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Abstract: In this work, FeM composites consisting of montmorillonite and variable amounts of 
Fe3O4 were successfully synthesized via a facile co-precipitation process. They were characterized 
using X-ray photoelectron spectroscopy (XPS), field emission scanning electron microscope 
(FESEM), energy dispersive X-ray spectroscopy (EDX), transmission electron microscope (TEM), 
N2 adsorption-desorption, and Fourier transform infrared spectroscopy (FT-IR) techniques to 
explain the effect of Fe3O4 content on the physicochemical properties of the Fe3O4-montmorillonite 
(FeM) composites. The FeM composites were subsequently used as heterogeneous Fenton catalysts 
to activate green oxidant (H2O2) for the subsequent degradation of ofloxacin (OFL) antibiotic. The 
efficiency of the FeM composites was studied by varying various parameters of Fe3O4 loading on 
montmorillonite, catalyst dosage, initial solution pH, initial OFL concentration, different oxidants, 
H2O2 dosage, reaction temperature, inorganic salts, and solar irradiation. Under the conditions of 
0.75 g/L FeM-10, 5 mL/L H2O2, and natural pH, almost 81% of 50 mg/L of OFL was removed within 
120 min in the dark, while total organic carbon (TOC) reduction was about 56%. Moreover, the 
FeM-10 composite maintained high efficiency and was stable even after four continuous cycles, 
making it a promising candidate in real wastewater remediation. 
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1. Introduction 

For the past few years, the high consumption of antibiotics has resulted in their continuous 
detection in surface, ground, drinking, and wastewater around the world [1]. Among the antibiotics, 
ofloxacin (OFL) is an extensively used second-generation fluoroquinolone due to its good 
antibacterial activity [2,3]. However, approximately 90% is excreted via urination in its original form 
48 h after administration [4]. Unfortunately, OFL is still being detected in wastewater even after 
conventional treatment [5]. Thus, the development of an effective method for the removal of OFL 
from wastewater becomes imperative.  

The Fenton reaction has gained widespread acceptance due to its efficiency in degrading and 
even mineralizing persistent organic contaminants with the highly reactive hydroxyl radicals (●OH) 
[6]. To overcome the shortcomings of the homogeneous Fenton process, heterogeneous Fenton 
catalysts such as Fe3O4 nanoparticles [7] and Fe-Mn oxide [8] have been proposed. Among the 
catalysts, Fe3O4 nanoparticles have received significant attention due to their low toxicity and 
biocompatibility properties [9]. Moreover, another type of potential heterogeneous catalyst that has 
gained attention involved immobilization of Fe3O4 on solid supports [10]. Although such 
immobilization prevents agglomeration and enhances the dispersibility of Fe3O4, the choice of 
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appropriate support is critical [11]. In the present study, a heterogeneous catalyst 
(Fe3O4-montmorillonite (FeM)) was synthesized via a facile co-precipitation process and used to 
activate green oxidant (H2O2) for the subsequent degradation of ofloxacin (OFL). 

2. Experimental 

2.1. Synthesis of Fe3O4-Montmorillonite (FeM) Composites 

Fe3O4-Montmorillonite (FeM) composites were synthesized via a facile co-precipitation process [12]. 
Initially, a solution of equimolar amounts of ferric salt and ferrous salt was prepared by dissolving 
(3, 5, 8, 10, and 15 mmol) of FeCl3·6H2O and FeSO4·7H2O in 60 mL of 10 mmol L−1 aqueous HCl 
solution, and heated to 80 °C. 0.5 g of montmorillonite was then added and further stirred for 1 h. 
Then 40 mL of 3.0 mol L−1 aqueous ammonia (precipitant) was slowly added and stirred for 2 h. 
After that, the product was collected, washed several times with distilled water and absolute 
ethanol. Finally, the product was dried in an oven at 60 °C overnight and labelled FeM-3, FeM-5, 
FeM-8, FeM-10, and FeM-15, based on the equimolar amount of iron salts used in synthesis. 

2.2. Fenton Reaction 

Typically, 0.075 g of the catalyst was placed into 100 mL of 50 mg/L OFL solution, and the 
suspension was stirred in the dark for 30 min to establish adsorption/desorption equilibrium. 
Subsequently, 0.5 mL of H2O2 (30% w/w) was added to activate the Fenton reaction. After a certain 
period, 5 mL of the supernatant was collected for centrifugation, and the concentration of OFL was 
then analyzed using Shimadzu UV 2600 spectrophotometer (version 1.03 operating using UV probe 
2.42) at an absorption wavelength of 286 nm. Total organic carbon (TOC) was determined using 
Shimadzu TOC-L analyzer. 

3. Results and Discussion 

3.1. Characterization of Bare Montmorillonite and Fe3O4-Montmorillonite Composites  

XPS spectra in Figure 1 revealed that Mg, O, C, Ca, Si, and Al existed on the surface of bare 
montmorillonite. In addition to Mg, O, C, Ca, Si, and Al, the spectra of FeM composites confirms the 
existence of Fe. For instance, Fe 2p3/2 and Fe 2p1/2 peaks appeared at binding energies of about 710 
and 725 eV [13,14]. Furthermore, the peak at about 94 eV is attributed to the existence of Fe3O4 [12]. 
This indicates that the iron oxide in the FeM composites is Fe3O4. 
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Figure 1. XPS spectra of montmorillonite (a), FeM-3 (b), FeM-5 (c), FeM-8 (d), FeM-10 (e) and FeM-15 (f). 

FESEM revealed that bare montmorillonite is smooth with irregular flake-like particles. In 
contrast, the images of FeM composites showed the presence of Fe3O4. In the case of FeM-3, FeM-5, 
and FeM-8 composites, montmorillonite remained visible due to the low amount of Fe3O4 
immobilized. However, the surface of montmorillonite in FeM-10 and FeM-15 composites is wholly 
covered due to the high amount of Fe3O4 immobilized in the composites (Figure 2).  

 

 
Figure 2. FESEM images of montmorillonite (a), FeM-3 (b), FeM-5 (c), FeM-8 (d), FeM-10 (e) and 
FeM-15 (f). 

Furthermore, from the EDX data presented in Table 1, the percentage of iron on the surface of 
the FeM composites keeps on increasing. The absence of K+ and Mg2+ in the FeM composites is due to 
the exchange of these ions with Fe2+ and Fe3+ ions in the interlayer of montmorillonite [15]. 
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Table 1. Composition, surface area and pore volume of montmorillonite and FeM composites. 

Sample Al % Si % K % Mg% O % Fe % BET Surface 
Area (m2/g) 

Pore Volume 
(cm3/g) 

Montmorillonite 9.21 33.06 4.10 1.11 52.52 - 258.108 0.423 
FeM-3 1.61 17.76 - - 37.36 43.19 247.944 0.634 
FeM-5 1.31 10.17 - - 36.92 51.60 192.118 0.602 
FeM-8 0.83 6.58 - - 33.93 58.66 163.552 0.384 
FeM-10 0.47 5.24 - - 33.73 60.54 161.800 0.363 
FeM-15 0.18 2.71 - - 32.96 64.15 113.186 0.312 

The morphology was further studied using TEM, and the results are shown in Figure 3. Bare 
montmorillonite in Figure 3a has a smooth surface compared to FeM composites in Figures 3b–f. 
Such an effect in the case of FeM composites is because Fe3O4 particles have been deposited and 
aggregated on the surface of montmorillonite.  

 

 
Figure 3. TEM images of montmorillonite (a), FeM-3 (b), FeM-5 (c), FeM-8 (d), FeM-10 (e) and 
FeM-15 (f). 

FTIR spectra are presented in Figure 4. Bare montmorillonite has bands at about 450 and 523 
cm-1 due to Al–O–Si and Si–O–Si deformations [16]. The band at about 916 cm−1 is due to Al–Al–OH 
bending vibration, while that at 1050 cm−1 is attributed to the Si–O stretching [17,18]. In the case of 
the FeM composites, peaks within 1090–400 cm−1 are less intense compared to those of bare 
montmorillonite. This indicates that Fe could link with Al–O and Si–O in montmorillonite [19]. 

 
Figure 4. FTIR spectra of bare montmorillonite and FeM composites. 

Nitrogen adsorption-desorption isotherms and BJH pore size distributions are shown in Figure 
5. The isotherms are identified as type IV with H3 hysteresis loop in the range of 0.5–0.98, a 
characteristic of mesoporous materials [20]. Furthermore, the BET surface areas and pore volumes of 
bare montmorillonite and FeM composites are presented in Table 1. FeM composites have a lower 
BET surface area compared to bare montmorillonite. This could be attributed to the Fe3O4 in pores or 
on the surface of montmorillonite. 
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Figure 5. N2 adsorption—desorption isotherms and the corresponding pore size distribution (insets) 
for montmorillonite (a), FeM-3 (b), FeM-5 (c), FeM-8 (d), FeM-10 (e) and FeM-15 (f) composites. 

3.2. Fenton Reaction 

3.2.1. OFL Removal in Different Processes 

A control study was conducted, and the results are shown in Figure 6. Due to the low oxidation 
potential of H2O2, the percentage removal in the presence of H2O2 was negligible [10]. Bare 
montmorillonite could remove more than 50% of OFL [50 mg/L] within 120 min, and the removal 
was almost maintained even after the introduction of H2O2. In the case of FeM composite, the 
percentage removal recorded in the presence of H2O2 was much higher than the removal in the 
absence of H2O2, as FeM could activate H2O2. 
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Figure 6. OFL removal in different processes. 

3.2.2. Influence of Process Variables 

Figure 7a shows the effect of Fe3O4 loading on montmorillonite on the degradation of OFL. As 
the amount of Fe3O4 increases from 3–10 mmol, the percentage removal also increases, due to the 
increased production of hydroxyl radicals. Beyond 10 mmol, the percentage removal decreases, as 
high amount of iron ions serve as hydroxyl radical scavenger [21]. The effect of catalyst dosage 
shown in Figure 7b revealed that, as the dose of FeM-10 composite increases from 0.025–0.1 g, the 
percentage removal also increases due to the increase in surface area or active sites for pollutant 
reactions. However, the percentage removal recorded using 1 g/L of FeM-10 composite is not very 
much different from the removal using 0.75 g/L, due to the hydroxyl scavenging effect by the high 
amount of iron ions. Figure 7c shows the effect of initial solution pH on the Fenton reaction. The 
performance was favourable at low pH, and keeps on retarding with increase in pH. This is because 
hydroxyl radicals have lower redox potential in basic medium and H2O2 may be consumed without 
the production of hydroxyl radicals [22]. The results for the effect of initial OFL concentration on the 
efficiency of FeM-10 composite are presented in Figure 7d. The percentage removal keeps on 
decreasing with increase in initial concentration due to the unavailability of the active sites of 
FeM-10 composite. Figure 7e presents the effect of different oxidants on the Fenton reaction. The 
percentage removal in the presence of PDS and H2O2, was higher than the removal in the presence of 
PMS. This could be attributed to the inherent pH of aqueous OFL solution (pH = 9), as 
self-dissociation of PMS occur at elevated pH through non-radical pathways [23]. The effect of H2O2 
dosage on the Fenton reaction was also studied, and the results are presented in Figure 7f. The 
percentage removal increases with an increase in dosage from 1–5 mL/L, but decreases beyond 5 
mL/L, as surplus amount of H2O2 might consume hydroxyl radicals. [22] Figure 7g shows the effect 
of temperature on the Fenton reaction. While the temperature was varied from 25–60 ºC, the 
percentage removal remained virtually unchanged. As such, higher reaction temperatures were not 
useful for increasing the degradation of OFL by FeM-10 composite. The results for the effect of 
inorganic salts on the Fenton reaction are shown in Figure 7 h. There was a minor decrease in the 
percentage of OFL removed in the presence of the inorganic salts used. Such a decrease could be 
because Cl˗ serves as hydroxyl radical scavenger [24]. 
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Figure 7. Effects of (a) Fe3O4 loading on montmorillonite, (b) catalyst dosage, (c) initial solution pH, 
(d) initial OFL concentration, (e) different oxidants, (f) H2O2 dosage, (g) reaction temperature, and (h) 
inorganic salts. 

3.2.3. Photo-Fenton Catalytic Activity 

The photo-Fenton activity of FeM-10 composite towards the degradation of OFL antibiotic was 
studied using optimized conditions, under solar irradiation, and the results are shown in Figure 8. 
The amount of OFL oxidized under solar irradiation after 120 min was minimal. However, the 
percentage increased upon the introduction of H2O2. This is due to the formation of hydroxyl 
radicals through the direct photolysis of H2O2 [25]. Furthermore, the percentage of OFL removed via 
adsorption by the FeM-10 composite was about 56%. However, the percentage increased to 76% 
under solar irradiation, due to the photocatalytic effect of the FeM-10 composite. Finally, compared 
to the percentage removal recorded via Fenton process (about 81%), the performance via 
photo-Fenton degradation was higher (about 92%). This indicates that FeM-10 composite is an 
efficient heterogeneous photo-Fenton catalyst under solar irradiation. 

 
Figure 8. Degradation of OFL under different conditions. 
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3.2.4. Reusability and Stability Studies 

The recyclability of FeM-10 composite was also studied, and the results are shown in Figure 9a. 
It can be seen that the catalyst still maintains high efficiency after every cycle. The slight decrease 
might be attributed to the adsorption of OFL byproducts on the surface of FeM-composite. 
Meanwhile, the FTIR spectrum of the FeM-10 composite (Figure 9b) after the five cycles is in good 
agreement with that of fresh FeM-10 composite, as no impurity peaks were detected. 

 
Figure 9. Recycling performance of FeM-10 composite in the degradation of OFL (a) FTIR spectra of 
FeM-10 composite before and after five cycles (b). 

4. Conclusions 

Fe3O4-montmorillonite composites have been synthesized via facile co-precipitation process. 
The effect of Fe3O4 loading on montmorillonite was characterized using various techniques. The FeM 
composites were subsequently used as heterogeneous Fenton catalysts to activate green oxidant 
(H2O2) for the subsequent degradation of ofloxacin (OFL) antibiotic. Under the conditions of 0.75 g/L 
FeM-10, 5 mL/L H2O2, and natural pH, almost 81% of 50 mg/L of OFL was degraded within 120 min 
in the dark. However, the removal increased to about 92% during photo-Fenton process. In addition, 
the FeM-10 composite maintained reasonable efficiency even after five cycles, therefore could be a 
promising heterogeneous catalyst for the activation of H2O2 to degrade pollutants, including OFL 
antibiotic. 
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