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A B S T R A C T   

Antibiotics present in aquatic environments can contribute to the emergence of antibiotic- 
resistant bacterial strains, posing potential threats to public health. Therefore, efficient strate-
gies to remove these compounds from water systems are essential to reduce both ecological and 
human health risks. This research aimed to assess the photocatalytic removal efficiency of 
metronidazole (MET) from an aqueous solution using a 15-W bare UVC lamp and magnetic 
nanocatalysts (Fe-doped TiO2@Fe3O4), which were synthesized using the sol-gel technique. 
Furthermore, scanning electron microscopy with integrated energy dispersive X-ray analysis 
(SEM/EDX), X-ray diffractometry (XRD), Differential reflectance spectroscopy (DRS), vibrating 
sample magnetometer (VSM), and Fourier transform infrared spectroscopy (FTIR) analysis were 
carried out to characterize the synthesized nanocatalysts. The influence of several factors, such as 
pH, initial MET, and nanocatalysts concentrations during reaction times of 15–120 min, was 
studied. The characterization results confirmed that Fe and Ti were successfully integrated into 
the Fe– doped TiO2@Fe3O4 nanocomposite. Highest MET degradation efficiency (99.37 %) was 
observed at a pH of 3, with an initial MET concentration of 60 mg/L, nanoparticle dosage of 800 
mg/L, and a reaction time of 90 min. The stability of the nanocatalyst was acceptable. The results 
suggest that OH ions may play a crucial role in the degradation of MET demonstrating photo-
catalytic degradation can be an effective way to remove MET from water resources. This research 
sets a precedent for future endeavors aimed at harnessing photocatalysis for environmental 
remediation of pharmaceutical pollutants.   

1. Introduction 

Water pollution is an issue of global concern that poses significant threats to both the environment and human health. The 
contamination of water bodies by chemical, biological, and physical pollutants can have severe consequences [1–3]. Chemical pol-
lutants are among the most common types of water pollutants and can enter water bodies through various sources such as industrial 
processes, agricultural practices, and household activities [4–6]. Pesticides, fertilizers, heavy metals, and industrial chemicals such as 
benzene and polychlorinated biphenyls are examples of chemical pollutants [7,8]. Exposure to chemical pollutants can lead to acute 
and chronic health effects such as respiratory problems, neurological damage, cancer, and reproductive problems [9–11]. In addition, 
contaminated water bodies can harm aquatic life and ecosystems, leading to decreased biodiversity and the loss of valuable ecosystem 
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services [12]. Over the last decades, antibiotics have been widely found in the environment, posing serious human health risks. 
Antibiotics are often used in agriculture and aquaculture to promote growth and prevent disease in animals. However, the overuse and 
misuse of antibiotics can lead to the development of antibiotic-resistant bacteria, which can spread from animals to humans through 
contaminated water and food. This can make it difficult to treat bacterial infections in humans, leading to higher morbidity and 
mortality rates [13,14]. Amongst the frequently used antibiotics, MET is effective against infections originating from anaerobic 
bacteria and protozoa [15]. Parasites in poultry, cattle, and fish feed are also can be eliminated using MET [16]. Since MET is 
persistent, non-biodegradable, and highly soluble, traditional procedures are low effective in removing it from environment [17]. Due 
to carcinogenicity, toxicity, mutagenicity, and besides the issue of antimicrobial resistance, the accumulation of MET in aquatic en-
vironments has adverse consequences on living organisms [18]. Therefore, preserving of the ecosystem by removing MET from 
contaminated water supplies is crucial. Antibiotic residues may be removed from water and wastewater using a variety of processes, 
including adsorption and membranes, as well as biological processes [19,20]. However, there are drawbacks, such as chemical and 
biological sludge, adsorbent capacity limitations, adsorbent replacement and regeneration requirements, membrane filter exploitation 
and blockage, and the detrimental consequences of contaminants on biological systems [21,22]. Utilizing traditional and advanced 
oxidation techniques together is an alternative strategy for eliminating antibiotic residues and persistent contaminants from water and 
wastewater. Compared to traditional oxidation methods, advanced oxidation techniques are advantageous mainly due to production of 
highly reactive free radicals with strong oxidizing power, effectively breaking down and converting organic pollutants into harmless 
minerals without generating hazardous byproducts [23]. 

Nanoparticles are particles that are between 1 and 100 nm in size. They possess unique properties that make them highly effective 
in absorbing contaminants from polluted environments. Due to their small size, nanoparticles have a high surface area-to-volume ratio, 
which means they can interact more efficiently with the contaminants they come into contact with. Additionally, their small size 
allows them to penetrate through biological membranes, which makes them a useful tool for drug delivery and other applications. 
Magnetic nanocomposites, on the other hand, are nanoparticles that have magnetic properties [24]. These nanoparticles can be 
manipulated using magnetic fields, which makes them useful for many applications. In the field of contaminants remediation, mag-
netic nanocomposites have attracted significant attention due to their ability to efficiently remove contaminants from the environ-
ment, particularly antibiotic residues and organic pollutants [25,26]. Generally, magnetic nanoparticles has more benefits than 
conventional adsorbents due to its strong magnetic responses, absorption selectivity, eco-friendliness, low cost of synthesis, envi-
ronmental sustainability, high build speed, regeneration, reusability, separation efficiency, and ease of use [26]. Iron nanoparticles 
have been the subject of numerous investigations concerning their oxidation capabilities for removing halogenated contaminants, 
heavy metals, and anions, including nitrates, herbicides, colorants, and antibiotic residues [27]. On the other hand, TiO2 is widely 
employed in photocatalytic processes because of its non-toxicity, chemical stability, high optical activity, electron properties, and 
cost-effectiveness; it also has a low cost and strong photocatalytic activity and stability for antibiotic residues degradation [28]. It is the 
most often used semiconductor photo-catalyst for wastewater and water decontamination. In particular, several materials have been 
investigated, including ZnO, ZnSnO3, TiO2, CoFe2O4, Ga2O3, BiVO4, SnO2/Co3O4, Cu2S/Ag2S/BiVO4, and Fe3O4/TiO2/BC to eliminate 
MET [18,29–32]. However, it was shown that the presence of Fe3O4 plays a significant role in reducing the band gap energy and 
improving the photocatalytic activity of TiO2 [33,34]. 

In an era where the environmental impact of pharmaceutical pollutants has become increasingly pronounced, understanding 
effective remediation techniques is crucial. This study delves into the synthesis of magnetic nanocatalysts Fe-doped TiO2@Fe3O4, a 
potentially game-changing approach in addressing such concerns. By investigating the properties of these catalysts and evaluating 
their proficiency in the photocatalytic degradation of MET in aqueous solutions, we aim to establish a scientific basis that could pave 
the way for innovative solutions to mitigate pharmaceutical contaminants in our water systems. 

2. Materials and methods 

In the current experiment, the materials [deionized water, Iron (III) nitrate (Fe (NO3)3, >99 %), Nitric acid (HNO3, 69 %), ferrous 
chloride (FeCl2 • 4H2O, 98 %), ammonia (NH3, 25 %), ferric chloride (FeCl3 • 6H2O, >99 %), ethanol (C2H6O, 96 %), sulfuric acid 
(H2SO4, 98 %), titanium (IV) isopropoxide (C12H28O4Ti, 97 %), sodium hydroxide (NaOH, >98 %)] were purchased in analytical grade 
from Merck Company. Moreover, the MET antibiotic (2-Methyl-5-nitroimidazole-1-ethanol) from Sigma-Aldrich (USA) was used. 

2.1. Synthesis of Fe3O4 nanocatalysts 

Adding 4.71 g of FeCl3•6H2O and 5 g of FeCl2•4H2O to 200 mL of doubly distilled water, the mixture at 600 rpm was stirred. 
Following this, the pH of the solution reached greater than 8 by dropwise adding 1.5 mM ammonia to it. Afterward, in the solution, a 
black precipitate was formed. After adding ammonia, the solution was stirred and nitrogenized for 2 h. The obtained nanocatalysts 
were rinsed multiple times with distilled water and then dried at room temperature after the complete reaction [35]. 
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2.2. Synthesis of Fe-doped TiO2@Fe3O4 nanocatalysts 

In the present experiment, Fe-doped TiO2@Fe3O4 nanocatalysts were synthesized by applying the sol-gel technique. In order to 
synthesize the nanocatalysts, 0.16 g, 6 drops, 4 mL and 25 mL of Fe(NO3)3, HNO3, deionized water, and ethanol were poured intoan 
Erlenmeyer flask. Then, they were placed in an ultrasonic bath (60 hz) for 15 min until a uniform, the clear solution was formed 
(solution 1). Fe3O4 (0.8 gr), ethanol (400 mL), and titanium (IV) isopropoxide (A certain amount mL) were stirred to make a ho-
mogenous solution (solution 2) in a separate Erlenmeyer flask. Then, solution 1 was added to solution 2 dropwise while the two were 
thoroughly combined. 

After both solutions were mixed for 30 min and the sol was formed, the balloon comprising sol was kept in the lab at room 
temperature for 5 h to form a strong adhesive gel. The produced gel was dried in an oven at 100 ◦C for 150 min, and then at 500 ◦C, the 
gel powder was calcined over 1 h after being washed with distilled water [36]. For structural and morphological characterizing of the 
synthesized Fe-doped TiO2@Fe3O4 nanocatalysts, VSM, FTIR, XRD, SEM/EDX and DRS techniques were used. 

2.3. Removal of MET 

In this stage, the impacts of several factors on the efficacy of the photocatalytic process, including; Fe-doped TiO2@Fe3O4 nano-
catalyst concentration, pollutant concentration, initial pH of the solution, and UV exposure time, were evaluated. A 15-Watt UVC light 
was employed during the experiments. To carry out the photocatalytic procedure, the MET was prepared at different concentrations 
ranging from 60 to 100 mg/L and was exposed to pH levels 3, 5, 7, 9, and 11. Sodium hydroxide and sulfuric acid (0.1 N) adjusted the 
pH. Then, 400, 800, and 1000 mg/L of Fe-doped TiO2@Fe3O4 nanocatalysts were added. 

Before exposing the prepared suspensions to UVC light and initiating the photocatalytic process, the suspensions were left in the 
dark for 15 min to achieve adsorption-desorption equilibrium. Following this, samples of the suspensions were taken at regular in-
tervals. The residual and starting MET concentration was determined after the separation of photocatalytic nanocatalysts. Eq. (1) 
represents the removal efficiency of MET based on COD [37]: 

removal %=
Ci − Co

Ci
× 100 (1) 

Ci initial COD and Co residual COD in aqueous solution at 25 ◦C ± 2 ◦C in the batch system. 
This study used a UV-C tube lamp, model G15T8 (Philips, Holland), as the irradiation source to investigate its effects on a sample 

under controlled conditions. The UV-C tube lamp had a power rating of 15 W and dimensions of 451 mm in length and 2.5 cm in 
diameter. The lamp emitted radiation at a wavelength of 253.4 nm. In the experimental setup, the UV lamp was strategically positioned 
within a specially chamber, de-signed to rigorously limit the ingress of extraneous light. A predetermined and constant distance of 10 
cm was maintained between the light source and the reactor, a parameter meticulously considered to optimize photo-catalytic per-
formance. Within this controlled environment, both temperature and relative humidity were assiduously regulated at 25 ◦C and 50 % 
respectively, ensuring consistent conditions and mitigating potential experimental deviations. 

The lamp was installed in a light-infiltrated chamber to minimize interference from external light sources. The chamber had a 
controlled environment with temperature, and humidity maintained at 25 ◦C and 50 %, respectively. 

3. Results and discussion 

3.1. SEM analysis 

The SEM is a powerful tool used for analyzing the morphology of materials. In this particular study, SEM was utilized to estimate 
the shape and size distribution of nanocatalysts, specifically Fe3O4 and Fe-doped TiO2@Fe3O4 catalysts. The results obtained from SEM 
images showed that there was no noticeable variation in the surface morphology of the nanocatalysts after the synthesis of doped 
nanoparticles. However, the particles tended to aggregate, which could be attributed to their magnetic characteristics and fineness 
[38]. Fig. 1a shows that the Fe3O4 are formed separately and have a size of 20–32 nm (Average = 26.3 nm). They have almost smooth 
surfaces in some places and tend to agglomerate. As Fig. 1a shows, after covering the nanocatalysts Fe3O4 with Fe-doped TiO2, the 
pores between the nanocatalysts Fe3O4 are almost closed, which indicates the presence of the surface coating Fe3O4 (the average size of 
61.7 nm). 

The EDX spectra for Fe3O4 and Fe-doped TiO2@Fe3O4 nanoparticles are shown in Fig. 1b. The spectra for Fe3O4 show peaks 
corresponding to Fe and O, with weight percentages of 72.6 % and 27.3 %, respectively. The spectra for Fe-doped TiO2@Fe3O4 show 
peaks corresponding to Ti, Fe, and O, with weight percentages of 62.4 %, 14.9 %, and 22.7 %, respectively. The EDX analysis confirms 
the presence of Fe in both Fe3O4 and Fe-doped TiO2@Fe3O4 nanoparticles. The weight percentage of Fe in Fe-doped TiO2@Fe3O4 is 
lower than that in Fe3O4, indicating that some of the Fe in Fe-doped TiO2@Fe3O4 is incorporated into the TiO2 matrix. The EDX 
analysis also confirms the presence of Ti and O in Fe-doped TiO2@Fe3O4, indicating the successful synthesis of Fe-doped TiO2@Fe3O4 
nanoparticles. 
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3.2. XRD analysis 

The Fe3O4 nanocatalysts (Fig. 2a) displayed an X-ray diffraction (XRD) pattern consisting of seven distinct peaks (18.23◦, 30.16◦, 
35.12◦, 43.14◦, 53.50◦, 57.05◦, 62.51◦), indicative the typical cubic inverse spinel structure of Fe3O4 [39,40]. The synthesized 
Fe-doped TiO2@Fe3O4 (Fig. 2b) displayed well-defined peaks in its XRD spectrum, suggesting a superior crystalline structure. The 
Fe-doped TiO2@Fe3O4 diffraction pattern exhibited several distinct peaks (24.06◦, 25.32◦, 27.47◦, 33.28◦, 35.78◦, 40.93◦, 47.98◦, 
49.80◦, 54.20◦, 57.65,◦ 62.11◦, 64.09◦, and 69.21◦). Peaks at 25.32◦, 47.98◦, 54.20◦, and 69.21◦ were attributed to the TiO2 anatase 
phase, while peaks at 27.47◦, 35.78◦, and 40.93◦ were assigned to the planes of rutile, indicating the presence of both phases in TiO2. 
Peaks at 35.78◦, 54.20◦, 57.65◦, and 62.11◦ were consistent with diffraction from the Fe3O4. The patterns above have been employed 
in accordance with the JCPDS Card numbers 89–3854, 21–1272, 019–0629, 21–127, and 79–0418 [33,39,41,42]. The research 

Fig. 1. SEM/EDX images of Fe3O4 and Fe-doped TiO2@Fe3O4 nanocatalysts.  
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conducted by Sheikhmohammadi and colleagues involved the characterization of TiO2@Fe3O4 nanocatalyst. The analysis of the 
nanocatalyst revealed the presence of three crystal phases, namely anatase phase, rutile phase, and cubic phase [33]. Furthermore, the 
findings of the present investigation exhibit concurrence with the outcomes of Shojaei’s previous research concerning the utilization of 
Fe3+/TiO2@Fe3O4 nanocatalyst [42]. 

Fig. 2. XRD of (a) Fe3O4 nanocatalysts (b) Fe-doped TiO2@Fe3O4 nanocatalysts.  
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3.3. DRS analysis 

Differential Reflectance Spectroscopy is a vital tool for accurately discerning the optical characteristics of materials. It’s instru-
mental in determining the band gap energy of materials, a parameter central to understanding their electronic and optical behaviors. In 
this study, DRS analysis of the Fe– doped TiO2@Fe3O4 nanocatalyst revealed a band gap of 2.7 eV. This is distinctively lower than the 
3.2 eV band gap intrinsic to unaltered TiO2, as shown in Fig. 3. This deviation is ascribed to the introduction of iron oxide into the 
composite. In essence, the integration of Fe3O4 with TiO2 results in a heterojunction, which alters the electronic structure of TiO2 and 
consequently narrows its band gap. This observation resonates with prior research, such as the study by Nada et al. on. on 
ZnFe2O4@TiO2 nanofibers [43]. 

The Fe–doped TiO2@Fe3O4 nanocatalyst, by virtue of its composition comprising TiO2, Fe–TiO2, and Fe3O4 nanoparticles and its 
reduced band gap of 2.7 eV, displays heightened photocatalytic activity. The heterojunction between TiO2 and Fe3O4 enhances charge 
transfer, effectively improving the separation of photogenerated electron-hole pairs. The positioning of the valence band (VB) and 
conduction band (CB) in both TiO2 and Fe3O4 are determinants in this electron and hole migration, thereby elevating the overall 
charge separation efficiency. 

3.4. VSM analysis 

To effectively isolate and recycle nanocatalysts, those with magnetic properties are favored. To assess the magnetic traits of the 
produced nanocatalysts, VSM analysis was utilized, and the results are illustrated in Fig. 4, showing the highest saturation 

Fig. 3. DRS of Fe– doped TiO2@Fe3O4 composite.  

Fig. 4. VSM of synthesized nanocatalysts Fe3O4 sample and sample Fe-doped TiO2 @ Fe3O4 nanocatalysts.  
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magnetization values for Fe3O4 and Fe–doped TiO2@Fe3O4 nanocatalysts. The findings demonstrate that every sample has super-
paramagnetic characteristics. In our study, the highest value of magnetic properties in Fe3O4 was obtained higher than that of magnetic 
properties for Fe-doped TiO2@Fe3O4. The saturation magnetization of uncoated and coated samples decreased after applying a TiO2 
coating. This decline in magnetization can be attributed to the presence of a non-magnetic titania shell around the Fe3O4 core, which 
reduces the overall mass of the core. This reduction in magnetization serves as evidence for the successful deposition of titania on the 
magnetite nanoparticle. It supports the idea that the coated titania is bonded to the surface of the magnetite particles through Fe–O–Ti 
chemical bonding. Previous research has also reported a reduction in the magnetic moment of iron ions bound to Ti on the surface of 
magnetite particles through Fe–O–Ti bonding. For example, Abbas and colleagues found that the saturation magnetite of the uncoated 
magnetite sample with titanium was 80 emu/g. In comparison, the sample coated with titanium exhibited a decrease in saturation 
magnetization of about 57 emu/g, similar to our study [44]. 

3.5. FTIR analysis 

FTIR can display a scan of the infrared spectrum absorbed by the sample. The material is identified based on the frequency of the 
infrared spectrum that is absorbed by the sample and the strength of this absorption. Fig. 5 shows only the peaks related to functional 
groups in nanocomposite Fe–doped TiO2@Fe3O4 nanocatalysts. Ti–O–Ti vibrational mode and pure TiO2 belonging to the bending 
vibrations of the C–H bond were located in the range 478.76–685.87 cm− 1 and 1395.74 cm− 1. Also, the weak absorption band at 
around 2354.55 and 2309.60 cm− 1 belonged to the Fe-doped TiO2 spectrum [45]. The band was observed in the 2926.96 cm− 1 related 
to CH2 stretching bond [46]. The spectral regions between 3429.45 and 1614.65 cm− 1 indicate the stretching vibration of O–H groups 
and the bending vibration of adsorbed water molecules, respectively. This information is based on research by Saroj [47]. The study 

Fig. 5. FTIR of Fe–doped TiO2@Fe3O4 nanocatalysts.  

Fig. 6. Influence of initial pH values in degradation of MET (initial MET concentration of 60 mg/L, nanocatalyst dosage of 400 mg/L, and reaction 
time of 90 min) evaluated at different times. 
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conducted by Craciun and colleagues suggests that the slight variation in peak positions for the doped sample could be explained by 
substituting Fe3+ in the titanium dioxide structure or by the presence of non-crystalline iron oxides at the periphery of the titanium 
dioxide crystals [48]. 

3.6. Effect of initial pH on the removal of MET 

The pH of a solution plays a pivotal role in modulating the degradation kinetics of pollutants during photocatalytic processes, 
particularly under UV-C irradiation. As depicted in Fig. 6, the efficiency of MET degradation using Fe–doped TiO2@Fe3O4 nano-
catalysts was evaluated under varying pH conditions—acidic, neutral, and basic—over different time intervals, keeping other pa-
rameters constant. It was observed that MET degradation was notably enhanced in acidic environments, with optimal degradation 
recorded at pH 3. In contrast, the degradation efficiency attenuated under neutral and basic conditions, reaching an equilibrium after 
approximately 90 min. This equilibrium signifies a dynamic state where the rate of MET degradation matches the rate of MET 
regeneration, resulting in no apparent net change in its concentration. The observed pH influence can be attributed to the protonation 
of MET, which possesses an imidazole functional group, facilitating its adsorption onto the catalyst’s surface [49] Kamani et al. 
emphasized that pH variations markedly affect the generation of hydroxyl radicals, potent oxidizing entities, during advanced 
oxidation processes [50]. This corroborates with the findings of Asgari et al. and Abdoli et al., both of whom delineated that a more 
acidic milieu augments MET removal efficiency. The underpinning mechanism can be associated with the enhanced production and 
availability of hydroxyl radicals in acidic conditions, which accelerate the photocatalytic degradation of MET [51,52]. 

3.7. Effect of initial concentration on the removal of MET 

Having identified the optimal pH, the influence of various concentrations of MET, including 60, 80, and 100 mg/L, on the removal 
efficiency was examined (Fig. 7). In this case, the highest MET removal efficiency was observed at the lower initial concentrations of 
MET. The MET removal efficiency declined, in contrast to rising pollutant concentrations. As depicted in Fig. 7, highest efficiency was 
achieved at a MET concentration of 60 mg/L, and it declined with increasing MET concentration up to 100 mg/L. The most important 
factor controlling the photocatalytic degradation rate is the production and transfer of active groups [53]. When the pollutant con-
centration decreases, higher oxidation rates are common, which is due to the limited amount of reactive species that are responsible for 
their degradation. Farzadkia and colleagues reported outcomes that were similar [54]. 

3.8. Effect of nanocatalyst dosage on the removal of MET 

The dosage of nanocatalysts or catalysts used in hybrid and catalytic oxidation processes is one of the most significant factors 
influencing the processes’ optimal performance. The impact of Fe-doped TiO2@Fe3O was investigated using a variety of dosages (400, 
800, and 1000 mg/L). As seen in Fig. 8, increasing the concentration of nanocatalysts up to 800 mg/L enhanced the degradation 
efficiency. However, increasing the concentration to 1000 mg/L lowered the degradation. Adding more Fe-doped TiO2@Fe3O4 
nanocatalysts can result in more MET molecules being adsorbed on the surface, simultaneously elevating the amount of •OH radicals in 
the solution. For this reason, more MNZ molecules are exposed to photodegradation. However, the high nanocatalyst dosage (1000 
mg/L) leads to the deactivation of the activated molecules by collision with ground-state molecules, which regulate and dominate the 
reaction. Thus, the reaction rate stayed unchanged and might be reduced again [55]. These results were consistent with Sheikhmo-
hammadi’s study on the removal of MET by TiO2/Fe3O4 nanocatalyst [33]. 

Fig. 7. Effect of initial concentration in degradation of MET (pH = 3, nanocatalyst dosage of 400 mg/L, and reaction time of 90 min), evaluated at 
different times. 
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3.9. Possible mechanism of degradation for MET 

The elucidation of degradation mechanisms is critical in comprehending the functioning of a material and its deg-radation over 
time in a given environment [53,56]. It is imperative to optimize and improve the efficiency of a material by identifying the factors 
responsible for its degradation. Identifying such factors is important in determining the material’s durability and devising strategies to 
enhance its stability and resistance to degradation [57–59]. This aspect has thus garnered significant attention from researchers in the 
scientific community. MET can be degraded using magnetic Fe-doped TiO2@Fe3O4 through photocatalytic degradation. The reaction 
can be represented as follows: 

When Fe-doped TiO2@Fe3O4 is irradiated with UV-C light, electrons in the VB absorb energy and are excited to the CB, creating 
electron-hole pairs:  

Fe-doped TiO2@Fe3O4 + hν → Fe-doped TiO2@Fe3O4 (e-/h+)                                                                                                     (2)  

MET + Fe-doped TiO2@Fe3O4 → MET/ Fe-doped TiO2@Fe3O4                                                                                                   (3) 

Upon absorption of a photon, the MET molecule in the adsorbed state is excited to form a MET radical action (MET*):  

MET + hν → MET* + e-                                                                                                                                                           (4) 

The MET* reacts with the hydroxyl radicals (•OH) generated on the surface of Fe-doped TiO2@Fe3O4 to form a degraded product 
of MET:  

MET* + •OH → degraded product of MET                                                                                                                                  (5) 

The degraded product of MET can further undergo degradation reactions to form smaller and less harmful compounds. Factors such 
as pH, initial MET concentration, nanocatalyst concentration, and reaction time influence the degradation efficiency of MET using 
magnetic Fe-doped TiO2@Fe3O4. The optimal conditions for highest MET degradation efficiency (99.37%) were observed at a pH of 3, 
with an initial MET concentration of 60 mg/L, nanoparticle dosage of 800 mg/L, and a reaction time of 90 min. 

3.10. The stability of the photocatalyst 

This study aimed to assess the stability of a newly synthesized photocatalyst. After optimizing the oxidation conditions, the 
nanocatalyst was subjected to multiple cycles of MET photodegradation. Subsequently, the photocatalyst was isolated (centrifugation), 
purified (ethanol and water), and dried at 60 ◦C for 2 h to prepare it for analysis. The effectiveness of the photocatalyst was determined 
by quantifying the remaining amount after each round of photocatalysis. The findings indicate that the nanocatalyst is highly stable, as 
demonstrated by the preservation of 99.3 %, 97.9 %, 96.8 %, and 94.4 % of its initial activity following four consecutive rounds of MET 
photocatalysis. 

3.11. Study limitations 

This investigation on the photocatalytic efficiency of Fe-doped TiO2@Fe3O4 nanocatalysts, synthesized via a sol-gel method, 
yielded promising results under controlled laboratory conditions. However, real-world scenarios might present deviations in envi-
ronmental factors like MET concentrations and other co-existing contaminants. Furthermore, while MET degradation was achieved 
under identified optimal conditions, the nature and environmental implications of the derivative by-products remain inadequately 

Fig. 8. Effect of Fe-doped TiO2@Fe3O dosage on photocatalytic degradation of MET (pH = 3, initial MET concentration of 60 mg/L, and reaction 
time of 90 min), evaluated at different times. 
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addressed. The recovery, reusability, and long-term stability of the nanocatalysts also necessitate further exploration. To solidify the 
method’s eco-compatibility claim, broader environmental impact studies, encompassing energy metrics and residual nanoparticles’ 
fate, are imperative. 

4. Conclusions 

The present study successfully synthesized Fe-doped TiO2@Fe3O4 nanocatalysts using a simple sol-gel method and demonstrated 
their efficiency in the photocatalytic oxidation of MET from aqueous solutions. Fe ions were successfully integrated into the TiO2 
nanocatalyst, as confirmed by characterization results. The study found that the photocatalytic efficiency depended on the pH, initial 
MET concentration, nanocatalyst dosage, and reaction time. The highest MET degradation efficiency was observed at pH 3, initial MET 
concentration of 60 mg/L, nanocatalyst dosage of 800 mg/L, and reaction time of 90 min under the irradiation of a 15-W UVC lamp. 
The findings of this study highlight the potential of using photocatalytic oxidation with Fe-doped TiO2@Fe3O4 nanocatalysts to treat 
MET-containing wastewater. The insights gleaned suggest that this modality could be pivotal in refining water treatment protocols 
aimed at MET removal, with its cardinal merits being its operational simplicity, pronounced efficacy, and eco-compatibility. None-
theless, the forward path mandates comprehensive investigations to finetune this photocatalytic modality for authentic wastewater 
scenarios and to decipher potential environmental ramifications, particularly concerning derivative by-product genesis. 
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