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Abstract

ZnMn;0s was obtained via the sol-gel auto-combustion method to investigate the
photocatalytic degradation of Congo Red (CR) under solar irradiation. Various characterization
techniques were employed to determine its structural, morphological, optical, and
electrochemical properties. XRD confirmed the tetragonal phase (141/amd) with a crystallite
size of 20.17 nm. The material exhibited a specific surface area of 37.32 m?/g. A direct bandgap
energy of 1.97 eV was determined. Electrochemical analysis revealed a flat band potential of -
0.121 V/SCE, indicating p-type behavior. Adsorption kinetics followed a pseudo-second order
model, with the Langmuir isotherm providing the best fit, and a monolayer adsorption capacity
of 12.155 mg/g. Photocatalytic experiments demonstrated 87.50% CR removal within 3 h under
sunlight at a catalyst dosage of 0.8 g/L. The degradation followed pseudo-first order kinetics,
with an apparent rate constant (Kagp) of 0.01074 mint and a half-life (ti2) of 64.53 min.
Photocatalytic efficiency was influenced by photocatalyst dosage, dye concentration, pH, and
scavengers. Incorporating TiO2 improved degradation performance, achieving complete CR

removal within 3 h. Recyclability tests confirmed structural stability, with no significant peak


mailto:m_benamira@univ-jijel.dz

shifts or phase transformations after multiple cycles. DFT calculations classified CR as a soft
molecule based on its electronic properties. Monte Carlo simulations demonstrated
exceptionally strong interactions in the CR/ZnMn204 system, with an adsorption energy of -
16147.31 kcal/mol. Molecular dynamics simulations further verified CR's superior adsorption
affinity for ZnMn>O4 compared to RhB. Notably, ecotoxicity evaluations revealed that the
photocatalytic degradation byproducts showed substantially lower acute toxicity than the parent
CR compound.

Keywords: ZnMn,Os; Photocatalysis; Solar Irradiation; Monte Carlo simulation; Molecular

dynamics simulations.

1. Introduction

Azo dyes form the most extensive and widely used class of colorants, accounting for 60-70%
of global organic dye production [1]. Among them, Congo Red (CR) is a synthetic dye
distinguished by its pH-responsive color change and benzidine-derived aromatic structure [2].
As an anionic diazo dye, CR comprises two azo (-N=N-) chromophores and sulfonic (-SO3H)
auxochromes, enhancing its solubility in water [3]. Due to its strong coloration properties, it is
widely applied in industries such as textiles, plastics, leather, printing, and paper [4]. However,
CR exhibits carcinogenic and mutagenic properties, posing risks to human health, including
skin irritation, liver damage, and central nervous system disorders, while also negatively
impacting aquatic ecosystems [5]. Additionally, toxic byproducts contribute to infertility,
allergic reactions, and increased chemical oxygen demand in aquatic environments [6]. The
stability and resistance to biodegradation of CR make it a persistent environmental pollutant
[7], creating significant challenges for conventional water treatment methods. Given these risks,
the development of effective degradation and removal strategies remains a critical research

priority.

Photocatalytic degradation has emerged as a pivotal green chemistry technology for treating
organic dyes in wastewater [8, 9]. This sustainable and environmentally friendly approach
provides high efficiency, minimal secondary contamination, and cost-effectiveness [10, 11].
Unlike conventional methods, which often generate harmful polycyclic byproducts,
photocatalysis utilizes solar light to degrade dyes into non-toxic compounds such as carbon
dioxide and water [12, 13]. This process relies on semiconductors that, upon light absorption,

generate highly reactive species capable of breaking down persistent organic pollutants. Recent
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research has emphasized the development of metal oxide nanomaterials as efficient
photocatalysts under visible light [14-16]. Their high surface area, abundant active sites,
chemical stability, non-toxicity, and low cost make them highly effective for dye degradation
[17]. Additionally, their nanoscale size enhances adsorption capacity, further improving

photocatalytic performance.

Recent investigations have demonstrated promising results for Congo Red degradation using a
variety of photocatalytic systems. Notably, Boulahbel et al. [11] developed a NiFe204/TiO>
heterostructure via solid dispersion, achieving 97% CR removal after 180 min of sunlight
exposure at a concentration of 20 mg/L. A comparable efficiency was reported by Boudiaf et
al. [18], who employed a physically mixed CoAl204/ZnO heterosystem under solar irradiation
for 4 h at neutral pH. Al-Farraj et al. [19] synthesized MgAl.O4 nanoparticles using the Pechini
sol-gel method, reaching 99.27% degradation within 80 min under UV light at pH 3. Similarly,
Zia et al. [20] prepared ZnSe/Co304 heterostructure through a solid-state route, which achieved
96% degradation in just 60 min under UV-visible light. In another approach, Brishti et al. [21]
utilized green-synthesized ZnO nanoparticles, which showed 57.6% efficiency at natural pH,
increasing to 80.82% under acidic conditions (pH 2). Akhter et al. [22] introduced Ce-doped
Nio.sCuo.4Fe204 nanostructures via co-precipitation, obtaining 91% degradation under visible
light within 100 min. Additionally, Hemamalini et al. [23] demonstrated that ZnCo0.04
nanoparticles synthesized by co-precipitation removed 61% of CR under sunlight in 2 h. These
findings underscore the versatility of metal oxide-based nanomaterials and their potential for

effective CR degradation under diverse environmental and operational conditions.

ZnMn,0s, a spinel-type mixed metal oxide, has attracted significant interest as a photocatalyst
due to its distinctive structural, electronic, and redox properties [24, 25]. Its narrow bandgap
enables efficient visible-light absorption, while Mn in multiple oxidation states promotes
charge separation and electron transfer, thereby suppressing electron-hole recombination. The
synergistic interaction between Zn and Mn further enhances photocatalytic activity, improving
its efficiency in pollutant degradation. Its chemical stability, non-toxicity, cost-effectiveness,
and environmental compatibility underscore its suitability for practical applications [26-28].
Despite these advantages, studies on ZnMnO4 for Congo Red degradation remain scarce,

warranting further investigation to optimize its photocatalytic performance under visible light.

The photocatalytic performance of a material is profoundly influenced by its synthesis method,
as this determines critical properties such as crystallinity, surface area, porosity, optical
behavior, and electronic structure [6, 29-30]. Among various synthesis techniques, the sol-gel
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auto-combustion method stands out for its ability to produce nanomaterials with high purity,
uniform particle size distribution, and enhanced crystallinity [31, 32]. This approach facilitates
the formation of a well-defined spinel structure, which contributes to charge separation and
helps suppress electron-hole recombination. Furthermore, the exothermic nature of the auto-
combustion process generates porous architectures [33, 34], significantly increasing the
catalyst's surface area and adsorption capacity, thereby enhancing its photocatalytic activity
[35].

Computational simulations provide critical atomic-level insights into adsorption mechanisms,
complementing experimental studies by revealing interaction energies, molecular orientations,
and dynamic behavior of adsorbates on photocatalyst surfaces [36]. Among these techniques,
the Monte Carlo (MC) method facilitates statistical sampling of possible configurations to
identify energetically favorable adsorption sites, guided by Boltzmann-distributed probabilities
[37]. This approach is particularly effective in capturing equilibrium behavior at interfaces and
mapping out potential energy landscapes of dye-surface systems [36]. Simultaneously,
Molecular Dynamics (MD) simulations model the temporal evolution of adsorbate-surface
interactions, capturing dynamic processes such as solvation, diffusion, and conformational
adjustments at finite temperatures [38—40]. MD simulations also enable the observation of
desorption events, hydrogen bonding evolution, and rearrangement of surface hydration layers,
which are critical in photocatalytic environments [41]. These techniques collectively provide a
comprehensive framework for understanding interfacial behavior under realistic conditions,

guiding the rational design of materials for environmental remediation.

This study aims to investigate the photocatalytic degradation of Congo Red (CR) using
ZnMn20O4 under solar light irradiation, with a focus on efficiency across various operational
conditions. The degradation pathway is analyzed through radical scavenging experiments. To
complement the experimental findings, Density Functional Theory (DFT) calculations are
employed to model the CR molecule in aqueous media and assessing both global and local
reactivity. The most susceptible regions of the molecule are identified using Fukui functions,
the dual descriptor (f;?), and local parameters such as softness (Aay) and philicity (Awy).
Additionally, Monte Carlo and Molecular Dynamics simulations are conducted to compare the
adsorption behavior of CR and Rhodamine B (RhB) on the ZnMn,Os surface. The
environmental and toxicological impacts of CR and its degradation intermediates are further
assessed through theoretical predictions of Daphnia magna LCso (48 h), Oral rat LDso, and
Bioconcentration factor (BCF) values.



2. Materials and methods
2.1.  Synthesis

Zinc manganese oxide (ZnMn20O4) was prepared using the sol-gel auto-combustion process, as
shown in Fig. S1. Zinc nitrate hexahydrate (Zn(NOz)2-6H20, >96%, Sigma-Aldrich),
manganese nitrate monohydrate (Mn(NOs)2-H20, >98%, Sigma-Aldrich), and citric acid
(CeHgO7, >99%, Sigma-Aldrich) were used as starting precursors. A Zn:Mn molar ratio of 1:2
was maintained by dissolving 2.90g of Zn(NOg3)2:6H20 (0.01 mol) and 4.96g of
Mn(NO3)2-H20 (0.02 mol) in 40 mL of distilled water. Subsequently, an aqueous solution of
citric acid (2.42 g in 40 mL) was added to the metal nitrate mixture under continuous magnetic
stirring. The solution was then heated at 90 °C for 120 min to form a homogeneous gel. The
temperature was further increased to 300 °C, triggering spontaneous auto-combustion due to
evaporation. The resulting powder was ground and calcined at 400 °C for 4 h with a heating
rate of 5 °C/min to obtain the ZnMn>O4 powder. The global reaction can be expressed as

follows:

Zn(NO3)2 + 2 Mn(NO3)2 + x CeHgO7 — ZnMn04+y CO2 + z H20+ ¢y N2 (@D)]

Anatase-phase TiO2, used for the preparation of the ZnMn;O4/TiO; heterojunction, was
synthesized via a sol—gel method. Tetrabutyl titanate (Ti(OC4Hs)s4, >97%, Sigma-Aldrich) was
dissolved in a methanol/ethanol mixture with a molar ratio of 1:1:10 under continuous stirring.
The solution was heated at 75 °C for 3 h to promote hydrolysis and condensation. Deionized
water was then added dropwise to initiate gel formation. The resulting gel was dried at room
temperature overnight and subsequently calcined at 450 °C for 2 h to obtain crystalline anatase
Ti02. The ZnMn204/TiO2 heterojunction was prepared by physically mixing the as-synthesized
TiO2 powder with ZnMn2Os. The powders were blended in specific weight ratios to ensure

homogeneous dispersion and to achieve the desired composition.

2.2. Characterizations

X-ray diffraction (XRD) was utilized to investigate the crystalline structure, using Cu-Ka
monochromatic radiation (A = 1.54056 A) across a 26 range of 15° to 80°. The obtained
diffraction data were analyzed with the HighScore Plus software. The Fourier Transform
Infrared (FT-IR) spectrum was recorded over a wavenumber range of 500 to 4000 cm™ using a

Bruker spectrometer. The specific surface area was determined using the Brunauer-Emmett-
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Teller (BET) method with a Micromeritics Tristar 3000 analyzer. The sample was degassed

under vacuum for 2 h before cooling and undergoing adsorption-desorption analysis.

The morphology and composition of the as-prepared powder were analyzed using a Zeiss EVO
15 scanning electron microscope (SEM) equipped with Energy-Dispersive X-Ray Spectroscopy
(EDS). Transmission electron microscopy (TEM) was performed with a Thermo Fisher Talos
F200X electron microscope operating at voltages ranging from 80 to 220 kV. The diffuse
reflectance spectrum was obtained over the wavelength range of 350-1000 nm using a Specord
200 Plus UV-Vis. spectrophotometer. X-ray photoelectron spectroscopy (XPS) analysis was
performed using a VG ESCALAB MKI| electron spectrometer operated under a base pressure
of 108 Pa, employing Al Ko radiation (1486.6 eV) as the excitation source. The C 1s peak at
285.0 eV was used as the reference for binding energy (BE) calibration, with a measurement
accuracy of 0.2eV. Spectral fitting and deconvolution were conducted using CasaXPS

software.

The surface charge properties of the synthesized ZnMn,Os powder were evaluated by
determining the point of zero charge (pHpz) through the pH drift method. A series of 50 ml
NaCl solutions (0.01 M) were prepared, each containing 0.1 g of the sample. The pH of the
solutions was adjusted with HCI and NaOH, and the mixtures were allowed to equilibrate for
24 hours at room temperature in an isothermal shaker. The pHpz value was identified as the

point where the initial and final pH values intersected.

Electrochemical measurements were performed at room temperature using an OrigalLys
potentiostat, with a saturated calomel electrode (SCE) as the reference electrode and a platinum
electrode (Pt) as the counter electrode. Mott-Schottky (M-S) plots were obtained in a 0.5 M
Na2SO; electrolyte at a frequency of 10 kHz. The corrosion current of ZnMn2O4 in Na;SO4
electrolyte and Congo Red (CR) was determined through current-voltage (J-V) analysis using

a semi-logarithmic Tafel plot (log J-E).
2.3.  Photocatalysis

To study the photodegradation of Congo Red (CR), 80 mg of ZnMn204 powder was
dispersed in 100 mL of an aqueous CR solution (20 mg/L) within a Pyrex cell. The mixture
was stirred in the dark at room temperature until adsorption equilibrium was reached. The
suspension was then exposed to sunlight (~105 mW/cm?) for 3 h, with an average ambient
temperature of 27 = 2°C and relative humidity of 60 = 5%. Aliquots of 5 mL were collected

at regular intervals, centrifuged at 2000 rpm for 15 min. All photocatalytic experiments

6



were conducted outdoors in Jijel, Algeria, on a sunny day in June, between 11:00 a.m. and
3:00 p.m, local time (peak solar irradiance). Absorbance measurements were recorded using
an Optizen Pop UV-visible spectrophotometer, and CR degradation was calculated using
Eq. (2) [12]:

Co—Ct
Co

% of photodegradation = ( ) X 100 (2)

Where Co and C: represent the initial concentration and the concentration of Congo Red (CR)
at time (t), respectively.

The amount of CR adsorbed (qt) was calculated using the following expression (Eq. (3)) [14]:

Co—Ct
m

qr = ( ) XV (3)

Where V represents the solution volume and m denotes the adsorbent mass used.

2.4. Computational Chemistry Study
2.4.1. Density Functional Theory

Density Functional Theory (DFT) calculations were carried out using the Dmol® module within
BIOVIA Materials Studio software. The geometry optimization of the CR molecule in an
aqueous medium was conducted utilizing the Perdew-Burke-Ernzerhof (PBE) functional within
the Generalized Gradient Approximation (GGA) to assess molecular reactivity. The Double
Numerical Plus Polarization (DNP) 4.4 basis set was employed for atomic orbitals. The
convergence criteria included a self-consistent field (SCF) tolerance of 10° Hartree (Ha), a
maximum displacement between cycles of less than 0.005 A, and a maximum per-atom force
of 0.002 Ha/A. Additionally, a global orbital cutoff of 4.5 A was applied to refine parameters
governing atomic orbital interactions. The solvent environment (water, dielectric constant € =

78.54) was simulated using the Conductor-like Screening Model (COSMO).
2.4.2. Electrostatic Potential Surface

The Electrostatic Potential Surface (EPS) is a powerful tool for analyzing the reactivity of
chemical compounds by mapping the spatial distribution of electrostatic potential across
molecular surfaces. This method employs a color-coded system to delineate regions of varying
electron density and charge distribution. Areas depicted in blue indicate the highest positive
electrostatic potential, by electron deficiency and a corresponding positive charge, rendering
them optimal sites for nucleophilic interactions. Conversely, yellow-shaded regions represent

the lowest negative electrostatic potential, typically associated with heteroatoms such as
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chlorine, nitrogen, or sulfur, which exhibit susceptibility to electrophilic attack. Meanwhile,
green areas denote neutral or zero potential regions, where the electrostatic charge is negligible,

indicating minimal reactivity.
2.4.3. Fukui Indices and Dual Descriptor

Fukui indices represent a fundamental concept in computational chemistry, particularly within
the framework of Density Functional Theory (DFT). These indices serve as predictive tools for
molecular reactivity by identifying regions most susceptible to nucleophilic, electrophilic, or
radical attacks. The Fukui functions are formally defined as follows [8]:

fif =qe(N + 1) — q(N) = p(r)!UM0  (For nucleophilic attack)  (4)
fi = @(N) — @ (N — 1) = p(r)H°M°  (For electrophilic attack)  (5)
O =[qe(N +1) — q (N —1)]/2 (For radical attack) (6)

Here, qix (N + 1), qx(N) and g, (N — 1) denote the atomic charges of atom (k) in the anionic,
neutral, and cationic states, respectively.

The dual descriptor (f;?), commonly referred to as the second-order Fukui function, offers a
more comprehensive evaluation of electron transfer processes within a molecule. By extending
the conventional Fukui function framework, it effectively distinguishes atomic sites according
to their propensity for nucleophilic or electrophilic interactions [42, 43]. A positive f;? (7) value
at a given site indicates a greater propensity to accept electrons, signifying enhanced reactivity
toward nucleophiles species. Conversely, a negative f;> () value identifies regions more
susceptible to electrophilic attack, as these sites exhibit a higher tendency to lose electron
density, rendering them favorable for electrophilic interactions. The local philicity (Aw,) and
local softness (Aay,) are fundamental descriptors utilized to assess the reactivity of individual

atomic sites within a molecule. These parameters are formally defined as: wy; = wf* and g =
Sfi.

where w and S denote the global philicity and global softness, respectively, while f* represents

the Fukui function at atomic site (k), corresponding to a specific type of chemical attack (o).
2.4.4. Monte Carlo and Molecular Dynamics Simulations

Monte Carlo (MC) and Molecular Dynamics (MD) simulations were conducted using Materials

Studio to investigate the adsorption behavior of Congo Red (CR) and Rhodamine B (RhB) on



ZnMn,0Og4 surfaces in an aqueous phase comprising 200 water molecules. The Adsorption
Locator module was employed in the MC approach to determine the most energetically
favorable configurations of dye molecules on the surface. Molecular structures were geometry-
optimized utilizing the Condensed-phase Optimized Molecular Potentials for Atomistic

Simulation Studies Il (COMPASSII) force field to ensure computational accuracy.

For the MD simulations, the ZnMn»O4 (211) surface was constructed based on XRD and DFT
results and modeled within a periodic simulation box of dimensions 81.246 A x 49.123 A x
39.694 A. A cleaved thickness of 3 A, an 8 x 8 supercell, and a 30 A vacuum layer were
implemented to ensure accurate modeling and mitigate boundary effects. Simulations were
performed using the Forcite module under the canonical ensemble (NVT: constant number of
particles, volume, and temperature) at 298 K, with a time step of 1 fs for a total simulation
period of 500 ps. Interaction energies (Einteraction) and binding energies (Eginding) Were computed

as follows [24]:
EInteraction = ETotale - (ESurface +200H20 T EDye) (7)

EBinding = — Einteraction (8)

Where Etota denotes the total energy of the system (ZnMn2O4/Dye/H20), (Esurface + 200 H20)
represents the total energy of the ZnMn,O4 semiconductor surface with 200 water molecules,
and (Epye) corresponds to the energy of the dye molecule.

2.4.5. Toxicity Assessment

The Toxicity Estimation Software Tool (TEST) was utilized to evaluate the potential toxicity
of the Congo Red (CR) dye and its intermediates. TEST employs Quantitative Structure-
Activity Relationship (QSAR) methodologies to estimate toxicity through various predictive
modules, including Daphnia magna LCso (48hr; 50% lethal concentration), oral rat LDso (50%
lethal dose) and the Bioconcentration factor (BCF). The Consensus method was applied to

enhance the accuracy and reliability of toxicity predictions.

3. Results and Discussion
3.1.  Structural, Morphological and Optical Properties

Fig. 1a presents the XRD pattern of ZnMn2O4 following calcination at 400 °C for 4 h. The
diffraction peaks align with the tetragonal structure of the 141/amd space group, as confirmed
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by JCPDS Card No. 01-077-0470. Notable peaks appear at approximately 18.21°, 29.27°,
31.19°, 32.77°, 36.32°, 38.83°, 44.87°, 51.56°, 54.21°, 56.65°, 58.97°, 60.81°, 65.08°, and
74.83°, correspond to the crystallographic planes (101), (112), (200), (103), (211), (004), (220),
(105), (312), (303), (321), (224), (400), and (413). Additionally, a secondary phase of
hexagonal zinc oxide (ZnO) is identified at a peak of 47.31°, corresponding to the P6smc space
group (JCPDS Card No. 01-079-0208). The crystallite size (D) of ZnMn20O4 is determined to
be 20.17 nm, calculated based on the broadening of the (211) XRD peaks using the Scherrer

equation.

The FTIR analysis of the ZnMn>0O4 nanomaterial was performed within the wavenumber range
of 4000 cm™ to 550 cm™ to identify the functional groups present its surface (Fig. S2a). The
spectrum exhibits a band at 2344 cm™, corresponding to the asymmetric stretching of O-C-O
in CO2. A peak at 1629 cm™ attributed to the stretching vibration of the C=C bond. Additionally,
a distinct peak at 1076 cm™ is associated with Mn-O-H vibrations. Peaks observed between in
the 500 cm™ to 700 cm™ range are linked to Zn-O and Mn-O bonds.

The BET method is utilized to assess the specific surface area (Sget) and porosity of ZnMn20O4
powder. The Sger values are calculated from the nitrogen adsorption-desorption isotherms
depicted in Fig. S2b. Based on IUPAC classification, the isotherm for ZnMn,Oys is identified
as a type IV isotherm with H3 type hysteresis loops, indicating the presence of mesopores. The

BET surface area is found to be 37.32 m?/g.

The SEM micrograph (Fig. 1b) reveals that the ZnMn2O, particles form aggregated clusters
composed of nanoscale crystallites. While some regions exhibit a quasi-spherical appearance,
the overall morphology is heterogeneous, characterized by irregular shapes and partial

agglomeration. The particle size is estimated to range from 50 to 80 nm.
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Fig. 1. a) X-ray diffraction, b) SEM image of ZnMn,0a.

TEM analysis of ZnMnO4 was performed to provide detailed insight into its morphology and
microstructure. As shown in Fig. 2a, the particles display a range of shapes, including sub-
spherical and irregular geometries, indicating notable morphological diversity. Despite this
variation in form, the particle dimensions are relatively consistent, ranging from 15 to 40 nm,
which aligns closely with the crystallite sizes estimated from XRD analysis. The high-
resolution TEM (HRTEM) image indicates an interplanar d-spacing of 0.244 nm, which
coincides with the (211) crystallographic plane (Fig. 2b). This prominent plane suggests a high
level of crystallinity in the nanoparticles. The selected area electron diffraction (SAED) pattern
(Fig. 2¢) is accurately indexed to the (112), (200), (103), (211), (220), (312), (303), (321), and
(400) planes of ZnMn2QOg4, confirming its polycrystalline nature.
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Fig. 2. a) TEM images, b) HRTEM image, ¢) SAED pattern of ZnMn20a.

XPS was utilized to investigate the elemental composition and oxidation states present in
ZnMn;0g, as shown in Fig. 3. The survey spectrum confirmed the existence of Zn, Mn, and O
within the material (Fig. 3a). The O 1s spectrum (Fig. 3b) displayed two distinct components,
with a primary peak at 529.64 eV, assigned to lattice oxygen (O?), and a secondary peak at
531.34 eV, attributed to chemisorbed oxygen species (Oags) [44]. The Zn 2p region (Fig. 3c)
exhibited spin-orbit doublets at 1020.64 eV (Zn 2p3s2) and 1043.70 eV (Zn 2p12), characteristic
of Zn?" jons, with a 23.06 eV energy separation [45, 46]. The Mn 2p spectrum (Fig. 3d) revealed
peaks at 640.68 ¢V and 652.27 eV, corresponding to Mn 2ps2 and Mn 2p1s2, respectively. The
11.59 eV spin-orbit separation between the Mn 2p3z; and Mn 2p1/2 peaks is consistent with the
presence of Mn®" as the dominant oxidation state, while the slightly lower binding energy of
Mn 2ps2 suggests the possible coexistence of other oxidation states within the structure [46].
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Fig. 3. a) XPS survey spectrum of the spinel ZnMn2Oa. Core-level XPS spectra of the
elements present in ZnMn;04, b) O1s, ¢) Zn 2p and d) Mn 2p.

The optical absorption properties of a semiconductor are strongly linked to its band gap and

electronic structure, both of which significantly influence electron migration. Consequently,

UV-Vis diffuse reflectance spectroscopy (DRS) is a crucial technique for indirectly evaluating

the photocatalytic activity of semiconductors. This method was employed to analyze the light

absorption behavior and band gap of the ZnMn2O4 sample (Fig. 4a). The following relation

was used to calculate the optical band gap (Eg) [11]:

E,(eV) = 1240/2y (nm)

9)
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Where Eq is the band gap energy and Ao is the wavelength at the absorption edge. This
wavelength represents the longest photon wavelength that can promote an electron from the
valence band to the conduction band, thereby generating an electron-hole pair.

The value of Ao was determined from the inflection point of the reflectance spectrum by plotting
the first derivative of the diffuse reflectance (dR/dA) versus wavelength (Fig. 4a). The

absorption edge was found at 647 nm, corresponding to a band gap energy of 1.92 eV.

To further analyze the optical properties, the obtained reflectance spectra can be transformed
into absorption spectra using the Kubelka—Munk function F(R), as shown in Eqg. (10).

_ (1-R)?
TR

F(R) (10)

Where R denotes the diffuse Reflectance
This conversion enables the estimation of the optical band gap energy (Eg) using a modified
Tauc equation (Eq. (11)).

(F(R) *hW)'/n = A (hv— E,) (11)

Where h denotes Planck's constant, v represents the frequency of the photon, and A is a
constant. The parameter n is associated with the type of electronic transition, taking a value of

1/2 for direct allowed transitions and 2 for indirect allowed transitions.

The band gap of the synthesized ZnMn.O4 was determined by extrapolating the linear portion

of the (F(R) * hv) Yn plot with the 4v photon energy axis. For n=1/2, corresponding to a direct
allowed transition, the estimated band gap was 1.97 eV (Fig. 4b). In contrast, the plot using
n=2, which corresponds to an indirect allowed transition (Fig. 4c), yielded a significantly lower
band gap value of 1.05 eV. This latter value deviates considerably from the band gap previously
estimated (1.92 eV) using the first derivative of the diffuse reflectance spectrum. This

discrepancy suggests that the optical transitions in ZnMn.O4 are more likely direct in nature.
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Fig. 4. a) UV-Vis diffuse reflectance spectrum, b) direct optical transition of ZnMnOs, c)

Indirect optical transition of ZnMn20..

3.2.  Electrochemical characterization

Estimating the flat-band potential (Es) is crucial for understanding the electronic structure of
semiconductors, evaluating their photocatalytic performance, and analyzing interfacial charge
transfer mechanisms. This parameter is derived from the Mott-Schottky plot, which correlates

interface capacitance with applied potential, as described by the following equation [47]:

1 2 KT
E B (exsrxzodexAz) X <( E- Efb B 7) (12)

Where Ng denotes the free carrier density and E represents the applied potential.
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The flat-band potential (Es) of ZnMn2O4 was determined from the C% versus V plot (Fig. 5).
SC

The negative slope of the linear region confirmed its p-type nature, and extrapolation to the x-
axis yielded an Es of -0.121 V/SCE.

The current-voltage (J-V) curves for ZnMnz0g4, recorded in a 0.5 M Na2SO4 electrolyte and a
Congo Red (20 ppm) solution, are shown in Fig. S3. In Na2SOs, the exchange current density
is around 1.9 pA/cm?, which decreases slightly to 1.5 pA/cm? in the CR solution, indicating a
minor alteration in the electrochemical behavior of ZnMn;Os. This reduction suggests
interactions between CR molecules and the ZnMn2Og4 surface, potentially hindering charge
transfer at the electrode interface. Furthermore, the equilibrium potential (i = 0) shifts notably
from 250.1 mV in Na2SO4 to 310.2 mV in the CR solution. The stable current behavior in both
electrolytes highlights the robust electrochemical stability of ZnMnO4, supporting its potential

for photocatalytic dye degradation applications.

10 ZnMn,0,

C2.10° (F? fem?)

2] Vp=-121mVv N

N
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Fig. 5. The (C2 - V) plots for the ZnMn,04/NaSO4 (0.5 M, pH ~ 7.3) system.

3.3.  Energy band diagram

Based on the experimental findings from optical and electrochemical tests, the energy band
diagram of p-ZnMn.O4 can be constructed, illustrating the relative positions of the valence band
(VB) and conduction band (CB). This diagram aids in predicting the material's efficiency in
degrading organic pollutants, emphasizing the role of reactive radicals such as hydroxyl ("OH)
and superoxide (O2™). The energy positions of the valence and conduction bands can be

determined using the following equations [48]:

16



Eyp = eVp, + 0.059 (pH — pHpzc) + Eq (p — type) (13)
Eyg(vs.vacuum) = Er — Eyp (vs.NHE) (14)
Ecp = Eyp — Eg (15)

Where pHpzc and Er represent the zero charge point and free electron energy on the hydrogen

scale, respectively.

The Point of Zero Charge (PZC) is a fundamental parameter in surface chemistry that defines
the pH at which a material’s surface carries no net electrical charge. It plays a critical role in
adsorption, as it varies with material properties. At the pHpzc, the adsorbent surface exhibits a
balance of positive and negative charges. For ZnMn,QOg, the pHpzc was determined to be 7.28
using the pH drift method (Fig. 6a). When the solution pH is below this value, the ZnMn;O4
surface becomes positively charged, enhancing electrostatic attraction with anionic CR
molecules and thereby increasing adsorption capacity. Above the pHpzc, the surface carries a
negative charge, which hinders anionic dye adsorption.

Fig. 6b presents the energy band diagram configuration of the ZnMn,O4/CR electrolyte
interface at a pH of approximately 6.1. The narrow band gap of 1.97 eV enables the generation
of electron-hole (e/h™) pairs. Upon solar irradiation, photogenerated electrons in the valence
band (0.16 Vsce) are effectively transferred to the conduction band (-1.81 Vsce) of p-type
ZnMn;0g.
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Fig. 6. a) Determination of the pHpzc of ZnMn2O4, b) Energy band diagram of p-ZnMn204/CR
electrolyte at pH ~ 6.1.
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3.4.  Adsorption study

The protonation state plays a crucial role in influencing binding mechanisms and adsorption
efficiency across various pH levels, making it essential for optimizing adsorption processes. To
examine the protonation behavior of CR over a pH range of 0 to 14, MarvinSketch software
was utilized. The species distribution diagram and the predominant forms of CR are depicted
in Fig. 7a. Across the entire pH range studied, a single predominant form characterized by the
(SO3") group is evident, demonstrating the stability of the molecule under acidic, neutral and

alkaline conditions.

The pKa values help predict the protonation behavior of molecules, which is crucial for
understanding their interactions in catalytic or photocatalytic reactions, particularly in dye
degradation processes. Fig. 7b illustrates the protonation sites of the Congo Red molecule. The
first site, with a pKa of -1.78, corresponds to a sulfonic acid group (-SOsH), indicating a strong
acid that remains deprotonated even under highly acidic conditions. The second and fifth sites,
both amine groups (-NH>), share a pKa of -0.88, suggesting minimal protonation except at
extremely low pH. The third site, a nitrogen atom, has a pKa of 0.21, reflecting a comparatively
higher tendency to accept a proton. The fourth site, another nitrogen, shows a pKa of -0.42,
indicating lower proton affinity. Moreover, the sixth site, also a sulfonic acid group, exhibits

the lowest pKa (-2.37), identifying it as the most acidic site and highly prone to deprotonation.

Macrospecies ditribution (%6)

Fig. 7. a) Species distribution diagram of CR as a function of solution pH and the main

species, b) The protonation sites of the CR molecule.
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The adsorption removal efficiency of Congo Red on the ZnMn,O4 surface was investigated
using a catalyst dosage of 0.8 g/L and an initial dye concentration of 20 mg/L under neutral pH
conditions (Fig. 8a). The process exhibited rapid adsorption within the first 45 min, achieving
a removal rate of 27.19% (6.79 mg/g), marking the first pseudo-steady state. A secondary
increase followed, reaching 38.85% (9.71 mg/g) after 150 min and stabilizing at 38.98% by

180 min, indicating near-saturation and equilibrium.

The adsorption behavior was further analyzed by testing different initial CR dye concentrations,
ranging from 10 to 30 ppm at room temperature, as shown in Fig. 8b. The removal efficiencies
of CR decreased to 64.72%, 51.33%, 38.98%, 34.90% and 29.87% for concentrations of 10,
15, 20, 25, and 30 ppm after 180 min, respectively. At lower dye concentrations, the ZnMn;O4
adsorbent surface has ample active sites available for dye molecules, leading to higher removal
rates. However, as the dye concentration increases, the adsorption sites become saturated,
reducing the overall efficiency. This decline can be attributed to the competition among dye
molecules for limited active sites on the adsorbent, resulting in lower percentages of dye being
removed at higher concentrations.
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Fig. 8. a) The adsorption removal efficiency of Congo red onto ZnMn;O4 (catalyst dose: 0.8
g/L,C=20mg/L, pH =6.1, T =25 °C), b) Effect of concentration.

To elucidate the kinetics and mechanisms governing the adsorption process, the experimental
data were analyzed using both the pseudo-first order and pseudo-second order models. These

models provide critical insights into how adsorption capacity evolves over time and help
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identify potential rate-limiting steps. Equations 16 and 17 correspond to the pseudo-first order

and pseudo-second order kinetics [11], respectively.

k
log(ge — q(t)) =logge — -t (16)
Lt [
@ wt ol a7

Where q(t) and ge represent the amount of CR adsorbed at time (t) and at equilibrium,
respectively. The constants ki and k> denote the rates of the pseudo-first order and pseudo-

second order Kinetics, respectively.

The linear fitting results for the experimental data on CR adsorption onto ZnMn;O4 are
summarized in Table 1. The data align well with the pseudo-second order kinetic model, with
a higher correlation coefficient (R? = 0.988) compared to the pseudo-first order model (R? =
0.837). Moreover, the equilibrium adsorption capacity calculated by the pseudo-second order
model (10.611 mg/g) closely matches the experimental value (9.746 mg/qg).

Table 1. Fitting parameters obtained using Eqg. (15) and (16) for CR onto ZnMn20a.

Pseudo 1% order Pseudo 2" order
X , k ex , k
Photocatalyst R? oo o _1 L R? e e 12 .
(mg/g) (mg/g)  (min™) (mg/g) (mg/g)  (g.mg™.min~)
ZnMn;Oq4 0.837 9.746 0.702 2.929102% 0.988 9.746 10.611 4.784 103

Adsorption isotherm studies are essential for evaluating the capacity and surface properties of
adsorbents. In this study, the adsorption isotherm of Congo red, at concentrations ranging from
10 to 30 mg/L, was evaluated using ZnMnO4 at a dosage of 0.8 g/L and a temperature of 25

°C. According to IUPAC standards, the obtained isotherm was classified as type I.

A range of models is commonly employed to describe adsorption equilibrium. The Langmuir,
Freundlich and Temkin models were applied to analyze the adsorption behavior of the
ZnMn;04 adsorbent, with the results presented in Fig. S4 and Table 2. The Langmuir model
provided the best fit, displaying the highest correlation coefficient (R? = 0.994). This model
indicated a favorable adsorption process, with a separation factor (R.) of 0.064 and an estimated
monolayer adsorption capacity of 12.155 mg/g. Adsorption likely occurred on uniform sites,
with no interactions between the adsorbed molecules, confirming that Congo red follows a

monolayer adsorption mechanism on the ZnMn20O4 surface.

20



Table 2. Adsorption parameters of Langmuir, Freundlich and Temkin isotherm models.

Model Parameters R?

Langmuir | Jm (Mg/g) KL (L/mg) 0.994
12.155 0.482

Freundlich Ke (mg/g).(mg/L) 1/n 0.946
6.543 0.176

Temkin Ar (L/g) br (J/mol) 0.943
35.061 1467.929

3.5.  Photocatalysis study

This study examined the photocatalytic efficiency of ZnMn»O4 in degrading CR under sunlight
irradiation, using a dosage of 0.8 g/L across varying CR concentrations of 10, 15, 20, 25, and
30 mg/L, with results shown in Fig. 9a. CR exhibited high stability under natural pH conditions
and solar exposure without any photocatalyst, achieving only 5.17% degradation after 180 min,
indicating minimal photolysis. However, in the presence of ZnMn.Oa, the degradation rate
significantly increased, reaching 58.73%, 73.38%, 87.50%, 96.48%, and 99.97% for CR
concentrations of 30, 25, 20, 15, and 10 mg/L, respectively, after 180 min.

The adsorption capacity is greater at lower concentrations, allowing for more active sites on the
photocatalyst surface to interact with CR molecules. As the dye concentration rises, more
molecules occupy these sites, which increases light absorption by the dye and reduces photon
access to the photocatalyst surface. This diminished photon interaction results in a lower
generation of reactive oxygen species (ROS), consequently decreasing the efficiency of dye
removal [49, 50]. Therefore, CR photodegradation is more effective at reduced dye

concentrations.

A pseudo-first order kinetic model was employed to assess the photocatalytic kinetics of CR

degradation by the ZnMn>0O4 photocatalyst, described by the following expression [51]:
C
Ln (c_:) = Kapp t (18)
where Co and C; represent the initial concentration and the concentration at time t, respectively,
Kapp denotes the pseudo-first order rate constant.

The photodegradation of CR using the ZnMn2O4 photocatalyst at various concentrations

follows a pseudo-first order kinetic model, as shown in Fig 9b. The findings summarized in
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Table 3 indicate that at a concentration of 20 ppm, the ZnMn,O4 exhibited a correlation
coefficient (R?) of 0.959, along with a rate constant (Kapp) of 0.01074 min and a half-life (t1/2)
of 64.5388 min.

The UV-vis absorption spectra were employed to monitor changes in CR absorption during its
degradation by the ZnMn20O4 photocatalyst under sunlight irradiation, with a dosage of 0.8 g/L
and an initial CR concentration of 20 ppm (Fig. 9¢). A reduction in the CR dye solution’s color
intensity corresponded to a decrease in absorption within the visible spectrum. This

decolorization is linked to the breakdown of the azo group responsible for the dye's coloration.

Table 3. Results of the pseudo-first order kinetic model fitting for the photocatalytic
degradation of CR.

Initial concentration Kapp (Min) ty2 (Min) R?

Co =10 mg/L 0.04864 14.2505 0.982
Co=15mg/L 0.01666 41.6054 0.969
Co =20 mg/L 0.01074 64.5388 0.959
Co=25mg/L 0.00669 103.6094 0. 952
Co =30 mg/L 0.00451 153.6911 0.950

Fig. 9d illustrates the degradation of CR dye under solar light irradiation at different
photocatalyst doses, ranging from 0.1 to 1 g/L. The results indicate that increasing the
photocatalyst dosage enhances degradation efficiency, with ZnMn>O4 achieving an impressive
99.13% degradation of CR at a dosage of 1 g/L. Higher photocatalyst doses enhanced dye
adsorption on the photocatalyst surface, increasing the availability of active sites and

accelerating the reaction rate, which resulted in pronounced discoloration of the solution.

Photodegradation efficiency is strongly influenced by the pH of the dye solution, as it alters the
surface charge of the photocatalyst [49]. This modification impacts the electrostatic
interactions among dye molecules, the photocatalyst and reactive oxygen species (ROS),
ultimately affecting the degradation process [52]. The influence of varying pH levels on the
performance of synthesized ZnMn.QO4 in degrading CR dye under 180 min of solar light
exposure was examined (Fig. 9e). The natural pH of the CR solution was found to be 6.1, and
the pH of the medium was adjusted between 2 and 10 by adding HCI or NaOH solutions.
Photodegradation efficiency decreases as pH increases, reaching 51.02% at pH 10. This

reduction in efficiency can be attributed to changes in the surface chemistry of ZnMn»O4 under
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alkaline conditions. As the pH surpasses the point of zero charge (pHpzc), the surface of
ZnMn04 becomes negatively charged, increasing repulsion with the anionic CR dye and
reducing adsorption efficiency.

Creating heterojunctions is a widely used strategy to enhance photocatalytic activity by
improving charge separation and extending light absorption. To enhance the photocatalytic
degradation efficiency of ZnMn,Qg, a heterojunction with titanium dioxide (TiO2) was formed,
and the results are presented in Fig. 9f. The heterojunction was prepared via a physical mixing
method, in which ZnMn.O4 and TiO. powders were thoroughly blended in appropriate
proportions to achieve the desired mass ratio. The SEM images in Figs. S5a and S5b visually
corroborate the successful formation of the ZnMn2O4/TiO2 heterojunction. They clearly show
the presence of both ZnMn;O4 and TiO. phases, exhibiting a uniform and homogeneous
distribution and suggesting robust interfacial coupling between the two materials. TiO, was
selected due to its well-established n-type semiconducting behavior, confirmed through a
positive slope of the Mott-Schottky plot (Fig. S5¢), with an Es, of 300 mV/SCE.

Furthermore, the optical band gap of TiO2 was first estimated from the inflection point of the
first derivative of the diffuse reflectance spectrum plotted as a function of wavelength (Fig.
S6a), yielding a value of 3.27¢V, which corresponds to an absorption edge (lo) at
approximately 379 nm. To further confirm this result, Tauc plots were constructed based on the
Kubelka—Munk function, F(R). For n=2, which corresponds to an indirect allowed transition,
the extrapolation of the linear region to the energy axis provided a band gap of 3.24 ¢V (Fig.
S6b), in good agreement with the first derivative method. In contrast, the Tauc plot for n=1/2,
associated with a direct allowed transition (Fig. S6c), yielded a higher band gap value of
3.66 ¢V. This noticeable deviation from the values obtained using the indirect transition model
and derivative analysis indicates that the optical transitions in the synthesized TiO- are of an
indirect nature. The pHpzc was determined to be 5.61 using the pH drift method (Fig. S6d).

Using the various parameters compiled in Table S1, the energy band diagram for the p-
ZnMn,04/n-TiO: /electrolyte system was constructed and is shown in Fig. S7a. When the
ZnMn;04/TiO heterojunction is exposed to solar irradiation, both semiconductor components
simultaneously undergo photoexcitation. This process generates electron-hole pairs through the
absorption of incident photons (hv), as described by Eg. 19 and Eq. 20:

ZnMn0s4+hv - —  ZnMny04 (CBe- + VBh+) (19)
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TiOz + hv —  TiO2 (CBe- + VBhs) (20)

The photoexcited electrons are able to migrate from ZnMn;04-CB (-1.81 V) to that of TiO2 (0.0
V), while the holes can move from TiO.-VB (3.24 V) to the VB of ZnMn;04 (0.16 V). This
efficient separation of photogenerated charge carriers, enabled by the formation of a type-II

semiconductor heterojunction, helps prevent electron-hole recombination.

In our system, the formation of 05 or * OH radicals are unlikely, as the CB of TiO: is less
negative than the redox potential of the O2/035 (-0.56 V vs. SCE), and the VB of ZnMn204 is
less positive than the redox potential of the HoO/*OH (1.73 V vs. SCE) [53]. Nevertheless, based
on the band alignment of the ZnMn2O4/TiO> heterojunction, a direct Z-scheme charge transfer
mechanism is proposed. In this configuration, electrons in the CB of TiO2 recombine with holes
in the VB of ZnMn;Q; at the interface. As a result, high-energy electrons are retained in the CB
of ZnMnz04 (exhibiting strong reducing ability), while high-energy holes accumulate in the VB
of TiO2 (offering strong oxidizing capability).

The electrons gathered in the conduction band of ZnMn.O4 reduce molecular oxygen (O2) to
generate superoxide radicals (O2""), which subsequently participate in further reactions leading
to the formation of hydrogen peroxide (H202) and hydroxyl ions (OH").

ZnMn04+ (CBe-) + 02— ZnMny04 + O2™ (22)
202" +2H0 — H202+20H + 0O (22)

At the same time, the holes in the valence band of TiO> oxidize water molecules or hydroxide
ions, leading to the formation of highly reactive hydroxyl radicals ("OH). These reactive oxygen
species (ROS), especially O and photogenerated holes (h*), are primarily responsible for the
oxidative degradation of Congo Red (CR).

TiO2 + (VBh+) + OH™ — TiO2+ "OH (23)
TiO2 + (VBh+) + H20 — TiO2+'OH + H* (24)
Additionally, h* in ZnMn204 can contribute to OH™ generation.

ZnMn0s4 + (VBh+) + HO —  ZnMn2O4 + H* + OH™ (25)

Congo Red molecules can be directly photoexcited under visible light and then undergo

oxidation via interactions with photogenerated holes and reactive oxygen species (ROS).

CR Dye + hv — CRDye" (26)
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CR Dye"+ TiO; + (VBn) — CR Dye'* + TiO; 27

The resulting CR Dye"" radicals are further oxidized by ROS, leading to the generation of
intermediate by-products and, ultimately, the complete mineralization of CR. This process

underscores the high photocatalytic efficiency of the ZnMn.0O./TiO- heterojunction.

The resulting p-ZnMn204/n-TiO2 heterojunction exhibited a notably high photodegradation
rate, demonstrating accelerated activity within the initial minutes of solar exposure,
independent of the heterojunction composition. Specifically, the p-ZnMn;04/n-TiO;
photocatalyst with a 75%/25% mass ratio achieved complete degradation of CR dye within 180

min.

The photoluminescence (PL) spectra of TiO2, ZnMn20s, and ZnMn,04/TiO> were studied to
evaluate their charge carrier recombination behavior (Fig. S7b). The results revealed that higher
PL intensities correlate with increased electron-hole recombination, leading to lower
photocatalytic activity. Notably, the ZnMn2O4/TiO2 heterojunction exhibited significantly
reduced PL emission peaks, indicating effective suppression of charge recombination. This
suppression enhances charge separation and improves photocatalytic performance.

While the ZnMn,0s—TiO2 heterojunction, with 25, 50 and 75 % content of ZnMn,0a, exhibited
the highest photocatalytic performance among the tested compositions (Fig. S8), further
increase in ZnMn»O4 content (i.e., 85% and 95%) led to a noticeable decline in degradation
efficiency. This decline can be attributed to the reduced proportion of TiO2, which plays a
crucial role in promoting charge separation and suppressing the recombination of
photogenerated electron—hole pairs. As the TiO2 content diminishes, the system tends to behave
similarly to pure ZnMn20O4, which exhibits lower photocatalytic activity. Conversely, at high
TiO2 loadings (85% and 95%), a similar decrease in activity is observed, likely due to the
insufficient amount of ZnMn2O4, which is the primary light-absorbing component. These
results highlight the importance of achieving a balanced ratio between the two components to
optimize the synergistic effects of charge separation and light absorption.
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Fig. 9. a) Kinetics of the photocatalytic CR degradation on ZnMn»O4 photocatalysts (Co = 10,
15, 20, 25 and 30 mg/L, pH ~ 6.1, catalyst dose 0.8 g/L), b) Pseudo first order rate kinetics for
photocatalytic degradation of CR, ¢) UV-Vis absorption spectra of the CR dye vs. irradiation
time for ZnMn204 (Co = 20 mg/L), d) Effect of ZnMn,O4 photocatalyst dose, e) Effect of pH,
f) Effect of the composition ratio.
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Understanding the primary reactive species participating in the photocatalytic process is
essential to uncover the degradation mechanism. Therefore, selective scavengers were
introduced, each targeting a specific species. Ascorbic acid to quench superoxide radicals (O2™
), silver nitrate (AgNO3) to trap electrons (e°), isopropanol (IPA) to capture hydroxyl radicals
(‘OH), while disodium EDTA (EDTA-2Na) and potassium iodide (KI) to scavenge holes (h").

The effect of scavengers on CR dye degradation using ZnMn20s is depicted in Fig. 10a. The
presence of ascorbic acid slightly enhances the degradation efficiency to 92.69%, compared to
87.50% without scavengers, suggesting that superoxide radicals (O2™) play a limited role. In
contrast, the addition of EDTA-2Na and KI significantly reduces the efficiency to 71.60% and
59.87%, respectively, confirming that holes (h™) are the primary contributors to CR degradation.
Furthermore, the introduction of isopropanol decreases the degradation rate to 58.09%,
indicating the involvement of hydroxyl radicals ("OH), whose impact is more pronounced than
that of holes (h™). The use of AgNO3 as an electron (e”) scavenger increases the degradation
efficiency to 97.46%. These findings indicate that holes (h™) and hydroxyl radicals ("OH) are
the primary active species in the photocatalytic degradation of CR on the ZnMn,O4

photocatalyst under sunlight.

To investigate the influence of hydrogen peroxide (H202) on the photocatalytic activity of
ZnMn;0g4, experiments were conducted using H20. concentrations of 3, 6, 10, 15, and 20
mmol/L (Fig. 10b). In the absence of H202, ZnMn.O4 achieved an 87.50% degradation rate of
CR after 180 min of solar exposure. The addition of H>O> markedly increased degradation
efficiency, with the highest observed rate reaching 97.47% at 10 mmol/L. This enhancement is
attributed to a higher yield of hydroxyl radicals and the inhibition of electron-hole
recombination, with H>O, acting as a sacrificial electron acceptor and producing reactive
oxygen species. However, at higher concentrations, the efficiency slightly decreased, with
degradation rates of 83.74% and 79.48% at 15 and 20 mmol/L, respectively.

The recyclability of ZnMnO4 was evaluated by analyzing its structural stability through XRD
before and after four successive photocatalytic cycles (Fig. 10c). The XRD patterns revealed
no significant changes in peak positions or the formation of new phases, confirming that the
crystal structure of the material remained intact. This stability underscores the robustness of
ZnMn;04, ensuring consistent performance and supporting its suitability for repeated

photocatalytic applications.
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To evaluate the reusability of ZnMn.Os4, photocatalytic degradation experiments were
performed over four consecutive cycles (Fig. 10d). A minor decline of 9% in degradation
efficiency was observed, likely due to surface coverage by residual degradation products and

photocatalyst mass loss during its collection.

The photocatalytic performance of ZnMn2O4 for Congo Red (CR) was evaluated and compared
to previously reported results for Rhodamine B (RhB), as illustrated in Fig. 10e. For RhB (10
ppm), the degradation efficiency was limited to 25.96% after 180 min of solar irradiation, using
a photocatalyst dosage of 1 g/L [24]. This lower performance is attributed to electrostatic
repulsion between the positively charged RhB molecules and the photocatalyst surface, which
hindered adsorption and reactive interactions. In contrast, CR (20 ppm) exhibited a significantly
higher degradation efficiency of 87.50% under the same irradiation time, despite using a lower
photocatalyst dose (0.8 g/L). This enhanced performance can be explained by the strong
electrostatic attraction between the anionic CR molecules and the ZnMn»0O4 surface, which
facilitated better adsorption and more efficient charge transfer.

To further contextualize the photocatalytic efficiency of ZnMn,QO4, a comparative summary is
provided in Table 4, compiling recent reports on Congo Red degradation using a range of
semiconductor photocatalysts under different irradiation conditions. ZnMn;O4 achieved a
degradation efficiency of 87.50% under solar light within 180 min, using a moderate catalyst
dosage (0.8 g/L) and a relatively high initial dye concentration (20 mg/L). In contrast, several
systems in the literature required more intense light sources (UV or visible), higher catalyst
loadings, or dopant modifications to attain comparable or lower efficiencies. This remarkable
performance demonstrates the intrinsic photocatalytic activity of ZnMn,O4 and underscores its
potential as a cost-effective, sustainable, and standalone photocatalyst for solar-driven
wastewater remediation, without reliance on complex heterostructures or additional chemical

modifications.

28



Table 4. Comparison of photocatalytic degradation performance for Congo Red dye using

various photocatalysts under different experimental conditions.

Photocatalyst

Light source

Conditions

Degradation

Efficiency (%)

Ref.

ZnCo0204

Solar light

Co =10 mg/L
t=2h
r=0.8g/L

61%

[23]

CoFe204

UV light

Co =10 mg/L
t =90 min
r=0.7g/L

84%

[54]

CuBi204

Visible light

Co =20 mg/L
t =70 min
r=1g/L

46%

[55]

Ca0.1Cu0.95Bi204

Visible light

Co =20 mg/L
t=70min
r=1g/L

82%

[55]

Nio.sCuo.4Fe204

Visible light

Co =20 mg/L
t =100 min
r=1g/L

63.18%

[22]

WOs3

UV light

Co =10 mg/L
t=5h
r=167g/L

74.3%

[56]

Ag-MgO

UV light

Co =10 mg/L
t=2h
r=0.2g/L

80%

[57]

Zn0O

UV-Visible light

Co =10 mg/L
t =100 min
r=0.4g/L

57.6%

[21]

Cu20

Solar light

Co =10 mg/L
t=2h
r=1g/L

65.66%

[58]

ZnMn204

Solar light

Co =20 mg/L
t=3h
r=0.8g/L

87.50%

This
work
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3.6.  Theoretical Study
3.6.1. Quantum chemical studies of Congo Red using DFT
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Density Functional Theory, a widely used computational approach for investigating electronic
structures and reaction mechanisms, was employed to elucidate the degradation pathways of
Congo Red and its intermediates. The optimized molecular geometry of CR was obtained using

the DFT/Dmol® method with the Generalized Gradient Approximation (GGA) Perdew—Burke—
Ernzerhof (PBE) functional in an aqueous solvent (H20).

a) -3131.8

LUMO (-2.6250 eV)
-3132.0 1

313224 1
)

Energy (Ha)

AE = 0.5114 eV
-3132.441 -

-313269

\
90000000000000000000000000000

-3132.8 T T T . . . HOMO (-3.1365 V)

10 15 20 25 30 35 °
Optimization Step

Fig. 11. a) Optimized molecular geometry of the CR molecule obtained using DFT/Dmol®

method with the GGA/PBE functional. b) Frontier molecular orbitals representing the HOMO

and LUMO. c) Molecular Electrostatic Potential Surface (MESP) illustrating charge
distribution. d) Electron density distribution of the CR.

The energy profile illustrated in Fig. 11a exhibits a continuous decrease toward the lowest

energy state. Beginning with an initial energy of -3131.91652 Ha, the system undergoes
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significant geometric rearrangements, leading to a sharp energy reduction to -3132.66179 Ha
by the fourth optimization step. As the optimization process progresses, the rate of energy
reductions decreases considerably, with only minor variations from -3132.72307 Ha at step 5
to -3132.73957 Ha at step 33. The minimal energy fluctuation observed in the final steps
confirms that the system has reached an optimized molecular geometry, demonstrating the

robustness and reliability of the computational approach employed.

The three-dimensional (3D) representations of the frontier molecular orbitals, Highest
Occupied Molecular Orbital (HOMO) and Lowest Unoccupied Molecular Orbital (LUMO), are
presented in Fig. 11b. The electron density distribution in both orbitals is nearly uniform and
is predominantly delocalized over the two benzene-azo (CeHs-N=N-) groups, while, excluding
the sulfonate (-SO3”) functional groups and sodium ions (Na). This charge distribution
highlights the regions most favorable for electrophilic and nucleophilic attacks, providing

valuable insights into the molecule’s reactivity.

The ESP map illustrates variations in electrostatic potential across the molecular surface,
providing valuable insight into the chemical reactivity of the compound. This approach enables
the identification of electrophilic and nucleophilic sites, which are essential for understanding
intermolecular interactions and reaction mechanisms. As depicted in Fig. 11c, regions of high
positive potential predominantly cover the molecule, except at the SOz functional group,
indicating susceptibility to nucleophilic attack. In contrast, the SO3 group exhibits a pronounced

negative potential, identifying it as a preferred electrophilic site for molecular interactions.

The total electron density map offers deeper insights into the electronic structure of the
compound, highlighting electron-rich and electron-deficient regions. As illustrated in Fig. 11d,
the total electron density map of the CR dye displays electron-depleted zones in blue, which
may enhance interactions with semiconductors and facilitate processes such as adsorption or

photocatalytic degradation.

Table 5 presents a summary of the HOMO and LUMO energies of the CR dye, which determine
its electron-donating (Enomo = -3.1365 eV) and electron-accepting (ELumo = -2.6250 eV)
characteristics. The higher LUMO energy relative to HOMO signifies an increased propensity
for electron acceptance over donation, providing insights into donor-acceptor interactions at the
semiconductor interface. The energy gap (AEgsp = 0.5114 eV), a fundamental parameter
governing molecular reactivity, classifies the CR dye as a soft molecule, characterized by low

stability and high reactivity due to its narrow AE gap. This small energy gap is strongly

32



correlated with enhanced adsorption at the semiconductor surface, emphasizing the dye’s

potential for applications requiring efficient interfacial charge transfer.

The chemical potential (p) represents the change in free energy associated with the addition of
atoms of a given species. For CR, the computed value of -2.8808 eV indicates significant
electron affinity. Such a negative chemical potential typically implies molecular stability and a
strong tendency to accept electrons, whereas higher chemical potentials are generally correlated

with enhanced reactivity and a greater susceptibility to degradation under light exposure.

The chemical softness characterizes a molecule's ability to exchange electrons with its
surroundings. Molecules exhibiting high softness and low hardness demonstrate enhanced
reactivity, as they can effectively polarize or redistribute electron density in response to external
stimuli. This property plays a fundamental role in electron transfer, adsorption, and nucleophilic
or electrophilic interactions. The values presented in Table 5 indicate that the CR dye possesses
pronounced softness, with a value of 3.9101 eV, significantly exceeding its hardness of 0.2557
eV. This marked disparity classifies CR it as a soft molecule, highlighting its strong potential

for chemical interactions.

The electrophilicity index (w) is a fundamental quantitative descriptor used to assess a
molecule’s electron-accepting capacity of a molecule, offering critical insights into its
reactivity, stability and chemical behavior. Molecules with a high electrophilicity exhibit strong
electrophilic tendencies, readily attracting electrons from nucleophiles and demonstrating
heightened reactivity [59]. Conversely, species with lower electrophilicity values display

reduced electron-accepting capacity, indicating weaker electrophilic behavior.

In this context, the electrophilicity index of CR dye is notably high (16.2250 eV), underscoring

its strong electron-accepting potential and reactivity in chemical processes.

The Fukui functions (f*, £, f°) of the CR molecule were analyzed, with results presented in
Fig. 12a. These functions serve as essential descriptors of molecular reactivity, enabling the
identification of specific atomic sites that govern electron transfer processes. The f* function,
which characterizes regions susceptible to nucleophilic attack, exhibits significant positive
regions at N16 (0.051), N15 (0.042), N13 (0.039), and N14 (0.035), indicating a high propensity
for electron acceptance. In contrast, the f~ function, which identifies sites favorable for
electrophilic interactions, is marked by pronounced negative values at N14 (0.049), N13
(0.048), N16 (0.040), and N15 (0.030), signifying their tendency to donate electrons.

Furthermore, the f© function, which evaluates susceptibility to free radical attacks, highlights
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the most reactive atomic sites at N16 (0.045), N13 (0.044), N14 (0.042), and N15 (0.036),

providing deeper insights into the molecule’s chemical behavior and potential interaction

mechanisms.

Table 5. Quantum chemical parameters for the CR molecule Computed using DFT/Dmol? with
GGA/PBE in an aqueous solvent (H20).

Descriptor Formula Value (eV)
lonization potential(l) I = —Egomo 3.1365
Electron affinity(A) A=—FEymo 2.6250
Energy Gap (AE) AE = ELUMO — EHOMO 05114
Chemical potential (u) _ I+ 4) -2.8808
B 2
Electronegativity (x) _(1+4) 2.8808
1=
Hardness (o) I-A 0.2557
n = 5
Softness 5= 1 3.9101
n
Electrophilicity index (w) u? 16.2250
w ==
21

The reactivity of the CR dye was analyzed using the dual descriptor (£;2), local softness (Aay,),
and local philicity (Awy), as illustrated in Fig. 12b. A positive f;Z value at N15 (0.012) and N16
(0.011) indicates that these sites exhibit enhanced reactivity toward nucleophiles. Likewise,
elevated local softness values (Ao, > 0) at N15 (0.0469212), N16 (0.0430111), C33
(0.0273707) and C31 (0.0234606) further highlight their pronounced susceptibility to
nucleophilic interactions, reinforcing their role in electron transfer processes and molecular
reactivity. Moreover, local electrophilicity is concentrated at key reactive sites, including N15
(0.194700), N16 (0.178475), C33 (0.113575), C31 (0.097350), C29 (0.081125), C45
(0.081125) and C46 (0.081125). These findings identify regions susceptible to nucleophilic
attack, offering deeper insights into the dye's electron exchange dynamics during

semiconductor interactions.

The frontier electron density (FED) distribution and natural population analysis for the CR
molecule, computed using DFT with the 6-31++G(d, p) basis set in Gaussian 16W software,

are presented in Fig. 12c. The FED values facilitate the identification of the atoms most
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susceptible to radical attack, as atoms with higher (FED?nomo + FED?Lumo) values exhibit
increased reactivity toward hydroxyl radicals ("OH) [60, 61]. The highest FED values are
observed for atoms O6 (1.2853) and O7 (1.2857), indicating a strong propensity for
electrophilic attack. However, due to the absence of a bonded hydrogen on O7, hydrogen
abstraction is expected to occur at alternative sites. Among these, O5, which carries a notably
negative partial charge (-0.95068), is identified as a likely target for ‘OH-induced hydrogen
abstraction.
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Fig. 12. a) Fukui functions (f*, f~, f°) identifying reactive molecular sites of the Congo Red
(CR) molecule. b) Local dual descriptors (f;2, Aoy, Awy) mapping site-specific reactivity. c)
Frontier electron density (FED) distribution and natural population analysis, characterizing

atomic charge distribution.
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3.6.2. Monte Carlo and Molecular Dynamics simulations

Based on the experimental conditions, the initial concentrations were set to 20 ppm for Congo
Red (CR) and 10 ppm for Rhodamine B (RhB). To ensure an accurate representation of their
adsorption behaviors, two CR molecules and one RhB molecule were introduced into their
respective simulation systems. Each dye was independently simulated using both Monte Carlo

and Molecular Dynamics approaches.

Fig. 13a and b illustrate the energy profiles corresponding to the adsorption of CR and RhB on
the ZnMn»O4 surface in aqueous media, as determined through Monte Carlo simulations using
the Locator model. The total and electrostatic energy curves exhibit marked fluctuations,

indicative of strong and dynamic interactions between the dyes and the substrate.

The periodic, sharp energy drops correspond to successive adsorption-desorption events,
followed by subsequent restabilization of the systems. The close alignment between total and
electrostatic energy curves underscores the dominant role of electrostatic interactions in
stabilizing both dyes. Conversely, the van der Waals energy remains nearly constant and close

to zero, suggesting a minimal contribution from dispersion forces.

The average total energy profile reveals an initial steep decline, followed by well-defined
plateaus, reflecting gradual stabilization of the dye-surface systems. Moreover, the
intramolecular energy remains constant throughout, confirming the absence of significant
structural distortions during adsorption. Notably, CR exhibits deeper energy minima and more
pronounced fluctuations than RhB, indicating a stronger affinity and a more dynamic adsorption

behavior on the ZnMn,QO4 surface.

The adsorption configurations of CR and RhB on the ZnMn204/200 H20 surface are illustrated
in Fig. 13c, d, with corresponding results detailed in Table 6. MC simulations reveal that CR
exhibits a higher adsorption energy (-16147.31 kcal/mol) than RhB (-15952.83 kcal/mol),
indicating a stronger overall interaction with the surface. This trend is further supported by the
rigid adsorption energies, where CR reaches -18695.60 kcal/mol, slightly surpassing that of
RhB (-18316.78 kcal/mol). Additionally, the deformation energies obtained for CR (2548.29
kcal/mol) and RhB (2363.95 kcal/mol) indicate that both dyes undergo moderate

conformational adjustments upon adsorption.
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Fig. 13. (a, b) Total adsorption energy profiles of Congo Red (CR) and Rhodamine B (RhB)

on the ZnMn204/200 H>0 surface, obtained using Locator model calculations. (c, d) Side

views illustrating the adsorption configurations of CR and RhB on the ZnMn,04/200 H,O

surface.

Table 6. Outputs and descriptors obtained from Monte Carlo simulation for Congo Red and
Rhodamine B adsorption on the ZnMn04/200 H20 surface.

Adsorption energy  Rigid adsorption Deformation dEaq / dN;i

Compounds (kcal/mol) energy (kcal/mol)  energy (kcal/mol) (kcal/mol)

2 CR/ZnMn;04/200H,0 -16147.31 -18695.60 2548.292 -302.619
RhB/ZnMn;0./200H,0 -15952.83 -18316.78 2363.950 -635.363
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The interaction energy (Einteraction) and binding energy (Eginding) for CR and RhB adsorbed on
the ZnMn,O4 surface in an aqueous environment, as obtained via molecular dynamics
simulations, are summarized in Table 7. The negative values of Eintraction indicate enhanced
system stability, arising from stronger dye-surface interactions. Conversely, the positive values
of Esinding Signify favorable adsorption behavior, characterized by a strong affinity between the
pollutant and the semiconductor interface. Among the two dyes, CR exhibits a more negative
interaction energy (Einteraction = -3256.52 kcal/mol) and a higher binding energy (Eginding =
3256.52 kcal/mol) compared to RhB, indicating stronger interfacial interactions and a greater
adsorption affinity. This enhanced interaction is likely driven by hydrogen bonding, which
appears to play a more significant role than dispersion forces. These findings are consistent
with the Monte Carlo simulation results, further corroborating the greater adsorption capacity
and higher stability of CR on the ZnMnO4 surface.

Table 7. Output descriptors calculated from molecular dynamics simulations for adsorption
on the ZnMn,Og4 surface.

Compound Einteraction (Kcal/mol) Esindging (kcal/mol)
2 CR/ZnMn;04/200H,0 -3256.52 3256.52
RhB/ZnMn;0./200H.0 -3023.12 3023.12

3.6.3. Toxicity assessment of the degradation intermediates

The toxicity of Congo Red and its degradation intermediates was evaluated based on
degradation pathways adopted from the study by Shah et al. [62], which proposed hydroxyl
radical ("OH) driven mechanisms considering fragmentation patterns and the structural
characteristics of the resulting species. These intermediates were identified through ultra-
performance liquid chromatography coupled with tandem mass spectrometry (UPLC-MS/MS),
and their structures were elucidated via mass spectral analysis. Five major intermediates were
reported, primarily formed through oxidation reactions, electron transfer, and bond cleavage

processes.
According to their findings, CR undergoes degradation via two principal pathways.

e Pathway I: Hydroxyl radicals ("OH) initiates electron transfer at the sulfonic acid group
(-SOg3"), generating a sulfur-centered radical cation. This intermediate undergoes
oxidation to sulfate, leading to the formation of intermediate A (m/z = 492). A then
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undergoes substitution with an amino group, resulting to in ammonia release and
formation of intermediate B (m/z = 462). Subsequent "OH attack at the nitrogen atom
bonded to the biphenyl structure induces bond cleavage, yielding intermediate C (m/z =
307).

e Pathway II: ("fOH) radicals target the nitrogen atom attached to a smaller fragment
containing -NH> and -SOz™ groups, initiating electron transfer and bond scission. This
leads to the formation of intermediates D (m/z = 401) and E (m/z = 222) via nitrogen
loss. Additionally, intermediate D may undergo further “OH-driven oxidation and
substitution reactions, converting into intermediate C.

e Although the degradation mechanisms and transformation pathways of Congo Red (CR)
have been extensively investigated, the toxicological behavior of CR and its
intermediates remains insufficiently characterized. To date, only one study [63] has
evaluated their toxicity using the Toxicity Estimation Software Tool (TEST). In the
present study, the toxicity profiles of CR and its degradation products were predicted

using TEST, with the results presented in Fig. 14.

The acute toxicity was assessed using the Daphnia magna LCsp (48 h), which represents the
concentration required to induce 50% mortality in a Daphnia magna population within 48 h. As
illustrated in Fig. 14a, intermediates A (LCso =7.82) and B (LCso =7.59) exhibited higher LCso
values than CR (LCso = 6.60), indicating greater toxicity relative to the parent compound.
Conversely, intermediates C (LCso = 6.18), D (LCso = 5.71), and E (LCso = 4.26) displayed
lower LCso values, suggesting reduced toxicity. These findings imply a progressive decline in
acute toxicity throughout the reaction process, with a more than 200-fold decrease compared to

the initial CR toxicity level.

The oral rat LDsp (50% lethal dose) was utilized to estimate the acute mammalian toxicity of
the intermediates (Fig. 14b). Intermediates A and B were labeled as N/A, likely due to
instability that precludes accurate prediction. CR exhibited an LDsg of 2.20 (-logio mol/kg),
while intermediates C, D, and E showed values of 2.39, 1.79, and 1.53, respectively. Based on
these results, intermediate E demonstrated less toxicity than the parent CR dye.
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The bioconcentration factor (BCF) was utilized to assess the extent to which a compound

accumulates within an organism relative to its environment (Fig. 14c). CR dye exhibited a low

BCF of 0.36, suggesting rapid metabolism or elimination following uptake. In contrast,

intermediate C demonstrated the highest accumulation potential, with a BCF of 2.04, indicating

a greater likelihood of retention within biological systems.
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Conclusion

This study demonstrated the efficient application of ZnMn;O4 as a photocatalyst for the solar-
driven degradation of Congo Red (CR), achieving, 87.50% removal within 180 min. The

degradation efficiency was significantly enhanced under acidic conditions, with complete dye

elimination at pH 2. Scavenger experiments identified photogenerated holes (h*) and hydroxyl

radicals ("OH) as the primary reactive species driving the degradation process. ZnMn;O4
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demonstrated good reusability, exhibiting only a 9% decline in activity over multiple cycles.
Furthermore, DFT calculations confirmed the electron-accepting nature of Congo Red (CR), as
evidenced by its higher LUMO energy (-2.6250 eV) compared to its HOMO energy (-3.1365
eV). Fukui function analysis identified nitrogen atoms as the most reactive sites, highlighting
their role in electron transfer processes. Monte Carlo and Molecular Dynamics simulations
provided further insight into dye-surface interactions, demonstrating stronger binding and
greater affinity of Congo Red to the ZnMn;0O4 surface relative to Rhodamine B, in agreement
with experimental observations. Additionally, ecotoxicity assessment of Congo Red revealed

that its degradation products exhibit significantly reduced toxicity relative to the parent dye.
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