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CaCu 3 Ti 4 O 12 , an efficient catalyst for ibuprofen removal by activation of peroxymonosulfate under visible-light irradiation
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Contamination of waters by pharmaceuticals is a major health issue. Therefore, there is a need for efficient techniques to remove pharmaceutical pollutants. Here, a photo-assisted fenton-like method based on sulfate radicals was tested using CaCu 3 Ti 4 O 12 with different morphologies as catalyst. Sintering of CaCu 3 Ti 4 O 12 at 775 °C for 6 h produced cubic structures with sizes from 2 to 5 μm, whereas sintering for 14 h produced microfibers, according to scanning electron microscopy. The highest electron paramagnetic resonance signal was observed for 6-h sintering. We evaluated the catalytic efficiency of CaCu 3 Ti 4 O 12 for ibuprofen degradation with peroxymonosulfate under visible light. Results show that CaCu 3 Ti 4 O 12 and 0.5 mM peroxymonosulfate under visible-light irradiation induced 91.8% removal of ibuprofen in 60 min. The Cu + vacancy on the surface of CaCu 3 Ti 4 O 12 is essential to activate the sulfate radicals by forming a Cu + -Cu 2+ redox couple, which led to the rapid and efficient removal of ibuprofen.

Introduction

In recent years, the Fenton-like process based on the sulfate radical SO 4

•- [START_REF] Luo | Synergistic effects of persistent free radicals and visible radiation on peroxymonosulfate activation by ferric citrate for the decomposition of organic contaminants[END_REF][START_REF] Zhu | Cobalt-doped TiO 2 nanocatalyst for heterogeneous activation of peroxymonosulfate[END_REF]) has attracted increasing interest as an alternative to the traditional Fe 2+ / H 2 O 2 process with active species of hydroxyl radicals for treating recalcitrant organic pollutants. Indeed, SO 4

•-, with a higher oxidative potential (2.5-3.1 V), displays a higher oxidation power compared to • OH [START_REF] Lian | Kinetic study of hydroxyl and sulfate radical-mediated oxidation of pharmaceuticals in wastewater effluents[END_REF]. In addition, SO 4

•-also has a wide pH operating range, from 2 to 9, and long half-life time of 30-40 μs [START_REF] Ding | Efficient degradation of carbamazepine by easily recyclable microscaled CuFeO 2 mediated heterogeneous activation of peroxymonosulfate[END_REF], which is expected to be more efficient performance in environmental remediation. However, the generation of SO 4

•-from peroxydisulfate and peroxymonosulfate under normal conditions is generally slow. Recently, activating peroxydisulfate or peroxymonosulfate with UV irradiation [START_REF] Huang | Removal of di-(2-ethylhexyl) phthalate from aqueous solution by UV/peroxymonosulfate: influencing factors and reaction pathways[END_REF], transition metal ions (like Co 2+ , Cu 2+ or Fe 2+ ) [START_REF] Bu | Modeling of Fe(II)-activated persulfate oxidation using atrazine as a target contaminant[END_REF][START_REF] Zou | Rapid spectrophotometric determination of peroxymonosulfate in water with cobalt-mediated oxidation decolorization of methyl orange[END_REF]) and metal oxides [START_REF] Fang | Synthesis of OMS-2/graphite nanocomposites with enhanced activity for pollutants degradation in the presence of peroxymonosulfate[END_REF][START_REF] Gong | An effective heterogeneous iron-based catalyst to activate peroxymonosulfate for organic contaminants removal[END_REF] has been tested to accelerate the reaction. It was found that the metal catalysts employed to activate peroxymonosulfate have exhibited reliable performance for the treatment of organic pollutants. Among those catalysts, Co 3 O 4 was frequently studied due to its high efficiency in peroxymonosulfate activation.

More recently, photocatalytic activation of peroxymonosulfate for contaminants removal under visible light has attracted plenty of attention [START_REF] Fernandez | Photobleaching and mineralization of orange II by oxone and metal-ions involving Fenton-like chemistry under visible light[END_REF][START_REF] Yang | Heterogeneous activation of peroxymonosulfate by supported cobalt catalysts for the degradation of 2,4-dichlorophenol in water: the effect of support, cobalt precursor, and UV radiation[END_REF][START_REF] Yi | Metal-free activation of oxone using one-step prepared sulfur-doped carbon nitride under visible light irradiation[END_REF]. The removal efficiency is enhanced by coupling peroxymonosulfate with photocatalysts, as a result of (1) electron trapping, which reduces the recombination of electrons and holes [START_REF] Jaafarzadeh | Efficient integrated processes for pulp and paper wastewater treatment and phytotoxicity reduction: permanganate, electro-Fenton and Co 3 O 4 /UV/peroxymonosulfate[END_REF]) and (2) generation of SO 4

•-radicals [START_REF] Ghanbaria | Degradation of 2,4,6-trichlorophenol in aqueous solutions using peroxymonosulfate/activated carbon/UV process via sulfate and hydroxyl radicals[END_REF]. [START_REF] Chen | Accelerated TiO 2 photocatalytic degradation of Acid Orange 7 under visible light mediated by peroxymonosulfate[END_REF] have tested the use of TiO 2 -peroxymonosulfate under visible-light irradiation. Wang's group has found that one-dimensional (1D) Co 3 O 4 nanorods showed a high catalytic activity for phenol oxidation with sulfate radicals under visible-light irradiation [START_REF] Wang | Photochemical degradation of phenol solutions on Co 3 O 4 nanorods with sulfate radicals[END_REF]. Liu et al. (2016a, b) demonstrated that in the presence of peroxymonosulfate, the photocatalytic efficiency of BiVO 4 and the removal rate of Rhodamine B can be enhanced by sulfate radicals, hydroxyl radicals and superoxide radicals. In addition, S-TiO 2 [START_REF] Jiang | The photocatalytic performance of g-C 3 N 4 from melamine hydrochloride for dyes degradation with peroxymonosulfate[END_REF], C 3 N 4 [START_REF] Khan | Efficient degradation of lindane by visible and simulated solar light-assisted S-TiO 2 /peroxymonosulfate process: kinetics and mechanistic investigations[END_REF]) and manganese oxide molecular sieves [START_REF] Duan | Catalytic degradation of Acid Orange 7 by manganese oxide octahedral molecular sieves with peroxymonosulfate under visible light irradiation[END_REF] were also investigated for contaminants removal under visible light coupled with peroxymonosulfate. However, the development of efficient and stable catalysts for the generation of SO 4

•-is still highly desired, which is one of the most important factors affecting the efficiency of peroxymonosulfate-photocatalysis system.

CaCu 3 Ti 4 O 12 is a kind of ABO 3 perovskite, which has been intensively studied due to its very high dielectric constant [START_REF] Ponce | Electrical behavior analysis of n-type CaCu 3 Ti 4 O 12 thick films exposed to different atmospheres[END_REF][START_REF] Luo | Oxygen vacancy related defect dipoles in CaCu 3 Ti 4 O 12 : detected by electron paramagnetic resonance spectroscopy[END_REF][START_REF] Zhang | A novel method to synthesize CaCu 3 Ti 4 O 12 with acetylacetonate precursor[END_REF]. Moreover, recent studies indicate that the CaCu 3 Ti 4 O 12 material displays visible-light-induced photocatalytic activity [START_REF] Clark | Visible light photo-oxidation of model pollutants using CaCu 3 Ti 4 O 12 : an experimental and theoretical study of optical properties, electronic structure, and selectivity[END_REF][START_REF] Kushwaha | Efficient solar energy conversion using CaCu 3 Ti 4 O 12 photoanode for photocatalysis and photoelectrocatalysis[END_REF]. It is recognized that the Cu-based occupied states in CaCu 3 Ti 4 O 12 are higher in energy than the O2p-based valence band, which trigger the visible-light-induced photocatalytic activity [START_REF] Clark | Visible light photo-oxidation of model pollutants using CaCu 3 Ti 4 O 12 : an experimental and theoretical study of optical properties, electronic structure, and selectivity[END_REF]. The visible-lightinduced charges, transferring from Cu 2+ and Ti 4+ ground state to Cu 3+ and Ti 3+ excited state, are free to move in the distinct ordered crystallographic sub-lattices, and thereby involved in the photocatalytic reaction. In addition, the photo-generated free electrons can relax into the localized Cu 3d band within band gap to form Cu + , and the excitation of electrons from valance band makes also possible to their migration to the localized Cu 3d-O 2p band thus accelerating the generation of Cu + . Based on the previous studies [START_REF] Lei | Heterogeneous degradation of organic pollutants by persulfate activated by CuO-Fe 3 O 4 : mechanism, stability, and effects of pH and bicarbonate ions[END_REF], it was thought that the formed Cu + -Cu 2+ and Cu 2+ -Cu 3+ redox pairs are beneficial to facilitating the activation of peroxymonosulfate to generated SO 4

•-. However, the photocatalytic activation of peroxymonosulfate with CaCu 3 Ti 4 O 12 has been barely studied till now.

Here, the photocatalytic removal of ibuprofen using CaCu 3 Ti 4 O 12 with peroxymonosulfate under visible-light irradiation has been explored for the first time. Cubic and fiber-shaped CaCu 3 Ti 4 O 12 catalysts were prepared via a molten salt method. The removal efficiency of ibuprofen was tested, and the reaction mechanism was also discussed.

Materials and methods

Preparation and characterization of CaCu 3 Ti 4 O 12

CaCu 3 Ti 4 O 12 (CCTO) powders were prepared by a molten salt process. Typically, stoichiometric amounts of TiO 2 (Aldrich, 99.9%), CuO (Aldrich, 99.9%) and CaO (Aldrich, 99.99%) were mixed with the mixed salts of NaCl and KCl (NaCl:KCl = 1:1) with salt/precursor ratio of 3.55, and then, the mixture was ball-milled in alcohol for 8 h in order to obtain a homogeneous mixture with reduced particle size. After alcohol evaporation, the resulting powder was transferred into a corundum crucible and sintered at 775 °C in a muffle furnace with heating rate of 10 °C/min in air for 6, 10, 14, 18 h. The obtained CaCu 3 Ti 4 O 12 powder was washed with pure water for several times and grinded to reduce particle size and labeled as CCTO-6, CCTO-10, CCTO-14, CCTO-18 according to the sintering time 6, 10, 14, 18 h, respectively. The as-prepared CaCu 3 Ti 4 O 12 samples were examined by scanning electron microscope (SEM), X-ray diffraction (XRD), electron paramagnetic resonance (EPR) and the X-ray photoelectron spectroscopy (XPS).

Catalytic removal experiment

Ibuprofen was used as a target pollutant to evaluate the catalytic removal efficiency of CaCu 3 Ti 4 O 12 with peroxymonosulfate under visible-light irradiation. Typically, CaCu 3 Ti 4 O 12 was added to 100 mL ibuprofen solution (20 mg L -1 ), and the suspension was adjusted to neutral pH. The suspensions were vigorously stirred in the dark for 30 min, and then, Oxone (KHSO 5 as active component, Aldrich) was added into the solution at KHSO 5 /ibuprofen molar ratio of 5:1. Then, the suspensions were irradiated by 300 W xenon lamp equipped with a UV cutoff filter (λ ≥ 420 nm) at room temperature. Two milliliters of solution was taken out at a given time interval for analysis of ibuprofen concentration. Ibuprofen concentrations were determined by Thermo Fisher Ultra 3000 HPLC equipped with a 25 cm × 4.6 mm Cosmosil C18 column.

Results and discussion

Microscopic characterization of CaCu 3 Ti 4 O 12

Figure 1 shows the scanning electron microscope (SEM) images of the synthesized CaCu 3 Ti 4 O 12 (CCTO) samples. Results show that the CaCu 3 Ti 4 O 12 samples display very different morphology by sintering at 775 °C for different time. The CCTO-6 sintered at 775 °C for 6 h (Fig. 1a) displays a cubic structure with size from 2 to 5 μm. Increasing the heat-treating time to 10 h, the majority of CCTO-10 samples still kept cubic morphology, but became irregular, and the size was reduced to less than 2 μm. The edge of the cubic CCTO-10 samples was become rough in comparison with CCTO-6, and other new facets were formed. More important, the micro-sized CCTO fibers were formed with about several hundred nanometer in diameter and tens micrometer in length. Further increasing the sintering time to 14 h, as shown in Fig. 1b, induces the majority of the CCTO-14 samples to exhibit a microfiber structure. 2a, it is also observed that the samples display a trace of secondary phases of CuO and TiO 2 . However, with the increasing of sintering time, the peak intensity of CuO, and TiO 2 secondary phases is reduced, indicating that the amount of impurity phases is decreased. Additionally, the intensity ratio between (400) facet at 49.4 o ¯ and (422) facet at 61.5 o ¯ is different with the increasing of heat-treating time, which maybe ascribe to the morphology evolution from cubic to fiber. The Raman spectroscopy was also For sample CCTO-6, a broadband around 400-500 cm -1 is observed, and with the increase in sintering time to 14 h, the intensity of the broadband is enhanced. This behavior is in good agreement with the XRD results. However, for the sample sintered for 18 h, the Raman peaks are separated to two peaks at 445 and 508 cm -1 . This mode in the CCTO-18 sample is normal Raman-active in good agreement with values reported in the literature [START_REF] Almeida | Structural properties of CaCu 3 Ti 4 O 12 obtained by mechanical alloying[END_REF][START_REF] Ramirez | Giant dielectric constant response in a copper-titanate[END_REF]. The peaks at 445 and 508 cm -1 are associated with the A g symmetry (TiO 6 rotation like) modes.

Figure 2b shows the electron paramagnetic resonance (EPR) spectrum for the CaCu 3 Ti 4 O 12 samples at 294 K. A unique broad and symmetric signal for the CaCu 3 Ti 4 O 12 centered around g ~ 2.06 is observed, which comes from the Cu 2+ paramagnetic center [START_REF] Vivas | Electron paramagnetic resonance study of hopping in CCTO mixed with TiO 2[END_REF]. The EPR lines of all the CaCu 3 Ti 4 O 12 samples are ideally fitted by the Lorentzian line with a linewidth (ΔH PP ) of 7.1 mT. As shown in Fig. 2b, the signal intensity decreases with the increase in heat-treating time, indicating that in the molten salt process, the heat treating can promote the generation of oxygen vacancies, which further producing the reduction of Cu 2+ to Cu + . The transfer from Cu 2+ to Cu + leads to the decrease in EPR signal intensity due to the poor contribution of Cu + to the EPR spectrum [START_REF] Luo | Oxygen vacancy related defect dipoles in CaCu 3 Ti 4 O 12 : detected by electron paramagnetic resonance spectroscopy[END_REF]. The XPS spectra (Fig. S2) also prove the presence of Cu + in the CaCu 3 Ti 4 O 12 samples. The presence of Cu + and Cu 2+ couple will participate in the activation of peroxymonosulfate for the generation of sulfur radicals.

Catalytic activity and stability of CaCu 3 Ti 4 O 12

The removal of ibuprofen was carried out in various systems for testing the photo-assisted activation of peroxymonosulfate with CaCu 3 Ti 4 O 12 . After 30 minutes adsorption equilibrium, the CCTO performs negligible adsorption capability for ibuprofen. First, the removal of ibuprofen in the binary system of visible light/CaCu 3 Ti 4 O 12 , visible light/ peroxymonosulfate, CaCu 3 Ti 4 O 12 /peroxymonosulfate, and ternary system of visible light/CaCu 3 Ti 4 O 12 /peroxymonosulfate was compared. As shown in Fig. 3a, the visible-light/ peroxymonosulfate and visible-light/CaCu 3 Ti 4 O 12 systems performed low efficiency in ibuprofen removal, and only 3.0% (visible light/peroxymonosulfate) and 8.1% (visible light/CaCu 3 Ti 4 O 12 ) of ibuprofen were degraded in 60 min, implying that the activation of peroxymonosulfate under visible light and the visible-light-induced photocatalytic activity of CaCu 3 Ti 4 O 12 CaCu 3 Ti 4 O 12 possess low efficiency. The CaCu 3 Ti 4 O 12 /peroxymonosulfate system with peroxymonosulfate concentration of 0.5 mmol L -1 induced 35.5% removal of ibuprofen in 60 min (Fig. 3a).

Compared to the above binary systems, our results show that the ternary system of visible light/CaCu 3 Ti 4 O 12 / peroxymonosulfate in the presence of 0.5 mM peroxymonosulfate promotes the removal of ibuprofen to 91.8% in 60 min. The comparison of CaCu 3 Ti 4 O 12 samples at different sintering times in salt-melt process was also performed. Figure 3b shows that the CCTO-14 (calcinated for 14 h) displayed higher efficiency in ibuprofen removal (90% in 30 min) and the other samples exhibited relatively low removal efficiency (about 37%) in the visible light/CaCu-3 Ti 4 O 12 /peroxymonosulfate. The presence of Cu + in the CaCu 3 Ti 4 O 12 lattice was thought to act as the active sites for peroxymonosulfate activation [START_REF] Ding | Efficient degradation of carbamazepine by easily recyclable microscaled CuFeO 2 mediated heterogeneous activation of peroxymonosulfate[END_REF]) and dominated the removal of ibuprofen. The XPS was performed to further prove the presence of Cu + vacancy in the CaCu 3 Ti 4 O 12 lattice. As shown in Fig. 4a, the copper was present as copper oxide with 2P 3/2 peak at 933.6 eV and 2P 1/2 peak at 953.5 eV. The splitting of 2P 3/2 peak (Fig. 4b) shows the peak at 932.0 eV for Cu + which confirmed the presence of Cu + in the CaCu 3 Ti 4 O 12 lattice. For CaCu 3 Ti 4 O 12 / peroxymonosulfate system, the transfer from Cu + to Cu 2+ is irreversible which limits the reaction efficiency. In the visible-light/CaCu 3 Ti 4 O 12 /peroxymonosulfate system, the photo-generated electrons are free to move in the distinct ordered crystallographic sub-lattices reducing Cu 2+ to Cu + and promoting the peroxymonosulfate activation process [START_REF] Lei | Heterogeneous degradation of organic pollutants by persulfate activated by CuO-Fe 3 O 4 : mechanism, stability, and effects of pH and bicarbonate ions[END_REF]. Meanwhile, the photo-generated electrons can also react with peroxymonosulfate to produce SO 4

•-, which enhances the removal of ibuprofen. In addition, Cu 2+ can also be oxidized into Cu 3+ by peroxymonosulfate in the SO 4

•-generation process (Liu et al. 2016a, b), and the formed Cu 3+ has a oxidation potential of 2.3 V in solid form, which can react with water to generate the • OH [START_REF] Feng | Sulfate radical-mediated degradation of sulfadiazine by CuFeO 2 rhombohedral crystal-catalyzed peroxymonosulfate: synergistic effects and mechanisms[END_REF] for the further ibuprofen removal. The peroxymonosulfate performed a dual role in the visible-light/CaCu 3 Ti 4 O 12 /peroxymonosulfate system. First, as an electron acceptor, the peroxymonosulfate molecule reacts with photo-generated electrons to form sulfur radicals thus reducing the rate of electron-hole recombination. Second, as an efficient source of SO 4

•-, the peroxymonosulfate molecule is activated with Cu + and photo-generated electrons to generate SO 4

•-. The CCTO-14 sample after reaction was tested with XPS instrument (Fig. 4a). The test result indicates that the copper in the CCTO-14 sample is stable in the ibuprofen removal process with photo-assistant peroxymonosulfate activation.

Conclusion

In this study, CaCu 3 Ti 4 O 12 crystals were prepared by a molten salt approach from TiO 2 , CuO and CaO mixed with the salts including NaCl and KCl. The catalysts show the morphology of micro-scale cubic and fiber. For ibuprofen removal, the catalysts show higher efficiency in the presence of peroxymonosulfate under visible-light irradiation. The mechanism study shows that the presence of Cu + vacancy in the CaCu 3 Ti 4 O 12 crystal lattice plays a vital role in activation of peroxymonosulfate. In the ternary visible-light/CaCu- 

  Figure 2a shows the XRD patterns of synthesized CaCu 3 Ti 4 O 12 powders. By heat treating at 775 °C for different time periods, the obtained CaCu 3 Ti 4 O 12 samples display cubic crystal structure according to standard JCPDS card (number: 75-2188) of pure CaCu 3 Ti 4 O 12 . And from Fig.2a, it is also observed that the samples display a trace of secondary phases of CuO and TiO 2 . However, with the increasing of sintering time, the peak intensity of CuO, and TiO 2 secondary phases is reduced, indicating that the amount of impurity phases is decreased. Additionally, the intensity ratio between (400) facet at 49.4 o ¯ and (422) facet at 61.5 o ¯ is different with the increasing of heat-treating time, which maybe ascribe to the morphology evolution from cubic to fiber. The Raman spectroscopy was also
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 1 Fig. 1 Scanning electron microscope (SEM) images of CaCu 3 Ti 4 O 12 (CCTO) samples sintering at different times: a 6-h sintering; b 14-h sintering. The CCTO-6, sintered at 775 °C for 6 h, displays cubic structures with 2-5 μm sizes. The CCTO-14 sample, sintered

Fig. 3 a

 3 Fig. 3 a Comparison of ibuprofen removal for the systems: visible light/CaCu 3 Ti 4 O 12 (CCTO), visible light/peroxymonosulfate, CaCu 3 Ti 4 O 12 /peroxymonosulfate, and visible light/CaCu 3 Ti 4 O 12 /peroxymonosulfate. Only 3.0% of ibuprofen removal was achieved using the visible-light/peroxymonosulfate system, and 8.1% for the visiblelight/CaCu 3 Ti 4 O 12 system. But for the CaCu 3 Ti 4 O 12 /peroxymonosulfate system, ibuprofen removal increased to 35.5% in 90 min, and further increases to 91.8% at 60 min for visible-light/CaCu 3 Ti 4 O 12 / peroxymonosulfate system with a peroxymonosulfate concentration of 0.5 mmol L -1 . b Ibuprofen removal with different CaCu 3 Ti 4 O 12 catalysts with visible-light/CaCu 3 Ti 4 O 12 /peroxymonosulfate system in 30-min reaction. CCTO-14, calcinated for 14 h, displayed 91.0% removal of ibuprofen and the other samples exhibited relatively low removal efficiency

Fig. 4

 4 Fig. 4 a X-ray photoelectron spectroscopy (XPS) of CCTO-14 (CaCu 3 Ti 4 O 12 sintered at 775 °C for 14 h). The copper was present as copper oxide with 2P 3/2 peak at 933.6 eV and 2P 1/2 peak at 953.5 eV. b XPS simulation of 2P 3/2 peak of copper. The splitting of 2P 3/2 peak shows the peak at 932.0 eV for Cu + which confirmed the presence of Cu + in the CaCu 3 Ti 4 O 12 lattice

Ti

O 12 /peroxymonosulfate system, the photo-generated electrons which act as a reductant for Cu 2+ to Cu + promote the peroxymonosulfate activation process dramatically.

Acknowledgements Financial support by the National Nature Science Foundation of China (Grant No. 21507157), the Science and Technology Project of Wenzhou (W20170012), the Startup Foundation for Advanced Talents of Shaanxi University of Science and Technology.