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Abstract. This study presents the synthesis and photocatalytic performance
of SSIO (silica-sulfonated iron oxide) for the degradation of methylene blue,
directly comparing it with pure iron oxide (IO). The SSIO catalyst was
prepared via a soft-template approach using gelatin and P123, followed by
sulfonation and Fe-O; incorporation through wet impregnation, resulting in
a pale-yellow, fine powder.XRD analysis confirmed Fe.Os crystallites in
SSIO with an average size of 2.08 nm and crystallinity of 89.2%, while FTIR
spectra indicated —COOH, Si—OH, and Si—O-Si groups. Sulfonic acid-
related signals were not clearly observed in the XRD, suggesting a
predominantly amorphous or low-crystallinity nature. SEM imaging showed
short rod- and platelet-like structures, providing a high surface area for
catalytic reactions.Photocatalytic tests revealed that SSIO degraded
methylene blue with an efficiency of 88.7% within 90 minutes, significantly
higher than 10, which achieved 72.5% under the same conditions. Kinetic
analysis followed a pseudo-first-order model with a rate constant of 0.0135
min' for SSIO. These results demonstrate that incorporating sulfonated
silica into SSIO substantially enhances photocatalytic activity compared to
10 alone, offering a low-cost and efficient solution for treating dye-
contaminated wastewater.

1 Introduction

The rapid industrial development in Indonesia, under the “Making Indonesia 4.0” initiative,
has significantly advanced the manufacturing sector, particularly in textiles, which contribute
to both domestic and global markets [1]. While this growth supports economic development,
it also generates environmental challenges, notably the release of wastewater laden with dyes.
Methylene Blue (MB), a widely used cationic dye (CisHisCINsS), is highly soluble, intensely
coloured, and resistant to conventional degradation processes, posing a threat to aquatic
ecosystems by reducing sunlight penetration and dissolved oxygen [2-4].

Traditional treatment methods, including chlorination , ozonation, and biodegradation,
are often insufficient or economically unfeasible in developing countries [5]-[7]. Even
adsorption techniques may leave residual organic pollutants, leading to secondary
contamination [8]. Photocatalysis has emerged as a promising solution, leveraging
semiconductor materials activated by light to generate reactive species that can degrade
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persistent organic pollutants [9]-[10]. Among metal oxides, Fe20s is attractive due to its
visible-light activity, low toxicity, and cost-effectiveness [11]-[12]. However, many Fe.Os-
supported catalysts face limitations such as low surface area, poor dispersion, or inefficient
interaction with target pollutants.

In this study, a novel mesoporous hybrid material, SSIO (silica-sulfonated iron oxide),
was developed by incorporating Fe2Os nanoparticles into sulfonated mesoporous silica
synthesised using P123 and gelatin as dual soft templates. The sulfonated silica framework
not only improves the dispersion of Fe.Os but also enhances adsorption and photocatalytic
performance. The structural and functional properties of SSIO were characterized using X-
ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR), and UV-Vis
spectroscopy, and its photocatalytic activity was evaluated in the degradation of methylene
blue. By combining sulfonation with Fe.Os impregnation, SSIO addresses critical limitations
of conventional Fe:Os catalysts while offering a low-cost, environmentally friendly solution
to persistent dye pollution—a global water quality concern [1]-[9].

2 Materials and Methods

2.1 Materials

The chemicals used in this study include hydrochloric acid (HCI, 37%, Sigma-Aldrich, Mr
36.5 g/mol), distilled water (Smart-Lab, Mr 18 g/mol), poly(ethylene oxide)-block-
poly(propylene oxide)-block-poly(ethylene oxide) surfactant EO10sPO7EO10s (Sigma-
Aldrich, Mr 5750 g/mol), commercial gelatin (Gelita, Mr 90,000 g/mol), tetracthoxysilane
(Si(OC:Hs)a, Sigma-Aldrich, Mr 208.33 g/mol), methylene blue dye (Sigma-Aldrich), and
iron(IIT) chloride hexahydrate (FeCls-6H-0, Sigma-Aldrich).

2.2 Synthesis and sulfonation of gelatin-modified mesoporous silica (SS)

Gelatin-modified mesoporous silica was synthesized by dissolving poly(ethylene oxide)-
block-poly(propylene oxide)-block-poly(ethylene oxide) (EO10sPO70EQOi0s) and gelatin in
diluted hydrochloric acid at a mass ratio of 5:1. The surfactant mixture was dissolved in HCI
using a molar ratio of 1.0 HCl : 0.8 EO10sPO7#EOis and stirred at 40 °C for 3 h.
Tetraethoxysilane (Si(OC2Hs)4) was then added with a feed molar ratio of 3.5 Si(OC2Hs)a :
(EO10sPO7#EO10s + gelatin). The mixture was stirred for 24 hours and then subjected to
hydrothermal treatment at 90 °C for an additional 24 hours. The solid product was filtered,
washed, dried, and calcined at 550 °C to obtain gelatin-modified mesoporous silica. The
resulting material was activated in 0.1 M hydrochloric acid using a solid-to-solution ratio of
1:50 for 24 hours, followed by filtration, washing, and drying. Sulfonation was carried out
by reacting the activated silica with concentrated sulfuric acid at a solid : acid ratio of 1 : 10
(mL g™) for 20 h under reflux. The sulfonated material was washed with hot water and
denoted as SS.

2.3 Synthesis sulfonation of mesoporous silica iron oxide (SSIO)

Iron oxide was incorporated into SS using a 10 mol% Fe*" : SiO: ratio. FeCls-6H-0 was
dissolved in distilled water (1 60 Fe** : H.O molar ratio) and mixed with SS (1 9 Fe*" : SS
mass ratio). The mixture was stirred at 45 °C for 16 h, dried, washed and calcined at 450 °C
to obtain SSIO.
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2.4 Synthesis of pure iron oxide (10)

Pure iron oxide (I0) was prepared by dissolving FeCls-6H-O in distilled water using a 1 100
Fe*" : H20 molar ratio. The solution was allowed to precipitate, followed by centrifugation,
filtration, drying at 120 °C for 12 h, and calcination at 450 °C for 4 h.

2.5 Photocatalytic degradation of methylene blue

Photocatalytic activity was evaluated using 50 mg of catalyst (SSIO or 10) dispersed in 200
mL of 5 ppm methylene blue solution, corresponding to a catalyst-to-dye molar ratio of
approximately 1 : 28 (Fe : MB). Prior to irradiation, the suspension was kept in the dark for
30 min to reach adsorption—desorption equilibrium. The system was then exposed to UV light
under constant stirring, and 10 mL aliquots were withdrawn at predetermined time intervals
(090 min). A control sample was collected at t = 0 (without light exposure), and all
photocatalytic experiments were conducted in triplicate to ensure reproducibility. The
concentrations of methylene blue were quantified spectrophotometrically at 665 nm using a
UV-Vis spectrophotometer.

3 Results and Discussion

3.1 X-Ray Diffraction (XRD) analysis

Figure 1 shows the XRD diffraction patterns of IO (iron oxide), SS (gelatin-templated
mesoporous silica that has been sulfonated), and SSIO (sulfonated silica impregnated with
iron oxide). The 10 sample displays several sharp and intense diffraction peaks, indicating a
high degree of crystallinity and the characteristic reflections of crystalline Fe.Os. In contrast,
the SS sample exhibits a broad and low-intensity pattern, confirming its amorphous silica
nature after gelatin templating and sulfonation. When Fe.Os is incorporated into the
sulfonated silica framework (SSIO), a combination of features from both 10 and SS is
observed. Specifically, the diffraction profile of SSIO exhibits a broad amorphous
background of silica, accompanied by several distinct peaks attributable to crystalline Fe20s,
which confirms the successful impregnation of iron oxide into the sulfonated silica matrix.
The presence of these Fe.O; reflections in SSIO also indicates that the iron oxide particles
maintain their crystalline structure after incorporation.
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Fig. 1. XRD of a. IO, b. SSIO and C. SS sample.
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In addition to the qualitative identification of crystalline phases, the diffraction patterns
also reveal differences in crystallinity and possible structural interactions among the samples.
The IO sample exhibits narrow and high-intensity peaks at 20 values of approximately 24.1°,
33.2°,35.6°, and 49.5°, corresponding to the (012), (104), (110), and (024) planes of a-Fe20s,
respectively, indicating well-defined crystalline domains. For the SS sample, the absence of
sharp reflections and the presence of a broad halo centered around 22° confirm the amorphous
nature of the mesoporous silica after gelatin templating and sulfonation. This feature is
typically associated with short-range Si—O—Si ordering without any long-range crystallinity.

In the case of SSIO, the XRD pattern presents a combination of broad background from
the silica matrix and several distinct peaks located at similar 20 positions to those observed
in 10. However, these peaks are slightly broadened and exhibit a minor shift toward lower
20 values compared to pure [O. The peak broadening indicates a reduction in crystallite size
due to the dispersion of Fe.Os; nanoparticles on the silica surface, while the slight shift
suggests the occurrence of interfacial interactions between the iron oxide phase and
sulfonated silica matrix. Such interactions can generate lattice strain or partial incorporation
of Fe—O-Si bonds , which consequently alter the local structure and cause marginal 20
displacement. Overall, the diffraction data demonstrate that Fe.Os retains its crystalline
structure after impregnation, while its crystallite size and lattice parameters are affected by
the dispersion within the sulfonated silica framework. This confirms the successful formation
of a hybrid SSIO material with intimate contact between the metal oxide and functionalized
mesoporous silica.The crystallite size of the Fe.Os phase was estimated using the Scherrer
equation [13]:

D =K./ (fcos8)

where D is the crystallite size, K is the shape factor (taken as 0.9), A is the X-ray
wavelength (0.15406 nm for Cu Ka), B is the full width at half maximum (FWHM) of the
selected diffraction peak (in radians), and 0 is the Bragg angle. The (104) reflection of a-
Fe20:; was selected for the calculation. The calculated crystallite size of pure iron oxide was
approximately 2.14 nm, while the SSIO sample exhibited a slightly smaller value of 2.08 nm.
This reduction in crystallite size further supports the hypothesis that Fe2Os is highly dispersed
on the sulfonated silica surface and interacts with the support, which restricts particle growth
during calcination.

3.2 Fourier Transform Infrared (FTIR) spectroscopy

Figure 2 presents the FTIR spectra of 10 (iron oxide), SSIO (sulfonated silica impregnated
with iron oxide), and SS (sulfonated gelatin-templated silica). The spectrum of the SS sample
(curve c) exhibits broad absorption bands at 3388—3370 cm™, which correspond to the
stretching vibration of surface —OH groups originating from silanol and adsorbed water [14].
The band at approximately 1632 cm™ is assigned to the bending vibration of molecular water.
The characteristic silica framework bands can be observed at 1054—1065 cm™ (asymmetric
Si—0O-Si stretching), 799 cm™ (symmetric Si—O-Si stretching), and 444448 cm™ (Si—O
bending), confirming the formation of mesoporous silica after gelatin templating and
sulfonation [15]. The IO sample (curve a) displays a strong absorption band at around 530—
531 em™, which is characteristic of the Fe—O stretching mode in crystalline Fe.Os. The
absence of silica-related bands in this spectrum confirms that the material consists solely of
iron oxide.
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Fig. 2. FTIR of a. IO, b. SSIO and C. SS sample.

For the SSIO sample (curve b), the FTIR spectrum shows a combination of both silica-
and iron oxide—related bands. The broad —OH stretching band remains observable at ~3377
cm!, indicating that surface silanols are still present after impregnation. The Si—O-Si
stretching band at 1054 cm™ is slightly shifted and decreased in intensity compared to pure
SS, suggesting an interaction between the Fe.Os phase and the functionalized silica surface.
Additionally, the Fe—O absorption band appears at approximately 531 cm™, confirming the
successful incorporation of iron oxide into the sulfonated silica matrix. The absence of a
distinct peak corresponding to —SOsH (typically at ~1230 cm™) indicates that sulfonic groups
are dispersed in an amorphous or weakly bonded state. Overall, the FTIR spectra demonstrate
the presence of Si—O—Si and Fe—O bonds in the hybrid SSIO material, confirming that the
impregnation process does not destroy the functional groups of the sulfonated silica but rather
allows for interaction between the two phases.

3.3 SEM

Fig. 3. SEM of a. SS and SSIO sample.
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The photodegradation performance of the synthesized catalysts was evaluated by
monitoring the removal efficiency of the dye as a function of irradiation time (Figure 4). In
general, both catalysts exhibited a rapid increase in photodegradation activity within the first
30 min, corresponding to the rapid generation of reactive oxygen species and the adsorption—
photocatalysis synergetic effect. However, a clear difference in performance can be observed
between the SSIO and 10 samples. The SSIO catalyst (a) exhibited a significantly higher
photodegradation efficiency throughout the entire experiment, reaching a maximum
efficiency of ~88.7% after 40 minutes of irradiation and remaining nearly constant thereafter.
This enhanced activity can be attributed to the strong interaction between the sulfonated silica
support and the Fe2Os nanoparticles, which improves light harvesting, charge separation
efficiency, and surface accessibility for the dye molecules.

80

60

401

Efficiency Photodegradation (%)

20

Time (min)
Fig. 3. Photodegradation performance of a. SSIO and SS sample.

In other side, the IO catalyst (b) only achieved ~72.5% degradation under similar
conditions and exhibited a slower rate of activity enhancement. The lower efficiency could
be associated with the rapid recombination of photogenerated electron—hole pairs and the
limited surface area of pristine Fe.Os. These observations clearly demonstrate the beneficial
role of the sulfonated silica framework in enhancing the photocatalytic performance of iron
oxide via improved dispersion and surface functionalization.The kinetic behaviour of dye
photodegradation was evaluated using both pseudo-first-order and pseudo-second-order
models, with the normalised concentration (C/Co) plotted as a function of time. As shown in
Figure 4, the SSIO sample exhibited a faster degradation rate with a pseudo-first-order rate
constant of 0.0135 min™', compared to 0.008 min™* for IO. The sharper decline in C/Co for
SSIO confirms its superior photocatalytic activity due to the synergistic effect of sulfonated
silica support and well-dispersed iron oxide species.

Table 1. Kinetic parameters of SSIO and IO.

Model Sample Rate constant (min™) R?
Pseudo-first-order SSIO 0.0135 0.98
Pseudo-first-order 10 0.0080 0.95

Pseudo-second-order SSIO 0.0010 0.92
Pseudo-second-order 10 0.0006 0.88
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Fig. 4. Plot pseudo-first-order of MB photodegradation a. IO and b. SSIO.
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Fig. 5. Plot pseudo-second-order of photodegradation a. SSIO and b. I1O.

The kinetic parameters summarized in Table 1 and Figures 4-5 clearly demonstrate that
the SSIO catalyst exhibits faster and more efficient photodegradation performance compared
to pristine 10. The superior activity of SSIO can be attributed to the abundance of surface —
SOsH and —OH functional groups on the sulfonated silica framework, which not only enhance
adsorption of the cationic dye molecules via electrostatic interactions, but also facilitate
interfacial charge transfer at the solid—liquid interface. These chemical groups provide
additional surface-active sites, which accelerate the formation of reactive oxygen species
(ROS) and promote faster decomposition of methylene blue. In line with this surface-
enriched functionality, the pseudo-first-order model provided the best correlation for both
catalysts, yielding an estimated R? value of 0.98 for SSIO and 0.95 for 10, with a higher
apparent rate constant obtained for SSIO (0.0135 min™).

A similar trend is observed under the pseudo-second-order model, where SSIO again
exhibits a steeper decline in In(Co/C) (Figure 5), indicating that the functionalized surface
accelerates both adsorption and subsequent surface reaction steps. However, the slightly
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lower R? values obtained for the pseudo-second-order model (0.92 for SSIO and 0.88 for 10)
suggest that the photodegradation mechanism is predominantly governed by surface reaction
kinetics rather than mass-transfer or diffusion processes. Overall, the enhanced kinetics of
SSIO can be directly attributed to the presence of —SOsH and —OH groups, which
significantly improve the adsorption/photocatalytic behaviour of the iron oxide catalyst,
providing a more efficient reaction pathway for dye removal.

4 Conclusion

The results clearly demonstrate that incorporating sulfonated silica into iron oxide
significantly enhances the photocatalytic degradation of methylene blue. The SSIO catalyst
contained finely dispersed Fe20s crystallites (2.08 nm) embedded in a functionalized silica
matrix rich in surface -COOH, Si—-OH and Si—O-Si groups, which facilitated both dye
adsorption and charge separation processes. Compared with the pristine IO sample, SSIO
exhibited a significantly higher degradation efficiency (88.7% vs 72.5% after 90 min) and a
higher rate constant (0.0135 min™), confirming the beneficial role of the sulfonated support.
The kinetic evaluation, based on a pseudo-first-order model, further indicates that the
degradation process is controlled by surface reactions rather than mass transfer. These
findings highlight the potential of SSIO as a low-cost and efficient photocatalyst for the
remediation of dye-contaminated wastewaters.
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