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Abstract 

The persistent presence of antibiotics in wastewater, exemplified by oxytetracycline (OTC), poses 

environmental risks, necessitating robust removal strategies. This study investigates the effectiveness of 

photocatalysis utilizing TiO2 (P25) treated at various temperatures, combined with different oxidants such as 

hydrogen peroxide (H2O2), potassium peroxydisulfate (PDS), potassium peroxomonosulfate (PMS) under 

diverse experimental conditions. The research systematically explores the impact of temperature, pH, and 

oxidant concentration on the efficiency of OTC degradation. Our findings reveal that the combination of 

P25/500, PDS, UV irradiation, and stirring demonstrates superior OTC degradation, surpassing 99% efficiency 

after 180 min. Optimal pH conditions are identified, emphasizing the importance of balancing acidity for 

enhanced performance. The study also provides insights into the optimal PDS concentration, indicating a 

threshold beyond which further increases yield diminishing returns. Mechanistic understanding is enhanced 

through scavenger experiments, elucidating the pivotal role of reactive oxygen species, particularly O2•−, in the 

photocatalytic process. This research offers a practical framework for TiO2-based photocatalysis in wastewater 

treatment, emphasizing tailored conditions for efficient antibiotic removal. The outcomes contribute valuable 

insights to the development of sustainable wastewater treatment protocols targeting antibiotic pollutants. 

 

Keywords: Antibiotic degradation, Oxytetracycline, Photocatalysis, TiO2 nanoparticles, Wastewater treatment 

 

1 Introduction 

 

The contemporary surge in antibiotic use raises 

concerns about their pervasive presence in the 

environment Huo et al., [1]. The global production and 

consumption of antibiotics have led to their 

widespread introduction into the environment through 

wastewater [2]. Antibiotic use in agriculture, 
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particularly in livestock and aquaculture, significantly 

contributes to environmental contamination, raising 

issues such as antibiotic resistance and inadequate 

wastewater treatment facilities [3]. The World Health 

Organization (WHO) underscores the urgency of 

reducing antibiotic use and developing efficient 

treatment strategies [4]. Over the past 50 years, 

antibiotics have played a pivotal role in inhibiting the 

growth or metabolic activity of microorganisms, 

leading to South Asian countries being at the forefront 

of antibiotic consumption [5], [6]. 

This paper examines the origins, challenges, and 

risks of environmental antibiotics, emphasizing β-

lactam antibiotics, which constitute about 60% of 

global antibiotic use [2], and more persistent types 

such as tetracyclines, aminoglycosides, and 

macrolides. In Vietnam, pharmaceutical manufacturing 

leads to the discharge of antibiotic residues into water 

systems, posing environmental risks. Thai et al., [7] 

detected antibiotics like ampicillin, cefuroxime, and 

ciprofloxacin in wastewater, particularly from 

pharmaceutical plants, with sulfonamides and 

quinolones found at high concentrations, contributing 

to antibiotic resistance. While some antibiotics, such 

as β-lactams, degrade quickly, others like tetracyclines 

(e.g., oxytetracycline) persist in water and soil, 

exacerbating contamination. Though these residues 

can suppress harmful pathogens and enhance 

microbial biodegradation, they also act as selective 

pressures that encourage microbial communities to 

evolve and break down contaminants [8], [9]. 

However, these benefits are outweighed by the risks 

of resistance development, ecosystem disruption, and 

health threats through contaminated food and water.  

OTC, a common tetracycline antibiotic, presents 

environmental challenges due to its in livestock and 

aquaculture [10]. Despite reports indicating that OTC 

concentrations in natural water bodies are as low as 

2.1 ppb, laboratory studies often employ 

concentrations of 50–200 ppm to mimic real-world 

scenarios where adsorption or accumulation has 

occurred [11]. The widespread use of OTC is driven 

by its low cost and high effectiveness, but this leads to 

environmental contamination, as 30–90% of the 

administered antibiotic is excreted unchanged by 

animals [12]. In some regions, like Austria, surface 

water has been found to contain OTC levels as high as 

46.91 ppm, while leachate samples in Shanghai have 

detected concentrations of 425.1 ppb. Furthermore, 

animal waste can carry up to 2.98 ppm of OTC, further 

contributing to pollution of both land and aquatic 

environments [11]. Understanding OTC degradation 

mechanisms is crucial for developing strategies to 

accelerate its environmental breakdown [13]. 

Antibiotics negatively impact wildlife, leading to 

bioaccumulation and long-term effects on various 

organisms [14]. Antibiotics in drinking water and food 

pose risks like antibiotic resistance, allergies, and 

toxicity. 

Effective measures are essential for removing 

antibiotics from wastewater before they enter drainage 

systems [15]. Technologies such as electrolysis, 

membrane filtration, and advanced oxidation 

processes (AOPs) have been developed to address 

antibiotic pollution, but high costs and energy 

consumption limit their adoption [15]. Among the 

AOPs, photocatalysis using semiconductor materials, 

particularly TiO2, is notable for effectively eliminating 

antibiotics in water [16]. TiO2 photocatalysis is 

appealing due to its low cost, non-toxicity, chemical 

stability, and high electron exchangeability [17]. The 

photocatalytic mechanism of TiO2 generates active 

radicals (•OH and •O2
-) that decompose organic 

pollutants [18]. Previous studies demonstrate the 

global application of TiO2 photocatalysis in antibiotic 

degradation. In a case study in Vietnam, Tien et al., 

[19] reported 80% degradation of enrofloxacin using 

TiO2 (P25) after 120 min under 40W mercury lamp 

irradiation. In other countries, Kakavandi et. al., [20] 

utilized modified TiO2 for 93% degradation of 

tetracycline under UV/ultrasound irradiation. 

Similarly, Cai and Hu [21] reported 90% efficiency for 

sulfamethoxazole and trimethoprim using TiO2 under 

UVA/LED light in 40 min. Additionally, TiO2 

synthesized via sol-gel methods has shown a 34.65% 

efficiency for Rhodamine-B degradation [22]. Bi-

doped TiO2 achieved 79.84% degradation of 

Rhodamine-B, while Ni-doped TiO2 and Al/Ni-doped 

TiO2 demonstrated 93% and high degradation 

efficiencies for Methylene Blue, respectively [23], 

[24]. Collectively, these studies underscore the 

versatility and effectiveness of TiO2 in antibiotic 

degradation, reinforcing the potential of TiO2 

photocatalysis as a sustainable solution to 

environmental contamination by antibiotics.  

This study provides a theoretical framework for 

assessing TiO2 photocatalysis in treating OTC 

antibiotics, contributing to ongoing research on TiO2 

nanomaterials. The research outcomes offer insights 

into the reaction conditions and mechanisms that 

enhance TiO2 photocatalytic capabilities, supporting 

future research and practical implementation. 
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Addressing antibiotic residues in wastewater is urgent, 

highlighting the potential application of photocatalysis 

in environmental remediation. 

 

2 Materials and Methods 

 

2.1 Chemicals and experimental equipment 

 

OTC (C22H24N2O9) was procured from Kushan 

(China) as the target antibiotic. Commercial Degussa 

P25 TiO2 nanopowder from Degussa AG (Germany) 

served as the photocatalyst. Key oxidizing agents 

included hydrogen peroxide (H2O2) from Duc Giang 

(Vietnam), potassium peroxydisulfate (PDS, K2S2O8) 

from Xilong (China) and potassium 

peroxomonosulfate (PMS, oxone, 

2KHSO5.KHSO4.K2SO4) from Macklin (China). 

Sodium hydroxide (NaOH) and sulfuric acid (H2SO4) 

were obtained from Xilong (China). For radical 

scavenging tests, ammonium oxalate monohydrate 

((NH4)2C2O4.H2O, AO) was sourced from Shanghai 

Zhanyun (China), methanol (CH3OH, MT) from 

Xilong (China), sodium azide (NaN3, NN) from 

Himedia (India), and p-Benzoquinone (C6H4O2, BQ) 

from Merck (Germany). 

Photocatalytic activity was evaluated using a 

UV-visible spectrophotometer (DR6000, Hach, USA) 

to track OTC concentrations. Degradation efficiency 

was calculated as Equation (1): 

 

Degradation efficiency at t % =
(𝐶𝑖−𝐶𝑡)

𝐶𝑖
× 100  (1) 

 

Where Ci is the initial OTC concentration and Ct is the 

concentration at time t. FTIR identified functional 

groups involved in OTC degradation, and XRD 

analyzed changes in the TiO2 crystalline structure 

before and after photocatalytic reactions [25]. 

Instrumentation utilized in the study included a 

3W air pump, 25W magnet stirrer, and 8W UV lamps 

for analysis and photocatalytic processes. 

Morphological analysis of TiO2 was conducted using 

scanning electron microscopy (SEM) equipped with 

energy-dispersive X-ray spectroscopy (EDX) on the 

JSM-IT200 equipment (JEOL, Japan). Chemical 

composition and functional groups present in the TiO2 

were analyzed using Fourier-transform infrared 

spectroscopy (FTIR) on the FT/IR-6X spectrometer 

(JASCO, Japan). X-ray diffraction (XRD) was 

performed using a D2 Phaser diffractometer (Bruker, 

Germany) to examine the crystalline structure of the 

materials. Optical properties were assessed using a 

spectrophotometer (U-3010, Hitachi, Japan). The 

identification of intermediates formed during OTC 

degradation was carried out using ultra-performance 

liquid chromatography-mass spectrometry (UPLC-

MS/MS) on a Waters Xevo TDQ system (Waters, USA). 

 

2.2 Chemicals and experimental equipment 

 

OTC degradation experiments were conducted using a 

suspended photocatalytic model (Figure 1). Synthetic 

wastewater containing OTC and TiO2 catalyst 

material was introduced into a reaction tank. The study 

involved the utilization of synthetic wastewater 

samples spiked with OTC antibiotic residues, which 

served as the primary subject of investigation. The 

synthetic wastewater was prepared in-house using 

distilled water and a known concentration of OTC to 

simulate real-world wastewater conditions. No human 

or animal subjects were involved in this research.  

The reaction was initiated by aeration, mixing by 

magnetic stirrer, and the addition of oxidants (PDS, 

PMS, H2O2) under UV light exposure from an 8W 

black lamp positioned at the center of a reaction tank 

with a 100 mm diameter. Sampling at defined intervals 

(5 to 180 min) allowed for the assessment of treatment 

efficiency over time. Subsequent centrifugation and 

UV-Vis analysis were conducted to determine OTC. 
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(1) Magnetic stirrer; 
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stirring bars;

(3) Glass bottle; 

(4) Air pump; 

(5) Power supply 
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Figure 1: Experimental model for OTC photocatalytic 

degradation. 

 

This study first investigates the photocatalytic 

degradation of OTC using P25 catalysts calcined at 

temperatures between 300 and 700 °C, testing their 

efficiency over various durations. The most efficient 
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catalyst was selected for further experiments (Section 

3.2). Subsequent tests explored different TiO2 

photocatalyst and oxidant concentrations, and pH 

levels to determine optimal conditions for further 

experiments. The experiments were performed using 

catalyst concentrations between 100 and 500 ppm, 

with a fixed initial OTC concentration of 10 ppm, and 

PDS concentrations also ranging from 100 to 500 

ppm. The pH values tested spanned from 3 to 11, with 

no adjustment made at the natural pH of 4.8. 

Experiments TN1 to TN30 examined OTC 

degradation with P25 under varying conditions, 

including UV light, different oxidants (H2O2, PDS, 

PMS), and stirring conditions. Finally, the study 

focused on detecting free radicals generated during 

photocatalysis and their effect on OTC treatment. 

Radical tests were performed using BQ for superoxide 

(•O2
−), AO for photogenerated holes (h+), NN for 

singlet oxygen (1O2), and MT for hydroxyl (•OH) 

radicals, all at a concentration of 5 mM. 

 

3 Results and Discussion 

 

3.1 Properties of P25 nanomaterial  

 

In Figure 2, P25 calcinated at varying temperatures 

(300, 400, 500, 600, and 700 °C) was used for the 

photocatalytic degradation of OTC across different 

durations. The experiments were conducted with a 

fixed PDS concentration of 100 ppm, an unadjusted 

pH of 4.8, and an initial OTC concentration of 10 ppm. 

Among the samples, the result of the “P25/500” 

experiment was the most significant, demonstrating 

the highest efficiency, achieving 96.62% degradation 

after 180 min. Interestingly, the efficiency of P25/500 

began to surpass the other samples around the 45 min 

mark, indicating its superior performance in 

accelerating the reaction rate early in the degradation 

process. Additionally, at 90 min, P25/500 exhibited a 

notable increase, clearly outpacing both P25/600 and 

P25/700. This suggests that the optimal calcination 

temperature of 500 °C provides a balance between 

structural and surface properties that maximize 

photocatalytic activity. 

In contrast, the experiments with “P25/700” and 

“P25/600” showed peak efficiency occurred after 180 

min as well, although their performances were slightly 

lower than that of P25/500. This highlights the 

significance of extended exposure to UV irradiation 

for the degradation of OTC, particularly for these 

higher-temperature calcinated samples. 

 

 
Figure 2: Effect of P25 treatment temperature on OTC 

photocatalytic degradation efficiency. 

 

The lower temperature samples, “P25/400” and 

“P25/300,” reached high efficiencies faster, around 

the 90-min mark, but showed signs of plateauing 

earlier than P25/500. This suggests quicker reactions 

but potential saturation points for these materials, 

where the prolonged exposure did not significantly 

improve their degradation performance. When 

compared to the “no catalyst” experiment, which only 

achieved 31.79% degradation after 180 min, it 

becomes evident that the photocatalyst plays a crucial 

role in enhancing the degradation of OTC. The 

“P25/500” catalyst, in particular, stands out for its 

superior degradation efficiency and was thus selected 

for further detailed analysis. Thus, the calcination 

temperature of 500 °C was selected for the subsequent 

control experiments as it demonstrated the highest 

efficiency in OTC degradation. 

SEM and EDX were used to analyze the 

morphology and elemental composition of the 

synthesized TiO2 catalyst (P25/500). SEM images 

revealed a structure more akin to pristine P25 rather 

than the anticipated tubular and porous TiO2 

morphology (Figures 3(a) and (b)). The SEM analysis 

reveals distinct differences in particle size and 

morphology between calcined TiO2 (P25/500) and 

commercial P25. P25/500 exhibits larger, more 

irregular particles due to the calcination process, while 

pristine P25 maintains a finer, more uniform particle 

distribution characteristic of sol-gel synthesis. Both 

samples show agglomeration, which may affect their 

performance in photocatalytic applications. The 

structural similarity to the commercial form suggests 

that calcination at 500 °C enhances photocatalytic 

activity without significant morphological changes. 
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Figure 3: SEM images of (a) commercial Degussa P25, (b) P25/500 (catalyst calcinated at 500 °C), (c) to (f) 

corresponding elemental mapping, (g) EDX of P25/500. 

 

EDX and elemental mapping showed a uniform 

distribution of titanium (Ti) and oxygen (O), with 

minimal carbon (C) presence (Figures 3(c)–(g)). The 

presence of carbon may be attributed to surface 

contamination or sample preparation. However, this 

does not appear to impact the overall elemental 

distribution or the catalyst's performance, as the 

measured values for Ti and O align well with the 

expected stoichiometry of TiO2. The EDX analysis of 

P25/500 exhibited peaks for Ti (Kα at 4.51 keV, K at 

4.91 keV), O (0.52 keV), and C (0.28 keV). 

Quantitative analysis indicated approximately 35.58% 

O, 16.94% C, and 47.48% Ti, aligning with the 

expected composition of TiO2, confirming consistency 

with unmodified P25. Despite the lack of visible 

structural changes, P25/500 exhibits superior catalytic 

performance in degradation experiments, likely due to 

improved crystallinity or electronic properties from 

calcination. The consistent elemental composition 

further confirms the quality of the synthesized catalyst 

and underscores the minimal effect of surface 

impurities on its functionality. 

The optical properties of the photocatalyst were 

examined using UV-Vis spectroscopy, revealing a 

band gap of approximately 3.3 eV for P25, consistent 

with literature values (3 to 3.2 eV) for commercial 

Degussa P25 (Figure 4(a)) [26], [27]. 
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Figure 4: (a) UV–Vis absorption spectrum, (b) XRD, and (c) FTIR of P25/500. 

 

XRD analysis with Cu-Kα X-rays (λ = 1.5406 Å) 

showed distinct peaks indicating the crystalline nature 

of TiO2 nanoparticles. Both pristine and calcined P25 

samples exhibited anatase and rutile phases with peaks 

consistent with known crystal indices [25]. Anatase 

peaks such as (101) at 25.9°, (004) at 38.3°, (200) at 

48.6°, (211) at 55.6°, (213) at 63.3°, (220) at 70.8°, 

and (215) at 75.5°, along with rutile peaks (301) at 

69.01° and (211) at 54.4° (according to PDF card 

No.021-1276 and 021-1272), are identifiable and 

consistent with the expected crystal indices [28]. 

Changes in peak positions or intensities between the 

pristine and calcined samples may indicate phase 

transformations or crystal growth (Figure 4(b)). 

In Figure 4(c), FTIR spectra of pristine and 

calcined P25 revealed vibrational modes indicating 

TiO2’s chemical composition and structure [25]. Key 

peaks include Ti-O-Ti bonding at 669 cm–1 in the 

pristine sample, shifting to around 645 cm–1 post-

calcination, indicating lattice alterations due to 

thermal stress. The presence of peaks around 1560–

1600 cm–1 and 2300 cm–1 (CO2 absorption) was noted. 

The absence of peaks at 1740 cm–1 suggests minimal 

carbonyl groups, indicating high TiO2 purity. Broader 

wavenumber observations feature peaks around 3500 

cm–1, representing O-H stretching vibrations from 

surface hydroxyl groups [29]. 

 

3.2 Study of the reaction mechanism of photocatalyst 

in OTC degradation 
 

3.2.1  Control experiments with OTC only 

 

Control experiments without a catalyst were 

conducted with stirring (TN1) and UV irradiation with 

air exposure (TN2) (see Figure 5). The results show 

that UV irradiation and aeration are crucial for OTC 

degradation. UV light induces photolysis, breaking 

down OTC molecules, while aeration facilitates 

oxidative processes. The decrease in OTC 

concentration over time under TN2, where both UV 

irradiation and aeration are present, indicates active 

degradation mechanisms. In contrast, TN1, with only 

stirring and no UV irradiation, showed a slower 

degradation rate, highlighting the importance of UV 

light and aeration. 

Compared to the study of Felis et al., [30], solar-

driven processes achieved significant removal rates of 

trimethoprim and tetracycline to almost completely 

eliminated levels. According to Jin et al., [31], the 

direct photolysis of OTC, influenced by pH, 

concentration, and temperature, involves significant 

energy dissipation pathways and exhibits varying 

quantum yields among OTC species, setting the stage 

for comparison with the more robust and efficient 

photocatalysis process. These findings underscore the 

environmental significance of UV irradiation and 
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aeration in facilitating the natural degradation of 

antibiotics in aquatic environments, highlighting the 

potential for these processes to mitigate the presence 

of antibiotic residues and associated environmental 

risks.  

 

 
Figure 5: The photocatalytic degradation of OTC 

under catalyst-free conditions (TN1 and TN2). 

 

3.2.2 Control experiments with catalyst only 

 

In experiments, TN3 to TN6, the impact of P25/500, a 

commercial TiO2, was evaluated under different 

conditions (see Figure 6). In TN3, only stirring 

without UV irradiation and aeration during 

photocatalytic degradation of OTC with P25/500 

initially increased efficiency to 22% at 20 min but 

declined after 30 min, possibly due to site saturation 

or reactive species recombination. Conversely, TN4, 

with air exposure but no UV irradiation, saw a peak 

degradation efficiency of 40.41% at 180 min, 

indicating that prolonged air exposure is crucial for the 

degradation process. 

 

 
Figure 6: Impact of P25/500 catalyst on OTC 

degradation: UV, air, and stirring influences (TN3 to 

TN6). 

 

Adding UV irradiation with air exposure (TN5) 

significantly improved degradation efficiency to 

92.5% at 180 minutes, likely due to the generation of 

reactive oxygen species (ROS). Stirring with UV 

irradiation alone (TN6) also achieved a high efficiency 

of 93.86% at 180 minutes, confirming UV light as a 

key factor in OTC photocatalytic degradation. 

 

 

 
Figure 7: Energy consumption and degradation 

efficiency of (a) OTC degradation under UV, air, and 

stirring influences (TN3 to TN6) and (b) different 

P25/500 dosage. Note: 1:200P5-nPDS/UV/Air: 

200ppm P25/500 without PDS, UV irradiation, and 

aeration; 2:200P5-nPDS/UV: 200ppm P25/500 

without PDS and UV irradiation; 3:200P5-nPDS/Air: 

200ppm P25/500 without PDS and aeration; 4:200P5-

nPDS: 200ppm P25/500 without PDS; 5:100P5-F: 

100ppm P25/500 with full operational conditions; and 

6:500P5-F: 500ppm P25/500 with full operational 

conditions. 
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Figure 7 illustrates the comparison of energy 

consumption and degradation efficiency across 

various setups. In Figure 7(a), TN3, powered by a 

25W magnetic stirrer, consumes 37.5 Wh in 90 

minutes and 75 Wh in 180 min, demonstrating a higher 

specific energy consumption (SEC) for 

oxytetracycline (OTC) degradation, primarily due to 

the absence of UV irradiation and aeration. Although 

TN3 consumes moderate energy, its low degradation 

efficiency renders it less cost-effective compared to 

TN5 and TN6. TN4, utilizing a 3W air pump, is the 

most energy-efficient (4.5 Wh at 90 min), but its low 

degradation rate restricts its application in rapid 

treatments. TN5, combining an 8W UV lamp and a 

3W air pump, optimizes energy consumption and 

efficiency (42 Wh in 180 min), while TN6, operating 

solely with UV light, achieves high degradation with 

lower energy use (24 Wh). In Figure 7(b), the 

comparison of different operational conditions (no 

PDS oxidant-“nPDS”, UV irradiation-“UV”, 

Aeration-“Air”, and full operational condition-“F”) 

and catalyst dosages (100 ppm-“100P” to 500 ppm-

“500”) reveals that the lowest dosage (100P) achieves 

the highest degradation efficiency (5:100P5-F at 90 

minutes). Despite the lower energy intensity, the 

exclusion of PDS oxidant in this analysis is 

noteworthy, as adding PDS could raise costs and 

undermine the study's green chemistry focus. 

 

3.2.3  Control experiments with oxidants only 

 

In experiments TN19 to TN30, the focus was on 

exploring the photocatalytic degradation of OTC 

without the P25/500 catalyst (see Figure 8). These 

experiments examined various conditions: UV 

irradiation, stirring, and air exposure. TN19 to TN21 

analyzed the effect of UV irradiation with air exposure 

(Figure 8(a)); TN22 to TN24 studied the influence of 

H2O2 (Figure 8(b)); TN25 to TN27 explored the 

impact of stirring (Figure 8(c)); and TN28 to TN30 

combined H2O2 with stirring (Figure 8(d)). This 

investigation aimed to understand OTC degradation 

under diverse conditions without the P25/500 catalyst. 

 

 

        
 

     
 

Figure 8: Comparative analysis of OTC photocatalysis with H2O2, PDS, and PMS under (a) UV and air (TN19 

to TN21), (b) air (TN22 to TN24), (c) UV (TN25 to TN27), and (d) stirring influences (TN28 to TN30). 
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Experiments TN19 to TN21 analyzed the effect 

of UV irradiation with air exposure (Figure 8(a)). 

TN19, using H2O2 under UV and air, achieved 

approximately 39% efficiency. TN20, with UV and 

PDS, achieved around 32% efficiency, while TN21, 

with UV and PMS, showed about 77% efficiency. 

This highlights the significant role of UV light in 

enhancing the degradation efficiency. Experiments 

TN22 to TN24 studied the influence of H2O2 without 

UV (Figure 8(b)). TN22, without UV, had 

approximately 25% efficiency, underscoring the 

importance of UV light in the degradation process. 

TN23, with PDS and no UV, showed around 16% 

efficiency. TN24, with PMS and no UV, maintained 

about 68% efficiency, indicating that PMS is 

relatively effective even without UV. Experiments 

TN25 to TN27 explored the impact of stirring (Figure 

8(c)). TN25, using H2O2 without stirring, achieved 

approximately 25% efficiency. TN26, with PDS and 

stirring, showed around 26% efficiency. TN27, with 

PMS and no stirring, achieved about 68% efficiency. 

These results suggest that stirring alone does not 

significantly enhance degradation efficiency 

compared to the use of PMS. Experiments TN28 to 

TN30 combined H2O2 with stirring (Figure 8(d)). 

TN28, using H2O2, achieved approximately 41% 

efficiency. TN29, with PDS, showed around 45% 

efficiency. TN30, using PMS, achieved the highest 

efficiency at about 72%. These results indicate the 

positive impact of stirring on OTC degradation.  

Comparing TN19 to TN21 (air exposure) and 

TN25 to TN27 (no air exposure) offers insights into 

environmental conditions’ impact on OTC 

degradation. TN19 to TN21, with air, showed H2O2, 

PDS, and PMS degradation efficiencies of 10.76%, 

10.07%, and 10.76%. Without air, TN25 to TN27 

showed higher efficiencies of 9.72%, 11.45%, and 

10.07%. This suggests that the absence of air enhances 

OTC degradation. TN22 to TN30 results highlight 

different experimental conditions’ impact on OTC 

degradation. TN22 to TN24, with air, had H2O2, PDS, 

and PMS efficiencies of 10.41%, 9.38%, and 9.72%. 

TN25 to TN27, under UV, showed H2O2, PDS, and 

PMS efficiencies of 9.72%, 11.45%, and 10.07%, 

demonstrating UV's pivotal role. TN28 to TN30, with 

stirring, had efficiencies of 10.76%, 10.76%, and 

13.17%, indicating improved mass transfer and 

reaction kinetics. 

PDS is chosen over PMS due to its superior 

performance in UV-assisted photodegradation, where 

the focus is on controlled radical generation. While 

PMS shows higher degradation efficiency without 

UV, it primarily follows an oxidation process, 

generating both sulfate and hydroxyl radicals. PDS, on 

the other hand, efficiently produces sulfate radicals 

under UV, ensuring sustained and selective 

photodegradation. This controlled reactivity under UV 

irradiation makes PDS a better fit for processes 

requiring precise management of the photocatalytic 

degradation pathway. 

 

3.2.4  Experiments with photocatalyst (P25/500) 

under various conditions 

 

The catalysts investigated include P25/500 combined 

with H2O2, PDS, and PMS, under UV irradiation and 

air exposure (see Figure 9). The following paragraphs 

present a comprehensive analysis of the results. The 

experimental groups (a) TN7 to TN9, (b) TN10 to 

TN12, (c) TN13 to TN15, and (d) TN16 to TN18 

represent distinct conditions in the photocatalytic 

degradation of OTC employing P25/500 catalyst.  

In Figure 9(a), the photocatalytic degradation 

efficiency improved over time, reaching 83.52% after 

180 minutes (TN7). This indicates the synergistic 

effect of P25/500 and H2O2, combined with UV 

irradiation and air exposure, significantly enhances 

OTC degradation. The addition of H2O2 accelerates 

this process. PDS alongside P25/500 (TN8) showed a 

remarkable OTC degradation efficiency of 96.62%, 

and the combination of P25/500 and PMS under UV 

irradiation and air exposure (TN9) achieved 95.93%. 

In Figure 9(b), TN10 (H2O2 and UV) showed 

consistent improvements in OTC degradation, 

reducing concentrations from 8.4 to 1.6 and achieving 

83.52% removal efficiency. TN11 (PDS and UV) 

exhibited rapid degradation, stabilizing concentrations 

from 7.8 to 0.3, with 96.62% efficiency. TN12 (PMS 

and UV) reduced OTC concentrations from 8.3 to 0.4, 

resulting in 95.93% efficiency. Comparing TN7 to 

TN9 and TN10 to TN12 reveals that the absence of air 

enhances the efficiency of OTC degradation when 

using P25/500 with various catalytic agents. 
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Figure 9: Comparative analysis of OTC 

photocatalysis: P25/500 with H2O2, PDS, and PMS 

under (a) UV and air (TN7 to TN9), (b) UV (TN10 to 

TN12), (c) stirring (TN13 to TN15), and (d) air 

influences 

 

 

Stirring enhances mass transfer and promotes 

better contact between the catalyst and pollutant [32]. 

In TiO2 photocatalytic processes, stirring improves 

mass transfer and catalyst dispersion, enhancing 

pollutant degradation. Aeration, by acting as an 

electron scavenger (providing oxygen), reduces 

charge recombination and boosts reaction rates, 

particularly for TiO2, which benefits from additional 

oxygen as an electron acceptor [33]. However, 

excessive stirring can lessen the impact of aeration by 

reducing the effectiveness of air dissolution. 

Therefore, balancing stirring and aeration is key to 

optimizing photocatalytic performance [34]. In    
Figure 9(c), TN13 to TN15 involve P25/500 with 

H2O2, PDS, and PMS under stirring. TN13 (H2O2) 

reached 31.10% after 180 min, TN14 (PDS) achieved 

40.76%, and TN15 (PMS) demonstrated an 

exceptional 95.24%, emphasizing the critical role of 

stirring in pollutant degradation. 

In Figure 9(d), TN16 to TN18 analyzes the 

photocatalytic degradation of OTC using P25/500 

with different oxidants (H2O2, PDS, PMS) under air 

exposure. TN16 (H2O2) showed steady efficiency, 

reaching 20.76% at 5 minutes. TN17 (PDS) and TN18 

(PMS) followed similar trends, with TN18 peaking at 

76.97%. Comparing TN7 to TN9 and TN16 to TN18 

shows significant differences in OTC degradation 

under varying conditions. TN16 to TN18, without UV 

irradiation, demonstrated comparable or higher 

efficiencies than TN7 to TN9. This suggests that 

P25/500 with oxidants under air exposure can achieve 

significant OTC degradation, indicating potential for 

wastewater treatment applications. 

 

3.2.5  Comparative analysis of catalytic degradation 

under various conditions 

 

The data highlights the distinct roles of the oxidant 

alone (TN23, TN29), catalyst alone (TN14, TN17), 

and catalyst with oxidant (TN8, TN11) in the catalytic 

degradation process (see Figure 10).  

In TN23 and TN29, where only the oxidant PDS 

is present, the ln(C0/C) values remain relatively high, 

indicating the limited efficacy of PDS alone in 

catalyzing degradation. In TN17 (P25/500 with PDS 

under air) and TN14 (P25/500 with PDS under 

stirring), there is a moderate decrease in ln(C0/C) 

values, suggesting that P25/500 alone has some 

catalytic ability, enhanced by stirring in TN14. TN8 

(P25/500 + PDS + UV + Air) and TN11 (P25/500 + 

PDS + UV) show the most significant decrease in 
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ln(C0/C), indicating that the combination of P25/500, 

PDS, and UV synergistically enhances degradation. 

 

 
Figure 10: Comparative analysis of OTC 

photocatalytic degradation by different combinations 

of P25/500 catalyst and PDS under various conditions. 

 

 
Figure 11: Comparative analysis of OTC 

photocatalytic degradation by different combinations 

of P25/500 catalyst and H2O2 under various 

conditions. 

 

 
Figure 12: Comparative analysis of OTC 

photocatalytic degradation by different combinations 

of P25/500 catalyst and PMS under various 

conditions. 

 

Figure 11 presents data on the degradation of a 

substance under various conditions involving different 

combinations of a P25/500, an oxidant (H2O2), and 

different environmental factors such as UV 

irradiation, stirring, and air exposure. The 

effectiveness of degradation varies significantly 

depending on the experimental conditions. The 

presence of TiO2 enhances the degradation process, as 

seen by comparing TN22 and TN28 (oxidant alone) 

with TN16 and TN13 (catalyst and oxidant). UV 

irradiation further enhances degradation, as seen in 

TN10 compared to TN7. Stirring facilitates the 

degradation process, as evidenced by comparing 

TN16 and TN13. Air exposure does not significantly 

influence degradation under the given conditions, as 

seen by comparing TN14 and TN17.  

Figure 12 shows the degradation of a substance 

under various experimental conditions with different 

combinations of catalysts, oxidants, UV irradiation, 

stirring, and air exposure. The catalyst used is 

P25/500, and the oxidant is potassium peroxydisulfate 

(PMS). The degradation efficiency varies over time 

with different conditions. PMS alone shows gradual 

degradation, while the combination of P25/500 and 

PMS enhances degradation efficiency. UV irradiation, 

stirring, and air exposure also influence the 

degradation process, with UV and stirring generally 

enhancing efficiency, while air exposure alone has a 

limited effect. Overall, the data highlights the complex 

interplay between catalyst, oxidant, and 

environmental factors in the degradation process, 

suggesting further analysis is necessary to optimize 

conditions for efficient degradation, potentially 

informing environmental remediation strategies. 

 

3.3 Evaluation of experimental conditions for 

control experiments 

 

3.3.1  Effect of pH value 

 

Figure 13 shows the photocatalytic degradation 

efficiency (%) of oxytetracycline by P25/500 with 

PDS under different pH levels. Higher efficiencies are 

observed at values under pH 6 (including “No 

adjustment”), with optimal stability at pH 4.8. 

Efficiency increases with UV irradiation time, 

emphasizing UV light's crucial role. Stirring enhances 

degradation, especially at lower pH levels, while air 

exposure has a limited impact. At pH 3, efficiency 

improves from 20.41% at 5 min to 88.34% at 180 min, 

and at pH 4, it reaches 93.86% at 180 min, indicating 

a favorable slightly acidic to neutral range. 

Efficiencies at pH 5 and pH 6 peak at 86.97% and 

86.28%, respectively, with a peak of 68.34% at pH 11. 

Remarkably, at no adjustment pH level of 4.8, 
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efficiencies remain consistently above 90%, leading to 

its selection for further subsequent experiments. 

 

 
Figure 13: Photocatalytic degradation efficiency of 

OTC by P25/500 with PDS under various pH levels. 

 

During the photocatalytic degradation of OTC in 

real wastewater starting at pH 5.2, a gradual drop in 

pH was observed. In the first 30 min, the pH decreased 

to around 4.9, likely due to the formation of acidic 

intermediates from OTC breakdown. By 120 min, the 

pH dropped further to 4.3, indicating continued 

production of acidic byproducts, such as carboxylic 

acids and CO2. In the final phase (120–180 min), the 

pH stabilized around 4.4–4.5, suggesting a balance 

between the generation of acidic intermediates and 

their mineralization. This acidification is favorable for 

OTC degradation, as it enhances the interaction 

between the protonated TiO2 surface and OTC 

molecules, improving photocatalytic efficiency. These 

results highlight the importance of pH stability in 

catalytic reactions and suggest that photocatalysis 

applications can align with green chemistry principles 

by operating effectively within a neutral pH range. 

 

3.3.2  Effect of catalyst dosage 

 

The investigation into the impact of oxidant PDS 

concentration, in conjunction with catalyst P25/500, 

on OTC photocatalytic degradation offers valuable 

insights into optimizing treatment conditions (see 

Figures 14 and 15). 

Initially, at a fixed PDS concentration of 0.5g, 

increasing the P25/500 concentration from 100 to 500 

ppm (with a ratio ranging from 1:1 to 1:5) led to a 

noticeable enhancement in photocatalytic 

degradation, achieving a peak OTC degradation 

efficiency of nearly 100% (ln(C0/C) ≈ 4.3) after 180 

minutes (Figure 14). This highlights the significant 

role of higher PDS concentrations in enhancing 

photocatalytic activity. 

   
Figure 14: Comparative analysis of OTC 

photocatalysis degradation by different concentration 

ratios of P25/500 catalyst with PDS under UV 

influence. 

 

  
Figure 15: Comparative analysis of OTC 

photocatalysis degradation by P25/500 catalyst with 

different concentrations of PDS under UV influence. 

 

However, as the PDS concentration decreases 

from 100 to 500 ppm while keeping P25/500 constant 

at 500 ppm, there is a gradual reduction in OTC 

degradation efficiency (Figure 15). Despite the 

decrement, a substantial removal efficiency of 96.62% 

(ln(C0/C) ≈ 3.4) is maintained at the lowest PDS 

concentration. This indicates the robustness of the 

photocatalytic system, even under suboptimal PDS 

concentrations, potentially offering cost-effective 

alternatives for large-scale applications. Comparative 

analysis of lower PDS concentrations (200, 300, and 

400 ppm) shows a proportional relationship between 

PDS concentration and OTC removal efficiency, 

peaking at 98.34% (ln(C0/C) ≈ 3.9) at a 200 ppm 

concentration after 180 minutes. This suggests a 

threshold concentration beyond, which further 

increases may not significantly enhance degradation 

efficiency. The findings indicate that P25/500 at 

500ppm provides the optimal balance for efficient 

OTC degradation under the experimental conditions. 

In comparison, Azadi et al., [35], employing the 

response surface methodology for optimization, 
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achieved a maximum OTC degradation efficiency of 

89.3% under the conditions of 0.28 g/L P25/Fe0/ZnO 

at 3.02 mg/L of PDS and pH 7.5 after 120 min. 

 

3.3.3  Effect of light source 

 

The comparison between natural sunlight and UV-

driven photocatalysis was evaluated under identical 

conditions (catalyst and PDS dosage, stirring, and 

aeration), as shown in Figure 16. 

 

 
Figure 16: Comparison of OTC degradation 

efficiency over time between natural light-driven and 

UV-driven photocatalytic systems. 

 

The UV-driven system demonstrated 

significantly faster degradation, with 97.66% 

efficiency at 180 minutes, compared to 90.07% under 

natural light. The higher initial degradation in the 

natural light-driven system (48.69%) compared to 

UV-driven (18.34%) is attributed to the adsorption 

process during the 30-min-period without irradiation. 

Both experiments were shielded from light, ensuring 

that no irradiation influenced the adsorption phase. 

However, slight variations in the catalyst's surface 

charge, ambient temperature, or mixing efficiency 

could have contributed to improved adsorption in the 

natural light-driven setup. After 60 min, the UV-

driven setup outpaced the natural light system, 

reaching 84.55% degradation versus 88.69% for 

natural light. By contrast, Zhang et. al., [36] reported 

a degradation efficiency of approximately 60% after 5 

h under conditions of pH 5.7 with 10 ppm OTC and 

500 ppm TiO2. This trend continues, with UV-driven 

degradation efficiency reaching 96.28% by 150 min, 

compared to 90.41% for natural light. The UV-driven 

system’s consistency and higher energy intensity led 

to superior performance in a controlled environment. 

However, natural sunlight remains an attractive option 

for large-scale applications due to lower operational 

costs, despite its lower and more variable efficiency. 

Practical implementation would require optimizing 

natural sunlight systems to maintain performance 

levels comparable to UV-driven systems. 

 

3.4 Practical application of P25/500 in real-world 

scenario 

 

An additional experiment was conducted using an 

actual water sample collected from a natural water 

body with an initial OTC concentration of 8.45 ppm, 

compared to the standard laboratory experiments 

under identical conditions (500 ppm P25 catalyst, 500 

ppm peroxydisulfate (PDS), UV irradiation, stirring, 

and aeration) (see Figure 17). This experiment aimed 

to evaluate the performance of the photocatalytic 

system in a real-world scenario. 

 

 
Figure 17: Comparative degradation efficiency of 

OTC in natural water sample versus synthetic 

solution. 

 

The degradation efficiency in the actual water 

sample showed a notable decrease compared to 

synthetic OTC solutions. In the lab-controlled 

environment, OTC degradation reached over 90% at 

the 90-min mark, while the natural water sample 

achieved that degradation efficiency after 180 min. 

This decline can be attributed to several factors 

inherent to real-world water matrices, including the 

presence of organic matter, suspended solids, and 

inorganic ions (e.g., carbonate, chloride, nitrate) that 

may interfere with the photocatalytic process by 

scavenging reactive radicals or adsorbing onto the 

catalyst surface [37]. 

In practical applications, these findings suggest 

that while the P25/500 system performs well in 

controlled conditions, additional treatment steps may 

be required for natural water matrices to enhance its 

efficacy. Pre-treatment methods, such as filtration to 

remove suspended particles, or the addition of radical-

enhancing agents, could potentially improve 
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degradation rates. Furthermore, the robustness of the 

system needs to be evaluated for varying 

environmental conditions, such as fluctuations in pH, 

ionic strength, and organic load, which are often 

observed in water bodies. 

Recycling experiments were conducted to 

evaluate the potential degradation efficiency of 

P25/500 over time using an initial 10 ppm 

oxytetracycline (OTC) concentration, 300 ppm 

catalyst, and 500 ppm peroxydisulfate (PDS) across 

four 180-min cycles. The data presented in Figure 18 

provides a detailed view of the system's performance 

across these cycles. 

 

 
Figure 18: Degradation efficiency of OTC over four 

180-min cycles using P25/500 catalyst. 

 

In the first cycle, the degradation follows a 

typical logarithmic trend increasing steadily from the 

5-min mark to the 180-min mark, demonstrating the 

strong oxidative capacity of the P25/500 catalyst and 

PDS combination. However, in subsequent cycles, the 

degradation rate decreases noticeably, especially after 

each 180-min interval suggesting partial deactivation 

of the catalyst over time. The degradation efficiency 

remains high throughout the cycles but exhibits a 

slight decline with each subsequent cycle. In the first 

cycle, degradation reaches 99.03% after 180 min, 

demonstrating strong catalytic performance. 

However, by the fourth cycle, efficiency slightly 

decreases to 96.62%. Additionally, Zaaboul et. al., 

[38] demonstrated that the P25 catalyst retains a 

substantial adsorption capacity for RB-203 dye after 

multiple photocatalysis cycles, although a reduction in 

efficiency is noted after multiple photocatalysis 

cycles, further emphasizing the importance of 

understanding catalyst behavior over repeated use in 

photocatalytic applications. 

The decline in degradation efficiency of OTC 

using P25/500 after each cycle can be attributed to 

catalyst deactivation due to surface fouling, loss of 

active sites, and incomplete regeneration during the 

filtration, centrifugation, and drying steps between 

cycles. Despite these limitations, the catalyst 

maintains a reasonable degree of activity, as 

evidenced by ln(C0/Ct) values exceeding 3.5 by the 

end of each cycle. The plateau in degradation 

efficiency during the later stages of each cycle 

suggests that the reaction reaches equilibrium after 

prolonged exposure, limiting further OTC breakdown. 

This trend points to the role of PDS may decline over 

time, requiring re-dosing to maintain consistent 

radical generation. 

 

3.5 Degradation of OTC and identification of 

intermediates via UPLC-MS/MS analysis  

 

In this study, OTC was rapidly degraded within the 

first 5 min and almost disappeared by the 90-min 

mark. The MS spectra of OTC degradation products 

are exhibited in Figure 19. The degradation of OTC in 

the 2L model suspension showed a significant decline 

in the OTC peak intensity, with some peaks 

completely disappearing as reaction time increased. 

This suggests the rapid breakdown of OTC over time. 

Notably, an anionic fragment with a mass-to-charge 

(m/z) ratio of 163 emerged as a prominent 

intermediate product, detected at relatively high levels 

at the 5-min (Figure 19(b)), 30-min (Figure 19(c)), and 

90-min marks (Figure 19(d)). The blank sample, 

which contained only OTC at the beginning of the 

experiment, showed dominant ionic fragments with 

m/z values of 460 and 461—two forms of OTC—

indicating that no degradation products were present 

in the initial state (Figure 19(a)). 

The OTC peak sharply decreased or disappeared 

with the increase in the reaction time in 2L model 

suspension, and an anion with m/z of 163 was 

observed at a relatively high level at 5- (Figure 19(b)), 

30- (Figure 19(c)), and 90-min marks (Figure 19(d)), 

which may be the main intermediate product. While 

dominant ionic fragments of OTC were m/z of 460 and 

461 (two forms of OTC) in blank indicating that there 

is not any degradation product in these systems 

(Figure 19(a)). 
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Figure 19: UPLC-MS/MS spectra of OTC at different degradation times: (a) blank, (b) 5 min, (c) 30 min, and 

(d) 90 min. 

 

Based on the MS spectra shown in Figure 19, 

Figure 20 illustrates the proposed pathways by which 

OTC degrades into various intermediates. These 

pathways highlight how the major intermediates 

undergo transformations such as hydroxylation, 

hydrogenation, ring cleavage, ring-opening, 

demethylation, and dehydroxylation, ultimately 

leading to the formation of smaller organic molecules 

as degradation progresses. 

In the first pathway, OTC is initially converted 

into the intermediate O1 (m/z = 342) through the loss 

of an amide group, a hydroxyl group, and the 

conversion of dimethylamine to amine on the carbon 

ring. This intermediate undergoes further 

transformations, including dehydroxylation, ring-

opening, reduction, and demethylation, ultimately 

forming O11 (m/z = 163), which is consistent with the 

findings of Xin et al., [39]. In the second pathway, 

OTC transforms into O4 (m/z = 365) through a series 

of reactions such as hydrogenation, ring cleavage, 

hydroxylation, and side-chain modifications, 

reflecting the outcomes reported by Chen et al., [40]. 

The third pathway involves the formation of O7       
(m/z = 279) via the loss of carbonyl, hydroxyl, methyl, 

and amino groups, in agreement with the results of     
He et al., [41]. O7 is then converted into O8 (m/z = 

227) through additional dehydroxylation and 

demethylation steps. As degradation advances, the 
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intermediates undergo oxidation, producing smaller 

organic molecules with m/z values of 185, 179, 163, 

148, and 84, which are formed through dissociation 

and ring-opening reactions, in accordance with 

previous studies [42]–[44]. 

 

 

 
Figure 20: The proposed degradation by-product of OTC. 

 

3.6 Radical trapping tests 

 

Figure 21 shows the trends in OTC concentration over 

time under different radical scavengers: BQ, AO, NN, 

and MT. The analysis of these trends revealed their 

roles in photocatalytic degradation. 

In this experiment, the mole-based analysis 

reveals the critical role of superoxide radicals in OTC 

degradation. With a TiO2 concentration of 300 mg/L 

(3.76 mmol/L) and all scavengers at 5 mM (mole ratio 

of 1.33:1), BQ, a superoxide radical scavenger, 

completely inhibits degradation, reducing efficiency 

to 0% after 30 minutes. This indicates that superoxide 

radicals (•O2⁻) are the dominant species in the 

photocatalytic degradation process, serving as crucial 

oxidizing agents that initiate and sustain the 

degradation reactions. 

The role of different radicals in OTC degradation 

by P25 was investigated using various scavengers. 

The significant decrease in OTC degradation 

efficiency observed with BQ demonstrates its effect as 

a superoxide scavenger, resulting in a peak efficiency 

of only 1.79% after 15 min. This finding highlights the 

necessity of •O2⁻ in the degradation pathway. In 

contrast, the effects of other scavengers underscored 

the involvement of additional radicals. AO resulted in 

a gradual decrease in OTC concentration, achieving an 

efficiency of 76.62% after 180 min. This observation 

supports the role of photogenerated holes (h+) along 

with •O2⁻ radicals in the degradation process, as holes 
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are known to directly oxidize organic pollutants, 

thereby enhancing the degradation efficiency. 

 

 
Figure 21: Performances of OTC photocatalysis 

degradation by using P25/500 catalyst and PDS with 

different quenchers under UV influence.  

 

NN induced a notable reduction in OTC 

concentration, reaching an efficiency of 90.41% after 

180 min. This further substantiates the role of 1O2 in 

the degradation process, as NN selectively scavenges 
1O2, allowing for the continued oxidation of OTC 

through this pathway. The evidence suggests a 

synergistic action where both •O2⁻ and 1O2 actively 

participate in the mineralization of the antibiotic 

compound. MT led to a substantial decline in OTC 

concentration, with an efficiency of 96.97% after 180 

min. This result indicates the involvement of hydroxyl 

radicals (•OH), which, although may contribute less 

significantly than superoxide radicals, enhance the 

overall oxidative capacity of the system by reacting 

with various organic compounds. Therefore, the order 

of radical contribution was found to be •O2
− > h+  > 1O2 

>•OH, emphasizing the predominant role of 

superoxide radicals in the process. Understanding 

these interactions not only elucidates the degradation 

mechanism but also aids in optimizing photocatalytic 

processes for effective antibiotic removal from 

wastewater. In comparison, Demyanenko et. al., [45] 

revealed that singlet oxygen (1O2) adsorbed on the 

surface of TiO2 exhibits a bathochromic spectral shift 

and shortened lifetime due to its interaction with 

TiO2’s polar surface groups, which influences its 

nonradiative relaxation and efficiency in 

photocatalytic processes. 

 

3.7 Mechanisms of OTC photocatalytic degradation 

using TiO2 and PDS 

 

The photocatalytic degradation of OTC using TiO2 

with PDS involves a series of critical steps [46]. 

Initially, when TiO2 (specifically P25/500) is exposed 

to UV light with energy exceeding its band gap 

(approximately 3.2 eV [47]), electron-hole pairs are 

generated as described by Equation (2). 

 

TiO2 + hν → TiO2 (e− + h+) (2) 

 

These charge carriers are crucial for initiating 

photocatalytic reactions. The photo-generated 

electrons (e−) and holes (h+) then participate in redox 

reactions, leading to the formation of various ROSs 

such as superoxide radicals (•O2
−), hydroxyl radicals 

(•OH), and hydrogen peroxide (H2O2), as shown in 

Equations (3) and (4) [48]. The formation of hydroxyl 

radicals can also occur through the reaction of holes 

with hydroxide ions (OH−) (Equation 5) [49]. The 

electrons reduce oxygen to superoxide radicals, while 

the holes oxidize water to hydroxyl radicals. 

 

e− + O2 → •O2
− (3) 

 

h+ + H2O →  •OH + H+ (4) 

 

h+ + OH− → •OH (5) 

 

Additionally, superoxide radicals further react 

with protons to form hydrogen peroxide (H2O2) 

(Equation 6). 

 

2•O2
− + 2H+ → H2O2 + O2 (6) 

 

Under UV light, H2O2 decomposes to produce 

additional hydroxyl radicals (Equation 7) [50]. This 

chain of reactions significantly enhances the oxidative 

capacity of the system, contributing to the efficient 

degradation of OTC. 

 

H2O2 + hν → 2•OH (7) 

 

The introduction of PDS into the system 

provides an additional pathway for radical formation. 

PDS reacts with electrons to produce sulfate radicals 

(SO4
•−) (Equation 8) [51]. These sulfate radicals can 

further react with water to produce hydroxyl radicals 

(•OH) and other species, as shown in Equation (13). 

Hydroxyl radicals can then interact with molecular 

oxygen to form superoxide radicals (•O2
−) and 

hydrogen peroxide (H2O2), as indicated by Equations 

(10) and (15) [46], [52], [53]. Additionally, sulfate 

radicals can react with hydroxide ions to generate 

more hydroxyl radicals (Equation (14)), thus 

amplifying the oxidative capacity. However, it has 
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been reported that in real wastewater treatment 

scenarios, excess PDS can lead to scavenging effects. 

Surplus PDS results in the formation of weaker 

oxidants such as sulfate radicals and hydroperoxide 

radicals (HO2
−), rather than more potent oxidants [54], 

as reflected in Equations (9) and (12) [55]. This shift 

in the oxidative profile can impact the efficiency of 

contaminant degradation. The reaction in Equation 

(11) produces the hydrogen sulfate radical (HSO4
•), 

which persists relatively well in mildly acidic 

conditions and may contribute to selective oxidation 

or participate in scavenging effect. The array of 

reactive oxygen species, including hydroxyl radicals, 

superoxide radicals, sulfate radicals, and singlet 

oxygen (1O2), then actively engages with 

contaminants like OTC, leading to their degradation. 

 

S2O8
2− + e− → SO4

•− + SO4
2− (8) 

 

S2O8
2− + 2H2O → HO2

− + 2 SO4
2− + 3H+  (9) 

 

HO2
− + S2O8

2− → SO4
•−  + SO4

2− + H+ + •O2
− (10) 

 

SO4
•− + H+ → HSO4

• (11) 

 

4SO4
•− + 2H2O → 4HSO4

− + 1O2  (12) 

 

SO4
•− + H2O → SO4

2− + •OH + OH− (13) 

 

SO4
•− + OH− → •OH + SO4

2− (14) 

 
•OH + •OH → H2O2 (15) 

 

The ROS, including hydroxyl radicals, 

superoxide radicals, sulfate radicals, and singlet 

oxygen, then react with OTC, leading to its 

degradation. This interaction can be summarized by 

the reaction: 

 

[•O2
−, 1O2, •OH, h+] + OTC → degraded products (16) 

 

Figure 22 illustrates the detailed mechanism of 

ROS generation and their roles in the photocatalytic 

degradation of OTC, highlighting the interconnected 

processes and pathways involved. 

 
 

Figure 22: Mechanism of ROS generation and degradation pathways for OTC in the TiO2/PDS system. 

 

4 Conclusions 

 

This research provides valuable insights into the 

potential application of TiO2 photocatalysis for the 

removal of OTC, which involved synthesizing P25 

TiO₂, evaluating the photocatalytic degradation of 10 

ppm OTC with PDS at 500 ppm and UV irradiation, 

conducting radical trapping tests to identify key 

radicals like •O2
−, analyzing energy consumption with 

an UV lamp and air pump, performing LC-MS to track 
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OTC concentration changes and identify intermediates, 

and comparing photocatalytic efficiency against 

control tests with no catalyst. At an initial 

concentration of 10 ppm, synthesized P25 achieved a 

remarkable degradation efficiency of 96.62% after 

180 minutes with PDS at 100 ppm. This performance 

stands in stark contrast to the no-catalyst control, 

which only attained 31.79% degradation. Results 

indicated that a slightly acidic to neutral pH range and 

a PDS concentration of 500 ppm were optimal for 

efficient OTC removal. Despite challenges in real-

world applications due to complex water matrices, 

findings suggest that additional treatment steps can 

further enhance efficacy. The energy consumption of 

42 Wh over 180 min demonstrated a feasible approach 

for industrial-scale applications. Additionally, LC-MS 

analysis confirmed significant reductions in OTC 

concentration, with key intermediate products 

identified. Moreover, the investigation utilized 

scavengers to identify the role of radicals in the 

photocatalytic degradation of OTC. The results 

emphasized the significant contribution of •O2
− 

radicals to the process, reinforcing the effectiveness of 

TiO2 photocatalysis. Future work should focus on 

optimizing photocatalyst formulations and operational 

parameters to further enhance scalability and efficiency. 
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