
Introduction
Rutile, a titanium dioxide mineral, possesses remarkable physicochemical properties 

that make it suitable for a wide range of industrial applications, including photocatalysis, 
pigmentation, and electronics [1]. In its natural form, rutile is also an important source of 
metallic titanium, which is extensively used in industries such as aerospace, automotive, 
geophysics, and biomedical surgery [2]. Additionally, it serves as a precursor for the synthesis 
of piezoelectric materials like calcium titanate and barium titanate, which are critical in 
technologies such as medical imaging, ultrasound devices, and intravascular imaging systems 
[3]. The Ambatofinandrahana deposit in Madagascar (source: mindat.org) is one of the 
country’s most significant rutile reserves and represents a valuable opportunity for local 
resource development. However, the presence of impurities particularly iron and vanadium 
oxides limits its direct use in high-tech applications. To make this rutile suitable for advanced 
material synthesis, a purification step is necessary. This study investigates the purification of 
natural rutile ore using concentrated hydrochloric acid (37%) a straightforward yet efficient 
method for removing unwanted mineral phases [4]. Producing high-purity rutile is essential 
for its use as a starting material in the fabrication of compounds such as calcium titanate 
(CaTiO₃) or metallic titanium.

 Calcium titanate (CaTiO₃), first identified in 1839 by German mineralogist Gustav Rose, is a 
perovskite-type oxide widely employed in electronics and as a component of synroc, a synthetic 
rock for nuclear waste containment [5]. Thanks to its unique dielectric, optical, and structural 
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Abstract

This study outlines an effective approach to purifying natural rutile from the Ambatofinandrahana deposit 
in Madagascar and subsequently transforming it into calcium titanate through solid-state synthesis. 
Treatment of the raw mineral with concentrated hydrochloric acid significantly eliminated unwanted 
secondary phases, such as hematite and montroseite, as confirmed by various analytical techniques 
including X-ray diffraction, scanning electron microscopy, infrared spectroscopy, and X-ray photoelectron 
spectroscopy. The synthesis of CaTiO₃ at 1100 °C, utilizing the purified rutile as a source and calcium 
carbonate as a supplement, resulted in the formation of a single-phase calcium titanate, demonstrating 
the effectiveness and suitability of the implemented approach. The structural, morphological, and surface 
chemical characteristics of all materials were comprehensively investigated using advanced analytical 
methods. Furthermore, dielectric measurements on the synthesized CaTiO₃ revealed stable permittivity 
and low dielectric loss over a wide frequency range, suggesting its potential for electronic applications.
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characteristics, CaTiO₃ has garnered considerable attention for its 
applications in microwave technologies. It exhibits a high dielectric 
constant, low loss factor, and a notable temperature coefficient 
of resonant frequency, making it ideal for devices such as filters, 
resonators, and antennas [6-10]. Beyond electronics, CaTiO₃ shows 
promise in photocatalytic degradation of pollutants [11] and, due 
to its chemical and thermal stability, is also used in nuclear waste 
management [12]. In the biomedical domain, CaTiO₃ coatings on 
titanium alloys have shown potential to enhance biocompatibility by 
promoting apatite formation through calcium ion release, thereby 
improving bone integration [13]. Calcium titanate (CaTiO₃) is also 
being investigated for its potential in photovoltaic applications, 
particularly in solar cell technologies [14]. Additionally, it serves as 
an effective host matrix for luminescent materials such as phosphors 
and lasers, especially when doped with rare earth elements [15]. 
Its utility extends further into sensor manufacturing [16]. Different 
synthetic routes have been developed to produce CaTiO₃ [17], each 
with specific advantages and limitations. The solid-state reaction 
method, a conventional technique, involves mixing calcium and 
titanium oxides and heating the mixture to high temperature, 
which requires prolonged heating and significant energy input 
to achieve phase purity. In contrast, the co-precipitation method 
involves dissolving calcium and titanium precursors in solution, 
then simultaneously precipitating them. The resulting precipitate 
is calcined to form CaTiO₃, allowing for improved control over 
stoichiometry and particle size [18]. The sol-gel technique, which 
uses alkoxide precursors, enables the production of fine, high-
purity powders through hydrolysis, condensation, drying, and 
calcination [19]. The hydrothermal method achieves crystalline 
CaTiO₃ at relatively low temperatures by reacting precursors in 
water under high pressure and temperature [20]. Spray pyrolysis 
involves atomizing a precursor solution into a heated chamber, 
where the droplets decompose to form CaTiO₃ particles with 
controlled morphology [21]. Mechanochemical synthesis, which 
uses ball milling to trigger solid-state reactions, can reduce the 
required calcination temperatures [22].

This study adopts a two-step process: first, the purification of 
natural rutile ore from Madagascar using acid leaching; second, 
the synthesis of calcium titanate via high-temperature solid-state 
reaction. The solid-state route remains the most traditional and 
widely employed method in industrial ceramic production due to 
its simplicity, cost-effectiveness, and scalability [23]. It involves 
the intimate mixing of oxide or carbonate powders followed by 
thermal treatment to induce the desired chemical transformation. 
This approach not only supports large-scale production but also 
allows for the direct use of purified natural rutile as the titanium 
source, thereby lowering production costs and promoting the local 
valorization of Malagasy mineral resources.

Experimental Methods
Characterization techniques

Electron microscopy was conducted using a ZEISS GEMINI SEM 
560 scanning electron microscope operated under high vacuum at 
an accelerating voltage of 20kV. Elemental composition analysis 
was performed using an energy-dispersive X-Ray Spectroscopy 

(EDS) system equipped with a Silicon Drift Detector (SDD), enabling 
qualitative and semi-quantitative identification of elements present 
in the sample.

The crystallinity and structural properties of the materials 
were examined by X-Ray Diffraction (XRD) using an Empyrean 
diffractometer fitted with a Cu Kα radiation source (λ=1.54059 Å). 
The measurements were carried out at 40kV and 40mA, over an 
angular range of 2θ for 20° to 80°, with a step size of 0.02° and a 
counting time of 100 seconds per step. A 256-channel PixE detector 
was employed for data collection. The resulting diffraction patterns 
were analyzed using the Rietveld refinement method implemented 
in MAUD software version 2.9996 (source: https://luttero.github.
io/maud/). Data visualization and further analysis were performed 
using OriginPro 2024 (source: https://www.originlab.com/2024). 
The crystal structures were modeled and visualized using VESTA 
version 3.90.5a (source: https://jp-minerals.org/vesta/en), which 
provided detailed structural interpretation of the XRD data.

Fourier-Transform Infrared (FTIR) spectroscopy was used 
to identify functional groups present in the sample. Spectra were 
collected in the range of 400-4000cm-1 with a resolution of 4cm- 

1 and averaged over 32 scans to enhance the signal-to-noise ratio. 
Raman spectroscopy was used to analyze vibrational modes and 
confirm structural phases. Measurements were performed using an 
XPLORA Raman spectrometer with a 532nm laser excitation. The 
spectral range spanned 120-2000cm-1. Laser power was maintained 
between 1 and 5mW to prevent thermal alteration of the sample. 
Spectra were acquired using a 50×objective in backscattering 
geometry, with an integration time of 10-60 seconds and an average 
of 15 accumulations. The system’s spectral resolution ranged from 
1 to 2cm-1. sufficient to resolve subtle vibrational features.

Diffuse reflectance measurements were conducted using a 
JASCO V-750 UV-Visible spectrophotometer, covering the wavelength 
range of 200-900nm. A total of 701 data points were recorded 
with consistent sampling, ensuring reliable spectral resolution. 
Reflectance data were expressed as a percentage versus wavelength 
in nanometers. The optical band gap was estimated using the Tauc 
plot method, which derives the band gap from the absorption edge 
in the reflectance spectra. Spectral data from FTIR, Raman, and 
UV-Vis analyses were processed using OriginPro 2024 software. 
A polynomial baseline correction was applied to each spectrum to 
enhance band identification accuracy. Absorption and vibrational 
bands were assigned based on comparison with literature-reported 
reference spectra, including commercial anatase from Alfa Aesar, 
rutile obtained by thermal transformation of anatase at 900 °C for 
8 hours [24], and calcium titanate synthesized from purified rutile.

Characterization of raw natural rutile

Natural rutile sourced from the Ambatofinandrahana deposit 
was first mechanically ground into a fine powder to facilitate 
subsequent purification. Scanning electron microscopy, (Figure 1a) 
revealed a heterogeneous morphology, with a broad particle size 
distribution and an average particle size of approximately 8.25μm. 
Energy-dispersive X-Ray Spectroscopy (EDX) analysis, (Figure 1b) 
confirmed titanium and oxygen as the major elements, consistent 
with the TiO₂ composition of the sample. However, trace amounts 
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of iron, silicon (Figure 1c), and vanadium were also detected, 
indicating the presence of mineral impurities in the raw material. 
X-ray diffraction analysis (Figure 1d) showed that the dominant 
crystalline phase is rutile-type TiO₂ (~73.92%), accompanied 

by secondary phases identified as hematite (Fe₂O₃, ~4.97%) and 
montroseite (VO(OH)₂, ~21.09%). These results confirm the 
multiphase nature of the natural ore.

(a)  (b)

(c)

(d)  
Figure 1: (a) Scanning electron microscopy analysis of natural rutile (b) EDX analysis of raw natural rutile (c)
Infrared spectrum of raw natural rutile (d) X-ray diffraction results of raw natural rutile obtained by Rietveld 

refinement.
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Fourier-Transform Infrared (FTIR) spectroscopy further 
supported the structural analysis. Characteristic Ti-O stretching 
vibrations were observed between 500 and 750cm-1 corresponding 
to rutile structure [25]. An additional absorption band in the 
range of 950-1025cm-1 was attributed to montroseite, confirming 
the presence of vanadium-bearing impurities [26]. Broad bands 
between 3000 and 3400cm-1 were associated with adsorbed water, 
while features between 2300 and 2500cm-1 indicated surface 
hydroxyl groups [27]. Overall, the results demonstrate that the raw 
mineral is predominantly composed of TiO₂ in the rutile form but 
contains notable amounts of iron and vanadium impurities. These 
impurities could hinder their direct use in advanced applications, 
highlighting the need for a purification step [4].

Purification of natural rutile

The chemical purification of the natural rutile powder was 
performed using 37% concentrated hydrochloric acid, applying 
a solid-to-liquid ratio of 1:10 (g/mL). The resulting suspension 
was magnetically stirred at 500rpm and maintained at a constant 
temperature of 70 °C for 3 hours. Following the reaction, the 
suspension was cooled to room temperature, then vacuum-filtered 
using a Büchner funnel. The residue was thoroughly washed with 
distilled water until a neutral pH was achieved, ensuring the 
removal of residual acid. The purified solid was subsequently dried 
in a ventilated oven at 70 °C for 2 hours. For comparison purposes, 
a reference rutile sample was prepared by thermally converting 
commercial anatase (Alfa Aesar) via calcination. The anatase 
powder was placed in a muffle furnace and heated to 900 °C at a 
ramp rate of 5 °C/min, followed by an 8-hour isothermal hold under 
ambient air conditioning. This thermal treatment facilitates the 
complete phase transformation from anatase to rutile, as reported 
in the literature [28]. After calcination, the sample was allowed to 
cool slowly to room temperature before undergoing structural and 
compositional characterization, enabling a direct comparison with 
the purified natural rutile.

Synthesis of calcium titanate

Purified rutile was used as a source of titanium for the synthesis 
of calcium titanate. Calcium carbonate was used as the calcium 
precursor. The reactants were mixed in a 1:1 molar ratio and ground 
manually in an agate mortar for 30 minutes. The formation of CaTiO₃ 
results from a solid-state reaction between titanium dioxide and 
calcium carbonate. During calcination, calcium carbonate thermally 
decomposes at 700 °C according to the following process [29]:

( ) ( ) ( ) ( )3 2 3 2
1100oc

s s s gCaCO TiO CaTiO CO+ +→

( ) ( ) ( )3 2
700oc

s s gCaCO CaO CO+→
The calcium oxide formed then reacts with titanium dioxide 

at high temperature to form calcium titanate according to the 
following overall equation [30]:

( ) ( ) ( )2 3
1100oc

s s sCaO TiO CaTiO+ →

This reaction requires a sufficient activation temperature to 
allow the diffusion of solid species and the growth of the perovskite 
phase. The mixture was then placed in a porcelain crucible and 
calcined in a furnace at a temperature of 1100 °C for 8 hours, 
with a heating rate of 5 °C/min. After cooling in air, the product is 
successively washed with distilled water, then treated with a dilute 
acetic acid solution. This treatment allows the elimination of any 
unreacted CaO traces, and the product is then dried at 70 °C in an 
oven for 2 hours [31]. The corresponding neutralization reaction is 
as follows:

( )33 222CaO CH COOH Ca CH COO H O+ → +

The calcium acetate formed is soluble in water, which facilitates 
its elimination during rinsing [32]. This mild treatment is preferred 
to the use of strong mineral acids in order to avoid any attack 
or alteration of the crystallized CaTiO₃ phase. It contributes 
to increasing the purity of the final product and ensuring the 
reproducibility of the structural properties. Another approach for 
the synthesis of calcium titanate was implemented using rutile 
obtained from Alfa Aesar anatase as a source of titanium [18]. 
This synthetic rutile was finely ground and stoichiometrically 
mixed with calcium carbonate. The mixture was then homogenized 
by mechanical grinding in an agate mortar for 30 minutes and 
then calcined at 1100 °C for 8 hours under ambient atmosphere, 
with a heating rate of 5 °C/min. During this heat treatment, the 
decomposition of calcium carbonate releases carbon dioxide, 
allowing the reaction with TiO₂ to form calcium titanate. The high 
temperature promotes the diffusion of calcium and titanium ions, 
leading to the formation of the perovskite structure of CaTiO₃ 
[30,31,33,34]. The products obtained by this method were also 
characterized and their results compared with those of calcium 
titanate synthesized from purified natural rutile.

Result and Discussion
Characterization of purified natural rutile

The morphology of the particles (Figure 2a) of purified rutile 
observed by scanning electron microscopy reveals a relatively 
homogeneous particle size distribution, with irregularly shaped 
particles and an average size of approximately 3.87 µm. The EDX 
results (Figure 2b) show a significant decrease in undesirable 
elements such as iron, silicon, and especially vanadium, indicating 
an effective removal of impurities thanks to the hydrochloric acid 
treatment [4]. X-ray diffraction analysis after Rietveld refinement 
of the purified rutile (Figure 2c) revealed characteristic peaks at 2θ 
angles that correspond to the crystallographic planes, confirming 
that the rutile phase is the only one present [35]. The absence of 
secondary signals testifies to the effectiveness of the acid treatment 
to eliminate undesirable phases (Figure 3a), thus attesting to its 
efficiency. Rietveld refinement confirmed a tetragonal structure 
(Figure 3b) with the P42/mnm space group, characteristic of 
rutile. The lattice parameters of this rutile phase revealed values of 
a=4.5995 Å and c=2.9627 Å [36].
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(a)  (b)

(c)
Figure 2: (a) SEM images of the purified rutile (b) EDX spectra of the purified natural rutile (c) XRD pattern of the 

purified rutile.

(a)  (b)
Figure 3: (a) Comparison of the crystalline phases of purified and synthesized rutile by calcination of anatase at 900 

°c (b) Tetragonal structure of the purified rutile.

The X-ray diffractograms reveal notable differences between 
the purified natural rutile and the rutile synthesized from anatase. 
The rutile obtained by calcination of anatase shows intense and 

relatively narrow peaks, indicating good crystalline quality and a 
larger crystallite size (Figure 3a). In contrast, the purified natural 
rutile also shows the same characteristic peaks, but with slightly 



1765

Aspects Min Miner Sci       Copyright © Rakotonjanahary T And Gibaud A

AMMS.MS.ID.000842.14(4).2025

lower intensity, suggesting a smaller crystallite size. This lower 
intensity can be attributed to the presence of residual impurities 
or crystal defects from the natural ore, which alter the long-range 
order in the crystal lattice [37]. These differences highlight the 

influence of the synthesis conditions on the crystal structure and 
the quality of the final material. The lattice parameters and atomic 
positions obtained after Rietveld refinement are presented in Table 
1 & 2 below. 

Table 1: Lattice parameters of the purified rutile after rietveld refinement. Rwp(%)=8.4053; Rb (%)=6.3909; 
Rexp(%)=5.7880.

Crystal System Space Group a b c Mesh Volume Crystal Size ms microstrain

tetragonal P 42/mnm 4.5995 Å 4.5995 Å 2.9626 Å 62.6758 Å3 1889.09 Å 4.822*10-4

Table 2: Rietveld analysis of atomic positions in the purified rutile.

Atoms Oxidation States Wyckoff Site x y z Site B Occupancy

Ti +4 2a 0 0 0 0.01270 1

O1 -2 4f 0.3033 0.3033 0 0.4723 1

O2 -2 4f 0.3033 0.3033 0 0.4723 1

The infrared spectroscopy analysis of the purified (Figure 4a) 
rutile revealed notable differences compared to the raw sample. 
The FTIR spectrum shows characteristic stretching bands of the Ti-
O-Ti bonds, particularly around 500cm-1 and 700cm-1 as well as a 
band around 2300cm-1 related to the adsorption of water molecules 
on the surface [35]. Moreover, the signals corresponding to VO 
bonds around 950-1025cm-1 disappeared, indicating an effective 
purification of the rutile. The results obtained are consistent 
with the spectra reported for titanium dioxide in the rutile form, 
synthesized by thermal transformation of anatase at a temperature 
of 900 °C. Titanium dioxide in the form of rutile has a tetragonal 
crystal structure belonging to the P4₂/mnm space group, giving the 
material specific vibrational properties. Using factor analysis based 
on group theory, we can identify the normal modes of vibration 
at the center of the Brillouin zone, which are represented by the 
expression:

1 2 2 1 1 2 2vibration g g u g u g g uA A A B B B E EΓ = + + + + + + +

Among these modes, only three are infrared active: A2u and 
two Eu modes, the others being Raman active or optically inactive. 
The A2u and Eu modes involve relative displacements between the 
Ti4+ cations and the O²⁻ anions, inducing changes in the dipole 
moment necessary for the absorption of infrared radiation. The 
A2u mode corresponds to a polar longitudinal vibration along the 
c crystallographic axis, while the two Eu modes degenerate and 
manifest as vibrations in the plane perpendicular to this axis. The 
corresponding absorption bands typically appear in the regions of 
235 to 450cm-1 for the Eu modes, and around 500-700cm-1 for the 
A2u mode [25]. These spectral characteristics constitute a distinctive 
vibrational signature of rutile.

Raman spectroscopy (Figure 4b) confirmed the rutile structure 
of titanium dioxide, revealing characteristic peaks around 
143.240.450 and 610cm-1. In Raman spectroscopy, only vibrational 
modes inducing a variation in the polarizability of the crystal lattice 
are active. Among the vibrational modes decomposed according to 
group theory, only the A1g, B1g, B2g and Eg modes are Raman active. 
Thus, ideal rutile has four active Raman modes: A1g, B1g, B2g and 
Eg [38,39]. The Eg mode is associated with symmetric bending 

vibrations in the basal plane, while the A1g mode corresponds to 
symmetric stretching vibrations of the oxygen atoms along the 
c-axis. The B1g and B2g modes involve angular deformations of 
the oxygen atoms [40,41]. The Raman spectra obtained on the 
purified rutile show well-defined and narrow peaks, confirming 
the high crystallinity and purity of the rutile phase. The positions 
of these peaks are consistent with the values reported in the 
literature for single-crystal rutile [42]. Furthermore, these results 
are in agreement with the spectra published for titanium dioxide 
in the rutile form, obtained by thermal transformation of anatase 
at 900 °C. The consistency between the X-ray diffraction, infrared 
spectroscopy and Raman spectroscopy data unequivocally confirms 
the rutile structure of the purified material.

The UV-Vis absorption spectrum (Figure 4c) of the purified 
rutile shows strong absorption in the ultraviolet region, with an 
abrupt absorption edge around 400nm. The Tauc method was 
used to estimate the band gap energy of the purified rutile. The 
reflectance was transformed into an absorption coefficient using 
the Kubelka-Munk function:

( ) ( )21
2

R
F R R

−
=

( ) ( )n
gFh B h Eν ν= −

where R represents the reflectance and B is a constant 
characteristic of the material. Then, (F*hv)2 was plotted as a 
function of the photon energy hv. The value of n=2 corresponds to a 
direct band gap transition [43]. The linear portion was extrapolated 
to(F*hv)2=0. The intersection of the line with the abscissa axis 
provides an estimate of the band gap energy. The analysis of the UV-
Vis spectrum by the Tauc method (Figure 4d) allowed evaluating 
the band gap width of the purified rutile at around 3.00eV [44]. 
This strong UV absorption is attributed to a charge transfer 
transition involving the transfer of electrons from the O2p valence 
orbitals to the Ti3d conduction orbitals, which is characteristic 
of semiconductors [45,46]. This value is in agreement with the 
typical values reported for single-crystal rutile [47]. The UV- 
Visible diffuse reflectance spectroscopy analysis allowed studying 
the optical properties of the purified natural rutile and the rutile 
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synthesized from anatase. Both samples show strong absorption in 
the ultraviolet, with an absorption edge characteristic of TiO₂ in the 
rutile phase around 410nm. The evolution of the squared Kubelka-
Munk function as a function of the photon energy according to the 
Tauc method was plotted, allowing to estimate the band gap values: 

3.00eV for the purified natural rutile and 3.08eV for the synthesized 
rutile. The slight decrease in the band gap energy in the case of the 
synthesized rutile is attributed to the introduction of structural 
defects and reduced crystallite size during the transformation from 
anatase to rutile.

(a)  (b)

(c)  (d)
Figure 4: (a) IR spectrum of rutile (b) Raman spectrum of rutile (c) UV-Vis reflectance spectrum rutile (d) 

Determination of band gap energy of rutile by the Tauc method.

Characterization of synthesized calcium titanate

Figure 5a shows SEM images revealing agglomerated particles 
with irregular morphology. The typical particle size is approximately 
9.02µm. Energy dispersive X-Ray Spectroscopy (EDX) confirms the 
presence of Calcium (Ca), Titanium (Ti), and Oxygen (O), with an 
atomic Ca/Ti ratio close to 1 consistent with the stoichiometric 
composition of CaTiO₃. Additional elements detected, such as Iron 
(Fe), Silicon (Si), Sulfur (S), and Aluminum (Al) (Figure 5b), are 
attributed to impurities originating from the rutile precursors used 
in the synthesis. X-Ray Diffraction (XRD) analysis of the synthesized 
material (Figure 5c) reveals that the dominant crystalline phase is 
calcium titanate (CaTiO₃) [48-52], with a calculated phase content 

of approximately 98.88%. Minor secondary peaks corresponding to 
rutile TiO₂ are also observed, particularly around 2θ=27.40° and 
36.23°, representing about 1.12% of the crystalline composition. 
These residual peaks indicate a slight incomplete transformation 
of the TiO₂ precursor during synthesis. The XRD signals match well 
with those expected for the orthorhombic structure of CaTiO₃, as 
reported in literature references [5,11,53], (Figure 5d). The lattice 
parameters determined for the CaTiO₃ phase are a=5.3851Å, 
b=5.4429Å, and c=7.6457Å, which are consistent with published 
reference data [31]. The detailed crystallographic information, 
including lattice parameters and atomic positions obtained via 
Rietveld refinement, is summarized in Table 3 & 4.
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(a)  (b)

(c)  (d)
Figure 5: (a) SEM image of the synthesized Calcium Titanate (b) EDX spectra of calcium titanate (c) XRD pattern of 

calcium titanate (d) Orthorhombic structure of synthesized Calcium Titanate obtained on VESTA.

Table 3: Rietveld refinement of the lattice parameters of the synthesized CaTiO3. Rwp(%)=6.2802; Rb(%)=4.2616; 
Rexp(%)=3.2114.

Crystal System Space Group a b c Mesh Volume Crystal Size ms microstrain

Orthorhombic Pbnm 5.3851 Å 5.4428 Å 7.6457Å 224.10 Å3 3203.26 Å 7.9564*10-4

Table 4: Rietveld refinement of the atomic positions of the synthesized CaTiO3.

Atoms Oxidations States Wyckoff Site x y z Site B Occupancy

Ca 2 4c 0.9933 0.0348 0.25 0.3580 1

Ti 4 4b 0.5 0 0 0.1509 1

O1 -2 4c 0.0717 0.4833 0.25 0.0921 1

O2 -2 8d 0.7097 0.2911 0.0365 0.0568 1

Comparison of TiO₂ precursors

Figure 6 presents XRD patterns comparing calcium titanate 
synthesized using purified natural rutile and rutile derived from 
the calcination of anatase. In both cases, the diffraction patterns 
exhibit peaks characteristic of the orthorhombic CaTiO₃ phase, 
confirming successful synthesis. The similar intensity and peak 
width observed in both diffractograms suggest that the crystalline 

size and crystallite size are comparable for the two samples. Notably, 
the sample synthesized from purified rutile shows additional low-
intensity peaks attributed to residual rutile, indicating a slightly 
incomplete conversion of the precursor material. Nevertheless, the 
overall structural quality of the CaTiO₃ synthesized from both TiO₂ 
sources appears equivalent, demonstrating that the origin of the 
TiO₂ precursor has a minimal impact on the final crystallographic 
properties of the product.
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Figure 6: Comparison of XRD spectra of CaTiO3 synthesized from different TiO2 precursors.

The FTIR spectroscopy analysis highlighted the characteristic 
vibrational modes of the CaTiO₃ crystal lattice. The absorption 
bands observed between 500 and 600cm-1 are associated with the 
stretching vibrations of the Ti-O bonds, while the bands located 
between 800 and 900cm-1 are related to the valence vibrations 
of the Ca-O bonds. The bands situated between 250 and 500cm-1 
correspond to the angular deformation vibrations of the Ti-O-Ti 
type. The presence of these spectral signals confirms the formation 
of the perovskite structure of CaTiO₃ [4]. In this crystal structure, the 
factor group analysis predicts a total of 25 infrared-active vibration 
modes, distributed according to the irreducible representations:

1 2 39 7 9vibration u u uB B BΓ = + +

These modes are mainly associated with the internal vibrations 
of the TiO₆ octahedra and the translations of the Ca²⁺ and Ti4⁺ ions. 
The B1u modes involve asymmetric stretching vibrations of the 
Ti-O bonds in the region of 500 to 750cm-1, while the B3u modes 
correspond to the angular deformation vibrations of the Ti-O-
Ti type in the range of 250 to 500cm-1. The B1u modes are related 
to the valence vibrations of the Ca-O bonds in the frequencies 
between 800 and 900 cm-1 [54,55]. These results are in agreement 
with previous studies on the characteristic vibrations of the CaTiO₃ 
perovskite structure [17].

The infrared spectra of the two CaTiO₃ samples, synthesized 
respectively from natural rutile sourced from Madagascar and 
rutile derived via the calcination of anatase, exhibited general 
similarities, affirming the formation of the CaTiO₃ perovskite 
phase in both instances. Nevertheless, discernible differences 
were observed in specific characteristic bands. Both spectra 
presented the absorption bands typical of the perovskite lattice, 
most notably the Ti-O stretching vibrations situated between 500 

and 700cm-1. However, the sample originating from natural rutile 
displayed marginally broader and less resolved bands, indicative of 
a greater degree of structural disorder or the presence of residual 
crystalline imperfections. Conversely, the sample synthesized from 
calcined rutile manifested sharper bands and a subtle shift toward 
higher frequencies, suggesting enhanced crystallinity and a more 
pronounced interaction between the Ca²⁺and TiO₆ ions (Figure 
7). These disparities may be attributed to the initial purity of the 
titanium oxides employed and the nature of the impurities inherent 
in the natural rutile. Consequently, while both synthesis routes 
facilitate the production of the CaTiO₃ phase, the methodology 
utilizing calcined rutile appears to promote a more ordered 
structure at the atomic level.

The Raman spectrum of CaTiO₃ (Figure 7b) shows typical peaks 
in the range of 150-750cm-1. Among the most characteristic modes 
are those around 157, 184, 230, 250, 298, 337, 473 and 685cm-1, 
associated with Ca-O vibrations and TiO₆ octahedral rotations. The 
modes between 320 and 530cm-1 correspond mainly to the bending 
and stretching vibrations of the Ti-O bonds, while the higher 
frequencies, from 580 to 750cm-1, are attributed to the internal 
symmetric and asymmetric vibrations of the TiO₆ octahedron. 
These results are consistent with data reported in the literature 
for CaTiO₃, confirming the formation of the perovskite structure 
[5,56,57]. However, the sample from natural rutile presents more 
intense and sharper Raman peaks, indicating better crystallinity 
and a low concentration of structural defects. In contrast, the 
CaTiO₃ prepared from the synthesized rutile shows a broadening 
of the bands and a slight decrease in intensity, suggesting a more 
disordered crystal structure and the possible presence of local 
distortions of the lattice.
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(a)  (b)

(c)  (d)
Figure 7: (a) IR spectra of the synthesized Calcium Titanate (b) Raman spectrum of calcium titanate synthesized at 
1100 °C (c) UV-Visible reflectance spectrum of the synthesized Calcium Titanate (d) Determination of the band gap 

energy of CaTiO3 by the Tauc method.

The UV-Visible diffuse reflectance spectrum of pure calcium 
titanate shows an absorption edge around 380 nm. Applying the 
Tauc method with the Kubelka-Munk function F=(kα)²/2s, where 
kα is the absorption coefficient, s is the scattering coefficient, and 
hν is the photon energy, we were able to determine the value of 
n=2 corresponds to a band gap transition [58,59]. From this 
analysis, we estimated that the band gap energy of the synthesized 
calcium titanate is around 3.3eV. This value is consistent with 
the data reported in the literature for calcium titanate [16,60]. 
The UV-Visible diffuse reflectance spectra of the CaTiO₃ samples 
synthesized from natural rutile and from rutile obtained by anatase 
calcination display optical behaviors typical of perovskite materials 
based on titanate, further confirming the successful synthesis 
of the desired compound. In both cases, strong absorption is 
observed in the ultraviolet region, characteristic of valence band 
to conduction band transitions primarily involving O2p and Ti3d 
orbitals. The sample prepared from the calcined rutile exhibits 
an absorption edge slightly shifted towards shorter wavelengths, 
indicating a widening of the band gap estimated at approximately 
3.62eV, compared to 3.25eV for the sample derived from natural 
rutile. This variation strongly suggests that the higher purity of the 

rutile obtained via calcination leads to a more defined electronic 
structure in the resulting CaTiO₃. The improved crystalline and a 
lower presence of defects or impurities in the sample synthesized 
from the calcined rutile directly contribute to this enhanced optical 
property. The possible presence of trace elements in the natural 
rutile likely introduces intermediate energy levels within the band 
gap, thereby reducing the optical gap. These results convincingly 
demonstrate that the quality of the TiO₂ precursor significantly 
influences the optical properties of the final CaTiO₃ product, 
which may critically impact its effectiveness in photocatalytic or 
optoelectronic applications. The higher band gap observed for 
the sample from calcined rutile suggests a potentially superior 
performance in applications requiring high energy excitation, 
underscoring the importance of precursor purity in material 
synthesis.

Dielectric characterization of calcium titanate

The dielectric performance, representing the capacity of a 
material to store electrical energy under an electric field, is a crucial 
property for electronic applications such as capacitors, sensors, and 
energy storage devices. In this work, the dielectric characteristics 
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of synthesized calcium titanate were investigated using a broad 
band dielectric spectrometer with a high-performance frequency 
analyzer, enabling detailed analysis across a broad range of 
frequencies and temperatures. The samples were prepared as 
dense ceramic pellets, 10mm in diameter and 0.71mm thick. To 
ensure optimal electrical contact with the measuring electrodes 
and minimize contact resistance, both sides of the pellets were 
metallized by dry pressing with a thin layer of gold powder. 
Dielectric measurements were conducted in a frequency span from 
0 Hz to 107 Hz, and for temperature at 20 °C, 40 °C, 80 °C and 100 
°C. To quantitatively analyze the frequency-dependent behavior of 
the material, the experimental data of ε′ and ε″ were fitted to the 
Cole-Cole model using python software containing the matplotlib, 
numpy and scipy libraries, with custom functions defined for the 
real and imaginary components of the complex permittivity:
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Where is the static permittivity, ε∞ the high-frequency 
permittivity, ω=2π f the angular frequency, τ the relaxation time 
and α the distribution parameter (0≤𝛼< 1) .

(a)  (b)

(c)  (d)
Figure 8: (a) Fit of eps’ for CaTiO3 at 20 °C according to the Cole-Cole model (b) Fit for eps’’ of CaTiO3 at 20 °C 

according to the Cole-Cole model (c) Fit of eps’ for CaTiO3 at 40 °C according to the Cole-Cole model (d) Fit for eps’’ of 
CaTiO3 at 40 °C according to the Cole-Cole model.

Figure 8a illustrates the frequency dependence of the real part 
of the dielectric permittivity of CaTiO₃ at 20 °C. The experimental 
data reveal a notable reduction in ε′ as frequency increases, 
consistent with dielectric relaxation phenomena. At lower 
frequencies (≈0.1-10Hz), the permittivity (eS) attains a maximum 
value of approximately 125. Dipoles have sufficient time to align 

with the applied field, resulting in strong polarization, reflecting the 
complete response of slower polarization mechanisms, including 
interfacial and dipolar polarization with 𝛼 parameter equal to 
around 0.15 . Conversely, at elevated frequencies (>10⁴Hz), ε′ 
converges to a stable value (ε∞) of around 75 indicatives of the high-
frequency permittivity limit where dipoles are unable to maintain 
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synchronicity with the oscillating electric field. The response of the 
polarization mechanisms becomes partial or delayed, leading to a 
reduction in the dielectric constant. The transition region (≈ 1-10⁴ 
Hz) reveals the dielectric relaxation of the material. The good fit 
by the red curve indicates that the Cole-Cole model is relevant for 
this material. This Cole-Cole model accurately fits the empirical 
data, suggesting a non-ideal relaxation process characterized by a 
distribution of relaxation times around 0.5s . This behavior shows 
that CaTiO₃ has relaxor-like dielectric properties, highlighting that 
CaTiO₃ is a high permittivity ceramic material for applications in 
electronic components such as multilayer ceramic capacitors.

The frequency-dependent behavior (Figure 8b) of the 
imaginary part of the dielectric permittivity (ε′′) of CaTiO₃ at 20 
°C was analyzed to investigate the dielectric loss characteristics 
of the CaTiO3 material. These data reveal that ε′′ exhibits high 
values (~80) at lower frequencies (≈0.1Hz), indicating substantial 
energy dissipation, usually attributed to interfacial polarization or 
charge carrier mobility. At medium frequency (≈1 Hz to 10⁴ Hz), 
it decreases sharply, reflecting a dielectric relaxation which means 

that the response of the material no longer follows the applied 
field, which is characteristic of a relaxation process in polarizable 
materials. With increasing frequency (>10⁵Hz), ε′′ is very low (close 
to zero), the losses are negligible, so the material does not follow 
the rapid variations of the field well [61-65]. The Cole-Cole model 
provided a good fit to the experimental data (Figure 8c), suggesting 
that the dielectric relaxation in CaTiO₃ is not a pure Debye type but 
rather a distributed relaxation. This is supported by the non-zero 
broadening parameter α around 0.15 potentially resulting from 
material heterogeneities. At higher frequencies, the imaginary 
part tends to zero, indicating minimal losses, as the polarization 
mechanisms cannot keep up with the rapidly changing external 
field. These results demonstrate the complex dielectric behavior of 
CaTiO₃, characterized by a strong frequency dependence. The other 
results following this Cole-Cole adjustment model for temperatures 
of 40 °C, 80 °C and 100 °C are also important (Figure 8d). The 
following Table 5 summarizes the evolution of dielectric losses and 
relaxation behavior as a function of temperature, highlighting the 
changes in loss amplitude, relaxation time and position of the loss 
peak.

Table 5: Evolution of the cole-cole model parameters (εs, ε∞, τ) as a function of the CaTiO3 temperature.

Temperatures εs ε∞ τ

20 °C 125.187 77.337 0.452

40 °C 216.754 77.016 0.558

80 °C 1098.600 29.270 0.492

100 °C 1597.500 36.610 0.236

Conclusion
Purified natural rutile from Madagascar and calcium titanate 

(CaTiO₃) were successfully synthesized via a solid-state reaction 
method. The purification of rutile was accomplished through 
a combination of chemical and thermal treatments, effectively 
removing impurities and yielding high-purity TiO₂ powder 
(Figure 9). X-Ray Photoelectron Spectroscopy (XPS) confirmed 
the successful synthesis of calcium titanate, providing detailed 
insights into its chemical composition and electronic structure. 
X-Ray Diffraction (XRD) analysis verified the orthorhombic crystal 
structure of the synthesized CaTiO₃, with lattice parameters 
consistent with reported reference data [5,33]. Infrared (IR) 
spectroscopy revealed characteristic vibrational modes of Ti-O and 
Ca-O bonds, further confirming the formation of the perovskite 
structure. Raman spectroscopy identified vibrational modes 
associated with TiO₆ octahedra and Ca²⁺ cations, corroborating the 
crystalline nature of CaTiO₃. Scanning Electron Microscopy (SEM) 
showed a homogeneous morphology of CaTiO₃ particles, with an 
average size of approximately 9.02µm [66-70].

Dielectric characterization demonstrated a significant increase 
in static permittivity with rising temperature, indicative of 
enhanced dipole polarization, while the relaxation time decreased, 
confirming a thermally activated relaxation process. These findings 
highlight the potential of the synthesized CaTiO₃ for applications 
in solar cells, capacitors, and catalysts [12,31,33]. The calcination 

temperature was found to play a crucial role in the formation of 
the perovskite phase, with higher temperatures favoring grain 
growth through enhanced solid-state diffusion [12,33,71,72]. 
XRD remains an essential technique for phase identification and 
differentiation, and careful sample preparation is critical for 
reproducibility. Further investigation of the electrical, optical, and 
magnetic properties of CaTiO₃ would provide valuable information 
for its technological applications. The solid-state synthesis method 
used here is economical and allows precise compositional control 
[12,33,71].

This study on the synthesis of calcium titanate from Malagasy 
rutile opens promising perspectives for Madagascar’s economic 
and technological development. By adding value through local 
processing of mineral resources transforming raw rutile into 
high- value materials like CaTiO₃ Madagascar could create jobs 
and stimulate its economy. Given calcium titanate’s potential 
in solar cells and photocatalysis [73,74], investing in research 
and development for renewable energy applications is highly 
advisable. Moreover, considering the environmental impact of 
mining activities, calcium titanate and related titanates have shown 
promise in photocatalytic degradation of pollutants, offering 
sustainable solutions for environmental remediation [75,76]. 
Finally, this study lays a foundation for further research into 
advanced materials, potentially attracting investment and fostering 
innovation in electronics, sensors, and biomedical devices [77].
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(a)  (b)

(c)  (d)
Figure 9: (a) Fit of eps’ for CaTiO3 at 80 °C according to the Cole-Cole model (b) Fit for eps’’ of CaTiO3 at 80 °C 

according to the Cole-Cole model (c) Fit of eps’ for CaTiO3 at 100 °C according to the Cole-Cole model (d) Fit for eps’’ 
of CaTiO3 at100 °C according to the Cole-Cole model.
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