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Abstract

:

Hollow transition metal oxides have important applications in the degradation of organic pollutants by a photo-Fenton-like process. Herein, uniform, highly dispersible hollow CuFe2O4/C nanospheres (denoted as CFO/C-PNSs) were prepared by a one-pot approach. Scanning electron microscope (SEM) and transmission electron microscope (TEM) images verified that the CFO/C-PNS catalyst mainly presents hollow nanosphere morphology with a diameter of 250 ± 30 nm. Surprisingly, the photodegradation test results revealed that CFO/C-PNSs had an excellent photocatalytic performance in the elimination of various organic contaminants under visible light through the efficient Fenton catalytic process. Due to the unique hollow structure formed by the assembly of ultra-small CFO/C subunits, the catalyst exposes more reaction sites, improving its photocatalytic activity. More importantly, the resulting magnetically separable CFO/C-PNSs exhibited excellent stability. Finally, the possible photocatalytic reaction mechanism of the CFO/C-PNSs was proposed, which enables us to have a clearer understanding of the photo-Fenton mechanism. Through a series of characterization and analysis of degradation behavior of CFO/C-PNS samples over antibiotic degradation and Cr(VI) reduction, •OH radicals generated from H2O2 decomposition played an essential role in enhancing the reaction efficiency. The present work offered a convenient method to fabricate hollow transition metal oxides, which provided impetus for further development in environmental and energy applications. Highlights: Novel hollow CuFe2O4/C nanospheres were prepared by a facile and cost-effective method. CuFe2O4/C exhibited excellent photo-Fenton-like performance for antibiotic degradation. Outstanding photocatalytic performance was attributed to the specific hollow cavity-porous structure. A possible mechanism for H2O2 activation over hollow CuFe2O4/C nanospheres was detailed and discussed.
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1. Introduction


In recent years, the discharge of various organic pollutants has caused irreversible repercussions to natural ecosystems and human health [1,2,3,4]. Many methods are used for solving these environmental problems, such as photocatalysis, physical adsorption and advanced oxidation [5,6,7,8,9,10,11,12,13,14,15,16,17]. Among them, photocatalytic Fenton oxidation [18,19,20] has attracted more and more attention due to its advantages of simple operation, high efficiency, no secondary pollution and effective removal of environmental pollutants [21,22,23,24,25]. Nevertheless, the traditional homogenous Fenton processes include obvious and inevitable shortcomings, such as production of iron containing sludge, low pH (pH ˂ 3.0), large amount of H2O2, requirement for secondary treatment and difficult regeneration of the catalyst, which have greatly restricted their wide applications. To solve this problem, a “Fenton-like” reaction, which can surmount the above-mentioned adverse conditions as, for example, the reduction of H2O2 by modifying the process going towards the photo-Fenton reaction, has been considered as one of the most effective methods [26,27,28,29,30,31,32,33,34]. Therefore, the key point is to exploit suitable semiconducting, heterogeneous and Fenton-like catalysts with a wide pH range, high reusability, excellent activity and good stability. Magnetic spinel ferrite nanoparticles, including MFe2O4 (M = Mn, Fe, Co, Ni, Cu, Zn) as one of the promising materials, have received much attention due to their moderate costs, recyclability, and magnetic and electrical properties [35,36,37,38]. Among them, a p-type semiconductor copper ferrite (CuFe2O4), an important metal oxide (band gap of 1.9 eV), has been applied in various fields owing to its superior magnetic, optical and catalytic properties [39,40,41,42]. In addition, there are numerous approaches that are effective methods to prepare copper ferrite, such as ball-milling, microwave and solvothermal methods [43,44,45,46,47,48,49]. Recently, most of the CuFe2O4 reports have been widely studied in the photocatalysis field and have considered CuFe2O4 as a superior candidate for wastewater due to its advantages, such as easy synthesis, inexpensive cost for production, good optical property, excellent catalytic activity and simple magnetic recoverability [50,51,52,53,54,55,56]. Therefore, in order to obtain photocatalysts with efficient performance, it is of great importance to develop convenient strategies for synthesizing various morphologies of CuFe2O4 and CuFe2O4-based photocatalysts, such as hollow mesoporous CuFe2O4, core-shell CuFe2O4@C3N4, CuFe2O4@SiO2 nanofibers and so on [57,58,59,60,61,62,63]. The hollow spherical structure of photocatalysis has a large specific surface area; therefore, it can expose more active sites to improve the photocatalytic agent. However, thus far, exploiting a simple strategy to increase photocatalyst activity and meet the requirements of practical applications with a unique nanostructure design is still a challenge.



In this work, we report a one-pot synthetic calcination method for the first time to fabricate uniform, highly dispersible hollow CFO/C-PNSs assembled by ultra-small CFO/C subunits through a simple and cost-effective strategy. The hollow microspheres have a high specific surface area and excellent mass transfer performance, which is beneficial to improve the photocatalytic performance. The high specific surface area provides more active sites and allows more pollutant molecules to adsorb. Meanwhile, hollow microspheres enhance the utilization efficiency of incident visible light by enhancing the reflection and scattering of light. The as-synthesized CFO/C-PNSs exhibited a markedly photocatalytic performance in photo-Fenton-like reactions for the heterogeneous activation of H2O2 with irradiation of visible light, which can degrade and mineralize oxytetracycline (OTC), norfloxacin (NFX), tetracycline (TCH), rhodamine B (RhB), methyl orange (MO) and Cr(VI) reduction in solution.




2. Experimental Procedures


Specific experiment and characterization methods can be found in supporting information. The schematic illustration for the controllable synthetic of the CFO/C-PNSs with a relatively simple process is illustrated in Figure 1. Firstly, PAA-NH4 with a globose structure was prepared by the addition of NH3·H2O to an isopropyl alcohol aqueous solution. After that, a certain amount of FeCl2·4H2O was added into the PAA-NH4 aqueous solution and Fe2+ was further anchored to the surface of an anionic polymer (PAA) at random to form Fe(OH)3/PAA solution in the alkaline conditions due to the charge of the interfacial energy of the synthetic system. Then, CuCl2•2H2O was added, and Cu2+ was readily hydrolyzed into Cu(OH)2 nanoparticles in a weak base environment and further aggregated on the outer and inner surfaces of the Fe(OH)3/PAA layer to synthesize Fe(OH)3/PAA/Cu(OH)2 nanoparticles. More importantly, due to the electrostatic repulsion of the carboxyl groups, the Fe(OH)3/PAA/Cu(OH)2 in solution had high dispersibility. Lastly, the CuFe2O4/C-PNSs with hollow nanostructures were fabricated by a heating treatment at 400 °C for 120 min under N2 gas protection, and named as CFO/C-PNSs.




3. Results and Discussion


3.1. Structure and Composition Characterization


The phase structures and specific composition of synthesized samples were confirmed by X-ray diffraction (XRD), as presented in Figure 2. The main diffraction peaks of CFO/C-PNSs and CFO-PNSs are fully consistent with the spinel CuFe2O4 standard file (PDF#77-0010) [64], with diffraction peaks of the synthesized samples at 30.18°, 35.54°, 43.20°, 53.60°, 57.14°, 62.74° and 74.24° corresponding to (220), (311), (400), (422), (511), (440) and (533). The sharpened and intense diffraction peaks manifest the highly crystalline nature of sample. Obviously, no peaks of impurities can be found, implying the Fe(OH)3/PAA/Cu(OH)2 is utterly transformed to phase-pure CuFe2O4/C after calcination at high temperature under N2 gas protection. Accordingly, the consequences of XRD patterns illustrate that the CuFe2O4/C was successfully prepared using calcination treatment under an atmosphere of N2.



The information of morphology and nanostructure of the as-synthesized CFO/C-PNSs were provided by using a scanning electron microscope (SEM), transmission electron microscope (TEM) and high-resolution TEM (HRTEM) (Figure 3). Figure 3a demonstrates how the SEM image exhibits highly and uniformly diffused rough spherical structures with a diameter size range of 250 ± 30 nm, which are assembled with an ultrafine CuFe2O4/C subunit with a diameter of about 5 nm. Accordingly, these images imply a unique pomegranate-like nanostructure which can provide more active sites during the photocatalytic process. More details about the morphology and nanostructure of CFO/C-PNSs were examined by the TEM image. Figure 3b shows that the CFO/C-PNS nanoparticles have a perfectly spherical shape corresponding to the SEM image. Moreover, the HRTEM image of CFO/C-PNSs in Figure 3c presents the single pomegranate-like CFO/C-PNSs consisting of a good amount of ultra-small CFO/C-PNS subunits. Additionally, the lattice fringes of 0.36 nm are wider than the (311) planes of CuFe2O4 (JCPDS 77-0010); this may be due to the lattice change caused by the incorporation of carbon in CuFe2O4 (the inset of Figure 3c and Figure S1). Finally, the elemental mapping images of single CFO/C-PNSs in Figure 3e–h show the Fe (carmine), Cu (yellow), O (red) and C (blue) elements were uniformly distributed on the pomegranate-like CFO/C-PNS nanosphere.



The nitrogen sorption analysis was used to measure porosity of CFO/C-PNSs and CFO-PNSs. As presented in Figure 4a,b, the specific surface areas of photocatalyst samples were calculated with the multipoint Brunauer–Emmett–Teller (BET) method; the specific surface areas of CFO/C-PNSs and CFO-PNSs are 179.7 m2/g and 71.8 m2/g, respectively, and the total pore volumes of these samples are about 0.21 cm3/g and 0.14 cm3/g, respectively. In addition, the CFO/C-PNSs display the IV-type isotherms with the H3-type hysteresis loops, implying that they possess the appropriate micro-mesoporous feature. Such results suggest that CFO/C-PNSs could expose more active sites and many efficient transport pathways, which is beneficial for the photocatalytic performance. Figure 4c presents the optical properties of prepared samples which were measured by the UV–vis diffuse reflectance spectra. It is clearly displayed that the CFO/C-PNSs show stronger absorption intensity than CFO-PNSs from UV to visible light, indicating that compared to CFO-PNSs, CFO/C-PNSs can improve the utilization efficiency of solar energy, and enhance the photocatalytic activity of the sample under illumination. Additionally, the band gaps of CFO/C-PNSs and CFO-PNSs can be evaluated via the Kubelka–Munk function, as illustrated in Figure 4d [65]. Notably, the estimated band gaps of CFO/C-PNSs and CFO-PNSs are calculated to be about 1.6 eV and 1.9 eV, respectively, which indicate that CFO/C-PNSs enable more efficient usage of solar energy than the pure CFO-PNSs.




3.2. Evaluation of Photocatalytic Performance


The photo-Fenton-like perfomance of CFO/C-PNSs and CFO-PNSs was evaluated by the photocatalytic degradation of MO, OTC, CR, RhB, TCH, and NFX, and the reduction of K2Cr2O7 in the presence of H2O2. (Figure 5 and Figure S2). Before the photo-Fenton-like reaction, a dark adsorption test was carried out for 30 min to reach an equilibrium adsorption state between the catalysts and contaminants. Figure 5a,e and Figure S2 show that almost all various antibiotics were degraded by the CFO/C-PNSs after visible-light irradiation for 1 h in the presence of H2O2 (200 μL); under the same conditions, the degradation performance of CFO-PNSs was obviously inferior. More importantly, the CFO-PNSs exhibited the highest photo-Fenton degradation efficiencies of TCH (98.75%), NFX (97.13%), OTC (92.36%), MO (90.60%), RhB (99.1%) and photoreduction Cr(VI) (90.42%) within 60 min, which suggested that it has great potential in water treatment in the future.



For a better catalytic efficiency comparison of the CFO/C-PNSs and CFO-PNSs, kinetic analyses of the degradation of various antibiotics are described in Figure 5c,d through a pseudo-first-order reaction model and the reaction kinetic rate was 0.05183 min−1 for TCH, 0.04607 min−1 for NFX, 0.0409 min−1 for OTC, 0.03138 min−1 for MO, 0.08155 min−1 for RhB, and 0.08155 min−1 for Cr(VI), but the reaction kinetic rates of CFO-PNSs for all various antibiotics were lower. The above results indicate that the hollow CFO/C-PNSs have superior photo-Fenton-like catalytic activity for the MO, OTC, RhB, TCH, NFX and photoreduction of Cr(VI), which is attributed to the ultrafine CuFe2O4/C subunits and the larger specific surface area of CFO/C-PNSs, namely, each ultrafine CuFe2O4/C subunit can effectively and directly work on the photocatalytic reaction, which can expose more active sites and absorb more pollutants on its surface, and further dramatically shorten reaction pathways for photo-Fenton-like degradation experiments. Moreover, considering the practical application, the magnetic property of CFO/C-PNSs was revealed by applying a vibrating sample magnetometer at room temperature in an applied magnetic field up to 10,000 Oe (Figure 5f). The CFO/C-PNS catalyst showed an excellent ferromagnetic property with a saturation magnetization (Ms) of 99.4 emu/g. Moreover, the complete separation of CFO/C-PNSs from the solution can be achieved with an external magnet within 15 min, which is quite qualified for the magnetic separation and recycling of the photo-Fenton catalyst and further ascertaining its application in the photodegradation of organic pollutants.



The surface chemical and valence states of CFO/C-PNSs and CFO-PNSs were characterized by X-ray photoelectron spectroscopy (XPS) (Figure 6). From high-resolution XPS analysis of Cu 2p, as depicted in Figure 6a, the Cu 2p peaks were fitted into four peaks at 934.8 and 954.73 eV, corresponding to binding energies of the Cu 2p3/2 and Cu 2p1/2 doublet, as well as three of the shakeup satellites at 942.49, 943.2 and 962.82 eV [66,67]. The two-peak separation value (ΔE) was found to be about 20 eV, ascribing to the presence of the Cu2+ oxidation state in CFO/C-PNS peaks. In the Fe 2p XPS spectrum of CFO/C-PNSs (Figure 6b), two peaks appearing at 711.74 and 725.36 eV were assigned to the characteristic binding energy of Fe 2p 3/2 and Fe 2p 1/2, and the two small satellite peaks were ascribed to the oxidation state of Fe3+ in the CFO/C-PNSs [68,69,70]. For the O 1s spectrum, the three types of O species were detected at binding energies of 532.20, 529.93 and 530.59 eV in the CFO/C-PNSs (Figure 6c). The peaks at the lower binding energies of 529.93 eV and 532.20 eV are ascribed to the lattice oxygen O2− from Cu–O and Fe–O linkages [71]. The intermediate binding energy peak was 530.59 eV, which is related to O2− in the oxygen-deficient regions, confirming the occurrence of oxygen vacancies in the CFO/C-PNSs [72]. Furthermore, the high binding energy peak at 532.20 eV is assigned to absorbed oxygen species [73]. The C 1s spectrum (Figure 6d) of CFO/C-PNSs exhibits two stronger peaks, at 284.33 eV and 284.95 eV, which are assigned to C-C/C=C and C-O/C=O, respectively [74]. Hence, the XPS results further confirmed that the normal valence state of Cu and Fe elements in the CFO/C-PNSs are +2 and +3, respectively. In addition, the results further confirmed that spinel structure CFO/C-PNSs have been successfully synthesized the same as with the XRD results.



To reveal the role the CFO/C-PNS catalyst played in the photo-Fenton degradation reaction, we carried out a series of comparative tests as shown in Figure 7 and Figure S3. Notably, the effect of H2O2 alone on photoreduction degradation of various pollutants (MO, OTC, NFX, TCH, RhB and photoreduction of K2Cr2O7 degradation) was small, suggesting that H2O2 alone was ineffective. Under visible light, contaminants of the system can be removed only within 1 h in the presence of H2O2, suggesting that both H2O2 and visible light can form •O2− radicals and generate more and more •OH, further significantly enhancing the rate of the photo-Fenton degradation. Moreover, the CFO/C-PNSs +Vis + H2O2 show much higher removal rates (98.75% of TCH, 97.13% of NFX, 92.36% of OTC, 90.60% of MO, 99.1% of RhB and 90.42% of photoreduction of K2Cr2O7 degradation) than CFO/C-PNSs + Vis (39.99% of MO, 85.60% of OTC, 61.97% of RhB, 32.62% of TCH, 20.74% of NFX and 10.77% of photoreduction of K2Cr2O7 degradation), due to the photogenerated electrons that can expedite the generation of •OH and promote the regeneration of Fe2+. Similarly, CFO/C-PNSs + H2O2 show a much lower performance than the CFO/C-PNSs + Vis, because the presence of visible light is required for efficient photo-Fenton degradation of various contaminants (Figure S3). The aforementioned experiment results indicate that both H2O2 and visible light are indispensable conditions to obtain satisfactory results from photo-Fenton activity.



For evaluating the stability and the practical application of the obtained CFO/C-PNSs, the recycling photo-Fenton degradation experiments toward a contaminant were implemented with irradiation of visible light in the presence of H2O2. As plotted in Figure 8a,b, the performance of CFO/C-PNSs did not display significant deterioration over three successive runs, suggesting its outstanding stability in aqueous solution. The slight reduction in degradation rate is due to some inevitable factors in the test, such as the passivation of the catalyst surface or the loss of the catalyst in the recycling and rinsing process. These results suggest that the CFO/C-PNSs have good stability and durability in a photocatalysis-Fenton reaction, which would be a potential way to treat wastewater.



To investigate different factors of the photo-Fenton degradation activity of CFO/C-PNSs, taking tetracycline hydrochloride as an example, a series of comparative experiments including different volumes of H2O2, pH value and catalyst concentration were performed (Figure 9). H2O2 is a significant parameter in the photocatalytic process. Figure 9a illustrates the photocatalytic degradation curves of THC for the different H2O2 concentrations, while holding other conditions constant. In the contrast experiment, the CFO/C-PNS catalyst exhibited a very high Fenton-like activity with increasing H2O2 volume from 0 to 200 μL and the TCH degradation efficiency considerably enhanced, ultimately obtaining a maximum efficiency of 98.75%. Nevertheless, its activity decreased slightly with the increase in the H2O2 dose (500 µL), which might be due to an excess of H2O2 that can clean up the generated •OH radicals and adversely affect the reaction, namely, superabundant H2O2 could produce hydroperoxyl radicals (HO2•, H2O2+•OH→H2O+ HO2•) and reduce the availability of •OH owing to the quenching of •OH by competing reactions with H2O2 and HO2• (•OH + H2O2 →H2O + HO2• and •OH + HO2• → H2O + O2) [75]. Hence, the above experiment results illustrated that an appropriate dose of H2O2 is conducive to strengthening the photo-Fenton reaction for TCH degradation.



Because the activity of heterogeneous Fenton is very limited at neutral and alkaline pH, we further studied the effect of the initial pH value on degradation of TCH in the photo-Fenton reaction, and the photocatalytic performance of the CFO/C-PNS catalyst was conducted under the same experimental conditions. Figure 9b depicts the degradation efficiency of TCH in the CFO/C-PNS catalyst, which exhibited high activity over a wide pH range (pH 3–11), and the degradation efficiencies were all over 90% due to more •OH produced by the activation of H2O2. By contrast, the degradation rate slightly decreased with an increasing pH over 9 in this photo-Fenton reaction, which may be due to the generation of mineral ions during the degradation of TCH that further inhibited the adsorption of ions. The experiment results indicated that the CFO/C-PNSs as a photo-Fenton catalyst were suitable for an extensively wide range of pH, which further illustrated that CFO/C-PNSs are a good candidate for further practical waste treatment. In addition, the photocatalytic degradation curves of THC for different concentrations of the CFO/C-PNS catalyst (i.e., 0.2, 0.4, 0.6, 0.8 and 1 g/L) were further evaluated and kept the other conditions constant, as presented in Figure 9c. Similarly, the degradation efficiency also gradually increased from 58.18 to 61.84% until it reached a maximum of 98.75% within 60 min of irradiation by increasing the concentration of the CFO/C-PNS catalyst. Contrarily, as the amount of photocatalyst increased, the degradation rate decreased gradually when the initial concentration of the catalyst increased to 0.6 g/L. This decrease in the degradation rate is mainly ascribed to the excess photocatalysts, which cause the degree of light scattering and excessive turbidity of the solution, decrease the active sites and retard the light penetration, hence, leading to a reduction in the degradation rates of TCH. The kinetic curves of comparative experiments on degradation of TCH in the photo-Fenton reaction used the Kap value to evaluate the photocatalytic activity. As shown in Figure 9d, the CFO/C-PNS catalyst demonstrates almost 2.54 times the degradation rate (0.05183 min−1) with irradiation of visible light in the presence of H2O2 (CFO/C-PNSs/Vis/H2O2) as compared to the CFO/C-PNS catalyst under visible-light irradiation (CFO/C-PNSs/Vis), suggesting that H2O2 is the dominant element for strengthening the photocatalytic property. Meanwhile, the degradation rate of 0.02038 min−1 (CFO/C-PNSs/Vis) is larger than that of 0.00594 min−1 (CFO/C-PNSs/H2O2), revealing that both H2O2 and visible light are responsible for important factors in photo-Fenton degradation processes.



The electrochemical impedance spectroscopy (EIS) test was performed to study the charge transfer rate at the interface with 0.1 M KCl solution containing 5 mM Fe(CN)63−/4− [75]. As presented in Figure 10a, CFO/C-PNSs have a smaller semicircle radius than CFO-PNSs, and EIS measurements indicated that CFO/C-PNSs exhibit a smaller charge-transfer resistance [76]. CFO/C-PNSs are more prone to electron transfer during RED and have faster interfacial charge transfer and more efficient carrier separation. The Mott–Schottky (M–S) data is shown in Figure 10b, where the band structure of the sample was further analyzed by the Mott–Schottky curve, and the CB of CFO/C-PNSs and CFO-PNSs were about −0.71 eV and −0.83 eV, respectively [77]. The linear sweep voltammetry (LSV) test further verified that the CFO/C-PNS catalyst played a greater role in the photocatalytic process (Figure 10c). Compared with the electrode of CFO-PNSs, the electrode of CFO/C-PNSs had lower overpotential, which was favorable for the RED reaction in the photocatalytic degradation process [78]. In summary, the electrochemical performance of the CFO/C-PNS photocatalyst indicates that it can promote the separation and transmission efficiency of photogenerated carriers.




3.3. The Photocatalytic Mechanism


To deeply investigate the mechanism of TCH degradation, the free-radical capture tests and the electron spin response (ESR) spectra were studied to analyze the effects of different scavengers in photo-Fenton degradation experiments. The main oxidative species were detected by isopropanol (IPA), triethanolamine (TEOA) and 4-hydroxy-TEMPO, which were respectively served as hydroxyl radical (•OH), hole (h+) and superoxide radical (•O2−) quenchers into the photocatalytic reaction systems [79,80,81] (Figure 11a). It could be observed that the degradation efficiency of TCH was scarcely unchanged upon addition of IPA, which applies CFO/C-PNSs as the representative catalyst, suggesting that •OH is responsible for this photo-Fenton reaction because •OH radicals form via the H2O2 activation. On the contrary, the degradation rate of TCH was notably decreased by the introduction of 4-hydroxy-TEMPO/TEOA in the solution, revealing that •O2− and holes are not the main active intermediates in this photo-Fenton degradation experiment. To further identify this experiment’s results, the ESR spin-trap technique was carried out in the photo-Fenton-like reaction process. In the aqueous solution, the •OH and •O2− can be easily captured by 5,5-dimethyl-L-pyrroline N-oxide (DMPO) and methanol to form the DMPO-•OH and DMPO-•O2− adducts. As depicted in Figure 11b, the CFO/C-PNS sample cannot produce •OH radicals under visible-light irradiation. Notably, the characteristic signals of •OH radicals can be easily detected for the CFO/C-PNS sample under irradiation of visible light in the presence of H2O2, which convincingly reveals that •OH plays an essential part in the photo-Fenton-like reaction process due to Fe2+ and Fe3+ reacting with H2O2 to produce •OH, and the hole reacting with H2O2 to form •OH radicals [82]. As shown in Figure 11c, the ESR signal intensity of DMPO-•O2− adducts for the CFO/C-PNS sample under the condition that adding to H2O2 is much stronger than that of the CFO/C-PNS sample with a shortage of H2O2, most probably due to electrons or holes which react with H2O2 to produce •O2− radicals [83]. Apparently, the ESR results further confirm that the hydroxyl radicals (•OH), as main reactive oxidative species, play a major part in the degradation of pollutants, which could effectively boost the photo-Fenton catalytic efficiency of contaminants.



Based on the above characterization analysis and discussion of the experimental results, a possible charge separation mechanism for degradation with the CFO/C-PNS sample is postulated in Figure 12. In this experiment, •O2− and •OH radicals are the primary reactive species, resulting from the hole and free-radical trapping tests. Under visible light, excited CFO/C-PNs produce electrons in the conduction band (CB) and holes in the valence band (VB). Subsequently, photoinduced holes could quickly oxidize H2O2 to •O2− because the CB potential of CuFe2O4/C (−0.71 V) is more positive than the redox potential of H2O2/•O2− (0.93 V vs. NHE). Meanwhile, photogenerated electrons quickly react with Fe3+ to Fe2+ and the formed Fe2+ can immediately and directly react with H2O2 to produce hydroxyl radicals (•OH). Therefore, •OH was detected in the photo-Fenton system. On the other hand, the holes could directly react with water (H2O) or hydroxyl ions (OH¯) to •OH; furthermore, electrons could react with dissolved O2 to generate superoxide radicals (•O2−). More importantly, the recombination of electrons and holes could be effectively separated due to the pomegranate-like CFO/C-PNS structure assembled by ultra-small CuFe2O4/C subunits, and each ultrafine CuFe2O4/C subunit could effectively and directly participate in the reaction, where a large number of Fe3+/Fe2+ and H2O2 exist to produce •OH, and generated contaminant could also be rapidly decomposed to the intermediates. Finally, all these intermediates could be attacked by the •OH/•O2− species until the final mineralization.


CFO/C-PNSs + hν → CuFe2O4 (e− + h+)



(1)






Fe3+ + e− → Fe2+



(2)






H2O2+ Fe2+ → Fe3+ + •OH + OH−



(3)






e− + O2 → •O2−



(4)






e− + H2O2→•OH + OH−



(5)






hVB+ + H2O/OH−→ H+ + •OH



(6)






•OH/•O2− + degradation products →CO2+H2O



(7)









4. Conclusions


In summary, a novel pomegranate-like CFO/C-PNS photo-Fenton catalyst was successfully fabricated by applying a straightforward and cost-effective method. The CFO/C-PNSs exhibited enhanced and persistent photo-Fenton-like reaction behaviors for the degradation and mineralization of oxytetracycline (OTC), norfloxacin (NFX), tetracycline (TCH), rhodamine B (RhB), methyl orange (MO) and Cr(VI) (Cr(VI)) in solution under visible light. The excellent photocatalytic performance could be assigned to its unique nanostructure, which indicates that the integration of the pomegranate-like CFO/C-PNSs composed of ultrafine subunits is a viable way to enhance the photo-Fenton degradation performance. This work offers a novel strategy to synthesize photocatalytic materials with a pomegranate-like structure and develop the next-generation of a high-performance photo-Fenton catalyst with a wide prospect to facilitate the practical utilization of photodegradation.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/catal12070687/s1, Figure S1: The SEM (a), TEM (b) and HRTEM (c) images for CFO-PNSs sample; Figure S2: The removal rate of (a) CFO/C-PNSs and (b) CFO-PNSs for Cr6+ MO, OTC, NFX, TCH and RhB; Figure S3: The photocatalytic degradation of (a) Cr6+, (b) MO, (c) OTC, (d) NFX, (e) TCH and (f) RhB by CFO/C-PNSs with different conditions under visible light irradiation; Table S1: The comparison of TCH photo-Fenton degradation activity of CFO/C-PNSs with previous literatures [84,85,86,87,88,89,90,91,92,93,94,95,96,97,98,99,100,101,102,103].





Author Contributions


Conceptualization, Z.C. and K.L.; methodology, D.S.; formal analysis, D.S., J.Y., F.C., Z.C. and K.L.; investigation, D.S. and J.Y.; resources, Z.C.; data curation, J.Y. and F.C.; writing—original draft preparation, D.S.; writing—review and editing, Z.C. and K.L.; supervision, Z.C. and K.L.; project administration, Z.C. and K.L.; funding acquisition, Z.C. and K.L. All authors have read and agreed to the published version of the manuscript.




Funding


The present work was financially supported by the National Natural Science Foundation of China (21801091), the Science and Technology Department project of Jilin Province (YDZJ202201ZYTS591, 20210509049RQ and 20200403019SF) and the Science and Technology Program of Jilin City (20190104169). The authors acknowledge the assistance of the JLICT Center of Characterization and Analysis.




Data Availability Statement


Not applicable.




Conflicts of Interest


There are no conflicts of interest to declare.




References


	



Lei, C.; Pi, M.; Jiang, C.; Cheng, B.; Yu, J. Synthesis of hierarchical porous zinc oxide (ZnO) microspheres with highly efficient adsorption of Congo red. J. Colloid Interface Sci. 2017, 490, 242–251. [Google Scholar] [CrossRef] [PubMed]

	



Chen, H.; Jing, L.; Teng, Y.; Wang, J. Multimedia fate modeling and risk assessment of antibiotics in a water-scarce megacity. J. Hazard. Mater. 2018, 348, 75–83. [Google Scholar] [CrossRef]

	



Choe, J.Y.; Byun, J.Y.; Kim, S.H. Fe3S4/Fe7S8-promoted degradation of phenol via heterogeneous, catalytic H2O2 scission mediated by S-modified surface Fe2+ species. Appl. Catal. B Environ. 2018, 233, 272–280. [Google Scholar] [CrossRef]

	



Azhar, M.R.; Abid, H.R.; Sun, H.; Periasamy, V.; Tadé, M.O.; Wang, S. Excellent performance of copper based metal organic framework in adsorptive removal of toxic sulfonamide antibiotics from wastewater. J. Colloid Interface Sci. 2016, 478, 344–352. [Google Scholar] [CrossRef] [PubMed]

	



Talaiekhozani, A.; Talaei, M.R.; Rezania, S. An Overview on production and application of ferrate (VI) for chemical oxidation, coagulation and disinfection of water and wastewate. J. Environ. Chem. Eng. 2017, 5, 1828–1842. [Google Scholar] [CrossRef]

	



Dong, J.; Feng, W.; Wang, L.; Li, M.; Chen, Z.; Xu, X. Cu/base co-catalyzed [3+3] cycloaddition for the synthesis of highly functionalized 4-fluoropyridines. Chem. Commun. 2021, 57, 12635–12638. [Google Scholar] [CrossRef]

	



Seng, R.; Tan, L.; Lee, W.P.C.; Ong, W.J.; Chai, S. Nitrogen-doped carbon quantum dots-decorated 2D graphitic carbon nitride as a promising photocatalyst for environmental remediation: A study on the importance of hybridization approach. J. Environ. Manag. 2020, 255, 109936. [Google Scholar] [CrossRef]

	



Gao, Y.; Chen, F.; Chen, Z.; Shi, H. NixCo1-xS as an effective noble metal free cocatalyst for enhanced photocatalytic activity of g-C3N4. J. Mater. Sci. Technol. 2020, 56, 227–235. [Google Scholar] [CrossRef]

	



Chen, Z.; Bin, Y.; Tian, F.; Zhu, B. NiS and graphene as dual cocatalysts for the enhanced photocatalytic H2 production activity of g-C3N4. Appl. Surf. Sci. 2018, 469, 657–665. [Google Scholar] [CrossRef]

	



Abd, A.A.; Naji, S.Z.; Hashim, A.S.; Othman, M.R. Carbon dioxide removal through Physical Adsorption using Carbonaceous and non-Carbonaceous Adsorbents: A review. J. Environ. Chem. Eng. 2020, 8, 104142. [Google Scholar] [CrossRef]

	



Murray, A.; Örmeci, B. Use of polymeric sub-micron ion-exchange resins for removal of lead, copper, zinc, and nickel from natural waters. J. Environ. Sci. 2019, 75, 247–254. [Google Scholar] [CrossRef] [PubMed]

	



Shi, H.; Zhao, T.; Wang, J.; Wang, Y.; Chen, Z.; Liu, B.; Ji, H.; Wang, W.; Zhang, G.; Li, Y. Fabrication of g-C3N4/PW12/TiO2 composite with significantly enhanced photocatalytic performance under visible light. J. Alloys Compd. 2021, 860, 157924. [Google Scholar] [CrossRef]

	



Wang, K.; Sheng, Y.; Cao, H.; Yan, K.; Zhang, Y. Impact of applied current on sulfate-rich wastewater treatment and microbial biodiversity in the cathode chamber of microbial electrolysis cell (MEC) reactor. Chem. Eng. J. 2017, 307, 150–158. [Google Scholar] [CrossRef]

	



Shi, Y.; Zhang, H.; Tian, Z.; Yang, M.; Zhang, Y. Characteristics of ARG-carrying plasmidome in the cultivable microbial community from wastewater treatment system under high oxytetracycline concentration. Appl. Microbiol. Biotechnol. 2018, 102, 1847–1858. [Google Scholar] [CrossRef]

	



Li, J.; Luo, C.; Song, M.; Dai, Q.; Jiang, L.; Zhang, D.; Zhang, G. Biodegradation of phenanthrene in polycyclic aromatic hydrocarbon-contaminated wastewater revealed by coupling cultivation-dependent and -independent approaches. Environ. Sci. Technol. 2017, 51, 3391. [Google Scholar] [CrossRef]

	



Peng, D.; Wang, Y.; Shi, H.; Jiang, W.; Jin, T.; Jin, H.; Chen, Z. Fabrication of novel Cu2WS4/NiTiO3 heterostructures for efficient visible-light photocatalytic hydrogen evolution and pollutant degradation. J. Colloid Interface Sci. 2022, 613, 194–206. [Google Scholar] [CrossRef]

	



Mu, D.; Chen, Z.; Chen, F.; Shi, H. Construction of flower-like MoS2/Fe3O4/rGO composite with enhanced photo-Fenton like catalyst performance. RSC Adv. 2018, 8, 36625–36631. [Google Scholar] [CrossRef]

	



Yang, Z.; Zhang, C.; Zeng, G.; Tan, X.; Wang, H.; Huang, D.; Yang, K.; Wei, J.; Ma, C.; Nie, K. Design and engineering Layered Double Hydroxide based catalysts for water depollution by advanced oxidation processes: A review. J. Mater. Chem. A 2020, 8, 4141–4173. [Google Scholar] [CrossRef]

	



Chuang, Y.; Chen, S.; Chinn, C.; Mitch, W. Comparing the UV/monochloramine and UV/free chlorine Advanced Oxidation Processes (AOPs) to the UV/hydrogen peroxide AOP Under Scenarios Relevant to Potable Reuse. Environ. Sci. Technol. 2017, 51, 13859–13868. [Google Scholar] [CrossRef]

	



Li, X.; Zhou, M.; Pan, Y.; Xu, L.; Tang, Z. Highly efficient advanced oxidation processes (AOPs) based on pre-magnetization Fe0 for wastewater treatment. Sep. Purif. Technol. 2017, 178, 49–55. [Google Scholar] [CrossRef]

	



Wang, X.; Zhang, X.; Zhang, Y.; Wang, Y.; Sun, S.; Wu, W.; Wu, Z. Nanostructured semiconductor supported iron catalysts for heterogeneous photo-fenton oxidation: A review. J. Mater. Chem. A 2020, 8, 15513–15546. [Google Scholar] [CrossRef]

	



Cheng, M.; Lai, C.; Liu, Y.; Zeng, G.; Huang, D.; Zhang, C.; Qin, L.; Hu, L.; Zhou, C.; Xiong, W. Metal-organic frameworks for highly efficient heterogeneous Fenton-like catalysis. Coord. Chem. Rev. 2018, 368, 80–92. [Google Scholar] [CrossRef]

	



Bastidas-G, K.; Sierra, C.A.; Ramirez, H.R.Z. Heterogeneous Fenton oxidation of Orange II using iron nanoparticles supported on natural and functionalized fique fiber. J. Environ. Chem. Eng. 2018, 6, 4178–4188. [Google Scholar] [CrossRef]

	



Qin, Y.; Faheem, A.; Jia, G.; Hu, Y. Self-assembled Fe3+@spores as a sustainable heterogeneous Fenton catalyst for arsenite removal. J. Environ. Chem. Eng. 2020, 8, 104485. [Google Scholar] [CrossRef]

	



Chen, F.; Xie, S.; Huang, X.; Qiu, X. Ionothermal synthesis of Fe3O4 magnetic nanoparticles as efficient heterogeneous Fenton-like catalysts for degradation of organic pollutants with H2O2. J. Hazard. Mater. 2017, 322, 152–162. [Google Scholar] [CrossRef]

	



Filice, S.; Corrado, B.; Libertino, S.; Gradon, L.; Iannazzo, D.; Scalese, S. Photo-Fenton degradation of methyl orange with dunino halloysite as a source of iron heterogeneous. Catalysts 2022, 12, 257. [Google Scholar] [CrossRef]

	



Qian, X.; Ren, M.; Zhu, Y.; Yue, D.; Han, Y.; Jia, J.; Zhao, Y. Visible Light Assisted Heterogeneous Fenton-like Degradation of Organic Pollutant via α-FeOOH/Mesoporous Carbon Composites. Environ. Sci. Technol. 2017, 51, 3993–4000. [Google Scholar] [CrossRef]

	



Jin, H.; Tian, X.; Nie, Y.; Zhou, Z.; Yang, C.; Li, Y.; Lu, L. Oxygen vacancy promoted heterogeneous fentonlike degradation of ofloxacin at pH 3.2-9.0 by Cu substituted magnetic Fe3O4@FeOOH nanocomposite. Environ. Sci. Technol. 2017, 51, 12699–12706. [Google Scholar] [CrossRef]

	



Khandarkhaeva, M.; Batoeva, A.; Aseev, D.; Sizykh, M.; Tsydenova, O. Oxidation of atrazine in aqueous media by solar-enhanced Fenton-like process involving persulfate and ferrous ion. Ecotoxicol. Environ. Saf. 2017, 137, 35–41. [Google Scholar] [CrossRef]

	



Fei, B.; Deng, N.; Wang, J.; Liu, Q.; Long, J.; Li, Y.; Mei, X. A heteropoly blue as environmental friendly material: An excellent heterogeneous Fenton-like catalyst and flocculent. J. Hazard. Mater. 2017, 340, 326–335. [Google Scholar] [CrossRef]

	



Li, X.; Zhang, Y.; Xie, Y.; Zeng, Y.; Li, P.; Xie, T.; Wang, Y. Ultrasonic-enhanced Fenton-like degradation of bisphenol A using a bio-synthesized schwertmannite catalyst. J. Hazard. Mater. 2018, 344, 689–697. [Google Scholar] [CrossRef] [PubMed]

	



Koltsakidou, A.; Antonopoulou, M.; Sykiotou, M.; Εvgenidou, Ε.; Konstantinou, I.; Lambropoulou, D.A. Photo-Fenton and Fenton-like processes for the treatmentof the antineoplastic drug 5-fluorouracil under simulated solar radiation. Environ. Sci. Pollut. Res. 2017, 24, 4791–4800. [Google Scholar] [CrossRef] [PubMed]

	



Mao, J.; Quan, X.; Wang, J.; Gao, C.; Chen, S.; Yu, H.; Zhang, Y. Enhanced heterogeneous Fenton-like activity by Cu-doped BiFeO3 perovskite for degradation of organic pollutants. Front. Environ. Sci. Eng. 2018, 12, 103–112. [Google Scholar] [CrossRef]

	



Zhou, L.; Xu, Z.; Zhang, J.; Zhang, Z.; Tang, Y. Degradation of hydroxypropyl guar gum at wide pH range by a heterogeneous Fenton-like process using bentonite-supported Cu(0). Prog. Water Technol. 2020, 82, 1635–1642. [Google Scholar] [CrossRef] [PubMed]

	



Gupta, D.; Rishi, V.; Gupta, T. Synthesis of MFe2O4 (M: Cu, Mn, Co, Ni) magnetic nanoparticles and their efficient catalytic role in nitrophenol reduction. Mater. Res. Innovations 2021, 25, 393–398. [Google Scholar] [CrossRef]

	



Mohapatra, J.; Mitra, A.; Bahadur, D.; Aslam, M. Surface controlled synthesis of MFe2O4 (M = Mn, Fe, Co, Ni and Zn) nanoparticles and their magnetic characteristics. Crystengcomm 2012, 15, 524–532. [Google Scholar] [CrossRef]

	



Gao, Y.; Chen, Z.; Chen, F.; Shi, H. Recyclable magnetic NiFe2O4/C yolk–shell nanospheres with excellent visible-light-Fenton degradation performance of tetracycline hydrochloride. Dalton Trans. 2019, 48, 3038–3044. [Google Scholar]

	



Dippong, T.; Levei, E.; Cadar, O. Recent Advances in Synthesis and Applications of MFe2O4 (M = Co, Cu, Mn, Ni, Zn) Nanoparticles. Nanomaterials 2021, 11, 1560. [Google Scholar] [CrossRef]

	



Wang, L.; Bock, D.C.; Li, J.; Stach, E.A.; Marschilok, A.; Takeuchi, K.J.; Takeuchi, E.S. Synthesis and Characterization of CuFe2O4 Nano/sub-micron Wires-Carbon Nanotube Composites as Binder-free Anodes for Li-ion Batteries. ACS Appl. Mater. Interfaces 2018, 10, 8770–8785. [Google Scholar] [CrossRef]

	



Park, S.; Baek, J.H.; Zhang, L.; Lee, J.M.; Stone, K.H.; Cho, I.S.; Guo, J.H.; Jung, H.S.; Zheng, X.L. Rapid Flame-annealed CuFe2O4 as Efficient Photocathode for Photoelectrochemical Hydrogen Production. ACS Sustain. Chem. Eng. 2019, 7, 5867–5874. [Google Scholar] [CrossRef]

	



Qi, F.; Chu, W.; Xu, B. Comparison of phenacetin degradation in aqueous solutions by catalytic ozonation with CuFe2O4 and its precursor: Surface properties, intermediates and reaction mechanisms. Chem. Eng. J. 2016, 284, 28–36. [Google Scholar] [CrossRef]

	



Bavandpour, R.; Karimi-Maleh, H.; Asif, M.; Atar, V.K.G.N.; Abbasghorbani, M. Liquid phase determination of adrenaline uses a voltammetric sensor employing CuFe2O4 nanoparticles and room temperature ionic liquids. J. Mol. Liq. 2016, 213, 369–373. [Google Scholar] [CrossRef]

	



Marinca, T.F.; Chicinas, I.; Isnard, O. Synthesis, structural and magnetic characterization of nanocrystalline CuFe2O4 as obtained by a combined method reactive milling, heat treatment and ball milling. Ceram. Int. 2012, 38, 1951–1957. [Google Scholar] [CrossRef]

	



Phuruangrat, A.; Kuntalue, B.; Thongtem, S.; Thongtem, T. Synthesis of cubic CuFe2O4 nanoparticles by microwave-hydrothermal method and their magnetic properties. Mater. Lett. 2016, 167, 65–68. [Google Scholar] [CrossRef]

	



Zhu, M.; Meng, D.; Wang, C.; Diao, G. Facile fabrication of hierarchically porous CuFe2O4 nanospheres with enhanced capacitance property. ACS Appl. Mater. Interfaces 2013, 5, 6030–6037. [Google Scholar] [CrossRef]

	



Jiang, J.; Ai, L. Microemulsion-mediated in-situ synthesis and magnetic characterization of polyaniline/Zn0.5Cu0.5Fe2O4 nanocomposite. Appl. Phys. A 2008, 92, 341–344. [Google Scholar] [CrossRef]

	



Zhang, L.; Yan, J.H.; Huang, K.L.; Chen, H. Photocatalytic Inactivation of the Bacteria Escherichia Coli by CuCr2O4/TiO2 Composite Photocatalysts under Simulated Solar Light Irradiation. Adv. Mater. Res. 2012, 343–344, 838–843. [Google Scholar] [CrossRef]

	



Palanisamy, G.; Bhuvaneswari, K.; Bharathi, G.; Pazhanivel, T.; Dhanalakshmi, M. Improved photocatalytic performance of magnetically recoverable Bi2Te3/CdS/CuFe2O4 nanocomposite for MB dye under visible light exposure. Solid State Sci. 2021, 115, 106584. [Google Scholar] [CrossRef]

	



Li, X.; Lu, D.; Shao, C.; Lu, G.; Li, X.; Liu, Y. Hollow CuFe2O4/-Fe2O3 composite with ultrathin porous shell for acetone detection at ppb levels. Sens. Actuators B 2018, 258, 436–446. [Google Scholar] [CrossRef]

	



Kucera, M.; Brom, P. Magneto-optical properties of nano-crystalline cubic and tetragonal copper ferrite thin films. J. Appl. Phys. 2015, 117, 738. [Google Scholar] [CrossRef]

	



Samson, V.A.F.; Bernadsha, S.B.; Mahendiran, M.; Lawrence, K.L.; Madhavan, J.; Raj, M.V.A.; Prathap, S. Impact of calcination temperature on structural, optical, and magnetic properties of spinel CuFe2O4 for enhancing photocatalytic activity. J. Mater. Sci. 2020, 31, 6574–6585. [Google Scholar] [CrossRef]

	



Hariganesh, S.; Vadivel, S.; Paul, B.; Kumaravel, M.; Balasubramanian, N.; Rajendran, S.; Dhar, S.S. Metal organic framework derived magnetically recoverable CuFe2O4 porous cubes for efficient photocatalytic application. Inorg. Chem. Commun. 2021, 125, 108405. [Google Scholar] [CrossRef]

	



Kim, K.J.; Lee, J.H.; Lee, S.H. Magneto-optical investigation of spinel ferrite CuFe2O4: Observation of Jahn–Teller effect in Cu2+ ion. J. Magn. Magn. Mater. 2004, 279, 173–177. [Google Scholar] [CrossRef]

	



Selima, S.S.; Khairy, M.; Mousa, M.A. Comparative studies on the impact of synthesis methods on structural, optical, magnetic and catalytic properties of CuFe2O4. Ceram. Int. 2019, 45, 6535–6540. [Google Scholar] [CrossRef]

	



Nawle, A.C.; Humbe, A.V.; Babrekar, M.K.; Deshmukh, S.S.; Jadhav, K.M. Deposition, characterization, magnetic and optical properties of Zn doped CuFe2O4 thin films. J. Alloys Compd. 2017, 695, 1573–1582. [Google Scholar] [CrossRef]

	



Rani, B.J.; Saravanakumar, B.; Ravi, G.; Ganesh, V.; Ravichandran, S.; Yuvakkumar, R. Structural, optical and magnetic properties of CuFe2O4 nanoparticles. J. Mater. Sci. 2018, 29, 1975–1984. [Google Scholar] [CrossRef]

	



Zhang, S.; Zhao, D.; Hou, C.; Liang, C.; Li, H. Facile one-pot synthesis of cellulose nanocrystal-supported hollow CuFe2O4 nanoparticles as efficient catalyst for 4-nitrophenol reduction. J. Nanopart. Res. 2018, 20, 161. [Google Scholar] [CrossRef]

	



Guo, X.; Wang, K.; Li, D.; Qin, J. Heterogeneous Photo-Fenton Processes Using Graphite Carbon Coating Hollow CuFe2O4 Spheres for the Degradation of Methylene Blue. Appl. Surf. Sci. 2017, 420, 792–801. [Google Scholar] [CrossRef]

	



Feng, Y.; Liao, C.; Shih, K. Copper-promoted circumneutral activation of H2O2 by magnetic CuFe2O4 spinel nanoparticles: Mechanism, stoichiometric efficiency, and pathway of degrading sulfanilamide. Chemosphere 2016, 154, 573–582. [Google Scholar] [CrossRef]

	



Yao, Y.; Lu, F.; Chen, H.; Wei, F.; Liu, X.; Lian, C.; Wang, S. Magnetic core–shell CuFe2O4@C3N4 hybrids for visible light photocatalysis of orange II. J. Hazard. Mater. 2015, 297, 224–233. [Google Scholar] [CrossRef]

	



Bian, L.; Nie, J.; Jiang, X.; Song, M.; Dong, F.; Li, W.; Shang, L.; Deng, H.; He, H.; Xu, B.; et al. Selective removal of uranyl from aqueous solutions containing mix of toxic metal ions using core/shell MFe2O4-TiO2 nanoparticles of montmorillonite edge sites. ACS Sustain. Chem. Eng. 2018, 6, 16267–16278. [Google Scholar] [CrossRef]

	



Zhao, Y.; Lin, C.; Bi, H.; Liu, Y.; Yan, Q. Magnetically separable CuFe2O4/AgBr composite photocatalysts: Preparation, characterization, photocatalytic activity and photocatalytic mechanism under visible light. Appl. Surf. Sci. 2017, 392, 701–707. [Google Scholar] [CrossRef]

	



Shi, F.; Shan, H.; Li, D.; Yin, X.; Yu, J.; Ding, B. A general strategy to fabricate soft magnetic CuFe2O4@SiO2 nanofibrous membranes as efficient and recyclable Fenton-like catalysts. J. Colloid Interface Sci. 2019, 538, 620–629. [Google Scholar] [CrossRef] [PubMed]

	



Li, Z.; Yu, J.; Ge, M. Synthesis of magnetic Cu/CuFe2O4 nanocomposite as a highly efficient Fenton-like catalyst for methylene blue degradation. J. Mater. Sci. 2018, 53, 15081–15095. [Google Scholar] [CrossRef]

	



Enneffati, M.; Rasheed, M.; Louati, B.; Guidara, K.; Barillé, R. Morphology, UV–visible and ellipsometric studies of sodium lithium orthovanadate. J. Opt. Quant. Electron. 2019, 51, 299. [Google Scholar] [CrossRef]

	



Chutia, R.; Chetia, B. Ligand and additive free aerobic synthesis of diynes using Pd–CuFe2O4 magnetic nanoparticles as an efficient reusable catalyst. New J. Chem. 2020, 44, 18199–18207. [Google Scholar] [CrossRef]

	



Zhao, X.; Wu, W.; Jing, G.; Zhou, Z. Activation of sulfite autoxidation with CuFe2O4 prepared by MOF templated method for abatement of organic contaminants. Environ. Pollut. 2020, 260, 114038. [Google Scholar] [CrossRef]

	



Das, S.; Patnaik, S.; Parida, K. Dynamic charge transfer through Fermi level equilibration in the p-CuFe2O4/n-NiAl LDH interface towards photocatalytic application. Catal. Sci. Technol. 2020, 10, 6285–6298. [Google Scholar] [CrossRef]

	



Xu, Y.; Ai, J.; Zhang, H. The mechanism of degradation of bisphenol A using the magnetically separable CuFe2O4/peroxymonosulfate heterogeneous oxidation process. J. Hazard. Mater. 2016, 309, 87–96. [Google Scholar] [CrossRef]

	



Mathew, T.; Shi, J.; Sreekumar, K.; Rao, B.; Gopinath, C. Cu-Co Synergism in Cu1-xCoxFe2O4-Catalysis and XPS Aspects. J. Catal. 2002, 210, 405–417. [Google Scholar] [CrossRef]

	



Wang, J.; Yu, B.; Wang, W.; Cai, X. Facile synthesis of carbon dots-coated CuFe2O4 nanocomposites as a reusable catalyst for highly efficient reduction of organic pollutants. Catal. Commun. 2019, 126, 35–39. [Google Scholar] [CrossRef]

	



Patri, T.; Justin, P.; Babu, P.D.; Ghosh, A. Analysis of dielectric and magnetic phase transitions in Yb(Fe0.5Cr0.5) O3 bulk perovskite. Appl. Phys. A 2019, 125, 224.1–224.12. [Google Scholar] [CrossRef]

	



Wei, Y.; Li, H.; Zhang, R.; Xie, H.; Chen, X. Z-scheme CuFe2O4–TiO2 nanocomposite microspheres for the photodegradation of methylene blue. Res. Chem. Intermed. 2018, 44, 7107–7116. [Google Scholar] [CrossRef]

	



Dong, Z.; Niu, C.; Guo, H.; Niu, H.; Liang, S.; Liang, C.; Liu, H.Y.; Yang, Y. Anchoring CuFe2O4 nanoparticles into N-doped carbon nanosheets for peroxymonosulfate activation: Built-in electric field dominated radical and non-radical process. Chem. Eng. J. 2021, 426, 130850. [Google Scholar] [CrossRef]

	



Taei, M.; Hasanpour, F.; Dinari, M.; Dehghani, E. Au nanoparticles decorated reduced graphene oxide/layered double hydroxide modified glassy. Measurement 2017, 99, 90–97. [Google Scholar] [CrossRef]

	



Zhao, L.; Zhang, L.; Lin, H.; Nong, Q.; Cui, M.; Wu, Y.; He, Y. Fabrication and characterization of hollow CdMoO4 coupled g-C3N4 heterojunction with enhanced photocatalytic activity. J. Hazard. Mater. 2015, 299, 333–342. [Google Scholar] [CrossRef]

	



Wysocka, I.; Kowalska, E.; Trzci’nski, K.; Łapi´nski, M.; Nowaczyk, G.; Zieli´nska-Jurek, A. UV-Vis-Induced Degradation of Phenol over Magnetic Photocatalysts Modified with Pt, Pd, Cu and Au Nanoparticles. Nanomaterials 2018, 8, 28. [Google Scholar] [CrossRef]

	



Chen, Z.; Gao, Y.; Chen, F.; Shi, H. Metallic NiSe cocatalyst decorated g-C3N4 with enhanced photocatalytic activity. Chem. Eng. J. 2020, 413, 127474. [Google Scholar] [CrossRef]

	



Zhang, Q.; Chen, P.; Zhuo, M.; Wang, F.; Su, Y.; Chen, T.; Yao, K.; Cai, Z.; Lv, W.; Liu, G. Degradation of Indometacin by Simulated Sunlight Activated CDs-loaded BiPO4 Photocatalyst: Roles of oxidative species. Appl. Catal. B 2018, 221, 129–139. [Google Scholar] [CrossRef]

	



Shi, H.; Yu, Y.; Zhang, Y.; Feng, X.; Zhao, X.; Tan, H.; Ji, H.; Khan, S.; Li, Y. Polyoxometalate/TiO2/Ag composite nanofibers with enhanced photocatalytic performance under visible light. Appl. Catal. B 2018, 221, 280–289. [Google Scholar] [CrossRef]

	



Shi, H.; Fu, J.; Jiang, W.; Wang, Y.; Liu, B.; Liu, J.; Ji, H.; Wang, W.; Chen, Z. Construction of g-C3N4/Bi4Ti3O12 hollow nanofibers with highly efficient visible-light-driven photocatalytic performance. Colloids Surf. A 2021, 615, 126063. [Google Scholar] [CrossRef]

	



Dong, X.; Ren, B.; Sun, Z.; Li, C.; Zhang, X.; Kong, M.; Zheng, S.; Dionysiou, D. Monodispersed CuFe2O4 nanoparticles anchored on natural kaolinite as highly efficient peroxymonosulfate catalyst for Bisphenol A degradation. Appl. Catal. B 2019, 217, 253206. [Google Scholar] [CrossRef]

	



Jiang, J.; Gao, J.; Niu, S.; Wang, X.; Li, T.; Liu, S.; Lin, Y.; Xie, T.; Dong, S. Comparing dark- and photo-Fenton-like degradation of emerging pollutant over photo-switchable Bi2WO6/CuFe2O4: Investigation on dominant reactive oxidation species. J. Environ. Sci. 2021, 8, 147–160. [Google Scholar] [CrossRef] [PubMed]

	



Xiang, Y.; Huang, Y.; Xiao, B.; Wu, X.; Zhang, G. Magnetic yolk-shell structure of ZnFe2O4 nanoparticles for enhanced visible light photo-Fenton degradation towards antibiotics and mechanism study. Appl. Surf. Sci. 2020, 513, 145820. [Google Scholar] [CrossRef]

	



Wang, Y.; Song, H.; Chen, J.; Chai, S.; Chen, C.; Wang, Y.; He, C. A novel solar photo-Fenton system with self-synthesizing H2O2: Enhanced photo-induced catalytic performances and mechanism insights. Appl. Surf. Sci. 2020, 512, 145650. [Google Scholar] [CrossRef]

	



Han, C.; Park, H.D.; Kim, S.B.; Yargeau, V.V.; Choi, J.W.; Lee, S.H.; Park, J.A. Oxidation of tetracycline and oxytetracycline for the photo-Fenton process: Their transformation products and toxicity assessment. Water Res. 2020, 172, 115514. [Google Scholar] [CrossRef]

	



Huang, S.; Zhang, Q.; Liu, P.; Ma, S.; Xie, B.; Yang, K.; Zhao, Y. Novel up-conversion carbon quantum dots/α-FeOOH nanohybrids eliminate tetracycline and its related drug resistance in visible-light responsive Fenton system. Appl. Catal. B-Environ. 2020, 263, 118336. [Google Scholar] [CrossRef]

	



Wu, Q.; Yang, H.; Kang, L.; Gao, Z.; Ren, F. Fe-based metal-organic frameworks as Fenton-like catalysts for highly efficient degradation of tetracycline hydrochloride over a wide pH range: Acceleration of Fe(II)/ Fe(III) cycle under visible light irradiation. Appl. Catal. B-Environ. 2020, 263, 118282. [Google Scholar]

	



Zhao, J.; Ji, M.; Di, J.; Zhang, Y.; He, M.; Li, H.; Xia, J. Novel Z-scheme heterogeneous photo-Fenton-like g-C3N4/FeOCl for the pollutants degradation under visible light irradiation. J. Photochem. Photobiol. A 2020, 391, 112343. [Google Scholar] [CrossRef]

	



Guo, L.; Zhang, K.; Han, X.; Zhao, Q.; Wang, D.; Fu, F.; Liang, Y. Highly efficient visible-light-driven photo-Fenton catalytic performance over FeOOH/Bi2WO6 composite for organic pollutant degradation. Alloys. Compds. 2020, 816, 152560. [Google Scholar] [CrossRef]

	



Li, X.; Zeng, Z.; Zeng, G.; Wang, D.; Xiao, R.; Wang, Y.; Zhou, C.; Yi, H.; Ye, S.; Yang, Y.; et al. A “bottle-around-ship” like method synthesized yolk-shell Ag3PO4@MIL-53(Fe) Z-scheme photocatalysts for enhanced tetracycline removal. J. Colloid Interface Sci. 2020, 561, 501–511. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, J.; Gao, J.; Li, T.; Chen, Y.; Wu, Q.; Xie, T.; Lin, Y.; Dong, S. Visible-light-driven photo-Fenton reaction with a-Fe2O3/BiOI at near neutral pH: Boosted photogenerated charge separation, optimum operating parameters and mechanism insight. J. Colloid Interface Sci. 2019, 554, 531–543. [Google Scholar] [CrossRef] [PubMed]

	



Qi, Y.; Mei, Y.; Li, J.; Yao, T.; Yang, Y.; Jia, W.; Tong, X.; Wu, J.; Xin, B. Highly efficient microwave-assisted Fenton degradation of metacycline using pine-needle-like CuCo2O4 nanocatalyst. Chem. Eng. J. 2019, 373, 1158–1167. [Google Scholar] [CrossRef]

	



Zhu, G.; Yu, X.; Xie, F.; Feng, W. Ultraviolet light assisted heterogeneous Fenton degradation of tetracycline based on polyhedral Fe3O4 nanoparticles with exposed high-energy {110} facets. Appl. Surf. Sci. 2019, 485, 496–505. [Google Scholar] [CrossRef]

	



Guo, L.; Zhang, K.; Han, X.; Zhao, Q.; Wang, D.; Fu, F. 2D In-Plane CuS/Bi2WO6 p-n heterostructures with promoted visible-light-driven Photo-Fenton degradation performance. Nanomaterials 2019, 8, 1151. [Google Scholar] [CrossRef]

	



Lai, C.; Huang, F.; Zeng, G.; Huang, D.; Qin, L.; Cheng, M.; Zhang, C.; Li, B.; Yi, H.; Liu, S.; et al. Fabrication of novel magnetic MnFe2O4/bio-char composite and heterogeneous photo-Fenton degradation of tetracycline in near neutral pH. Chemosphere 2019, 224, 910–921. [Google Scholar] [CrossRef]

	



Zheng, X.; Fu, W.; Kang, F.; Peng, H.; Wen, J. Enhanced photo-Fenton degradation of tetracycline using TiO2-coated α-Fe2O3 core–shell heterojunction. J. Ind. Eng. Chem. 2018, 68, 14–23. [Google Scholar] [CrossRef]

	



Du, D.; Shi, W.; Wang, L.; Zhang, J. Yolk-shell structured Fe3O4@void@TiO2 as a photo-Fenton-like catalyst for the extremely efficient elimination of tetracycline. Appl. Catal. B. 2017, 200, 484–492. [Google Scholar] [CrossRef]

	



Shetty, K.; Renuka, L.; Nagaswarupa, H.; Nagabhushana, H.; Anantharaju, K.; Rangappa, D.; Prashantha, S.; Ashwini, K. A comparative study on CuFe2O4, ZnFe2O4 and NiFe2O4:Morphology, Impedance and Photocatalytic studies. Mater. Today Proc. 2017, 4, 11806–11815. [Google Scholar]

	



Sun, Q.; Wang, X.; Liu, Y.; Xia, S.; Zhao, J. Activation of peroxymonosulfate by a floating oxygen vacancies—CuFe2O4 photocatalyst under visible light for efficient degradation of sulfamethazine. Sci. Total Environ. 2022, 824, 153630. [Google Scholar] [CrossRef]

	



Zhang, X.; Zhao, Y. Optimization of photocatalytic degradation of dye wastewater by CuFe2O4/AgBr composite using response surface methodology. Mater. Res. Express. 2018, 6, 036109. [Google Scholar] [CrossRef]

	



Li, R.; Cai, M.; Xie, Z.; Zhang, Q.; Zeng, Y.; Liu, H.; Liu, G.; Lv, W. Construction of heterostructured CuFe2O4/g-C3N4 nanocomposite as an efficient visible light photocatalyst with peroxydisulfate for the organic oxidation. Appl. Catal. B. 2019, 244, 974–982. [Google Scholar] [CrossRef]

	



Wei, X.; Yang, X.; Xu, X.; Liu, Z.; Naraginti, S.; Wan, J. Novel magnetically separable tetrahedral Ag3PO4/NrGO/CuFe2O4 photocatalyst for efficient detoxification of 2,4-dichlorophenol. Environ. Res. 2021, 201, 111519. [Google Scholar] [CrossRef] [PubMed]








[image: Catalysts 12 00687 g001 550] 





Figure 1. Schematic illustrating the synthesis process of the CFO/C-PNSs sample. 
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Figure 2. XRD spectra of CFO/C-PNS and CFO-PNS samples. 
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Figure 3. The SEM (a), TEM (b) and HRTEM (c) images for CFO/C-PNS sample; (d) elemental mappings of Fe (e), Cu (f), O (g) and C (h) elements of CFO/C-PNS sample. 






Figure 3. The SEM (a), TEM (b) and HRTEM (c) images for CFO/C-PNS sample; (d) elemental mappings of Fe (e), Cu (f), O (g) and C (h) elements of CFO/C-PNS sample.



[image: Catalysts 12 00687 g003]







[image: Catalysts 12 00687 g004 550] 





Figure 4. (a) N2 adsorption–desorption isotherms and (b) pore size distribution, (c) UV–vis DRS spectra and (d) the band gap energies (Eg) of CFO/C-PNSs and CFO-PNSs. 
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Figure 5. The visible-light photocatalytic performance of (a) CFO/C-PNSs and (b) CFO-PNSs for photoreduction of Cr(VI) and degradation of MO, OTC, NFX, TCH and RhB. The corresponding reaction rate constant k is shown as (c,d), respectively. (e) The removal rate of CFO/C-PNSs and CFO-PNSs for Cr(VI) MO, OTC, NFX, TCH and RhB. (f) Hysteresis loop diagram of CFO/C-PNS photocatalysts. 
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Figure 6. XPS spectra of CFO/C-PNS and CFO-PNS samples: (a) Cu 2p, (b) Fe 2p, (c) O 1s, (d) C 1s. 
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Figure 7. The photocatalytic degradation of (a) Cr(VI), (b) MO, (c) OTC, (d) NFX, (e) TCH and (f) RhB by CFO/C-PNSs with different conditions under visible-light irradiation. 
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Figure 8. Cyclic experimental degradation diagram of CFO/C-PNS photodegradation of (a) OTC, MO and Cr(VI), and (b) RhB, TCH and NFX. 
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Figure 9. (a) Photocatalytic degradation of TCH by the CFO/C-PNS samples with different volumes of H2O2 and (b) different values of pH (the amount of H2O2: 200 μL); (c) photocatalytic degradation of TCH with different CFO/C-PNS contents (the amount of H2O2: 200 μL); (d) reaction rate constant k of photocatalytic degradation of TCH with different conditions under visible-light irradiation. 
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Figure 10. (a) Electrochemical impedance spectroscopy (EIS); (b) Mott–Schottky curves (M–S); (c) linear sweep voltammetry curve (LSV). 
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Figure 11. (a) The effects of various scavengers on photocatalytic activity of CFO/C-PNSs in photo-Fenton degradation condition; (b,c) the electron spin response (ESR) spectra. 
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Figure 12. Schematic diagram of possible mechanism of photo-Fenton-like catalytic reaction of CFO/C-PNSs. 
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