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Hard Template for Methylene Blue Photodegradation
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Abstract: The escalating occurrence of methylene blue (MB) contamination from textile
wastewater underscores the urgent demand for effective photocatalytic remediation. This
study presents a depth analysis of Fe;Os-incorporated cobalt photocatalysts synthesized
using a gelatin-modified silica hard-template method, followed by calcination at 300 and
550 °C. Structural characterization via XRD, FTIR, and EDX confirmed enhanced
crystallinity and Co-O phase formation at elevated temperatures, while BET analysis
revealed a reduction in surface area (123.4 to 104.5 m?/g) and pore volume (0.2236 to
0.1875 cm’/g) due to sintering and template removal. FTIR data indicated the attenuation
of hydroxyl and water-related bands, suggesting decreased surface hydration at higher
temperatures. Despite the decline in surface metrics, a-Fe,Os-Co-550 exhibited superior
photocatalytic efficiency, achieving greater than 90% MB degradation under visible light,
attributed to an increased cobalt content (Fe:Co=2:1), improved phase purity, and an
optimized electronic structure. Kinetic modeling revealed pseudo-first-order behavior for
both samples, with a-Fe;Os3-Co-300 showing a higher rate constant (K; = 0.01116 min™)
yet lower overall degradation performance than «-Fe,O3-Co-550, highlighting the critical
interplay of structural order, charge transfer efficiency, and compositional tuning enabled
by hard-template synthesis for effective photocatalytic wastewater treatment.
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m INTRODUCTION

Water contamination caused by synthetic dyes,
particularly methylene blue (MB), is a critical
environmental issue due to its toxicity, chemical stability,
and resistance to biodegradation [1-3]. MB, a common
pollutant from the textile industry, hurts both aquatic
ecosystems and human health [4-6]. Among various
wastewater treatment technologies, semiconductor-based
photocatalysis has emerged as an eco-friendly and
efficient method for degrading organic contaminants
under light irradiation [7-9].

Among various photocatalysts, a-Fe,O; (hematite)
is particularly attractive due to its chemical stability, low
cost, abundance, and responsiveness to visible light [10-
12]. However, its practical photocatalytic efficiency is
severely limited by its narrow surface area, low charge
carrier mobility, and high electron-hole recombination

rates [13-15]. These challenges have motivated
numerous modification strategies, including metal ion
doping and nanostructuring, to enhance the material’s
optical and surface properties [16-17].

Cobalt (Co) doping has been demonstrated to
enhance the photocatalytic activity of a-Fe,Os; by
narrowing the band gap, increasing visible light
absorption, and reducing electron-hole recombination
[18-20]. Additionally, textural features, such as surface
area and pore distribution, play a critical role in
determining the interaction dynamics between pollutant
molecules and active catalytic sites [19-21].
Nevertheless, optimizing these properties requires
precise control over the material's morphology and
structure during synthesis.

One promising approach to improving the textural
characteristics of doped metal oxides is the use of hard
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templating techniques, particularly those utilizing silica
matrices modified with biopolymers such as gelatin.
Gelatin serves as a biodegradable structure-directing
agent that can modulate pore formation during the sol-
gel process, while silica provides a rigid scaffold to
produce well-defined mesoporous frameworks [21-23].
This templated synthesis enables the formation of
catalysts with tailored surface areas, porosities, and
crystallite structures, which are crucial for photocatalytic
activity.

Despite the known advantages of Co doping and
template-assisted synthesis, few studies have investigated
their combined effects, particularly when coupled with
systematic variation of calcination temperature.
Calcination temperature not only influences the removal
of the organic template and the consolidation of the silica
structure, but also governs crystallite growth, the degree
of crystallinity, and the textural evolution of the metal
oxide framework. At lower temperatures, higher surface
area and smaller crystallites may be retained, whereas
elevated temperatures enhance crystallinity at the expense
of pore collapse or particle agglomeration [24-26].
Although prior studies have investigated either Co doping
or calcination temperature independently in a-Fe,O;
systems, an integrative approach involving gelatin-
templated silica frameworks remains [27-29]. variation of
the calcination temperature aims to control the crystal
size, degree of crystallinity, surface area, pore size
distribution, and band gap energy of a-Fe,Os-Co, as
explained in the previous studies, which showed a
significant effect of calcination temperature on textural
properties and photocatalytic activity [24,30].

This study addresses the current research gap by
developing a novel Co-doped a-Fe;Os; photocatalyst
synthesized via a gelatin-modified silica hard template,
with systematic control of calcination temperature. The
research aims to optimize photocatalytic degradation of
MB by tailoring the textural and optical properties of the
pore
crystallinity, crystallite size, and band gap energy. The

material, including surface area, structure,

novelty lies in the synergistic integration of biopolymer
templating, metal ion doping, and thermal treatment to
produce high-efficiency photocatalysts. The expected
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outcomes of this work include the establishment of an

optimal calcination protocol, a comprehensive

understanding of structure—property-activity
relationships in Co-doped a-Fe,O; systems, and
practical advanced

implications for  designing

photocatalysts for textile wastewater remediation.

m EXPERIMENTAL SECTION
Materials

The chemicals used in this study include iron(III)
chloride hexahydrate (FeCls-6H,O, Sigma-Aldrich),
iron(II) nitrate nonahydrate (Fe(NOs),-9H,O, Sigma-
Aldrich), cobalt(II) nitrate hexahydrate
(Co(NO:;),-6H,O, Sigma-Aldrich), gelatin (technical
grade, Sigma-Aldrich), Pluronic P123 (EO;PO7EO,,,
Sigma-Aldrich), citric acid monohydrate (CsHsO7-H,O,
Sigma-Aldrich), sodium hydroxide (NaOH, Sigma-
Aldrich), methylene blue dye (C;sHisCIN3S-xH,O,
Sigma-Aldrich), and distilled water (Smart-Lab). All
reagents were of analytical grade and were used without
further purification.

Instrumentation

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
(BET) method with a
Quantachrome Nova 1200e instrument.

Brunauer-Emmett-Teller
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 ™. Energy-dispersive X-ray (EDX) analysis was
conducted using a JEOL JSM-700 microscope at an
accelerating voltage of 15kV to examine the surface
morphology and elemental composition of the samples.

Procedure

Synthesis of a-Fe:03-Co
The Co-Fe photocatalyst was synthesized via a

hard templating method wusing gelatin-modified
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mesoporous silica (SPG-20) as the template, followed by
The SPG-20
template was prepared by mixing Pluronic P123 and

calcination and activation processes.

gelatin in a molar ratio of 1:0.4, followed by the dropwise
addition of HCI solution and tetraethyl orthosilicate
(TEOS) with a molar ratio of P123:TEOS = 1:11.5, stirred
at 40 °C, then subjected to hydrothermal aging at 90 °C
for 24 h. The solid was filtered, washed, oven-dried, and
calcined at 550 °C to form SPG-20. This template was
then activated by treatment with 0.1 M HCI for 24 h,
followed by drying at 100 °C. For the synthesis of the Co-
Fe photocatalyst, SPG-20 was used as a hard template, and
metal precursors Fe(NO3);:9H,O and Co(NO:s),-6H,O
(ratio 2:1 and 3:1) were dissolved in water with a total
metal-to-silica molar ratio of 1:1, stirred, and
homogenized. Citric acid was added dropwise as a
chelating agent in a molar ratio of 1:1 to the total metal
content, followed by heating at 70 °C and drying at
100 °C. The resulting solid was calcined at two different
temperatures (300 and 550 °C) for 5 h. The silica template
was removed by treating the calcined solid with 2 M
NaOH at 90°C for 10h, yielding the final Co-Fe

photocatalyst.

Photodegradation of MB

The photocatalytic degradation of MB was carried
out using a 0.2L MB solution at a concentration of
2.0 x 10~ kg/L. The initial pH of the solution was adjusted
to 7.0 using 0.1 M HCl or NaOH, and the temperature was
maintained at 25 £ 2 °C throughout the experiment. A
total of 5.0 x 10~ kg of the photocatalyst was added to the
MB solution in an Erlenmeyer flask, followed by a 30-min
dark adsorption period to achieve adsorption-desorption
equilibrium. After equilibrium, the suspension was
distributed into twelve dark glass vials, each containing
0.01 L of solution, and kept in dark conditions within the
photocatalytic reactor. One vial was labeled C, (0 min) to
represent the initial concentration before light irradiation.
The remaining vials were placed on a shaker inside the
reactor without caps. Photocatalytic degradation was
initiated after 20 min by turning on the visible light source
(a 300 W halogen lamp, A = 400-700 nm) and the shaker
to ensure uniform suspension. Samples were withdrawn
at 5-min intervals up to 20 min, and subsequently at 10-
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min intervals until the 90" min. Each vial was
immediately sealed after collection and stored in
complete darkness to prevent further reaction. The
concentration of MB in each sample was determined
using a UV-vis spectrophotometer by measuring
absorbance at 660 nm, which corresponds to the

maximum absorption wavelength of MB.
m RESULTS AND DISCUSSION
Photocatalyst Characterization

XRD analysis

The XRD patterns of a-Fe,O;-Co composites
calcined at 300 and 550 °C confirm the influence of
calcination temperature on crystallinity and phase
composition. The characteristic reflections at 20 =~ 43°,
53°, and 57° correspond to hematite (a-Fe,Os, JCPDS
No. 00-024-0072), with slightly sharper and more
intense peaks in the a-Fe,O3;-Co-550 sample, indicating
improved crystallinity (Fig. 1). In contrast, the broader
a-Fe;0;-Co-300
crystallites, partial amorphous content, or possible

reflections  in suggest  smaller
lattice strain. The crystallite size values obtained from
Scherrer analysis (Table 1) show only a minor increase
from 4.52 to 4.75 nm, consistent with the limited crystal
growth at moderate calcination temperature. Additional
peaks at 20 = 65° are consistent with CoO (JCPDS No.
00-002-1217), becoming more pronounced at higher
calcination temperatures, indicating the crystallization
of cobalt oxide. This process is accompanied by the
redistribution of Co** and Fe’* cations between the
tetrahedral (A) and octahedral (B) sites in the spinel
cobalt ferrite (Fe,Os-Co) structure, which alters the
magnetic interactions and magnetization values. Such
redistribution, triggered by calcination temperature,
modulates the magnetic properties, and saturation
magnetization (Ms) and coercivity (Hc). Differences in
cation distribution lead to variations in magnetic ordering

Table 1. Crystallite size of a-Fe,Os-Co samples calcined
at 300 and 550 °C
Sample D (nm) Degree of crystallinity (%)
a-Fe,0;-Co-300 4.5219 5.2327
a-Fe,03-Co-550  4.7542 6.1241
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Fig 1. XRD patterns of a-Fe,Os-Co samples calcined at
300 and 550 °C

100

and Ms values, where higher calcination temperatures
enhance crystallinity and change the cation distribution,
thereby significantly influencing the magnetic properties.
Although a full Rietveld refinement was not conducted in
this study, future quantitative analysis will help elucidate
the relative proportions of a-Fe;O; and CoO. These
observations confirm that calcination temperature plays a
role in controlling crystallite growth, crystallinity, and
phase evolution in the bimetallic oxide framework.
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FTIR analysis

The FTIR spectra of a-Fe,Os;—Co samples calcined
at 300 and 550 °C provide insight into the structural and
surface chemistry evolution induced by thermal
treatment. Both spectra (Fig. 2 and Table 2) display
characteristic absorption bands associated with the
stretching and bending vibrations of surface hydroxyl
groups, adsorbed water molecules, and metal-oxygen
bonds, confirming the successful formation of bimetallic
oxide structures. The broad absorption band observed in
the range of 3373-3382cm™ is attributed to O-H
stretching vibrations from surface hydroxyls and
interlayer water molecules [31]. The intensity of this
band significantly decreases with increasing calcination
temperature, indicating the removal of physisorbed
water and dehydroxylation at higher temperatures. A
~1632-1635 cm™,
corresponding to the H-O-H bending mode of adsorbed

similar trend 1is observed at

molecular water, which further confirms the progressive

—— a-Fe,0,-Co-300
—— a-Fe,04-Co-550
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Fig 2. FTIR Spectra of a-Fe,O;-Co samples calcined at
300 and 550 °C

Table 2. FTIR band assignments and intensity of a-Fe,O;-Co-300 and a-Fe,O;-Co-550

Wavenumber Functional group assignment o-Fe:0,-Co-300 o-Fe:05-Co-550 Relative change
(cm™) (black) (red)
3373-3382 O-H stretching High intensity Moderate intensity Decreased
1632-1635 H-0O-H bending (H,O) High intensity Moderate intensity Decreased
553-562 Fe-0O/Co-O stretching Moderate intensity High intensity Increased
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dehydration of the material upon calcination at 550 °C.
Bands detected in the fingerprint region, particularly
at ~1384 and ~987-1005 cm™!, can be ascribed to residual
nitrate species or organic remnants from precursors, which
are substantially diminished in the a-Fe,Os-Co-550
sample. This suggests a more complete decomposition of
the precursor materials and a cleaner oxide surface at
higher calcination temperatures. More importantly, the
absorption bands appearing at lower wavenumbers (553-
562 cm™') are assigned to the Fe-O and Co-O lattice
vibrations, which are indicative of metal-oxygen
framework formation in the bimetallic oxide system [32].
These bands become more intense and better resolved in
the a-Fe;05-Co-550 spectrum, reflecting enhanced
crystallinity and stronger metal-oxygen interactions as a
result of the higher thermal treatment. Collectively, the
FTIR analysis reveals that increasing the calcination
temperature promotes the structural reorganization and
condensation of metal-oxygen bonds, while concurrently
removing volatile impurities and surface hydroxyl groups.
This transformation contributes to the formation of a
more ordered and thermally stable bimetallic oxide
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network, which is advantageous for applications such as
catalysis, adsorption, or photocatalysis that demand
robust material performance and high thermal stability.

Nitrogen adsorption-desorption analysis
The nitrogen adsorption-desorption analysis

(Table 3 and Fig. 3) provides insight into the impact of
calcination temperature on the textural properties of a-
Fe,03;-Co bimetallic oxides. The nitrogen adsorption-
desorption isotherms of the a-Fe,O;-Co samples (Fig. 3)
exhibit type IV behavior with an H3 hysteresis loop,
characteristic of mesoporous materials containing slit-
like pores formed by particle aggregation. At 300 °C, the
sample displays a high BET surface area of 123.445 m*/g,
BJH surface area of 107.101 m*/g, a pore diameter of
5.03nm, and a total pore volume of 0.2236 cm’/g,
reflecting a well-developed mesoporous network that
favors dispersion of active sites. In contrast, calcination
at 550 °C results in reduced adsorption capacity, surface
area, and pore volume, which can be attributed to partial
pore collapse and particle sintering. These results
demonstrate a clear trade-off: while a higher calcination

Table 3. Porosity analysis of a-Fe,Os-Co samples calcined at 300 and 550 °C

BJH surface area
Sample

BET surface area

Pore diameter Total pore volume

(m?/g) (m%/g) (nm) (cm?/g)
a-Fe,03-Co-300 107.101 123.445 5.03228 0.2236
a-Fe;03-Co-550 90.4514 104.526 3.60646 0.1875
1% (a) 0.0304® —m— a-Fe,0,-C0-300
’ —8— a-Fe,0,-Co-550
140 { —®— Ads a-Fe,0,-Co-550
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Fig 3. (a) Adsorption-desorption isotherm and (b) pore-size distribution of a-Fe,O;-Co-300 and a-Fe,O;-Co-550

samples
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temperature enhances crystallinity and structural stability
(as supported by XRD analysis), it simultaneously
decreases the accessible surface area and porosity,
potentially limiting the density of active sites available for
photocatalytic reactions. Optimizing this balance between
crystallinity and surface accessibility is therefore critical
for maximizing catalytic performance.

Upon calcination at 550 °C, a marked decrease in
both surface area and pore characteristics is observed. The
BET surface area drops to 104.526 m°/g, and the BJH
surface area decreases to 90.451 m*/g. Simultaneously, the
average pore diameter reduces to 3.61 nm and the total
to 0.1875cm’/g. These
reductions are typically associated with partial sintering,

pore volume diminishes
pore collapse, or densification of the material matrix due
to thermal treatment. The contraction in pore diameter
and volume suggests that the elevated temperature
promotes grain growth and coalescence of oxide particles,
thereby reducing porosity and narrowing the pore
network.

Despite the decrease, the material retains its
mesoporous nature, as evidenced by the pore diameters
remaining within the mesoporous range (2-50 nm).
However, the decline in surface area and porosity may
affect the
applications where mass transport and surface reaction

adversely material’s performance in

kinetics are «critical. Therefore, a balance between
sufficient thermal treatment for crystallization and

preservation of mesostructural features is crucial in

Indones. J. Chem., 2026, 26 (2), 379 - 391

optimizing the performance of such bimetallic oxide

systems.
UV-vis DRS analysis
Based on the UV-vis diffuse reflectance

spectroscopy (DRS) data shown, the Tauc plots for a-
Fe,0;-Co samples subjected to different calcination
temperatures reveal slight variations in their optical
band gap energies. The data indicate a notable decline in
the band gap. Pure a-Fe,O; possesses a band gap of
2.2 eV, while a-Fe,05-Co-300 shows a gap of 1.773 eV (a
reduction of 19.4%), and a-Fe,O;-Co-550 exhibits a gap
of 1.180eV (a reduction of 46.4%) (Fig. 4). This
reduction aligns with studies indicating that cobalt
doping in hematite can lower the band gap from
approximately 2 eV to around 1.9 eV [33]. Additional
research also verified that the band gap energy of Fe,O;
nanoparticles declines with the addition of Co as a
doping material [34]. The incorporation of Co leads to
significant alterations in the electronic configuration of
Fe,Os. The research demonstrated that the inclusion of
Co* in the Fe,O; lattice was validated by the
characterizations mentioned above. Incorporating Co
into the a-Fe,O; framework leads to a reduction in the
band gap from 2.2 to 1.773eV (at 300 °C). This
phenomenon takes place as Co**/Co’* ions substitute
Fe’* in the hematite crystal lattice, Co d orbitals generate
extra energy levels within the band gap, and the
interaction between Fe 3d and Co 3d orbitals alters the
density distribution of electronic states [33].

(a) a-Fe,05-Co-300

Baseline

Fitted line

(b) a-Fe,05-Co-550

Baseline

- - - -Fitted line

o o
TE E

G >

> CH

2 D)

o P
- >

> £ /

£ 3 7 B =1.180 eV

3 4

T c

7 E,=17811eV
hv (eV) hv (eV)

Fig 4. Band gap by Tauc plot of a-Fe,O3-Co samples at different calcination temperatures
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Raising the calcination temperature from 300 to
550 °C led to a significant reduction in the band gap. This
occurrence is backed by a study indicating that the
reduction in band gap energy could result from enhanced
crystallinity and larger particle size at higher calcination
temperatures [35]. Elevated temperatures enhance the
crystal framework and diminish imperfections [27]. The
expansion or contraction of the crystal lattice influences
the overlap of orbitals. The improved incorporation of
cobalt into the host framework [35]. The 1.180 eV band
gap in the sample calcined at 550°C enables photocatalytic
activation using visible light. This aligns with the
discovery that Co(5%)-Fe,Os spindles show improved
light absorption capacity and a red shift in the absorption

edge [33].
The research demonstrated that Co-doped Fe,Os
spindles displayed superior catalytic degradation

capabilities compared to single Fe,O; spindles. This
enhancement was a result of the inherent Co**/Co™ redox
cycling, which can speed up the interchange between Fe**
and Fe’, boost the generation of «OH radicals for
contaminant breakdown, and promote the movement of
photoexcited charge carriers. The data acquired
demonstrated alignment with the trend noted in existing
literature. Previous research has indicated that the band
gap energy for both undoped and Co-doped Fe,O;
nanoparticles at concentrations of 5, 10, 15, and 20 wt.%
exhibits a gradual reduction, suggesting that the band gap
energy diminishes as the cobalt content increases [34].

It is well established in the field of material science
that elevated calcination temperatures typically result in
an enhancement of the crystallinity of the synthesized
material, which can be attributed to the increased energy
and rearrangement of atomic structures within the crystal
lattice [28-29]. Enhanced crystallinity is indicative of a

more orderly arrangement of atoms within the crystal
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lattice, which can lead to improved material properties
[36]. At elevated temperatures, particles typically
undergo grain growth, leading to an increase in the size
of the crystallites, which can significantly impact the
physical and chemical properties of the material [37].
Furthermore, exposure to very high calcination
temperatures may induce phase transitions, which can
manifest as a transformation from an amorphous state
to a crystalline state, or even shifts between different
polymorphs, such as the transition from y-Fe,O; to a-
Fe,0s [38]. It is worth noting that high temperatures can
lead to a reduction in the prevalence of structural
defects, including oxygen vacancies, within the material,
provided that the calcination process does not exceed
certain thresholds. Excessive calcination, however, can
paradoxically result in an increase in such defects [39-
40].

In this study (Table 4), Tauc plots were constructed
under the assumption of an indirect allowed transition,
consistent with the commonly reported electronic
structure of hematite-based systems. The observed
narrowing of the band gap with Co incorporation and
higher calcination temperature can be attributed to
multiple contributing factors. First, the substitution of
Fe’* by Co*"/Co’" introduces additional electronic states
within the band gap, thereby facilitating lower-energy
electronic transitions. Second, the interaction between
Fe 3d and Co 3d orbitals modifies the density of states
near the conduction and valence bands, further reducing
the effective band gap. Third, lattice strain induced by
jonic size mismatch between Fe** (0.645A) and
Co**/Co* (0.58-0.75 A) perturbs orbital overlap and
alters band dispersion. Additionally, the reduction in
surface area and increase in crystallite size at elevated
calcination temperature decrease the influence of surface
defects and quantum confinement, thereby reinforcing

Table 4. Band gap energies of a-Fe,O;-Co samples at different calcination temperatures

Sample Band gap Reduction compared Transition Tauc plot
(eV) to pure a-Fe;Os (%) assumption equation*
Pure a-Fe,;0; 2.200 - Indirect (n=2) (ahv)"?=A(hv - E,)
a-Fe,05;-Co-300 1.773 19.4 Indirect (n=2) (ahv)"?=A(hv-E,)
a-Fe,03;—Co-550 1.180 46.4 Indirect (n=2) (ahv)"?=A(hv-E,)
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the observed band gap narrowing. Collectively, these
results suggest that both electronic interaction and
structural strain play decisive roles in governing the
optical response of Co-incorporated a-Fe,O; systems.

EDX analysis

The data presented in the accompanying Table 5
elucidates the results derived from a meticulous elemental
composition analysis, expressed in terms of percentage
atomic composition, of two distinct types of a-Fe,Os-based
photocatalysts that have been doped with Co and subjected
to two different calcination temperatures, specifically
300 °C for the sample designated as a-Fe,O3-Co-300 and
550 °C for the sample labeled as a-Fe,O;-Co-550. The
elemental analysis encompasses the assessment of various
elements, including oxygen (O), iron (Fe), cobalt (Co),
and silicon (Si), alongside the metal ratio of Fe to Co.
Notably, at the lower calcination temperature of 300 °C,
the concentration of Fe was recorded at 48.57%, which is
significantly higher in comparison to the 40.30% observed
at the elevated temperature of 550 °C. Conversely, the
concentration of Co exhibited an upward trend, rising
from 16.06% at 300 °C to 20.69% at 550 °C. The O content
remained relatively stable, with values of 31.31 and
31.77% recorded for the two temperatures, respectively.
This trend suggests that as the calcination temperature
increases, there is a tendency for a decrease in Fe content
alongside an increase in Co content within the material
matrix. The elevation of the calcination temperature
facilitates the more effective diffusion of Co ions into the
a-Fe,O; structure, thereby resulting in an increase in the
integrated Co content within the matrix. In contrast, the
available Fe content diminishes due to partial substitution
by Co ions. Previous studies investigating transition
metal-doped a-Fe,O; materials have corroborated these
findings, demonstrating that elevated calcination
temperatures significantly enhance the diffusion and

substitution of metal ions, thereby altering the overall

Table 5. Elemental composition analysis by EDX

S ) wt.% Metal
ample

P (@] Fe Co Si ratio
a-Fe,03-Co-300 31.31 4857 16.06 4.07 3:1

a-Fe,0;-Co-550 31.77 40.30 20.69 7.24  2:1

composition and metal ratios within the synthesized
materials [28].

Moreover, it was observed that the Si content
increased from 4.07% at 300 °C to 7.24% at 550 °C,
which may be attributed to contamination from the
synthesis equipment, the substrate used, or additional
materials, such as silica, that were incorporated during
the synthesis process. The presence of trace amounts of
Si is frequently reported in the synthesis protocols for
Fe,O;-based materials, and these small quantities of Si
can play a beneficial role by acting as a structural support
or enhancing the thermal stability of the resultant
material [41]. The significance of the metal ratio cannot
be overstated, as it plays a crucial role in dictating the
photocatalytic properties of the material under
investigation. The incorporation of Co into the a-Fe,O;
matrix has been shown to enhance photocatalytic
activity by broadening the range of light absorption and
improving the separation of charge carriers. However, it
is imperative to recognize that an excessively high Co to
Fe ratio may lead to adverse effects, such as the
emergence of new phases or metal segregation, which
could ultimately diminish the material's photocatalytic
efficacy.

In conclusion, the simultaneous increase in Co
content and the alteration of the Fe:Co ratio at elevated
calcination temperatures generally serve to enhance the
photocatalytic activity of a-Fe,O;, given that Co can
function as a novel active center that promotes efficient
electron transfer processes. Additionally, the progressive
increase in Si content may contribute positively to the
thermal and structural stability of the synthesized
material. While higher calcination temperatures are
conducive to the diffusion and incorporation of Co into
the a-Fe,Os framework, it is crucial to optimize these
conditions carefully to avert issues such as metal
segregation or the formation of undesired phases that
could compromise the intended properties of the
photocatalyst.

Photodegradation of MB

Lower calcination temperatures, specifically those
around 300 °C, have been observed to result in the
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production of particulate matter with notably smaller
dimensions and a significantly larger surface area. This
phenomenon, in turn, effectively enhances the active
surface area available for undergoing photocatalytic
reactions, thereby facilitating a more efficient catalytic
process. Conversely, when subjected to elevated calcination
temperatures, such as 550 °C, there is a tendency for grain
growth to occur, leading to a reduction in the active
surface area and subsequently impairing the degradation
efficiency of the photocatalytic activity. An increased
surface area is crucial, as it amplifies the number of active
sites present on the photocatalyst's surface, allowing a
greater number of pollutant molecules to interact with the
active radicals generated during the reaction. At the
optimal calcination temperature of 300 °C, Co can be
incorporated into the a-Fe,O; structure in a more
homogeneous and efficient manner as a dopant, without
the risk of forming secondary phases or experiencing
excessive agglomeration of Co particles. This optimal
distribution of Co enhances the separation of electron-
hole pairs, significantly decreasing the likelihood of
recombination events and thereby improving the overall
degradation efficiency of the photocatalytic process.

In contrast, at elevated calcination temperatures, it
is possible for Co dopants to undergo phenomena such as
segregation or the formation of new phases that exhibit
diminished photocatalytic activity, which can adversely
affect the degradation process. The comparison of the Fe:Co
ratios in the samples a-Fe,0;-Co-300 (with a ratio of 3:1)
and a-Fe,03-Co-550 (with a ratio of 2:1) reveals that the
doping of Co is still within an optimal range in the latter, as
excessive doping, characterized by a lower ratio, can create
centers for the recombination of electron-hole pairs that
ultimately detract from the photocatalytic activity of the
material. Furthermore, the degradation efficiency results
of pure a-Fe,O; without Co doping demonstrate that
undoped a-Fe,O; exhibits a significantly lower efficiency
compared to both Co-doped samples (Fig. 5). This finding
confirms the role of Co incorporation in enhancing the
photocatalytic performance of the material.

The mechanism underlying the photocatalytic
degradation processes involving a-Fe,O;-Co comprises
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efficiency

multiple sequential stages; initially, a-Fe,O; effectively
absorbs visible light, which energizes electrons, allowing
them to transition from the valence band to the
conduction band. This energetic transition generates
pairs of electrons (e”) and holes (h*) (Eq. (1)), which are
crucial for subsequent reactions. The Co’*/Co*" ions
present within the structure serve a vital role as centers
for electron trapping, which significantly prolongs the
lifespan of the generated electron-hole pairs, diminishes
the rates of recombination, and enhances the overall
charge transfer processes. The trapped electrons then
engage in reactions with dissolved oxygen, leading to the
formation of superoxide radicals (+O,) (Eq. (2)).
Meanwhile, the holes participate in reactions with water
molecules or hydroxide ions, generating highly reactive
+OH (Eq. (3)). Both of these processes are instrumental
in the degradation of organic pollutants. These active
radicals effectively target and attack pollutant molecules,
facilitating their breakdown into simpler and less
harmful byproducts (Eq. (4)), thereby contributing to
the overall efficiency of the photocatalytic process.

o.—Fe,0; —Co+hv —e™ +h" (1)
e +0, —>0,~ (2)
h* +H,0/OH™ —.0H (3)
0, /—OH + polutant — degradation product (4)
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Table 6. Kinetic parameters of a-Fe,Os-Co at various calcination temperatures based on pseudo-first- and pseudo-

second-order models

Pseudo-first-order

Pseudo-second-order

Sample
P ki (min™") k; (gmg ' min') R
a-Fe;,03-Co-300 0.01116  0.9651 2.13363 0.2157
a-Fe;03-Co-550  0.00938  0.9206 3.31527 0.2216

The catalytic degradation kinetics of MB over a-
Fe,0s3-Co photocatalysts synthesized at varying calcination
temperatures were evaluated using pseudo-first-order
and pseudo-second-order kinetic models (Table 6). Based
on the correlation coefficients (R?), the pseudo-first-order
model exhibited superior agreement with the experimental
data, with R* values of 0.9651 for a-Fe,0;-Co-300 and
0.9206 for a-Fe,O;-Co-550. In contrast, the pseudo-
second-order model demonstrated significantly lower R?
values (0.2157 and 0.2216, respectively), indicating poor
fit to the observed kinetic behavior. These results suggest
that the
predominantly governed by a first-order reaction

photocatalytic ~ degradation process is
mechanism, in which the rate-limiting step likely involves
the interaction between photogenerated reactive species
(e.g., *OH) and dye molecules, rather than complex
surface-controlled or multi-site chemisorption processes.

Moreover, the rate constant values (k;) derived from
the pseudo-first-order model show a slight decline with
increasing calcination temperature, implying that excessive
thermal treatment may reduce the density of catalytically
active sites or alter the surface electronic structure, thereby
diminishing reaction efficiency [42]. Although the pseudo-
second-order rate constants (k) appear numerically larger,
the associated low correlation values suggest that these may
be mathematical artifacts with limited physical relevance
in describing the degradation pathway [43]. The overall
dominance of pseudo-first-order kinetics is consistent
with previous reports on photocatalytic systems involving
iron oxide composites, further supporting the role of
photogenerated charge carriers and their reaction with
dye molecules as the primary pathway for degradation.
These findings highlight the significance of thermal
process optimization in enhancing photocatalyst
reactivity by striking an optimal balance between

crystallinity, surface area, and active site availability.

m CONCLUSION

This study concludes that Fe,Os-incorporated Co
photocatalysts synthesized via a gelatin-modified silica
method and
exhibit
photocatalytic characteristics that are directly influenced
by thermal treatment. XRD and FTIR results confirmed
improved crystallinity and the emergence of Co-O

hard-template calcined at varying

temperatures distinct  structural and

vibrational modes at higher temperatures, particularly in
the a-Fe,0;—Co-550 sample, which also showed a shift
in Fe:Co atomic ratio from 3:1 to 2:1 as revealed by EDX.
Although BET analysis indicated a decline in surface
area and pore volume with increasing calcination
temperature, the a-Fe,O;—Co-550 catalyst achieved
superior methylene blue degradation efficiency (> 90%)
within 90 min, emphasizing the role of crystallographic
and electronic factors over textural parameters alone.
Kinetic evaluation demonstrated a better fit with the
pseudo-first-order model for both samples, with slightly
higher rate constants for a-Fe,Os-Co-300; however, this
did not directly correlate with overall degradation
performance. These findings underscore the synergistic
effect of cobalt incorporation, controlled crystallization,
and template-assisted porosity in enhancing charge
separation and photocatalytic reactivity, offering a
rational route  for

design high-performance

photocatalysts in wastewater treatment applications.
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