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Abstract
In this study, a solid state process was used to synthesize Fe-doped CaFe xTi1-xO3-δ with x = 0.05, 0.2, 0.5,

0.8, and 1.0. Characterization was done using X-Ray Diffraction, Diffuse Reflectance Spectra, and Tauc
plot which confirms that the Fe substitution causes the band gap to move toward the visible portion of the
spectrum in all produced materials. The degradation of Methylene Blue (MB) dye in sunlight was assessed
for photocatalytic activity, considering the deleterious effects of complex, aromatic, and organic dyes.
CaTiO3 showed complete degradation of MB dye within 120 min of photocatalytic reaction time. Fe

substitution is found to decrease the photocatalytic activity of CaTiO3 unlike substitution in TiO2 where

photocatalytic activity has been reported to increase. We recommend this system and believe that this will
open new era of materials synthesis and activity study.

Categories: Advanced Materials, Nano Materials, Water Resources Engineering
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Introduction
Aromatic complex organic dyes are used in the textile industry for many applications. Because of their
complex nature, they remain in the water reservoirs for long periods of time, causing water pollution.
Research interest in the photocatalytic degradation of organic dyes have increased swiftly in the last
couple of decades, because about 15% of the global production of dyes is released from textile effluents
[1]. This unused and toxic dye solution without treatment goes to groundwater leading to serious water
contamination [2]. Many physical, chemical, and biological methods [3] are being researched for the cure
of textile wastewater, but the search for a cost-effective and economical method still eludes the scientific
society. Methylene Blue (MB) is a main class of dyestuffs resistant to biodegradation and is often used as a
typical dye contaminant to evaluate the photocatalyst activity for many oxide-sulfide nanomaterials [4].
Photocatalysis is an economical and extensively used technique that can be utilized for the removal of
pollutants from water [5]. 
Photocatalysis entails an inorganic or organic semiconductor photocatalyst with an appropriate band gap
to produce charge carriers. These carriers are having a strong oxidizing and reducing potential, which in
faith of redox reactions [6-8]. To date, TiO2 is reported as a perfect catalyst, but it works only below 400

nm [9-11]. To utilize the solar spectrum effectively, a lot of research is going on to shift the band gap of
TiO2 close to or into the visible region by doping various anions and cations. CaTiO 3, one of the well-

discussed wide band gap (Eg ~ 3.2 eV), is simple to synthesize, economical and very much stable material
and has been evaluated in this work for its application as a photocatalyst [12-15]. Many reports are
presented for the synthesis of CaTiO3 using various methods. Recently, it has been reported that Fe-doped

TiO2 exhibits higher catalytic activity than pristine TiO2 for the X-Ray Diffraction (XRD) dye in its

aqueous solution [16,17]. 
The objective of the present work is to study the change in the band gap of CaTiO3 toward the visible

region with the help of Fe and to assess the effect of substitution on the photocatalytic activity toward MB
degradation. This new product of oxide materials was evaluated for the impact of substitution on
photocatalytic activity for degradation of MB. Based on our work experience in the nanomaterials field,
photocatalysis, and organic chemistry, we believe that this work may be found suitable and useful for
many other applications [18-21].

Materials And Methods
Statement of Problem: Developing new nanosystems with Ca metal and characterization of formed
material systems for checking the photocatalytic MB dye degradation, considering its complex
heterocyclic structure with the molecular formula C16H18N3SCl.

Synthesis of Fe-doped CaTiO3
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For the experimental synthesis procedure, Fe-doped CaTiO3 photocatalyst materials are described as

follows. Fe-doped photocatalyst materials viz., CaFexTi1-xO3-δ, where x = 0.05, 0.2, 0.5, 0.8, and 1.0, were

synthesized with the help of the solid-state reaction method. Afterwards, the oxides of titanium (TiO2)

and iron (Fe2O3) were mixed thoroughly with a stoichiometric quantity of calcium carbonate and heated

at 700°C for 48 h. This step led to the decomposition of calcium carbonate to its oxide. After cooling
the reaction mixture to room temperature, this mixture was then ground properly followed by
pelletization. Finally, this composition was heated at 900°C for 50 h. The last calcination step also
involved occasional grinding, remixing, and pelletization for uniform photocatalyst synthesis.

Characterization
XRD (angle 10 to 70° range) technique (Philips PW 1820 Diffractometer, scan rate = 1°min -1) was used for
identification of phases obtained for Fe-doped CaTiO3 photocatalyst materials. The light absorbance

characteristic of the catalysts was evaluated by a UV-Visible spectrometer (Shimadzu 1601) and the data
obtained were used for band gap (range 200 nm-800 nm) evaluation of Fe-doped CaTiO3 photocatalyst

materials.

Photocatalytic activity study
The photocatalytic activity of as-synthesized CaFexTi1-xO3-δ photocatalyst was carried out under natural

solar light. For all the photocatalysis experiments, 10 ppm aqueous MB dye solution was used for the
study of the photocatalytic activity of the CaFexTi1-xO3-δ samples. A 1000 mL stock solution of 10 ppm

MB was prepared by dissolving 10 mg of MB in distilled water in a volumetric flask. For the actual
photocatalytic activity experiment, 100 ml 10 ppm MB solution was taken in a 150 mL conical flask. To
this solution, 50 mg of as-prepared CaFexTi1-xO3-δ photocatalyst was added and stirred for 30 min

without light to reach the equilibrium (adsorption desorption). After the equilibrium was reached, the
solution was kept under sunlight with continuous stirring. After a fixed interval of time, a small volume
(1-2 mL) of samples was taken and centrifuged for 15 min at 3000-3200 rpm to separate the catalyst
(CaFexTi1-xO3-δ). The supernatant liquid was analyzed using a UV-visible spectrophotometer to record the

change in MB absorbance. The absorbance value at a wavelength of 665 nm was used to find out the % MB
degradation. The % MB degradation was calculated using a general equation. 

Results
Powder X-ray diffraction analysis
XRD patterns obtained for CaFexTi1-xO3-δ series of compositions, where , are depicted in

Figure 1. The XRD pattern corresponding to CaTiO3 (Figure 1a) is found to match with its orthorhombic

perovskite structure (JCPDS 42-0423). This crystal phase structure is retained up to 20 mole% Fe
substitutions in the lattice (Figure 1b) [19].
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FIGURE 1: X-ray diffraction patterns of CaFexTi1-xO3-δ. (a) CaTiO3, (b)
CaFe0.2Ti0.8O3, (c) CaFe0.5Ti0.5O3, (d) CaFe0.8Ti0.2O3, and (e)
Ca2Fe2O5. (Filled diamonds) represent the CaTiO3 phase and (filled
circles) represent Ca2Fe2O5

Whereas, the XRD pattern of the other extreme composition (Figure 1e), where x = 1, confirm to match
with orthorhombic Ca2Fe2O5 (JCPDS 47-1744) phase. The other intermittent compositions are found to be

a composite mixture of Ca3Fe2TiO8 (JCPDS 30-0259) with CaTiO3 or Ca2Fe2O5 phases (Figure 1c and d).

The XRD pattern of CaFe0.5 Ti0.5O3-δ (Figure 1c) shows lines due to both Ca3Fe2TiO8 and CaTiO3. This

phase distribution can be explained as per the following equation: 

Whereas XRD results of CaTi0.2Fe0.8O3-δ indicated that it is a mixture of Ca3Fe2TiO8 and Ca2Fe2O5

phases, formed as per following reaction:\(4 CaCO3 + 2 TiO2 + Fe2O3 → Ca3Fe2TiO8 + CaTiO3 + 4CO2 ↑

5 CaCO3 + TiO2 + 2 Fe2O3 → Ca3Fe2TiO8 + Ca2Fe2O5 + 5CO2 ↑\)

This clearly depicts that for substitution beyond 20 mole%, multi-phase systems exist, and their
compositions depend on the stoichiometric ratio of the reactants used for synthesis.

Diffuse reflectance UV-visible spectroscopy
The Diffuse Reflectance Spectrum of CaTiO3 shows the absorbance in the UV region with peaks at 322 and

276 nm. This composition depicts a sharp absorbance edge at 388 nm, corresponding to an energy band
gap of 3.2 eV. The composition corresponding to 20 mole% substitution, having a single phase CaTiO3

composition, depicts a similar absorbance profile, though with a weak shoulder at ~440 nm. The
absorbance edge shifts to a higher wavelength, indicating the incorporation of Fe in the lattice structure of
CaTiO3. The other extreme composition corresponding to complete replacement of Ti by Fe, having the

Ca2Fe2O5 phase, depicts an absorbance profile consisting of two distinct peaks at 225 and 485 nm. The

absorbance edge for this phase (Ca2Fe2O5) is ~678 nm, corresponding to an energy band gap of 1.8 eV. The

intermittent compositions consisting of the Ca3Fe2TiO8 phase show extremely low absorbance (Figure 2). 

Cureus Journal of Engineering

2025 Pandit et al. Cureus J Eng 2 : es44388-025-03407-4. DOI https://doi.org/10.7759/s44388-025-03407-4 3 of 10

https://assets.cureusjournals.com/artifacts/upload/figure/file/9509/lightbox_6d1b7190f39011ef8cc9096224219112-XRD.png
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)


FIGURE 2: Diffuse reflectance UV-visible spectra of CaFexTi1-xO3-δ

Name of the compound Phase identification by XRD Lambda max. (nm) Band gaps (eV)

CaTiO3 CaTiO3 276, 322 3.2

CaFe0.05 Ti0.95O3-δ CaTiO3 276, 322 3.2

CaFe0.2 Ti0.8O3-δ CaTiO3, Ca3Fe2TiO8 276, 327, 440 1.8

CaFe0.5 Ti0.5O3-δ Ca3Fe2TiO8, CaTiO3 276, 340, 430 1.9

Ca2Fe0.8 Ti0.5O3-δ Ca2Fe2O5, Ca3Fe2TiO8 468 2.0

Ca2Fe2O5 Ca2Fe2O5 225, 485 1.8

TABLE 1: Band gap analysis from diffuse reflection spectra of CaFexTi1-xO3-δ
XRD, X-Ray Diffraction

Overall, the absorbance profiles for CaFexTi1-xO3-δ series showed the decrease in absorbance in UV region

with increasing extent of Fe substitution along with red shift in the absorbance edge. The calculated
energy band gaps of CaFexTi1-xO3-δ series, where , are listed in Table 1.

Photocatalytic MB degradation study
Figure 3 illustrates UV-visible absorbance spectra of MB aqueous solution and change in its intensity on
exposure to solar radiation, in the presence of pure CaTiO3 photocatalyst. 
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FIGURE 3: UV-visible spectra of MB degradation with CaTiO3 as catalyst
under solar irradiation
MB, Methylene Blue

The main absorption peaks of MB are around 664, 617, 292, and 246 nm, which decrease gradually with
increasing irradiation time during the photocatalytic experiment. The decomposition of MB dye in the
presence of CaTiO3 catalyst yields a colorless solution with no absorption at solar irradiation experiment

time for 120 min. Data corresponding to the decrease in absorbance value for the 664 nm wavelength with
time is plotted in Figure 4, and a comparison is made for similar decrease for all the CaFe xTi1-xO3-δ series

catalysts. The rate for photocatalytic decay of MB on Fe substituted samples was found to be four times
lower than that for pristine CaTiO3. This might be due to the unavailability of the reaction sites in the

formed catalysts' composition. 
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FIGURE 4: % MB degradation as a function of irradiation time
MB, Methylene Blue

FIGURE 5: Comparison of MB degradation over different catalyst
MB, Methylene Blue
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FIGURE 6: Kinetic study of photocatalysts

FIGURE 7: Recycle study of CaTiO3 towards MB dye degradation
MB, Methylene Blue
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FIGURE 8: XRD of CaTiO3 after MB dye degradation
XRD, X-Ray Diffraction; MB, Methylene Blue

Discussion
This interpretation is clearly illustrated in Figure 5, where the extent of MB degradation after 2 h is
compared for all the photocatalysts of CaFexTi1-xO3-δ (x = 0, 0.05, 0.2, 0.5, 1) series. When Fe is

substituted, the photocatalytic activity first declines but then rises once again with the final Ca2Fe2O5

composition. The findings from DR UV-visible spectroscopy are in line with this pattern. According to the
results, the existence of either the CaTiO3 phase or the Ca2Fe2O5 phase determines how effective these

materials are as photocatalysts. This is contrary to earlier reported data for Fe-doped TiO2, where an

enhancement in photocatalytic activity was found to depend on the doping concentrations of Fe. For
getting the rates of the dye degradation, kinetic plots are also given in the supporting information.

After plotting the kinetic study graphs, the rate constants (supporting information Figure 6) for each
photocatalyst are also provided in tabular format with standard error in Table 2.

 

Sr. No. Name of the Catalyst Rate (Kapp) (min-1) Standard Error  

1 A-CaTiO3 3.83x 10-2 00

2 B-CaFe0.05 Ti0.95O3-d 6.12x 10-3 0.000248

3 C-CaFe0.2 Ti0.8O3-d 5.09x 10-3 0.000391

4 D-CaFe0.5 Ti0.5O3-d 4.62x 10-3 0.000420

5 E-Ca2Fe0.8 Ti0.O3-d 8.46x 10-3 0.000164

6 F-MB 3.79x 10-2 0.000116

TABLE 2:  Kinetic study of Photocatalysts

In this study, it is observed that the catalytic conversion decreases with Fe substitution but then again
increases for the final Ca2Fe2O5 composition. This is in accordance with the data obtained from DR UV-

visible spectra of these series of catalysts (Figure 2). As is evident from that plot, the effectiveness of these
materials as photocatalysts depends either on the presence of CaTiO3 phase or Ca2Fe2O5 phase. The third
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phase of Ca3Fe2TiO8 has very poor absorbance characteristics and hence makes no contribution to the

absorbance profile, and hence its presence in the intermittent compositions is the cause for their poor
photocatalytic activity. It can be concluded that Fe doping in CaTiO3 exhibited lower catalytic activity as

compared to both the parent CaTiO3 and Ca2Fe2O5 compositions due to the presence of third Ca3Fe2TiO8

phase. Due to the problems of photocorrosion, many photocatalyst systems were found to be unstable
toward the photocatalytic reactions. But, in this study for checking photostability of photocatalyst
systems, we performed the recycle study for five cycles. Among the studied photocatalyst systems, CaTiO3

showed the highest degradation activity so a recycle study is performed on CaTiO3, and the results of this

study are given in the supporting information Figure 7.

Stability of CaTiO3 was also confirmed by the post-dye degradation experiments with the help of XRD

analysis. Figure 8 in the supporting information shows the similar XRD patterns as those before dye
degradation experiments.

These formed photocatalyst systems might also be helpful for the degradation of colorless pollutants from
the water. 

Conclusions
When Fe is substituted for Ti in CaTiO3 perovskite, several phasic systems are formed, which can include

either the pristine CaTiO3 or Ca2Fe2O5 phases, or one of these phases combined with the Ca 3Fe2TiO8

phase. In comparison to extreme compositions, the diffuse reflectance UV-visible spectra of these catalyst
series show a drop in mixed oxide absorbance as the Ca3Fe2TiO8 phase grows, which also resulted in a

decrease in mixed oxide catalysts' catalytic activity. Within 120 min of the photocatalytic reaction period,
CaTiO3 demonstrated full degradation of the MB dye. In contrast to substitution in TiO 2, where

photocatalytic activity has been shown to increase, Fe substitution is found to lower the photocatalytic
activity of CaTiO3. Based on our expertise in organic chemistry, photocatalysis, and nanomaterials, we

think this work could be appropriate and helpful for a wide range of other applications.
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