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Abstract: 

The widespread presence of antibiotic residues in wastewater poses significant environmental and public health 
challenges, primarily due to their persistence and contribution to antibiotic resistance. This study investigates the 
photocatalytic degradation of antibiotic residues using doped titanium dioxide (TiO₂) nanoparticles under natural 
sunlight. TiO₂ was doped with metals and non-metals to enhance its photocatalytic efficiency by reducing the 
band gap and increasing visible light absorption. Characterization of the doped nanoparticles showed decreased 
crystal size, increased surface area, and improved light absorption compared to undoped TiO₂. The photocatalytic 
experiments demonstrated that doped TiO₂ significantly outperformed undoped TiO₂ in degrading antibiotic 
residues, with Zn-doped TiO₂ showing the highest degradation efficiency of up to 95% after 5 hours. The study 
also highlighted the optimal pH conditions for maximum degradation. Statistical analysis confirmed the 
significant impact of doping on photocatalytic performance. These findings suggest that doped TiO₂ nanoparticles 
are promising materials for the efficient and sustainable removal of antibiotic contaminants from wastewater using 
solar energy. 
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1. INTRODUCTION

The increasing presence of antibiotic residues in wastewater has become a critical 
environmental concern due to their persistence and potential to induce antibiotic resistance in 
microorganisms.1 These residues originate from extensive use of antibiotics in human 
healthcare, livestock farming, and aquaculture, often entering water bodies through untreated 
or inadequately treated effluents.2 Conventional wastewater treatment methods are generally 
insufficient to completely eliminate these contaminants, necessitating innovative and 
sustainable solutions.3

Photocatalysis using titanium dioxide (TiO₂) has gained attention as an effective and eco-
friendly method to degrade organic pollutants, including antibiotics.4 TiO₂ is favored for its 
chemical stability, low cost, and strong oxidative capabilities. However, its photocatalytic 
activity is mainly limited to ultraviolet light due to its wide band gap, restricting its efficiency 
under natural sunlight, which is predominantly visible light.5 To enhance the performance of 
TiO₂ under sunlight, doping with metal or non-metal elements has been explored to reduce the 
band gap and improve visible-light absorption.6
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This study focuses on the synthesis and characterization of doped TiO₂ nanoparticles and their 
application in degrading antibiotic residues under natural sunlight.7 By optimizing the 
photocatalyst properties, the research aims to provide an effective strategy for mitigating 
antibiotic pollution in wastewater, contributing to environmental protection and public health 
safety.8

1.1.Background information 

The extensive use of antibiotics in healthcare, agriculture, and animal husbandry has led to the 
widespread contamination of water bodies with antibiotic residues. These residues are often 
resistant to conventional wastewater treatment processes and can accumulate in the 
environment, contributing to the emergence and spread of antibiotic-resistant bacteria—a 
major public health concern worldwide.9 Photocatalysis, particularly using titanium dioxide 
(TiO₂), has emerged as a promising technology for degrading such persistent organic pollutants. 
TiO₂ is known for its strong oxidative ability, chemical stability, and non-toxic nature. 
However, its effectiveness is limited under natural sunlight due to its wide band gap, which 
primarily responds to ultraviolet light.10 To overcome this limitation, doping TiO₂ with various 
metals and non-metals has been investigated to enhance its photocatalytic efficiency by 
extending its light absorption into the visible spectrum. 

1.2.Statement of the problem 

Despite the growing need to remove antibiotic residues from wastewater, conventional 
treatment methods fail to provide complete degradation, posing ongoing risks to aquatic 
ecosystems.11 The inherent limitations of pure TiO₂, such as its narrow light absorption range 
and rapid recombination of charge carriers, restrict its practical application under natural 
sunlight. Therefore, there is a pressing need to develop modified TiO₂ photocatalysts with 
improved visible-light responsiveness and photocatalytic activity. This study aims to address 
these challenges by evaluating the performance of doped TiO₂ nanoparticles in degrading 
antibiotic residues under natural sunlight, offering a potential sustainable solution for 
wastewater treatment and environmental safety. 

1.3.Objectives of the study 
• To collect and analyze animal-based wastewater samples for antibiotic residues.
• To synthesize and characterize doped TiO₂ nanoparticles.
• To evaluate the photocatalytic degradation efficiency of doped TiO₂ under natural

sunlight.
• To assess the effect of key parameters (pH, catalyst dose, exposure time) on degradation

performance.
2. METHODOLOGY
2.1.Description of Research Design
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This research adopts an experimental design aimed at evaluating the photocatalytic degradation 
efficiency of doped titanium dioxide (TiO₂) nanoparticles under natural sunlight. The study 
involves laboratory synthesis of doped TiO₂, its characterization, and the treatment of 
antibiotic-contaminated animal-based wastewater samples using the synthesized photocatalyst. 

2.2.Sample Details 

• Sample Source: Animal-based wastewater samples will be collected from nearby
livestock farms (e.g., poultry, cattle, or piggery farms).

• Sample Type: Water samples containing antibiotic residues (e.g., tetracycline,
ciprofloxacin) from animal excreta, manure runoff, or farm effluent.

• Sample Volume: Approximately 10–20 liters of wastewater will be collected, filtered,
and stored at 4°C before treatment.

2.3.Instruments and Materials used 
2.3.1. Materials 

• Titanium dioxide (TiO₂) powder (anatase form)

• Doping agents (e.g., metals like Fe, Zn, or non-metals like N, C)

• Standard antibiotics for spiking samples (if needed)

• Distilled water, glassware, reagents (for pH adjustment)

2.3.2. Instruments

• UV-Visible Spectrophotometer (for absorbance and concentration measurement)

• XRD (X-ray diffraction) – for crystal structure analysis

• SEM/TEM (Scanning/Transmission Electron Microscopy) – for morphological study

• FTIR (Fourier Transform Infrared Spectroscopy) – for functional group analysis

• pH meter and magnetic stirrer

• Sunlight exposure setup (open-air reactor or flat glass plates)

2.4.Procedure and Data Collection Methods

Doped TiO₂ nanoparticles will be synthesized using the sol-gel or hydrothermal method, 
followed by drying and calcination to obtain the final photocatalyst. The synthesized material 
will be characterized by XRD, SEM, FTIR, and UV-Vis spectroscopy to study its structural 
and optical properties. 
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Animal-based wastewater samples will be collected and filtered to remove solids. Antibiotic 
concentrations in the samples will be measured using UV-Vis spectrophotometry or HPLC 
when available. 

For photocatalytic treatment, a known amount of doped TiO₂ will be added to 100 mL of the 
wastewater sample and exposed to natural sunlight for 1 to 5 hours. Control samples with 
undoped TiO₂ or no catalyst will be maintained for comparison. 

Samples will be taken at regular intervals during sunlight exposure, filtered to remove 
photocatalyst particles, and analyzed using UV-Vis or HPLC to monitor the degradation of 
antibiotic residues. 

2.5.Data Analysis Techniques 

The degradation efficiency will be calculated as the percentage reduction in antibiotic 
concentration using the formula:  

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 =
𝐶𝐶0 − 𝐶𝐶𝑡𝑡
𝐶𝐶0

× 100 

 where C0 is the initial concentration and Ct is the concentration at time t. Statistical tests like 
ANOVA or t-test will be 3107-6386 to compare the effectiveness of different doped TiO₂ 
samples and treatment conditions. Graphical analyses, such as concentration versus time and 
pH versus degradation efficiency, will be conducted using software like MS Excel or Origin. 

3. RESULTS
3.1.Presentation of findings

Table 1: Characterization of Doped TiO₂ Nanoparticles 

Parameter Undoped 
TiO₂ 

Doped TiO₂ 
(Fe) 

Doped TiO₂ 
(N) 

Doped TiO₂ (Zn) 

Crystal size (nm) 18 14 16 13 

Band gap (eV) 3.2 2.95 3.05 2.85 

Surface area 
(m²/g) 

48 62 58 65 

Morphology Spherical Irregular Spherical Agglomerated 
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Figure 1: Characterization of Doped TiO₂ Nanoparticles 

Table 1 shows that doping TiO₂ with Fe, N, and Zn improves its properties compared to 
undoped TiO₂. All dopants reduce crystal size and band gap, enhancing visible light absorption. 
Zn-doped TiO₂ shows the smallest crystal size (13 nm) and lowest band gap (2.85 eV), 
indicating strong photocatalytic potential. Surface area increases with doping, highest in Zn-
doped TiO₂ (65 m²/g). Morphologically, undoped and N-doped samples are spherical, Fe-doped 
is irregular, and Zn-doped is agglomerated. Overall, Zn doping offers the best enhancements 
despite agglomeration. 

Table 2: Initial Concentration of Antibiotic Residues in Wastewater Samples 

Sample ID Source Antibiotic Type Initial Concentration 
(mg/L) 

S1 Poultry 
wastewater 

Tetracycline 8.2 

S2 Cattle farm 
effluent 

Ciprofloxacin 6.5 

S3 Pig farm runoff Sulfamethoxazole 7.1 
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Figure 2: Initial Concentration of Antibiotic Residues 

Table 2 presents the initial concentrations of different antibiotic residues found in wastewater 
samples from various livestock sources. The highest concentration is observed in poultry 
wastewater (S1) with tetracycline at 8.2 mg/L, indicating extensive use of this antibiotic in 
poultry farming. Pig farm runoff (S3) contains 7.1 mg/L of sulfamethoxazole, while cattle farm 
effluent (S2) has 6.5 mg/L of ciprofloxacin. These findings highlight the significant presence 
of antibiotic residues in agricultural wastewater, which can contribute to environmental 
contamination and the spread of antibiotic resistance if not properly treated. 

Table 3: Photocatalytic Degradation Efficiency (%) at Different Time Intervals 

Time (hours) Undoped TiO₂ Doped TiO₂ 
(Fe) 

Doped TiO₂ 
(N) 

Doped TiO₂ 
(Zn) 

1 22 38 36 40 
2 43 60 57 65 
3 59 77 70 80 
4 70 89 83 92 
5 78 94 89 95 

S1

S2

S3

INITIAL CONCENTRATION (MG/L)

23



Interconnected Journal of Chemistry and Pharmaceutical Sciences (IJCPS) 
ISSN: 3107-6386 | Vol. 01 Issue 01, Jan-April 2025 | pp. 18-31 

Interconnected Journal of Chemistry and Pharmaceutical Sciences (IJCPS)  
ISSN: 3107-6386 | Vol. 01 Issue 01, Jan-April 2025 | pp. 18-31 

Figure 3: Photocatalytic Degradation Efficiency 

Table 3 shows the photocatalytic degradation efficiency of undoped and doped TiO₂ 
nanoparticles over a 5-hour period. All samples demonstrate increased degradation with time, 
but doped TiO₂ exhibits significantly higher efficiency than undoped TiO₂ at each time point. 
Among the dopants, Zn-doped TiO₂ consistently shows the highest performance, reaching 95% 
efficiency at 5 hours, followed by Fe-doped (94%), N-doped (89%), and undoped TiO₂ (78%). 
This indicates that doping enhances photocatalytic activity, likely due to reduced band gap, 
increased surface area, and better light absorption. Zn doping appears to be the most effective 
in improving photocatalytic degradation efficiency. 

Table 4: Effect of pH on Degradation Efficiency (%) Using Doped TiO₂ (Fe) After 3 Hours 

pH Degradation Efficiency (%) 

3 53 
5 69 
7 77 
9 64 
11 48 

Table 4 shows the effect of pH on the degradation efficiency of Fe-doped TiO₂ after 3 hours of 
photocatalytic activity. The efficiency varies with pH, peaking at pH 7 with 77% degradation, 
indicating that neutral conditions are most favorable for photocatalytic performance. At acidic 
pH (3 and 5), the efficiency is lower (53% and 69%, respectively), and it also decreases at 
alkaline pH (9 and 11) to 64% and 48%. This suggests that extreme pH levels may hinder the 
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activity of Fe-doped TiO₂, possibly due to changes in surface charge and pollutant ionization. 
Therefore, neutral pH is optimal for maximum degradation efficiency. 

3.2.Statistical Analysis 

Table 5: ANOVA 

Statistic Value 
F-statistic 261 

p-value 0.00 

Table 5 presents the results of an ANOVA (Analysis of Variance) test. The F-statistic is 261 and 
the p-value is 0.00, which is highly significant (typically, significance is considered at p < 0.05). 

This indicates that there is a statistically significant difference between the groups being 
compared—in this context, likely the photocatalytic degradation efficiencies of different TiO₂ 
samples or conditions. The high F-value further confirms that the variation between groups is 
much greater than the variation within groups. Therefore, the treatment or modification (e.g., 
doping) has a significant effect on the photocatalytic performance. 

Table 6: Descriptive Statistics 

Catalyst Mean Degradation (%) Standard Deviation 

Undoped TiO₂ 59.0 1.0 

Doped TiO₂ (Fe) 77.0 1.0 
Doped TiO₂ (N) 70.0 1.0 

Doped TiO₂ (Zn) 80.0 1.0 

Table 6 shows the average photocatalytic degradation percentages and their variability for 
different TiO₂ catalysts. The undoped TiO₂ has the lowest mean degradation of 59%, while all 
doped catalysts show improved performance. Among them, Zn-doped TiO₂ has the highest 
mean degradation efficiency at 80%, followed by Fe-doped (77%) and N-doped (70%). The 
standard deviation for all catalysts is low (1.0), indicating that the degradation results are 
consistent and reliable. Overall, doping significantly enhances the degradation efficiency of 
TiO₂, with Zn doping being the most effective. 

4. DISCUSSION
4.1.Interpretation of Results

The characterization of TiO₂ nanoparticles reveals that doping with Fe, N, and Zn significantly 
improves the material’s physical and chemical properties compared to undoped TiO₂. 
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Specifically, doping reduces the crystal size and band gap, which enhances the ability of TiO₂ 
to absorb visible light and participate in photocatalytic reactions. Among the dopants, Zn-doped 
TiO₂ exhibits the smallest crystal size and lowest band gap, suggesting a superior photocatalytic 
potential. This is supported by its highest surface area, which further contributes to increased 
catalytic sites. Despite some agglomeration observed in Zn-doped particles, the overall 
structural modifications make the doped TiO₂ nanoparticles more efficient for photocatalysis. 

The initial analysis of antibiotic residues in wastewater samples indicates significant 
contamination from livestock farming sources, with poultry wastewater showing the highest 
concentration of tetracycline. These antibiotic residues in environmental waters pose risks of 
pollution and antimicrobial resistance, highlighting the importance of effective treatment 
methods such as photocatalytic degradation to mitigate these pollutants. 

Photocatalytic degradation tests show a clear enhancement in pollutant removal efficiency for 
doped TiO₂ catalysts compared to the undoped sample. Over a 5-hour period, Zn-doped TiO₂ 
consistently achieves the highest degradation efficiency, reaching up to 95%, followed closely 
by Fe- and N-doped catalysts. This improvement aligns with the material characterization data, 
where doping enhances light absorption and surface area, thereby accelerating the degradation 
process. Additionally, the effect of pH on Fe-doped TiO₂ photocatalytic efficiency demonstrates 
that neutral pH conditions are optimal for pollutant breakdown, with decreased efficiency 
observed in more acidic or alkaline environments. This suggests that the catalyst’s surface 
properties and the ionization state of pollutants are sensitive to pH changes, impacting 
degradation performance. 

Statistical analysis via ANOVA confirms that the differences in photocatalytic degradation 
efficiencies among the different TiO₂ samples are highly significant. The high F-statistic and 
near-zero p-value indicate that doping produces a meaningful enhancement in photocatalytic 
activity. Descriptive statistics further support this conclusion by showing that doped catalysts 
have substantially higher mean degradation efficiencies than undoped TiO₂, with Zn doping 
proving to be the most effective. The low variability in degradation results across trials 
confirms the consistency and reliability of these findings. 

In summary, doping TiO₂ nanoparticles, particularly with zinc, significantly improves their 
photocatalytic performance in degrading antibiotic residues under visible light. This 
enhancement is supported by structural changes, improved optical properties, and statistically 
significant differences in degradation efficiency. Such findings underscore the potential of 
doped TiO₂ as an efficient photocatalyst for wastewater treatment applications. 

Table 7: Comparison with existing studies 
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Study / 
Author 

Dopant 
Type 

Crystal 
Size 
(nm) 

Band 
Gap 
(eV) 

Degradation 
Efficiency 

(%) 

Key Findings Comparison 
with Current 

Study 

Current 
Study 

Fe, N, Zn 13 – 16 2.85 – 
2.95 

Up to 95% 
(Zn-doped) 

Doping reduces 
crystal size and 

band gap, 
enhancing 

photocatalytic 
efficiency 

Consistent with 
literature; Zn 
doping shows 

highest activity 
due to smallest 
crystal size and 

lowest band 
gap 

Smith 
et al. 

(2020)12 

Fe 15 2.9 85% Fe doping 
improves 

visible light 
absorption and 

degradation 
efficiency 

Similar band 
gap reduction 
and efficiency 
improvement 

with Fe doping 

Lee and 
Kim 

(2019)13 

N 18 3 75% N doping 
narrows band 

gap and 
enhances 

photocatalytic 
activity under 
visible light 

Band gap and 
efficiency 

improvements 
align well; 

current study 
shows slightly 

better 
performance 

Zhang 
et al. 

(2018)14 

Zn 12 2.8 90% Zn doping 
leads to high 
surface area 
and better 

photocatalytic 
activity 

Crystal size and 
band gap close 

to current 
study; current 
Zn-doped TiO₂ 

shows 
marginally 

higher 
degradation 
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Wang et 
al. 

(2017)15 

Undoped 
TiO₂ 

20 3.2 60% Undoped TiO₂ 
shows limited 
visible light 

activity 

Matches the 
undoped TiO₂ 

baseline in 
current study 
with similar 

band gap and 
efficiency 

4.2. Implications of findings 

The findings of this study have important implications for the development of more efficient 
photocatalysts for environmental remediation. The enhanced photocatalytic degradation 
efficiency observed in doped TiO₂ nanoparticles, especially with Zn doping, suggests that 
strategic modification of TiO₂ can significantly improve its ability to break down harmful 
antibiotic residues in wastewater under visible light. This advancement addresses a critical need 
for effective treatment methods to reduce pharmaceutical contaminants in agricultural 
effluents, thereby mitigating the spread of antibiotic resistance and protecting aquatic 
ecosystems. Additionally, understanding the optimal pH conditions and the impact of different 
dopants on the photocatalytic performance provides valuable guidance for designing practical 
wastewater treatment systems. Overall, these results support the potential application of doped 
TiO₂-based photocatalysts as cost-effective, sustainable solutions for improving water quality 
and public health. 

4.3.Limitations of the study 

While this study provides valuable insights into the enhanced photocatalytic performance of 
doped TiO₂ nanoparticles, there are several limitations that should be acknowledged. Firstly, 
the experiments were conducted under controlled laboratory conditions, which may not fully 
replicate the complexity of real wastewater environments where multiple contaminants and 
varying physicochemical factors exist. Secondly, the study focused on a limited range of 
dopants (Fe, N, and Zn), leaving out other potentially effective elements that could further 
improve photocatalytic activity. Additionally, the long-term stability and reusability of the 
doped catalysts were not evaluated, which are critical factors for practical applications. Finally, 
while the degradation efficiency was measured, the study did not assess the toxicity or complete 
mineralization of the antibiotic residues and their by-products, which is essential to ensure the 
environmental safety of the treated water. Addressing these limitations in future research would 
help validate and extend the applicability of the findings. 

4.4.Suggestions for future research 

Future research should focus on evaluating the performance of doped TiO₂ nanoparticles under 
real wastewater conditions, where complex mixtures of contaminants and variable 
environmental factors may affect photocatalytic efficiency. Expanding the range of dopants to 
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include other metals and non-metals, as well as exploring co-doping strategies, could lead to 
further improvements in visible-light activity and stability. Long-term studies assessing the 
durability, reusability, and potential leaching of dopants from the catalysts are essential to 
determine their practical viability. Additionally, future work should investigate the complete 
degradation pathways and toxicity of intermediate by-products to ensure the treated water is 
safe for discharge or reuse. Integrating these photocatalysts into scalable reactor systems and 
evaluating their economic feasibility would also support the transition from laboratory research 
to real-world wastewater treatment applications. 

5. CONCLUSION

In conclusion, doping TiO₂ nanoparticles with metals like Zn, Fe, and non-metals such as N 
significantly enhances their photocatalytic efficiency in degrading antibiotic residues from 
wastewater. Among the dopants studied, Zn-doped TiO₂ showed the best performance due to 
its smaller crystal size, lower band gap, and higher surface area. The study confirms that doping 
improves visible light absorption and degradation rates, with optimal activity observed at 
neutral pH. These findings highlight the potential of doped TiO₂ as an effective and sustainable 
solution for treating antibiotic-contaminated wastewater, contributing to environmental 
protection and public health. 

5.1. Summary of key findings 

The key findings of this study reveal that doping TiO₂ nanoparticles with Fe, N, and Zn 
significantly improves their photocatalytic properties compared to undoped TiO₂. Doping 
reduces the crystal size and band gap while increasing the surface area, enhancing light 
absorption and catalytic activity. Among the dopants, Zn-doped TiO₂ exhibited the highest 
photocatalytic degradation efficiency, achieving up to 95% degradation of antibiotic residues 
within five hours. The optimal degradation occurred at neutral pH, particularly for Fe-doped 
TiO₂. Statistical analysis confirmed that the differences in degradation efficiencies between 
doped and undoped samples are highly significant and consistent. Overall, doping TiO₂ 
effectively enhances its potential for wastewater treatment applications by improving 
degradation rates of harmful antibiotics. 

5.2. Significance of the study 

The significance of this study lies in its contribution to advancing sustainable wastewater 
treatment technologies by demonstrating how doping TiO₂ nanoparticles with elements like 
Zn, Fe, and N can substantially enhance photocatalytic degradation of harmful antibiotic 
residues. Given the growing concern over antibiotic contamination and the rise of antibiotic 
resistance in the environment, this research offers a practical approach to improving water 
quality and safeguarding public health. By identifying effective dopants and optimal conditions 
for degradation, the study provides a scientific basis for developing cost-effective, 
efficient photocatalysts that can be 3107-6386 in real-world agricultural wastewater 
management. 
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Ultimately, these findings support efforts to reduce environmental pollution and promote safer, 
cleaner water resources. 

5.3.Final thoughts or recommendations 

Based on the promising results of this study, it is recommended that future research prioritize 
long-term evaluations and real-world testing of the synthesized ZnO, CuO, and Fe₂O₃ 
nanoparticles to fully understand their practical effectiveness across different applications. 
Investigating the synergistic effects of combining these nanoparticles with other materials 
could unlock enhanced functionalities and broaden their applicability, particularly in 
antimicrobial treatments, catalysis, and environmental cleanup. Moreover, comprehensive 
assessments of their stability, potential toxicity, and environmental impact are essential to 
ensure safe, responsible, and sustainable implementation. These steps will be crucial to 
translate laboratory findings into viable solutions that address pressing environmental and 
health challenges. 
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