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Abstract

Environmental crises, including polluted waters and the emission of greenhouse gases, have been major
problems for societies in recent years. As a result, the need for innovative purification systems has become
one of the main research fields in recent years. Photocatalysts are recognized asone of the prominent methods
for the removal and degradation of pollutants. These techniques are particularly effective in reducing organic
pollutants in wastewater. In the present study, a CaSnO3/Ag photocatalytic system was synthesized using the
hydrothermal method. X-ray diffraction (XRD) and scanning electronymictoscopy (SEM) techniques were
employed to identify the produced photocatalytic system. The Williamson-Hall method was used to measure
the crystallite size and lattice strain. The photocatalytic activity of the synthesized material was investigated
using the degradation of the organic dye methyl‘orange. The results of XRD analysis indicated the formation
of two phases: calcium stannate with a pefovskite/structure and silver with a cubic crystal structure. The
particle size distribution of the produced particles.was uniform, with most particles ranging between 100 to
250 nanometers. The particles precipitated in the hydrothermal container had a spherical shape. The
photocatalytic degradation of calcium stannate samples increased after combining with silver. The kinetic rate
constant obtained for the degradation of methyl orange for pure calcium stannate and the composite sample

was 0.004 and 0.007, respectively:

Keywords: Ag, CaSnQs; Photocatalyst, Methyl orange, Decolorization, Particles, Composite

1. Introduction

With the development of industrial processes, environmental pollution, especially water
pollution, has become a major problem. Water resources are limited in countries and human societies,
resulting in a great need for water recycling and reuse in agriculture and industry. Given the fact that

industrial wastewaters have a high concentration of organic matter, they cannot be easily treated by
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conventional methods. The removal of azo dyes such as methyl orange is difficult using conventional
biological and/or physicochemical treatments. Methyl orange is widely used in the dyeing, leather,
textile, paper, and printing industries, as well as in research laboratories, and is a major component
of many industrial wastes discharge, which causes pollution of various water resources. These dyes
can cause cell mutation, cancer, and toxicity to organisms. Also, its excessive presence.in drinking
water causes anemia, abdominal pain, headache, dizziness, confusion, excessive sweating, and nausea
(1,2).

Solar energy has received much attention in recent years as an accessible and inexpensive
resource and can be used as a source for photocatalytic activities in contdminated waters. This process
may be economically and technologically feasible for water purification and wastewater
decontamination. Photocatalysis is a potential technology for thedegradation of organic pollutants in
water, such as aromatic compounds (3). These organic conipounds are considered a potential hazard
to the environment. Oxidation of organic edmpoundsiin aqueous solution is carried out by reactive
active radicals. In recent years, various nanomaterials such as nanoparticles, nanowires, nanotubes,
nanoporous materials, and hollow materials have been developed and have many applications in
energy and environmental sciencess Sich nanomaterials offer high surface area, fast charge transfer,
and selective chemical transformations (6—4).

In recent years, alkaline earth stannates have attracted lots of attention of researchers due to their
advantages such as low chemical toxicity, environmental compatibility, suitable optical properties,
and chemical and thermal stability. Calcium stannate (CaSnO3) with suitable optical properties,
excellent resistance to chemical damage, high mechanical strength, and semiconducting properties is
a suitable semiconductor for photocatalytic application (7). However, much research has been carried
out to improve the photocatalytic properties of this material. For this purpose, doping and attaching
other semiconductors to this material has been shown to have a good effect on improving

photocatalytic properties (13—8). Hosseini et al. (10) produced CaSnO3/g-C3N4 (CSO/CN)using a co-
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precipitation method aided by ultrasound. The ability of CSO, CN, and various CSO/CN
nanocomposites to degrade erythrosine (ER) and eryochrom black T was examined. The results
showed that the kind of dye, the amount of CSO, the amount of catalyst, and the concentration of ER
all had an impact on the rate of degradation. The CSO/CN nanocomposite showed higher efficiency
than pure CSO and CN. Rakesh et al (13) introduced an innovative heterostructure material
combining calcium stannate (CaSnQOs) perovskite with bismuth tungstate (Bi2WOs). The CaSnOs
component was fabricated through combustion synthesis, while Bi2-WOs was prepared via
hydrothermal processing. This hybrid material demonstrates dual functionality, targeting both
environmental remediation through UV-driven photocatalytic decompesition®of methylene blue
(MB) and analytical applications via electrochemical nitrite detection. Under ultraviolet irradiation,
the CaSnOs/Bi2WOs system achieved 92.5% elimination of the enwironmentally persistent and
carcinogenic MB dye within 180 minutes. Notably,. the iandcomposite demonstrated exceptional
stability against photo-corrosion, maintaining, photocatalytic efficiency even under alkaline
conditions (pH=11) — a critical advantage forpractical wastewater treatment applications. In another
research, calcium tin oxide was seleeted as the base material, and its photocatalytic efficacy was
significantly enhanced by incotporating varying proportions of silver silicate (AgsSi2O7) to form a
heterostructured composite. The integration of AgeSi2O7 into the CaSnOs matrix not only facilitated
improved charge caftier separation but also enhanced visible light absorption by reducing the optical
bandgap. The presenee of AgeSi2O- in the composite catalyst augmented electrical conductivity,
thereby/ effectively directing a substantial portion of the energy to the catalyst surface. Upon
evaluating the photocatalytic activity of the AgsSi2O-/CaSnOs composite against rhodamine B (RhB)
degradation, a remarkable degradation efficiency of 95.24% was achieved within 60 minutes. This
was accompanied by a degradation rate constant of 0.04971 min™, which was found to be 24.48 times

greater than that of its counterparts (14).
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Noble metals, especially silver (Ag), have a high potential to increase the photocatalytic
efficiency of semiconductors due to their high stability, easy preparation, and inherent antibacterial
activity. Silver metal, due to its localized surface plasmon resonance (LSPR) property, can lead to an
interaction between visible light and the metal. This material has been widely used to improve the
photocatalytic properties of various semiconductors (17-15).

To the best of our knowledge, there are a few works on synthesis and investigation of
photocatalytic properties of calcium stannate with Nobel metals. Therefore, thé purpose of this
research is to create a composite of calcium stannate and the noble metal silver in erder to increase
the catalytic activity of CaSnOs. For this purpose, the hydrothermal method was used. The
synthesized composite was characterized by various characterization methods, and then its ability to

degrade methyl orange dye was evaluated.

2. Experimental procedure

2.1. Raw materials and method of synthesis

Calcium stannate-silver ¢omposite was prepared using the hydrothermal method. For this
purpose, calcium nitrate (Merck Company) and tin nitrate (Merck Company), in an equal molar ratio,
were initially poured into a container containing distilled water and stirred until the materials were
completely dissolved:. Then, silver nitrate (Sigma Aldrich) was added to the solution. Another
solution of urea (Dr. Majalli Chemical Industries) in distilled water was prepared. The molar ratio of
urea to.metal nitrates was 6 to 1. Glucose was also added to the solution for better reduction of the
silvetsion, and hexadecyl trimethyl ammonium bromide (HTAB) was added as a surfactant. This
solution was mixed with the first solution. The resulting sample was transferred to a hydrothermal

vessel made of polyethylene. The hydrothermal system was maintained at 200 °C for 5 h. After the
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reaction was completed, the produced powder was washed with distilled water and ethanol. The

product was then collected and dried at 90 °C. The synthesis steps are shown in Figure 1.
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Figure. 1. Synthesis proceduresof CaSnOs/Ag

2.2. Characterization

The produced powder was examined using XRD analysis with a Philips X'Pert model device. The
morphology and dimensions of the powder were examined using a CamScan MV2300 scanning
electron microscope. For scanning €lectron microscope imaging, the samples were coated with a thin
layer of gold. An Image software was used to analyze SEM results and measurement of particle size

distribution.

243. Measurement of photocatalytic activity

The photocatalytic properties of the produced photocatalyst were measured using the degradation
of methyl orange dye in a chamber equipped with two 350 W xenon lamps. In each step, a certain
amount of the samples was immersed in 50 ml of methyl orange solution and stirred continuously.

Then, at various times, the chamber was irradiated, and the dye solution was centrifuged and
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subjected to UV-Vis spectroscopy for analysis. The measured wavelength was A=506 nm. The

degradation rate (R) was calculated using Equation 1.

R=%x 100 (1)

0

where Co is the initial concentration of methyl orange and C: refers to the concentration of methyl

orange at time t.

3. Results and discussion

After the fabrication process, the synthesis product was analyzed by XRD to examine the formed
phases, and the results are shown in Figure 2. As can be seen, thefe aré peaks related to crystalline
phases in the sample. These peaks indicate the formation of the CaSnOsphase, which corresponds to
International Centre for Diffraction Data (ICDD) fcard: number 001-0998 and indicates an
orthorhombic crystal system. This structure comsists of SnOe octahedra, with calcium cations located
in the octahedral cavities. The silver peaks appedred at angles of 38 ©, 44 °, and 64 °, which correspond

to JCPDS card number 01-087-0597 with a cubie crystal system of Ag.

Intensity (a.q.)

20 30 40 50 60 70 80
2 theta

Figure 2. XRD pattern of synthesized sample.



Williamson-Hall equation (2) was used to calculate the size of the crystallites and the lattice

strain in the manufactured product#(18).

PcosO = 4esinf + % (2)

where, d is the crystal size, ¢ is the lattice strain, 4 is the wavelength, 0 is the diffraction angl p
is the peak width at half the maximum intensity. By plotting a curve of Scos@ versus. sin0, t
crystallite size and lattice strain can be estimated. The slope of the line gives the @ ey-

intercept gives the crystal size (Figure 3).
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Figure 3. Williamson-Hall plots of CaSnOs and Ag peaks.
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The peaks corresponding to both phases were used to determine these parameters. The average
crystallite sizes for calcium stannate and silver were calculated to be approximately 154 and 63 nm,
respectively. As is evident, the calcium stannate particles have larger crystallite size. In hydrothermal
synthesis, nucleation and growth are the main mechanisms that determine the size, shape, and
crystallinity of the synthesized materials. Nucleation is the initial stage in which small clusters of
atoms or molecules form in a supersaturated solution. These clusters act as "seeds" for crystal growth.
After nucleation occurs, the clusters grow into larger crystals through the addition ©0f more atoms or
molecules from the surrounding solution. The growth process is influenéed by, several factors,
including temperature, pressure, reactant concentration, and reaction‘time. The lattice strain for
calcium stannate and silver was calculated to be approximately ©0.0034 and 0.0045, respectively. It
seems that the calcium stannate crystallites have grown more than the silver crystallites, but their
lattice strain has decreased more during growth.

Figure 4 shows the scanning electronmicroscope image and the particle size histogram of the
calcium stannate-silver sample.

The microscopic image shows that most of the grains are approximately spherical in shape. Also,
the phenomenon of agglomeration/is observed in regions of the image, which is due to the high
specific surface area of the powders at small dimensions. These particles stick together and form
agglomerates to reduce theirenergy (19). The particle size histogram shows that the particles have a
relatively uniform distribution, and most of them have a grain size between 100 and 250 nanometers.
Figure 5 shows the photocatalytic efficiency of pure calcium stannate and calcium stannate-silver
samples. As'can be seen, the degradation of methyl orange increases with time.

When CaSnOs was exposed to light, it absorbs photons with energy equal to or greater than its
bandgap. This causes electrons in the valence band to be excited to the conduction band, leaving

behind holes in the valence band (equation 3).
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Figure 4. (a) SEM imag patticle size histogram of calcium stannate-silver sample.

CaSn0; + hv — ecp 3)

It was reporte t the distorted orthorhombic structure of CaSnOs3, characterized by tilted SnOs

octahedCe ternal dipole fields that enhance charge separation and reduce electron-hole
i (

20). Then, the photogenerated electrons and holes participate in photodegradation

reco
reactions. Electrons reduce oxygen molecules adsorbed on the surface to form superoxide radicals

(equation 4).

0, +ecg > 03 “4)
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Holes oxidize water or hydroxide ions to generate hydroxyl radicals (equation 5).

HzO‘l‘h;B - OH+H+ (5)

The reactive oxygen species attack and break down organic methyl orange into smaller, less
harmful molecules like CO2 and H20.

Also, the composite sample shows higher photocatalytic properties compared to the pure sample.
The reason for the higher photocatalytic power of the composite sample can be attributed to the
interaction of silver metal and calcium stannate, which causes reduction. in».electron-hole
recombination. In addition, it was reported that silver can increase light abserption by the surface
plasmonic resonance effect (21). However, more investigation is ne¢essary todetermine the dominant

photodegradation mechanism of this system.

60

CaSnOsAg

Photodegradation (%)
w

T T

0 20 40 60 80 100 120 140

Time (min)

Figure 5. Photodegradation curve of pure calcium stannate and calcium stannate-silver samples.

Kinetic equation 6 was used to investigate the kinetic constant of methyl orange

photodegradation on pure calcium stannate and calcium-silver stannate (22).

In (@) = kt (6)

C

where, Co is the initial concentration of methyl orange, and C is the concentration of methyl orange

11
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at time . k is the kinetic constant of the degradation reaction. By plotting the curve and determining
the slope of the line, the kinetic constant of the methyl orange photodegradation reaction can be
estimated (Figure 6). The obtained kinetic rate constant for the pure calcium stannate and calcium
stannate-silver samples were 0.004 and 0.007, respectively. The higher kinetic constant of the
composite sample indicates the better photocatalytic performance of this sample. It has been reported
that silver improves the photocatalytic properties of semiconductors through several mechanisms.
Silver nanoparticles have the property of surface plasmon resonance, which leads to/strong absorption
of visible light. This property increases the efficiency of light absorption in‘the semiconductor and
improves its photocatalytic activity. In addition, silver nanoparticles ¢an act as'electron traps and
reduce the recombination rate of electron-hole pairs in the sémiconductor. This improves the
efficiency of charge separation and transfer, resulting in better photocatalytic performance. Also, the
presence of these particles can change the redox potential of the semiconductor, making it more

effective in producing reactive oxygen spegies that are.essential for photocatalytic reactions (23,24).
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Figure 6. Degradation kinetic curve of pure calcium stannate and calcium stannate-silver samples

The reusability test was used to examine the stability of calcium stannate-silver samples (Figure

7). A standard process involved centrifuging the composite samples, washing them with water, drying

12
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them overnight at 80 °C, and then using them four more times in the same way. As can be seen, there
is a little drop in their potential photocatalyst efficiency. Repeated use can lead to the aggregation of
nanoparticles, reducing their surface area and increasing the recombination rate of charge carriers.
This results in lower photocatalytic efficiency. In addition, the surface of photocatalysts can become
deactivated due to the accumulation of reaction byproducts. This reduces the availability of‘active

sites for photocatalytic reactions.
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Figure 7. Récycle tests of calcium stannate-silver sample

4. Conclusion

In the present study, a calcium stannate-silver photocatalyst was fabricated by the hydrothermal
method. The produced product was examined in terms of its phases and microstructure. XRD
analysis; and SEM were used to characterize the samples. The results of XRD analysis showed that
both calcium stannate and silver were successfully formed. The crystallite sizes of calcium stannate
were larger than the silver phase, while its lattice strain was lower. The produced particles were
approximately spherical in shape, and most of the particles were 100 to 250 nanometers in size. The

results of photocatalytic activity showed that this composite has the potential to harness the light

13
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better and improve the photodegradation rate of organic dye for use as a promising photocatalyst.

However, more investigations should be carried out on the dominant photodegradation mechanisms

of this composite system as a photocatalyst.
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