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TiO2@LaFeO3 heterojunction composites with a core-shell porous structure and LaFeO3 contents in the 2.5-25 wt.% range have been synthesized via consecutive sol-gel syntheses and tested for the photocatalytic oxidation of the myclobutanil pesticide in water under solar light and pure visible light.

Whatever the light spectrum, the kinetic rate constants for both myclobutanil degradation and TOC conversion exhibited a volcano-like profile with increasing the narrow band-gap (2.1 eV) LaFeO3 content, the optimum composite strongly overperforming both single phases, with full myclobutanil mineralization achieved in 240 min in the best case. The light spectrum influenced the optimum LaFeO3 content in the composite, being observed at 5 wt.% and 12.5 wt.% under solar and visible light, respectively. This has been attributed to the existence of different light-mediated reaction mechanisms. The optimum LaFeO3/TiO2 composite photocatalyst was active and stable after several runs under solar light with leached iron concentration below 0.1 mg/L in solution.

INTRODUCTION

Advanced Oxidation Processes (AOPs) emerged as feasible alternatives or complements to conventional water treatment processes for treating refractory compounds such as notably the pesticides, that can provoke ecological risks or adverse effects on living organisms even at low concentrations [START_REF] Westlund | Investigation of the presence and endocrine activities of pesticides found in wastewater effluent using yeast-based bioassays[END_REF][START_REF] Vu | Toxicological effects of fungicide mixtures on the amphipod Austrochiltonia subtenuis[END_REF][START_REF] Malato | Decontamination and disinfection of water by solar photocatalysis: Recent overview and trends[END_REF]. Among them, photocatalysis has gained important attention due to a high efficiency and relatively low costs, when working with low pollutant charges, as well as to its ability to achieve complete mineralization of biorecalcitrant and emerging contaminants in an extended pH range, thanks to its ability to oxidize the short-chain acids [START_REF] Malato | Decontamination and disinfection of water by solar photocatalysis: Recent overview and trends[END_REF][START_REF] Esplugas | Comparison of different advanced oxidation processes for phenol degradation[END_REF][START_REF] Malato | Treatment of 2,4-Dichlorophenol by Solar Photocatalysis: Comparison of Coupled Photocatalytic-Active Carbon vs. Active Carbon[END_REF].

TiO2 remains nowadays the photocatalyst par excellence due to its good characteristics.

However, it requires the use of ultraviolet-A (UV-A) as activation light source, as a result of its wide band-gap value (~3.2 eV). One approach for overcoming this issue consists in the elaboration of TiO2based heterojunction photocatalysts through the coupling of TiO2 with another semiconductor of narrower band-gap used as visible light photosensitizer [START_REF] Robert | Photosensitization of TiO2 by MxOy and MxSy nanoparticles for heterogeneous photocatalysis applications[END_REF][START_REF] Low | Heterojunction Photocatalysts[END_REF][START_REF] Jang | Heterojunction semiconductors: A strategy to develop efficient photocatalytic materials for visible light water splitting[END_REF]. Further, building heterojunctions is a strategy for enhancing the activity under solar light by favoring inter-semiconductor charge transfer that allows a lowering of charge recombination [START_REF] Chong | Recent developments in photocatalytic water treatment technology: A review[END_REF][START_REF] Ong | Graphitic Carbon Nitride (g-C3N4)-Based Photocatalysts for Artificial Photosynthesis and Environmental Remediation: Are We a Step Closer To Achieving Sustainability?[END_REF][START_REF] Kumar | Recent developments and challenges in practical application of visible-light-driven TiO2-based heterojunctions for PPCP degradation: A critical review[END_REF]. Many works investigated on the coupling of TiO2 with semiconductors such as e.g. oxide, sulfide or, more recently, carbon nitride for degrading organic pollutants in water under visible or solar light [START_REF] Perovic | Recent Achievements in Development of TiO2-Based Composite Photocatalytic Materials for Solar Driven Water Purification and Water Splitting[END_REF][START_REF] Garcia-Muñoz | Ferrite Materials for Photoassisted Environmental and Solar Fuels Applications[END_REF]. WO3 [START_REF] Rey | WO3-TiO2 based catalysts for the simulated solar radiation assisted photocatalytic ozonation of emerging contaminants in a municipal wastewater treatment plant effluent[END_REF], Fe2O3 [START_REF] García-Muñoz | Evaluation of photoassisted treatments for norfloxacin removal in water using mesoporous Fe2O3-TiO2 materials[END_REF][START_REF] Moctezuma | Photocatalytic degradation of phenol with Fe-titania catalysts[END_REF][START_REF] Zarazua-Morin | Synthesis, characterization, and catalytic activity of FeTiO3/TiO2 for photodegradation of organic pollutants with visible light[END_REF], Bi2O3 and ferrites are among the most popular metal oxides associated within binary heterojunctions [START_REF] Zarazua-Morin | Synthesis, characterization, and catalytic activity of FeTiO3/TiO2 for photodegradation of organic pollutants with visible light[END_REF][START_REF] Li | Direct Formation of Reusable TiO2/CoFe2O4 Heterogeneous Photocatalytic Fibers via Two-Spinneret Electrospinning[END_REF].

In this frame, ferrite semiconductor materials have recently received a special attention for use in photocatalysis because of the ability of most of them to absorb and use a part of visible light for performing surface redox reactions, due to band gaps of ca. 2 eV (wavelengths lower than 620 nm) [START_REF] Garcia-Muñoz | Ferrite Materials for Photoassisted Environmental and Solar Fuels Applications[END_REF]. Further, most of them display band energy positions suitable for oxidizing water and reducing dioxygen. Beside a high stability, they also benefit from a large composition versatility that allows their physico-chemical properties to be tuned via adequate synthetic strategies, such as e.g. the band-gap energy, the n/p-type character or the properties of lattice oxygen vacancies, whose controlled formation was reported to inhibit the charge recombination in the perovskite structures [START_REF] Masunga | Recent advances in copper ferrite nanoparticles and nanocomposites synthesis, magnetic properties and application in water treatment: Review[END_REF][START_REF] Kefeni | Application of spinel ferrite nanoparticles in water and wastewater treatment: A review[END_REF][START_REF] Magalhães | LaMn1-xFexO3 and LaMn0.1-xFe0.90Mox O3 perovskites: synthesis, characterization and catalytic activity in H2O2 reactions[END_REF][START_REF] Peña | Chemical Structures and Performance of Perovskite Oxides[END_REF][START_REF] Soltani | Improving heterogeneous photo-Fenton catalytic degradation of toluene under visible light irradiation through Ba-doping in BiFeO3 nanoparticles[END_REF].

Among the ABO3 perovskite type oxides, lanthanum ferrite (LaFeO3) is an interesting p-type semiconductor with a band-gap of ca. 2.1 eV, and the ability to absorb a part of the visible light from the solar spectra [START_REF] Peng | Perovskite LaFeO3/montmorillonite nanocomposites: synthesis, interface characteristics and enhanced photocatalytic activity[END_REF][START_REF] Li | Photoinduced charge property of nanosized perovskitetype LaFeO3 and its relationships with photocatalytic activity under visible irradiation[END_REF][START_REF] Thirumalairajan | Controlled synthesis of perovskite LaFeO3 microsphere composed of nanoparticles via self-assembly process and their associated photocatalytic activity[END_REF][START_REF] Kumar | Facile hydrothermal synthesis and characterization of LaFeO3 nanospheres for visible light photocatalytic applications[END_REF]. However, when used as heterogeneous catalyst, LaFeO3 displays a relatively low activity [START_REF] Li | Photoinduced charge property of nanosized perovskitetype LaFeO3 and its relationships with photocatalytic activity under visible irradiation[END_REF][START_REF] Thirumalairajan | Controlled synthesis of perovskite LaFeO3 microsphere composed of nanoparticles via self-assembly process and their associated photocatalytic activity[END_REF][START_REF] Su | Synthesis of large surface area LaFeO3 nanoparticles by SBA-16 template method as high active visible photocatalysts[END_REF][START_REF] Ding | Microwave-assisted synthesis of perovskite ReFeO3 (Re: La, Sm, Eu, Gd) photocatalyst[END_REF][START_REF] Tang | Microwave-assisted synthesis of nanoparticulate perovskite LaFeO3 as a high active visible-light photocatalyst[END_REF], mainly due to poor intrinsic charge transport in the bulk and high charge recombination rates, so that following a semiconductor heterojunction strategy is a valuable approach.

The LaFeO3-based heterojunctions are however not the most studied ones so far. In most of the studies, LaFeO3 was associated with narrow band gap semiconductors such as g-C3N4 [START_REF] Jin | Boosting visible light photocatalytic performance of g-C3N4 nanosheets by combining with LaFeO3 nanoparticles[END_REF][START_REF] Xu | Superior photocatalytic performance of LaFeO3/g-C3N4 heterojunction nanocomposites under visible light irradiation[END_REF][START_REF] Wu | Quasi-polymeric construction of stable perovskite-type LaFeO3/g-C3N4 heterostructured photocatalyst for improved Z-scheme photocatalytic activity via solid p-n heterojunction interfacial effect[END_REF], and to a lesser extent e.g. SnS2 [START_REF] Luo | Rational design of Zscheme LaFeO3/SnS2 hybrid with boosted visible light photocatalytic activity towards tetracycline degradation[END_REF] , AgBr [START_REF] Song | Enhanced photocatalytic decomposition of an organic dye under visible light with a stable LaFeO3/AgBr heterostructured photocatalyst[END_REF], CdS [START_REF] Hoseini | A novel n-type CdS nanorods/p-type LaFeO3 heterojunction nanocomposite with enhanced visible-light photocatalytic performance[END_REF], Ag2CO3 [START_REF] Pirzada | Synthesis of LaFeO3/Ag2CO3 Nanocomposites for Photocatalytic Degradation of Rhodamine B and p-Chlorophenol under Natural Sunlight[END_REF] or ZnIn2S4 [START_REF] Gao | In situ Synthesis of p-n LaFeO3/ZnIn2S4 Heterojunctions for Enhanced Photocatalytic Activity[END_REF], or the ternary oxide Bi3NbO7 [START_REF] Xu | Synthesis of LaFeO3/Bi3NbO7 p-n heterojunction photocatalysts with enhanced visible-light-responsive activity for photocatalytic reduction of Cr(Ⅵ)[END_REF], for water treatment or H2 production under visible light. In most of the cases, a Z-scheme mechanism was proposed, implying the interfacial recombination of the conduction band electrons or of the valence band holes of the ferrite with their counterparts in the second semiconductor, depending on the relative band positions. Scarce works focused on the building of p-n heterojunctions between LaFeO3 and wide band gap semiconductors, e.g. ZnO [START_REF] Ren | Highly efficient and stable p-LaFeO3/n-ZnO heterojunction photocatalyst for phenol degradation under visible light irradiation[END_REF] and TiO2 [START_REF] Humayun | Exceptional Visible-Light Activities of TiO2-Coupled N-Doped Porous Perovskite LaFeO3 for 2,4-Dichlorophenol Decomposition and CO2 Conversion[END_REF][START_REF] Jing | Synthesis of High-Activity TiO2-Based Photocatalysts by Compounding a Small Amount of Porous Nanosized LaFeO3 and the Activity-Enhanced Mechanisms[END_REF][START_REF] Kumar | Synthesis and characterization of LaFeO3/TiO2 nanocomposites for visible light photocatalytic activity[END_REF][START_REF] Lv | In situ self-assembly synthesis of sandwich-like TiO2/reduced graphene oxide/LaFeO3 Z-scheme ternary heterostructure towards enhanced photocatalytic hydrogen production[END_REF]. Regardless of the coupled semiconductor, a two-step synthesis approach was mostly followed for synthesizing LaFeO3based composites, the associated semiconductor material being synthesized in presence of sol-gel LaFeO3 grains. The reverse synthetic strategy was rarely reported, since obtaining good crystallization rates for LaFeO3 requires a high-temperature oxidative treatment that most of the associated phases cannot withstand [START_REF] Xu | Superior photocatalytic performance of LaFeO3/g-C3N4 heterojunction nanocomposites under visible light irradiation[END_REF][START_REF] Xu | Synthesis of LaFeO3/Bi3NbO7 p-n heterojunction photocatalysts with enhanced visible-light-responsive activity for photocatalytic reduction of Cr(Ⅵ)[END_REF]. Heterojunction composites were also scarcely prepared by mechanical or ultrasonic treatment of crystallized powders in suspension with final temperature treatment [START_REF] Wu | Quasi-polymeric construction of stable perovskite-type LaFeO3/g-C3N4 heterostructured photocatalyst for improved Z-scheme photocatalytic activity via solid p-n heterojunction interfacial effect[END_REF].

In the frame of the search for efficient narrow/wide band-gap heterojunction materials, we report on the two-step sol-gel synthesis and the photocatalytic activity of LaFeO3/TiO2 composite catalysts under solar and pure visible light, taking the myclobutanil pesticide degradation in water as test reaction of interest [START_REF] Garcia-Muñoz | Reaction pathways, kinetics and toxicity assessment during the photocatalytic degradation of glyphosate and myclobutanil pesticides: Influence of the aqueous matrix[END_REF]. Indeed, the Cl-containing triazole fungicide myclobutanil (C15H17ClN4)with both C-C and N-C aromatic rings and an aliphatic branch -, used to avoid fungi infection, is one of the most frequently detected pesticides in both surface water and groundwater in the Upper Rhine river area, in Central Europe [START_REF] Peschka | Trends in pesticide transport into the River Rhine[END_REF], [START_REF] Chen | Occurrence, fate and ecological risk of five typical azole fungicides as therapeutic and personal care products in the environment: A review[END_REF]. Here the influence of both the LaFeO3 content and the light spectrum on the myclobutanil degradation performances, has been studied to gain insight into the role of both semiconductor phases in the degradation mechanism.

MATERIALS AND METHODS

Materials

Analytical grade chemicals were used without further purification. Myclobutanil (>99%) was purchased from HPC Standards GmbH (Cunnersdorf, Germany). La(NO3)3 hexahydrate (99.99%), Fe(NO3)3 nonahydrate (>98%), citric acid hydrate (C6H8O7xH2O, 99.5%) and titanium tetraisopropoxide (TTIP, 97%) were purchased from Sigma Aldrich.

Synthesis of LaFeO3

The reference LaFeO3 (LFO) material was obtained following a classical sol-gel Pechini synthesis.

In this method, lanthanum nitrate hexahydrate and iron nitrate nonahydrate were dissolved in 30 mL distilled water at 108.3 g/L and 133 g/L, respectively, and the metallic ions underwent complexation by subsequent addition of citric acid at 70 g/L, corresponding to a stoichiometric molar ratio in respect of the metallic ions. The resulting suspension was maintained at 80°C for 2 days (2°C/min heating rate) in order to induce the complete gel formation. The calcination of the dried gel was performed using a heating cycle as reported by Gosavi et al. [START_REF] Gosavi | Pure phase LaFeO3 perovskite with improved surface area synthesized using different routes and its characterization[END_REF] with a heating rate of 5°C/min, consisting in holding the temperature at 600°C for 2 h, before further maintaining a temperature plateau at 800°C for 2 h.

The stoichiometric reaction forming the LaFeO3 perovskite structure is as follows (Eq.1) [START_REF] Qi | A simple way to prepare nanosized LaFeO3 powders at room temperature[END_REF]:

𝐿𝑎(𝑁𝑂 & ) & • 6𝐻 + 𝑂 + 𝐹𝑒(𝑁𝑂 & ) & • 9𝐻 + 𝑂 + 𝐶 1 𝐻 2 𝑂 3 • 𝑥𝐻 + 𝑂 → 𝐿𝑎𝐹𝑒𝑂 & + 6𝐶𝑂 + + 3𝑁 + + 𝑛𝐻 + 𝑂 [Eq.1]

Synthesis of LaFeO3/TiO2 composites

The LaFeO3/TiO2 composites were prepared by synthesizing TiO2 in the presence of calcined LFO, according to a sol-gel method under basic conditions using TTIP as precursor. In a typical synthesis, 17.8 g of TTIP was first added to a 40 mL ethanolic solution at room temperature, before 40 mL of water was added dropwise to the solution and the calcined LaFeO3 powder was further introduced under stirring into the aqueous solution. After rectification of the pH to 9 by adding ammonia (Carlo Erba, 30% aqueous solution), the solution was left under agitation at room temperature until a dried paste was obtained. The resulting powder was further dried at 100°C for 12 h, and finally calcined at 450°C for 2 h with a rate of 4.5°C/min. Depending on the amount of LFO material introduced into the aqueous solution, the so-obtained composites were labelled as x-LFO/TiO2, x being the theoretical LFO wt.% content of the final composites in respect of the theoretical amount of the composite, with x values of 2.5, 5.0, 7.5, 12.5 and 25.0.

Sol-gel TiO2 was synthesized as LFO-free reference material by following the same protocol without any addition of LFO powder.

Characterization techniques

X-ray diffraction (XRD) patterns have been recorded at room temperature in a θ/θ mode on a Bruker D8 Advance diffractometer equipped with a monochromatic copper radiation source (Kα = 1.54056 Å) with a scan step of 0.02°. The mean crystallite sizes, that are the average sizes of the coherently diffracting domains, were calculated by using the Scherrer equation with the usual assumption of spherical crystallites.

The surface area measurements were carried out on a Micrometrics Tristar 3000 using N2 as adsorbent at -196 °C with a prior outgassing at 250°C overnight to desorb the impurities or moisture.

UV-vis diffuse reflectance spectra were acquired in a UV/Vis/NIR Perkin Elmer Lambda 1050 spectrometer, recording the reflectance between 250 and 800 nm. Band gaps were estimated from the Tauc plots by representing (αhν) n vs. photon energy, where α= -Ln(Reflectance), with n=2 for LaFeO3 (direct band gap semiconductor) [START_REF] Luo | Rational design of Zscheme LaFeO3/SnS2 hybrid with boosted visible light photocatalytic activity towards tetracycline degradation[END_REF] and n=1/2 for TiO2 (indirect band gap semiconductor).

Fluorescence lifetime measurements by time-correlated single photon counting (TCSPC) were carried out with a Mini-t equipment from Edinburgh Instruments. For measurements under UV excitation, a laser diode of 372.2 nm wavelength and a pulse width of 61.2 ps was employed, using an emission band pass filter at 400 ± 25 nm. As visible excitation source, a laser diode with a wavelength of 445.2 nm and a pulse width of 90.7 ps was used, and a band pass filter at 600 ± 25 nm was placed before the detector. Both lasers were used at a repetition rate of 1 MHz.

Scanning electron microscopy (SEM) was performed in both secondary and back-scattered electron modes on a JEOL JSM-6700 F FEG microscope.

X-ray photoelectron spectroscopy (XPS) characterization was performed on a ThermoVGMultilabESCA3000 spectrometer (Al Kα anode at hλ = 1486.6 eV). The energy shift due to electrostatic charging was subtracted using the contamination sp 2 carbon C 1s band at 284.8 eV. Contributions with Doniach-Sunjic shape [START_REF] Doniach | Many-electron singularity in X-ray photoemission and X-ray line spectra from metals[END_REF] and a S-shaped Shirley type background [START_REF] Shirley | High-Resolution X-Ray Photoemission Spectrum of the Valence Bands of Gold[END_REF] were used.

Typical reaction procedure

The myclobutanil degradation experiments were carried out in a batch beaker-type glass reactor at atmospheric pressure, natural pH, at a constant temperature of 20°C ± 2°C (using a cooling bath). In a typical reaction procedure, 100 mg of catalyst was dispersed under stirring in a 100 mL aqueous solution of myclobutanil at 20 mg/L concentration, corresponding to an initial organic carbon concentration of 18 mg/L and to a catalyst load of 1.0 g/L. Prior to irradiation, the catalyst suspension had been stirred for 1 h in the dark to ensure the establishment of the adsorption/desorption equilibrium. The experiments were carried out within a Suntest XLS+ reaction chamber (Atlas Material Testing Technology BV, Gelnhausen, Germany) equipped with a Xenon arc lamp of 1700 W adjustable power and a Solar ID65 filter to limit the UV radiation at 320 nm for simulating solar exposition according to ICH Q1B guidelines. The suspension was exposed to simulated solar light at 250 Wm -2 which corresponds to an average solar radiation in a summer day in southern Europe, or to pure visible light through the use of 420-nm cut-off filter (GG420 Yellow Schott Optical Filters). Solar light and visible light spectral distributions, measured consequently with or without the use of the cut-off filter respectively, are reported in Fig. S1. At each time interval, 8 mL of solution were sampled and then filtered through 0.20 μm porosity filter to remove the photocatalyst powder if any, before the concentration of myclobutanil was determined by UV-Visible spectrophotometry by monitoring the disappearance of the main absorption peak at λ=220 nm. Total Organic Carbon measurements were performed using a Shimadzu TOC-L analyzer to determine the organic carbon load. The Fe leached during time-course of the reaction was quantified by the ortho-phenanthroline method [START_REF] Sandell | Colorimetric Determination of Traces of Metals[END_REF].

The efficiency of the UV cut-off filter was evidenced by performing a photocatalytic test of myclobutanil degradation (at 20 mg/L) under pure visible light (i.e. under an irradiation > 420 nm) using the commercially available Aeroxide© TiO2 P25 (Evonik) and sol-gel TiO2 as reference photocatalysts.

As it can be seen in Figure S2, no activity was observed under pure visible light for both reference TiO2 photocatalysts, neither in the myclobutanil degradation nor in the TOC conversion.

All degradation experiments have been triplicated, with standard deviations remaining within the ± 5% relative range. The associated error bars are reported in the activity graphs for the myclobutanil and TOC concentration evolution and for the corresponding kinetic rate constants.

RESULTS AND DISCUSSION

LaFeO3/TiO2 composite catalyst characterization

The XRD patterns of the reference catalysts and of the LaFeO3/TiO2 composite catalysts are shown in Figure 1. First, the XRD pattern of the reference titania showed only anatase TiO2 as crystalline phase with the main diffraction peaks at 2θ = 25.4°, 37.8°, 48.1°, 53.9° and 55.2° corresponding to the diffraction of the (101), (004), ( 200), ( 105) and (211) planes, respectively, according to the ICDD card no. 01-089-4921. Also, the XRD pattern of the pristine LFO catalyst was characterized by the most intense diffraction peaks at 2θ = 22.6°, 32.2°, 39.7°, 46.1°, 57.4° and 67.3° corresponding to the diffraction of the (100), ( 110), ( 111), ( 200), ( 210) and (220) planes of the LaFeO3 phase (ICDD card 070-7777), respectively. In turn, the XRD patterns of the as-synthesized LaFeO3/TiO2 composites could be fully indexed to pure anatase TiO2 and LaFeO3 phases. The higher the LFO weight content, the higher the (110)LFO/(101)A intensity ratio for the composites, as reported in Table 1, whereas no LFO phase was detected for the catalysts with a low ferrite content, probably due to low bulk iron contents.

Further, no diffraction peak shift was observed for the composites, suggesting that neither insertion of Ti atoms in the LFO unit cell nor that of La or Fe atoms in the anatase crystal occurred, as expected from the soft synthesis method and the low temperature of the final calcination step compared to the that used for stabilizing the LFO. In a first approximation, the mean size of the anatase crystallites was globally increasing from 13 nm to 21-25 nm with the increase in the LFO content, the general trend being that the formation of smaller anatase crystallites was favoured at low ferrite contents.

Figure 2 shows SEM images of the heterojunction materials and of both titania and LFO reference materials. The images recorded in both secondary and back-scattered electron modes evidenced that synthesising TiO2 in the presence of the LFO phase did not influence the overall granular morphology of the titania phase. Mapping analysis showed the distribution of the LFO phase in the composite materials while, considering the accuracy of the measurement, EDX analysis corroborated the equimolar La:Fe ratio within the composites, as well as a homogeneous and parallel distribution of titania and ferrite phases, with a minor formation of ferrite-rich regions. respectively. For the composites, in addition to the clear edge corresponding to the titania phase, a second absorption edge with low intensity assigned to the ferrite phase was observed in the spectra recorded on the samples with a low ferrite content, that was more pronounced as the LFO content increased and could be clearly evidenced for both 12.5-and 25.0-LFO/TiO2 samples. The band gap values estimated from the Tauc plots (Fig. S3) for an indirect transition in TiO2 and a direct one in LaFeO3 [START_REF] Garcia-Muñoz | Ti-substituted LaFeO3 perovskite as photoassisted CWPO catalyst for water treatment[END_REF] are shown in Table 1. The band gap of the ferrite phase was not influenced by the presence of the anatase phase, and was calculated at ca. 2.10 eV for spectra with a clear absorption edge.

Similarly, taking into account the moderate accuracy of the graphical method due to the difficulty of estimating the low-energy region baseline because of the simultaneous ferrite absorption, the band gap of the TiO2 phase remained unchanged, being centered around that of the reference TiO2 within the 3.14-3.26 eV range. Figure S4 shows the N2 adsorption-desorption isotherms of the composite materials and of both single phase references, which are characterized by a IV-type, with a H3-type hysteresis, characteristic of aggregates or agglomerates of particles forming slit shaped pores with non-uniform size and/or shape. The reference LFO has a low specific surface area of 8 m 2 /g, that increased notably up to the 14-77 m 2 /g values for the composite materials, so that the composite photocatalysts globally possess a higher surface area than both single phase counterparts (Table 1). This suggests that the LFO/TiO2 materials differ strongly from a mechanical mixing of segregated phases and can consequently be considered as (nano)composite materials providing good inter-phase contacts. In particular, the highest specific surface areas (at 66 m 2 /g and 77 m 2 /g) with the highest pore volumes, were obtained for the 2.5-and 5.0-LFO/TiO2 samples, respectively, in agreement with the smallest mean crystallite size of 13 nm of the main anatase phase. This might directly result from the interaction of the titanium precursor with the LFO crystallites during the sol-gel synthesis. Further, the presence of interconnected phases can consequently contribute to the enhanced surface area and pore volume properties. A similar increase in surface area was already observed for LFO-based composites compared to both single phase materials, for instance in the case of heterojunctions obtained by synthesizing CdS nanorods [START_REF] Hoseini | A novel n-type CdS nanorods/p-type LaFeO3 heterojunction nanocomposite with enhanced visible-light photocatalytic performance[END_REF] and g-C3N4 [START_REF] Jin | Boosting visible light photocatalytic performance of g-C3N4 nanosheets by combining with LaFeO3 nanoparticles[END_REF] in the presence of crystallized LFO. Also, Mrotek et al. prepared a coreshell structured sol-gel TiO2-based composite with an enhanced surface area in comparison to that of ZnFe2O4/SiO2 used as core material [START_REF] Mrotek | Improved degradation of etodolac in the presence of core-shell ZnFe2O4/SiO2/TiO2 magnetic photocatalyst[END_REF]. Fluorescence lifetime measurements under UV excitation (Fig. 3A) show, for TiO2, a decay curve that can be fitted to a monoexponential function with a lifetime of ca. 1.05 ns, while LFO data (not shown) are better described as a biexponential decay with considerably longer lifetime (1.96 ns).

Composite catalysts give rise, in all cases, to decay data fitting monoexponential curves with lifetimes between ca. 1.1 and 1.3 ns, suggesting that the fluorescence of titania is mainly observed above that of the ferrite. The comparison of the composites with TiO2 shows, as a general trend, an enlargement in this fluorescence lifetime when both phases coexist, indicating an increased population in the conduction band of titania and therefore suggesting an electron transfer from the excited ferrite phase to the TiO2 one, in accordance to the previously described relative band positions between both semiconductors [START_REF] Lv | In situ self-assembly synthesis of sandwich-like TiO2/reduced graphene oxide/LaFeO3 Z-scheme ternary heterostructure towards enhanced photocatalytic hydrogen production[END_REF]. By contrast, the fluorescence lifetimes under visible light excitation (Fig. 3B), corresponding only to the excitation of the ferrite phase [START_REF] Garcia-Muñoz | Highly robust La1-xTixFeO3 dual catalyst with combined photocatalytic and photo-CWPO activity under visible light for 4chlorophenol removal in water[END_REF], are shorter in all composites compared to that observed for the pure ferrite, indicating a decreased population of electrons in the conduction band in this phase. These observations therefore suggest that a type-II heterojunction [START_REF] Robert | Photosensitization of TiO2 by MxOy and MxSy nanoparticles for heterogeneous photocatalysis applications[END_REF][START_REF] Lv | In situ self-assembly synthesis of sandwich-like TiO2/reduced graphene oxide/LaFeO3 Z-scheme ternary heterostructure towards enhanced photocatalytic hydrogen production[END_REF][START_REF] Low | Heterojunction Photocatalysts[END_REF][START_REF] Jang | Heterojunction semiconductors: A strategy to develop efficient photocatalytic materials for visible light water splitting[END_REF] is established between both components, as described in Figure S5 in Supplementary Material. XPS surface investigation has been performed for selected LFO/TiO2 composites as well as for both sol-gel TiO2 and LFO single phase references, and Figure 4 and Figure S6 show the XPS spectra profiles for the different core orbitals. They evidence that the pure LFO phase was characterized by the presence of La 3+ and Fe 3+ ions at the surface [START_REF] Garcia-Muñoz | Highly robust La1-xTixFeO3 dual catalyst with combined photocatalytic and photo-CWPO activity under visible light for 4chlorophenol removal in water[END_REF][START_REF] García-Muñoz | Synergy Effect Between Photocatalysis and Heterogeneous PhotoFenton Catalysis on Ti-Doped LaFeO3 Perovskite for High Efficiency Light-Assisted Water Treatment[END_REF]. Indeed, the La 3d5/2 -La 3d3/2 orbital doublet contribution at 833.6 eV and 850.3 eV (spin orbit splitting of 16.7 eV [START_REF] Humayun | Synthesis of ZnO/Bi-doped porous LaFeO3 nanocomposites as highly efficient nano-photocatalysts dependent on the enhanced utilization of visible-light-excited electrons[END_REF][START_REF] Phokha | Polymerized complex synthesis and effect of Ti dopant on magnetic properties of LaFeO3 nanoparticles[END_REF][START_REF] Thirumalairajan | Novel Synthesis of LaFeO3 Nanostructure Dendrites: A Systematic Investigation of Growth Mechanism, Properties, and Biosensing for Highly Selective Determination of Neurotransmitter Compounds[END_REF] and multiplet splitting of 3.8 eV [START_REF] Petrović | LaMO3 (M=Mg, Ti, Fe) perovskite type oxides: Preparation, characterization and catalytic properties in methane deep oxidation[END_REF]) is characteristic of La 3+ species (Fig. 4C), while the Fe 2p3/2 and Fe 2p1/2 orbital doublet contribution at 710.5 eV and 723.9 eV, with a 13.4 eV spin orbit coupling [START_REF] Humayun | Synthesis of ZnO/Bi-doped porous LaFeO3 nanocomposites as highly efficient nano-photocatalysts dependent on the enhanced utilization of visible-light-excited electrons[END_REF][START_REF] Petrović | LaMO3 (M=Mg, Ti, Fe) perovskite type oxides: Preparation, characterization and catalytic properties in methane deep oxidation[END_REF] a the low intensity and broad shake-up satellite peak at about 718 eV, is characteristic of Fe 3+ ions [START_REF] Yamashita | Analysis of XPS spectra of Fe2+ and Fe3+ ions in oxide materials[END_REF][START_REF] Hawn | Deconvolution as a correction for photoelectron inelastic energy losses in the core level XPS spectra of iron oxides[END_REF] (Fig. 4D). The LFO surface is also characterized by the broad multi-contribution envelope of the O 1s core orbital spectra, in agreement with the literature [START_REF] Parrino | Cu-substituted lanthanum ferrite perovskites: Preparation, characterization and photocatalytic activity in gas-solid regime under simulated solar light irradiation[END_REF], and with a main contribution at 528.8 eV assigned to lattice oxygen species [START_REF] Gong | Highly active and humidity resistive perovskite LaFeO3 based catalysts for efficient ozone decomposition[END_REF][START_REF] Phan | Heterogeneous photo-Fenton degradation of organics using highly efficient Cu-doped LaFeO3 under visible light[END_REF]. Regarding the TiO2 reference, the Ti 2p spectra shows the usual doublet related to the Ti 2p3/2-Ti 2p1/2 spin-orbit components of octahedral symmetry Ti 4+ (Ti-O) in a typical TiO2 crystalline structure, at 458.6 eV and 464.3 eV respectively, with no contribution attributed to Ti 3+ species, indicating the presence of few surface defects [START_REF] Alonso-Tellez | A parametric study of the UV-A photocatalytic oxidation of H2S over TiO2[END_REF][START_REF] Kubo | Local Structure of TiO2-Derived Nanotubes Prepared by the Hydrothermal Process[END_REF][START_REF] Yan | On the role of BmimPF6 and P/F-containing additives in the sol-gel synthesis of TiO2 photocatalysts with enhanced activity in the gas phase degradation of methyl ethyl ketone[END_REF]. Also the O 1s spectra envelope exhibits a main contribution at 529.8 eV, usually attributed to O 2-species in O-Ti bonds of the TiO2 lattice.

As far as the LFO/TiO2 catalysts are concerned, it is worth noting that the presence of both La 3+ and Fe 3+ cations is not evidenced at the surface of the different composites, whatever the wt.% content of the LFO phase in the materials. By contrast, both Ti 2p and O 1s core orbital spectra are characteristic of the TiO2 phase, with binding energies being similar to those recorded for the pure sol-gel TiO2 material, ie. at 458.6 ± 0.2 eV and 529.8 ± 0.2 eV for Ti 2p3/2-Ti 2p1/2 and O 1s orbital peaks, respectively.

While the absence of any signal assigned to the LFO phase for composites with a low LFO content could directly result from this low content, this explanation has to be ruled out for composites containing higher LFO loadings, and we suggest that the LFO phase is fully covered by a TiO2 layer in the different composite photocatalysts whatever the LFO wt.% content. titanium isopropoxide or n-butoxide as precursor in the presence of a host semiconductor phase.

Through the hydrolysis of butoxide, Li et al. synthesized nanocrystalline and nanoporous sol-gel TiO2 shells surrounding microcrystalline (Ba,Sr)TiO3 cores, while Mrotek et al. prepared ZnFe2O4/SiO2/TiO2 photocatalyst [START_REF] Mrotek | Improved degradation of etodolac in the presence of core-shell ZnFe2O4/SiO2/TiO2 magnetic photocatalyst[END_REF][START_REF] Li | Heterostructured Ceramic Powders for Photocatalytic Hydrogen Production: Nanostructured TiO2 Shells Surrounding Microcrystalline (Ba,Sr)TiO3 Cores[END_REF]. Using titanium isopropoxide, Fe2O3@TiO2 core-shell nanostructures were obtained [START_REF] Liu | 3D Flowerlike alpha-Fe2O3@TiO2 Core-Shell Nanostructures: General Synthesis and Enhanced Photocatalytic Performance[END_REF], and Abdel-Wahed et al. recently elaborated a MnFe2O4@rGO@TiO2 photocatalyst with core double-shell structure by performing the sol-gel synthesis in the presence of a pre-structured core-shell MnFe2O4@rGO host [START_REF] Abdel-Wahed | Core double-shell MnFe2O4@rGO@TiO2 superparamagnetic photocatalyst for wastewater treatment under solar light[END_REF]. TEM images shown in Figure 5 are in agreement with the existence of a core-shell structure for the LFO/TiO2 composite photocatalysts. Indeed, Figure 5A shows a LFO crystallite with an interplanar spacing of 0.39 nm consistent with the (110) planes characteristic of the LFO structural crystallographic features, surrounded by a dense and (meso)porous network of anatase TiO2 crystallites with the characteristic interplanar spacing of 0.35 nm corresponding to the (101) planes. This shell of entangled TiO2 crystallites creates tight interfaces with enhanced contact between both semiconductor phases.

It is worth nothing that even in sample zones for which only crystallites assigned to anatase TiO2 were observed, EDX analysis confirmed the presence of La and Fe atoms, with atomic contents in agreement with the theoretical values (Figures 5B,C). Considering the larger analysis depth in EDX when compared to XPS, this is in agreement with the proposed core-shell character of the composites, even in the case of the highly loaded 25-LFO/TiO2 material.

We cannot rule out that the formation of self-standing TiO2 particles is occurring in some extent in parallel to the coating of LFO grains with a TiO2 poly-crystallite shell, and all the more pronounced as the LFO content is lower. Indeed, because of the highly electrophilic nature of titanium centers in titanium alkoxides, they can easily react with nucleophiles like water and are very sensitive to moisture. This consequently leads to fast and homogeneous nucleation resulting in the aggregation of cores, due to the energy change in the system [START_REF] Li | Core-shell structured titanium dioxide nanomaterials for solar energy utilization[END_REF]. 2 reports the corresponding rate constants for both myclobutanil degradation and TOC conversion using a pseudo first and zero order kinetic model, respectively, as typical in a photocatalytic process. First, no detectable degradation of myclobutanil has been observed at room temperature after 240 min under solar light, indicating that the substrate photolysis can be neglected in the experimental conditions (not shown).

Activity of the LaFeO3/TiO2 photocatalysts under solar light

The results evidence that the single phase photocatalysts and the LFO/TiO2 composites are active in the degradation and mineralization of myclobutanil regardless the wt.% content of LFO. The most active composite photocatalyst allowed full removal of myclobutanil to be achieved within 180 min of test, while only 85% of myclobutanil abatement was obtained with pure LFO and TiO2 photocatalysts after 240 min of test. As far as TOC conversion is concerned, complete myclobutanil mineralization was obtained on the most active composite for 240 min of test, while only 77% and 55% of mineralization yield was achieved with the LFO and TiO2 photocatalysts, respectively. Thus, the coupling of both semiconductor oxides enhanced strongly the activity of the photocatalysts under solar light when compared to that of both single phase materials, with the existence of an optimum in performance and in conversion rates for a composite containing 5 wt.% of ferrite. Fig. 6C depicts the volcano-like profile of the influence of the LFO wt.% content in the composite on the kinetic rate constant for the myclobutanil removal and the TOC conversion. In all cases, the constant values of the composites are higher than a linear combination of the values obtained with the pure phases considering the mass percentage of each component, revealing a synergistic effect between phases. The highest apparent rate constants of 0.018 min -1 and 0.071 mg/Lmin, respectively, are obtained for the 5.0-LFO/TiO2 photocatalyst, in both cases higher than those achieved on the LFO and TiO2 counterparts (Table 2). It is worth noting that optimum LFO contents within the 1-5 wt.% range have been mostly reported [START_REF] Jin | Boosting visible light photocatalytic performance of g-C3N4 nanosheets by combining with LaFeO3 nanoparticles[END_REF][START_REF] Xu | Superior photocatalytic performance of LaFeO3/g-C3N4 heterojunction nanocomposites under visible light irradiation[END_REF][START_REF] Pirzada | Synthesis of LaFeO3/Ag2CO3 Nanocomposites for Photocatalytic Degradation of Rhodamine B and p-Chlorophenol under Natural Sunlight[END_REF][START_REF] Gao | In situ Synthesis of p-n LaFeO3/ZnIn2S4 Heterojunctions for Enhanced Photocatalytic Activity[END_REF][START_REF] Jing | Synthesis of High-Activity TiO2-Based Photocatalysts by Compounding a Small Amount of Porous Nanosized LaFeO3 and the Activity-Enhanced Mechanisms[END_REF], although it obviously strongly depends on both the nature and the synthesis strategy of the LFO-based heterojunctions as well as on the light source.

We suggest that the crystallite size is not to be the predominant factor in the enhancement of the activity for the LFO/TiO2 composites compared to both single phases. Indeed, the most active 5-LFO/TiO2 composite has indeed the smallest mean anatase TiO2 crystallite size at 13 nm, but a far lower kinetic rate constant for myclobutanil degradation was obtained on the 2.5-LFO/TiO2 composite with a similar mean anatase size. Also, composites differing in terms of mean crystallite sizes led to similar kinetic rate constants.

The composite photocatalysts were also evaluated in terms of lanthanum and iron leached to the solution for 240 min. While no presence of La was detected in the treated aqueous effluents, a low final released iron concentration of 0.1 mg/L was observed for the most active photocatalyst, ie. 5-LFO/TiO2 composite, while the pristine LFO photocatalyst released iron with a final concentration of 0.7 mg/L (Table 2). The formation of surface complexes between surface iron and carboxylic acids has been proposed to be one of the main mechanisms involved in the release of Fe 2+ /Fe 3+ species from iron-based catalysts in AOP processes [START_REF] Zazo | Catalytic wet peroxide oxidation of phenol with a Fe/active carbon catalyst[END_REF][START_REF] Zazo | UV-LED assisted catalytic wet peroxide oxidation with a Fe(II)-Fe(III)/activated carbon catalyst[END_REF]. They photodegrade with the simultaneous release of free iron cations (Eq. 2). Consequently, if released in substantial amount, iron might contribute to the overall activity after its subsequent complexation by short-chain organic acids (mainly oxalic, acetic and formic acids), through a photo-induced ligand-to-metal charge transfer mechanism occurring in Fe polycarboxylates in homogeneous phase, with the simultaneous production of active oxygenated radicals [START_REF] Liu | Fe(III)-oxalate complexes mediated photolysis of aqueous alkylphenol ethoxylates under simulated sunlight conditions[END_REF][START_REF] Faust | Photochemistry of aqueous iron(III)-polycarboxylate complexes: roles in the chemistry of atmospheric and surface waters[END_REF][START_REF] Abrahamson | Photochemical and spectroscopic studies of complexes, of iron(III) with citric acid and other carboxylic acids[END_REF]. According to this direct solar light activated mechanism, oxalate was reported to be one of the most active ligands.
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However, the low released Fe concentration observed at 0.1 mg/L in the case of the most active LFO/TiO2 photocatalyst in comparison to those observed for the other photocatalysts with lower activity (composites and bare LFO), suggests that the released Fe does not contribute significantly to the kinetic rate constants measured for myclobutanil and TOC removal.

The possibility for the iron of the LFO/TiO2 core-shell structured photocatalyst to be released from the LFO core to the water, confirmed the porous nature of the external layer surrounding the LFO core.

This feature is in line with the strong increase in the specific surface area of the composites with respect to the single oxides, and with the enhanced contribution of small size mesopores in the most active composites (Fig. S7), that might result from the agglomeration of small size TiO2 crystallites at the surface of the LFO, consequently providing its porous character to the TiO2 crystallite shell. The nanocrystalline and porous character of sol-gel TiO2 shells synthesized on (Ba,Sr)TiO3 cores using titanium n-butoxide as precursor was demonstrated by Li et al [START_REF] Li | Heterostructured Ceramic Powders for Photocatalytic Hydrogen Production: Nanostructured TiO2 Shells Surrounding Microcrystalline (Ba,Sr)TiO3 Cores[END_REF]. 

Catalytic activity under visible light

A set of reactions for the myclobutanil removal with the composite photocatalysts was performed under pure visible light (l > 420nm). Figure 7 shows the depletion of myclobutanil as well as the TOC reduction obtained with the x-LFO/TiO2 composite photocatalysts in comparison to those observed with the single phase LFO reference. The apparent reaction rate constants for both the myclobutanil removal and the TOC conversion, both myclobutanil and TOC conversions achieved after 4 h of test as well as the concentration of iron released are reported in Table 3.

Similarly to the reactions performed under solar light, the behaviour of the LFO/TiO2 composites under pure visible light is characterized by the existence of an optimum in terms of efficiency and of reaction rates, while (i) the reference anatase TiO2 did not show any activity neither in TOC conversion nor in myclobutanil degradation (Fig. S2) and (ii) low rate constants of 0.00043 min -1 and 0.002 mg/Lmin were observed on the pure LFO photocatalyst for myclobutanil degradation and TOC conversion, respectively. This suggests, on the one hand, that the photoactivation is initiated by the LFO phase and, on the other hand that the TiO2 phase forming the heterojunction might help for a better charge separation with respect to pure LFO, in line with fluorescence lifetime measurements.

The volcano-like profile of the influence of the LFO content in the composite on both kinetic rate constants is shown in Fig. 7C. By contrast to the reactions under solar light, both volcano-like patterns are centered on a composite with a higher LFO content, ie. 12.5 wt.% vs. 5 wt.% under solar light, with the highest rate constant for myclobutanil degradation and TOC degradation of 0.0016 min -1 and 0.0059 mg/Lmin, respectively. Dhinesh et al. also reported an enhancement of the activity of LFO/TiO2 composites under visible light compared to pure LFO, using the degradation of methyl orange dye as test reaction, but in a lesser extent, probably due to a too high content of LFO in the composite photocatalyst (ie. a 1:1 wt. ratio) [START_REF] Kumar | Synthesis and characterization of LaFeO3/TiO2 nanocomposites for visible light photocatalytic activity[END_REF]. However, no kinetic rate constants were calculated for quantifying this improvement, and the dye mineralization was not evidenced by any TOC concentration evolution curve.

Both the lower myclobutanil abatement and the lower myclobutanil mineralization yield achieved after 240 min of test under pure visible evidenced the far smaller activity of the composite photocatalysts when compared to the reactions performed under solar light, as materialized by kinetic rate constants being lower by about one order of magnitude (Table 3). This suggests in a first approximation that the activity resulting directly from the activation of the composites by visible light (ie. through the LFO phase) does not contribute significantly to the overall activity of the composites under solar light.

No leaching of lanthanum to the water occurred during the tests regardless of the photocatalyst composition, while the amounts of iron released from the LFO-based photocatalysts under visible light were substantially lower than those measured under solar light, with a negligible final released iron concentration of 0.02 mg/L for the most active photocatalyst (Table 3). This is attributed to the lower mineralization yield achieved under pure visible light, that unfavours and prevents the surface complexation-induced release of Fe to the solution (Eq. 2), due to the presence of carboxylic acids in a far lower extent. The shift of the optimum content of the visible-light activated LFO within the composite when replacing the incident solar light by pure visible light suggests that the light-mediated reaction mechanism depends on the activation light spectrum. Thus, based on photocatalytic activity and fluorescence lifetime observations, different reaction mechanisms are proposed as follows:

A. Under solar light, the presence of the narrow band gap LFO in the composite allows the composite to be activated not only through the UV-A part of the spectra, but also via a fraction of its visible region, therefore allowing the extension of the light absorption. Further, the mechanism of the photocatalytic degradation is proposed to involve a double photo-activation of the LFO and TiO2 semiconductor phases, leading to the formation of pairs of charges (electron/hole) in both semiconductors (Eq.3-4), with improved charge separation due to the formation of a p-n heterojunction. Thus, the relative band positions of both semiconductors [START_REF] Lv | In situ self-assembly synthesis of sandwich-like TiO2/reduced graphene oxide/LaFeO3 Z-scheme ternary heterostructure towards enhanced photocatalytic hydrogen production[END_REF] -with both valence and conduction bands of the ferrite being more cathodic than the corresponding bands of the titania after Fermi level alignment (type-II staggered gap model) -, is proposed to allow the electrons generated in the conduction band of LFO to be transferred to the conduction band of titania, in accordance with fluorescence lifetime measurements, while holes in the valence band of TiO2 would migrate to that of LFO across the junction [START_REF] Lv | In situ self-assembly synthesis of sandwich-like TiO2/reduced graphene oxide/LaFeO3 Z-scheme ternary heterostructure towards enhanced photocatalytic hydrogen production[END_REF]. It is worth noting that the increased population of electrons in the conduction band of titania does not support the existence of a Z-scheme mechanism between both semiconductor phases, for which a shorter fluorescence lifetime should have been measured. Then, the larger concentration of holes in the ferrite semiconductor would lead oxidation reactions to occur preferentially on this phase (Eq. 5) [START_REF] Garcia-Muñoz | Ferrite Materials for Photoassisted Environmental and Solar Fuels Applications[END_REF], while the electrons accumulated in the conduction band of titania (Eq.6) would preferentially react with the adsorbed surface oxygen provoking the formation of the superoxide radicals which can lead to the organic matter oxidation too (Eq. 7) [START_REF] Robert | Photosensitization of TiO2 by MxOy and MxSy nanoparticles for heterogeneous photocatalysis applications[END_REF][START_REF] Chong | Recent developments in photocatalytic water treatment technology: A review[END_REF]. Further, the fact that the longer fluorescence lifetime in TiO2 does not match the most active coupled photocatalyst suggests that this optimum occurs as a balance between inter-phase electron transfer and an adequate relative amount of the component phases, taking into account that both are activated under solar light and therefore contribute with reactive electrons and holes. B. Under pure visible light, the mechanism of the reaction can only be initiated by the photoactivation of the narrow band gap ferrite phase leading to the generation of electron and holes (Eq. 8). While the photogenerated holes react with adsorbed water with the production of the active hydroxyl radicals (Eq. 9), the electrons are proposed to undergo inter-phase transfer from the higher-energy conduction band of the ferrite to the lower-energy conduction band of the titania (Eq. 10), whose role is to act as electron sink in the heterojunction material for reducing the charge recombination. The electrons in the conduction band of titania would further allow the reduction of O2 with the formation of the active O2 -° superoxide radicals (Eq. 11) involved also in the mineralisation of the refractory pesticide in water. LFO being here the only phase activated by the visible light, by contrast to reactions performed under solar light, the reactivity and efficiency maximum is shifted towards a higher LFO content in the composite. In these irradiation conditions, electron transfer to the titania conduction band would be the main factor responsible for the improved activity with respect to the pure phases and therefore the highest kinetic rate constants match the most extensive charge transfer according to fluorescence lifetimes. Figure 8A shows the evolution of the myclobutanil concentration with time, taking the time necessary for achieving a complete myclobutanil depletion during the first cycle as standardized test duration (ie. 180 min). After 4 test cycles, the 5-LFO/TiO2 composite photocatalyst was characterized by a slight deactivation, with the myclobutanil conversion being reduced from 100% to 96% for 180 min of test, and the corresponding apparent rate constant only slightly decreasing from 0.018 to 0.016 min -1 . This was corroborated by the lower mineralization degree reached after the 4 th test, ie. 90% of TOC conversion for 4 h of test (Figure 8B). This slight and progressive deactivation could be ascribed to the consecutive loss of iron species to the aqueous solution during the photoreactions, that was associated to the formation of surface iron carboxylate complexes from carboxylic acid-type intermediates as often observed in the case of high mineralization degree materials. However, the leached iron concentration stabilized at the negligible level of 0.07 mg/L after several consecutive test cycles. 

CONCLUSION

LaFeO3/TiO2 composite photocatalysts, prepared by a sol-gel synthesis of TiO2 in the presence of narrow band gap LaFeO3 crystallites previously obtained through a Pechini sol-gel synthesis, have Pore Diameter (nm)
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 1 Fig. 1-B shows the UV-vis diffuse reflectance spectra of the composite catalysts together with
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 1 Figure 1. A) XRD patterns of the LaFeO3/TiO2 composite catalysts and of both LFO and TiO2 reference
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 2 Figure 2. SEM images of (A) the LFO and (B) the TiO2 materials, and of the x-LFO/TiO2 composites
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 355 Figure 3. Fluorescence decay curves of single-phase and composite catalysts under (A) UV-A light
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 4 Figure 4. XPS profile recorded for both TiO2 and LFO singe phase catalysts and for the LFO/TiO2
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 5 Figure 5. TEM images of (A) the 5-LFO and (B and C-zoom) the 25-LFO composite photocatalysts.
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 6 Figure 6 depicts the evolution of the relative myclobutanil and TOC concentrations (6A and 6B)
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 6 Figure 6. Evolution of (A) the relative myclobutanil concentration and fitted lines and (B) the relative TOC concentration and fitted lines, during the time-course of the photocatalysis with the LaFeO3/TiO2 composites under solar light in comparison with the single phase LaFeO3 and TiO2 reference photocatalysts. (C) Kinetic rate constant of myclobutanil disappearance and mineralization under solar light as a function of the wt.% content of ferrite in the composite. Operating conditions: [Myclobutanil]0=20 mg/L; [TOC]0=12.5 mg/L ; T=25°C; [cat]=1.0 g/L; l = 300-800 nm.
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 7 Figure 7. Evolution of (A) the relative myclobutanil concentration and (B) the relative TOC concentration, during the time-course of the photocatalysis with the LaFeO3/TiO2 composites under pure visible light in comparison with the single phase LaFeO3 reference photocatalyst. (C) Kinetic rate constants of myclobutanil disappearance and of mineralization under visible light as a function of the wt.% content of ferrite in the composite. Operating conditions: [Myclobutanil]0=20 mg/L; [TOC]0=12.5 mg/L; T=25°C; [cat]=1.0 g/L; l > 420 nm.
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 34 Stability and reusability of the optimum LaFeO3/TiO2 photocatalyst under solar lightOne of the key-parameters of Fe-containing photocatalysts is their ability to be reused in consecutive test cycles, that can be notably reduced by the release of iron to the solution by leaching during the course of the mineralization process. In order to evaluate the reusability of the composites, 4 sequential cycles of reaction were performed under solar light on the most active photocatalyst, i.e. the 5-LFO/TiO2 composite. After each run, the catalyst was recovered by filtration, dried at 100°C overnight and reused in a new test cycle. No change of the specific surface area of the photocatalyst was observed upon the test cycles.
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 8 Figure 8. Evolution of (A) the relative concentration of myclobutanil during 4 sequential cycles
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 20 demonstrated to be active for the degradation of the myclobutanil pesticide in water under solar and visible light. They are proposed to be structured as LaFeO3 crystallite cores surrounded by a dense and (meso)porous network of anatase TiO2 crystallites, providing a TiO2@LaFeO3 porous core-shell-type structure with tight interfaces and enhanced contact between both semiconductor phases. Whatever the irradiation light spectra, the photocatalytic activity of LaFeO3/TiO2 composites is characterized by a volcano-like profile in terms of kinetic rate constants for both the myclobutanil degradation and the TOC conversion, but the optimum semiconductor ratio depends on the activating light. In any case, the optimum composite strongly overperforms both single phase LFO and TiO2. Different light-mediated reaction mechanisms are invoked for such performance: (i) a double photoactivation of both semiconductors under solar light with improved charge separation through a type-II heterojunction, and (ii) LFO acting as light harvesting photosensitizer for TiO2 under pure visible light. Finally, the optimum LaFeO3/TiO2 composite photocatalyst is active and stable after several runs under solar light with negligible iron leaching. This study opens up new opportunities for efficient solar water treatment using heterogeneous photocatalysts. Further enhancements from the chemical engineering point of view are expected by applying these materials with adequate macroscopic supports for operating in a continuous treatment mode.
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Table 1 .

 1 Main physico-chemical properties of the catalysts.

	Catalyst Phases (110)LFO	Crystallite size	SBET	Pore volume	Band-gap	Band-gap
			/(101)A C	(nm) (A/LFO) a	(m 2 /g)	(cm 3 /g)	TiO2 (eV)	LaFeO3 (eV)
	TiO2	A	-	25	24	0.06	3.19	-
	2.50	A	-	13/-b	66	0.15	3.14	-
	5.00	A	-	13/-b	77	0.19	3.16	-
	7.50	A/LFO 0.08	23/-b	14	0.05	3.17	-
	12.50	A/LFO 0.21	25/33	23	0.09	3.26	2.08
	25.00	A/LFO 0.44	21/33	38	0.09	3.25	2.07

Table 2 .

 2 Reaction rates, conversions of myclobutanil and of TOC achieved after 4 h of reaction under solar light (l = 300-800 nm), and released iron concentration after 4 h of test.

	wt. % LFO	k myclo (min -1 )	kTOC (mg/L min)	X4h Myclobutanil (%)	X4h TOC (%) Fe4h (mg/L)
	TiO2	0.007	0.042	85	55	-
	2.5	0.011	0.060	100	86	0.1
	5.0	0.018	0.071	100	100	0.1
	7.5	0.015	0.063	100	92	0.2
	12.5	0.012	0.045	94	76	0.4
	25.0	0.008	0.040	86	64	0.3
	LFO	0.009	0.050	85	77	0.7

Table 3 .

 3 Reaction rates, conversions of myclobutanil and of TOC achieved after 4 h of reaction under pure visible light (l > 420nm), and the released iron concentration after 4h of test.

	wt. % LFO	k myclo (min -1 ) kTOC (mg/Lmin)	X4h Myclobutanil (%)	X4h TOC (%) Fe4h (mg/L)
	2.5	0.00040	0.0020	5	3	0.03
	5.0	0.00080	0.0050	25	11	0.02
	7.5	0.00079	0.0059	17	12	0.03
	12.5	0.00160	0.0109	37	25	0.02
	25.0	0.00081	0.0059	24	12	0.05
	LFO	0.00043	0.0002	10	5	0.25
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