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Abstract. This study reports the synthesis of mesoporous iron oxide
(Fe205) using Pluronic P123 and gelatin as dual templates and evaluates its
performance as a photocatalyst in the degradation of Methylene Blue (MB).
The materials were prepared via a hydrothermal sol-gel method followed by
calcination at 550 °C and subsequently characterised using XRD, FTIR,
BET, SEM-EDX, TEM, and TGA techniques. XRD confirmed the
coexistence of a-Fe.0s (hematite) and y-Fe.Os (maghemite) phases, with
sharper diffraction peaks observed in the gelatin-assisted samples, indicating
improved crystallinity. FTIR spectra revealed characteristic Fe—O stretching
vibrations along with enhanced O-H and H-O-H bands in the gelatin-
modified materials, suggesting stronger surface hydroxylation. BET
analysis showed a significant enhancement in textural properties, where the
Iron-P123—Gelatin sample exhibited a surface area of 16.20 m?/g, pore
volume of 0.080 cm?®/g, and pore diameter of 13.5 nm, compared to 1.70
m?g, 0.004 cm®/g, and 3.2 nm, respectively, for Iron-P123.These structural
improvements translated into superior photocatalytic performance. Under
UV-light irradiation, the Iron-P123—Gelatin catalyst achieved nearly
complete degradation of MB within 90 minutes, while the non-gelatin
catalyst exhibited only moderate activity. The enhanced activity is attributed
to the larger surface area, improved porosity, and higher density of active
sites facilitated by the incorporation of gelatin, which promotes more
efficient electron—hole separation and reactive species generation. Overall,
the results demonstrate that gelatin-assisted synthesis significantly improves
the crystallinity, porosity, and surface chemistry of iron oxide
photocatalysts, leading to enhanced efficiency in the degradation of organic
dyes.

1 Introduction

Water pollution caused by synthetic dyes is considered one of the most critical environmental
issues worldwide. Industries such as textiles, paper and pulp, rubber, plastics, leather, and
cosmetics consume large amounts of dyes to color their products. Global dye consumption
in the textile industry exceeds 1000 tonnes per year, with nearly 100 tonnes discharged
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directly into aquatic systems. Among them, methylene blue (MB) is widely used as a cationic
heterocyclic aromatic dye. Its complex aromatic structure and high thermal stability make it
resistant to natural degradation.. The permissible threshold concentration of MB in water is
approximately 5-10 mg/L.. However, MB is known to be toxic, carcinogenic, and mutagenic,
while also significantly reducing photosynthetic activity in aquatic organisms. Therefore, the
treatment of dye-containing wastewater requires urgent attention and the development of
effective degradation technologies.

Several treatment techniques have been investigated for dye removal, including
adsorption, membrane filtration, photodegradation, and biological treatment. Among these,
photocatalysis has attracted considerable interest due to its dual potential in solar energy
conversion and environmental remediation. Photocatalysis is a non-toxic, cost-effective, and
energy-efficient process that operates under mild conditions with low energy requirements.
In photocatalytic reactions, the surface area of the catalyst plays a decisive role in pollutant
degradation. Semiconductors such as Fe20s, ZnO, SnO:, BiVO4, Cu20, and WO have been
widely studied as photocatalytic materials [1]. In particular, Fe2Os is abundant, chemically
stable, and environmentally friendly, with a suitable band gap that enables visible-light
absorption [2][3].

Nevertheless, Fe2Os suffers from several limitations, including a relatively large band gap
(~2.1 eV for o-Fe:0s) and rapid recombination of photogenerated electron—hole pairs,
leading to low photoefficiency [4]. These drawbacks restrict its photocatalytic performance
and practical application. To overcome these limitations, modification strategies using
natural and environmentally friendly materials have been widely explored. Gelatin, a
biopolymer derived from collagen, contains abundant hydrophilic and functional groups that
can serve as structure-directing agents during synthesis [5][6]. Gelatin-assisted Fe.Os has
been reported to form mesoporous structures with higher surface areas and enhanced
photocatalytic activity compared to commercial catalysts [7]. Furthermore, catalyst stability
and regeneration are crucial for practical applications, as the durability of the photocatalyst
directly impacts its cost-effectiveness and environmental sustainability.

Based on this background, the present work focuses on the synthesis of mesoporous iron
using a dual-template system of Pluronic P123 and gelatin. The synthesised catalysts were
comprehensively characterised, and their photocatalytic performance was evaluated in the
degradation of methylene blue under UV irradiation. Additionally, the effect of catalyst
regeneration on photocatalytic efficiency was examined to assess the stability and reusability
of the material for wastewater treatment applications.

2 Materials and Method

2.1 Synthesis procedure

Mesoporous hematite was prepared by mixing ferric nitrate with P123 and gelatin. 19.5 mL
of 37% HCI diluted in 127 mL of water. Subsequently, 4 grams of P123 were added to the
HCI mixture using a magnetic stirrer and a burette, stirring at 550 rpm at 40 °C in a closed
Erlenmeyer flask. Ferric nitrate (Fe(NO3)3-9H20) was weighed at 16.83 grams and added
to the mixture, followed by stirring at the same speed for 24 hours. This mixture was
homogenised using an autoclave and an oven at 90 °C for 24 hours. To obtain the
precipitation, the mixture was neutralised using 20 mL of 5 M NaOH and filtered using filter
paper. The obtained precipitation was dried in an oven for 24 hours at 100 °C, then calcined
for 5 hours at 550 °C. The sample obtained was labelled as Iron P123-gelatin.
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2.2 Charaterization

The synthesized samples were characterized using X-Ray Diffraction (XRD) Pananalytical
(version PW3050/60), Shimadzu 21 Fourier Transform Infrared (FT-IR) spectrophotometer
with 0,5 -1 cm resolution and Nitrogen Adsorption-Desoprtion (NOVASorpt).

2.3 Photodegradation for methylene blue

250 mL of MB solution 20 ppm was prepared. Each samples was weighed 10 mg and added
to the MB solution. This mixture was then homogenised using a shaker in dark adsorption
for 60 minutes, followed by photocatalysis for 90 minutes under UV light. In the
photocatalytic process, the solution was taken at 10 mL every 10 minutes. Initially, 10 mL of
MB solution was taken and labelled as the initial concentration (Co). Absorbance
measurement conducted using a UV-Vis spectrophotometer at a wavenumber of 664 cm-1.
Degradation percentage has calculated using the followed equation below :

o—Ct
x 100%

Degradation Percentage =

3 Results and Discussion

The synthesis procedure using the sol-gel and hydrothermal method. The first step of this
method was the preparation of a colloidal suspension, also known as a sol. This step aims to
promote the growth of inorganic materials, followed by a colloidal suspension that changes
to a gel form, known as the gelation process [8]. The hydrothermal process is a method that
can accelerate the removal of surfactants in the calcination process without damaging the
pore structure that has been formed.

Mixing Pluronic P123 with gelatin yields a white solution that forms a foam. After adding
ferric nitrate (Fe(NO3)3.9H,0) the solution turned to yellow. Mixing Pluronic P123 with
gelatin aims to make the soft-template before use. HCI solution act as solvent. This yellow
discoloration was caused by hydrolysis of ferric nitrate. In the hydrothermal process, a thick,
yellow solution was produced, but no precipitate had occurred. Therefore, it needed to be
neutralised with 5 M NaOH until a brick-red precipitate was formed. The red colour of the
brick was due to the pigment of iron oxide, which is brick red [9]. This precipitate was then
filtered and calcined to obtain samples with a high level of purity.

3.1 Fourier Transform Infrared (FT-IR)

The FTIR spectra of Iron-P123 and Iron-P123—Gelatin samples are displayed in Fig. 1,
revealing the characteristic functional groups associated with both the template-assisted
synthesis and the resulting iron oxide framework. A broad absorption band around 3400 cm™
corresponds to the stretching vibration of O—H groups, indicating the presence of surface
hydroxyl groups and adsorbed water molecules. The band observed near 1620 cm™ can be
attributed to H-O—-H bending vibrations, further confirming moisture adsorption on the
catalyst surface. More importantly, the strong absorption band appearing around 560 cm™ is
characteristic of Fe—O vibrations, verifying the successful formation of iron oxide phases
within both materials [10].



BIO Web of Conferences 189, 04003 (2025)

SAFE 2025

—lren-P123
— lren-P123-Galalin
H-O-H Fe-O
3 i
8 : : &
P i ? 7 X
g // |".
: : - “‘)n
- : P i
£ F e SRS \
n —— : A~
c L : / \
E = - \

T T T T T T T —— T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber {cm™)
Fig. 1. FTIR of Sampel with and without gelatin.

A comparative analysis between the two spectra reveals that the Iron-P123—Gelatin
sample exhibits slightly more pronounced features in the 3400—-1600 cm™ region, indicating
stronger interactions between the hydroxyl groups and the gelatin template. This suggests
that the incorporation of gelatin introduces additional organic residues or functional groups,
which can enhance the interfacial bonding and structural stabilisation of the iron oxide
network. Such modifications in the vibrational spectra imply that gelatin-assisted synthesis
not only preserves the structural features of iron oxide but also enriches surface chemistry,
potentially improving hydrophilicity, adsorption capacity, and photocatalytic reactivity [10].

3.2 X-Ray Difraction (XRD)

The XRD patterns of the synthesized samples, Iron-P123 and Iron-P123-Gelatin, are
presented in Figure X. Both samples exhibit characteristic diffraction peaks corresponding to
iron oxide phases, with notable reflections indexed to a-Fe:Os (hematite) and y-Fe.Os
(maghemite). The diffraction peaks at 26 values around 24.1°, 33.1°, 35.6°, 49.5°, 54.1°,
62.4°, and 64.0° can be ascribed to the rhombohedral a-Fe.Os phase, while the reflections
appearing at approximately 30.2°, 35.4°, 43.2°, 57.2°, and 62.8° correspond to y-Fe.Os. The
coexistence of these two phases indicates the partial transformation of iron oxide during the
synthesis process, which is consistent with previously reported literature for template-
assisted iron oxide systems. Moreover, the relatively sharp and intense peaks suggest the
crystalline nature of the prepared samples, with minor differences observed between the
P123- and P123—Gelatin-derived materials [11].

https://doi.org/10.1051/biocont/202518904003
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Fig. 2. XRD Patterns of Iron-P123 and Iron-P123—-Gelatin.

A comparison between the two diffractograms reveals that the Iron-P123—Gelatin sample
exhibits slightly lower background noise and more distinct peaks relative to Iron-P123,
suggesting that gelatin incorporation promotes a more ordered phase evolution. The presence
of gelatin as a biopolymer template likely assists in regulating nucleation and growth kinetics,
thereby influencing the crystallinity and phase composition of iron oxide [12]. This structural
stabilisation effect aligns with prior findings, where organic templating agents have enhanced
phase purity and reduced lattice strain in metal oxide systems. Overall, the XRD analysis
confirms that both a-Fe2Os and y-Fe20s phases coexist within the synthesised photocatalysts,
while the addition of gelatin improves the structural definition, potentially contributing to
superior physicochemical properties and photocatalytic performance.

3.3 Brunner-Emmet-Teller (BET)

The nitrogen adsorption—desorption isotherms of Iron-P123—Gelatin (Figure a) and Iron-
P123 (Figure b) exhibit distinct textural properties consistent with mesoporous materials.
Both samples display a type IV isotherm with H3-type hysteresis loops at high relative
pressures (P/Po > 0.8), indicative of capillary condensation within mesopores. However, the
Iron-P123—Gelatin sample shows a significantly higher adsorption capacity compared to
Iron-P123, reflecting its larger surface area and pore volume. The incorporation of gelatin as
a biotemplate clearly enhances porosity, as indicated by the steeper uptake at higher relative
pressures, suggesting the presence of more accessible and well-developed mesopores.
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Fig. 3. Isoterm nitrogen adsorption of Iron-P123-Gelatin, b. Iron-P-123 and C. Pore size distribution of
both samples.

Table 1. Porosity of Iron with and without gelatin.

https://doi.org/10.1051/biocont/202518904003

Sample Surface area (m?/g) Pore Volume (cc/g) Pore Diameter (nm)
Iron-P123 1.70 0.004 3.2
Iron-P123-Gelatin 16.20 0.080 13.5

The BET surface area and pore structure parameters further confirm these observations
(Table X). Iron-P123 exhibits a relatively low surface area of 1.70 m?/g, a pore volume of
0.004 cc/g, and a pore diameter of 3.2 nm, indicating a poorly developed porosity. In contrast,
Iron-P123—Gelatin demonstrates a substantial increase in textural properties, with a surface
area of 16.20 m?/g, pore volume of 0.080 cc/g, and pore diameter of 13.5 nm. These
improvements underscore the pivotal role of gelatin in guiding the formation of mesoporous
structures, resulting in a more open framework with larger and more uniform pores. The
enhanced surface and pore characteristics are expected to significantly improve the
adsorption and catalytic performance of the Iron-P123—Gelatin material compared to its non-
gelatin counterpart.
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3.4 Photocatalytic study for methylene blue

In the context of this study, exploration was carried out on the effectiveness of MB
photodegradation using Mesoporous Fe>O; on variations of gelatin. This study aims to
identify the optimal variation of gelatin photocatalyst in producing hydroxyl radicals (¢OH).
Hydroxyl radicals (¢OH) have the potential to degrade certain organic compounds. The
enjoyable process is the photodegradation of MB from water into materials that are
considered low-toxic, namely CO; and H»O [13]. Hydroxyl radicals act as oxidising agents
in the degradation of MB [14].

Before the photocatalysis process, the methylene blue solution undergoes adsorption
treatment. At 250 mL of methylene blue 20 ppm with a sample of 10 mg of iron oxide. The
adsorption process is carried out without irradiation for 60 minutes, while the photocatalysis
process is carried out using UV light for 90 minutes.

Based on the x.x figure, it can be seen that the degradation process of methylene blue is
relatively increasing at minutes 0 to 90. At minutes 0-90, a photocatalysis process is used
that utilises UV irradiation. UV light plays an active role in the degradation process of methyl
blue. Because the longer the irradiation time, the colour of the methylene blue solution
becomes more faded, it can be assumed that the concentration of methylene blue dye in the
solution is decreasing, and UV light becomes easier to reach the photocatalyst.

The reaction mechanism of methylene blue degradation is that electrons in the Fe,O3
photocatalyst will be excited from the valence band to the conduction band when exposed to
UV light. These electrons then make holes (h*). Then, the oxygen adsorbed on the surface of
the photocatalyst traps these electrons and converts them into superoxide radicals. This super
oxide radical then interacts with H>O to create radical hydroperoxide (HO,") and radical
hydroxide (OH*). Simultaneously, holes formed from previous UV light will react with H,O,
which also produces hydroxide radicals (OH®). These hydroxide radicals act as potent
oxidising agents, degrading methylene blue. Detail description is in the following mechanism

[15]:
o- Fe2O3 + hv — e-+ h* (n
e- + 02 - 02~ 2
02+ H,0 — HO* + OH°* 3)
h* + H.O — OH* + H* 4)
OH*+ MB — CO2 + H:0 (degradation products) 5)
e-+h* — a- Fex0s (6)

In the dark adsorption process, for samples FeG1% - FeG20% degradation remains
contant without sudden increases. However, in FeG0% sample, the adsorption process can
produce a methylene blue degradation percentage of up to 30% for the first time. This is due
to technical issue where the dark adsorption process should be carried out without light.
However, in this process, external light entering compromises the effectiveness of the dark
adsorption process. The dark adsorption process homogenizes the soltion and achieve
equilibrium, enabling faster degradation of methylene blue during photocatalysis. The
degradation process become faster because some of these methylene blue molecules are
trapped in the pores of Fe,Os, making it easier for UV light to pass to the hole in the
photocatalyst. In addition, as the irradiation time increases, the Fe,O3 photocatalyst absorbs
higher photon energy, making it easier to degrade methylene blue.
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Fig. 4. Photodegradation of Methylene blue using iron synthesized )with (orange dot) and without
gelatin (under UV-light irradiation) (Blue dot)

Figure 4 presents the photocatalytic degradation profiles of Methylene Blue under UV-
light irradiation using iron-based catalysts synthesized with (blue dots) and without gelatin
(orange dots). The degradation efficiency is expressed as the concentration ratio (C/Co)
versus irradiation time. Both samples exhibit a gradual decrease in C/Co, confirming their
photocatalytic activity; however, the rate and extent of degradation differ significantly. The
gelatin-assisted catalyst exhibits a significantly steeper decline in dye concentration,
achieving nearly complete degradation within 90 minutes, whereas the non-gelatin sample
displays a slower and less effective degradation process.

The superior performance of the gelatin-modified photocatalyst can be attributed to its
enhanced structural and textural properties, as previously evidenced by the BET and FTIR
results. Gelatin incorporation provides higher surface area and larger pore volume, which
facilitates more active sites for dye adsorption and accelerates the generation of reactive
species under UV irradiation. Consequently, the synergistic effect of gelatin templating not
only improves the dispersion of iron species but also enhances photocatalytic efficiency.
These findings highlight the critical role of biopolymer templates in tailoring catalyst
properties to achieve higher degradation rates of organic pollutants.

4 Conclusion

The comprehensive characterisation of iron-based photocatalysts synthesised with and
without gelatin reveals that the incorporation of gelatin significantly enhances both the
structural and functional properties. XRD analysis confirmed the coexistence of a-Fe,O3
(hematite) and y-Fe,O3 (maghemite) phases in both samples, with sharper and more defined
diffraction peaks observed in the gelatin-assisted catalyst, suggesting improved crystallinity
and phase stability. FTIR spectra further verified the presence of Fe—O stretching vibrations,
along with more intense O—H and H-O—H absorption bands in the gelatin-modified sample,
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indicating stronger surface hydroxylation and interfacial bonding facilitated by the
biopolymer template.

Textural analysis by N, adsorption—desorption demonstrated a remarkable improvement
in surface properties upon gelatin incorporation. The Iron-P123—Gelatin sample exhibited a
surface area of 16.20 m?/g, pore volume of 0.080 cc/g, and pore diameter of 13.5 nm, which
were substantially higher compared to Iron-P123 (1.70 m?*g, 0.004 cc/g, and 3.2 nm,
respectively). These results confirm the role of gelatin in promoting the formation of a well-
developed mesoporous framework. The enhanced structural and textural features directly
translated into superior photocatalytic performance, as evidenced by the degradation of
Methylene Blue under UV irradiation. The gelatin-assisted catalyst achieved nearly complete
degradation within 90 minutes, whereas the non-gelatin counterpart displayed only moderate
activity. Collectively, these findings demonstrate that gelatin-assisted synthesis effectively
improves crystallinity, surface functionality, and porosity of iron-based photocatalysts,
leading to significantly enhanced photodegradation efficiency of organic pollutants.
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