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Abstract

:

A hetero-Fenton catalyst comprising of Fe3O4 nanoparticles loaded on zeolite (FeZ) has been synthesized using a facile co-precipitation method. The catalyst was characterized using various characterization methods and then, subsequently, was used to degrade ofloxacin (OFL, 20 mg·L−1), an antibiotic, via a heterogeneous Fenton process in the presence of an oxidizing agent. The effects of different parameters such as Fe3O4 loading on zeolite, catalyst loading, initial solution pH, initial OFL concentration, different oxidants, H2O2 dosage, reaction temperature, and inorganic salts were studied to determine the performance of the FeZ catalyst towards Fenton degradation of OFL under different conditions. Experimental results revealed that as much as 88% OFL and 51.2% total organic carbon (TOC) could be removed in 120 min using the FeZ catalyst. Moreover, the FeZ composite catalyst showed good stability for Fenton degradation of OFL even after five cycles, indicating that the FeZ catalyst could be a good candidate for wastewater remediation.






Keywords:


Fenton degradation; ofloxacin; Fe3O4; zeolite; heterogeneous












1. Introduction


Ofloxacin (OFL) (Figure 1) is a second-generation fluoroquinolone antibiotic with the chemical formula C18H20FN3O4 and the chemical name 9-fluoro-2,3-dihydro-3-methyl-10-(4-methyl-1-piperazynyl)-7-oxo-7H-pyrido-[1,2,3-de]-1,4-benzoxazine-6-carboxylic acid [1,2]. It was patented in 1980 and subsequently approved for medical use in 1985 [3,4]. Currently, OFL is frequently prescribed for the treatment of various bacterial infections that cause digestive, respiratory, gastrointestinal, and urinary tract infections [5,6]. However, due to its partial metabolism in the body after ingestion, biological resistance, and the large volume of pharmaceutical wastewater which has been released untreated, studies have reported the detection of OFL with different concentrations in hospital wastewater (25,000–35,000 ng·L−1), municipal wastewater treatment plants (53–1800 ng·L−1), and surface water (10–535 ng·L−1), with a residence time of about 10.6 days [7,8,9]. The presence of OFL in water results in unpleasant odors [10]. Besides, it may also lead to microbial resistance among pathogens or the death of microorganisms that are effective in wastewater remediation [7,10]. Although, currently, pharmaceutical compounds, including OFL, belong to the emerging pollutants category that is still not regulated by water quality laws, the identification of proper process(es) for their complete elimination from wastewater is imperative [11].



Unfortunately, the techniques employed by most wastewater treatment plants (WWTPs) have limited capacity for the thorough elimination of pharmaceuticals and personal care products (PPCPs) from wastewater, as they are not originally designed for removing PPCPs [12]. Furthermore, certain physical and biological methods that are also being employed have some limitations. For instance, most of the physical treatment methods only transfer the pollutants to another phase rather than destroying them [12]. Likewise, a biological treatment method, such as biodegradation, could lead to the development of antibiotic-resistant bacteria [13].



Unlike the physical and biological treatment methods, chemical oxidation methods such as homogeneous and heterogeneous Fenton treatment methods are capable of mineralizing a wide range of organic pollutants [14]. However, compared to the homogeneous Fenton process, the easy recovery of the catalyst after application in the case of a heterogeneous Fenton process makes it more convenient [15]. Following that, many researchers have reported various methods of enhancing the efficiency of a heterogeneous Fenton process. The common method involves immobilizing the metallic ions/oxides onto various supports. Such supports, including activated carbon [16], carbon nanotubes [17], graphite oxide [18], SBA-15 [19], etc., are capable of improving the efficiency of the Fenton process, and also ease the catalyst recovery process after application. In the current work, Fe3O4-zeolite composites will be synthesized via a co-precipitation method for subsequent use as a catalyst in a heterogeneous Fenton process. To the best of our knowledge, there have been no studies on the heterogeneous Fenton degradation of OFL using zeolite-supported magnetite (Fe3O4-zeolite). This work reports the facile production of Fe3O4-zeolite as a low-cost catalyst for the heterogeneous Fenton degradation using a widely available and abundant material. In addition, zeolite has been used previously for the adsorption of organic pollutants [20,21]. The ability of zeolite to behave as an adsorbent implies a greater possibility of contact between catalyst and pollutant. Such a process will improve the efficiency of the Fenton reaction.




2. Results and Discussion


2.1. X-ray Photoelectron Spectroscopy (XPS) Analysis


The elemental composition and the interaction between Fe3O4 and zeolite in FeZ composites were studied using XPS analysis in the region of 0–1200 eV, and the results are shown in Figure 2. Based on the survey spectra presented in Figure 2a, C, O, Na, Al, and Si are present on the surface of bare zeolite, while the survey spectra in Figure 2b–f confirmed the coexistence of C, O, Al, Si, and Fe in the FeZ composites.



Within the FeZ composites spectra, two peaks with the binding energy of 710 and 725 eV are attributed to Fe 2p3/2 and Fe 2p1/2, indicating the presence of Fe3O4 [22]. Meanwhile, the peak around 95 eV also indicates the existence of Fe3O4 [23]. These results have proved the existence of iron oxide in the form of Fe3O4 in FeZ composites. The O 1s peak at 530 eV belongs to O2− [24]. The presence of a peak centered at 286 eV is attributed to the presence of elemental carbon (C 1s) from the carbon band used during sample preparation. No other impurities were detected.



Finally, the XPS analysis result revealed that there is no Na+ ion in the survey spectra of the FeZ composites. Such an effect is attributed to the exchange of sodium ions with iron ions in the interlayer of zeolite [25]. Based on the XPS analysis results, it is believed that composites of zeolite loaded with variable amounts of Fe3O4 have been successfully synthesized.




2.2. Fourier Transform Infrared (FTIR) Analysis


The functional groups present in bare zeolite and in FeZ composites were also studied using FTIR spectrometer, and the results are shown in Figure 3. In the case of bare zeolite, the absorption bands at 1020 and 440 cm−1 are due to Si–O–Si stretching and bending vibrations, respectively. Meanwhile, the absorption band at 532 cm−1 is due to Al–O–Si deformation [26]. However, the intensities of the peaks at 440 and 532 cm−1 attributed to Si–O–Si and Al–O–Si decrease significantly due to the loading of zeolite with Fe3O4. The peaks at 3500 and 1650 cm−1 are due to the stretching and bending vibrations of hydroxyl groups of absorbed water molecules, respectively [25]. In the case of FeZ composites, the band at 583 cm−1 is attributed to the stretching vibration of Fe–O [27], which confirmed the existence of Fe3O4 in FeZ composites [28]. The absence of such band in FeZ-1.5 and FeZ-3 composites might be attributed to the low amount of magnetite in the composites. Furthermore, the small peak at around 1450 cm−1 in the FeZ composites is due to the remnant of NH3 used during composites preparation [25].




2.3. Field Emission Scanning Electron Microscopy (FESEM)/Energy Dispersive X-ray (EDX) Analysis


FESEM images of bare zeolite and FeZ composites are shown in Figure 4. Based on the image presented in Figure 4a, bare zeolite is made up of various sized particles with an irregular shape, and the surface is virtually smooth. However, in the case of FeZ composites in Figure 4b–f, the surface is rough, and this could be due to the presence of Fe3O4 particles in the form of clusters or nanoparticles on the surface of the zeolite. Among the FeZ composites, the zeolite matrix is still clearly observable in the case of FeZ-1.5, FeZ-3, and FeZ-5 composites, which contain a low amount of Fe3O4 loading during synthesis. However, at a higher amount of Fe3O4, such as FeZ-8 and FeZ-10 composites, the presence of zeolite matrix cannot be detected.



Furthermore, the elemental composition of bare zeolite and FeZ composites obtained from EDS analysis is shown in Table 1. The results revealed the presence of Na, Al, O, and Si in bare zeolite and Fe, Al, O, and Si in FeZ composites. The absence of Na in FeZ composites could be explained due to the ion exchange reaction with Fe ions. Moreover, the concentration of Fe in the FeZ composites keeps on increasing with the increase in the amount of loaded magnetite. Such results are a further indication that Fe3O4 has been immobilized onto zeolite.




2.4. Transmission Electron Microscopy (TEM) Analysis


The morphology of pristine zeolite and FeZ composites was further studied using TEM, and the results are shown in Figure 5. Based on the image presented in Figure 5a, pristine zeolite is composed of irregularly shaped particles with a smooth surface. In the case of FeZ composites shown in Figure 5b–f, some new particles apart from that of pristine zeolite were observed in the composites. The amount of the particles increases with the increase in the amount of Fe3O4 nanoparticles being immobilized onto zeolite. The change in morphology to hair-like particles was observed at higher magnetite concentration. In general, despite subjecting the FeZ composites to strong ultrasonication treatment during TEM sample preparation, the Fe3O4 nanoparticles could still be found on the zeolite surface. This indicates a strong interaction between Fe3O4 nanoparticles and zeolite.




2.5. Nitrogen Adsorption-Desorption Analysis


Nitrogen adsorption–desorption isotherms and Barrett-Joyner-Halender (BJH) pore size distribution (insets) of bare zeolite and FeZ composites are shown in Figure S1, and their structural details are summarized in Table 2. Although both bare zeolite and FeZ composites have type IV isotherms, FeZ composites have a distinct hysteresis loop in the range of P/P0 0.4–1.0, due to capillary condensation of mesopores between closely packed spherical particles [29]. However, the adsorption capacities of the FeZ composites for N2 are higher than that of bare zeolite and increase by as much as 160-fold as compared to zeolite alone. In addition, the shapes of the adsorption-desorption isotherms and pore size distributions of FeZ composites are different from that of bare zeolite, indicating the change in the pore structure due to the presence of Fe3O4 [30]. Furthermore, from the data presented in Table 2, the bare zeolite used has a low surface area (1.52 m2·g−1). However, the surface area of FeZ composites increased up to 251.6 m2·g−1 and decreases slightly to 211 m2·g−1 for FeZ-10. The decrease could be attributed to the agglomeration of Fe3O4 particles at higher loading. From the pore size distribution curves (insets), zeolite is polymodal. However, loading of Fe3O4 onto zeolite leads to the decrease in the pore size, an effect attributed to the blocking of zeolite pores by the magnetite. Meanwhile, the pore size distribution curve of FeZ-10 is bimodal, and this can be explained due to the formation of pores between the excess magnetite.




2.6. Fenton Oxidation Activity of FeZ Composites


2.6.1. OFL Removal in Different Processes


Initially, a series of control experiments were conducted to determine the performance of (i) raw zeolite + OFL, (ii) H2O2 + OFL, (iii) Fe3O4-zeolite + OFL, (iv) zeolite + H2O2, and (v) Fe3O4-zeolite + H2O2 + OFL towards the removal of OFL. The Fe3O4-zeolite composite used for this study is FeZ-8, and the results are shown in Figure 6.



As shown in Figure 6, only 2% degradation was achieved after 180 min in the presence of H2O2 alone, which indicates that degradation under H2O2 is minimal. The results of such nature could be due to the low oxidation potential of H2O2 as compared to its HO• [31]. In the case of bare zeolite, the low percentage of removal of OFL (4%) achieved is attributed to its adsorption capability. The addition of H2O2 onto bare zeolite did not improve the efficiency, since zeolite is not capable of dissociating H2O2 to produce HO•. Previously, Hu, et al. [32] also reported similar results. Meanwhile, Fe3O4-zeolite was able to adsorb up to 56.9% of OFL from the aqueous solution. This indicates that loading Fe3O4 onto bare zeolite leads to the formation of composites with higher adsorption capability towards OFL. On the other hand, in the presence of H2O2, the performance of Fe3O4-zeolite increased significantly to about 90%, thus indicating the reaction occurs via Fenton oxidation. Such results imply that Fe3O4-zeolite exhibited an excellent catalytic ability to activate H2O2, which is useful for Fenton reaction [33]. The results also confirmed the synergetic effect between Fe3O4-zeolite and H2O2 is necessary to achieve higher efficiency, and that dissociation of H2O2 is mainly caused by Fe3O4. The results obtained for the Fenton degradation of OFL using Fe3O4-zeolite composite was compared with the previous results reported for the Fenton degradation of OFL using different catalysts, and the results are shown in Table 3. The performance recorded using the Fe3O4-zeolite composite is encouraging and therefore, suggests that FeZ is a potential candidate for the treatment of wastewater contaminated by OFL.




2.6.2. Effect of Fe3O4 Loading on Zeolite


The amount of Fe3O4 loading on zeolite is expected to play a vital role in the overall Fenton oxidation process, since it controls the iron ions concentration and the HO• production rate [38]. For these purposes, the effect of Fe3O4 loading on zeolite was studied by varying the amount of Fe3O4 from 1.5 to 10 mmol, and the results are shown in Figure 7a. Subsequently, the experimental data were examined using the zero-order, pseudo-first-order, and pseudo-second-order kinetic models and the results are shown in Figure S2. Based on the kinetic data presented in Table S1 and the values of the correlation coefficient, R2, the Fenton degradation of OFL using FeZ composites follows the pseudo-first-order kinetic model.



Furthermore, as the amount of Fe3O4 in the FeZ composite increases from 1.5 to 8 mmol, the degradation rate also increases. Such an effect is attributed to the increase in the production of HO• by higher amount of iron ions. This, however, is contrary to the earlier surface area results presented in Table 2, where FeZ-3 and FeZ-5 (with low loading of Fe3O4) have higher surface areas than FeZ-8 and FeZ-10. This could be explained by the fact that FeZ-8 and FeZ-10 have a higher concentration of iron ions. However, the degradation rate by FeZ-10 is virtually similar to the performance recorded using FeZ-8. Previously, Hassan and Hameed [31] have also reported that at a higher concentration, the excess Fe3O4 would instead scavenge •OH. Therefore, for the rest of the study, FeZ-8 was used to investigate the effect of experimental parameters on the degradation of OFL by the FeZ composite. In general, the results from this study have further confirmed the indispensable role of the Fe3O4-zeolite composite catalyst in the Fenton degradation process.




2.6.3. Effect of Catalyst Dosage


The effect of FeZ-8 catalyst dosage was studied using 0.025, 0.05, 0.1, and 0.2 g catalyst loading, and the results are shown in Figure 7b. As the catalyst dosage increases, the degradation efficiency and the rate also increase. Such effect is due to the increased contact of OFL and H2O2 with the high amount of FeZ-8 catalyst [39]. Previously, Shukla, et al. [40] have attributed such performance to the dual effect of combined adsorption and oxidation. However, the increase in degradation efficiency in the same reaction time, when the catalyst dosage was increased from 0.1 to 0.2 g is not appreciable. According to Nguyen, et al. [41], this could be due the fact that at high iron content, the catalyst behaves as an HO• scavenger, and therefore, no significant increase in degradation efficiency could be observed.




2.6.4. Effect of Initial Solution pH


Apart from the performance recorded at the initial solution pH (pH 9.0), the effect of initial solution pH on the Fenton degradation of OFL in FeZ-8 + H2O2 system was determined at pH range of 5–11 and the results are shown in Figure 7c. It is obvious that the percentage of OFL removal efficiency and degradation rate keeps on decreasing with the increase in pH from 5 to 11. This could be explained using the favorable interaction at lower pH values compared to the interaction between the OFL molecules and the FeZ-8 catalyst at higher pH values, since the FeZ-8 catalyst has the pH at point of zero charge (pHzpc) of 4.3, and the OFL has the acid dissociation constants values, pKa1 = 5.98 and pKa2 = 8.00 [42]. Furthermore, the enhanced generation of HO• at lower pH values could be another contributing factor to the high performance recorded [43]. Meanwhile, the formation of oxyhydroxides like Fe(OH)3 and FeOH+ at higher pH values, which have been adsorbed onto the surface of the FeZ-8 catalyst, contributes to the decrease in degradation efficiency with the increase in pH [44]. Yet still, the performance recorded in pH 5–9 is appreciable. The significant decrease in performance at pH 11 is attributed to the decrease in the oxidation potential of HO• and the formation of inactive ferryl ions (FeO2+) at higher pH [45]. However, the result obtained is a tremendous achievement since it shows that the FeZ-8 catalyst could function well within a wide pH range. This is important because the pH range of wastewater is between 5.5 and 9.0 [46].




2.6.5. Effect of Initial OFL Concentration


The effect of initial OFL concentration on the performance of FeZ-8 was studied using OFL solutions with a concentration between 20 and 100 mg·L−1, while other parameters are kept constant, and the results are shown in Figure 7d. The heterogeneous Fenton degradation of OFL using the FeZ-8 catalyst occurs at the surface of the catalyst. It involves the reaction between the generated HO• at the active sites, together with the adsorbed OFL molecules [31]. In this study, since the dose of FeZ-8 and the concentration of H2O2 are constant, the number of hydroxyl radicals produced in the systems is also the same. Thus, the decrease in the degradation efficiency with the increase in OFL concentration is attributed to the low amount of hydroxyl radicals in the system compared to the available OFL molecules.




2.6.6. Effect of Different Oxidants


The effect of different oxidants—peroxydisulfate (PDS), hydrogen peroxide (H2O2), and peroxomonosulfate (PMS)—on the catalytic degradation of OFL was also studied. This study was conducted by activating PDS, PMS, and H2O2 with FeZ-8 to produce   S  O 4  • −     and HO•. Based on the results shown in Figure 7e, the order of reactivity is PDS > H2O2 > PMS. The reaction of Fe2+ with PS, H2O2, and PMS could be presented in Equations (1)–(3) [47].


  F  e  2 +   +    H 2   O 2    →   F  e  3 +   +   O  H −  +   H  O •     



(1)






  F  e  2 +   +    S 2   O 8  2 −     →   F  e  3 +   +   S  O 4  • −   +   S  O 4  2 −      



(2)






  F  e  2 +   +   H S  O 5 −    →   F  e  3 +   +   S  O 4  • −   +   O  H −     



(3)







In the case of PDS and H2O2, the high performance in FeZ-8/PDS than FeZ-8/H2O2 is due to the rapid formation of reactive oxygen species (ROSs) from PDS activation [48]. In the case of PMS, the inherent pH of aqueous OFL solution is 9. The low performance recorded at this pH could be attributed to the self-dissociation of PMS, which is reported to occur at high pH through non-radical pathways [49].




2.6.7. Effect of H2O2 Dosage


The effect of H2O2 dosage on the Fenton degradation of OFL was studied by varying the amount of H2O2 from 1 to 20 mL·L−1 and the results are shown in Figure 7f. From the results obtained, an increase in H2O2 concentration from 1 to 5 mL·L−1 resulted in an increase in the Fenton degradation rate from 0.0068 to 0.0118 min−1. Such an effect is attributed to the rise in the number of HO•. However, a further increase in H2O2 concentration from 5 to 20 mL·L−1 causes a decrease in Fenton degradation rate to 0.0013 min−1. This could be explained because of the excess H2O2 acting as a hydroxyl radical scavenger to form the less reactive hydroperoxyl radicals (HOO•), which do not contribute much to the oxidation reaction [50].




2.6.8. Effect of Reaction Temperature


The effect of reaction temperature on the Fenton degradation of OFL using the FeZ-8 catalyst has been studied, and the results are depicted in Figure 7g. From the figure, a higher reaction temperature resulted in a little bit higher degradation of OFL, which is in agreement with the report by Soon and Hameed [39]. The authors stated that higher temperature accelerates the decomposition of H2O2 into HO•. In general, the findings show that the Fenton degradation of OFL by the FeZ-8 catalyst was not very sensitive to the reaction temperature. Furthermore, the activation energy (Ea) for the Fenton degradation of OFL using the FeZ-8 catalyst was estimated using the plot of ln k against 1/T, based on the Arrhenius equation ln k = ln A − Ea/RT, where k is the rate constant, R is the universal gas constant (8.314 J mol−1 K−1), and A is pre-exponential factor, and the results are shown in Figure S3. Using the slope of the plot, the Ea value was obtained as 8.8860 kJ mol−1 and thus, indicates low reaction activation energy [51]. Such a value, which is significantly lower than the 213.8 kJ mol−1 for the dissociation of H2O2 to HO• [52], confirms the catalytic property of FeZ-8.




2.6.9. Effect of Inorganic Salts


Apart from organic pollutants, real wastewater often contains some inorganic salts, which could possibly affect the efficiency of the degradation process during the Fenton reaction. For this purpose, 10 mmol of NaCl, KCl, and CaCl2 salts were separately introduced during the Fenton degradation of OFL, and the results are shown in Figure 7h. Although no significant decrease in degradation efficiency of OFL was noticed upon the introduction of the various inorganic salts, the effect was more pronounced in the presence of CaCl2. Such a minor decrease in degradation efficiency could be attributed to the possible adsorption of Cl− on the surface of FeZ-8 catalyst, thereby blocking some active sites [53] or because Cl− might act as a hydroxyl radicals scavenger, as shown in Equation (4) below [54,55]:


  C  l −  +    O      •  H   →   C  l            •  +   O  H −     



(4)








2.6.10. TOC Removal Studies


The catalytic activity of the FeZ-8 catalyst was further investigated by determining the total organic carbon (TOC) concentration of the OFL solution after the establishment of the adsorption–desorption equilibrium and Fenton degradation for 120 min, and the results are shown in Figure 8. Although the TOC removal efficiency was approximately 40% after the establishment of the adsorption–desorption equilibrium, the efficiency reached more than 50% after 120 min of Fenton degradation reaction. Such results confirmed that the FeZ-8 catalyst is capable of mineralizing the fluoroquinolone antibiotic.




2.6.11. Hetero-Fenton Degradation Mechanism


The reaction pathway for OFL degradation using the FeZ composite as a hetero-Fenton catalyst has been proposed and is schematically shown in Figure 9. The first stage involves the in-dark adsorption of OFL onto the surface of the FeZ composite catalyst. The Fe3O4 in FeZ is composed of Fe2+ and Fe3+. The Fe2+ ions react with H2O2 to form HO• and more Fe3+ (Equation (5)). The HO• is responsible for the degradation of OFL into CO2, H2O, and other intermediates. However, the H2O2 further reduces the Fe3+ back to Fe2+ (Equation (7)) and the cycle continues.


  F  e  2 +   +    H 2   O 2    →   F  e  3 +   +   O  H −  +   H  O •     



(5)






  F  e  3 +   +    H 2   O 2    →   F  e  2 +   +    H +  +   H  O 2 •     



(6)






  O F L +   O  H •    →   C  O 2  +    H 2  O + i n t e r m e d i a t e s    



(7)








2.6.12. Reusability and Stability Studies


A reusability study was conducted to investigate the stability of the FeZ-8 catalyst during repeated cycles. As shown in Figure 10a, the performance of the FeZ-8 catalyst after the fifth cycle remained significant, as the marginal drop in the efficiency is still below 10%, an indication that the FeZ-8 catalyst is reusable. The stability of the FeZ-8 catalyst was confirmed by examining the FTIR spectra of the catalyst before and after five cycles of repeated Fenton degradation studies, and no obvious difference exists between the two FTIR spectra of the FeZ-8 catalyst.






3. Materials and Methods


3.1. Chemicals


Ferric chloride hexahydrate (FeCl3·6H2O), sodium chloride (NaCl), and calcium chloride (CaCl2) were obtained from Bendosen (Shah Alam, Selangor, Malaysia). Hydrogen peroxide (H2O2), nitric acid (HNO3), ethanol (CH3CH2OH), and sodium hydroxide (NaOH) were obtained from QReC Chemicals (Rawang; Selangor Malaysia). Sodium peroxydisulfate (PDS, Na2S2O8), hydrochloric acid (HCl), and ammonia solution were obtained from Merck Chemicals (Darmstadt, Germany). Iron (II) sulfate heptahydrate (FeSO4·7H2O) and zeolite were obtained from Sigma-Aldrich (Saint Louis, MO, USA). Potassium chloride (KCl) was obtained from Fluka (St. Gallen, Switzerland), while potassium peroxomonosulfate (PMS, 2KHSO5·KHSO4·K2SO4) was supplied by Acros Organics (Morris, NJ, USA). All chemicals were of analytical grade and deionized water was used throughout.




3.2. Preparation of FeZ Composites


Fe3O4-zeolite (FeZ) composites were synthesized using the co-precipitation method [23]. Briefly, equimolar amounts (1.5, 3, 5, 8, or 10 mmol) of FeSO4·7H2O and FeCl3·6H2O were dissolved in 60 mL of 10 mmol L−1 aqueous HCl solution and heated to 80 °C (Solution A). Subsequently, 0.5 g of zeolite was introduced into solution A and stirred for 1 h (Solution B). Then, 40 mL of ammonia solution was added slowly into solution B and stirred together for 2 h, to form FeZ composites. Finally, the product was filtered, washed several times with distilled water and absolute ethanol, before being dried in an oven at 60 °C overnight. The composites were named FeZ-1.5, FeZ-3, FeZ-5, FeZ-8, and FeZ-10, based on the equimolar amount of iron precursors used during the synthesis.




3.3. Characterizations


The morphologies of the catalysts were determined using a transmission electron microscope (TEM) (model: Technai G2 F20, Eindhoven, Netherlands) and field emission scanning electron microscope (model: Leo Supra 50 VP FESEM, Eindhoven, Netherlands) accompanied with an energy dispersive X-ray detector (EDX) to determine the elemental composition of the catalysts. FTIR spectra were recorded with KBr pressed disks using a Perkin Elmer 2000 spectrometer (Beaconsfied, England). X-ray photoelectron spectroscopy (XPS) analysis was carried out using an ULVAC-PHI Quantera II XPS system with a monochromatic Al K-Alpha source (Chigasaki, Japan). The specific surface area of the catalysts was measured by the Brunauer–Emmett–Teller (BET) method using a Micromeritics ASAP (model 2020 V 4.01) surface area and porosity analyzer (Norcross, GA, USA).




3.4. Heterogeneous Fenton Degradation of OFL


The catalytic activity of FeZ composites was evaluated by degrading OFL in the presence of H2O2 in ambient conditions. In a typical procedure, 0.1 g of the catalyst was added into a 100 mL (20 ppm) aqueous OFL solution. The mixture was continuously stirred for 30 min in the dark in order to disperse FeZ catalyst and establish an adsorption–desorption equilibrium. Subsequently, 0.5 mL of aqueous H2O2 solution (30% w/w) was added to the mixture so as to enhance the catalytic performance via Fenton reaction. At a regular time interval, 5 mL of the reaction suspension was sampled and centrifuged immediately to separate the catalyst from the solution. The remnant OFL concentration in the supernatant was then determined at 286 nm using a Shimadzu UV 2600 spectrophotometer (version 1.03) operating using a UV probe 2.42. The effects of experimental conditions such as Fe3O4 loading on zeolite, catalyst loading, initial solution pH, initial OFL concentration, different oxidants, H2O2 dosage, reaction temperature, and inorganic salts were studied in order to determine the performance of FeZ catalyst towards the degradation of OFL under different conditions. The amount of Fe3O4 loaded on zeolite was varied from 1.5 to 10 mmol; catalyst dosage was varied from 0.25 to 2 g·L−1; initial solution pH was adjusted between 5 and 11 using HNO3 or NaOH; initial OFL concentration was varied between 20 and 100 ppm; different oxidants such as potassium peroxomonosulfate, sodium peroxydisulfate, and hydrogen peroxide; dosage of H2O2 from 1 to 20 mL·L−1; reaction temperature between 25 and 60 °C; and different inorganic salts such as NaCl, KCl, and CaCl2. The efficiency of the FeZ composite towards the removal (both adsorption and Fenton degradation) of OFL was calculated using Equation (8):


  %   R e m o v a l =      C o    −    C t     C o      ×   100 %    



(8)




where Co and Ct are the initial and the concentration of OFL solution at time t. Total organic carbon (TOC) was determined using a Shimadzu TOC-L analyzer. Finally, the reusability and stability of the catalyst were also studied.





4. Conclusions


Fe3O4-zeolite (FeZ) composites were synthesized via a facile co-precipitation method and were subsequently characterized using XPS, FTIR, FESEM-EDX, TEM, and BET, which successfully confirmed the immobilization of Fe3O4 onto zeolite. The immobilization of Fe3O4 onto zeolite resulted in the formation of FeZ composites with higher surface area and pore volume, compared to pristine zeolite. The effects of different operational parameters such as Fe3O4 loading on zeolite, catalyst loading, initial solution pH, initial OFL concentration, different oxidants, H2O2 dosage, reaction temperature, and inorganic salts on OFL degradation were systematically investigated. Among all the FeZ composites, the FeZ-8 composite exhibited a good catalytic capacity for the hetero-Fenton degradation of OFL. Under the reaction conditions of 1 g·L−1 catalyst dosage, pH of 9, and H2O2 dosage of 5mL·L−1, 88% of OFL degradation efficiency and 51.3% of TOC removal efficiency were achieved using the FeZ-8 composite. Likewise, results from reusability tests revealed only a slight decrease in degradation ability after five runs. Therefore, the FeZ-8 composite could be a promising hetero-Fenton catalyst for the treatment of wastewater contaminated with antibiotics. A suitable hetero-Fenton degradation pathway has been proposed.
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Figure 1. Chemical structure of ofloxacin (OFL). 
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Figure 2. XPS spectra of (a) bare zeolite, (b) FeZ-1.5, (c) FeZ-3, (d) FeZ-5, (e) FeZ-8, and (f) FeZ-10 composites. 
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Figure 3. FTIR spectra of bare zeolite and FeZ composites. 
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Figure 4. FESEM images of zeolite (a), FeZ-1.5 (b), FeZ-3 (c), FeZ-5 (d), FeZ-8 (e), and FeZ-10 (f) composites. 
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Figure 5. TEM images of zeolite (a), FeZ-1.5 (b), FeZ-3 (c), FeZ-5 (d), FeZ-8 (e), and FeZ-10 (f) composites. 
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Figure 6. Removal efficiencies of OFL in different processes. 
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Figure 7. Effects of (a) Fe3O4 loading on zeolite, (b) FeZ-8 catalyst dosage, (c) initial solution pH, (d) initial OFL concentration, (e) different oxidants, (f) H2O2 dosage, (g) reaction temperature, and (h) inorganic ions on the Fenton degradation of OFL. Unless stated otherwise, reaction conditions are based on: [OFL] = 20 mg·L−1, pH = 9, (FeZ-8) = 1 g·L−1, (H2O2) = 5 mL·L−1. 
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Figure 8. Total organic carbon (TOC) removal using FeZ-8. 






Figure 8. Total organic carbon (TOC) removal using FeZ-8.



[image: Catalysts 10 01241 g008]







[image: Catalysts 10 01241 g009 550] 





Figure 9. Proposed reaction pathway for OFL degradation using FeZ composite as hetero-Fenton catalyst. 
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Figure 10. (a) Reusability studies of Fenton degradation of OFL using FeZ-8. (b) FTIR spectra of FeZ-8 catalyst before and after the Fenton degradation of OFL. 
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Table 1. Composition of bare zeolite and FeZ composites as determined by EDX.
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	Sample
	Al%
	Si%
	Na%
	O%
	Fe%





	Zeolite
	16.76
	18.69
	14.40
	50.15
	-



	FeZ-1.5
	17.81
	17.84
	-
	41.67
	22.68



	FeZ-3
	15.20
	15.77
	-
	40.00
	29.03



	FeZ-5
	15.02
	13.91
	-
	39.47
	31.59



	FeZ-8
	4.12
	4.39
	-
	38.88
	52.62



	FeZ-10
	4.09
	4.01
	-
	35.60
	56.29
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Table 2. Surface area and pore volume of bare zeolite and FeZ composites.
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	Samples
	BET Surface Area (m2·g−1)
	Pore Volume (cm3·g−1)





	Zeolite
	1.52
	0.001798



	FeZ-1.5
	70.91
	0.202736



	FeZ-3
	251.60
	0.317371



	FeZ-5
	251.53
	0.276022



	FeZ-8
	220.52
	0.273748



	FeZ-10
	211.96
	0.262692
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Table 3. Comparison of Fenton catalytic performance in the removal of OFL.
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	Samples
	Conc. of OFL (mg·L−1)
	Catalyst Dosage (g·L−1)
	Time (min)
	pH
	H2O2 Conc.
	% Removal
	Ref.





	D-FeCu@Sep
	10
	3.0
	120
	5.0
	0.03 M
	~100
	[34]



	A-FeCu@Sep
	10
	3.0
	120
	5.0
	0.03 M
	~40
	[34]



	S-doped ZnO
	10
	0.25
	120
	6.5
	5 mL·L−1
	23
	[35]



	Fe3O4
	10
	0.25
	120
	6.5
	5 mL·L−1
	~60
	[35]



	Fe3O4@S-doped ZnO
	10
	0.25
	120
	6.5
	5 mL·L−1
	~100
	[35]



	AC-Fe3O4
	12
	0.5
	60
	3.3
	20.0 mM
	~75
	[36]



	Fe3O4-CeO2
	12
	0.5
	60
	3.3
	20.0 mM
	~80
	[36]



	Fe3O4-CeO2/AC
	12
	0.5
	60
	3.3
	20.0 mM
	~98
	[36]



	Fe@Mpsi
	30
	1.0
	120
	Initial pH
	2000 mg·L−1
	18
	[37]



	Cu@Mpsi
	30
	1.0
	120
	Initial pH
	2000 mg·L−1
	51
	[37]



	Fe-Cu@SBA-15
	30
	1.0
	120
	Initial pH
	2000 mg·L−1
	~70
	[37]



	Fe-Cu@Mpsi
	30
	1.0
	120
	Initial pH
	2000 mg·L−1
	~82
	[37]



	Fe3O4-zeolite
	20
	1.0
	120
	9
	5 mL·L−1
	88
	Present work
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