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Abstract 

In this work, novel magnetic Fe3O4@CeO2@BiOI nanospheres were synthesized for the heterogeneous 

photocatalytic activation of peroxymonosulfate (PMS) towards sulfamethoxazole (SMX) degradation. The phase 

purity, morphology, and surface properties of the nanocomposite were fully characterized and confirmed the 

formation of a heterojunction between the magnetic Fe3O4@CeO2 and BiOI. Low catalyst (0.1 g/L) and PMS 

addition (0.2 mM) under UVA-LED light irradiation led to high catalytic activity in SMX degradation (97%, kapp = 

0.221 min-1) within 15 min. The highest quantum yield (QY) value (5.02 × 10-4 molecules photon-1) was measured 

for the ternary Fe3O4@CeO2@BiOI nanocomposite, which is 3.54, 3.76, and 4.04 times higher than Fe3O4@CeO2, 

BiOI, and CeO2 coupled with PMS/UVA, respectively. Furthermore, different experimental conditions, including 

initial solution pH, catalyst:PMS ratio, water matrix ions on the Fe3O4@CeO2@BiOI/PMS/UVA system, were 

investigated under the optimum reaction conditions. As deduced from the LC/MS analysis, the possible SMX 

degradation pathways were proposed. Based on radicals scavenging experiments, 𝑆𝑂4
•−, 𝐻𝑂•, and 𝑂2

•− are mainly 

involved in SMX degradation. Finally, recycling and leaching experiments confirmed a stable material with 

coherent catalytic performance for the activation of PMS by Fe3O4@CeO2@BiOI catalyst under UVA, with 

excellent magnetic recovery capabilities. As such, this material has high potential for degradation of organic 

contaminants and in extension for water treatment processes. 

 

Keywords: Magnetic photocatalyst; Peroxymonosulfate activation; Antibiotic degradation; Advanced oxidation 

processes (AOPs); Nanoparticles. 
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Highlights 

• Fe3O4@CeO2@BiOI nanosphere was synthesized by using hydrothermal method. 

• The addition of PMS produced the synergetic effect in Fe3O4@CeO2@BiOI photocatalytic system 

under UVA. 

• 97% of sulfamethoxazole (SMX) could be removed from the reaction within 15 min with rate constant 

value of 0.221 min-1. 

• 𝐻𝑂•, 𝑆𝑂4
•−, and 𝑂2

•− were dominant reactive species which involved in SMX degradation pathway. 

 

Graphical Abstract 
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1. Introduction 

During the last decades, the excess administering and use of antibiotics has caused increasing concern on the public 

health and natural water ecosystems’ balance (Huang et al. 2019). Among these antibiotics, sulfamethoxazole 

(SMX) is a sulfonamide antibiotic that has been widely used for the treatment of bronchitis and other infections 

(Yazdanbakhsh et al. 2020). SMX has been detected in various environmental matrices, such as surface water and 

groundwater, at different concentrations, i.e., from ng/L to mg/L (Chen et al. 2019). Antibiotics are only partially 

absorbed by human bodies and animals and are excreted to water and environment through urine and feces (Dong 

et al. 2018). Hence, effective methods and high-performance processes are required for the removal and degradation 

of SMX from the effluents, due to its low biodegradability and long-term persistence in the environment (Oh et al. 

2017). 

Among the different technologies that have been recently employed for the removal of pollutants from water, such 

as adsorption, biodegradation and separation, advanced oxidation processes (AOPs) have received attention as an 

effective and promising technology (Liu et al. 2020). In recent years, AOPs based on peroxymonosulfate (𝐻𝑆𝑂5
−, 

PMS) have been developed as an effective oxidation method for the removal of contaminants from aqueous matrices 

(Giannakis et al., 2021a). PMS is considered as a great oxidant due to its high stability, easy activation, and facility 

of operation at a wide matrix pH range (Ghanbari and Moradi, 2017). Due to the asymmetric structure of PMS, 

hydroxyl (𝐻𝑂•) and sulfate (𝑆𝑂4
•−) radicals, with high standard redox potential (1.8–2.7 V, and 2.5–3.1 V vs. NHE, 

respectively) can be generated after its activation (Rodriguez-Chueca et al. 2019). Over the last years, the 

heterogeneous activation of PMS by transition metal (Me) based catalysts has been developed (Li et al. 2020; Guo 

et al. 2020a) and the most important advances have been recently reviewed (Kohantorabi et al. 2021a). Due to the 

presence of Men+/Me(n+1)+ redox cycles of metal ions in catalyst structure, metal oxides have a high capacity in 

effective PMS activation (eqns. 1, and 2) (Xu et al. 2020), while multi-metallic oxides take advantage of synergic 

redox reactions among metals (Giannakis et al., 2021b). 

𝐻𝑆𝑂5
− + 𝑀𝑒𝑛+  

         
→   𝑆𝑂4

•− + 𝐻𝑂− + 𝑀𝑒(𝑛+1)+ (1) 

𝐻𝑆𝑂5
− + 𝑀𝑒𝑛+  

         
→   𝑆𝑂4

2− + 𝐻𝑂• + 𝑀𝑒(𝑛+1)+ (2) 
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Besides, UV irradiation is an effective way to activate PMS, which is used frequently in wastewater treatment (Qi 

et al. 2019). Under irradiation, PMS can be activated and produce 𝑆𝑂4
•− and 𝐻𝑂• radicals (eq. 3). In parallel, the 

advent of LED lamps allows a cheap and effective control over the desired light emission characteristics, which 

facilitate its application.  

𝐻𝑆𝑂5
− + ℎ𝜐 

        
→   𝐻𝑂• + 𝑆𝑂4

•−  (3) 

Photocatalytic oxidation is an interesting approach in AOPs, due to the formation of reactive oxygen species (ROS) 

effective for the degradation of a wide range of contaminants (Mirzaei et al. 2018; Zarezadeh et al. 2019; Vosoughi 

et al. 2020). Recently, photocatalysts were used as effective catalysts for the activation of PMS even under visible 

light irradiation (Hu et al. 2019; Zhang et al. 2021). Moreover, apart from PMS direct light activation, photo-

produced reactive intermediates (PPRI) such as electron/hole (𝑒−/ℎ+) pairs from the photocatalyst can also activate 

PMS (Shao et al. 2017). 

Furthermore, in the search for effective photo-catalysts, the efficiency of a wide range of Bi-based semiconductors 

such as BiVO4 (Wetchakun et al. 2012), Bi2MoO6 (Vaseli-Kermani et al. 2020), Bi2WO6 (Yuan et al. 2019), BiPO4 

(Gao et al. 2019), and BiOX (X = Cl, Br, and I) (Bardos et al. 2019) has been tested. Among them, BiOI has been 

highlighted as a promising photocatalyst in environmental applications, due to its remarkable activity, non-toxic 

nature, low manufacturing cost, and narrow band gap energy (2.19 eV) (Hu et al. 2019; Mehraj et al. 2016). 

However, due to the fast recombination of the photogenerated 𝑒−/ℎ+ pairs, the photocatalytic activity of BiOI alone 

is poor. Hence, modification of BiOI with other semiconductors has been considered as an effective method to 

improve its photo-activity (Moussavi and Habibi-Yangjeh, 2016). Among the various semiconductors available, 

CeO2, a rare earth oxide, has been tested in industrial applications such as fuel cells, catalysis, photocatalysis and 

solar cell-compatible materials (Jiang et al. 2019; Raso et al. 2014). Due to its high activity, non-toxicity, high 

stability, and environmentally friendly properties, it has been used in photocatalytic processes (Wen et al. 2017). 

Nevertheless, the poor visible light absorption capacity, and their low capability to separate 𝑒−/ℎ+ pairs are the 

main shortcomings of single CeO2 (Wen et al. 2017). To overcome these problems of single semiconductors, 

fabrication of heterojunction can significantly enhance their photocatalytic activity, and separation of photo-

generated charge carries (Wang et al. 2020a). 
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Besides the high activity, suitable band gap and good charge separation, another important challenge in 

photocatalytic oxidation is the complete and easy separation of the photocatalyst from the reaction media (Khavar 

et al. 2019). For this purpose, magnetic nanocomposites have been developed in environmental applications, due to 

their superparamagnetic properties, which allows them to be recovered from the reaction solution by using an 

external magnetic field (Khavar et al. 2019; Kohantorabi and Gholami 2018a; Ghanbari et al. 2019). Fe3O4 is an 

ideal material for this purpose, with unique features including low cost, high stability, easy preparation, high 

magnetism, and eco-friendly character (Boruah et al. 2017). Considering the above reasoning, fabrication of 

magnetic photocatalysts with high activity in PMS activation for the destruction of chemical contaminants is 

expected to be very effective against antibiotics, while literature has very few works of photocatalysts bridging all 

these features. 

In the present study, a magnetic, multi-layered nanosphere including Fe3O4, CeO2 and BiOI was synthesized by a 

hydrothermal method, which showed high activity in PMS activation, for antibiotics degradation under UVA-LED 

light irradiation. The main objectives of this study are: i) to study the role of redox cycles of the metal oxides 

existing in Fe3O4@CeO2@BiOI in the activation of PMS and formation of reactive species, ii) to investigate the 

photocatalytic activity of the Fe3O4@CeO2@BiOI/PMS process in the removal of SMX under UVA irradiation, 

and iii) the evaluation of the stability and recyclability of the as-made nano-catalyst in photocatalytic activation of 

PMS. In addition, the effect of different reaction conditions (catalyst loading, oxidant concentration), and matrix 

composition were investigated in SMX degradation reaction. Finally, to provide insight on the mechanistic aspects 

of sulfonamide antibiotics degradation, the elimination pathway of SMX by the nanocomposite was studied in 

detail. 
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2. Materials and Methods 

2.1. Chemicals and reagents 

Iron chloride hexahydrate (FeCl3. 6H2O), sodium acetate (CH3COONa), cerium nitrate hexahydrate (Ce (NO3)3. 6 

H2O), ethylene glycol (EG), ethanol (EtOH), ammonium solution (NH4OH), peroxymonosulfate (PMS, Oxone, 

2KHSO5.KHSO4.K2SO4), and all scavengers including tert-butyl alcohol (TBA), sodium oxalate (Na2C2O4, OX), 

and p-benzoquinone (BQ) were purchased from Merck Company. Bismuth nitrate tetrahydrate (Bi (NO3)2. 4H2O), 

sodium azide (NaN3, SA), and potassium iodide (KI) were supplied from Sigma Aldrich. Also, all sodium salts 

including sodium chloride (NaCl), sodium bicarbonate (NaHCO3), sodium sulfate (Na2SO4), sodium phosphate 

(Na3PO4), and sodium nitrate (NaNO3) were purchased from Merck. The pure Sulfamethoxazole (SMX) powder 

was obtained directly from a local supplier (Aria Co. Iran). The stock solution of SMX was obtained by dissolving 

0.56 g of SMX in 1.0 L of distilled (DI) water, and stored at 4.0±1.0 °C. 

 

2.2. Analytical chemical and material science techniques 

2.2.1. Catalysts’ characterization 

The phase purity and crystalline structure of as-synthesized samples were evaluated by using X-ray diffraction 

(XRD) analysis on Philips X’Pert-MPD X-ray diffractometer with a Cu Kα radiation (λ = 1.54060 A°) in the 2Ө 

range of 10-80°. The surface functional groups of the as-made catalysts were acquired by the Fourier transform 

infrared spectra (FT-IR, AB BOMER MB Spectrophotometer) in the wavelength range from 400 to 4000 cm-1. To 

investigate the morphology of samples and their elemental analysis, field emission scanning electron microscopy 

(FE-SEM, Mira3 Tascan), transmission electron microscopy (TEM, Philips-CM30 instrument), and energy 

dispersive X-ray spectroscopy (EDX) were applied. For the investigation of the surface composition of the catalyst, 

and binding energies of elements, X-ray photoelectron spectroscopy (XPS) was carried out with a SPECS Phoibos 

100 MCD5 hemispherical electron analyzer operating at a constant pass energy. Kɑ Mg (1253.6 eV) was the X-ray 

source employed together with a flood electron gun to compensate charge effects on the catalysts. Survey and high-
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resolution spectra were performed with an energy pass of 90 eV and step energy of 1.0 eV, and with an energy pass 

of 30 eV and step energy of 0.1 eV, respectively. 

The optical properties of samples were evaluated by using UV-Vis diffused reflectance spectroscopy (DRS, 

Shimadzu 2550-8030 spectrophotometer) in the wavelength range from 200 to 800 nm. Moreover, the 

photoluminescence (PL) spectra of samples were recorded via FL3-TCSPC fluorescence spectrophotometer at 

ambient temperature. Electrochemical impedance spectroscopy (EIS) measurement was provided by using Na2SO4 

solution (0.3 M) with frequency ranging between 0.1-106 Hz. The magnetic properties of samples were measured 

by using a vibrating sample magnetometer (VSM, PPMS). The specific surface area, and pore size distribution of 

samples were determined by using Nitrogen adsorption-desorption analysis at 77 K (Micromeritics/Gemini-2372 

analyzer). 

 

2.2.2. Sulfamethoxazole degradation process characterization 

The concentration of SMX during the reaction was evaluated by high pressure liquid chromatography (HPLC, 

Eclipse plus C18 column; 3.5 μm, Agilent Co) equipped with a UV detector at 270 nm. The mobile phase was a 

mixture of acetonitrile and water with a volumetric ratio of 40:60 and injected with a flow rate of 0.8 mL min-1. To 

study the mechanism pathway, and intermediates generation during the reaction under optimal conditions, liquid-

chromatography-mass spectroscopy (LC-MS, 2010 A/Shimadzu) coupled with an Eclipse Atlantis T3, C18 column 

(2.1×100 mm, 3.0 μ particle size) was used at room temperature. The mobile phase of this analysis consisted of 

acetonitrile (containing 0.1% formic acid), and water (containing 0.1% formic acid), which was injected at a flow 

rate of 0.2 mL min-1, and an injection sample volume of 10.0 µL. Also, the following conditions were operated for 

the Mass spectrophotometer; gas nebulizer: nitrogen (N2), capillary volt: 4.0 kV, Cone volt: 30 V, flow gas: 3.3 L 

min-1, and source, and desolation temperatures are 120 °C, and 350 °C, respectively. The spectrophotometer 

scanning was collected for m/z in the ranging of 50-500. The pHZPC value of as-made nanocomposite was determined 

based on changes of the pH values of KNO3 solution as electrolyte (Ghanbari et al. 2019). The total organic carbon 

(TOC) of samples was measured using a Shimadzu TOC Analyzer (TOC-L CSH/CSN). Finally, the concentration 
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of PMS during the reaction was evaluated by using iodo-metric method (Vogel 1989) and solution pH was measured 

by Jenway pH-meter (Jenway Co. UK). 

 

2.3. Synthesis of Fe3O4 nanoparticles, Fe3O4@CeO2 and Fe3O4@CeO2@BiOI nanospheres 

2.3.1. Magnetite (Fe3O4) nanoparticle synthesis 

Magnetic Fe3O4 nanoparticles (NPs) were synthesized by a common hydrothermal method (Kohantorabi and 

Gholami, 2018a). Briefly, 4.4 mmol (1.20 g) of FeCl3
.6H2O was dissolved in 75 mL of ethylene glycol (EG) for 15 

min under stirring. Then, 44.0 mmol (3.60 g) of sodium acetate was added into the above mixture under stirring. 

The suspension was stirred for 30 min at ambient temperature. Following, the mixture was transferred into a Teflon-

lined steel autoclave and heated at 200 °C for 16 h. After cooling to room temperature, the black products were 

separated from the reaction media by using an external magnet, washed three times with a water/ethanol mixture, 

and then dried at 70 °C overnight. 

2.3.2. Fe3O4@CeO2 synthesis 

The CeO2 was synthesized on magnetic NPs by using a hydrothermal method. According to this method, a certain 

amount of as-made Fe3O4 was dispersed into the 30 mL of EG under sonication for 20 min as solution A. In another 

vial, 2.3 mmol (1.0 g) of Ce (NO3)3. 6H2O was dissolved in 5.0 mL of DI water. After dissolving, 1.0 mL of acetic 

acid, and 30 mL of EG were added into the suspension under ultrasonic treatment at room temperature. After mixing 

for 30 min, the obtained solution was added into the solution A under continuous stirring. Afterwards, the mixture 

was immediately transferred into the Teflon-lined autoclave, and heated at 180 °C for 200 min, then cooled to room 

temperature. The resultant product (Fe3O4@CeO2) was washed with ethanol and water, and then dried at 70 °C for 

8 h. The pure CeO2 NPs were synthesized by using the same method without the addition of Fe3O4 (Kohantorabi 

and Gholami 2018b). 

2.3.3. Fe3O4@CeO2@BiOI nanospheres’ synthesis 

The BiOI was prepared on the surface of magnetic Fe3O4@CeO2 catalyst by using hydrothermal method. In this 

procedure, 0.2 g of the synthesized Fe3O4@CeO2 catalyst was dispersed in to 25.0 mL of DI water under sonication, 
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and named solution A. Then, 20 mL of Bi (NO3)2. 4H2O (0.3 M) was added dropwise into the suspension under 

continuous stirring. After 10 min, 25 mL of KI solution (0.2 M) was added dropwise and the mixture was stirred 

for 30 min. Afterwards, the resultant suspension was transferred to the Teflon-lined autoclave and heated at 140 °C 

for 12 h. After completing the reaction, the autoclave was cooled to room temperature and the obtained products 

were separated from the solution by using a magnet, washed with a water/ethanol solution, and finally dried at 70 

°C overnight. The pure BiOI catalyst was synthesized by the same procedure, without addition of Fe3O4@CeO2 

catalyst. Scheme 1 illustrates the synthesis steps involved in the preparation of Fe3O4@CeO2@BiOI nanospheres. 

 

Scheme 1. Schematic of the synthesis steps of Fe3O4@CeO2@BiOI nanosphere. 

 

2.4. Photo-catalytic SMX degradation testing procedure 

To investigate the catalytic activity of the as-made samples including Fe3O4, CeO2, BiOI, Fe3O4@CeO2, 

CeO2@BiOI, and Fe3O4@CeO2@BiOI, the degradation of SMX in the presence of PMS under UVA was selected. 

The working solution of SMX was obtained from the stock solution. The reaction was carried out in a photo-reactor 

with total volume of 50 mL, and an inner diameter around 10 cm. A quartz sheet was introduced under the top of 

reactor that LED setup was placed on it. The distance between reaction solution, and LED setup which involved 19 

light-emitting diodes (Seoul Semiconductor, South Korea) with wavelength at 365 nm, was 1.0 cm. In each catalytic 
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reaction, a certain amount of catalyst was dispersed in to 20 mL of the SMX solution (0.05 mM) and transferred 

into the reactor. Then, 200 µL of PMS (20 mM) was added into the reaction solution, and magnetically stirred under 

LED irradiation. After pre-determined interval times, 1.0 mL of reaction solution was taken, and filtered by using 

0.22-µL PTFE membranes. The removal of SMX was evaluated by HPLC analysis. The control experiments 

including light alone, PMS alone, and catalyst in the dark were done under the same reaction conditions. Moreover, 

the initial pH solution was adjusted by NaOH, and H2SO4 (0.05 mM) solutions. All experiments were performed in 

duplicate, and the obtained results were reported by the average ± standard deviation. To further study the role of 

ROS, and photo-generated species during the reaction, scavenging tests in the presence of TBA, BQ, EtOH, OX, 

and SA for the sequestering of 𝐻𝑂, 𝑂2
−, 𝑆𝑂4

− and 𝐻𝑂 (jointly), h+, and singlet oxygen (1O2) respectively, were 

carried out under the optimum conditions. 

 

2.5. Cycling experiments 

The stability and recyclability of as-prepared catalyst was tested in consecutive catalytic cycles under the “optimal” 

conditions (best catalyst/oxidant ratio) of SMX oxidation. After each catalytic reaction, the nanocomposite was 

separated from the reaction media by an external magnetic field, washed three times with water/ethanol to remove 

all substrates from the surface of catalyst, and then dried at 70 °C overnight. Afterwards, the catalytic performance 

of the reused catalyst was investigated in the degradation of SMX coupled with PMS/UVA as described before, in 

Section 2.4. 

 

2.6. Performance indices 

The concentration of SMX during the reaction was detected by using HPLC and the removal efficiency (%) was 

calculated by the following equation (eq. 4): 

𝑅𝑒𝑚𝑜𝑣𝑎𝑙 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) = 
𝑆𝑀𝑋0 − 𝑆𝑀𝑋𝑡

𝑆𝑀𝑋0
 × 100 

(4) 

In which, SMX0, and SMXt are the concentration of SMX at beginning and time t of reaction, respectively. Also, 

the mineralization of SMX was investigated by using equation 5 under optimum reaction conditions based on TOC 
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measurement. In this equation, the TOC0, and TOCt are the TOC concentrations of SMX at time zero and t of the 

reaction, respectively. 

𝑀𝑖𝑛𝑒𝑟𝑎𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 (%) =  
𝑇𝑂𝐶0 − 𝑇𝑂𝐶𝑡

𝑇𝑂𝐶0
 × 100 

(5) 

To investigate the reaction rate constant of reaction, the pseudo-first order (PFO) reaction model was applied, and 

the values were calculated from the eq. 6. 

ln (
𝐶𝑡
𝐶0
) = −𝑘𝑎𝑝𝑝𝑡  

(6) 

In addition, the observe PFO rate (robs, mg L-1 min-1) of SMX degradation was calculated by using the eq. 7. 

𝑟𝑜𝑏𝑠 = −𝑘𝑎𝑝𝑝𝐶0  (7) 

Ct, and C0 are the concentration of SMX at beginning and time t of reaction in mg L-1. The kapp and robs values of 

SMX degradation were obtained by fitting eqns. 6 and 7, respectively. 

The quantum yield (φ, QY) of the photocatalytic system was calculated by using the eq. 8. QY factor can be used 

for the evaluation of photocatalytic performance (Reza et al. 2020). 

𝑄𝑢𝑎𝑛𝑡𝑢𝑚 𝑦𝑖𝑒𝑙𝑑 =  
𝐷𝑒𝑐𝑎𝑦 𝑟𝑎𝑡𝑒 (𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 𝑝𝑒𝑟 𝑠𝑒𝑐𝑜𝑛𝑑)

𝑃ℎ𝑜𝑡𝑜𝑛 𝑓𝑙𝑢𝑥 (𝑃ℎ𝑜𝑡𝑜𝑛𝑠 𝑝𝑒𝑟 𝑠𝑒𝑐𝑜𝑛𝑑)
 

(8) 

Also, the Figure of Merit (FoM) parameter was calculated for this photocatalytic system (eq. 9), which is a 

meaningful evaluation for photocatalytic process (Vikrant et al. 2019). This parameter involved all the relevant 

performance variables, actual comparisons performance of aqueous photocatalytic system can be obtained. 

FoM = 
Conversion efficiency (%)

Catalyst mass (mg) × [concentration]0 (ppm) × Irradiation time (min) × Applied power (W)
 

(9) 
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3. Results and discussion 

3.1. Characterization of the synthesized nano-catalysts 

To study the functional groups that are present on the synthesized catalysts, FT-IR analysis was performed, and the 

obtained results are illustrated in Fig. 1A. For the pure CeO2 NPs, the peak centered at 561 cm-1 can be assigned to 

the Ce−O (Wen et al. 2017). In the FT-IR spectra of Fe3O4, the peak around 575 cm-1 is attributed to the Fe−O 

lattice model of Fe3O4 (Khavar et al. 2019). Both peaks were observed in FT-IR spectrum of Fe3O4@CeO2@BiOI 

nanocomposite that confirmed the successful synthesis of the magnetic catalyst (Fig. 1A). It should be noted that 

the wide range peak around 3400-3500 cm-1 in the FT-IR spectra of all samples is related to the hydroxyl band 

(−HO) of the adsorbed water on the surface of catalyst. The absorption peak displayed at 489 cm-1 is related to the 

stretching vibration mode of the Bi−O. Also, the broad characteristic signal at 1587 cm-1 corresponds to the 

stretching vibration of the −HO group (Zhong et al. 2019). The presence of the peaks in the FT-IR spectrum of 

Fe3O4@CeO2@BiOI nanocomposite indicated the successful loading of BiOI shell on the Fe3O4@CeO2 catalyst. 

 

Figure 1. (A) FT-IR spectra of CeO2 NPs (a), BiOI (b), Fe3O4 (c), Fe3O4@CeO2 (d), and Fe3O4@CeO2@BiOI (e). 

(B) XRD patterns of Fe3O4 (a), CeO2 (b), Fe3O4@CeO2 (c), BiOI (d), and Fe3O4@CeO2@BiOI (e). 
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The phase purity and crystalline structure of Fe3O4, CeO2, BiOI, Fe3O4@CeO2, and Fe3O4@CeO2@BiOI 

nanocomposites was investigated using XRD analysis. The XRD patterns of all samples were reported in Fig. 1B. 

In the pattern of Fe3O4 NPs, the diffraction peaks located at 31.97°, 35.47°, 43.46°, 53.53°, 57.04°, and 62.67° are 

assigned to the (002), (221), (212), (341), (322), and (400) planes, respectively (JCPDS No. 98-001-7260) 

(Kohantorabi and Gholami, 2018a). The characteristic peaks centered at 28.50°, 33.10°, 45.52°, and 56.34° 

correspond to the (111), (200), (220), and (311) crystalline structure of CeO2 NPs (JCPDS No. 00-004-0593) (Wang 

et al. 2020a). The diffraction peaks related to the (111), (200), and (220) plane of cubic structure of pure CeO2 NPs 

were observed in XRD pattern of Fe3O4@CeO2 nanocomposite. The XRD pattern of the pure BiOI nanostructure 

exhibited five strong diffraction peaks centered at 29.61°, 31.62°, 45.37°, 55.15°, and 67.21° which are related to 

the (102), (110), (200), (212), and (220) planes of BiOI structure (Jiang et al. 2019). As can be seen from the XRD 

pattern of the magnetic Fe3O4@CeO2 catalyst, the characteristic peaks related to the Fe3O4, and CeO2 were observed 

in the spectra, and confirmed the successful formation of the CeO2 on the surface of the magnetic core (Fig. 1B). 

Moreover, the crystal phase of BiOI was preserved in as-made Fe3O4@CeO2@BiOI nanocomposite, which 

confirmed the successful formation of this nanocomposite by the reported method. Also, due to the presence of the 

BiOI on the surface of Fe3O4@CeO2 nanospheres, the intensity of diffraction peaks related to Fe3O4, and CeO2 was 

decreased in XRD pattern of Fe3O4@CeO2@BiOI nanocomposite (Fig. 1B). 

The microscopic morphologies of our synthesized catalysts are shown in Fig. 2. Fig. 2 a-c shows the TEM images 

of Fe3O4@CeO2@BiOI nanocomposite that prove its spherical structure. As can be seen from the Fig. 2a, the as-

synthesized catalyst is uniform. According to the TEM analysis, CeO2 and BiOI were successfully coated on the 

surface of Fe3O4 NPs. The FE-SEM image of Fe3O4@CeO2@BiOI nanocomposite exhibited the spherical structure 

of as-made nanocomposite (Fig. 2d). As presented in Fig. 2e through 2j, iron (Fe), cerium (Ce), oxygen (O), bismuth 

(Bi), and iodine (I) were distributed in as-prepared catalyst. To study the chemical composition of the nanoparticles, 

the energy dispersive X-ray (EDX) analysis was applied. The presence of elements including Ce, Fe, Bi, I, and O 

was confirmed from the EDX spectrum, suggesting the formation of the Fe3O4@CeO2@BiOI nanocomposite (Fig. 

2k). Although the amount of CeO2 on the surface of magnetic core was low, the characteristics peak of Ce in EDX 

spectra of the as-made nanocomposite confirmed the presence of CeO2. 
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Figure 2. TEM images (a-c), and FE-SEM image (d) of Fe3O4@CeO2@BiOI nanocomposite. Elemental mapping 

of iron (e), cerium (f), oxygen (g), bismuth (h), iodine (i), and Fe3O4@CeO2@BiOI (j), and EDX analysis of 

Fe3O4@CeO2@BiOI nanocomposite (k). 

 

The detailed chemical composition of Fe3O4@CeO2@BiOI nanospheres was obtained by XPS analysis (Fig. 3). 

Fig. 3a shows the XPS survey spectra of the nanospheres, which confirmed the presence of Fe, Ce, Bi, I and O, and 

indicated the coexistence of all three catalysts in the as-prepared ternary nanocomposite. The high-resolution XPS 

spectra of Fe2p, Ce3d, O1s, Bi4f, and I3d are shown in Fig. 3b-k. Regarding the Fe2p spectrum (Fig. 3b), the 

deconvolution of the Fe2p3/2, and Fe2p1/2 were observed at binding energies 711.2 eV, and 724.8 eV, respectively 

(Boruah et al. 2017). It is found that there is an energy separation of 13.6 eV between Fe2p1/2, and Fe2p3/2 peaks 

that is in good agreement with literature (Khavar et al. 2019). Both these peaks confirmed the presence of both Fe2+, 

and Fe3+ in Fe3O4 structure. The high-resolution spectra of Ce3d demonstrated two main peaks at 902.4 eV, and 

883.5 eV that are classified as the spin splitting orbits of 3d3/2, and 3d5/2 of Ce ion (Wang et al. 2015). Both these 

peaks confirmed the presence of Ce with oxidation state of 3+. Moreover, these peaks may be deconvoluted to the 



16 
 

small peaks at 886.3 eV, 898.2 eV, 905.6 eV, and 917.0 eV labeled with ♦ in Fig. 3d, which are corresponding to 

Ce4+ (Wang et al. 2015). In the XPS spectrum of Bi4f (Fig. 3h), two binding energies located at 159.5 eV, and 164.8 

eV are corresponding to the Bi4f7/2, and Bi4f5/2 and indicated the presence of Bi3+ ions in BiOI nanostructure (Hou 

et al. 2017). Moreover, the high-resolution I3d XPS spectrum (Fig. 3j) exhibits two peaks at binding energies at 

619.4 eV, and 630.9 eV, which correspond to the I3d5/2, and I3d3/2, respectively (Jiang et al. 2019; Hou et al. 2017). 

The XPS spectrum of O1s (Fig. 3f) shows two peaks at 530.4 eV, and 528.2 eV that can be assigned to the Bi-O, 

and Ce-O bonds in BiOI and CeO2 structures, respectively (Jiang et al. 2019). Moreover, the peaks at 533.3 eV, and 

532.2 eV in spectrum of O1s were attributed to the physically adsorbed H2O and hydroxyl groups, respectively 

(Jiang et al. 2019). Based on the above results, the planned Fe3O4@CeO2@BiOI ternary catalyst was successfully 

synthesized by the hydrothermal method reported in this study. 

 

Figure 3. XPS survey spectra of Fe3O4@CeO2@BiOI nanocomposite (a), and the high-resolution spectra of Fe2p 

(b, c), Ce3d (d, e), O1s (f, g), Bi4f (h, i), and I3d (j, k) fresh and reused catalyst, respectively. 
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The optical absorption properties and band gap energies (𝐸𝑔) of the as-synthesized catalysts were determined by 

UV-Vis DRS analysis. Fig. 4a shows the UV-Vis DRS spectra of BiOI, CeO2, Fe3O4@CeO2, and 

Fe3O4@CeO2@BiOI nanocomposites. It is obvious that after doping BiOI on the surface of the magnetic catalyst, 

the absorption edge of Fe3O4@CeO2 nanocomposite was red-shifted, which is related to the enhanced light 

absorption ability of the new catalyst. The high photocatalytic performance of Fe3O4@CeO2@BiOI nanocomposite 

can be related to the wide light absorption, which can enhance the generation of more 𝑒−/ℎ+ pairs during the 

reaction under light irradiation. The optical 𝐸𝑔 of the as-made samples were calculated by equation 10, where ɑ, h, 

ν, and A correspond to the absorption coefficient, Plank's constant, light frequency and constant, respectively (Salari 

and Kohantorabi, 2020). In this equation, the value of n is 1/2, and 2 for the direct, and indirect band gap 

semiconductors, respectively (Huang et al. 2017). 

ɑℎ𝜈 = 𝐴 (ℎ𝜈 − 𝐸𝑔)
1
𝑛⁄  (10) 

Based on this equation, the 𝐸𝑔 values of CeO2, BiOI, Fe3O4@CeO2, and Fe3O4@CeO2@BiOI nanocomposite were 

calculated to be 2.72 eV, 1.92 eV, 1.12 eV, and 1.46 eV, respectively, derived from the plot of (ɑhν)2 against 𝐸𝑔 

(Fig. 4b). As it can be seen from the obtained results, the presence of the BiOI shell on the surface of the binary 

nanocomposite can decrease the band gap energy of the photocatalyst, which in turn can cause the high 

photocatalytic performance under UVA light. 

To further investigate the photocatalytic properties, owing to the recombination of photo-generated carrier, the 

photoluminescence (PL) spectra were studied. Fig. 4c displays the PL spectra of the Fe3O4, BiOI, Fe3O4@CeO2, 

and Fe3O4@CeO2@BiOI nanocomposite, using an excitation wavelength at 365 nm. In the PL spectra, the lower 

PL intensity indicates the high separation efficiency of photo-generated 𝑒−/ℎ+ pairs (Jiang et al. 2019). Based on 

the results, in comparison with pristine BiOI, the as-made ternary nanocomposite showed the best separation 

efficiency, due to the formation of multiple heterojunction structures in the Fe3O4@CeO2@BiOI nanospheres. The 

combination of Fe3O4, CeO2 and BiOI in the as-made catalyst can provide more photo-generated charge carriers 

that can improve the photocatalytic activity. 

Fig. 4d shows the electrochemical impedance spectroscopy (EIS) of the samples. In EIS analysis, the smaller arc 

radius confirms that the catalyst has lower electron transfer resistance (Jiang et al. 2019). According to the results, 
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the arc radius of the as-made Fe3O4@CeO2@BiOI nanocomposite is lower than the pure BiOI and CeO2, which 

indicated that the separation and transformation of the photo-generated charge carriers can be enhanced in the 

ternary nanocomposite. This behavior is a precursor for an enhanced photocatalytic activity for the new nano-

catalyst under UVA. 

 

Figure 4. UV-Vis DRS spectra (a), band gap energies (b), PL spectra (c), electrochemical impedance 

spectroscopy (d), and VSM analysis of as-made samples (e). N2 adsorption/desorption isotherms of 

Fe3O4@CeO2@BiOI nanosphere at 77 K (The insert figure shows the BJH plot of this catalyst.) (f). 

 

To investigate the magnetic properties of as-made catalysts, vibrating-sample magnetometry (VSM) analysis was 

applied. Fig. 4e shows the magnetization curves of Fe3O4, Fe3O4@CeO2, and Fe3O4@CeO2@BiOI catalysts. Based 

on the results, all samples were super-paramagnetic at room temperature (Khavar et al. 2019). The saturated 

magnetization (Ms) values of Fe3O4, Fe3O4@CeO2, and Fe3O4@CeO2@BiOI nanocomposite were calculated to be 

60.1 emu g-1, 51.2 emu g-1, and 20.2 emu g-1, respectively. The Ms value of ternary nanocomposite was lower than 

the respective of the magnetic NPs, which can confirm the covering of Fe3O4 spheres by CeO2, and BiOI that 

decrease the magnetic responsiveness. Nevertheless, the ternary nano-photocatalyst maintains significant magnetic 
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properties, which facilitate its easy separation from the reaction media by using an external magnet, as shown in the 

insert of Fig. 4e. 

The specific surface area and the pore size distribution of the Fe3O4@CeO2@BiOI nanocomposite were studied by 

measuring the N2 adsorption/desorption isotherms (Fig. 4f). Due to the presence of a hysteresis loop of the sample 

at 0 < P/P0 < 1, the isotherm of the catalyst can be related to type IV, which is characteristic of the mesoporous 

materials (Khavar et al. 2019). This result confirmed the pore size distribution obtained from the BJH method (see: 

insert in Fig. 4f), in which the mesoporous range can be found (10-25 nm). The specific surface area of the 

Fe3O4@CeO2@BiOI nanocomposite was estimated to be 39.6 m2 g-1. 

 

3.2. Catalytic activity of the as-synthesized materials in SMX degradation 

3.2.1. Performance of SMX photo-degradation assisted by UVA/PMS. 

To identify the photo-catalytic performance of the as-made samples in the activation of PMS, the SMX degradation 

was carried out under different conditions and the obtained results are illustrated in Fig. 5a, b. 

Adsorption – PMS Activation (without irradiation): As a first step, Fe3O4, BiOI, Fe3O4@CeO2 (hereon: FeCe), 

and Fe3O4@CeO2@BiOI (hereon: FeCeBi) nanocomposites were used under dark conditions without the addition 

of PMS. Only 2.75%, 3.40%, and 14.0% of SMX was adsorbed on the surface of Fe3O4, FeCe, and BiOI catalysts, 

respectively. By introducing the BiOI on the surface of the Fe3O4@CeO2 catalyst, adsorption was increased and 

reached 22.0% over the FeCeBi nanocomposite during the first 15 min of the reaction. In catalytic processes, i.e., 

in presence of PMS, FeCeBi showed high catalytic activity in SMX degradation in compare with pure BiOI, CeO2, 

FeCe, and CeO2@BiOI (hereon: CeBi) catalyst. The SMX removal (%) was obtained to be 66%, 58%, 55%, 40%, 

and 25%, over FeCeBi/PMS, CeBi/PMS, FeCe/PMS, CeO2/PMS, and BiOI/PMS processes, respectively (Fig. 5c). 

As such, we verify that the presence of different metals in as-made nanocomposite, hence different redox cycles of 

metal ions, can improve the reaction efficiency (Kohantorabi et al, 2021b). 

SMX photolysis – UVA activation of PMS – Photocatalysis (without PMS): PMS activation by UVA light has 

been previously observed (Ozores-Diez et al., 2020); here, by introducing the light to catalytic system, the reaction 
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efficiency was enhanced as well. Almost 35% of SMX could be removed from the reaction media in the presence 

of PMS/UVA process, while this value was 12.5%, and 15% under UVA and PMS alone, respectively (Fig. 5c). 

So, this result confirmed the activation of PMS under irradiation of UVA in the removal of SMX. Among the as-

prepared samples in this study, the FeCeBi nanocomposite showed high photocatalytic activity in SMX degradation 

under UVA light. The photocatalytic activity of these samples under UVA irradiation was decreased as follows: 

CeBi (81%) ˃ FeCeBi (79%) ˃ BiOI (53%) ˃ FeCe (40%) ˃ CeO2 (30%) (Fig. 5c). Due to the formation of the 

heterojunction structure between CeO2 and BiOI, the binary and ternary nanocomposites showed considerably high 

activity in this reaction, which can enhance the recombination of 𝑒−/ℎ+ pairs. The rate constant value of 

Fe3O4@CeO2@BiOI/UVA was 0.1045 min-1, while this value was calculated to be 0.051 min-1, 0.033 min-1, and 

0.023 min-1 for the BiOI/UVA, Fe3O4@CeO2/UVA, and CeO2/UVA processes, respectively. 

Photo-catalytic activation of PMS (Fe3O4@CeO2@BiOI/UVA/PMS): To investigate the PMS activation in the 

photocatalytic reaction, the SMX degradation was tested over each sample, coupled with UVA and PMS. Based on 

the results (Fig. 5a, and 5c), by addition of PMS to the photocatalytic reactions, the reaction efficiency was 

enhanced, and the best performance was obtained for the FeCeBi/UVA/PMS process. The PFO rate constant values 

were significantly increased in the photocatalytic systems coupled with PMS. This value for FeCeBi/UVA/PMS 

system (0.2213 min-1) was 4.04, 3.76, and 3.54 times higher than CeO2/UVA/PMS, BiOI/UVA/PMS, and 

FeCe/UVA/PMS, respectively. In this way, we evidence that the cycles of Fe(III)/Fe(II), Ce(IV)/Ce(III), and 

Bi(III)/Bi(V) can accelerate the activation of PMS and enhance the reaction efficiency (eqns. 11-16). 

In the presence of the BiOI, not only the activation of PMS was increased due to presence of the Bi(III)/Bi(V) redox 

cycle, resulting in formation of 𝑆𝑂4
•− and 𝐻𝑂• (eqns. 15 and 16), but also the photocatalytic efficiency was enhanced 

via the generation of 𝑒−/ℎ+ pairs between CeO2 and BiOI. In addition, the possible generation of 𝑆𝑂5
•− can improve 

the reaction efficiency by the formation of hydroxyl and sulfate radicals (eqns. 17 and 18) (Kohantorabi et al. 

2021a). Hence, by the addition of PMS to the reaction, the SMX degradation was enhanced, due to the activation 

of this oxidant by both UVA irradiation and the photocatalyst. 

 𝐹𝑒3+ + 𝐻𝑆𝑂5
−
         
→   𝐹𝑒2+ + 𝑆𝑂5

•− + 𝐻+                       𝑘 = 𝑁𝑜𝑡 𝑓𝑜𝑢𝑛𝑑 (11) 

 𝐹𝑒2+ +𝐻𝑆𝑂5
−  
         
→   𝐹𝑒3+ + 𝑆𝑂4

•− + 𝐻𝑂−                   𝑘 = 3.0 × 104 𝑀−1𝑠−1 (12) 

mailto:Fe3O4@CeO2@BiOI/LED%20was%200.1045
mailto:Fe3O4@CeO2@BiOI/LED/PMS%20system%20was%204.04
mailto:Fe3O4@CeO2@BiOI/LED/PMS%20system%20was%204.04
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𝐶𝑒4+ + 𝐻𝑆𝑂5
−  
          
→   𝐶𝑒3+ + 𝑆𝑂5

•− + 𝐻+ (13) 

𝐶𝑒3+ + 𝐻𝑆𝑂5
−  
          
→   𝐶𝑒4+ + 𝑆𝑂4

•− + 𝐻𝑂− (14) 

𝐵𝑖3+ + 2𝐻𝑆𝑂5
−  
         
→  𝐵𝑖5+ + 2𝑆𝑂4

•− +  2𝐻𝑂− 𝑎𝑛𝑑/𝑜𝑟 2𝐻𝑂•  + 2𝑆𝑂4
2−  + 𝐵𝑖5+ (15) 

𝐵𝑖5+ + 2𝐻𝑆𝑂5
−  
         
→   𝐵𝑖3+ + 2𝑆𝑂5

•− +  2𝐻+ (16) 

𝑆𝑂5
•− + 2𝐻2𝑂 

         
→   𝑆𝑂4

2− + 3𝐻𝑂• + 𝐻+ (17) 

2𝑆𝑂5
•−  

         
→   2𝑆𝑂4

•− + 𝑂2 (18) 

It should be noted that the redox potential (𝐸°) of Fe3+/Fe2+, and Ce4+/Ce3+ is 0.77 V and 1.44 V, respectively (Xu 

and Wang, 2012). So, the electron transfer is thermodynamically favorable from Fe2+ to Ce4+ that can regenerate 

Ce3+ through the equation 19 (Xu and Wang, 2012). Afterwards, Ce3+ can react with PMS and produce 𝑆𝑂4
•− (eq. 

14). 

𝐶𝑒4+ + 𝐹𝑒2+  
          
→   𝐶𝑒3+ + 𝐹𝑒3+ (19) 

To better understand the photocatalytic performance of the as-made samples towards SMX degradation, the 

quantum yield and figure of merit (QY and FoM) parameters were calculated, and the results illustrated in Fig. 5d. 

According to the obtained results, among the as-prepared samples that used under UVA irradiation for the SMX 

degradation, the highest QY value 5.02 × 10-4 molecules photon-1 was seen for the ternary FeCeBi nanocomposite. 

In addition, to evaluate the practical efficacy of the reaction system, FoM values were determined by incorporating 

the four most important performance variables (Fig. 5d). Effective modification of Fe3O4 NPs with CeO2 and BiOI, 

improved the photocatalytic performance in SMX degradation, due to the activation of PMS. The catalytic 

performance of FeCeBi catalyst was compared with catalysts used in other AOPs works for the degradation of 

SMX, and the results are reported in Table 1. According to these results, among the various metal oxide-based 

catalysts such as FeVO4 (Zhang et al. 2021), Fe2O3/MnO2 (FM) (Guo et al. 2020b), and CuBi2O4 (Zhang et al. 2020) 

that have so far been used for SMX degradation under Visible-light (Vis) irradiation, FeCeBi catalyst showed the 

best activity with the highest value of robs (2.65 mg/L.min). In all reported systems in literature (Table 1), both 

radical and non-radical pathways are the dominant mechanisms for degradation of SMX, hence the determination 

of the pathways in our photo-catalytic process will also be assessed. 
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Table 1. An overview of the literature on SMX removal by different catalytic systems. 

Catalyst (g/L) [Catalyst] 

(g/L) 

pH Light 

source 

SMX 

(mM) 

C/Oa 

(g/L. mM) 

RE (%) kapp 

(min-1) 

robs 

(mg/L.min) 

Reactive species Ref 

FeCeBi 0.1 5.0 UVA 0.05 0.5 97.0% in 15 min 0.221 2.65 𝑆𝑂4
•−, 𝐻𝑂•, 𝑂2

•− * 

CuO@FeOx@Fe0 1.0 5.7 - 0.04 5.0 86.8% in 10min 0.212 2.12 𝑆𝑂4
•−, 𝐻𝑂•, 𝑂2

•−, 1O2 [He et al. 2020] 

FeCo2S4-CN 0.02 6.5 - 0.02 0.133 91.9% in 15 min 0.151 0.755 1O2 [Li et al.2020] 

NiCo2O4-EG 0.06 6.3 - 0.02 0.02 100% in 30 min 0.131 0.655 𝑆𝑂4
•−, 𝐻𝑂•, 1O2 [Xu et al. 2020] 

FeVO4 0.5 n.f. Vis 0.02 1.23 96.6% in 60 min 0.056 0.28 𝑂2
•−, ℎ+, 1O2, 𝑆𝑂4

•−, 𝐻𝑂• [Zhang et al. 2021] 

FeOy/S-g-C3N4 0.5 3.54 - 0.04 0.625 100% in 90 min 0.06 0.6 𝑆𝑂4
•−, 1O2 [Wang et al. 2020b] 

Fe2O3/MnO2 0.06 5.7 Vis 0.04 N.F. 90% in 40 min 0.0508 0.508 𝑆𝑂4
•−, 𝐻𝑂•, ℎ+, 1O2 [Guo et al. 2020b] 

CuBi2O4 0.5 n.f. Vis 0.02 N.F. 78% in 60 min 0.0237 0.1185 𝑆𝑂4
•−, 𝐻𝑂•, ℎ+, 1O2 [Zhang et al. 2020] 

MoS2/Fe2+ 0.3 3.0 - 0.025 4.0 88.5% in 6 min n.f. n.f. 𝑆𝑂4
•−, 𝐻𝑂• [Wang et al. 2020c] 

a. Catalyst to oxidant ratio, n.f. Not Found, - Without using light, * This work. 
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Figure 5. SMX removal efficiency over the different catalytic processes under light irradiation (a), and in the dark 

(b). The calculated of kapp values in these processes (c), quantum yield (QY) and figure of merits (FoM) values for 

various photocatalytic processes (d). (Reaction conditions: [SMX]0 = 0.05 mM, [PMS] = 0.2 mM, [Catalyst] = 0.1 

g/L, reaction time =15 min, under UVA irradiation). 

 

3.2.2. Tweaking the SMX degradation process: effect of the PMS/catalyst ratio 

As a first step of this part, the PMS decay was measured at the end of the reaction over the different photocatalytic 

processes, and the related results are presented in Fig. 6a. The FeCeBi/UVA system can utilize 83.7% of the PMS 

within 15 min reaction time, while 66.3%, 43.3%, and 38.1% were obtained for the FeCe/UVA, CeO2/UVA, and 
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BiOI/UVA processes, respectively. Meanwhile, only 16.8% of PMS was used in the presence of UVA alone. These 

results confirmed the synergistic effect of the as-made ternary FeCeBi nanocomposite in PMS activation. Based on 

the obtained results, the concentration of PMS in this reaction was enough (no reactant limitation). So, the influence 

of FeCeBi catalyst dosage between 0.02 g/L to 0.14 g/L was studied in the photocatalytic PMS activation, while 

the PMS concentration was kept constant (0.2 mM). Fig. 6b shows the effect of catalyst:PMS ratio on SMX removal 

efficiency. By increasing the catalyst dosage from 0.02 g/L to 0.1 g/L, the reaction efficiency was increased. Due 

to the presence of more active catalytic sites, and the generation more reactive species, higher removal of SMX was 

observed at high catalyst dosage. However, increasing the ratio from 0.5 g/L. mM to 0.7 g/L. mM the removal 

efficiency was unchanged, indicating a self-inhibition process (i.e., light penetration). To better understand the 

influence of the catalyst:PMS dosage on SMX removal, the kapp values of reaction were calculated, and the 

corresponding results illustrated in Fig. 6b. The reaction rate constant values increased from 0.054 min-1 to 0. 256 

min-1 when the catalyst:PMS ratio was 0.1 g/L. mM and 0.6 g/L. mM, respectively. Meanwhile, when this ratio 

reached to 0.7 g/L. mM this value was slightly decreased. Based on the above results, 0.5 g/L. mM was selected as 

optimum ratio of catalyst:PMS for the SMX degradation under UVA light. Consequently, 0.5 g/L. mM ([catalyst] 

= 0.1 g/L, and [PMS] = 0.2 mM) were selected as the optimum catalyst:PMS levels for the removal of SMX under 

UVA irradiation. 

 

Figure 6. PMS concentration after different photocatalytic processes (a); the effect of catalyst:PMS dosage on 

SMX degradation and PFO rate constant values of reaction in different catalyst:PMS dosages (b) (Reaction 

conditions: [SMX] = 0.05 mM, [PMS] = 0.2 mM, solution pH = 5.0, and reaction time = 15 min). 
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3.2.3. Effect of the initial solution pH 

Initial solution pH is an important parameter in catalytic activation of PMS. Some of the factors, including 

dissociation of PMS, surface charge of catalyst (active sites), and properties of organic pollutants, will be influenced 

by the solution pH (Lu et al. 2019). The influence of initial solution pH on SMX degradation under 

catalyst/UVA/PMS system was investigated, and the results are shown in Fig. 7a. Due to the presence of cationic, 

zwitterionic, and anionic forms of SMX in the different pH conditions, pH is a critical parameter in this reaction 

(Yang et al. 2019). The 𝑝𝐾𝑎 values of SMX are 1.8, and 5.7 which indicated SMX molecules are neutral in the 

solution with the pH ranges of 1.8-5.7. Based on these results, at pH < 1.8 the cationic forms of SMX (SMX+) are 

dominant while the anionic forms (SMX-) are dominant species at pH ˃ 5.7.  

Following, the surface charge of catalyst can affect the reaction efficiency at various pH values. The pHzpc of FeCeBi 

catalyst was calculated to be around 6.5, which indicated the surface of as-made nanocomposite was positively 

charged at pH < 6.5, and negatively charged at pH ˃ 6.5. The SMX was nearly completely degraded (97.0%) at pH 

= 5.0 after 15 min. Under acidic conditions (pH = 3.0), the reaction efficiency was slightly decreased and reached 

to be 75.9%. Hence, due to negative surface charge of nanocomposite and presence of anionic forms of SMX at 

basic conditions, the interaction between SMX and the nanocomposite was dropped which caused the low reaction 

efficiency. 

In addition, the solution pH could affect PMS activation during the reaction. According to the 𝑝𝐾𝑎 value of PMS 

(𝑝𝐾𝑎2 = 9.4), at pH below 9.4 𝐻𝑆𝑂5
− ions are vital species during the reaction, meanwhile at pH values over 9.4, 

𝑆𝑂5
2− would dominate the reaction. This can be related to presence of H+ in reaction media, which decrease the 

activation of PMS by the formation of H-bonds between H+, and O─O group on 𝐻𝑆𝑂5
−. However, based on the 

results, the lowest reaction efficiency was obtained at pH = 11 (68.3%) for SMX degradation. At pH ˃ pHzpc surface 

charge of catalyst is negative that can reduce the interaction between PMS, and the surface of catalyst. Furthermore, 

at high pH values, hydroxyl ions can react with CO2, which is an intermediate degradation product, and produce 

𝐻𝐶𝑂3
− and/or 𝐶𝑂3

2− ions. These ions can scavenge the 𝑆𝑂4
•−, and 𝐻𝑂• and decrease the reaction efficiency (see 

Section. 3.2.4) (Yang et al. 2019). To better understand the influence of the initial solution pH on SMX degradation, 

the PFO rate constant value of the reaction was calculated at pH ranges (3.0-11), and the obtained results illustrated 
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in Fig. 7b. The highest rate constant value was obtained at pH = 5.0 (0.2213 min-1) which was approximately 2.2, 

1.64, 2.1, and 2.8 times higher than the value which calculated at pHs 3.0, 7.0, 9.0, and 11, respectively. Most likely, 

pH = 5.0 expresses a point where the favorable conditions meet, namely positively charged catalyst with an anionic 

form of SMX and the HSO5
- form of PMS. 

 

Figure 7. (a) Effect of the initial solution pH on SMX degradation, (b) the PFO rate constant values of reaction at 

different pH values. (c) Effect of different ions, and (d) different scavengers on SMX degradation in 

FeCeBi/UVA/PMS process (Reaction conditions: [SMX]0 = 0.05 mM, [PMS] = 0.2 mM, [Catalyst] = 0.1 g/L, 

[scavenger] = 10 mM). 

 

3.2.4. Effect of water matrix composition in SMX photocatalytic degradation efficacy 
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In order to clarify the role of various ions in solution reaction, the influence of different ions, including chloride 

(𝐶𝑙−), hydrogen phosphate (𝐻𝑃𝑂4
2−), nitrate (𝑁𝑂3

−), bicarbonate (𝐻𝐶𝑂3
−), sulfate (𝑆𝑂4

2−), and tap water (as a 

simulation of a mixture), was investigated in SMX degradation under FeCeBi/PMS/UVA process (Fig. 7c). The 

concentration of all ions was selected 100 mg/L during the reaction, and the other reaction conditions were constant. 

When the 𝐶𝑙− ions were added into the reaction, the lowest efficiency of the FeCeBi nanocomposite toward 

degradation of SMX was obtained (56.3%). Due to presence of PMS, and the reaction with 𝐶𝑙−, different radical 

and oxidative species including 𝐶𝑙•, 𝐶𝑙2
•−, 𝐻𝑂𝐶𝑙•−, 𝐶𝑙2, and HOCl can be generated (eqns. 20-26). These species 

have lower oxidation potential and the PPRI are transformed to less potent and more selective ones. In comparison 

with 𝑆𝑂4
•− (𝐸°(𝑆𝑂4

•−/𝑆𝑂4
2−) = 2.5 − 3.1 𝑉), 𝐶𝑙• (𝐸° (𝐶𝑙•/𝐶𝑙−) = 2.4 𝑉) and 𝐶𝑙2

•− (𝐸° (𝐶𝑙2
•−/2𝐶𝑙−) = 2.1 𝑉) have 

lower redox potential that can reduce the oxidation efficiency (Hong et al. 2020). In addition, the existence of 𝐶𝑙− 

can react with photo-generated hole (ℎ+) and produce the 𝐶𝑙• (eq. 26). All the newly generated radicals, which are 

formed by the following reactions, result in lower activity for the degradation of SMX. 

𝐶𝑙− + 𝑆𝑂4
•−  

         
→   𝐶𝑙• + 𝑆𝑂4

2−                   𝑘𝐶𝑙−+ 𝑆𝑂4•− =  2.8 × 10
8 𝑀−1𝑠−1 (20) 

𝐶𝑙• + 𝐶𝑙−  
         
→   𝐶𝑙2

•−                                    𝑘𝐶𝑙−+ 𝐶𝑙• =  8.0 × 10
9 𝑀−1𝑠−1 (21) 

𝐻𝑂•  +  𝐶𝑙−  
         
→  𝐻𝑂𝐶𝑙•− (22) 

𝐻𝑂•  +  𝐶𝑙− + 𝑂2
         
→  𝐻𝑂𝐶𝑙 +  𝑂2

•− (23) 

𝐻𝑂𝐶𝑙•− + 𝐻+  
         
→  𝐶𝑙•  + 𝐻2𝑂 (24) 

𝐻𝑂𝐶𝑙•− + 𝐶𝑙−
         
→  𝐶𝑙2

•− + 𝑂𝐻− (25) 

ℎ𝑉𝐵
+ + 𝐶𝑙−

         
→  𝐶𝑙• (26) 

 

Among the inorganic ions which exist in natural waters, bicarbonate is a typical species with mean concentration 

around 264 mg L-1 or 4.3 mM (Zhai et al. 2019). It was found that by addition of 𝐻𝐶𝑂3
− ions, the reaction efficiency 

decreased from 97.0% to 57.48%. This behavior can be related to reaction between 𝐻𝐶𝑂3
− and/or 𝐶𝑂3

2− with photo-

generated species such as ℎ+ and 𝐻𝑂•, which produce 𝐶𝑂3
•− radicals having lower activity on degradation process 

(Guo et al. 2020c), in a similar fashion to Cl-based radicals. Moreover, the presence of 𝐻𝐶𝑂3
− ions can scavenge 

𝑆𝑂4
•− and 𝐻𝑂•, which causes a decrease in SMX degradation efficiency (eqns. 27 and 28). This ion can react with 
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both sulfate and hydroxyl radicals at a rate constant of 1.6 × 106 M-1 s-1, and 8.5 × 106 M-1 s-1, respectively. Moreover, 

the presence of bicarbonate can change the pH solution to basic and affect the reaction efficiency (Hong et al. 2020). 

By addition of 𝐻𝐶𝑂3
− into the reaction solution, the solution pH was increased and remained at 7.0-9.0 due to 

dynamic equilibrium (Wang et al. 2020d) that can decrease the reaction efficiency. 

𝐻𝐶𝑂3
−  +  𝑆𝑂4

•−  
         
→   𝐻𝐶𝑂3

•− + 𝑆𝑂4
2−            𝑘𝐻𝐶𝑂3−/ 𝑆𝑂4•− =  1.6 × 10

6 𝑀−1𝑠−1 (27) 

𝐻𝐶𝑂3
− + 𝐻𝑂•  

         
→   𝐶𝑂3

•− + 𝐻2𝑂                    𝑘𝐻𝐶𝑂3−/ 𝐻𝑂• =  8.5 × 10
6 𝑀−1𝑠−1 (28) 

 

From Fig. 7c, the presence of 𝑁𝑂3
− in the reaction can affect photo-oxidation and the photocatalytic process via 

light absorption (Moradi et al. 2020). With 𝑁𝑂3
− present in the reaction solution, the reaction efficiency was 

decreased to 58.60%. 𝑁𝑂3
− would be converted to the 𝑁𝑂3

•, and 𝑁𝑂2
• with lower redox potential (2.3 V and 1.03 V, 

respectively) by the trapping of 𝑆𝑂4
•−, and 𝐻𝑂• (eqns. 29-32), which outperform the excitation of nitrate by light 

that results in 𝐻𝑂• production (Rommozzi et al. 2020). So, the presence of 𝑁𝑂3
− ions can decrease the reaction 

efficiency. 

𝑁𝑂3
− + 𝑆𝑂4

•−  
          
→   𝑁𝑂3

•  + 𝑆𝑂4
2−               𝑘 = 5.0 − 210 × 104 𝑀−1𝑠−1 (29) 

𝑁𝑂3
− + 𝐻𝑂•  

          
→   𝑁𝑂3

•  + 𝐻𝑂−                 𝑘 = 𝑁𝑜𝑡 𝑓𝑜𝑢𝑛𝑑 (30) 

𝑁𝑂3
• + 𝐻2𝑂 + 𝑒

−  
          
→   𝑁𝑂2

• + 2𝐻𝑂−      𝑘 = 8.6 − 11 × 109 𝑀−1𝑠−1 (31) 

𝑁𝑂3
− + 𝐻2𝑂 + ℎ𝑣 

          
→   𝑁𝑂2

• + 𝐻𝑂− + 𝐻𝑂• (32) 

 

As it can be seen from the results, the presence of 𝐶𝑙−, 𝐻𝐶𝑂3
−, and 𝑁𝑂3

−  showed a similar, inhibiting behavior on 

this reaction, and SMX degradation (%) was calculated to be 56.30%, 57.48%, and 58.60% in the presence of the 

aforementioned ions, respectively. 

𝐻𝑃𝑂4
2−is another important scavenger for sulfate and hydroxyl radicals, although its concentration has a vital role 

in degradation efficiency. In this study, at the selected concentration, low efficiency was obtained, due to scavenging 

of 𝐻𝑂•, and 𝑆𝑂4
•− which can produce other radicals (𝐻𝑃𝑂4

•−) with low activity (eqns. 33 and 34). The reaction rate 

constant between 𝐻𝑃𝑂4
2− and 𝑆𝑂4

•− (1.2-1.6 × 106 min-1) is 100 times higher than 𝐻𝑂• (2.0-15 × 104 min-1). So, the 
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hydrogen phosphate ion is an effective quencher for 𝑆𝑂4
•− compared with 𝐻𝑂•. Also, the 𝐻𝑃𝑂4

2− can generate an 

inner-sphere complex with the surface of metal catalyst that effect on the SMX removal efficiency (Hong et al. 

2020). 

𝐻𝑃𝑂4
2− + 𝑆𝑂4

•−  
         
→   𝐻𝑃𝑂4

•− + 𝑆𝑂4
2− (33) 

𝐻𝑃𝑂4
2− + 𝐻𝑂•  

         
→   𝐻𝑃𝑂4

•− + 𝐻𝑂− (34) 

 

Finally, the negative effect of the presence of 𝑆𝑂4
2− ions in this reaction, can be attributed to the scavenging of 𝐻𝑂• 

radicals, and less of 𝑆𝑂4
•− (eqns. 35 and 36). It should be noted that, the equation 36 can occur only at pH < 3.0, in 

which 𝑆𝑂4
•− can be formed (Rommozzi et al. 2020). 

𝐻𝑆𝑂4
− + 𝐻𝑂•  

        
→   𝑆𝑂4

•− + 𝐻𝑂−         𝑝𝐻 < 3.0 (35( 

𝑆𝑂4
•− + 𝑆𝑂4

2−  
        
→   𝑆2𝑂8

2− + 𝑒𝑎𝑞
−  (36) 

 

3.3. Photo-degradation mechanism of SMX and the pathways to its elimination 

3.3.1. Reactive species identification by scavenger tests 

For the assessment of the PPRI generated during the photo-degradation of SMX by the FeCeBi/PMS/UVA process, 

radical trapping experiments were performed. Different kinds of scavengers including benzoquinone (BQ), ethanol 

(EtOH), tert-butanol (TBA), sodium azide (SA), and oxalate (OX) were applied as 𝑂2
•−, both 𝑆𝑂4

•− and 𝐻𝑂• 

simultaneous trap, 𝐻𝑂•, 1O2, and photo-generated ℎ+ sequesters, respectively. Fig. 7d displays the reaction 

efficiency of SMX removal in the presence of various scavengers. The SMX degradation efficiency was decreased 

from 97.0% to 85.4%, 73.6%, 60.5%, 46.3%, and 38% after adding the SA, OX, BQ, TBA, and EtOH, respectively. 

EtOH is a scavenger for both 𝑆𝑂4
•−, and 𝐻𝑂• in which the rate constant with 𝑆𝑂4

•− and 𝐻𝑂• is 1.6-7.7 × 107 M-1 s-

1, and 1.2-2.8 × 109 M-1 s-1, respectively (Kohantorabi et al. 2021b). Meanwhile, TBA, which does not have ɑ-

hydrogen in its molecule can react with 𝐻𝑂• ((3.6-7.6) × 108 M-1 s-1) 1000 times higher than 𝑆𝑂4
•− ((4.0-9.1) × 105 

M-1 s-1), hence it can be used as a strong scavenger for only 𝐻𝑂• (Kohantorabi et al. 2021b). According to the 

obtained results, the lowest reaction efficiency was observed in the presence of EtOH, and TBA, which indicated 
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that 𝑆𝑂4
•− and 𝐻𝑂• played critical role in reaction efficiency. By addition of BQ as 𝑂2

•− scavenger into the reaction 

(𝑘𝑂2•− = 0.9-1.0 × 109 min-1), the removal efficiency was decreased and reached to 60.5%, which confirmed the role 

of 𝑂2
•− in this reaction. To assess the direct oxidative photocatalytic activity of the as-made nanocomposite under 

UVA light irradiation, OX was applied for trapping of photo-generated ℎ+, with only minimal effect observed. This 

effect was less pronounced when SA was used, indicating that 1O2 has a minor role in SMX degradation through 

FeCeBi/UVA/PMS process. Overall, the degradation efficiency was inhibited in the order of EtOH ˃ TBA ˃ BQ ˃ 

OX ˃ SA (Fig. 7d), and a dominant radical-induced SMX degradation is proposed. 

In FeCeBi/UVA/PMS system two main pathways contributed to the degradation of SMX, namely: i) catalytic 

activation of PMS by the redox cycles of metal ions in the as-made catalyst, and ii) photocatalytic activity of the 

ternary FeCeBi nanocomposite, which not only can enhance the catalytic activity by the formation of photo-

generated 𝑒−/ℎ+ pairs, but also accelerate the activation of PMS under light. The photo-generated electron (𝑒−) in 

the conduction band of CeO2 can react with dissolved oxygen and produce 𝑂2
•−, which in turn can contribute in 

SMX degradation (Hu et al. 2019). Also, some authors have proposed that with the reaction between PMS and 𝑂2
•−, 

𝑆𝑂4
•− and 𝐻𝑂• can be obtained, which can enhance the reaction efficiency (eq. 42) (Li et al. 2017). Hence, the 

formation of a heterojunction structure between CeO2 and BiOI that can facilitate the separation rate of 

electron/holes, promoting the reaction efficiency of SMX degradation. 

 

3.3.2. Analysis of the plausible SMX degradation mechanism 

Based on the above results, and related works in literature, a plausible mechanism for the photocatalytic degradation 

of SMX over the FeCeBi/UVA/PMS process was proposed and illustrated in Fig. 8. In this process, three reactions 

played a critical role in photocatalytic performance, and PMS activation. During the SMX oxidation, the Bi3+/Bi5+ 

cycle can activate PMS and generate 𝑆𝑂4
•−, 𝐻𝑂•, and 𝑆𝑂5

•− in the reaction cycle. The observed peaks in the XPS 

analysis of the optimum catalyst confirmed the presence of Bi3+ in the as-made nanocomposite that can activate 

PMS (Fig. 8). Moreover, similar activity was observed for the redox cycles of Fe2+/Fe3+, and Ce4+/Ce3+ that can 

participate in activation of PMS, and then formation of more reactive species. According to the semi-empirical 

equation (eq. 37), based on the Mulliken electronegativity theory, the conduction band potential (CB), and valence 



31 
 

band potential (VB) of CeO2 and BiOI were calculated by the following equations (eqns. 37 and 38) (Khavar et al. 

2019): 

𝐸𝑉𝐵 = 𝑋 − 𝐸𝑒 + 0.5𝐸𝑔 (37) 

𝐸𝐶𝐵 = 𝐸𝑉𝐵 − 𝐸𝑔 (38) 

In which, 𝐸𝑔, 𝐸𝑒, and 𝑋 are the band gap energy, the energy of free electrons on the hydrogen scale (4.5 eV), and 

the absolute electronegativity of the constituent atoms. Based on UV-Vis DRS spectra (Fig. 4b), the 𝐸𝑔 values of 

CeO2 and BiOI were calculated to be 2.72 eV, and 1.92 eV, respectively. The calculated VB potential for CeO2, 

and BiOI were estimated to be 2.34 eV, and 2.40 eV, respectively. Hence, the CB values of them were obtained to 

be -0.38 eV, and 0.48 eV, respectively. Under light irradiation, the photocatalyst can absorb the photon and generate 

the 𝑒−/ℎ+ pairs (eq. 39). The CB of CeO2 is more negative than the CB of BiOI, and the electrons can be transferred 

from the CB of CeO2 to the CB of BiOI, to create the electron center. Moreover, the VB potential of BiOI is more 

positive than VB edge of CeO2, hence the photo-generated holes can be transferred to VB edge of CeO2. The photo-

generated 𝑒− can react with 𝐻𝑆𝑂5
− and generate 𝑆𝑂4

•− and 𝐻𝑂• (eq. 40). Based on the standard reduction potential 

of 𝐻𝑂•/𝐻2𝑂 (2.27 eV) or 𝐻𝑂•/𝐻𝑂− (2.38 eV) (Liu et al. 2017), the photo-generated holes in VB of CeO2, and 

BiOI cannot oxidize H2O or 𝐻𝑂− into the 𝐻𝑂•. Instead, the ℎ+ can react directly with SMX molecules and enhance 

the degradation efficiency (eq. 43), albeit in low rates. Moreover, the CB of CeO2 is more negative than potential 

of 𝑂2/𝑂2
•− (-0.33 eV) (Salari and Kohantorabi 2020). Hence, the oxygen molecules can be transformed to 𝑂2

•−, and 

react with SMX to produce the degradation products (eq. 41). 

𝐹𝑒3𝑂4@𝐶𝑒𝑂2@𝐵𝑖𝑂𝐼 + ℎ𝑣 
         
→   𝐹𝑒3𝑂4@𝐶𝑒𝑂2@𝐵𝑖𝑂𝐼 (ℎ𝑉𝐵

+ + 𝑒𝐶𝐵
− ) (39) 

𝑒𝐶𝐵
− + 𝐻𝑆𝑂5

−  
         
→   𝐻𝑂− + 𝑆𝑂4

•−𝑜𝑟 𝐻𝑂• + 𝑆𝑂4
2−   (40) 

𝑂2 + 𝑒𝐶𝐵
−  

         
→   𝑂2

•− (41) 

𝐻𝑆𝑂5
− + 𝑂2

•−  
         
→   𝑆𝑂4

•− + 𝐻𝑂− + 𝑂2 (42) 

 𝑆𝑂4
•−/𝐻𝑂•/𝑂2

•−/ℎ𝑉𝐵
+  + 𝑆𝑀𝑋 

          
→   𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 𝑎𝑛𝑑 𝐼𝑛𝑡𝑒𝑟𝑚𝑒𝑑𝑖𝑎𝑡𝑒𝑠 (43) 
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Figure 8. A proposition for the integrated SMX degradation mechanism using the Fe3O4@CeO2@BiOI/PMS 

nanospheres under UVA light. 

 

3.3.3. Catalyst reusability and stability: ion leaching measurements. 

To investigate the catalytic stability of as-made nanocomposite in SMX degradation, the FeCeBi catalyst was tested 

in four consecutive catalytic cycles under the same reaction conditions. As can be seen from the obtained results 

(Fig. 9a), no significant change was observed within four catalytic cycles; 95% removal efficiency was obtained 

during 15 min in 4th catalytic run. These results indicated that the as-made catalyst is an effective and reusable 

catalysts. Moreover, the leaching amounts of Fe, Ce, and Bi during these four consecutive cycles was evaluated and 

the results illustrated in Fig. 9b. The concentration of Fe, and Bi increased by the number of FeCeBi reuse cycles. 

The concentration of cerium (0.08 mg/L) was negligible over the 4 runs. The highest metal leaching is related to 

the BiOI in as-prepared catalyst, although this value was low in absolute values (0.14 mg/L). According to the ICP 

results, the as-made ternary nanocomposite is highly stable, since only 0.32% of all metals was released into the 

solution during the reaction. In addition, based on Chinese standard values of Fe2+ (0.3 mg/L) in drinking water 
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(Kohantorabi et al. 2020), the iron leaching amount from the as-made nanocomposite was low, which is favorable 

for the stability of catalyst, and for the environment. Fig. 9c shows the XRD patterns of pristine and reused catalysts 

(after four runs). Based on the results, all characteristic peaks related to Fe3O4, CeO2, and BiOI were observed in 

XRD pattern of the reused catalyst that confirmed the high structure stability of FeCeBi nanocomposite in catalytic 

cycles. For a precise estimation of the chemical states of elements in the recovered catalyst, the XPS analysis was 

applied for the reused catalyst, and the results are depicted in Fig. 3. The XPS results illustrate that the oxidation 

states of Fe, Ce, and Bi remain constant after reused cycles with a slight shift of binding energies. Based on the 

results, the high chemical stability of the as-made FeCeBi catalyst was confirmed, showing potential to be applied 

in water treatment applications. 

 

Figure 9. SMX removal efficiency in repetitive catalytic cycles (a), ICP-AES analysis of resultant solution in the 

various catalytic cycles (b), XRD patterns of pristine and reused Fe3O4@CeO2@BiOI catalyst (c), TOC removal 

of SMX solutions under different catalytic processes (d), and Mass spectra of SMX degradation in 

FeCeBi/UVA/PMS process after 60 min of reaction (e). (Reaction condition: [SMX]0 = 0.05 mM, [catalyst] = 0.1 

g/L, [PMS] = 0.2 mM, and pH = 5.0, under UVA). 

 



34 
 

3.3.4. Investigation of the SMX degradation pathway by LC-MS analysis 

To study the by-products generated during the degradation of SMX over the FeCeBi nanocomposite coupled with 

PMS/UVA, LC-MS analysis during the process was applied (Fig. 9e), and the degradation mechanism was proposed 

based on the detected intermediates (Fig. 10). Based on the previously reported scavenger experiments, reactive 

species such as 𝑂2
•−, 𝑆𝑂4

•−, 𝐻𝑂•, and less ℎ+, were mainly involved in SMX degradation and generation of 

transformation products (TPs). According to the detected TPs along with the fragment's m/z ratio, three possible 

pathways were proposed in the degradation mechanism of SMX over FeCeBi/UVA/PMS system. One mechanism 

was initiated from the destruction of S-N bond in SMX molecule by radical attack that can produce the 3-amino-5-

methylisoxazole (m/z=99), and sulfinilic acid (m/z=173) (Wang et al. 2020b). Another pathway was started by the 

destruction of the S-C bond, and 3-amino-5-methylisoxazole (m/z=99) and aniline (m/z=94) were obtained. By the 

destruction of C-N bond in the SMX structure, sulfanilamide intermediate with m/z=171 was obtained 

(Yazdanbakhsh et al. 2020). This intermediated can be attacked by 𝐻𝑂• and produce 2, 4-dinitrobenzene-sulfinic 

acid (m/z=217) and then converted to the phenylsulfinic acid (m/z=165). In the proposed pathway, a TP with 

m/z=288 as di-hydroxylated SMX can be formed through the electrophilic addition on the isoxazole ring by 𝐻𝑂•, 

and 𝑆𝑂4
•− (Wang et al. 2020c). This intermediate was also reported in other systems such as UVA/PMS, UV/H2O2, 

CuFe2O4/hydroxylamine/PMS, and MoS2/Fe2+/PMS (Wang et al. 2020c; Yang et al. 2017). The generated 

intermediate (m/z=288) can be transformed to one with m/z=133 via 𝐻𝑂• substitution, and then to m/z=117 by the 

ring-opening reaction (Wang et al. 2020c). The formation of low-molecular weight intermediates indicated the 

continuous attack of 𝐻𝑂• that can lead to ring opening and finally formation of small aliphatic acid compounds, 

CO2, and H2O. 

According to the TOC measurements (Fig. 9d), when the FeCeBi nanocomposite was used in SMX degradation 

coupled with UVA/PMS, the TOC removal value (69%) was enhanced compared with FeCeBi/PMS (54%), 

FeCe/UVA/PMS (45%), and FeCe/PMS (36%) during 60 min of reaction. These results confirmed the high 

mineralization of SMX during the reaction and then generation of low-molecular weight compounds at the end of 

the photocatalytic reaction. 
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Figure 10. The proposed pathway of SMX degradation over the Fe3O4@CeO2@BiOI/UVA/PMS process 

(Reaction conditions: [SMX] = 0.05 mM, [PMS] = 0.2 mM, [catalyst] = 0.1 g/L, Solution pH = 5.0, and Reaction 

time = 60 min).   
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4. Conclusions 

In this study, a novel magnetic Fe3O4@CeO2@BiOI nanocomposite was successfully synthesized by a simple 

hydrothermal method, with the intention of creating an effective photocatalyst for PMS activation and its use in 

antibiotics elimination. The as-made photocatalyst showed high catalytic activity in the activation of PMS under 

UVA-LED for the degradation of SMX. The results demonstrated that the Fe3O4@CeO2@BiOI/UVA/PMS system 

could degrade 97% of SMX in 15 min at 0.2 mM of PMS, 0.1 g/L of catalyst, and pH=5.0 that was much higher 

than other catalytic systems including Fe3O4@CeO2/UVA/PMS (60%), CeO2/UVA/PMS (56%), and 

BiOI/UVA/PMS (58%). Among the different inorganic ions that could possibly be encountered in water, 𝐶𝑙−, 

𝐻𝐶𝑂3
−, and 𝑁𝑂3

− has significant inhibition, albeit in high concentrations due to the high reaction potential with 

generated reactive species and their transformation to less oxidative ones. 

Additionally, based on the free-radical trapping experiments, 𝐻𝑂•, 𝑆𝑂4
•− and 𝑂2

•− played the dominant role in 

degradation of SMX over photocatalytic process coupled with PMS. The excellent performance of 

Fe3O4@CeO2@BiOI/UVA/PMS system for the degradation of SMX can be related to the formation of 

heterojunction structure between CeO2 and BiOI, which can promote the transfer and separation of the photo-

generated 𝑒−/ℎ+ pairs. Moreover, by addition of PMS and formation of 𝑆𝑂4
•− and 𝐻𝑂• the efficiency of SMX 

degradation was promoted. High stability and reusability of the as-prepared catalyst was confirmed by consecutive 

catalytic cycles and the degradation pathway of SMX was elucidated by using the LC/MS analysis; all results 

combined confirmed the dominant radical pathways. 

Overall, the high mineralization degree and the quick removal of SMX by a catalyst with excellent reusability and 

stability, indicated that coupling this catalyst with PMS and UVA light has a high potential for effective SMX 

elimination applications. 
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