
bands decrease monotonically to near-baseline, evidencing effective photocatalysis.

Figure 8a,b show the percent-removal for each case and kinetic curves for the
UV-A + RA + CeO2, respectively. The fits follow typical pseudo-first-order degradation
kinetics (ln(C0/Ct) vs. t), with estimated rate constants kRA = 0.0125 min−1; the half-life was
t1/2 = ~55 min. At 180 min, with a catalyst loading of 1.0 g·L−1 (50 mg in 50 mL), removals
of ~90% RA were achieved, consistent with the obtained k value. The contributions esti-
mated at 180 min were as follows: photolysis (UV only) ~6%, adsorption (CeO2 in the dark,
−15 → 0 min) ~30%; total removal under CeO2 + UV-A ~90%. The apparent photocatalytic
fraction (CeO2 + UV − UV only) was ~84%, and after subtracting the portion removed
by adsorption, the net removal by photocatalysis was ~54%. These results are consistent
with the linearity of ln(C0/Ct) observed in the kinetic plot for RA dye. The ~30% dark
adsorption is consistent with the relatively high BET surface area (85.27 m2·g−1) and meso-
porous structure of the CeO2 nanoparticles (Figure 6), which provide abundant accessible
surface sites. Electrostatic and coordination interactions between the azo (–N=N–) and
sulfonate (–SO3

−) groups of Red Amaranth and surface Ce sites likely contribute to this
initial adsorption. This phenomenon represents a surface pre-concentration effect rather
than chemical degradation, facilitating subsequent photocatalytic oxidation under UV-A
irradiation. To further evaluate the extent of mineralization, the chemical oxygen demand
(COD) of the RA solution was measured before and after photocatalytic treatment. The
COD value decreased from 19.8 mg O2 L−1 to 3.0 mg O2 L−1 after 180 min, corresponding
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to a mineralization efficiency of approximately 85%. This result confirms that the decrease
in dye absorbance is not solely due to decolorization but also reflects substantial oxidation
of the organic structure.

(a) 

 

(b) 

 
(c) 

 

(d) 

 

Figure 7. Absorbance spectra for dyes photodegradation of RA (a) only UV light, (b) with CeO2 pho-
tocatalyst in dark, and (c) with CeO2 photocatalyst and UV light, respectively. (d) RA decolorization
sequence with CeO2 + UV.

   
(a)  (b) 

Figure 8. Degradation percentage only UV light, with CeO2 in dark and photocatalyst (a), and kinetic
photodegradation curve (b).
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These photocatalytic results can be rationalized based on the physicochemical proper-
ties of the synthesized CeO2 nanoparticles, which govern the adsorption behavior of the
dye molecules and the interfacial charge transfer processes occurring during photocatalysis.
In particular, the structural and surface characteristics of the material promote effective
interaction between the catalyst surface and the dye molecules, facilitating subsequent
photocatalytic oxidation under UV-A irradiation.

The mineralization mechanism of RA mediated by CeO2 NPs under UV irradiation
(365 nm) can be interpreted through three main stages: (i) band-to-band excitation of the
oxide (Eg = ~3.0–3.2 eV) with generation of the e−/h+ pair, (ii) Ce3+/Ce4+ redox dynamics
and oxygen vacancies acting as trapping and/or transfer centers that facilitate the activation
of ROS, and (iii) cleavage of the azo bond (–N=N–) of the dye, progressive oxidation of
aromatic intermediates, and subsequent complete mineralization to CO2 and H2O. This
process involves the absorption of UV radiation by the CeO2 nanoparticles, which promotes
the excitation of electrons (e−) from the valence band (VB) to the conduction band (CB),
thus generating the e−/h+ pair. This process partially reduces Ce4+ species in CeO2-NPs to
Ce3+ (CeO2−x-NPs), simultaneously creating oxygen vacancies [1,27,28].

The photogenerated h+ oxidize water and OH− ions, generating •OH radicals, while
conduction band electrons reduce O2 (dissolved and/or at vacancies) to •O2

−, which
protonates to HO2•, contributing to the oxidative attack. The first step on the AR molecule
is the cleavage of the azo bond (–N=N–), splitting the dye into two fragments: sulfonated
aromatic derivatives such as sulfanilic- and naphthylamine-type species. These interme-
diates undergo desulfonation processes, favored by •OH radicals, releasing SO4

2− and
forming reactive phenolic compounds [29]. In the case of naphthylamine-type derivatives,
oxidation occurs with the –NH2 group transiently converted into nitroso/nitro species and
subsequently eliminated as NO2

−/NO3
−, while the free aromatic position is substituted by

–OH, leading to unstable dihydroxylated structures. These species transform into quinonic
compounds through oxidative tautomerization, which are highly susceptible to •OH and
•O2

− radical-induced ring-opening reactions, producing low-molecular-weight carboxylic
acids such as maleic, oxalic, and formic acids [30,31]. On the other hand, aromatic interme-
diates undergo rapid desulfonation, yielding sulfonated phenols that are also hydroxylated
and fragmented, converging into carboxylic species. Ultimately, both pathways lead to sub-
stantial oxidation of the organic structure, as supported by the significant COD reduction
observed after irradiation, along with the release of inorganic anions [31].

The central role of CeO2 NPs is attributed to their ability to recycle Ce3+/Ce4+ states,
thereby generating radicals in a sustained manner, and to the presence of oxygen vacancies,
which reduce the recombination of photogenerated charges and enable an efficient redox
cycle. Thus, the photocatalytic process mediated by CeO2 NPs not only induces decoloriza-
tion but also promotes extensive oxidative transformation of AR under UV irradiation. The
mechanism discussed above is proposed based on the experimental trends observed in this
study (adsorption and photolysis controls, kinetic behavior, and COD reduction) together
with established photocatalytic AOP pathways reported for azo dyes. The intermediates
described are therefore interpreted as plausible species consistent with literature reports.

Table 1 summarizes the photocatalytic results for the RA obtained in this work with
CeO2, along with previously reported data for other metal oxide–based catalysts. It is
observed that CeO2 achieves 69% degradation within 120 min under UV irradiation, which
increases to 83.6% in the presence of H2O2, with a kinetic constant of 0.0993 min−1, out-
performing conventional systems such as TiO2 + H2O2 that report 64% degradation in
100 min [3,20]. Although some TiO2-based systems can achieve higher degradation efficien-
cies under optimized conditions (e.g., up to ~97% removal within 90 min, as summarized
in Table 1), such performances are often associated with modified catalysts or specific
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irradiation conditions. In comparison, the CeO2 nanoparticles evaluated in this work
exhibit competitive photocatalytic activity under relatively simple experimental conditions,
including the use of a UV-A LED source and the absence of dopants or composite struc-
tures. These findings demonstrate that even in the absence of co-catalysts, CeO2 exhibits
remarkable efficiency. Catalysts such as N-WO3 achieved complete degradation in 120 min
under UV-A/visible radiation [16], while the Fe/TiO2-NaY and Fe-ZnO systems reached
efficiencies close to 98% in less than 100 min [17,19]. Similarly, advanced heterostructures
such as Ag/N-g-C3N4 report nearly complete degradation (99.7%) in only 30 min [32].
Nevertheless, it should be noted that most of these reports are focused on traditional
materials such as TiO2 and ZnO or on more recent heterostructures, whereas studies on
RA photocatalysis using CeO2 remain very limited, hindering direct comparisons and
underscoring the relevance of the present work. The performance observed for CeO2 can
be attributed to its ability to generate reactive oxygen species through the Ce3+/Ce4+ redox
cycles, reflecting its potential as a promising photocatalyst. This comparison not only
positions CeO2 as a competitive material against classical oxides but also emphasizes the
need to further explore its application in the degradation of emerging contaminants.

Table 1. Comparative performance of CeO2-based photocatalysts for RA under UV irradiation.

Photocatalyst Light Source Power (W) Dye (C0) V (mL) Catalyst
(mg)

Load
(g·L−1) % η (Time) k (min−1) % COD Ref.

CeO2 NPs UV — Amaranth
20 mg·L−1 50 50 1.0

69% (120 min,
without H2O2);
83.6% (120 min,

with H2O2)

0.0993 — [20]

TiO2 + H2O2 UV-C lamp 6 Amaranth
(0.01 M) — — — 64%

(100 min) — — [3]

N-WO3 UV-A/Visible Amaranth
25 mg·L−1 — 1000 1.0 100%

(120 min) — — [16]

ZnS (QDs) UV lamp 8
Amaranth

250–500
mg·L−1

— — variable 85%
(120 min) — — [4]

TiO2 — — Amaranth
30 mg·L−1 200 110 — 97.14%

(90 min) 0.069 — [18]

Fe-ZnO Fluorescent
lamp 6 Amaranth — — — 98%

(80 min) 0.0114 — [19]

MnFe2O4@ZnO UV-C lamp — Amaranth,
20 mg·L−1 250 — — 60%

(240 min) 3.94 × 10−3 34.1% [33]

TiO2-NPs UV lamp 11 Amaranth,
242 mg·L−1 10 3 0.3 ~85–90%

(90 min) 0.0671 — [34]

Ag/N-g-C3N4 Xe lamp 300 Amaranth
— — — — 99.7%

(30 min) — — [32]

CeO2
nanoparticles UV-A LED 100

Red
Amaranth
20 mg·L−1

50 50 1.0 RA ~90%
(180 min) 0.0125 85% This Work

In summary, with moderate catalyst loadings (1.0 g·L−1), a 365 nm LED source, and
thermal control, the CeO2 obtained here exhibits high conversions and competitive kinetics
compared with recent references, without dopants or supports. Moreover, the COD results
(before/after) confirm dye mineralization, demonstrating that the time-dependent decrease
in absorbance is not due solely to decolorization.

4. Conclusions
CeO2 nanoparticles synthesized by controlled precipitation exhibited effective photo-

catalytic degradation of Red Amaranth under UV-A LED irradiation (365 nm, 1.0 g·L−1,
~20 ◦C), achieving ~90% decolorization within 180 min and following pseudo-first-order
kinetics (kRA = 0.0125 min−1). Control experiments confirmed negligible photolysis and
a ~30% dark adsorption contribution, which is consistent with the relatively high BET
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surface area (85.27 m2·g−1) and mesoporous structure of the nanoparticles. COD measure-
ments (from 19.8 to 3.0 mg O2·L−1) indicate substantial oxidation of the organic structure
beyond chromophore bleaching.

The photocatalytic performance is attributed to the synergistic role of surface adsorp-
tion, Ce3+/Ce4+ redox cycling, and oxygen vacancy-mediated reactive oxygen species
generation, establishing a clear structure–activity relationship. Overall, these findings
position CeO2 as a promising UV-responsive oxide for azo dye degradation under
controlled conditions.

Further investigations involving reactive species identification, TOC analysis, cata-
lyst stability assessment, and evaluation under complex water matrices will contribute to
a more comprehensive understanding of the mechanistic pathways and practical applica-
bility of this system.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/reactions7020022/s1. Table S1. COD calibration data (KHP):
absorbance, baseline-corrected absorbance (Abc), and calculated COD; includes RA samples before
(−15 min) and after (180 min) photodegradation. Figure S1. Photograph of the photocatalytic reactor
setup used in this study, showing the UV-A LED source (365 nm), reactor configuration, and magnetic
stirring system.
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