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Research Article 

Abstract − Oxytetracycline (OTC) is a commonly used antibiotic. It can be absorbed to a limited extent by both 

humans and animals, so it can be detected at various levels in different water sources. Its presence in rivers or 

water and wastewater streams can pose serious problems for human and environmental health, and therefore, it 

needs to be treated. OTC degradation was studied using iron-doped g-C3N4 through a photo-Fenton-like oxidation 

process under simulated sunlight. In this study, the effects of key reaction parameters such as pH (3, 6, 9), catalyst 

amount (0-0.8 g/L), initial hydrogen peroxide concentration (HP, 0-20 mM) on the degradation of oxytetracycline 

were studied. The optimal reaction conditions for OTC degradation were found to be pH=6, catalyst amount of 

0.4 g/L, and HP of 10 mM. Subsequently, the temperature effect was examined at the optimum reaction 

conditions. Based on the results, at 25, 35, and 45 °C, OTC degradation was found to be 51.1%, 60.8%, and 

76.7%, respectively. The kinetic study conducted revealed that the observed reaction follows a second-order 

reaction kinetic model. In addition, the activation energy of observed reaction was found to be 86.96 kJ/mol. 
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1. Introduction 

Due to the common use of oxytetracycline (OTC) in veterinary medicine, agriculture, aquaculture, and 

horticulture, residues of OTC have been detected in various water flows, including natural surface waters (up 

to 200 ppb with a detection frequency of up to 90%) and wastewater treatment effluents (ranging from 0.061 

to 23.6 ppb). Additionally, it has been found in vegetable farm soils and livestock, with concentrations reaching 

up to 2.98 mg/kg. OTC is acutely toxic, posing a threat to ecosystems and human health. Its limited absorption 

by animals and humans allows it to be excreted into the environment. Therefore, its widespread existence in 

the environment and its harmful effects on human and environmental health have led to the search for various 

ways to remove this harmful compound [1-3]. 

Advanced Oxidation Processes (AOPs) offer an alternative approach for breaking down recalcitrant 

compounds into biologically degradable compounds. Considering the studies in the literature, heterogeneous 

systems are found to be highly efficient in degrading organic compounds. Solar-Fenton-like oxidation, subset 

of AOPs, offers several advantages, including low-cost, high removal rate, easy operation, and capability to 

stimulate complete mineralization [4,5]. Thanks to these noteworthy properties, it has garnered interest, and it 

could be used to degrade oxytetracycline. Graphitic carbon nitride (CN) is sensitive to visible light owing to 

its narrow bandgap energy (~2.7 eV) and possesses some prominent features such as non-toxicity, low cost, 
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and chemical stability. Bandgap tuning can be achieved through metal doping, thereby enhancing the removal 

efficiency [6-9]. Therefore, metal-doped CN has become a promising photocatalyst to remove recalcitrant 

compounds under sunlight. 

In this study, the aim was to remove OTC-containing wastewater in the presence of iron-doped graphitic carbon 

nitride (FeCN) containing 5% Fe under simulated sunlight. Within this scope, the impact of pH, catalyst 

amount, initial hydrogen peroxide concentration, and temperature on degradation efficiency was examined, 

and optimum reaction conditions were determined. Additionally, a kinetic study was conducted. 

2. Materials and Methods 

The chemicals, namely, urea, iron (III) chloride, NaOH, HCl, and H2O2 (HP), utilized during the experimental 

study were purchased from Sigma Aldrich. Oxytetracycline hydrochloride (OTC) was purchased from Doğa 

İlaç. 

Catalyst preparation: Metal-doped CN (Fe/g-C3N4) was synthesized based on the following procedure: To 

synthesize 5w.% iron containing Fe/g-C3N4 (5FeCN), urea (20 g) and the needed amount of iron (III) chloride 

to obtain 5FeCN were put in a ceramic pot and then, it placed into a muffle oven. Then, N2 atmosphere was 

created by feeding N2 into the oven. Then, the mixture underwent heating to 550 °C at 30-minute intervals. 

Upon reaching 550 °C, it was maintained at 550 °C for a duration of 3 hours. Subsequently, it was gradually 

cooled to 25 °C. Following this, the solid residue underwent a washing process using ultrapure water. Then, it 

was filtered to separate the final residue and dried at 25 °C [10]. A characterization study was carried out by 

SEM (FEI QUANTA 250 FEG model) with 1000x magnification and BET (Micromeritics ASAP 2010) 

analyses. The catalysts (CN and 5FeCN) were coated with Au/Pd before SEM analysis, and they were degassed 

at 300 °C for 2 h before BET analysis. BET surface areas were determined at 77 K using a multipoint BET 

method. 

The experimental study was performed using 10 ppm OTC solution (100 mL) for a duration of 1 h under 

simulated solar light illumination. In this context, a typical experiment was carried out as follows: 10 ppm 

OTC solution (100 mL) was placed into the beaker without any pH adjustment and then, the desired amount 

(i.e., 0.1 g/L) of 5FeCN and the desired amount of HP (i.e., 10 mM) were added. After that, the solar light was 

turned on to start the reaction. Every ten minutes throughout the reaction, liquid samples (2 mL) were collected 

by taking from the beaker. In the experimental study, the impact of reaction parameters such as pH (3-9), HP 

(0-20 mM), and catalyst amount (0-0.8 g/L) was investigated to find the optimum reaction conditions for OTC 

removal %. A spectrophotometer (Spectroquant® NOVA 400 spectrophotometer) was used to analyze the 

liquid samples. 

The removal of OTC was assessed by monitoring the reduction in its distinctive absorption band, situated at 

275 nm. The diminishing intensity of this band suggests the opening of rings containing N-groups during the 

course of the reaction. 

% Degradation of OTC =
𝐴0𝑎𝑡 275 𝑛𝑚

− 𝐴𝑡𝑎𝑡 275 𝑛𝑚

𝐴𝑡𝑎𝑡 275 𝑛𝑚

× 100 

The investigation into the kinetics was conducted under optimal reaction conditions at temperatures of 25, 35, 

and 45 °C. The gathered data was then scrutinized using both first and second-order reaction kinetic models. 
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3. Results and Discussion 

SEM analysis was employed to determine morphological changes and SEM diagrams of pristine CN and 

5FeCN are given in Figure 1. Whereas CN exhibited a substantial layered structure, 5Fe-CN exhibited a sheet-

like structure reminiscent of CN, indicating that the incorporation of iron did not induce any alteration in the 

CN structure. This observation aligns with similar morphologies reported in the literature [11-13]. BET surface 

area of 5FeCN was found as 3.01 m2/g. Comparatively, literature sources have reported BET areas for FeCN 

(0-1 wt.% Fe) ranging between 3.404 and 5.4 m2/g for various iron concentrations [14]. Thus, it could be 

deduced that 5FeCN was successfully synthesized. 

 

Figure 1. SEM diagrams of CN (a) and 5FeCN (b) 

After the characterization study, the effect of reaction parameters was investigated to determine the optimum 

reaction conditions for OTC removal under simulated solar light illumination. Firstly, the effect of catalyst 

amount was investigated at different amounts of 5FeCN varied between 0 and 0.8 g/L, and the results are given 

in Figure 2. OTC degradation efficiency enhanced by increasing the amount of catalyst up to 0.4 g/L and 

almost the same degradation efficiency was achieved for 0.4 and 0.8 g/L of catalyst amounts. The highest 

degradation (51.1%) was obtained using 0.4 g/L of 5FeCN and therefore, the optimum catalyst loading was 

selected as 0.4 g/L and then, the effect of HP was investigated using 0, 5, 10 and 20 mM of HP, and the results 

are given in Figure 3. 

 

Figure 2. Effect of catalyst amount (Reaction conditions: 10 ppm OTC, pH=6, HP=10 mM) 

Based on the results, the lowest efficiency (~12%) was achieved in the absence of HP on the other hand the 

highest efficiency was observed as 51.1% using 10 mM of HP. HP is an electron acceptor and it is better than 
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the molecular oxygen. It led to a decrease in the rate of electron-hole recombination and hence, an increase in 

degradation efficiency might be achieved. Furthermore, depending on the wavelength of the incident radiation, 

HP has the potential to generate hydroxyl radicals through photolytic splitting. It may help prevent oxygen 

starvation in the wastewater, which could otherwise occur due to insufficient oxygenation or limitations in 

mass transfer. In addition, the direct reaction of HP with photogenerated holes, along with its adsorption onto 

the photocatalyst, has the potential to enhance charge transfer rates on the semiconductor surface [15-17]. 

However, the excess usage of HP (20 mM) caused the scavenging effect and thus, the removal efficiency 

decreased. Considering the results, the optimum HP concentration was selected as 10 mM. 

 

Figure 3. Effect of HP (Reaction conditions: 10 ppm OTC, pH=6, 0.4 g/L 5FeCN) 

In photocatalytic degradation of organic pollutants, pH is a key parameter since it might change the ion (H+ 

and OH-) concentration. The change in ion concentration has an impact on the formation of reactive species 

(i.e., superoxide and hydroxyl radicals, etc.) and it is directly linked to the degradation efficiency of organic 

pollutants [18]. Therefore, the effect of pH was investigated at pH of 3, 6, and 9, and the results are given in 

Figure 4. Almost 41% and 51.1% of degradation were achieved at pH=3 and pH=6, respectively. However, 

21.7% of OTC degraded at pH=9. pHzpc of 5FeCN was determined as 7.2 and hence, higher degradation 

efficiency was observed under this value. At pH 6, there is an attraction between negatively charged 5FeCN 

and positively charged OTC, and thus, the degradation efficiency was high. Consequently, the optimum pH 

value was chosen as 6. 

 

Figure 4. Effect of pH (Reaction conditions: 10 ppm OTC, 0.4 g/L 5FeCN, HP=10 mM) 
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Following the determination of optimal reaction conditions (pH=6, catalyst amount=0.4 g/L, and HP=10 mM), 

the kinetic study was conducted at varying reaction temperatures (25, 35, and 45 °C) over a 20-minute reaction 

duration. To comprehend the nature of OTC degradation, both first and second-order reaction kinetic models 

were applied. The experimental data show a strong alignment with the second-order reaction kinetic model 

considering the R2 values. The linearized form of experimental data is given in Figure 5 and from this figure, 

the reaction kinetic rate constants of the observed reaction were found as 0.0004, 0.002, and 0.0036 (mg/L/min) 

for 25, 35, and 45 °C, respectively. From Figure 6, the activation energy of the observed reaction was found 

as 86.96 kJ/mol. (Figure 6, the gas constant R=8.3145 J/K mol). To understand the impact of temperature on 

OTC degradation, the reactions lasted for 1 hour, and based on the results, at the end of the 1 hour of reaction 

duration, 51.1, 60.8%, and 76.7 % of OTC was degraded at 25, 35, and 45 °C, respectively. 

 

Figure 5. Linearized second-order kinetic plot (Reaction conditions: 10 ppm OTC, 0.4 g/L of 5FeCN, pH 6, 

10 mM of HP) 

 

 

Figure 6. Arrhenius plot 

In the literature, various photocatalysts were used to treat OTC. In particular, TiO2 and TiO2-based 

photocatalysts as well as semiconductor oxides were tested. A brief summary is given in Table 1. 
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Table 1. A brief summary of OTC degradation using various photocatalysts 

Photocatalysts OTC concentration (ppm) Catalyst amount (g/L) Degradation (%) References 

TiO2 nanoflowers 0.5 5 80 [19] 

Brown TiO2 spheres 5 5 ~50 [20] 

BiOCl/TiO2 hollow tubes 20 0.5 51 [21] 

CdS/TiO2 40 1 81 [22] 

Fe3O4 46 0.5 42 [23] 

LaFeO3 40 0.5 ~50 [24] 

ZnO 46 0.5 41 [25] 

NiFe2O4 46 0.5 65 [7] 

MnFe2O4 46 0.5 <50 [26] 

CN/LaFeO3 (2%) 40 0.5 90 [24] 

CN/NiFe2O4 46 10 97 [7] 

N-ZnO/CdS/GO 20 0.5 50 [27] 

Ag(8%)/CN 20 1 81 [28] 

Fe(5%)/CN 20 0.4 51.1 This study 

In this study, almost the same degradation efficiency was achieved using a relatively lower catalyst amount 

compared to the used amounts in the literature. For example, almost %50 of OTC degradation was achieved 

using 5 g/L of brown TiO2 spheres [20] while 0.4 g/L FeCN was used to obtain almost the same degradation 

efficiency in this study. %41 of OTC was degraded using 0.5 g/L of ZnO [25] while relatively higher 

degradation efficiency was obtained in this study. 1 g/L of Ag(%8)/CN was used to treat OTC and %81 of 

OTC degradation was achieved [28]. However, Ag is an expensive metal so usage of a cheaper metal (iron) 

could be an alternative solution to treat OTC. Therefore, FeCN could be considered a promising photocatalyst 

for OTC degradation. 

4. Conclusion 

OTC is an antibiotic and due to its common usage, the unabsorbed OTC by humans and animals might be 

detected in different water sources and could threaten human and environmental health. Therefore, it should 

be treated, and in this study, OTC was degraded via photo-Fenton-like oxidation using 5FeCN under solar 

light irradiation, and optimum reaction conditions were selected as 6 of pH, 0.4 g/L of catalyst amount 

(5FeCN), and 10 mM of HP. Then, a kinetic study was conducted at the optimal reaction conditions and the 

observed reaction followed the second order-reaction kinetic model. In addition, the activation energy for this 

observed reaction was calculated to be 86.96 kJ/mol. Therefore, FeCN is a promising photocatalyst for the 

degradation of oxytetracycline. 
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