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This study focuses on the preparation and characterization of silver-doped calcium titanate 
(CaTiO3) photocatalysts for the degradation of Rhodamine B (RhB) dye. Utilizing a hydrothermal 
microwave-assisted method, efficient photocatalysts of pure CaTiO3 (CT) and 3% (CT3%) and 5% 
(CT5%) Ag-doped CaTiO3 were prepared. X-ray diffraction confirmed the orthorhombic phase of 
CaTiO3 with residual TiO2, more pronounced in the CT3%. Micro-Raman and FTIR spectra verified 
the presence of TiO2, while SEM images revealed distinctive morphologies. The band gap energy 
was lower in Ag-doped samples, particularly in the CT3% sample. Photocatalytic tests demonstrated 
superior RhB degradation with the CT3% catalyst. A 22 factorial design was used to determine the 
ideal condition for the photocatalysis. Photocatalysis with CT3% was efficient in toxicity removal, 
but stability tests indicated a decline in performance over multiple cycles. These findings suggest the 
potential of Ag-doped CaTiO3 as efficient photocatalysts for dye degradation.
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1. Introduction
In recent years, wastewater contaminated with dyes has 

been the focus of study, particularly regarding processes 
and materials that demonstrate efficacy in degrading or 
removing these pollutants. In general, dyes in wastewater 
originate from industries such as leather, paper, textile, or 
clothing. There are reports in the literature that approximately 
20% of the dyes used by textile industries, for example, 
are disposed into wastewater streams, and up to 10% of 
the dyes used in the paper and leather industries are lost as 
waste1. Rafiq et al.2 mentions several strategies reported in 
the literature that have been evaluated as potential solutions 
for dye removal from contaminated water. The authors 
mention, for example, biological and/or aerobic treatments, 
coagulation, adsorption, catalysis, and photocatalysis, among 
others. Among these processes, heterogeneous photocatalysis 
is effective, depending on the catalyst used. Photocatalysis 
constitutes a segment of advanced oxidative processes 
(AOPs), which generally involve a hydroxyl radical (•OH) 
as the main oxidizing agent. In photocatalysis, the presence 
of UV radiation, whose energy is higher than the band gap 
energy of the catalyst, accelerates the reaction on the catalyst 
surface, generating excitons (electron-hole or e- and h+ pairs) 
which, in turn, interact with molecules adsorbed on the surface. 
Electrons (e-), for instance, can reduce adsorbed chemical 
species, while holes (h+) can oxidize other chemical species3.

Heterogeneous photocatalysis is preferred over 
homogeneous photocatalysis for practical applications due to 

the ease of separating the catalyst from the reaction mixture, 
which reduces contamination and offers both environmental 
and economic benefits. Heterogeneous photocatalysis is 
therefore closely related to the characteristics of the catalyst 
material, such as its crystalline structure and electronic states. 
In terms of materials, photocatalysts can be grouped into 
metallic oxides, metallic sulfides, metallic nitrides, metallic 
hydroxides, bismuth-based salts, carbon-based polymers, 
silver halides (Ag), perovskites, and other new materials such 
as metal-organic structures and covalent organic structures4.

Among photocatalytic materials, semiconductors have 
received special attention due to their band gap characteristics 
that can generate excitons capable of participating in the redox 
reaction of pollutants. Numerous studies in the literature have 
shown interest in the heterogeneous photocatalysis of TiO2 in 
organic compounds, such as dyes. Photocatalysis studies 
have been conducted with TiO2 pure5, doped6, composites, 
or heterostructures form7. In addition to TiO2, several studies 
have shown the efficiency of various other semiconductors 
in the photocatalytic process of different contaminants, such 
as zirconates8, titanates9, tungstates10, and so on.

Calcium titanate (CaTiO3), an n-type semiconductor with 
perovskite structure (ABO3), is cited in the literature as a 
promising photocatalyst alternative to TiO2 due to its wider 
band gap energy (~3.6 eV) and unique properties that favor 
its use in heterogeneous photocatalysis, whereas the band 
gap of TiO2 is around 3.2 eV according to the literature11. 
Furthermore, dopants can also be accommodated in the 
perovskite structure, promoting desired defects or oxygen *e-mail: marcela.prado@unesp.br
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excess, which significantly contributes to its catalytic 
performance12.

There are studies in the literature evaluating the photocatalytic 
potential of pure CaTiO3

13,14, doped14,15, co-doped16,17, in 
composite formats18, and heterojunctions19,20, prepared by 
various synthesis methods12. However, there are no previous 
studies on CaTiO3 doped exclusively with Ag at the A-site of 
its perovskite structure. The introduction of Ag as a dopant, as 
explored in this study, induces the formation of local defects 
within the perovskite lattice. These defects result in distortions 
within the electronic structure of the lattice ions, creating 
intermediate states within the band gap. The emergence of 
these interband states effectively reduces the band gap energy, a 
beneficial outcome for photocatalytic processes4. This reduction 
facilitates the absorption of a broader spectrum of visible light, 
thereby promoting the generation of excitons (electron-hole 
pairs) crucial for enhancing redox reactions that degrade dyes. 
Essentially, this modification can enhance the production of 
reactive species during the photocatalytic process.

In this context, this work presents results from a study 
on the photocatalytic activity of pure CaTiO3 and Ag-doped 
CaTiO3 prepared by the microwave-assisted hydrothermal 
method. In this study, we aim to investigate the influence of 
the dopant on the perovskite structure and the morphological 
characteristics of the photocatalyst in the photocatalytic 
degradation of synthetic dye. Furthermore, this research 
aligns with the objectives of sustainable development 
(SDGs), specifically the goal Clean Water and Sanitation 
and the goal Life Below Water.

2. Materials and Methods

2.1. CaTiO3 preparation and characterization
CaTiO3 (CT) was prepared by the microwave-assisted 

hydrothermal method (Figure 1). For this, 0.01 mol of the CT 

compound was prepared using calcium chloride (CaCl2.H2O) 
and titanium oxide (TiO2) as precursors, diluted in 15 mL of 
hydrogen peroxide (H2O2) heated at 60°C under stirring for 
~15 min, using a Teflon® cup (capacity of 100 mL). Then, 50 mL 
of NaOH was added to the solution, and it was kept stirring 
(at 60°C) for an additional 40 min. Next, the cup containing 
the solution was placed in a hermetically sealed container, also 
made of Teflon®, and placed in a household microwave oven 
adapted with a timer, temperature controller, and heating ramp. 
The synthesis proceeded with a heating ramp of 10°Cmin-1 up 
to 140°C for 40 minutes. At the end of the reaction time, the 
system was naturally cooled to room temperature, washed with 
deionized water until reaching a neutral pH (~7), and dried in an 
oven at 100°C for 24 hours. This procedure was repeated for the 
preparation of Ag-containing CaTiO3. In this case, proportions 
of 3% and 5% mol of silver nitrate (AgNO3) were added to the 
solution containing the CT precursors immediately after the 
addition of CaCl2.H2O, before being subjected to microwave 
heating. These samples were called CT3% and CT5%.

The ceramic powders were characterized by X-ray diffraction 
(Shimadzu, model XRD-6000), using CuKα1 (λ = 1.5406Å) 
and CuKα2 (λ=1.5444Å) radiation source, with a voltage 
of 40 kV and current of 30 mA, scanning from 10° to 80° 
(2θ) at a rate of 2°min-1; Raman spectroscopy (Renishaw, 
inVia), coupled with a Leica microscope (50x objective 
and spatial resolution of 1μm2) and a CCD detector; FTIR 
spectroscopy using Perkin Elmer Frontier instrument 
equipped with a diamond attenuated total reflection (ATR) 
module. The FTIR spectra were recorded in the range of 
4000 to 250 cm-1 at a scan rate of one spectrum per 64 s 
with a resolution of 2 cm-1, at 298 K; Scanning electron 
microscopy (Carl Zeiss, EVO LS15), where the ceramic 
powders were deposited on carbon tape and coated with 
Au via sputtering; Absorption in the UV-Vis region, using 
Shimadzu UV-1800 spectrophotometer with a sphere of 
integration using BaSO4 as a blank.

Figure 1. Schematic representation of the CaTiO3 and Ag-containing CaTiO3 preparation.
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2.2. CaTiO3 photocatalysis

2.2.1. Photodegradation degradation experiments
To investigate the photocatalytic degradation process 

control experiments were conducted: adsorption and 
photolysis.

Adsorption experiments were performed in the dark, 
solutions containing 10 mg L-1 of RhB and 1g L-1 of 
photocatalyst (CT, CT3% or CT5%) were placed in flasks 
of 50 mL at 25 °C, in a shaker (Lucadema, Luca-222), for 
120 min.

Photolysis experiments were conducted using the 
experimental setup illustrated in Figure 2, equipped with 
two 8 W lamps (Philips) emitting UVC radiation with a 
peak at 254 nm. The temperature was maintained constant at 
25°C by a thermostat bath connected to the reaction beaker, 
wherein the solution was kept in continuous agitation by 
magnetic stirring. In photolysis experiments, a solution 
containing 10 mg L-1 of RhB was irradiated for 120 minutes 
and aliquots were collected at predefined times and analyzed 
to evaluate [RhB].

Finally, in photocatalysis processes, solutions containing 
10 mg L-1 of RhB and 1g L-1 of photocatalyst (CT, CT3% or 
CT5%) were placed in the reaction beaker of the experimental 
setup (Figure 1) and irradiated for 120 min. Samples were 
taken at 0, 5, 15, 30, 60, 90, and 120 minutes, centrifuged 
(3000rpm/2min), and analyzed by UV–vis spectrophotometer 
(Agilent Cary 60 UV-Vis) at λ = 552 nm, to determine RhB 
concentration. All experiments were performed in triplicates.

2.2.2. Experimental design
To determine the ideal condition for RhB removal 

by photocatalysis, a factorial design at two levels of each 
variable (22)20 was employed. The independent variables of 
the process were [RhB]0 (50 or 100 mgL-1) and [CT]0 (1 or 
2 gL-1), while the response variable was the percentage 
removal of RhB after 120min of photocatalysis (% RhB 
removal). All experiments were conducted in duplicate.

The optimal values for photocatalyst dosage and RhB 
concentration, which resulted in the highest RhB degradation 
(analyzed via %RhB removal), were determined through 

response surface methodology21, using STATISTICA 
7.0 software.

2.2.3. Toxicity assays
The best operating conditions obtained from the analysis 

of the factorial design were selected to perform the toxicity 
test. The toxicity of the samples was tested using the method 
described by Fiskejö22 and adapted by Salazar Mercado et al.23. 
Recent studies confirm the effectiveness of toxicity analysis 
using the species Lens culinaris, primarily due to it being a 
new, cost-effective, and quick alternative24,25.

In this study, the germination of Lens culinaris seeds was 
conducted in Petri dishes, with filter paper used as substrates. 
The seeds were kept in the dark for 5 days at a temperature 
of 20 °C, with a contaminant solution ratio of 1:3 w/v. 
The negative control was performed using distilled water.

Phytotoxicity was analyzed by the germination index, 
determined by the number of germinated seeds (NGS), where 
the root grew more than 5 cm, relative to the total number 
of seeds (TNS), using Equation 1.

( )%  .100 NSGGI
NST

=  (1)

The mitotic index (MI) was determined by examining 
meristematic cells under a microscope and staining them 
with the Panótico Rápido kit. About 100 cells per sample 
were observed, and Equation 2 was utilized, with NDC 
representing the total number of dividing cells and TNC 
indicating the total number of cells analyzed.

( )% .100NDCMI
TNC

=  (2)

2.2.4. CT3% recycling
To assess the reuse of CT3%, the optimal operational 

conditions derived from the factorial design analysis were 
chosen. Following the initial cycle, the solution was centrifuged 
(3000 rpm/2 min), and the photocatalyst was reintroduced 
into the reactor. This process was repeated four times.

Figure 2. Simplified diagram of the apparatus used in the photocatalysis experiments.
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3. Results

3.1. CaTiO3 characterization
The X-ray diffraction results of the titanate samples are 

shown in Figure 3. In all samples, the orthorhombic phase 
of CaTiO3 (JPCDF 89-8033) was identified. However, it 
can be observed that there was precipitation of secondary 
phases, such as rhombohedral-structured CaCO3, for example, 
identified in all samples, with less evidence in the CT5% 
sample. According to Ücker et al.20, the use of water as 
a reaction medium contributes to this phase formation in 
perovskites. According to the authors, CO2 in an aqueous 
medium forms an HCO3

- molecule that interacts with Ca 
during the hydrothermal reaction, forming the CaCO3 phase.

The presence of residual TiO2 phase (anatase, tetragonal) 
was also observed in both samples containing Ag (CT3% and 
CT5%). It is noted that the presence of TiO2 is more evident 
for the sample Ag-doped 3mol%, which is associated with 
the lower crystallinity of the main CT phase, characterized 
by the decrease in the intensities of characteristic peaks. 
Silver (Ag) was not identified in the diffractograms due to 
its low doping content. However, a slight peak shift around 
2θ = 33° towards smaller angle values was observed, which 
may be associated with the presence of Ag in the CT host 
lattice. Lee et al.26 found similar results, where Ag+, added 
via the photoreduction method, may have been distributed 
homogeneously on the CaTiO3 surface, according to the 
authors.

Figure 4 shows the micro-Raman spectra of the titanate. 
For the CT sample, all Raman modes are attributed to the 
orthorhombic perovskite phase without the presence of 
Ag, according to the literature27-30. The nine Raman modes 
observed in the range from 177 to 808 cm-1 are attributed to 
CaTiO3 orthorhombic structure and are also by other studies, 
within a narrow range of shifts that vary according to the 
method used in the compound preparation26. The bands at 
177, 224, 244, 285, and 337 cm-1 are attributed to the O–
Ti–O bending modes. The bands in the region from 224 to 
337 cm-1 correspond to modes associated with oxygen atom 
chain rotation. The bands at 462 and 537 cm-1 characterize 
the Ti–O torsional mode (internal bending or vibration of 

the oxygen chain), and at 660 cm-1, it refers to the symmetric 
stretching vibration of Ti–O, suggesting the distortion of the 
titanium octahedra in the CaTiO3 perovskite structure20,27,29,31. 
It is noted that some of these bands repeat for the CT3% and 
CT5% samples, showing the presence of vibrational modes 
of the orthorhombic phase of CaTiO3. In these samples, 
there are also some vibrational modes (143, 197, 396, 515, 
and 640 cm-1) corresponding to the presence of TiO2 in the 
anatase phase32, as identified in the X-ray diffraction pattern 
of these samples. The band at 691 cm-1, evident only in the 
CT5% sample, may be related to the presence of Ag in the 
perovskite structure, while the band at 1084 cm-1, present in 
the CT sample, is related to the calcium carbonate (CaCO3 - 
calcite)33,34.

Figure 5 shows the FTIR spectra of the titanate samples. 
Generally, for perovskite-structured titanates, the peaks 
between 500 and 900 cm-1 correspond to metal-oxygen 
bonds. The peaks at 529 cm-1 and 882 cm-1, observed in 
the CT sample, may characterize the vibrational modes of 
stretching and bending of the Ti–O bond within the [TiO6] 
octahedron cluster of the perovskite structure20,35. With the 
Ag-doping, a slight shift is observed in the wavenumber 
corresponding to the vibrational bending mode at 882 cm-

1. This may be associated with the partial substitution of 
Ca/Ag in the perovskite lattice. Since Ag1+ has a smaller 
ionic radius than Ca2+, there is a reduction in the perovskite 
unit cell volume, resulting in small variations in the Ti–O 
interaction, which leads to the shift in the wavenumber of 
the absorption corresponding to this bond. It can also be 
observed that there is a well-defined peak at 404 cm-1 in 
the CT3% sample, which possibly corresponds to the Ti–O 
vibrations of the TiO2 phase quite evident in this sample. 

Figure 3. X-ray diffraction patterns of CaTiO3 samples CT, CT3% 
and CT5%. Figure 4. Raman spectra of CT, CT3%, and CT5% samples.
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The peak at 1408 cm-1 observed in the CT sample may indicate 
vibrational modes of symmetric stretching of the Ca–O–Ca 
bond35. With the Ag-dopant addition, a decrease and shift 

of this band are noted, evidencing the Ag/Ca substitution 
in the perovskite structure. The broad peak at 3404 cm-1 is 
characteristic of O–H bonds, indicating the presence of 
hydration water possibly adsorbed onto the particle surface 
or, when combined with the peak at 1649 cm-1, may also 
indicate defects caused by OH- groups in the titanate lattice, 
originating from the use of the NaOH mineralizer during 
the synthesis process36,37.

Figure 6 shows the SEM images of the titanate powders. 
It can be observed that in the CT sample without the dopant 
(Figure 6a), some particles exhibit a spherical morphology, 
while others show a tendency to form edges, generating 
architectures close to cubes or cuboids, with sizes not 
exceeding 1 μm. Other works in the literature have also 
shown CT particles with cubic geometry, however, larger 
than 1 μm. These slight variations may be associated with 
different synthesis methods and even the precursors used20,31,38. 
It is also possible to observe that many particles are formed 
from the smaller adjacent particles agglomeration, which 
leads to considering a self-assembly process, that is, a 
spontaneous self-organized growth39, as already observed 
in previous works40,41. With the 3 and 5 Ag-mol% addition 
(Figure 6b and 6c), respectively), it can be observed that the 
morphology of the particles assumes a cubic and prismatic 
geometric configuration, with well-defined edges. Some of 
them exhibit overlapping faces, indicating the formation of 
mesocrystals, whose growth process by oriented attachment 
in self-organization is also considered, as the particles show 
surfaces with stacking faults20. It is worth noting that the 
presence of OH- groups on the perovskite crystals surface, 
originating from the synthesis process, can act as ligands and Figure 5. FTIR spectra of CT, CT3%, and CT5% samples.

Figure 6. SEM images of titanate samples: (a) CT; (b) CT3%; (c) CT5%.
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contribute to the existence of a driving force that leads to the 
self-assembly process between the materials nanocrystals39,42,43. 
The larger morphology definition for these samples may be 
associated with both the Ag presence in the CaTiO3 matrix, 
where charge imbalance could contribute to the driving force 
for morphological formation, and the TiO2 residual, identified 
by XRD. In this case, there is a possibility of CaTiO3-
TiO2 heterojunction forming, due to similarities between 
their crystal structures and band structures, as observed by 
Lin et al.44. Both the Ag and the potential heterostructure 
formation contribute to alterations in the properties exhibited 
by the material, including photocatalysis.

Figure 7 shows the band gap of pure CT and Ag-doped 
CT. The Eg values were determined using the Wood and Tauc 
method45 according to Equations 3 and 4. In these equations, 
h is Planck constant, ν is the frequency of the radiation (UV-
Vis), n indicates the type of electronic transition between 
bands (indirect transition (n = 2) for CaTiO3), α is a constant, 
or absorption coefficient, which was determined based on 
the reflectance (R) of the opaque material. To compute the 
Eg, the linear part of (αhν)1/n × hν was extrapolated to the 
point α equal to zero.

( ) 
n

gh h Eνα ν= −  (3)

( )21
2

R
R

α ∞

∞

−
=  (4)

It is observed that the highest band gap value for CT was 
3.52 eV, consistent with values found for this perovskite17,46. 
Upon adding 3 Ag-mol% to the CT host lattice, a decrease 
in the band gap to 3.25 eV is observed. This decrease may 
be associated with deviations from the orthorhombic crystal 

structure caused by the substitution of Ca2+ by Ag1+, which 
consequently induces defects in the valence and conduction 
bands. This decrease in the band gap value may be related 
to the Burstein-Moss effect, a phenomenon observed in 
semiconductors when the concentration of free carriers is 
increased14. In other words, the substitution of Ca2+ by Ag1+ 
destabilizes charges at the isomorphic substitution site, 
contributing to an increase in the carrier number. Furthermore, 
the decrease in Eg can enhance some material properties, 
such as photocatalysis, as less energy is required to promote 
excitons. It is important to note that in the CT3% sample, 
there is also the simultaneous presence of the TiO2 phase, 
as observed in the XRD results (Figure 3). This phase may 
therefore assist in altering the Eg of this sample if there 
is a CaTiO3-TiO2 heterojunction, whose band gap is 3 eV 
approximately. In this case, defects arise from the interface 
between phases and/or crystals, which may result, for 
example, in oxygen vacancies47. For the CT5% sample, a 
slight increase in the Eg value is observed, although still 
lower than the undoped sample. Again, this behavior may 
be associated with both Ca/Ag substitution and the presence 
of the TiO2 phase in this sample, apparently with lower 
crystallinity, as discussed in the XRD results.

It is also observed, in all absorption spectra, that there is 
an exponential decay in the lower absorption region (tail), 
indicating the localized states within the band gap. This 
absorption edge indicates a degree of structural order-disorder 
in the titanate lattice, including short, medium, and long 
distances, which contributes to changes in band gap energy, 
a result in agreement with the previously discussed data41.

3.2. Photocatalytic activity
The control experiments (adsorption and photolysis assays) 

demonstrated that there was no variation in the concentration 
of RhB throughout the experiments. This outcome reveals 
that the photocatalysts under study (CT, CT3%, or CT5%) do 
not adsorb the dye rhodamine B under the studied conditions. 
Additionally, it is revealed that the dye RhB does not undergo 
photolysis within two hours under UV radiation at 254 nm. 
These findings indicate that the degradation of the dye in 
the photocatalysis experiments results exclusively from the 
reactions initiated by the photocatalysts.

Figure 8 presents the results of the photocatalysis experiments 
with the three studied photocatalysts. Photodegradation using 
CaTiO3 was found to be incapable of removing the RhB dye 
after 120 minutes of UV irradiation at 254 nm. The observed 
result can be attributed to the limitation in CaTiO3 overall 
photocatalytic effectiveness despite its high photoactivity, 
owing to its wide bandgap and low quantum efficiency. 
An important factor contributing to this limitation is the 
ultrafast recombination of photoexcited electron-hole pairs48.

Conversely, photocatalysis with CT5% exhibited a 
15% removal of RhB after 120 minutes of degradation, 
and photocatalysis with CT3% demonstrated excellent 
performance in RhB removal, achieving 99% degradation 
after 120 minutes of irradiation.

The superior performance of the CT3% photocatalyst is 
consistent with the results presented in Figure 6, which show 
a lower band gap value for the CT3% sample compared to the 
photocatalysts CT and CT5%. Additionally, the XRD results 

Figure 7. UV-Vis absorbance spectra as a function of the energy 
of CT, CT3%, and CT5% samples.
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also reveal that in the CT3% samples, there is a simultaneous 
presence of the TiO2 phase, which may assist in altering the 
Eg of this sample if there is a CaTiO3-TiO2 heterojunction.

Passi and Pal49 also observed superior photocatalytic 
performance with CaTiO3 modified with 3% Ag compared to 
5%. They attributed this to the decrease in band gap energy 
values, which were found to be lower than those of pure CT. 
The reduction in band gap upon modification with Ag was 
linked to a decrease in the extent of recombination of photo-
generated charge carriers. However, it was observed that this 
reduction in band gap occurred only up to 3%; increasing the 
loading amount of Ag to 5% increased the band gap. This 
phenomenon may be attributed to the excessive loading of 
metal nanoparticles, which act as recombination centers 

and influence the band gap. The authors also observed a 
maximum decrease in band gap energy in the case of the 
CT3% sample.

The experimental results suggest that the degradation 
capacity of CaTiO3 is significantly enhanced by depositing 
Ag on its surface, with higher RhB removal percentages 
for the CT3% and CT5% photocatalysts compared to pure 
CT. These metallic deposits act as electron accumulation 
sites, effectively capturing photoexcited electrons from the 
CaTiO3 surface and transferring them to oxygen molecules, 
consequently generating more reactive intermediate species, 
such as highly reactive hydroxyl radicals (•OH) and superoxide 
radical anions (•O2

-), which can react with RhB, resulting in 
increased degradation49.

3.3. Main influencing effects on RhB degradation 
in UV photocatalysis/CaTiO3(Ag3%): 
experimental design approach

An experimental design 22 was conducted to identify 
optimal conditions and elucidate the variables most influential 
in the degradation process of the RhB dye by photocatalyst 
CT3%. Table 1 shows the experimental design matrix used, 
where [RhB]0 and [CT3%]0 were used as independent variables, 
while RhB removal percentage was the dependent variable.

According to Table 1, the ideal condition for the RhB 
removal was [RhB]0=100 mgL-1 and [CT3%]0= 1 g L-1.

Figure 9 presents the Pareto diagram derived from 
the factorial design and reveals insights into the influence 
of the investigated variables on the degradation process. 
Remarkably, the [RhB] emerges as the most impactful 
variable, with a significant positive effect, indicating its strong 
contribution to degradation efficacy. Next, the interaction 
between variables [RhB] and [CT3%] is identified as having 
a negative effect, highlighting the importance of considering 
not only the individual effects of variables but also their 
interactions. Additionally, the [CT3%] is recognized as a 
significant variable, with a positive effect, suggesting that 
its presence has a beneficial impact on process efficiency.

Also, in the 3D surface response (Figure 9b) it was possible 
to verify that RhB removal is maximized near the optimal point 
of the factorial design [RhB]=100mgL-1 and [CT3%]=1gL-1. 
It is also possible to observe that at high concentrations of 
RhB, an increase in the photocatalyst concentration (CT3%) 
results in a slight decrease in RhB removal. Conversely, 
at low RhB concentrations, an increase in CT3% leads 
to an increase in RhB removal. This phenomenon can be 
explained by the fact that in a reaction medium with low 
RhB concentrations, the increased photocatalyst results 
in a higher generation of reactive species that will react 
with the target dye. However, in a medium with high 
RhB concentration, the dye competes for the absorption 
of incident photons, causing the increase in photocatalyst 
concentration not to result in a greater generation of 
reactive species.

Equation 5 presents the models adjusted by factorial 
design about the percentage for RhB photodegradation.

( )RhB Removal %  46.2250 1.4723 RhB

63.5450 CT3% 0.6527 RhB CT3%

= − + +  
−          

 (5)

Figure 8. The variation in UV–visible absorption spectra of 
Rhodamine B (RhB) dye solution as a function of irradiation time 
in the presence of pure CT, CT3%, and CT5%, as a catalyst under 
UV light radiation.
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Figure 10 shows the correlation between the observed and 
predicted values of the model, and as can be verified, these 
are very close, indicating an accurate fitting of the model to 
the experimental data. Consequently, we can assert that the 
model is useful for explaining the relationship between the 
independent variables and the response variable.

Figure 11a shows time-concentration profiles for the ideal 
condition of photocatalysis determined by the experimental 

design, RhB, and CT3% initial concentrations of 100 mg 
L−1 and 1gL-1, respectively. RhB removal followed apparent 
first-order decay (k=0.0414 min-1), as indicated by the linear 
time behavior of ln([RhB]/[RhB]0) over time (Figure 11b).

3.4. Toxicity test
Table 2 presents the results of toxicity assays performed for 

the best condition studied ([RhB]=100mgL-1 and [CT3%] =1 gL-1).
In the analysis of the germination index, it was evident that 

the untreated raw effluent, containing rhodamine B, exhibited 
a notably lower value compared to the control, signifying 
compromised germination when subjected to the pollutant. 
Conversely, post-treatment, the germination index demonstrated 
an elevated value, indicative of reduced toxicity in the sample; 
however, it remained below the germination control threshold.

Concerning the mitotic index, the raw effluent showcased 
significantly diminished values in comparison to the control, 
highlighting the inhibitory effect of the contaminant on cell 
development. Consequently, it is deduced that rhodamine B 
exerts a toxic impact on Lens culinaris, which is mitigated 
following treatment.

Our toxicity assays reveal that the treatment process 
reduces the sample’s toxicity but does not eliminate it entirely. 

Table 1. Coded matrix of 22 Factorial design for RhB photolysis.

Run
Codified levels Real variable values Response variables

X1 X2 [RhB]0 (mg L-1) [CT3%]0 (g L-1) RhB removal (%)

1 -1 -1 50 1
59.21

57.39

2 +1 -1 100 1
98.95

99.61

3 -1 +1 50 2
88.04

90.38

4 +1 +1 100 2
98.61

96.5

Figure 9. (a) Pareto chart and (b) 3D surface response for RhB 
photodegradation

Figure 10. Observed vs predicted values for RhB removal (%).



9CaTiO3: Influence of Ag Doping on Photocatalytic Activity for Application in Rhodamine B dye Removal

The remaining toxicity can be attributed to to by-products 
formed during the dye degradation process, which were not 
mineralized within 120 minutes of treatment.

Mohod et al.50 observed a delay in the mitotic index of 
Lens culinaris cells when exposed to Rhodamine 6G solution, 
consistent with the findings of this study. Additionally, 
Tan et al.51 also reported a delay in the MI of meristematic 
cells of Allium cepa when exposed to Rhodamine B. Therefore, 
when plant meristematic cells are exposed to dyes, negative 
effects are reported, which may be caused by oxidative 
stress in the cells, thus substantiating the toxicity of dyes52.

3.5. CT3% recycling
Following the identification of the optimal conditions 

for RhB photodegradation, the impact of CT3% reuse over 
four cycles was assessed. As illustrated in Figure 12, the 
degradation percentage exhibited a decline from 81.98% in 
cycle I to 25.27% in cycle IV. Moreover, the specific reaction 
rate (k) decreased from 0.0145 min−1 to 0.0025 min−1, likely 

attributed to the saturation of available active sites. This 
saturation hindered redox reactions, resulting in a decrease 
in reactive intermediate species generation, such as hydroxyl 
radicals (•OH) and superoxide radical anions (•O2

-), thus 
reducing the photocatalytic activity.

4. Conclusions
The microwave-assisted hydrothermal method proved 

to be effective in preparing CaTiO3 (CT) and Ag-doped 
CaTiO3 (CT3% and CT5%) photocatalysts. In all samples, 
the orthorhombic phase of CaTiO3 was identified by X-ray 
diffraction, along with a residual phase of TiO2 (anatase, 
tetragonal) in the samples containing Ag (CT3% and CT5%), 
with CT3% exhibiting a more pronounced presence.

Although silver was not directly identified in the 
diffraction patterns due to its low doping content, a slight 
peak shift around 2θ = 33° for smaller angles was observed, 
suggesting the presence of Ag in the CT host lattice. Micro-
Raman spectra confirmed the presence of TiO2 in the anatase 
phase for CT3% and CT5% samples, while FTIR spectra 
revealed a distinctive peak at 404 cm-1 in the CT3% sample, 
possibly corresponding to Ti–O vibrations of the TiO2 phase 
evident in this sample.

Scanning electron microscopy (SEM) images showed 
that CT samples predominantly exhibited spherical particle 
morphology, with some showing a tendency to form 
edges, resulting in architectures close to cubes or cuboids. 
Conversely, the addition of 3 mol% and 5 mol% of Ag resulted 
in particle morphologies with a more cubic and prismatic 
configuration, with well-defined edges. This morphology 
alteration may be attributed to both the presence of Ag in the 
CaTiO3 matrix, influencing morphological formation due to 
charge imbalance, and the presence of residual TiO2. In this 
context, the formation of a CaTiO3-TiO2 heterojunction is 
possible, given the similarities between their crystal structures 
and band arrangements.

Band gap analysis revealed lower values for the silver-
doped samples compared to pure CT, with CT3% exhibiting 
the lowest calculated energy gap. This reduction may be 
related to the Burstein-Moss effect and the simultaneous 
presence of the TiO2 phase in the CT3% sample, may 

Figure 11. (a) Concentration variation of the RhB during photocatalysis 
experiment for [RhB]0=100mg L-1 and [CT3%]0=1 gL-1 and respective 
(b) ln ([RhB]/[RhB]0) curve.

Figure 12. Effect of CaTiO3(Ag3%) recycling for the RhB photocatalysis.

Table 2. Mitotic index (MI) and germination index (GI) data on 
meristems of Lens culinaris in samples of effluent treated and not 
treated.

Assay MI (%) GI (%)
Control 25.7 ± 0.01 70

Raw Effluent 15.76 ± 1.41 20
Treated Effluent 32.35 ± 0.98 50
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contribute to this decrease and indicate the formation of a 
CaTiO3-TiO2 heterojunction.

Photocatalysis experiments demonstrated that the 
Rhodamine B degradation performance was significantly 
enhanced by depositing Ag on the surface of CaTiO3, with 
higher removal percentages for CT3% and CT5% photocatalysts 
compared to pure CT. The superior performance of the 
CT3% photocatalyst is consistent with the characterization 
of the samples.

Experimental design at two levels revealed that the 
variables [RhB] and [CT3%] are important and positively 
contribute to Rhodamine B removal from aquatic environments. 
It was possible to ascertain that RhB removal is maximized 
near the optimal point of the factorial design [RhB]=100 mg 
L-1 and [CT3%]=1 g L-1, conditions under which RhB removal 
followed apparent first-order decay.

Toxicity tests indicated a reduction in the toxicity of the 
treated samples. However, reuse of CT3% for four cycles 
demonstrated that the photocatalyst is not stable, with a decrease 
in dye removal from 81.98% in the first use to 25.27% in the 
fourth consecutive use, treating Rhodamine B at 100 mg L-1.

These findings can guide the development of more efficient 
and sustainable photocatalytic materials for treating industrial 
effluents contaminated with dyes, thereby contributing 
to environmental preservation and the mitigation of dye 
pollution impacts.
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