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Abstract:- The Ag:S-loaded TiO: (Ag2S—Ti0O:) nanocatalyst was effectively synthesized via the precipitation
thermal decomposition method. The catalyst was characterized wusing BET, FT-IR and
HR-TEM studies. The photocatalytic and antioxidant applications of the prepared catalyst were reported. To
evaluate its photocatalytic efficiency, the deterioration of Methylene Blue (MB) in an aqueous solution under
sunlight exposure was used. Ag>S—Ti0: demonstrated greater efficiency than TiO2, and Ag.S in the mineralization
of MB at pH 7. The impact of various operational parameters, including photocatalyst dosage, dye concentration,
and initial pH on MB photomineralization was systematically investigated. Active species trapping experiments
revealed that superoxide radical anions, followed by holes and hydroxyl radicals, play a key role in the
photocatalytic deterioration of MB. COD measurements confirmed the successful mineralization of MB and the
catalyst exhibited excellent reusability. The deterioration process was significantly accelerated by electron
acceptors such as H.0: and K>S:20s. The kinetics of heterogeneous photocatalytic deterioration were effectively
described using the Langmuir-Hinshelwood (L-H) kinetic model. The synthesized compound was further
evaluated for antioxidant activity, and the results indicated that Ag.S—TiO: nanocatalyst was potentially effective
antioxidant agent.
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1. Introduction

Photocatalytic deterioration is an effective method for breaking down organic pollutants [1, 2].
Nanotechnology, a multidisciplinary field in biochemical applications, focuses on developing nanocomposites
and nanoparticles with enhanced antimicrobial and antioxidant properties, offering potential solutions for
degenerative diseases and environmental challenges [3]. Nanocrystalline semiconductors act as photocatalysts,
facilitating interfacial redox reactions due to their distinctive physicochemical characteristics, which stem from
their nanoscale size and high surface-to-volume ratio. The semiconductors TiO2, ZnO, and CdS are among the
most often used for waste deterioration [4]. An essential component of environmental technology is the treatment
of industrial wastewater to remove organic contaminants. A sophisticated oxidation method called heterogeneous
photocatalysis has been developed to solve this problem [5, 6]. The band gap of a semiconductor governs its
capacity to generate charge carriers upon exposure to solar irradiation.

Titanium dioxide (TiO2) is a widely used semiconductor photocatalyst, valued for its high chemical
stability [7], low toxicity [8], and effectiveness in breaking down organic pollutants in contaminated air and
wastewater [9]. As an inexpensive, non-toxic, and environmentally friendly material, TiO: is an excellent choice
for photocatalytic hydrogen (H:) production and environmental applications, such as wastewater treatment.
However, TiO: exhibits photocatalytic activity predominantly in the near-ultraviolet region, utilizing less than 5%
of the available solar radiation [10]. To overcome this limitation, extensive research has been dedicated to
modifying TiO: to accelerate its light absorption and improve photocatalytic performance under visible light. The
valence band of TiO: develops holes (h*) when electrons (e”) in the valence band gain energy and migrate to the
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conduction band when exposed to light with a wavelength of < 387 nm. These electron-hole pairs (e —h") then
interact with surrounding molecules, producing highly reactive oxidizing agents, including superoxide radicals
(O7"), hydroxyl radicals ("OH), and peroxyhydroxyl radicals ("OOH). These species facilitate the complete
oxidation of several organic compounds into carbon dioxide (CO:), water (H20), and other small molecules
without forming intermediate byproducts [11, 12].

Silver sulfide (Ag:S), with a direct band gap of 1.0 eV [13], is considered a promising co-catalyst for
TiO.. Several synthesis techniques, including hydrochemical bath deposition, template synthesis, sol-gel methods,
microemulsion synthesis, sonochemical, hydrothermal, solvothermal, electrochemical, and microwave-assisted
approaches, have been employed to fabricate nanostructured Ag.S. The heterostructure formed enhances
photocatalytic efficiency due to its synergistic effects and broad light absorption capability. However, a significant
drawback of the Ag.S-TiO: coupled catalyst is its low electron injection efficiency from the conduction band of
Ag:S to that of TiO: [14]. Additionally, the conduction band of Ag.S (-0.3 eV) is less anodic than that of TiO:
(—0.1 eV), while its valence band (+0.7 eV) is more cathodic compared to TiOz (+3.1 eV) [15]. Moreover, Ag:S
exhibits a high absorption coefficient in the visible spectrum [16]. Due to its excellent photoelectric and
thermoelectric properties, along with strong chemical stability, Ag.S has been widely applied in optoelectronic
devices, including photovoltaic cells and infrared detectors [17-19]. Furthermore, it has shown remarkable
photocatalytic potential, particularly in the deterioration of pollutant dyes such as methylene blue [15, 20-22].

Dyes are organic compounds with intricate aromatic molecular structures that provide vibrant and
durable colours to different materials. However, these intricate structures also make dyes highly stable and
resistant to biodegradation. The extensive use of dyes frequently raises environmental concerns, especially due to
the release of coloured wastewater into natural water sources [23, 24]. Advanced oxidation technologies (AOTs)
present a viable alternative to traditional treatment methods by enabling the complete breakdown of organic
pollutants into carbon dioxide and water. In this study, Ag>S/TiO- composite photocatalysts, designed for the
deterioration of organic dyes under solar light, were synthesized using a conventional hydrothermal method. The
Ag:S/Ti02 composites exhibited distinct characteristics and properties compared to bulk Ag.S and TiO:. Their
enhanced photocatalytic performance was evaluated by degrading methylene blue (MB) in water-based solutions
under sunlight exposure, with results compared against those of pure anatase TiO-.

2. Experimental
2.1. Materials and Methods

The commercial non-azo dye Methylene Blue dye (MB) was purchased from Aldrich. Fig. 1 depicts the
chemical structure and absorption spectrum of Methylene Blue (MB) dye. Silver nitrate (99%), sodium sulfide
(99%) and titanium isopropoxide (99%) of AnalaR grade (Himedia), along with 2-propanol (99.5% spectroscopic
grade), H,SO4 or NaOH, were utilized as received from Sigma Aldrich. Deionized water was utilized in the
preparation of all experimental solutions.
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Fig. 1. The chemical structure and absorption spectrum of MB dye
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2.2. Synthesis of Ag>S-TiO: photocatalysts

Ag>S-loaded TiO, was synthesized using a precipitation-thermal decomposition method (Scheme 1). The
detailed preparation method was given in our previously reported paper [25].

Silver nitrate [ . ﬁ Tl
[ tetrahydrate ] Sodium Sulphide [ isopropoxide ] [ 2-propanol ]

Stirring for 30 min
itanium dioxide
SolutionT]

versulphide
(SolutionI)

1 Magnetic stirring for 4 h

[ Silver sulphide with TiO, ]

*+ Filteredand dried
% Air ovenat 100°Cfor12h
++ Calcination at 450°C for 5 h

Ag,S-TiO,

Scheme. 1. Schematic representation for preparation of Ag,S-TiO,

2.3. Analytical methods

The characterization of these nanocatalysts (bare TiO. and Ag.S-TiO:) was performed using various
analytical methods, including XRD, FE-SEM, EDS, UV-DRS, PL, and XPS, and the details are provided in our
previously published paper [25]. The remaining analyses (BET, FT-IR and HR-TEM) are presented in this
manuscript.

2.4. Photodeterioration experiment

Solar photocatalytic deterioration experiments were conducted under controlled conditions during peak
sunlight hours, specifically between 11:00 a.m. and 2:00 p.m. on clear days. The reaction was carried out in a
borosilicate glass tube reactor with a volume of 50 mL, a height of 40 cm, and an internal diameter of 12.6 mm.
Approximately S0 mL of MB dye (3 x 10* M) was combined with a suitable quantity of nanocatalysts in the dark
for 30 minutes before being exposed to direct sunlight. No solvent volatility was detected throughout the
illumination period. At specified time intervals, 2-3 mL samples were removed and each sample was
appropriately diluted before a UV-visible spectrophotometer was used to track variations in the concentration of
the MB dye based on its characteristic absorbance at 291.5 nm.

2.5. Solar radiation intensity readings

Solar radiation intensity was monitored at 30-minute intervals and the average intensity for each
experiment was determined. The sensor was consistently positioned to capture the highest intensity readings. The
measurements were conducted using an LT Lutron LX-10/A Digital Lux Meter, with recorded intensities were
1250 £+ 100 lux, which remained relatively stable throughout the experiments.

2.6. Characterization techniques

The catalysts' specific surface areas were determined using a Micromeritics ASAP 2020 sorption
analyzer. Before analysis, the samples were degassed at 423 K for 12 hours. Measurements were performed at 77
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K with nitrogen (N2) gas as the adsorbate. The specific surface area was calculated using the Brunauer—-Emmett—
Teller (BET) multipoint method with a least-squares fitting approach. The nanocatalyst's configuration and
crystallinity were analyzed using a high-resolution transmission electron microscope (HR-TEM), with samples
dried naturally and analyzed on a JEOL 2100+ HR-TEM. Fourier transform infrared (FT-IR) spectra were
monitored using a spectrometer with KBr pellet holders and UV-visible spectra were measured using a
SHIMADZU UV 2600 PC UV-visible spectrophotometer.

2.7. Chemical oxygen demand (COD) measurements

The chemical oxygen demand (COD) technique was employed to determine the amount of oxygen
consumed during the reaction in the solution. The dye solution was refluxed for 2 hours with HgSO4, a measured
volume of standard K>Cr.07, Ag>SO4, and H>SO4. Following reflux, the solution was titrated with standard ferrous
ammonium sulfate (FAS) using ferroin as the indicator. A blank sample, prepared using the same procedure but
without the dye, was also titrated. COD values were then calculated using the corresponding Eqn. 1.

COD = (Blank titre value — dye sample titre value) X normality of FAS X 8 X
1000
Volume of the sample )]

3. Results and Discussion
3.1. Primary analysis

Various weight percentages of Ag>S-TiO, nanocatalyst were used to study the deterioration of MB dye
under solar light irradiation, with the results summarized in Table.1. The data indicate that as the Ag»S content
increased, the deterioration efficiency of MB also improved, reaching a maximum of 7.0 wt%. Beyond this point,
further increases in Ag,S loading led to a decline in deterioration efficiency. The optimal Ag,S content for
effective MB dye removal was determined to be 7.0 wt%, making this composition the focus of subsequent studies
and characterization.

Table.1. Effect of different wt% of Ag,S for the MB dye deterioration under solar light

Wt % of Ag.S % of MB dye deterioration
2.5 72.6
4.8 81.4
7.0 89.8
9.2 71.8
11.2 59.7
[MB] =3 x 10 mol/L, catalyst suspended = 2

g/L, pH = 7, airflow rate = 8.1 mL s!, irradiation time = 40 min.

3.2. BET analysis

The surface area of the catalyst plays a critical role in determining its reactivity. The surface area of the
Ag>S-TiO:2 nanocatalyst was determined using the nitrogen gas adsorption technique. The N. adsorption-
desorption isotherms of both bare TiO- and Ag.S-TiO: exhibit a type II hysteresis loop. The corresponding pore
size distributions for bare TiO: and Ag.S-TiO: are illustrated in the insets of Fig. 2a, b. Table.2 summarizes the
BET surface area and pore volume data for both samples. Notably, Ag.S-TiO: nanocatalyst possesses a
significantly higher BET surface area of 211.917 m?/g compared to bare TiO., which has a surface area of
109.993 m?/g.
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Table.2. Surface properties of bare TiO, and Ag,S-TiO, nanocatalysts

Properties Bare TiO: Ag>S-TiO: nanocatalyst
BET surface area 109.993 m? g 211.917 m? g!
Total pore volume 0.30 cm® g! 0.43 cm® g!

3.3. Fourier Transform-Infrared (FT-IR) Spectroscopy

The FT-IR spectra of TiO. and Ag.S-TiO: nanocatalysts, shown in Fig. 3, exhibit distinct peaks
corresponding to oxygen-containing functional groups. The bending vibrations of O-H groups are notably
observed at 1627 cm™ [26-28]. Furthermore, the broad absorption band at 3431 cm™ is ascribed to the O-H
stretching vibration of adsorbed water (H20O) on the surface of the Ag.S-TiO- nanocatalyst, indicating the presence
of surface-bound water, which is common in catalysts exposed to ambient moisture. Additionally, low-frequency
bands related to Ti-O-Ti bonds appear around 696 cm™', while the strong peak at 3431 cm™ in both TiO. and

Ag>S-TiO:2 nanocatalyst is also assigned to O-H stretching vibrations.
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Fig. 2. N, adsorption-desorption isotherm of a) bare TiO, and b) Ag,S-TiO». Inset shows pore size distribution
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Fig. 3. FT-IR spectra of (a) bare TiO; and (b) Ag>S-TiO> nanocatalysts

3.4. HR-TEM Analysis

The surface morphology of the synthesized Ag.S-TiO: nanocatalyst is illustrated in Fig. 4(a—e). Fig.
4(a—b) depicts the structure of Ag>S-TiO: nanocatalyst, composed of numerous small dark particles. Fig. 4(c—d)
highlight selected Ag.S-TiO- nanocatalyst, confirming their polycrystalline anatase nature with randomly oriented
small crystals. The Ag:S particles are uniformly distributed on the TiO: surface, predominantly exhibiting a
circular or spherical shape. The SAED pattern of TiO2, shown in Fig. 4(e), corresponds to various crystallographic
planes and reveals distinct diffraction rings, confirming crystallinity. HR-TEM images captured at both low and
high magnifications reveal that the anatase TiO: and Ag.S particles exhibit monodispersity and maintain a
consistent size distribution. The analysis further confirms the crystal structure, revealing interplanar spacings of
2.08 nm and 2.58 nm for TiO: (corresponding to the (200) and (022) planes) and 3.08 nm and 3.88 nm for Ag.S
(corresponding to the (111) and (002) planes).

3.5. Photocatalytic Activity Investigations

The remaining percentage of MB dye after solar light exposure to an aqueous MB solution (3 x 10* M),
both with and without a photocatalyst, is depicted in Fig. 5. When Ag>S-TiO2 was used as the photocatalyst,
89.8% of the dye deteriorated after 40 minutes of solar irradiation (curve a). In contrast, the Ag.S-TiO:
nanocatalyst resulted in a 55.3% reduction in dye concentration without solar light (curve c), likely due to dye
adsorption onto the catalyst’s surface. Minimal deterioration (0.9%) was observed under solar exposure without
a catalyst (curve b). These findings highlight the essential role of both the photocatalyst and solar light in achieving
effective dye deterioration. Under comparable conditions, deterioration rates of 27.5% (curve d) and 54.2% (curve
e) were obtained using synthesized Ag.S and TiO: as photocatalysts, respectively. This indicates that the
solar/Ag>S-TiO: nanocatalyst is the most efficient among the tested photocatalysts for degrading MB dye.
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Fig. 4. HR-TEM analysis of Ag>S-TiO, nanocatalyst
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Fig. 5. Photodegradability of MB dye under solar light: [MB] = 3x10*mol/L, pH = 7.0+0.1, 7.0 wt%

Catalyst suspended = 2 g/L, /0y = 1250%100£100 lux, airflow rate = 8.1 mLs™.
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3.6. Influence of the operational parameters
3.6.1. Impact of pH

The pH of the solution plays a key factor influencing the photocatalytic deterioration of diverse pollutants
[29, 30]. The impact of pH on the photodeterioration of MB was examined inside a pH range of 3—11, as illustrated
in Fig. 6. The results indicate that increasing the pH from 3 to 7 enhances the removal efficiency of MB, after
which it declines. The optimal pH for effective MB deterioration using Ag.S-TiO» is 7. Lower removal efficiency
in acidic conditions is attributed to the dissolution of TiO», as it reacts with acids at low pH levels. At higher pH
values, the Ag>S-TiO, nanocatalyst becomes negatively charged due to the adsorption of OH™ ions. The formation
of hydroxyl radicals (OH®) is promoted by the concentration of OH™ ions in the reaction medium and at the particle
interface. An experiment was conducted to evaluate the dark adsorption of MB at varying pH levels, as
photocatalytic performance is influenced by dye molecule adsorption. After 30 minutes of adsorption equilibrium,
the adsorption rates at different pH levels 3, 5, 7, 9 and 11 were recorded as 31%, 41.2%, 55.3%, 23.7%, and
19.3% respectively. The highest adsorption was observed at pH 7, indicating that deterioration is most effective
under this condition.

80

(=) 3
o o
2 N

MB dye removal (%)
o
=)

40

Fig. 6. Effect of initial pH on the deterioration of MB using solar light/Ag,S-TiO; nanocatalyst: [MB] = 3x10*
mol/L, 7.0 wt% Catalyst suspended = 2 g/L, Lol = 1250x100£100 lux, airflow rate = 8.1 mL s,
irradiation time = 30 min.

3.6.2. Impact of the catalyst

The catalyst concentration was adjusted from 0.5 to 3 g/L in a series of experiments to determine the
optimal catalyst loading (Fig. 7). After 30 minutes of radiation exposure, catalyst loadings within this range were
analyzed. Notably, the rate constant for MB deterioration increased as the catalyst concentration rose from 0.5 to
2 g/L but declined with further increases. The enhancement in deterioration rate is attributed to (i) the increased
amount of catalyst, which enhances dye molecule adsorption, and (ii) the higher density of catalyst particles within
the illuminated region. However, at concentrations above 2 g/L, the deterioration efficiency decreases due to light
scattering and reflection by excess catalyst particles [31, 32].
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Fig. 7. Effect of catalyst weight on the photocatalytic deterioration of MB using solar light: [MB] = 3x10~* mol/L,
pH = 7.020.1, Isolar = 1250x100£100 lux, airflow rate = 8.1 mLs"!, time = 30 min.

3.6.3. Impact of starting dye concentration

The impact of different initial dye concentrations on MB deterioration over the Ag.S-TiO: nanocatalyst
was examined. As the dye concentration increased from 1 to 5 x 10™* M, the deterioration efficiency declined
(Fig. 8). Throughout the experiments, both the catalyst dosage and light intensity were kept constant for all initial
dye concentrations. As the production of hydroxyl radicals remains unaffected, the variation in dye molecules
available for interaction with these radicals leads to a decline in their interactions. Additionally, at higher initial
dye concentrations, the photon penetration depth into the solution is reduced.
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Fig. 8. Effect of various initial dye concentrations on the deterioration of MB using solar light/Ag.S-
TiO; nanocatalyst: pH = 7.0£0.1, 7.0 wt% Catalyst suspended = 2 g/L, L = 1250x100£100
lux, airflow rate = 8.1 mL s, time = 30 min.

3.7. Effect of oxidants

3.7.1. Impact of H20:

The impact of H.O: addition on photocatalytic oxidation is shown in Fig. 9a. An addition of around
5 mmol of H20: increased the deterioration rate from 75.5% to 82.2% within 30 minutes. The capture of
photogenerated electrons from the conduction band by H20: suppresses electron-hole recombination while
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simultaneously facilitating the generation of hydroxyl radicals (Eq. 2). These hydroxyl radicals are essential for
the breakdown of pollutants [33]. However, when the H-O: dosage exceeds 5 mmol, the deterioration rate drops
due to the scavenging effect of H-O: on hydroxyl radicals. Excess hydrogen peroxide reacts with hydroxyl radicals
(°*OH) to form hydroperoxy radicals (*HO) (Eq. 3, 4). These radicals exhibit significantly lower reactivity and
have a minimal impact on the oxidation of the dye [34].

ey + HHO, —»*OH + OH" 2)

At higher dosage,
H,O,+°*OH —— & HO,* + H,O (3)
HO,*+°*OH ——» H,0+ 0, (4)

3.7.2. Impact of K»S:0s

To investigate the photocatalytic deterioration of MB dye, the K>S:Os dosage was adjusted from 5 to 20
mg per 50 mL, as depicted in Fig. 9b. The addition of K>S:Os up to 10 mg enhanced deterioration from 75.5% to
84.5% after 30 minutes; however, further increases in dosage (above 10 mg) led to a reduction in deterioration
efficiency [35, 36]. The sulfate radical anion (SO4*) is a key factor in the deterioration process, as it can react
with both photogenerated electrons and water molecules to produce hydroxyl radicals (Eq. 5-7). At higher doses
of S20s?", the deterioration rate slows due to an increase in SO42~ ions. These excess SO4*~ ions adsorb onto the
TiO: surface, diminishing the catalyst's activity.

S208* + e (cpy —» SO4* + SO4* (5)
SO4* + e’y —»S04* (6)
SO4* + H,0 ——»*0H+ SO+ H*  (7)

3.7.3. Impact of Na2CO3

Fig. 9c illustrates the effect of Na.COs on the photocatalytic deterioration of MB. The study revealed
that increasing the amount of Na.COs decreases the removal efficiency. The results show that adding Na.COs (up
to 20 mg) reduces the removal rate from 75.5% to 26.5% after 30 minutes [37]. As the concentration of carbonate
ions increases, the hydroxyl radicals gradually decrease, significantly hindering the photocatalytic deterioration
process (Eq. 8).

COs* + *OH—— OH + CO;* ®)
3.7.4. Impact of NaCl

The deterioration of MB was studied using NaCl, as shown in Fig. 9d. The addition of CI™ ions (up to 20
mg) to the reaction solution caused the deterioration rate to decrease from 75.5% to 40.8% after 30 minutes. This
reduction in deterioration efficiency was attributed to the hole-scavenging ability of chloride ions (Eq. 9), where
the dye molecules compete with the chloride ions for the available holes in the reaction [38].

Cl + h+(VB)—’ cI* )
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Fig. 9. Effect of additives on the deterioration of MB using solar light/Ag>S-TiO, nanocatalyst: (a) H,O»,
(b) K28,0s, (c) NaxCOs and (d) NaCl, pH = 7.0£0.1, 7.0 wt% Catalyst suspended = 2g/L, I =
1250%100£100 lux, airflow rate = 8.1 mL s’!, irradiation time = 30 min.

3.8. Catalyst reusability

Fig. 10 illustrates the outcomes of the recycling experiments, revealing that the catalyst retained 74.8%
of its activity after four consecutive cycles of solar light irradiation. These findings confirm that the Ag,S—TiO»
nanocatalyst retains its efficiency and reusability under sunlight exposure.
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Fig. 10. Catalyst reusability: MB = 3x10** mol/L, pH = 7.0+0.1, 7.0 wt% Catalyst suspended = 2 g/L, Isjar =
1250%x100+100 lux, airflow rate = 8.1 mL s, irradiation time = 40 min.

3.9. Radical Scavengers Test

To demonstrate that the superoxide radical anion (O2") is the primary reducing agent in the photocatalytic
deterioration  method, the impact of several radical scavengers, including benzoquinone,
ethylenediaminetetraacetic acid (EDTA), and 2-propanol was analyzed and is presented in Table 3. The data
indicate that photocatalytic deterioration is most effective in the without scavengers, reaching 89.8%. However,
adding benzoquinone reduces the deterioration efficiency to 68.3%, suggesting that the superoxide radical anion
(O2") plays a crucial role in the photocatalytic decomposition. Similarly, other radical scavengers, such as
2-propanol (51.7%) and Ethylenediaminetetraacetic acid (38.9%), exhibit a comparable inhibitory effect.
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Table.3. Effects of different radical scavengers on the photodeterioration of MB dye under
solar radiation utilizing Ag>S-TiO, nanocatalyst

Different radical scavengers MB dye deterioration percentage (%)
Without scavenger 89.8
Benzoquinone 68.3
2-propanol 51.7
Ethylenediaminetetraacetic acid 38.9

3.9. Chemical Oxygen Demand (COD) analysis

The deterioration was assessed using COD measurements to verify the mineralization of MB. The COD
reduction percentages are displayed in Table 4. Following 40 minutes of irradiation with Ag>S—TiO, nanocatalyst,
a 65.8% decrease in COD was achieved, confirming the mineralization of the dye.

Table.4. COD values and removal rate by solar light/Ag,S-TiO, nanocatalyst
Time (min) | COD removal (%)

0 0
20 40.4
40 65.8

3.10. Kinetic analysis

The photocatalytic deterioration of MB dye using Ag»S-TiO, nanocatalyst adhered to pseudo-first-order
kinetics. The corresponding equation describes the rate expression relevant for low initial concentrations of the
MB dye substrate.

—d[C] _ 1!
o K'[C] (10)

Where k represented the rate constant of pseudo-first order. The deterioration rate constant is detailed in Table 5.

Table.5. Rate constants of photocatalytic deterioration of MB dye using solar light/Ag,S-Ti0; nanocatalyst

Initial concentration of dye X (10~4) mol/L Deterioration
1 0.0796
2 0.0663
3 0.0493
4 0.0378
5 0.0315

The adsorption-desorption equilibrium was established as MB dye adhered to the surface of the Ag,S-
TiO; nanocatalyst. The initial condition for the kinetic analysis was the equilibrium concentration of MB dye,
determined through the adsorption process. By integrating Equation 10 and assuming C=Cy,at t=0, Equation 11

was derived.
C
In|—=2|=k't 11
M an
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Co represented the initial concentration of MB, while C denoted the concentration at any given time. The
rate constant for In (Co/C) was plotted against the deterioration time, as shown in Fig. 11a. The concentration of
MB dye exhibited a linear correlation with irradiation time. The Langmuir-Hinshelwood (L-H) kinetic model,
commonly applied in heterogeneous photocatalytic reactions [39, 40], was adapted to reflect the solid-liquid
interaction [41], which aligned with the experimental findings. The rate of MB deterioration was governed by the
adsorption of MB onto the Ag,S-TiO, s nanocatalyst [42]. The impact of dye concentration on the rate of
deterioration was described by the following equations (Eq. 12, 13).

KK, C

r= —— (12)
1+K,C

1 1 1

e E
r KK C K,

Where 'C' denotes the MB concentration at time’t’, with K, representing the adsorption constant and K,
corresponding to the reaction characteristics of the MB substrate. The effectiveness of the Langmuir-Hinshelwood
(L-H) equation in facilitating dye deterioration is evidenced by the linear plot obtained by plotting the reciprocal

(13)

of the initial rate (1/r) against the reciprocal of the initial MB concentration (1/C), as illustrated in Fig. 11b. The
values for K; and K, were derived from the slope and intercept, yielding values of 1.1 x 10* M~! and 5.9 x 107
M 'min"! respectively.

4 b) 2.0
(a) - (b)
—8=—1X 10  mol/l
—+=2X 10 mol/1
3] ~a=3x10* moi/1 (a) 1:64
—=4X%10"* mol/1 - (b) _.-\
2 +-5X 10 mol/1 '-3
o E 1.2 4
O 2 n
g S
0.8
=
14 )
T
0.4 4
0 T T T T L] L] L} S L)
P 10 20 30 40 50 0.0 0.2 0.4 0.6 0.8 1.0 1.2
Time (min) 1/C X 10* mol''L

Fig.11. (a) Kinetics of MB dye deterioration for different initial densities by solar light/Ag,S-Ti0O, nanocatalyst:
pH = 7.0£0.1, Ag>S-TiO; nanocatalyst = 2 g/L, Lsar = 1250x100=100 lux, airflow rate = 8.1 mL s>
and (b) Linearized reciprocal kinetic plot of the deterioration of MB by Ag»S-TiO; nanocatalyst.

3.11. Mechanism of deterioration

The proposed mechanism for dye deterioration is based on the energy levels of Ag.S and TiO: are already
given in our previous paper [25]. Upon sunlight exposure, the electrons are excited and transfer from the
conduction (CB) band of Ag.S to the CB of TiO., while holes migrate from the valence band (VB) of TiO: to VB
of Ag.S. This charge transfer occurs more efficiently than the electron-hole recombination process in Ag:S. The
electrons in the CB of TiO: react with O, contributing to dye deterioration. Simultaneously, the holes in Ag:S,
along with those generated in TiO: by photoexcitation, interact with H.O and OH™ to form hydroxyl radicals
(°OH), which further contribute to the breakdown of dye molecules. The equations are given below (Eqn. 14-22).

Ang—TiOz +hy ——> Ang—TiOz (h+, e‘) (14)
A@S-TiO; (', &) ——>AmS (h)-TiO2(¢)  (15)
h* + OHF ——>°OH (16)
b+ HO  ——>°*OH+H' 17
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e- + Oy
h*  + OM
OM*t+ O,
‘OH + OM
0~ + OM

— > 0y
—> OM**

—> Products
—> Products

——> Products

3.12. Antioxidant Activity

(18)
19
(20)
2]
(22)

The antioxidant and free radical scavenging potential of the synthesized Ag.S-TiO. nanocatalyst was
assessed using the DPPH assay, as presented in Fig. 12a, b. This evaluation was based on the DPPH assay, in
which the stable purple DPPH radical undergoes reduction and turns pale yellow in the presence of antioxidant
compounds. The results revealed that, at all tested concentrations, vitamin C (standard) demonstrated higher
radical scavenging activity compared to the synthesized nanocatalyst. The DPPH free radical scavenging activity
of the samples increased with concentration, indicating a dose-dependent antioxidant effect. Notably, the Ag.S-
Ti0O:2 nanocatalyst exhibited greater inhibition, with an IC50 value of 37.90% at 400 ug/mL, surpassing the activity
of Ag>S and TiO: nanocatalyst. The enhanced antioxidant activity of the Ag.S-TiO: nanocatalyst, compared to its
components, can be ascribed to the synergistic interaction between silver and titanium ions, along with oxides.
This suggests its potential application as a drug carrier with reduced cytotoxicity.

Concentration

(ng/mL)
0
20
40
80
200
400

(=)

(b)

DPPH Inhibition (%)

DPPH Inhibiion (‘)

ICs0 % of DPPH
Ag:S TiO2 Ag:S-TiO: Standard
9.80 8.71 11.76 30.28
18.73 15.46 19.82 50.10
24.61 21.13 25.49 70.80
29.62 27.23 30.28 87.36
35.51 33.33 37.90 95.42
100—
80—
60—
40— ) -jdc X
20 __:_;CZ
o
Concentration (Jug/ml.)
S0 —
20 —

Concentration (puefmi.)

Fig.12. (a) DPPH radical scavenging activity (%) and (b) ICso values of the synthesized materials (Ag:S, TiO,
and Ag>S-Ti0,) and Vitamin C as standard using DPPH radical scavenging method.
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Conclusion

A novel AgsS-loaded TiO: nanocatalyst was successfully synthesized using the precipitation thermal
decomposition method. The presence of Ag.S in TiO. was confirmed through BET, FT-IR, and HR-TEM
analyses. Ag.S—TiO: exhibited superior efficiency in degrading Methylene Blue (MB) under solar light irradiation
compared to TiO2, and Ag.S. The addition of oxidants (H-0- and K>S:0s) significantly enhanced the deterioration
efficiency. Optimal dye removal conditions were identified at a pH of 7 and a catalyst loading of 2 g/L. The
catalyst demonstrated excellent reusability, and COD analysis confirmed the mineralization of the MB molecule.
A proposed mechanism for MB deterioration further highlights the potential of the Ag.S—TiO: nanocatalyst for
wastewater treatment applications. The produced catalyst has high antioxidant properties.
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