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Abstract

This study explores the development of nanostructured photocatalytic materials based on cobalt—iron (CoFei.2) and
cobalt—nickel (CoNii.1) systems for the degradation of methylene blue, a persistent organic pollutant commonly found
in textile wastewater. As the textile industry contributes significantly to environmental pollution through the discharge
of recalcitrant dyes, this work aims to offer an effective and sustainable solution via visible-light-driven photocatalysis.
The synthesis strategy employed a hard-template approach using mesoporous silica-gelatin composite (SPG-20),
prepared from a mixture of P123 and gelatin under acidic conditions. Following hydrothermal treatment and
calcination, the SPG-20 template was acid-activated to enhance surface reactivity. Metal precursors—Co(NOs)..6H-0O
with either Fe(NOs);.9H-0 or Ni(NOs)..6H.O—were infiltrated into the template with citric acid as a chelating and
carbon-forming agent. The composite underwent controlled thermal treatment to embed metal species into a confined
carbon matrix, followed by alkaline etching to remove the silica scaffold and yield CoFei.2 and CoNii.1 carbon
nanostructures. Comprehensive characterizations, including XRD, FTIR, BET, UV-DRS, and UV-VIS spectroscopy,
revealed that the materials exhibited nanocrystalline domains with low crystallinity and high specific surface area,
favorable for photocatalytic activity. BET analysis indicated a greater surface area in CoFei.2 (104.526 m?/g) than in
CoNir1 (83.160 m?/g), correlating with a higher number of available active sites. The band gap of CoFei2 (1.180 eV)
supports efficient visible-light absorption, which, coupled with its higher microporosity, enables superior methylene
blue degradation (85% within 90 minutes) compared to CoNii.1 (75%). Control experiments in the absence of light
showed minimal degradation, confirming that the reaction is photocatalytic in nature. Adsorption kinetics followed a
pseudo-first-order model, with CoFei1.2 also exhibiting a higher adsorption capacity (171.184 mg/g). These findings
demonstrate the potential of template-assisted synthesis in producing tunable, high-performance photocatalysts for
practical applications in sustainable textile wastewater treatment.
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1. Introduction degradation [4-7]. Utilization of photocatalyst-
based methodologies for waste management
presents a promising avenue, as it effectively
degrades organic pollutants into environmentally
friendly by-products [8-10]. However, the efficacy
of photocatalysis is significantly influenced by the
type and specific properties of the photocatalytic
materials used [11,12].

The textile sector is recognized as a
significant contributor to the generation of
hazardous liquid wastes, especially the disposal of
dye wastes such as methylene blue (MB) [1-3],
which 1s toxic and resistant to natural
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Transition metal-based materials, including
cobalt, iron, and nickel, have garnered extensive
research interest as potential photocatalysts due
to their favorable physical and chemical attributes
that facilitate the formation of electron-hole pairs
and the production of reactive species conducive to
MB degradation [13-16]. For example, cobalt
ferrite (CoFe204) and cobalt-nickel oxide (CoNiOz2)
nanoparticles have shown significant
effectiveness in enhancing the degradation rate of
MB upon visible light irradiation [17-21]. The
synergistic effect of these metals is known to tune
the bandgap energy, broaden the light absorption,
and reduce the electron-hole recombination rate,
thereby enhancing the photocatalytic
performance [22,23].

Previous investigations have shown that
cobalt doping in Fe3O4 can reduce the band gap
energy from 2.76 eV to 1.61 eV (directly) and
enhance the photocatalytic activity toward MB,
achieving optimal efficacy at 1% cobalt doping
level [24]. Simultaneously, composites based on
CO/Ni-MOF combined with BiOI have shown
significant enhancement in light absorption and
photocatalytic efficiency [25]. Furthermore,
modifications in surface and pore architecture, as
exemplified by CoZn-Fe204/SiO2, have been shown
to increase the specific surface area and pore size
distribution, thereby accelerating the degradation
process of MB [26].

However, there is still a significant lack of
research that needs to be addressed. Most of the
existing studies have only concentrated on
isolated metal types or simple combinations,
failing to systematically investigate the impact of
various cobalt-iron and cobalt-nickel ratios on
critical parameters such as surface area, pore size
distribution, electron-hole recombination rate,
crystallite dimensions, degree of crystallinity, and
band gap energy. In fact, these factors are crucial
in determining the photocatalytic efficiency and
stability of materials in practical applications
[27,28].

In addition, the synthetic approaches used in
previous studies tend to be predominantly
conventional, lacking the innovations necessary to
precisely control the morphology, crystallite size,
and metal distribution. These limitations result in
substantial variability in yield and limit the
optimization of photocatalyst performance for MB
degradation. The originality of this study lies in
the formulation of a novel synthetic technique
that allows systematic regulation of the cobalt—
iron and cobalt-nickel ratios, along with a
comprehensive characterization of how these
ratios affect the fundamental attributes of
photocatalytic materials. The investigation
focuses on elucidating the correlation between
metal ratios and photocatalytic efficacy, surface
area, pore size distribution, electron—hole
recombination rate, crystallite dimensions, degree

of crystallinity, and band gap energy, which have
not been thoroughly examined in the context of
Co—Fe and Co—Ni systems for MB degradation
applications.

Furthermore, the study assesses the
performance of the materials under conditions
that closely resemble those encountered in textile
industrial effluents, thereby ensuring that the
findings are more applicable and relevant to the
industrial context. Consequently, this study not
only advances the fundamental science of
photocatalytic materials but also offers a practical
solution for environmentally sustainable textile
wastewater treatment.

The primary goal of this research is to drive
photocatalytic efficiency through controlling the
ratios of cobalt-iron and cobalt-nickel in
photocatalytic materials and to demonstrate the
relationship between logarithmic ratios and
material properties such as surface area, particle
size distribution, and recombination. With this
approach, it is hoped that optimal material
compositions for photocatalytic applications in the
textile industry would be discovered, as well as
new knowledge about the fundamental
mechanisms that optimize photocatalytic
efficiency in cobalt-iron and cobalt-nickel systems
[29].

2. Materials and Methods
2.1 Materials

All reagents were of analytical grade and
used without further purification. Hydrochloric
acid (HCl, 37%, molar mass 36.46 g/mol), ethanol
(C,Hs0H, 99.8%, molar mass 46.07 g/mol), citric
acid monohydrate (C¢HgO,.H,0, 99.5%, molar
mass 192.12 g/mol), sodium hydroxide (NaOH, 2
M, molar mass 39.997 g/mol), and methylene blue
(MB, dye content = 82%, molar mass 319.85
g/mol) were purchased from Sigma-Aldrich,
Merck KGaA. Transition metal precursors
included nickel(II) carbonate hexahydrate
(NiCO3.6H,0, = 99%, molar mass 322.79 g/mol),
cobalt(I) carbonate hexahydrate (CoCO3.6H0,
= 98%, molar mass 323.03 g/mol), and iron(II)
nitrate nonahydrate (Fe(NO3),.9H,0, = 98%,
molar mass 319.94 g/mol), all supplied by Sigma-
Aldrich, Merck KGaA. Gelatin (Type B, average
molar mass ~90,000 g/mol) was obtained from
Gelita AG and used as a biopolymer template and
nitrogen-rich carbon precursor. Deionized water
(resistivity = 18.2 MQ.cm) from a Milli-Q system
was used in all solution preparations.

2.2. Synthesis of Catalysts

The synthesis began with the preparation of
a mesoporous silica-gelatin template (SPG-20),
which served as a hard scaffold for structuring the
carbon nanocomposite. A mixture of the nonionic
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surfactant P123 and gelatin was prepared at a
molar ratio of approximately 1:0.2, stirred at 40 °C
for 3 hours under continuous agitation. During
this process, a dilute hydrochloric acid solution
(pH =~ 2) was added dropwise to facilitate co-
assembly. Tetraethyl orthosilicate (TEOS) was
then added at a TEOS:P123 molar ratio of
approximately 1:0.017, and the mixture was
further stirred for 24 hours. The resulting gel was
subjected to hydrothermal treatment at 90 °C for
24 hours, followed by vacuum filtration, washing
with deionized water, and sequential drying at
70 °C and 100 °C. The dried material was calcined
at 550 °C for 5 hours in static air to remove organic
components, forming the SPG-20 silica-gelatin
hard template. To enhance the surface reactivity,
the template was soaked in 0.1 M HCI for 24
hours, then filtered, rinsed, and dried at 100 °C.

For metal infiltration, cobalt(I) nitrate and
iron(III) nitrate were dissolved separately in
deionized water and mixed to yield a Co:Fe molar
ratio of approximately 1:4.16, based on a
corresponding mass ratio of 1.8344:7.6385. The
combined metal solution was stirred for 1 hour
and subsequently impregnated into the acid-
activated SPG-20 template. Citric acid
monohydrate was added dropwise in a metal ion
to citric acid molar ratio of approximately 1:1.2,
serving as a chelating and carbon-forming agent.
The suspension was stirred at 70 °C to evaporate
water, then dried at 100 °C for 24 hours. This was
followed by a pre-carbonization step at 250 °C for
5 hours to form a composite in which the metal
ions were embedded in a carbonaceous matrix
confined within the silica pores. To remove the
template, the resulting composite was immersed
in 1 M NaOH at 90 °C and stirred for 10 hours to
selectively etch the silica phase. The solid was
filtered, washed with deionized water to neutral
pH, and dried at 60 °C overnight, yielding the final
Co—Fe nanostructured carbon material.

A bimetallic Co—Ni variant was synthesized
following the same procedure, using cobalt(II)
nitrate and nickel(II) nitrate precursors in a Co:Ni
molar ratio of approximately 1:1, derived from the
reported mass ratio of 2.7406:2.7498. This parallel
synthesis enabled comparative evaluation of
cobalt-based binary systems with iron and nickel
in influencing carbon microstructure and
potential catalytic functionalities.

2.3. Photodegradation of Methylene Blue

The photocatalytic degradation of methylene
blue (MB) was performed using a 0.2 L. MB
solution at a concentration of 2.0 x 107 kg/L. A
total of 5.0 X 107> kg of photocatalyst was added to
the solution in an Erlenmeyer flask, followed by a
30-minute dark adsorption phase to reach
adsorption—desorption equilibrium. The
suspension was then distributed into twelve dark

glass vials, each containing 0.01 L of solution,
under dark conditions inside the photocatalytic
reactor. One vial was labeled as C, (0 min,
representing the initial concentration before light
irradiation). The remaining vials were placed on a
shaker within the reactor without caps.
Photocatalytic degradation commenced after 20
minutes by activating the visible light source and
the shaker. Vials were withdrawn every 5 minutes
up to 20 minutes, and then every 10 minutes until
the 90th minute. After collection, each vial was
sealed and stored in a completely dark container
to prevent continued reaction. The absorbance of
each sample was immediately measured using a
UV-Vis spectrophotometer (Shimadzu UV-3600)
at the maximum wavelength of 660 nm,
corresponding to the absorption peak of
methylene blue.

2.5. Characterizations

The instruments used for characterizing the
samples in this study include X-Ray Diffraction
(XRD) from Panalytical (Model PW3050/60),
operated within a 20 range of 5° to 80° to
determine the crystallinity and phase composition
of the synthesized materials. The surface area and
porosity were measured using the Brunauer-
Emmett-Teller  (BET) method with a
Quantachrome Nova 1200e instrument. Fourier
Transform  Infrared Spectroscopy (FTIR),
performed using a Shimadzu 21 spectrometer
with a resolution of 0.5 cm-!, was employed to
analyze functional groups in the materials in the
wavenumber range of 300—4000 cm-. Scanning
Electron Microscopy with Energy Dispersive X-
Ray (SEM-EDX) analysis was conducted using a
JEOL JSM-700 microscope at a voltage of 15 kV
to observe the surface morphology and elemental
composition of the samples.

3. Results and Discussion
3.1. XRD Characterization

According to the X-ray diffraction data
presented in the Table 1, Figure 1, both examined
samples exhibit relatively small crystalline
dimensions on the nanometer scale, accompanied
by a low degree of crystallinity, which is
characteristic of nanocrystalline materials that
remain at the early stage of crystal formation. The
CoFe1.2 sample exhibits a crystalline dimension of
4.5219 nm, while the CoNii.1 sample presents a
slightly larger crystalline dimension of 5.3423 nm.
This variance in crystalline size indicates a
significant impact of the transition metal
composition on crystal growth during the
synthesis process. In accordance with the
research, the crystalline size in ferrite materials
can be derived using the Scherrer equation, which
takes into account the peak width at half

Copyright © 2025, ISSN 1978-2993



Bulletin of Chemical Reaction Engineering & Catalysis, 20 (4), 2025, 610

maximum (FWHM) in addition to the angular
position of the diffraction [30]. The small
crystalline size indicates that both samples belong
to the realm of nanomaterials, where crystalline
dimensions below 100 nm tend to exhibit different
properties that are different from the bulk
material [31].

Comparison of the crystalline sizes between
the two samples shows that nickel substitution in
the ferrite structure tends to produce slightly
larger crystalline when compared to the pure
cobalt ferrite framework. This phenomenon may
originate from the difference in ionic radii
between Fe3* and Ni2+ions, which affect the lattice
parameters and crystal growth. Previous
investigations have shown that the particle
dimensions of ferrite can be modulated by a series
of synthesis parameters, including temperature,
precursor concentration, and synthesis
methodology used [32].

The crystallinity degrees for both samples
were observed to be very low, with CoFei.s
showing a crystallinity degree of 5.2327% and
CoNii.1 revealing a crystallinity degree of 4.942%.
Such low crystallinity values imply that most of

Co0 (JCPDS 00-002-1217)]

| A NiO (JCPDS 00-001-1239 )|

40 45 50 55 60 65 70 75
26

Figure 1. XRD Patterns of CoFel-2 and CoNil-1.

the material structure remains in the amorphous
phase, with only a small fraction achieving
substantial  crystallization. The  reduced
crystallinity degrees observed in both samples
could be due to several factors, including
suboptimal synthesis conditions, inadequate
calcination temperatures, or insufficient heating
duration for the formation of ideal crystal
structures [33][34]. Research conducted on cobalt
ferrite nanoparticles has shown that increasing
the synthesis temperature can increase the degree
of crystallinity of the material, as evidenced by
samples synthesized at 60 °C, 80 °C, and 120 °C
[35]. Samples produced at high temperatures
exhibit sharper peak intensities and better
crystallinity [36,37].

The interplay between small crystallinity
dimensions and low crystallinity levels yields
significant  insights into the structural
characteristics and properties of the resulting
materials. Materials characterized by
crystallinity sizes in the range of 4-5 nm are
classified as ultra-small nanoparticles, which can
exhibit superparamagnetic properties, especially
in ferrite systems such as cobalt ferrite. Previous
investigations have established that cobalt ferrite
with crystallinity dimensions of approximately
13.25 nm continues to exhibit favorable magnetic
properties, as evidenced by substantial magnetic
saturation values [30].

The low degree of crystallinity observed in
both specimens indicates that the materials
mainly exhibit an amorphous phase. This
characteristic can affect the magnetic, electrical,
and catalytic behavior of the material, since the
imperfect crystal framework reduces the
regularity of the atomic arrangement and can lead
to structural imperfections that impact the
inherent properties of the substance. For certain
applications, such as magnetic hyperthermia,
materials with high crystallinity are usually
required to achieve optimal magnetic response.

The small dimensions of the crystallites are
generally associated with a large specific surface
area. This large surface area is very beneficial in
photocatalytic applications, as it offers more
active sites for the adsorption of methylene blue
molecules and promotes photochemical reactions.
As research, the reduction in the particle size of
the photocatalyst is correlated with the increase

Table 1. Crystallite size of CoFe1.2 and CoNii.1 by
XRD.

Sample D (nm) Crystallinity (%)
CoFei-2 4.5219 5.2327
CoNii1 5.3423 4,942
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in the surface area, thus facilitating greater direct
interaction between the pollutant molecules and
the catalyst surface. This process accelerates the
charge transfer and improves the degradation
efficiency [38].

In addition, the nanocrystalline architecture
can effectively minimize the diffusion distance for
charge carriers (electrons and holes), thereby
reducing the possibility of recombination of
electron-hole pairs before engaging with the
target molecules. Wang et al. explained that
nanoparticles on the nanometer scale can enhance
charge separation and prolong the lifetime of
electron-hole pairs, which are very important for
the formation of reactive radicals (-OH and -O,)
during the photocatalytic process [39].

However, low crystallinity is not without its
drawbacks.  Materials that exhibit low
crystallinity tend to have many structural defects
(defect sites) such as vacancies, interstitials, and
grain boundaries. These defects can serve several
functions: they can act as charge trapping centers
that facilitate the separation of electrons and
holes, thereby 1mproving photocatalytic
performance. Conversely, excessive defects can
cause recombination, which then reduces the
efficacy of the photocatalyst. A study showed that
the moderate presence of structural defects in
semiconductor materials can enhance
photocatalytic activity, but excess can impair
performance due to increased charge
recombination [40,41].

In the case of CoFei2 and CoNiii, low
crystallinity likely contributes positively to
photocatalytic activity by increasing the number
of active and defect sites that can function as
charge traps. However, to achieve optimal
degradation efficiency for methylene blue, it is
generally important to strike a balance between

CoNi,,

T T T
3000 2000 1000
wavenumber (cm™)

Figure 2. FTIR Spectra of CoFei.2 and CoNii.1.

small crystallite size and high enough
crystallinity to suppress charge recombination
without introducing excessive detrimental
defects. In addition, the transition metal
composition in the material also plays an
important role. The incorporation of Ni into the
CoFe structure can change the band gap and
enhance charge separation, thereby enhancing
the photocatalytic activity depending on its
composition and crystal configuration [42].

3.2. FTIR Characterization

Based on the FTIR spectra illustrated in
Figure 2, a comparative analysis is presented
between two specimens, designated CoNii1
(represented by the black line) and CoFei2
(denoted by the red line), in the wavelength range
of 4000-500 cm. In the higher wavenumber
region, around 3000-3500 cm !, both samples show
broad and relatively weak absorption bands.
Interpretation of the FTIR spectra shows that the
absorption bands located in the range of 3650—
3250 cm! indicate hydrogen bonds as well as
confirmation of oxygen-related bonds [43]. The
presence of such bands is likely due to water
molecules adsorbed on the surface of the ferrite
nanoparticles or residual moisture present in the
samples. In the fingerprint region spanning 1000-
1500 cml, the spectra reveal several complex
peaks. This region is very important for the
characterization of ferrite materials, as it includes
specific information regarding the vibrational
modes of the metal-oxygen bonds inherent in the
spinel structure [44,45]. The peaks detected in
this domain can shed light on the details of the
cation distribution and the degree of inversion
present in the ferrite crystal structure.

Of particular note in this analysis is the lower
wavenumber segment below 1000 cm!, especially
around 500-700 cm-!. Generally, in ferrite spectra,
two primary bands are observed in the range of
1000-300 cm. The band associated with the
higher frequencies is usually found in the range of
600-550 cm-1, attributed to the tensile vibrations
of the tetrahedral metal-oxygen bond, while the
band associated with the lower frequencies is
usually located below 450 cm-! and corresponds to
the vibrational modes of the octahedral metal-
oxygen bond [46].

The presented spectrum reveals
characteristic peaks around 573 cm! and 455
cm'l, in good agreement with the literature related
to cobalt ferrite materials [46]. The peak at high
frequency (around 573 cm!) confirms the presence
of Fe-O bonds located within the tetrahedral sites,
while the peak at reduced frequency (around 455
cm!) indicates the presence of metal-oxygen bonds
within the octahedral sites of the spinel structure.

The difference in intensity and variation of
peak positions between the CoNii.i and CoFei-o
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samples indicates the difference in composition
and distribution of cations in the crystal structure.
The CoFei.2 sample shows a higher absorption
intensity in certain regions, which can be ascribed
to the variation in metal ion concentration and its
corresponding influence on the bond vibrations in
the spinel framework. In addition, the detection of
a transition metal peak at around 420 cm-! further
corroborates the presence of transition metal ions
in the ferrite structure [46]. This analysis is
consistent with the formation of a ferrite phase
characterized by a spinel structure, in which
metal ions are spatially distributed across various
tetrahedral and octahedral sites.

3.3. BET Characterization

The investigation (Table 2, Figure 3) revealed
that the CoFe1.2 specimen exhibited a BET surface
area of 104.526 m?/g, surpassing the CoNiig
sample, which recorded a value of 83.160 m?/g.
This difference is in line with previous studies
showing that the synthesis method and chemical
composition significantly affect the porosity
characteristics of ferrite materials [47]. Further
examination of the pore size distribution revealed
a noteworthy feature, as both samples exhibited a
surface area of mesoporous value of zero,
indicating that the material is predominantly
microporous. This is corroborated by the identical
surface area of mesoporous and BET surface area
values for both specimens, indicating that the
total surface area is exclusively due to the
contribution from micropores. This observation is

consistent with findings from  previous
investigations that cobalt ferrite synthesized via
the coprecipitation method tends to develop a
structure with a predominance of micropores [46].

The total pore volume shows a significant
contrast between the two samples, with CoNii.1
(0.2254 cm3/g) exhibiting a larger pore volume
than CoFe1.2 (0.1875 cm?/g). Although CoNii.1 has
a reduced surface area, this larger pore volume
indicates the presence of larger pores, as
evidenced by the mean pore diameter, which is
9.96741 nm compared to 3.60646 nm for CoFei.s.

From a crystallographic perspective, these
variations in porosity characteristics can be
ascribed to the substitution effects of cations in
the ferrite spinel framework. The study shows
that Ni2* ions display different preferences in
occupying octahedral and tetrahedral sites when
compared to Fe?* ions, which could potentially
affect the development and stability of the pore
structure during the synthesis process [47]. The
differences in ionic dimensions and crystal
energies between nickel and iron result in
variations in lattice parameters and micro-
stresses, which ultimately modulate the
morphological and textural features of the
materials.

The dominant microporous architecture in
both samples indicates the synthesis of
nanoparticles characterized by substantial
aggregation, resulting in narrowed interparticle
spacing. This observation is in line with the XRD
characterization results showing crystallite

Table 2. Porosity analysis of CoFe1.2 and CoNii.1. Seer: specific surface area calculated by BET method
from N, adsorption; Spju: surface area from BJH desorption; Smi: micropore surface area; Sme: mesopore
surface area; Viot: total pore volume; dp: pore diameter obtained from BJH desorption branch.

Sample (S;i};fg) SgJH (M?/g) Smi(m?2/g) Sme(m?/g) Viot (cc/g) Dr(nm)
CoFei-2 104.526 90.4514 104.526 0 0.1875 3.60646
CoNirg 83.160 86.6101 83.160 0 0.2254 9.96741
160
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Figure 3. Isotherm Adsorption desorption and pore size distribution of CoFei1.2 and CoNi.1.
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dimensions in the nanometer range for ferrite
materials produced via analogous methodologies.
The contrasting pore size distributions between
the two samples further indicate varying degrees
of agglomeration, where CoNii.1 exhibit a more
relaxed agglomeration, culminating in larger
pores.

In terms of photocatalytic applications for
methylene blue degradation, these different
textural  characteristics  have  significant
consequences for catalytic efficacy. The increased
specific surface area of CoFei.2 (104.526 m?/g)
offers an increased number of active sites for
methylene blue molecule adsorption and
photocatalytic reaction, theoretically enhancing
degradation efficiency. Previous studies have
established a positive correlation between BET
surface area and photocatalytic activity in the
context of organic dye degradation.

However, the reduced pore diameter of
CoFei2 (3.60646 nm) may impose diffusion
limitations on methylene blue molecules, which
have molecular dimensions of approximately 1.43
X 0.61 X 0.16 nm. In contrast, coni' with a larger
pore diameter (9.96741 nm) may facilitate
increased access of substrate molecules to the
internal active sites, albeit at the expense of a
reduced total surface area.

The observed increase in total pore volume in
CoNii1 indicates the potential enhancement of
adsorption capacity, which is a critical early stage
in the photocatalytic mechanism. The balance
between adsorption and desorption of reaction
products is crucial to maintain prolonged catalytic
performance. The relatively more accessible pore
architecture in CoNiii can promote the
enhancement of mass transfer, thereby reducing
the internal diffusion resistance that often acts as
a limiting factor in heterogeneous photocatalytic
frameworks.

From the perspective of electronic properties,
the incorporation of Ni2* into the ferrite lattice can
change the electronic band structure and optical
characteristics of the material, directly affecting
the light absorption and generation of electron-
hole pairs. The integration of distinctive texture
features with the changes in electronic properties
can produce synergistic effects that are beneficial
for the photocatalytic degradation of methylene
blue.

Examination of the isotherm curves reveals
that both samples conform to the Type IV
isotherm classification according to the IUPAC
standard [48]. The defining property of the Type
IV isotherm is the manifestation of a hysteresis
loop bridging the adsorption and desorption
curves, which is clearly observed in both samples
in the relatively high pressure range (P/P? > 0.6).
The literature shows that Type IV isotherms
appear when capillary condensation occurs, where
gas condenses in the small capillary pores of a

solid at pressures below the gas saturation
pressure [49].

In the region of relatively low pressure (P/P?
< 0.4), both samples show gradual nitrogen
adsorption, indicating monolayer formation and
initiation of multilayer development on the
material surface. The initial segment of this Type
IV isotherm is parallel to the corresponding Type
II isotherm, indicating monolayer-multilayer
adsorption since it follows the trajectory of the
analogous portion of the Type II isotherm
obtained from adsorptive interactions on the same
surface area of a non-porous adsorbent [48].

A significant escalation in the adsorption
volume is observed at P/P? approximately between
0.6-0.8, indicating the onset of -capillary
condensation within the mesopores of the
material. This behavior is in line with the
characteristics of mesoporous substances that
have pore diameters ranging from 2 to 50 nm. The
established hysteresis loops indicate the presence
of pores with complex geometric configurations,
where the pore filling and emptying processes
occur at different pressures due to the effects of
meniscus curvature and varying molecular
interactions during adsorption and desorption
[49].

Considering the morphology of the curves and
the identified hysteresis loops, this isotherm can
be categorized as a Type IV isotherm displaying
hysteresis loops that likely belong to the H3
subclass according to the ITUPAC categorization
[50]. The H3 hysteresis loop is characterized by a
steeper desorption branch relative to the
adsorption branch and is usually associated with
non-rigid particle aggregates forming slit-shaped
pores [51,52].

A visible contrast between the CoNii1 and
CoFei.2 samples is evident in terms of the
maximum  adsorption capacity and the
configuration of the hysteresis loops. The CoFei.2
sample shows a slightly increased adsorption
capacity at saturation pressure, reaching
approximately 120 cm?®/g, while the CoNii1
reaches approximately 150 cm?®g. These
differences indicate the differences in total pore
volume and pore size distribution between the two
samples, which can be ascribed to the effects of
different cation substitutions in the ferrite
structure.

The CoFei1.2 material exhibits a pore size
distribution mainly characterized by mesopores,
with a significant peak in the range of 2-5 nm, and
the dVIdD value reaches about 0.014 cm3mnm/g.
This distribution pattern indicates a material
with a well-defined mesoporous structure, where
the differential pore volume  decreases
exponentially with increasing pore dimensions.
According to the TUPAC classification, this pore
size range is categorized as mesoporous (2-50 nm),
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which 1s very significant for the adsorption of
medium-sized organic molecules such as
methylene blue [53]. This property implies that
the CoFei.2 material has a pore architecture that
is adept at accommodating target molecules in the
photocatalytic process.

The CoNii.1 material exhibits a comparable
pore size distribution profile, albeit with reduced
intensity, where the maximum dV/dD peak only
reaches about 0.009 cm®.g”'.nm™ within the same
pore size range. Although this distribution
pattern is similar in shape to that of CoFel-2, the
lower differential pore volume suggests a
reduction in pore accessibility and total pore
volume, which may consequently influence the
specific surface area. The difference in intensity is
likely related to variations in the synthesis route
or the intrinsic chemical composition that governs
pore development.

Given that CoFe1s exhibits a higher
maximum differential pore volume, it is
anticipated to exhibit superior photocatalytic
efficacy compared to CoNii.1 in methylene blue
degradation. The enlarged pore volume facilitates
a larger adsorption capacity, which is a critical
initial phase in heterogeneous photocatalysis.
Effective  adsorption increases the local
concentration of pollutant molecules around the
photocatalytic active sites, thereby increasing the
possibility of oxidation reactions. Furthermore,
the more developed pore structure in CoFei.s
enhances light penetration into the bulk material,
which is essential for achieving optimal
photocatalytic activation.

3.4. UV-DRS Characterization

The band gap energy value (Figure 4) of 1.180
eV, derived from UV-VIS DRS characterization,
shows excellent agreement with the fundamental
research conducted by Holinsworth et al., who

[CoFe,,
—— Baseline
Fitted line

~ Eg=1.180 eV

(F(R)hv)"2(eV cm-1)'2

hv(eV)

Figure 4. Band gap by Tauc plot of CoFei.2
sample.

described the indirect band gap of CoFe,O4 at 1.17
+ 0.08 eV by optical absorption spectroscopy
technique [54]. The agreement of these values
confirms the accuracy of the characterization
methodology used and the legitimacy of the
electronic architecture of the synthesized
compound. The band gap energy in this range
indicates that the CoFe,O4 material is classified
as a narrow band gap semiconductor, which
exhibits enhanced light absorption capability in
the wvisible spectrum compared to traditional
semiconductors such as TiO,, which has a band
gap of about 3.2 eV.

This narrow band gap characteristic is very
beneficial for photocatalytic applications, as it
facilitates the exploitation of a broader light
spectrum, covering visible light and, to some
extent, near infrared radiation. According to
semiconductor theory, the photon energy required
for the excitation of electrons from the valence
band to the conduction band should be equal to or
exceed the band gap energy of the material [55].
With a measured value of 1.180 eV, the material
can be activated by photons with wavelengths
reaching around 1050 nm, thus covering most of
the visible light spectrum and part of the near-
infrared. This provides a noteworthy competitive
advantage in practical photocatalytic
applications, especially in utilizing sunlight as a
viable energy source.

The band gap energy of 1.180 eV brings
favorable implications for the photocatalytic
efficacy in methylene blue degradation, especially
regarding the efficiency of light absorption and
the formation of electron-hole pairs. Methylene
blue, characterized by its complex molecular
architecture and extensive conjugated bonds,
requires  sufficient energy for effective
photocatalytic oxidation. The relatively low band
gap value allows the CoFe,0O4 material to absorb
photons with lower energy, thus utilizing the
enhanced light intensity present in the solar
spectrum to generate electron-hole pairs required
for the photocatalytic mechanism. Investigations
conducted by Nugroho revealed that
CoFe,04/S10,/NiO composites with a band gap of
1.5 eV achieved methylene blue degradation
efficiency of up to 99.30% under optimal
conditions [56].

The underlying photocatalytic mechanism of
methylene blue degradation involves the
formation of reactive oxygen species (ROS) such
as hydroxyl radicals (-OH) and superoxide anions
( 07 ), which arise from -electron-hole pairs
generated through photon absorption [57]. With a
band gap of 1.180 eV, the energy available for ROS
formation is sufficient to efficiently oxidize the
complex bonds present in the methylene blue
structure. This energetic advantage also reduces
the tendency for electron-hole recombination, a
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major limiting factor in photocatalytic efficiency.
The optimal positions of the conduction band and
valence band energy levels facilitate efficient
electron transfer, thereby generating the active
species required for methylene blue degradation
[58].

The derived band gap value of 1.180 eV is in
remarkable agreement with the prevailing
research trend regarding spinel ferrite materials
used 1n photocatalytic efforts. Extensive
investigations conducted by a research
Holinsworth et al. that CoFe,04 exhibits superior
band gap properties when compared to its
counterpart NiFe,04, which exhibits an indirect
band gap of 1.64 eV [54]. This disparity suggests
that the incorporation of Co?* in the spinel
framework results in a significant reduction in the
band gap energy, directly enhancing the
photocatalytic efficacy under visible light
irradiation. This phenomenon can be explained by
the stronger hybridization effect of Co2* d orbitals
with O2 orbitals when compared to Ni2*, leading
to enhanced electron delocalization [59].

Comparative analysis with alternative ferrite
materials further underlines the favorable
position of CoFe,04. Investigations on bismuth
ferrite (BiFeOs) revealed a band gap of 1.9 eV,
indicating adept dye degradation ability [60],
however this increased value reduces the visible
light absorption efficiency relative to CoFe;Oa.
Simultaneously, the g-CsN4/CoFe,04 composite
exhibits an increased band gap compared to its
individual constituents, indicating that the
formation of heterostructures has the potential to
alter the electronic properties of the material [61].
Nevertheless, for pure photocatalytic applications
without the composite, the band gap of 1.180 eV of
CoFe,04 achieves an optimal balance between
effective light absorption and sufficient energy for
the activation of the photocatalytic mechanism.

3.5. EDX Characterization

The CoFei1.2 compound exhibits an elemental
composition consisting of 31.77% oxygen (O),
40.30% iron (Fe), 20.69% cobalt (Co), and 7.24%
silicon (S1), forming a metal ratio of 2:1 (Table 3).
The percentage quantification of these elements
corroborates the formation of cobalt ferrite
(CoFe,04) structure, coupled with the inclusion of
silica (Si0,) as a supporting medium. The Fe:Co
ratio is close to 2:1 (40.30%: 20.69%) in line with

Table 3. Elemental composition analysis by EDX.

the 1ideal stoichiometric framework of spinel
ferrite CoFe,04, thus confirming the efficacy of
the synthesis methodology. The detection of
silicon at 7.24% suggests surface modification via
silica or 1its integration into the material
architecture, potentially enhancing the stability
and dispersion of nanoparticles in the
photocatalytic context.

The CoNiii material exhibits distinct
compositional characteristics, with 88.54% cobalt
(Co) and 11.46% nickel (Ni), resulting in a metal
ratio of 8:1. The absence of oxygen percentage
data in this specimen is noteworthy, as it may
imply a structure largely influenced by metal-
metal interactions or the presence of a CoNi alloy
exhibiting more pronounced metallic properties.
The increased Co:Ni ratio (8:1) suggests cobalt as
the major constituent in this material, with nickel
acting as a minor dopant capable of modulating
the electronic and catalytic attributes of the
composite.

This compositional investigation is in line
with a previous study by Alshorifi et al., who
presented EDX data on CoFe,Os with a
composition of Co (58.2%), Fe (23.3%), and O
(18.5%), indicating the production of high-purity
CoFe,04 nanoparticles [62]. Despite the variation
in elemental percentage figures, the analogous
elemental distribution patterns support the
successful synthesis of cobalt-ferrite-based
materials in this study.

The 2:1 metal ratio in CoFei.2 indicates the
development of an ideal spinel ferrite
configuration represented by the formula
CoFe,04, where Co** ions occupy tetrahedral sites
while Fe®** ions reside in octahedral sites in the
crystal framework. The presence of silicon (7.24%)
suggests modifications involving silica that can
develop a protective layer on the nanoparticle
surface, enhance thermal and chemical stability,
and reduce particle agglomeration. Such silica
modification is consistent with the investigation
by Dorri et al., who documented the synthesis of
CoFe,04/S10; as an early stage in the evolution of
composite photocatalytic materials [63]. In
contrast, the composition of CoNii.1, with cobalt
dominance (88.54%) and relatively small nickel
content (11.46%), implies the formation of a
cobalt-centric structure through nickel doping.
The substantial Co:Ni ratio (8:1) suggests that
nickel acts as a dopant capable of changing the
electronic configuration of cobalt-based materials.

wt) |

Sample Metal ratio
0] Fe Co Ni Si

CoFei.2 31.77 40.30 20.69 - 7.24 2:1

CoNii.1 - - 88.54 11.46 - 8:1
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These changes can lead to significant
modifications in the optical, electrical, and
catalytic characteristics of the compounds.

The elemental composition identified in
CoFe1.2 materials has substantial implications for
their photocatalytic efficacy in methylene blue
degradation. Research conducted by Saady &
Ebahim showed that the CoFe,04 based materials
have a band gap of about 3.1 eV, which is
conducive to photocatalytic activation under light
irradiation [64]. Although this band gap value is
relatively higher compared to certain other
photocatalytic materials, the incorporation of
silica (7.24% Si) can affect the surface properties
and enhance the adsorption of methylene blue, a
critical phase in the photocatalytic degradation
process.

The optimum photocatalytic activity has been
established for CoFei.2 at a metal ratio of 2:1
(Fe:Co), as evidenced by various investigations.
The significant iron content (40.30%) significantly
enhances the magnetic characteristics of the
material, facilitating the direct separation and
recycling of the catalyst after degradation. In
contrast, cobalt (20.69%) plays a significant role in
enhancing the visible light absorption and
minimizing the band gap, thus enhancing the
photocatalytic performance under solar
irradiation.

The material categorized as CoNii.,
characterized by a metal ratio of 8:1 (Co:Ni),
exhibits a very different composition and can
provide various catalytic mechanisms. The
dominance of cobalt (88.54%) along with nickel
(11.46%) fosters a material with superior
magnetic and catalytic attributes. Nickel has been
shown to enhance the electrical conductivity and
electron mobility in the photocatalytic
mechanism, which can accelerate the formation of
hydroxyl radicals essential for the degradation of
methylene blue [65].

Previous investigations by Dorri et al. showed
that the incorporation of silica into materials such
as CoFei.2 can improve nanoparticle dispersion
and reduce agglomeration, thereby increasing the
active surface area available for pollutant
adsorption and degradation [63]. The inclusion of
silicon (7.24%) in CoFe1.2 can also contribute to the
enhancement of catalyst stability and durability
during successive photocatalytic applications.

Given its elemental composition, CoFei.2 is
anticipated  to exhibit more balanced
photocatalytic efficacy compared to CoNii.1 in
methylene blue degradation. This statement is
corroborated by a study conducted by Alshorifi et
al. who compared the photocatalytic efficacy of
ferrite-based materials, revealing that methylene
blue degradation reached 96.89% with ZnFe,04,
while the CoFe;Os based material showed
commendable performance, although slightly
lower [62].

The incorporation of silica in CoFei.2 has the
potential to enhance the adsorption capacity of
methylene blue on the catalyst surface, a critical
initial phase in the photocatalytic process.
Effective adsorption enhances the interaction
between target molecules and photocatalytic
active sites, thereby enhancing the degradation
efficiency. Furthermore, a 2:1 ratio of Fe and Co
has been shown to produce optimal magnetic
properties and significant redox activity for the
conversion of organic pollutants.

CoNir.1, with a metal ratio of 8:1, has the
potential to exhibit enhanced magnetic properties
due to the increased cobalt concentration, which is
beneficial for magnetically assisted -catalyst
separation after the degradation process.
However, the lack of oxide components or
supporting frameworks such as silica may reduce
the specific surface area and long-term stability of
this catalyst under photocatalytic reaction
conditions.

3.6. Photodegradation of Methylene Blue

In the early phase of the experiment, which
took place in the dark for 20 minutes, both
catalysts showed minimal degradation efficiency.
The efficiency of the photocatalyst is calculate by
the formula:

(Co—Cr)
Co

% Efficiency = X 100% (1)

where Co means the initial concentration of the
sample and C: i1s the concentration at the
degradation time. The CoFei1.2 catalyst was only
able to achieve degradation of around 15% at 20
minutes, while CoNii.i1 showed even lower
performance with degradation only reaching
around 5% (Figure 5). This phenomenon is in line
with the findings of previous studies which
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Figure 5. Effect of contact time on methylene
blue’s degradation efficiency.
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showed that in dark conditions low degradation
values were obtained because there was no light
source so that the photon energy to produce -OH
radicals was weak [66]. The low catalytic activity
in dark conditions indicates that the degradation
process of methylene blue is highly dependent on
the photocatalytic mechanism rather than pure
adsorption or dark catalytic reactions.

The difference in performance between the
two catalysts in the dark can be attributed to the
differences in the intrinsic properties of the
materials. The iron-cobalt (CoFei.2) based catalyst
showed slightly better activity compared to the
nickel-cobalt (CoNi1.1) catalyst, which is likely due
to the differences in electronic band structure and
surface properties that affect the interaction with
methylene blue molecules even without light
activation.

A significant transformation was observed
after the illumination of the system at 20 min,
where both catalytic materials showed a marked
increase in degradation activity. The CoFe,O4
catalyst showed a more pronounced gradient
compared to CoNii.;, indicating a superior
degradation rate. In the initial 20-minute interval
after exposure (20-40 minutes), CoFe,04
successfully increased the degradation from 15%
to about 62%, while CoNii.1 increased from 5% to
about 47%. This significant spike in activity is in
line with the photocatalytic mechanism, where
the photon energy facilitates the excitation of
electrons from the valence band to the conduction
band, generating electron-hole pairs that are then
involved in the degradation process.

BET analysis revealed that CoFei2 has a
higher specific surface area (104.526 m?/g) than
CoNii-1 (83.160 m?/g), providing more active sites
for adsorption and photocatalytic reactions.
Although CoNii.1 has a larger pore diameter (9.97
nm vs. 3.61 nm), the superior surface area of
CoFei1.2 was more significant in determining the
photocatalytic activity. UV-DRS characterization
showed that CoFe1.2 has a narrow band gap (1.180
eV), allowing efficient activation under visible
light and utilization of a broader light spectrum.
Others investigations showed that CoFe,04 has
an energy band gap of about 2.7 eV [64], thus
enabling photocatalytic activation under visible
light conditions. This activation generates
reactive species such as hydroxyl radicals (-OH),
superoxide radicals (0;), and holes (h*), which are
integral to the degradation of organic compounds.
The hierarchy of influence of these reactive
species on the photocatalytic efficacy is
documented as follows: H,O, > h* > e > 0; > -OH,
explaining the apparent effectiveness of the
photocatalytic mechanism in the degradation of
methylene blue [64].

Longitudinal kinetic analysis revealed that
both catalysts exhibited relatively uniform

degradation trajectories post-light activation,
albeit at different rates. CoFe,O4 reached a peak
degradation of approximately 85% at the end of
the experiment (90 min), while CoNii1 reached
approximately 75%. The variance in performance
can be attributed to differences in crystal
structure, particle dimensions, and magnetic
characteristics of each material. CoFe,0O4 based
materials have been documented to have
increased saturation magnetization, such as 39.9
emu/g for pure CoFe,0s [64], facilitating post-
reaction catalyst uptake and potentially affecting
the distribution of active sites on the catalyst
surface.

The underlying mechanism of methylene blue
photodegradation over cobalt-iron and cobalt-
nickel based catalysts involves a series of complex
reactions starting from the activation of the
photocatalyst leading to the complete
mineralization of the dye molecules. This
progression occurs through a phase of electronic
activation on the catalyst surface, generation of
reactive species, and a succession of oxidation
reactions culminating in the formation of end
products in the guise of simple inorganic entities
such as CO,, H,0, and mineral ions.

The initial phase of the photodegradation
mechanism begins with the absorption of a photon
by the photocatalyst material when the energy of
the absorbed photon is equal to or exceeds the
band gap of the material. For CoFe,0s4, the
activation process can be represented as follows
[35]:

CoFe,0,4 + hv — CoFe,0, (7 + h*') 2

In this equation, a photon with sufficient energy
excites an electron from the valence band to the
conduction band, generating a positively charged
hole in the valence band. This electron-hole pair is
an important species responsible for the
photocatalytic efficacy of the material. However,
these electron-hole pairs are also susceptible to
recombination, which generates heat and reduces
the photocatalytic efficiency, as represented by
the reaction [67]:

e~ + h*b — heat (3)

The efficiency of the photocatalytic process
largely depends on the material's capacity to
reduce electron-hole recombination and optimize
electron transfer to species adsorbed on the
catalyst surface. CoFe,Os4 material shows
advantages in this aspect due to the spinel
configuration of ferrite, which promotes a more
favorable electron distribution between Co?* and
Fe?t ions, thus reducing the recombination rate.

Electrons excited to the conduction band,
together with holes in the valence band, actively
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contribute to the formation of reactive species that
facilitate the degradation of methylene blue.
Electrons in the conduction band are involved in
reactions with dissolved oxygen, producing
superoxide radicals [67]:

e~ + Oz g '02_ (4)

Furthermore, these superoxide radicals react with
water to produce hydroxide ions and hydrogen
peroxide:

'02_ + HzO - OH + H202 (5)

Simultaneously, holes present in the valence band
interact with hydroxide ions or water molecules
adsorbed on the catalyst surface, resulting in the
formation of highly reactive hydroxyl radicals:

h**+ OH™ — - OH (6)
h**+H,0 — - OH + H* (7

Hydroxyl radicals (-OH) are known as strong
oxidizing agents, having a redox potential of 2.8 V,
allowing them to oxidize a wide range of organic
compounds, including methylene Dblue. In
addition, positive holes can also directly oxidize
organic molecules adsorbed on the -catalyst
surface.

The photodegradation kinetics of methylene
blue (MB) by both CoFei1.2 and CoNii1 samples
were evaluated using pseudo-zero-order, pseudo-
first-order, and pseudo-second-order kinetic
models (Table 4). Among these, the pseudo-first-
order model exhibited the best linear correlation
with experimental data, as evidenced by the
highest R? values of 0.9206 for CoFei.2 and 0.8832
for CoNii.1. These coefficients are significantly
higher than those obtained for the pseudo-zero-
order (R* = 0.8773 for CoFei.2; 0.7702 for CoNii.1)
and pseudo-second-order models (R? = 0.2216 for
CoFe1.2; 0.1531 for CoNii.1), indicating a superior
fit. This suggests that the rate of MB
photodegradation is more accurately described by
a mechanism where the degradation rate is
directly proportional to the concentration of the
dye, consistent with a first-order reaction
pathway [68].

The pseudo-zero-order model can be
expressed as:

Co—Cp =kt (8)

The pseudo-first-order model can be expressed as:
In (C—°) = —kt (10)

The pseudo-second-order model can be expressed
as:

Lokt (11)

Ct ©Co

The kinetic rate constants (k) obtained from
the pseudo-first-order model 0.0093 min™* for
CoFei2 and 0.0080 min™! for CoNii.1 further
support this conclusion by reflecting a consistent
and moderate degradation rate over time. The
relatively poor correlation coefficients in the zero-
and second-order models imply that neither a
constant degradation rate (as assumed in the
zero-order model) nor a bimolecular reaction
mechanism (as assumed in the second-order
model) adequately describes the degradation
kinetics under the applied conditions. Therefore,
the pseudo-first-order model is more appropriate
for representing the photodegradation behavior of
methylene blue using these mesostructured
photocatalysts, reinforcing the predominance of
surface-mediated first-order reaction Kkinetics
governed by the availability of active sites and MB
adsorption dynamics.

The superior fit of the pseudo-first-order
kinetic model for both CoFeiz and CoNiii in
describing methylene blue (MB) photodegradation
is further substantiated by the adsorption
behavior and surface properties of the catalysts.
The higher experimentally determined adsorption
capacity (Exp.qe) of CoFeirz2 (171.184mg/g)
compared to CoNiii (151.841 mg/g) reflects a
greater availability of active sites and potentially
higher surface area, which enhances MB uptake
and facilitates surface-mediated photocatalytic
reactions. These characteristics align with prior

Table 4. Kinetic parameters of CoFe1.2 and CoNii.1 based on pseudo first and second order models.

Pseudo zero orde model

Pseudo first orde model

Pseudo second orde model

Sampel

k1 R2 k1 R2 ke R2
CoFei2 10.029 0.8773 0.0093 0.9206 3.3152 0.2216
CoNi11 20.407 0.7702 0.0080 0.8832 2.1316 0.1531
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findings on CoFe,04-based materials, whose
spinel structures are known to offer abundant and
stable adsorption sites for organic dyes. The
pseudo-first-order model not only yields the best
correlation coefficients (R2=0.9206 for CoFei-2
and 0.8832 for CoNii1) but also provides
calculated adsorption capacities (Cal.qe) that
closely approximate experimental values,
particularly for CoNiii. For the CoFei.s, the
slightly overestimated Cal.qe (249.6319 mg/g)
may suggest a more complex adsorption-
desorption dynamic or heterogeneous distribution
of active sites, reinforcing the model’s sensitivity
to material-specific surface characteristics.
Although the rate constants (k,) derived from
the pseudo-first-order model were negative for
both samples (-0.00938 min~* for CoFei2 and —
0.00803 min™! for CoNii.1), which is atypical, such
deviations have been reported in systems where
desorption or surface restructuring effects
compete with adsorption processes [69]. This
anomaly may also be attributed to limitations in
data fitting or experimental inconsistencies
during time-resolved measurements.
Nonetheless, the high conformity of Kkinetic
modeling to the pseudo-first-order mechanism,
supported by congruent adsorption capacity data
and superior surface performance of CoFei.s,
suggests that the dominant photodegradation
mechanism proceeds via physisorption-controlled
kinetics, particularly governed by the initial
concentration of MB at the catalyst surface [70].
These findings not only validate the
appropriateness of the pseudo-first-order kinetic
model but also emphasize the significance of
material-specific surface properties in dictating
adsorption-driven photodegradation efficiency.

4. Conclusions

This study confirms that controlled cobalt—
iron and cobalt-nickel ratios are key drivers of
photocatalytic efficiency. Using a template-
assisted synthesis with mesoporous silica—gelatin
(SPG-20), CoFei.2 and CoNii.1 nanostructures
were obtained with distinct physicochemical
properties. CoFei1.2 exhibited a higher surface area
(104.526 m?/g), narrower band gap (1.180 eV), and
greater adsorption capacity (171.184 mg/g)
compared to CoNii.1 (83.160 m?/g; band gap 1.856
eV), leading to superior methylene blue
degradation (85% vs. 75% within 90 min). These
results advance current knowledge Dby
demonstrating that a 2:1 Fe:Co ratio optimizes
structural and electronic features, enabling more
efficient visible-light-driven photocatalysis and
offering a promising strategy for sustainable
treatment of textile wastewater.
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