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Abstract

The SnO2-TiO2 binary nanocomposites’ metal oxide was synthesized by a co-precipitation
method and potentially utilized for wastewater treatment applications. The average crys-
tallite size, dislocation density, and micro strain of the synthesized nanocomposites were
calculated by the Debye–Scherrer, modified Debye–Scherrer, and W–H methods. The
nanocomposites exhibit a tetragonal crystal structure with 62% crystallinity. The presence
of Ti–O–Ti and Sn–O–Sn bonds was identified using the FTIR technique. The surface
morphology was examined during SEM and EDAX analyses. The optical properties were
interpreted with the help of UV–Vis and PL spectroscopy, and the bandgap energy was
ascertained. From the CV and EIS studies, the behavior of the diffusive and capacitive
natures was determined. Photocatalytic studies were carried out under sunlight and UV
light by degrading (cationic) malachite dye at concentrations of 10, 20, and 40 mg/L. When
analyzed with seven kinetic models, it was inferred that a pseudo-second and first-order
were followed under visible and UV light. The maximum degradation efficiency of 94%
was achieved for the 20 mg/L dye concentration within 50 min under UV and 150 min
under solar irradiation. Complete decolorization was observed for both 10 mg/L and
20 mg/L dye concentrations under both irradiations.

Keywords: SnO2-TiO2 nanocomposite; kinetics; modified Freundlich model; parabolic
diffusion model; dye degradation; photocatalysis; wastewater treatment

1. Introduction
Metal oxide nanoparticles show great photocatalytic efficiency in several environmen-

tal remediation applications. Binary oxide ceramic materials (TiO2, ZnO, Al2O3, SiO2, CeO2,
and Fe2O3) are utilized in modern solar cell studies and pave the way for environmentally
safe next-generation photovoltaic technologies [1]. The photocatalytic performance of
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metal oxide nanoparticles like TiO2 and ZnO was explored under various conditions, and
numerous parameters were surveyed [2]. SnO2 nanoparticles were utilized in various fields
as photocatalysts, with organic pollutant, dye [3–5], and supercapacitor [6] applications.
The photocatalytic degradation of malachite green was studied [7] for SnO2 nanoparticles,
which were potentially used to remove persistent organic pollutants (POPs) [4] and also
utilized as sensors [8]. Several routes were employed for the synthesis of SnO2 nanopar-
ticles. A study on the supercapacitive performance of SnO2 quantum dots synthesized
by the soft chemical method [9] showed that they had better performance than nanopar-
ticles. A new method was employed for the synthesis of SnO2 nanoparticles at different
calcinated temperatures [3]. In the research, 99% efficiency was achieved when degrading
malachite green dye and using the Langmuir isotherm model, and pseudo-second-order
kinetics were studied. The precipitation method [5], hydrothermal route [10], wet chemical
method [11], and electrochemical oxidation method [12] were used as different synthesis
methods. The lattice parameters were found by the Nelson–Riley equation, with the results
demonstrating the highly crystalline nature of SnO2 nanoparticles produced via the co-
precipitation method [8]. The co-precipitation method was employed at different calcinated
temperatures (500 ◦C, 700 ◦C, and 900 ◦C), and the researchers observed antimicrobial
behavior of nanoparticles [13]. SnO2 nanoparticles show significant antimicrobial activities
that can be potentially applied for various utilities [11,13]. Ni-SnO2-TiO2 was synthesized
by the one-pot method [14] and showed enhanced photocatalytic performance on methyl
orange dye. The TiO2 nanoparticle showed 99.9% MG dye degradation and was the first
paper to identify and characterize the intermediates of the process [15]. The sol–gel [16]
method was employed for the TiO2 nanoparticle synthesis process used to degrade MG
dye. The reaction shows exothermic and negative Gibbs free energy, suggesting that the
spontaneous adsorption process happened. Mercury light irradiation was used to achieve
90% degradation of methyl orange dye within 30 min [17], synthesized via the solvother-
mal method. Various applications like self-cleaning, antibacterial, anticancer therapy [18],
photocatalytic [19,20], and targeted drug delivery utilize TiO2 nanoparticles.

SnO2-TiO2 nanocomposites have attracted attention because of their wide range of
applications. Diverse synthesis techniques were applied by various researchers. Hassan
et al. [21] synthesized SnO2-doped TiO2 nanoparticles via a surface-assisted sol–gel method
at different calcination temperatures and observed that there was an increase in crystallite
size and phase transformation with an increase in temperature. The anatase to rutile phase
transformation occurred between 400–600 ◦C, with complete transformation at 700 ◦C,
and the highest photocatalytic activity was noted for catalysts calcined at 500 ◦C. Pham
et al. [22] synthesized the TiO2 nanotubes’ heterojunction with SnO2 nanoparticles by a
one-step hydrothermal route to ease the synthesis method. SnO2-TiO2 nanocomposites
were synthesized using a low-temperature hydrothermal method [23], and it was noted
that the composite materials exhibited significant absorption capacity in the UV region
while remaining transparent in the visible region. The microwave-assisted method was
employed for the synthesis of SnO2, TiO2, and Ti0.5Sn0.5O2 nanoparticles and tested for
photocatalytic degradation using Indigo carmine [24]. The SnO2-TiO2 nanocomposites were
synthesized using the sol–gel method, and good absorption behavior was observed [25].
The present work focuses on the efficiency of the photocatalyst under two light sources
with different concentrations of malachite green dye, mimicking wastewater treatment.
Different kinetic models were studied in this work, and the most appropriate model for the
reaction was ascertained.
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2. Materials and Methods
The co-precipitation method was employed for this synthesis process. All the chem-

icals and reagents have been obtained from Sigma Aldrich Chemicals Private Limited
(Bangalore, India) and are used as such, until unless specified. The SnO2-TiO2 nanocom-
posites were obtained from the following steps. High-grade TiO2 and SnO2 powders were
purchased from The TiO2 sample of 7.987 g (2 M) was taken in a 500 mL beaker containing
50 mL of acetic acid as the precursor material. The beaker was placed in a magnetic stirrer
(Model: REMI 1MLH sourced from The Precision Scientific Co. (CBE), Thiruvarur, India)
and stirred for 10 min. The prepared solution consisted of 3.767 g (0.5 M) of SnO2 powder
with 50 mL of deionized water added dropwise to the precursor mixture. This study was
designed to synthesize nanocomposites with a molar ratio of SnO2:TiO2 (1:4) to achieve
enhancement in the properties of the TiO2 nanoparticle. The NaOH solution was added
to the solution to induce precipitation of the solution. The solution was stirred continu-
ously for 2 h at room temperature. The solution was kept undisturbed overnight, and
the precipitated sample was filtered with the help of Wattman filter paper. The collected
precipitate was further washed several times using ethanol and deionized water to avoid
contamination and reaction byproducts, which could potentially influence the properties
of the nanocomposite. The collected precipitate will be placed in a hot air oven for 6 h at
100◦ C. The dried samples were cooled down and powdered with a mortar and pestle, and
washed further to avoid impurities. Then, the sample was placed in a muffle furnace for
1 h at 400 ◦C, and the desired nanocomposites were obtained. The pure TiO2 nanoparticles
were synthesized using the identical procedure, without the SnO2 precursor.

3. Results and Discussion
3.1. XRD Analysis

The crystal structure, phase purity, and crystallite size of the synthesized nanoma-
terial can be ascertained using XRD analysis. The sharp and intense peaks shown in
Figure 1a indicate the crystalline nature of the nanocomposite. The peaks observed from
the XRD spectra match with previous experimental data, confirming the formation of
SnO2-TiO2 nanocomposites.

 
Figure 1. (a) XRD peak and (b) W–H plot of TiO2 nanoparticles and SnO2-TiO2 nanocomposite.

The high, intense peaks obtained at the peak positions 25.19◦, 37.85◦, 47.93◦, 53.76◦,
68.6◦, and 75◦ confirm the presence of planes (101), (004), (200), (105), (116), and (215)
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of TiO2 [6,8] of the anatase phase and tetragonal crystal structure. The lattice constant
obtained from the calculation was a = b = 3.80 Å, c = 9.50 Å, and α = β = γ = 90◦. The rutile
phase tetragonal crystal structure of SnO2 with planes (110), (101), (211), (220), (002), (112),
(301), (320), and (321) at peak positions 26.47◦, 33.76◦, 51.67◦, 54.65◦, 57.75◦, 64.65◦, 65.85◦,
71.21◦, and 78.60◦ [3,21] were matched with these data. The lattice constants for the SnO2

structure were a = b = 4.76 Å, c = 3.19 Å, and α = β = γ = 90◦.
The Debye–Scherrer formula (Equation (1)), Modified Debye–Scherrer formula [24,26]

(Equation (2)), and W–H method (Equation (3)) were employed to determine the aver-
age crystallite size of the SnO2-TiO2 nanocomposite. The dislocation density (δ) and
micro strains (ε) were calculated from the Debye–Scherrer method and are given in
Equations (4) and (5), and the strain was calculated from the W–H method.

D =
kλ

β cosθ
(1)

ln β = ln
1

cosθ
+ ln

kλ

D
(2)

βT cosθ = kλD + 4ε sinθ (3)

δ =
1

D2 (lines m−2) (4)

ε =
β

4sin θ
(5)

where ‘D’ is the crystallite size, ‘λ’ is the wavelength of the X-rays, which is 1.5405 Å, ‘k’ is
the particle factor = 0.94, ‘β’ is the full width half maximum, ‘θ’ is Bragg’s diffraction angle,
and ‘βT’ is the total broadening. The average crystallite size of the nanocomposite can be
obtained directly from the Debye–Scherrer formula. To obtain more accuracy, the least
square linear regression on Equation (2) was performed in the Modified D–S method. From
the FWHM and total broadening values, the Williamson–Hall (W–H) method determines
the average crystallite size and micro strain of the nanocomposite material. The values
obtained for the TiO2 nanoparticles and SnO2-TiO2 nanocomposites are given in Table 1.

Table 1. Parameters ascertained from the XRD data.

Parameters Method TiO2 Nanoparticle SnO2-TiO2 Nanocomposite

Average Crystallite Size
Debye–Scherrer method 54 nm 56.80 nm

Modified Debye–Scherrer method 36 nm 54.63 nm
W-H method 33 nm 48.99 nm

Micro strain Debye–Scherrer method 1.99 × 10−3 1.6265 × 10−3

Dislocation Density Debye–Scherrer method 0.4646 × 10−3 m−2 0.3999 × 10−3 m−2

Strain W-H method −6.45 × 10−4 1.0528 × 10−4

Crystallinity Peak area method 22% 62%

The Debye–Scherrer method provides individual peak values, whereas the modified
Debye–Scherrer method was opted to minimize the sum of absolute error and promote
accuracy by the least square technique [27], and W–H method includes the data of strain
broadening and size [28], which was the reason behind the variations in the average
crystallite size for these three methods. The compression in the lattice plane can be inferred
from the negative value of strain. The crystallinity of the material was studied using the
peak area method, and noted 22% for TiO2 nanoparticles and 62% for the nanocomposite.
The reduction in crystalline percentage was due to the smaller area of the crystalline peak
when compared to the area of the whole peaks (amorphous + crystalline), as it can easily
be observed using the XRD plot.
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3.2. FTIR Analysis

The FTIR spectra of TiO2 nanoparticles and SnO2-TiO2 nanocomposites in the range
of 500–4500 cm−1 are illustrated in Figure 2a,b. The presence of functional materials was
observed with the help of the FTIR spectra. The strong peaks were observed due to the
stretching vibrations of the Ti-O-Ti and Sn-O-Sn molecules at 690 cm−1 and 675.84 cm−1.

 
Figure 2. FTIR spectra of (a) TiO2 nanoparticles and (b) SnO2-TiO2 nanocomposite.

The types of vibrations observed for the materials are listed in Table 2. The bending vi-
brations were observed between 1600–1650 cm−1 due to the adsorption of water molecules
on the surface of metal oxides. The bonds present at the peaks of 2026, 2927, 2362.47,
and 2968.34 cm−1 were due to the presence of an aliphatic compound with stretching
vibrations, which remained non-volatile due to the less calcinated temperature during the
synthesis process.

Table 2. Parameters calculated from the FTIR spectra.

Absorption peak
Wavenumber Functional Group Bond Type and Mode References

690 & 675.84 cm−1 Strong stretching vibration of Ti-O-Ti and
Sn-O-Sn [8,21,25]

1600–1650 cm−1 O-H bending vibration of water molecules, adsorbed on the surface
of oxides [6,8,21]

3000–3600 cm−1 Stretching vibration of water molecules adsorbed on the surface of
the synthesized nanoparticles and nanocomposite [8,21]

The stretching vibration of hydroxyl groups on the surface of the nanocomposites
was responsible for the presence of a broad peak near 3000–3600 cm−1. The presence
of a hydroxyl group (OH at 1600–1650 cm−1 and 3000–3600 cm−1) on the surface of the
nanocomposite promotes photocatalytic performance by retarding the recombination of
free radicals [29], thus enhancing the rate of the reaction. The adsorption of water molecules
on the surface tends to increase the hydrophilicity and photocatalytic response [30] when
illuminated under light radiation.
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3.3. SEM & EDS Analysis

The surface morphology of the TiO2 nanoparticles and SnO2-TiO2 nanocomposite
was studied with the aid of SEM micrographs, which are shown in Figure 3a,d of various
magnifications and ranges.

 

Figure 3. (a,d) SEM micrograph, (b,e) EDS spectra, (c,f) particle size distribution of TiO2 nanoparticles
and SnO2-TiO2 nanocomposite.

The SnO2-TiO2 nanocomposites were agglomerated in the form of clusters of varied
size distributions [26]. The particles were nearly spherical in structure and had a particle
size range from 39 nm to 192 nm. The particle size distribution of the nanocomposites was
studied using a Gauss fit, given in Figure 3e, and the average particle size obtained was
79.27 nm for the nanocomposites and 127 nm for the TiO2 nanoparticles. The smaller size of
the reduced nanocomposites will enhance photocatalytic activity by improving the charge
transfer rate [31]. The EDS analysis, shown in Figure 3b,e, confirms that the synthesized
nanocomposites only consist of Ti, Sn, and O elements without any byproducts. The atomic
% of the elements composed of nanocomposites were 76.20% of O, 18.65% of Ti, 5.16% of
Sn, 70% of O, and 30% of Ti in pure nanoparticles.

3.4. UV–Vis Spectrometer Analysis

The intense absorption peak can be observed in Figure 4a,b at 395 nm for TiO2 nanopar-
ticles. Additionally, a peak at 336.46 nm, corresponding to SnO2, and another peak at
421.38 nm, corresponding to TiO2, were observed for SnO2-TiO2 nanocomposites when ex-
amined using a UV–Vis spectrophotometer. The two peaks indicate that the formation of the
heterojunction can exhibit increased reactivity under both types of irradiation. The optical
properties of the SnO2-TiO2 nanocomposites can be interpreted through this spectrum.

https://doi.org/10.3390/jcs10050250
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Figure 4. (a,b) UV–Vis spectra (inset Tauc plot) and (c,d) photoluminescence spectra of TiO2 nanopar-
ticles and SnO2-TiO2 nanocomposite.

Tauc’s relation [6] was employed to calculate the optical bandgap energy of
the nanocomposite.

αhν = A (hν − Eg)n (6)

where A, α, h, ν, and Eg are constant, absorbance coefficient, Planck constant, wavenumber,
and optical bandgap energy, respectively, and n defines the value for a particular band type.
Here, the bandgap energy obtained was 2.83 eV with a direct bandgap. The nanocomposite
material has a more narrow optical bandgap energy than the pure TiO2 nanoparticle of
3.03 eV [21]. Thus, the lesser Eg enhances photocatalytic activity as it influences the rate of
charge separation and speeds up photocatalysis. The linear portion used for extrapolation
in the Tauc plot has been redefined based on the region of maximum slope, which is more
representative of inter-band electronic transitions rather than defect-mediated transitions.
As reported in the literature, applying linear extrapolation in regions affected by sub-
bandgap absorption leads to an underestimation of the bandgap. Therefore, only the region
exhibiting a clear linear trend after the absorption onset has been considered.

3.5. PL Analysis

Insight into the optical and electronic characteristics of the material can be obtained
from the photoluminescence spectra, as shown in Figure 4c,d. The SnO2-TiO2 nanocompos-
ites show an emission maximum in the ultraviolet A region at 369 nm [21] wavelength. The
optical bandgap energy was calculated from the energy equation. For that particular excita-
tion wavelength, the optical bandgap energy observed was 3.36 eV. The optical bandgap
energy observed for TiO2 nanoparticles was 3.28 eV at the emission maximum wavelength
of 378 nm.

3.6. CV and EIS Analyses

The electrochemical behavior of the nanocomposite was analyzed with the aid of CV
data. Figure 5a,b shows the CV curve at different scan rates of 5, 10, 25, 50, and 100 mV/s
with a potential window of −1.0 to 2.0 V. The curves become wider with an increase in

https://doi.org/10.3390/jcs10050250
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scan rates. The oxidation and reduction peaks were observed in the curve, which shows
that a redox mechanism took place in the process. The total charge stored was observed
from the area enclosed in the CV curve [32].

 
Figure 5. (a,b) CV peak, (c,d) power law plot to find diffusivity or capacitive behavior, (e,f) contribu-
tion ratio % of material, (g) EIS spectra, and (h) log frequency vs. log phase plot of TiO2 nanoparticles
and SnO2-TiO2 nanocomposite.

A Nyquist plot of the EIS spectra, given in Figure 5g, helps in understanding the
charge recombination mechanism of the nanocomposite. The curve without an eminent
semicircle indicates the low charge transfer resistance, which shows the conductive nature
of the system. In Figure 5h, the phase angle approaches 0◦ and 1◦ for the high frequency
range (10 kHz) due to resistance, and 76◦ and 79◦ for the low frequency end, which denotes
the capacitive behaviors for the nanocomposite and nanoparticle material. The surface or
capacitive-induced and diffusion-controlled processes are believed to be responsible for
the total current [33].

The power law plot, or Dunn plot, was used to determine whether the material was
capacitive or diffusive controlled.

i = a νb (7)

log(i) = log(a) + b log (ν) (8)

i = k1ν + k2ν
1/2 (9)

i/ν1/2 = k1ν
1/2 + k2ν

1/2 (10)

From the equation above, ν is the scan rate and a, b are constants, where the value of
b determines whether the process is surface or diffusive controlled. The linear regression
of the scan rate vs. peak current (cathodic and anodic peak currents) in, and the ν1/2 vs.
peak current, can be employed to discover the diffusive and capacitive behavior of the
material. Figure 5c,d provides the b value of 0.65 and 0.70 for the TiO2 nanoparticle and
SnO2-TiO2 nanocomposite when linearly fitted. The value ranges between 0.5 < b < 1 show
both capacitive- and diffusive-controlled reactions [34].

The diffusion-controlled (k2ν
1/2) and capacitive-controlled (k1ν) contribution % [32,35]

can be calculated by plotting ν1/2 vs. i/ν1/2. The contribution ratio of capacitive and diffu-
sive behavior at different scan rates is observed in Figure 5e,f for both TiO2 nanoparticles
and SnO2-TiO2 nanocomposites. The diffusive contribution was ~74% for 5 mV/s and
further decreased in percentage with an increase in scan rate from 56.26%, 48.14%, and
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39.63% for 25 mV/s, 50 mV/s, and 100 mV/s, as seen in Figure 5e for the TiO2 nanoparticles.
Whereas for the SnO2-TiO2 nanocomposite, the diffusive contribution obtained was 87.39%,
75.62%, 68.68%, and 60.79% for the respective scan rates of 5, 25, 50, and 100 mV/s.

3.7. Photocatalytic Analysis
3.7.1. Preparation of Malachite Green Dye (MG) Stock Solution

This study focused on observing the photocatalytic reaction of the nanocomposite
at varied concentrations under varied light sources. The dye of varied concentrated
stock solutions was prepared for 10 ppm, 20 ppm, and 40 ppm measurements. The
one-liter capacity of stock solutions was prepared by mixing with dyes of 10, 20, and 40 mg
concentrations and deionized water. The mixture was homogenized with the help of a
magnetic stirrer. For the visible light (sunlight) test, 200 mL of the stock solution was taken
in a 500 mL beaker of each concentration, and 60 mg of the sample was added to it and
stirred thoroughly in the dark for 15 min. For the UV light test, 400 mL of the stock solution
and 120 mg of the samples for each concentration were placed in a thick borosilicate vessel.
This vessel was positioned 20 mm away from a quartz-jacketed tube that housed the lamp
during the testing. The triple-jacketed reactor, with an immersion well setup, was used for
the UV system. The UV light with a wavelength range of 200–400 nm (254 nm, 356 nm, and
365 nm) was illuminated with the help of a medium-pressure mercury lamp. The aliquots
were taken, and absorbance values were tested in a UV–Vis spectrophotometer at regular
time intervals of 30 min for visible irradiation, 10/20 min for UV irradiation. The UV–Vis
spectra at various time intervals are shown in Figure 6a–f.

Figure 6. UV–Vis absorbance plot of SnO2-TiO2 nanocomposite for various concentrations of the
aqueous dye solutions It dounder (a–c) visible and (d–f) UV radiation.

The photocatalytic reaction initiates when the energy of incident light exceeds the
optical bandgap energy. When the energy is absorbed by the elements, excitation of
electrons takes place, followed by charge separation [10,21,26]. The electrons from the
valence band of TiO2 passed to SnO2 and undergo a reduction reaction to form free radicals,
*O2

−, and the holes that traveled from SnO2 to TiO2 undergo an oxidation reaction and form
*OH−. These radicals and anions undergo a reaction and degrade the pollutants. Figure 7
illustrates the entire photocatalytic mechanism. From the EIS spectra, the curve with no
prominent semicircle indicated the low resistance value, which confirms that the charge
separation effectively promotes the photocatalytic activity, and bandgap energy from UV
and PL data shows the activation of photocatalytic activity in visible and UV irradiation.

https://doi.org/10.3390/jcs10050250
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Figure 7. Photocatalytic mechanism of SnO2-TiO2 binary nanocomposite (* in the figure indicates
the radical).

3.7.2. Reaction Kinetics

In this study, seven kinetic models were employed to investigate photocatalytic reactions. The
subsequent kinetic models were summarized based on previous works [7,11,14,15,24,26,34–39].
The data collected from the photocatalytic reaction were used to study the kinetic models, and the
results are given in Table 3.

Table 3. Correlation coefficients and rate constants of different kinetic models.

Kinetic Models
Visible Irradiation UV Irradiation
10 mg/L 20 mg/L 40 mg/L 10 mg/L 20 mg/L 40 mg/L

Pseudo-zero-order kinetics
R2 0.49545 0.58552 0.68818 0.87275 0.78021 0.85038
K 0.00931 0.01442 0.01512 0.02466 0.03631 0.05024
Zero-order kinetics
R2 0.49545 0.58552 0.68818 0.87275 0.78021 0.85038
K 0.00931 0.01442 0.01512 0.02466 0.03631 0.05024
Pseudo-first-order kinetics
R2 0.78312 0.8991 0.74862 0.96932 0.9881 0.98884
K 0.01355 0.01835 0.00852 0.03652 0.05769 0.04295
First-order kinetics
R2 0.78312 0.74862 0.74862 0.96932 0.9881 0.98884
K 0.01355 0.00852 0.00852 0.03652 0.05769 0.04295
Pseudo-second-order kinetics
R2 0.90239 0.89003 0.97569 0.91316 0.77515 0.78273
K 5.14787 6.25869 1.11768 2.69061 8.04434 3.67764
Parabolic diffusion kinetic model
R2 0.90313 0.92923 0.68937 0.9788 0.92537 0.90394
K 0.12232 0.21219 0.51573 0.45835 0.56009 0.51152
Modified Freundlich kinetic model
R2 0.85616 0.92639 0.7368 0.90178 0.98007 0.9879
K 0.0027 0.00236 0.000911 0.00794 0.00677 0.00345
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The zero-order and pseudo-zero-order kinetics:
The zero-order kinetic reaction has been given as follows:

−d[C]
dt

= k[C] (11)

The general expression was obtained as Ct − C0 = −kt by integrating and modifying
the equation. The rate constant and correlation coefficient were found by linear regression
of time vs. (Ct − C0). The pseudo-zero-order kinetic model was studied by concentration
(t vs. Ct) with respect to time [37]. The kinetics do not depend upon the concentration of
the dye [37].

The first-order and pseudo-first-order kinetics:
This kinetic model depends on the concentration of dye during the reaction process,

and the adsorption–desorption process is not disturbed by the reaction, as mentioned
in [37,38]. The first-order kinetics has been studied by linear regression of T vs. Ct, and the
pseudo-first-order kinetics can be studied by linear fitting of time vs. log (C0/Ct). The rate
equation in integral form is given as [35]

log
C0
C

= kappt (12)

The pseudo-second-order kinetics:
The reaction depends on both the concentration of dye and reactant active sites. The

rate of the reaction is proportional to the square of the concentration [37]. The linear plot of
t vs. t/Ct was used to study this model. The pseudo-second-order kinetics is represented
by the equation,

1
C0

− 1
Ct

= k2t (13)

Figure 8 describes the pseudo-first-order, pseudo-second-order, and first-order
kinetic models.

Figure 8. (a) First order, (b) pseudo-first-order (UV) kinetic models, and (c) pseudo-second-order
(Visible) kinetic model.

The modified Freundlich model and parabolic diffusion model:
The modified Freundlich model was studied by plotting log T vs. (log (1 − (C0/Ct)).

This model describes the diffusion-controlled and ion-exchange process during the reac-
tion [36]. The parabolic diffusion method defines the diffusion of dye towards the active
site of the catalyst and is obtained by the linear fitting of t1/2 vs. (1 − (C0/Ct))/t. The
model is shown in Figure 9.
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Figure 9. (a,b) Parabolic diffusion model (visible and UV) and (c,d) modified Freundlich model
(visible and UV).

Initial studies were conducted on TiO2 nanoparticles at a concentration of 20 mg/L
under both types of light sources. The 54% and 93% degradation rates were achieved with
constant values of 0.00931 and 0.00246 under visible and UV light sources, respectively. The
rate constant value and degradation efficiency were significantly higher for the nanocom-
posite, leading to a focus on comprehensive studies of the SnO2-TiO2 nanocomposite. From
the results, we can conclude that the reaction follows pseudo-second-order kinetics when
conducted under sunlight. The data also show that the first-order and pseudo-first-order
kinetic models provide a similarly good linear fit for tests conducted under UV light irradia-
tion, as illustrated in Figure 8a–c. The UV irradiation is highly energetic, thus surplus quick
ROS generation will be produced, so the reaction relies only on the concentration, hence
follows pseudo-first-order and first-order reactions [37,38], as stated earlier. For a visible
light source as sunlight, which is less intense as the distance increases, ROS generation
will consume time, thus it relies on both the concentration and reactant active sites [37].
The linear correlation coefficient and rate constant values obtained for 10, 20, 40 and mg/L
concentrations under visible irradiations were 0.90239 and 5.14787 min−1, 0.89003 and
6.25869 min−1, and 0.97569 and 1.11768 min−1, respectively. The values obtained under
UV radiation are 0.9693 and 0.03652 min−1, 0.9881 and 0.05769 min−1, and 0.9884 and
0.04285 min−1, respectively. The modified Freundlich model and parabolic diffusion model
were slightly fitted for UV light-irradiated reactions. Thus, during photocatalysis under
visible radiation, the reaction depends on both the concentration of pollutant and the
reactant’s active sites, as mentioned in [37], whereas the reaction depends only on the
concentration of dye alone [37,38] under UV light.

The degradation efficiency was calculated using the formula [6,7], %D = C0−Ct
C0

× 100.
The photocatalytic degradation efficiency achieved under sunlight after a time interval
of 150 min was 90%, 94%, and 73% for 10, 20, and 40 mg/L concentrations of dye, with
complete decolorization occurring at 10 and 20 mg/L. For the UV light source, complete
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degradation occurred for 10 and 20 mg/L of 68% and 94% within 30 and 50 min, whereas
92% degradation was achieved for a 40 mg/L concentration of dye after 1 h. Figure 10a,b
shows the degradation efficiency of the catalyst during the reaction under sunlight and UV
light. Thus, the synthesized nanocomposites can be used as a photocatalyst in both light
sources and are most effective.

Figure 10. (a) % degradation under visible irradiation and (b) UV radiation source of
SnO2-TiO2 nanocomposite.

To ensure the reproducibility of the SnO2-TiO2 nanocomposite, it was tested over
multiple cycles. The degradation efficiency was initially 94% but decreased to 90% and
then to 75% in subsequent cycles, as shown in Figure 11. The recyclability test was done
under a UV light source to ensure an even working setup with a 20 mg/L concentration. At
this stage, the experiments were conducted to verify the feasibility and initial performance
of the material rather than to establish comprehensive kinetic reproducibility. Due to
this preliminary scope, repeated experimental trials and statistical analyses (such as error
bars or standard deviations) have not yet been systematically performed. However, the
obtained degradation trends were consistent across the limited number of trials conducted,
indicating reliable photocatalytic activity.

 

Figure 11. The degradation efficiency for the recyclability test of the nanocomposites.

4. Conclusions
The SnO2-TiO2 nanocomposites synthesized via the co-precipitation method demon-

strated improved performance under both UV and visible radiation as photocatalysts.
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This advancement paves the way for future research in wastewater treatment and other
applications for environmental remediation. The XRD peaks show that the nanocomposites
possessed 62% crystallinity with a tetragonal crystal structure, and FTIR and EDS show the
presence of elements and the non-contaminant nature of the nanocomposite materials. The
SEM micrograph shows the surface morphology of different-sized nanocomposites. The
narrow bandgap energy opens the way for optical applications. The values obtained from
the relations and calculations from CV data show that the chosen nanocomposite can show
hybrid (both capacitive and diffusive) behavior. The complete decolorization was observed
under both UV and solar irradiations for both 10 mg/L and 20 mg/L dye concentrations.
The maximum photocatalytic degradation efficiency of 94% was obtained within 50 min
for UV irradiation and within 150 min under visible radiation at a 20 mg/L concentration.
Various kinetic models, like the zero-order, first-order, second-order, pseudo-zero-order,
and pseudo-first-order models, as well as the modified Freundlich model and parabolic
diffusion model, were used to determine which model was followed during the reaction.
Among that, this study, under visible radiation, obeys the pseudo-second-order reaction,
as it depends both on the reactant site and concentrations, and UV-radiated studies de-
pend only on the concentration, and thus follow both first- and pseudo-first-order kinetics
equally. The nearly good fitted values were obtained for both the modified Freundlich
model and the parabolic diffusion models.
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