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Abstract

Iron oxide materials, especially hematite (a-Fe:0s3), have many important
applications. Improving the characteristics and physical properties of hematite has
been widely developed, one of which is to combine it as a composite structure with
porous materials such as silica (SiO2) as a-Fe203/SiO2 composite. This research aims
to synthesize a-Fe203 particles and a-Fe203/SiO2 composites. The a-Fe203/SiO:
composite was successfully synthesized by using geothermal waste as an
alternative source of silica prepared by the sol-gel method. Both synthesized
samples were characterized by X-ray diffraction, scanning electron microscopy
equipped with energy dispersive spectroscopy, and X-ray fluorescence techniques.
The results showed that silica composites on hematite structure slightly affect the
morphology, color, or particle size compared to a-Fe;0s.
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1. Introduction

Nanotechnology is a modern approach in material
engineering that enables the manipulation and design of
materials at the nanometer scale, typically ranging from 1
to 100 nm [1]. Nanoparticles, a subset of nanotechnology,
hold considerable promise for a wide range of applications
due to their distinctive characteristics and benefits,
including their optical, electronic, magnetic, and
physicochemical properties, which differ significantly from
those of bulk materials [2]. Recently, iron oxide
nanoparticles have garnered significant attention due to
their exceptional thermodynamic properties, pronounced
environmental toxicity, resistance to biological toxicity and
corrosion, high stability, strong redox potential, and
absorption capacity [3,4]. Conventional applications of iron
oxide include use in gas sensors, catalysts, fine ceramics,
electrodes, magnetic materials, photocatalytic activity, red
pigments, and anti-corrosion protective paints [5].

Iron oxide (Fe20s) is a conventional semiconductor that
exhibits a negative temperature coefficient of resistance.
This material exists in multiple phases, including hematite
(o-Fe203), magnetite (Fes30s), akageneite (B-Fe203), and
maghemite (y-Fe203) [6-8]. Two polymorphic forms Fe20s

are recognized, namely the cubic (y)-phase maghemite and
the rhombohedral (a)-hematite [9]. The a-phase is widely
regarded as the most significant polymorph, manifesting
as hematite with a  rhombohedral-centered hexagonal
structure and a compact oxygen lattice [10]. a-Fe;03
regarded as the most stable form of Fe;0s3, is a
semiconducting material that exhibits environmental
sustainability due to its low band gap energy, Eg = 2.1 eV
[11]. This material has found extensive application in
various fields due to its numerous advantages, including its
low cost, low toxicity, wide variety of colors, and high
corrosion resistance [12]. Some notable examples of its use
include catalysis, sensors, pigments, lithium-ion batteries,
and wastewater treatment.

Bare magnetic nanoparticles, including a-Fe»0s, are
generally unable to form stable aqueous colloidal
suspensions and elemental particles oxidize rapidly, so
protection or stabilization methods are needed [13]. One
alternative approach is using physical encapsulation,
whereby nanoparticles are synthesized in or on porous
solid support [14,15]. Among the available porous
materials, silica structures are particularly appealing due to
their high surface area, uniform pore size, and thermal
stability [16,17]. Previous research by Lubis et al. [18]
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demonstrated that the catalytic activity of the a-
Fe203/Si0, composite is higher than that of bare a-Fe20s.
Another study by Sultan et al. [19] showed that the a-
Fe203/Si02 composite has the ability of pigment resistance
to acid, alkali, thermal, and long-term UV radiation
compared to pure a-Fe;0s3. Another advantage of SiO»-
doped Fe203 nanoparticles was reported by Arshad et al.
[20] who showed promising efficiency for the degradation
of Rh B dye, which can be used for the treatment of dyes
in wastewater.

Since the properties of materials at the nanometer
scale are highly dependent on morphology, size
distribution, and conditions during the experiment, it is
necessary to determine the most appropriate synthesis
method to obtain materials with the expected properties
[21]. Some common synthesis methods for Fe20s
nanoparticles include co-precipitation [22], sol-gel [23],
hydrothermal [23], pulsed laser ablation [24], and
microemulsion [25]. Among the many nanoparticle
preparation methods, sol-gel is a widely used method due
to the use of small amounts of low-cost precursors, low
temperatures, and simple synthesis techniques [26]. The
sol-gel method is also a commonly used method for the
synthesis of a-Fe,03/Si02 composites due to its
effectiveness in dispersing small metal and oxide particles
in a non-metallic matrix [27-29].

Silica source is one of the factors considered with
respect to potential cost-effective and sustainable
applications. The most widely known silicas are tetraethyl
orthosilicate and tetramethyl orthosilicate, but both are
relatively expensive, difficult to obtain, and not
environmentally friendly [30]. Previous studies have
successfully synthesized a-Fe;03/SiO2 composites using
silica sources derived from natural materials such as rice
husks [18,31,32]. However, no one has used geothermal
waste as an alternative silica feedstock for the synthesis of
a-Fe203/Si02 composites.

This study presents the synthesis of a-Fe,0s and a-
Fe,03/Si0; composites via a sol-gel method. A novel
approach is proposed for the facile and cost-effective
fabrication of hematite-silica composite materials.
Notably, silica derived from geothermal waste was utilized
as an alternative, low-cost, and environmentally
sustainable source of silica. This research contributes to
the advancement of hematite materials for diverse
applications and demonstrates the potential for
sustainability-driven innovation through the valorization of
industrial byproducts.

2. Materials and Method
2.1 Materials

The materials employed in this study encompass iron
(1) chloride (FeCls, 298%, Merck), sodium hydroxide
(NaOH, >98%, Merck), and silica (SiO2) derived from the
purification of geothermal waste from PT. Geodipa Energi
Dieng Indonesia, and distilled water.

2.2 Methods
2.2.1 Silica purification

The pre-treatment before purification consists of
washing the geothermal waste with deionized water under
continuous stirring. After washing, the solid phase was
separated from the filtrate and dried at 100°C for 24 hours
before being sieved at 150 umesh.

A total of 20 g of pre-treated geothermal waste powder
dissolved in 800 mL of 1.5 M NaOH solution. The mixture
was heated at 90°C for an hour under vigorous stirring. This
process yields a brown sodium silicate filtrate, which is
separated from its residue by vacuum filtration to
eliminate any contaminants. The filtrate undergoes careful
titration with 10% HCl while stirred moderately until
achieving a neutral pH and the gel formed. The resulting
white gel was aged 24 hours and dried at 125°C. After
cooling to room temperature, the solid was finely crushed
and washed 4 times in 800 mL of distilled water.

2.2.2Synthesis of Hematite

A total of 16.25 grams of FeCls and 12 grams of NaOH
were weighed and then dissolved in 50 mL of distilled
water (FeCls:NaOH concentration ratio is 1:3). The
homogeneously dissolved FeCls solution was then slowly
poured into a beaker containing NaOH solution while
stirring and heated at 50°C with a magnetic stirrer until the
mixture formed a paste-like gel. The gel-like sample was
then oven to 200°C for 2 hours. The dried sample was then
crushed with a mortar and pestle and the powder sample
was washed with distilled water using a Buchner funnel.
The washed sample was again oven-dried at 200°C for 2
hours and then crushed again. The sample was then
calcined in a furnace at 500°C for 6 hours.
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Figure 1. Schematic synthesis procedure of a-Fe;03 and a-Fe,03/SiO,.

2.2.3 Hematite-silica composite synthesize

The Fe203 powder obtained from the previous
synthesis weighed as much as 3.69 grams. This powder was
then mixed with 15.76 grams of citric acid and 1.5 grams of
SiO2 from geothermal waste purification (ratio of 1:1:3).
The mixture was dissolved in 50 mL of distilled water and
stirred at room temperature for 3 hours. Subsequently, the
mixture was subjected to heating at 120°C using a hotplate
stirrer, with stirring continued, until a gel-like consistency
was achieved. The gel-like sample was then oven-dried at
200°C. The dried sample was then crushed with a mortar
and pestle into powder. The sample was then calcined in
an oven at 500°C for 6 hours and then characterized.

2.2.4 Characterization method

The synthesized samples were then subjected to a
range of characterization techniques to obtain
comprehensive information regarding the physical
properties of the material. Phase analysis was performed
using an X-ray diffractometer (XRD, Malvern PANalytical
Aeris). The diffraction pattern results were then analyzed
using PANalytical Highscore Plus with references obtained
from the ICDD database to identify the phase formed in the
sample.

The elemental composition of the samples was
subsequently analyzed using the energy-dispersive X-ray

26

Published by The Center for Science Innovation



Chemistry and Materials

Mulmeyda et al. / Chem. Mater. 4 (1) 2025, 24-33

fluorescence (ED-XRF, Malvern PANalytical Epsilon 4)
instrument, a tool capable of providing quantitative
insights into the elemental composition of materials across
the percent to ppm scale. To obtain information on the
morphology of the surface structure, particle size,
elemental distribution, and local composition of the
sample, characterization was performed using scanning
electron microscopy equipped with energy dispersive
spectroscopy (SEM-EDS, Thermoscientific with resolution
a3.0 nm at 30 kV in high vacuum).

3. Results and Discussion

The hematite synthesis was executed through the
implementation of the sol-gel method. In this method the
process entails the formation of inorganic compounds
through chemical reactions in solution at low
temperatures, resulting in a phase change from a colloidal
suspension (sol) to a gel phase [33]. The sol-gel process
encompasses distinct stages, including hydrolysis,
condensation, aging, and drying [34]. The technique relies
on the hydrolysis and condensation of metal alkoxides or
salts to form sol, which then undergo gelation and
calcination to produce hematite nanoparticles [35,36].
Through the judicious manipulation of parameters such as
precursor chemistry, solvent composition, and drying
conditions, the sol-gel method can effectively control the
size, surface area, and crystallinity of the materials [37]. It
is acknowledged that the formation of nanoparticles
encompasses nucleation and crystal growth steps. Among
the crystal growth mechanisms, diffusion-based crystal
growth, also known as Ostwald ripening, is a notable
process. Ostwald ripening is defined as a particle growth
mechanism based on dissolution-precipitation in solution
[38].

In this study, FeCls.6H.0 was utilized as the Fe’*
precursor, while NaOH was employed as the precipitation
agent. The initial stage of nucleation occurs in the first
step, and precipitation is obtained when the amount of
FeCls.6H20 and NaOH solution reaches stoichiometric
conditions, as depicted by the following equation [21].

FeCl3:6H20(aq)+ 3NaOHaq) = Fe(OH)s(s)+3NaCl(ag)

+ 6H20() (1)
Fe(OH)s(s) > FeOOHs)+ H20) (2)
2FeOO0Hs) (heating) = Fe203(s)+ H20() (3)

The presence of Fe3* ions at a pH 6 has been observed
to result in the precipitation of Fe(OH)s compounds [39]. In
this study, the addition of NaOH led to the formation of a
reddish-brown precipitate. Based on Equations (1) and (2),
it can be deduced that the precipitation obtained in the
initial stage of hematite nanoparticle synthesis is FeOOH,

also known as goethite. Subsequent to this initial phase,
the decomposition of two molecules of goethite (FeOOH)
occurs, resulting in the formation of one molecule of Fe203
and one molecule of H20. The thermodynamic properties
of FeOOH indicate that the spontaneous decomposition
reaction occurs at a temperature of 83°C. However, the
reaction rate is accelerated at temperatures ranging from
100 °C to 300 °C [40].

Hematite samples formed from the synthesis results
are used for further synthesis with SiO2 and CsHsO7 which
dissolves Fe,0s and acts as a Fe® ion chelator. According
to Kunarti et al. [41], in acidic conditions, the oxygen atoms
of Si-OH or Si-OR will undergo protonation, resulting in the
formation of good leaving groups, such as water or alcohol.
This process leads to a decrease in the electron density of
the central Si atom, rendering it more electrophilic and
more susceptible to hydrolysis or condensation. During
hydrolysis and condensation, Fe3* ions from Fe:0s; will
undergo polymerization, a process facilitated by the
deprotonation of coordinated water molecules and
hydroxyl groups, as depicted the equation (4) and (5) [42].
[Fe(OH)2*]n + Fe3* + 2H20 - [Fe(OH)2*]ne1 + 2H* (4)
[Fe(OH)2*]n = [FEO(OH)]n+ Hn* (5)

Furthermore, iron (lll) precursor ions are trapped and
incorporated into the silica gel phase matrix, where they
are homogeneously dispersed in the silica gelation
process. This condensation causes the mixture to
transition to a gel phase, and after drying, it forms xerogel
[41]. This theory agrees with the experimental conditions.
After reacting at room temperature for 3 hours with
stirring and then heating the mixture to 120°C with
simultaneous stirring, the hematite and silica mixture
quickly turn into a gel and then forms a dry xerogel. In the
reaction, citric acid functioned as a chelating agent or
complex builder with Fe3*. The presence of three carboxylic
groups and one hydroxyl group in citric acid enables the
binding of metal cations, thereby forming bonding
complexes that exhibit reduced solubility [43]. The citric
acid environment fosters the dissolution of the iron(ll)
oxide phase, which is characterized by its high stability and
low solubility. The interaction of citric acid with underlying
minerals modifies the mineral's surface characteristics,
thereby altering their interaction with other solutes and
affecting their dissolution in solution [35,44].

Figure 2 shows images of the a-Fe>03 powder and the
a-Fe203/Si02 composite samples. Both samples show a red
color, but the a-Fe203/Si02 composite sample has a slightly
lighter red color. This shows that the addition of SiO; to the
a-Fe203/Si02 composite structure does not significantly
affect the color of hematite, which is also consistent with
the research conducted by Kim et al. [45] that silica-coated
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hematite has a CIE Lab measurement value that is almost
the same as a-Fe»03, which means that silica has no
significant effect on the red color tonality. Similarly,
research by Hosseini-Zori et al. [46] reported a slight
increase in brighter red color in hematite silica.

Figure 2. Sample powder a) a-Fe;03 and b) a-Fe,03/Si0,.

The characterization of the samples was conducted
using an XRD instrument, the purpose of which was to
identify the phases that had been formed during the
synthesis process. The XRD diffraction patterns for the
hematite samples are depicted in Fig. 3.
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Figure 3. XRD diffraction pattern of Fe;03 and Fe,03/SiO,.

A thorough analysis of the diffraction patterns reveals
the presence of sharp diffraction peaks at specific 20
values for both samples. These values include 28.09° (012),
38.65° (104), 41.60° (110), 47.79° (113), 58.09° (024),
63.64° (116), 66.24° (211), 73.96° (214), 78.44° (125), and
86.32° (119), which correspond to the standard a-Fe;03
peak based on the ICDD database No. 01-089-0596. There
are no other additional peaks in the a-Fe;03 sample,
indicating the single phase and high crystal purity of a-
Fe:03 synthesized with FeCls.6H.0 and NaOH as
precursors. In the a-Fe203/Si0O2 sample, there is another
peak which is indicated as the diffraction peak of SiO..
Based on Fig. 3, it can be seen that both samples have the
highest peak intensity in the (104) and (110) fields,

indicating that the main characteristic of a-Fe,0s crystals
[35]. Based on calculations using the Debye-Scherrer
equation, the crystallite size of the a-Fe;03 sample and the
a-Fe»03/Si02 composite were found to be 21.43 nm and
23.81 nm, respectively.

Table 1. Results of XRF analysis on a-Fe,03 and a-Fe,03/Si0,.

a-Fe203
Compound  Fe203 cl P20s SiO2 Cao
Con(f,/'o)”nit 97.219 1754 0824 - -
o-Fe203/Si02
Compound  Fe203 Cl P20s SiO2 Cao
Con(i/‘o)””it 87.566 0704 1.173 10.232 0.325

Based on the XRF characterization results, there are
differences in the composition of the constituent elements
in the two samples. Of the two samples, Fe;0s3 is the major
element. The percentage of Fe20s in the a-Fe20s sample is
97.219%, indicating a high purity hematite phase, while in
the a-Fe»03/Si02 composite sample, the main composition
is a-Fe203 of 87.566% and SiO2 of 10.232%. The presence
of Si02, P20s, and Cl in the first sample is thought to be an
impurity found in the initial precursor, FeClz-6H20. There
are also differences in the composition of the two samples,
namely CaO, which was previously absent, but in the
second sample, after the addition of silica, there is a CaO
component. The same is true for P20s, whose percentage
increased slightly compared to before. The presence of
Ca0 and P05 is thought to be due to SiO2, which is silica
purified from geothermal waste, rather than pure silica.
The results of silica purification from geothermal waste
show a SiO2 percentage of 97% and there are still some
impurities such as P20s and CaO.

The elemental composition of both samples was
measured by EDS. The results of the quantitative EDS
characterization are presented in Table 2.

Table 2. Elemental composition based on EDS measurement.

o-Fe;03 o-Fe203/Si0O2
Element

At% Wt% At% Wt%

Fe 44.6 73.8 26.1 55.4

0] 49.5 23.5 47.0 28.5

Si 0.7 0.6 2.3 2.4

cl 0.4 0.4 0.3 0.4

C 4.8 1.7 19.2 8.8
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Based on the EDS measurement results, the dominant
elemental composition in both samples is Fe and O. Some
trace amounts of elements detected include C, Cl, Na, and
Al. It was also observed that a lower percentage of Fe in
the a-Fe203/Si02 composite sample compared to the a-
Fe203 sample which is consistent with the XRF composition
analysis.

This characterization also provides EDS mapping
information showing the distribution of elements as shown
in Fig. 4 and Fig. 5. Based on the images of the EDS
quantum mapping results on both samples, it can be seen
that the Fe and O elements are very evenly distributed,
indicating the a-Fe;Os structure that was successfully
formed. The image also shows the presence of some
impurity components. The presence of Si in the a-
Fe203/Si02 composite sample is consistent with the results
of XRD phase analysis, which shows the presence of silica
phase due to the formation of the a-Fe,03/SiO. composite
structure.

Figure 4. EDS quantum mapping of a-Fe,03 sample.

Figure 5. EDS quantum mapping of composite a-Fe,03/SiO,
sample.

SEM imaging analysis is depicted in Fig. 4 and Fig. 5. This
investigation involves the acquisition of SEM images at

various magnifications to ensure comprehensive analysis.
Figure 6 illustrates the morphology of the a-Fe203 sample
synthesized with FeCls and NaOH precursors, resulting in a
spherical particle shape. This finding aligns with the
research conducted by Nurhayati et al. [21], which
demonstrated that a-Fe203 synthesized with precursors
FeCls.6H20 and NaOH exhibits a spherical morphology.
Additionally, the research conducted by Lassoued et al.
[47], revealed that the synthesis of hematite with various
basic reagents, such as NH4OH, KOH, and NaOH, as
precipitation agents, results in spherical particles that
resemble a ball shape.

Figure 6. SEM results of a a-Fe,03 at magnification a) 500x, b)
2500x, c) 10.000%, and d) 20.000x.

Hematite obtained by precipitation at neutral or low
alkaline pH (<9) is characterized by a spherical particle
shape and a wide particle distribution, ranging from 60 to
750 nm, depending on the study [48,49]. At 500x
maghnification, it can be seen that the particle distribution
is uniform. At 20,000x magnification, it can be seen that
the a-Fe20s particles formed have a smooth surface and
are almost uniform in size.

Figure 7. SEM results of a a-Fe,03/SiO, at magnification a) 500,
b) 2500x, c) 10.000x%, and d) 20.000x.
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The morphology of the a-Fe203/Si0O2 composite sample
is shown in Fig. 7, which is almost similar to the
morphology of a-Fe20s. In the morphology of the a-Fe20s
sample shown in Fig. 6, the aggregation of a-Fe;03
particles [18]. Meanwhile, the morphology of the a-
Fe203/Si02 composite at 500x magnification shows a slight
agglomeration of particles at several points, which makes
the size and shape of the particles appear non-uniform,
which can be seen more clearly at 20,000x magnification.
The non-uniform particle size and shape compared to a-
Fe203 may be caused by the bonding of the silica structure
with hematite and the strong dipole-dipole interaction
between a-Fe203 nanoparticles and SiO: particles [20,50].

The Imagel software was used for particle analysis. For
the sample a-Fe20s3, the average particle size was 501.42
nm, while for the sample of composite a-Fe,03/SiO; the
average particle size was 566.37 nm.
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7 Y
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Particle size (um)
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Figure 8. Histograms of particle size distribution a) a-Fe;0;
sample and b) a-Fe,03/Si0, composite sample.

4, Conclusion

The a-Fe203/Si02 composite was  successfully
synthesized using geothermal waste as the silica source by
the sol-gel method. Silica composites on hematite
structure did not significantly affect the morphology, color,
or particle size of hematite. Both samples showed a red
color, which is the typical color of hematite. The a-Fe;03

particles and a-Fe203/SiO2 composite had average particle
sizes of 501.42 nm and 566.37 nm, respectively.
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