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UV-A light. Thus, the photoassisted CWPO with Ti-substituted LaFeO3 catalysts may overcome some drawbacks of single AOPs by combining higher rates at complete mineralization.

1-INTRODUCTION

Over the last decades, water treatment usually based on mechanical, physical, chemical or biological processes [1] had to face with the increase in both the volumes and the concentrations of polluted water streams, and in the decrease in biodegradability of the pollutants to be removed. In addition to the implementation of increasingly stringent and constraining environmental govern regulations, the heterogeneity of targets and of water matrix compositions and loads, as well as the emergence of biorecalcitrant pollutants has created a strong incentive for the development of new cost-effective, sustainable and high efficiency technologies or for the intensification of already existing technologies aiming at the abatement of pollutants in order to meet ever stricter legislation requirements.

Advanced Oxidation Processes (AOPs) have been successfully applied for the removal in water of a large panel of refractory compounds that are not degraded by conventional treatments [2][3][4][5][6][7][8][9][10]. These promising treatments are based on the generation of oxidative radicals HOx° (HO° and HOO°) that react with the pollutant and subsequently with the reaction intermediates, leading to their oxidation and in fine to their removal from water. A wide variety of AOPs have been studied in detail such as, ozonation, photolysis, photocatalysis, Fenton process or Catalytic Wet Peroxide Oxidation (CWPO), Catalytic Wet Air Oxidation (CWAO), ...etc. Among them, the Fenton process, or its analogous heterogeneous CWPO, and photocatalysis, have gained special attention due to their high efficiency and relatively low cost [6].

Both processes operate through different reaction mechanisms and under different working conditions. In a typical Fenton process, the generation of HOX° is achieved by the decomposition of H2O2 in the presence of metallic ions, in most of the cases iron. Despite a relatively high initial reaction rate, the Fenton AOP suffers mainly of the necessity to work at acidic pH and of the generation and precipitation of sludge due to the complexation of iron with short-chain acids. This results in a continuous loss of active phase and to the formation of wastes that strongly reduces the viability of the process. The heterogenization of the Fenton process by incorporating the active phase in a catalytic solid, known as CWPO, overcomes these issues, but decreases the process ability to achieve a complete mineralization of the pollutant an effluent and strongly reduces the reaction rates when compared to the homogeneous Fenton counterpart. Performing CWPO under light in the so-called photo-assisted CWPO or heterogenized photo-Fenton process is a promising strategy allowing the catalyst reactivity to be increased, although the constraints of acidic conditions and the incomplete mineralization are still important drawbacks [11,12]. By contrast, heterogeneous semiconductor photocatalysis is an AOP using the redox surface properties developed by an irradiated semiconductor material with adequate band gap for performing surface reactions between the adsorbed reactants and the HOX° oxidizing species produced from the electron and hole photogenerated charges. While the photocatalytic process can achieve a total mineralization of the refractory pollutants and enables working in a wide pH range value, it suffers unfortunately from far lower reaction rates than homogeneous AOPs like Fenton, and consequently from longer process durations [6].

Therefore, an approach for achieving simultaneously a higher reaction rate and a higher mineralization degree with no loss of active phase with time consists in the combination of both photoassisted CWPO and photocatalysis processes. While physical mixtures of catalysts have been used [13][14][15][16], the design of a single phase catalyst enabling both processes to take place remains an interesting strategy scarcely investigated. The key-parameter remains that a unique catalyst needs to perform efficiently the decomposition of hydrogen peroxide into HOX° while acting simultaneously as heterogeneous photocatalyst under similar operating conditions.

In this frame, only few works have been reported on the combination of both photo-assisted CWPO and photocatalysis AOPs. ZnFe2O4 spinel ferrite was employed by Cai et al. [17] as visible lightassisted heterogeneous Fenton catalyst for the degradation of Orange II in water. While the photocatalyst displayed ability to split H2O2 and allowed a total Orange II removal with a low leaching of iron species (0.02%), only a 60% TOC removal was achieved. Similarly, Mechakra et al. [18] used natural iron oxide (containing mainly a-Fe2O3) for degrading the Linuron herbicide in water under UV and solar light, although only an 80% COD reduction was obtained at complete Linuron removal.

Soltani and Lee reported that the heterogeneous photo-Fenton catalytic degradation of toluene in water under visible light led to 85% mineralization for a complete toluene removal under visible light on a Ba-doped BiFeO3 perovskite with an optimum 0.12 Ba/Bi molar ratio [19]. Substitutional Ba within the perovskite structure improved the photo-Fenton catalytic degradation in weakly acidic conditions, due to the efficient redox cycling of iron species, and to the presence of abundant oxygen vacancies resulting from the distortion (or from the induced metastability) of the flexible perovskite structure when partially substituted. Also, Garcia-Munoz et al. proposed that the presence of both ilmenite and rutile semiconductor phases within a natural ilmenite mineral (FeTiO3 with ca. 15% of rutile TiO2) enabled to obtain higher rates and mineralization yields under solar light than those obtained in the separate processes, with a complete phenol and H2O2 conversion for a TOC conversion of 95%, with a negligible 0.5% iron leaching [20].

Lanthanum ferrite (LaFeO3) perovskite is an interesting p-type semiconductor with a narrow band gap of 2.65 eV and one of the most common ABO3 perovskite type oxides investigated for being applied as gas sensor, electrode for solid oxide fuel cells, optoelectronic and magnetic materials or heterogeneous catalysts [21]. The transition metal B-cation presents redox characteristics that allow significant mobility of oxygen, thus conferring activity in redox reactions [22] to the perovskite material. In addition, the material takes great advantage of its composition versatility, i.e. A1-xA'xB1-yB'yO3±d with the possibility of A-and/or B-cation partial substitution and the consequent geometric and charge constraints [22], for modifying its textural, structural and electronic properties, and consequently for tuning its redox and catalytic properties. Therefore, the incorporation of divalent or trivalent cations into La or Fe sub-lattices has been investigated. Cation-substituted ferrites have been mostly applied as photo-Fenton catalysts, using e.g. Cu-doped LaFeO3, or Fe-, Mn-, Co-or Cu-based lanthanum perovskite, the Fe-based one being the most active in the oxidation of acetic acid in water [23,24]. LaFeO3 and doped-LaFeO3 perovskites were not extensively studied as photocatalysts [21,25].

The effect of the partial substitution of La with divalent Ca or monovalent Li ions [26,27], and of Fe with Zn or Mn [28,[START_REF] Dong | Photocatalytic activities of LaFe1-xZnxO3 nanocrystals prepared by sol-gel auto-combustion method[END_REF] has been investigated. Parrino et al. synthesized Cu-substituted LaFeO3 with enhanced activity in the gaseous propanol degradation under solar light [25]. Although its low activity under visible light was improved through band-gap engineering by cation incorporation [27,[START_REF] Rashmi | [END_REF], the results remained far from complete mineralization, whereas LaFeO3/AgBr, LaFeO3/TiO2 or LaFeO3/SnS2 heterojunction photocatalysts led very recently to enhanced performances under visible light compared to the bare LaFeO3 photocatalyst, thanks to a Z-Scheme mechanism or to inter-conduction band electron transfer [15,31,32].

Here, we report for the first time on the synthesis via a simple sol-gel method of reusable Tisubstituted LaFeO3 catalysts for use in water treatment, that combine both photo-assisted CWPO and photocatalysis processes in order to simultaneously improve the reaction rates and the TOC conversion at circumneutral pH conditions in comparison to the single AOP counterparts, while reducing the iron release into the water for improving the catalyst stability. The removal of 4-Cl-Phenol in water was selected as test reaction under UV-A light, since 4-Cl-Phenol is a model pollutant widely used in AOP studies as being representative of industrial wastewater refractory pollutants.

2-MATERIALS AND METHODS

Materials

Analytical grade chemicals were used without further purification. 4-Cl-Phenol (>99%) and H2O2 (>30%) were purchased from Sigma Aldrich. La(NO3)3 hexahydrate, Fe(NO3)3 nonahydrate and citric acid hydrate (C6H8O7xH2O,99.5%) were purchased from Sigma Aldrich. Commercial Aeroxide© TiO2 P25 was obtained from Evonik.

Synthesis of Ti-modified LaFeO3

Ti-modified LaFeO3 materials were obtained by modifying 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 undergo complexation by subsequent addition of citric acid at 70 g/L, corresponding to a stoichiometric molar ratio in respect of the metallic ions. Controlled amounts of TiO2 Aeroxide P25 were further directly introduced under stirring into the aqueous sol, corresponding to nominal amounts of 5, 10, 15, 20, 30 and 50 wt.% in respect of the theoretical amount of LaFeO3 perovskite obtained. The resulting suspensions were 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. [33] with heating rates of 5°C/min, consisting in holding the temperature at 600°C for 2 h, before to further maintaining a temperature plateau at 700°C or 800°C for 2 h if necessary.

Without considering the titania phase, the stoichiometric reaction forming the LaFeO3 perovskite structure is as follows (Eq.1) [34]:
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Non-modified lanthanum ferrite powders were synthesized as reference materials by following the same protocol without any addition of titania, with a similar calcination procedure at 600-800°C.

Characterisation techniques

X-ray diffraction (XRD) pattern have been recorded at room temperature in a θ/θ mode on a Brucker D8 Advance diffractometer equipped with a monochromatic copper radiation source (Kα = 1.54056 Å) with a scan step of 0.02°. Some patterns have been investigated by Rietveld refinement with the Fullprof software for which the modified Thompson-Cox-Hasting function was chosen to generate the line shape of the diffraction peaks. Instrumental broadening has been previously

determined by measuring the scattering from corundum (NIST standard SRM 1976b) [35,36].

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.

The iron and titanium contents in the catalysts were determined by Inductively coupled plasma optical emission spectroscopy (ICP-OES) carried out on an Optima 7000 DV spectrometer (Perkin Elmer).

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 adventious sp2 carbon C 1s band at 284.6 eV.

Contributions with Doniach-Sunjic shape [37] and a' S-shaped' Shirley type background [38] were used.

Typical reaction procedure

The experiments were carried out in a batch beaker-type glass reactor at atmospheric pressure, at room temperature and using H2O2 as main oxidant. 50 mg of catalyst was dispersed under stirring in a 100 mL aqueous solution of 4-chlorophenol at 25 mg/L concentration, corresponding to an initial organic carbon concentration of 14.8 ppm and to a catalyst load of 0.5 g/L. Prior to irradiation, the suspension has been stirred for 1h in the dark to ensure the establishment of the adsorption/desorption equilibrium. After adding hydrogen peroxide at the stoichiometric concentration corresponding to a complete mineralization of the initial pollutant (125 mg/L), the suspension was exposed to a 60 W/m 2 irradiance UV-A light centered at 365 nm, provided by Philips 24W/10/4P lamps. At each time interval, 15 mL of solution has been sampled and then filtered through 0.20 μm porosity filter to remove the photocatalyst powder if any, before the concentration of 4chlorophenol has been determined by UV-Visible spectrophotometry by monitoring the disappearance of the main absorption peak at λ=224 nm [39]. Total Organic Carbon measurements were performed using a Shimadzu TOC-L analyzer to determine the organic carbon load. Hydrogen peroxide concentration was measured by colorimetric titration using the TiOSO4 method [START_REF] Eisenberg | Colorimetric Determination of Hydrogen Peroxide[END_REF] and the Fe leached during time-course of reaction was quantified by the ortho-phenanthroline method [START_REF] Sandell | Colorimetric Determination of Traces of Metals[END_REF].

3-RESULTS AND DISCUSSION

Catalyst characterization

The Fe and Ti atomic contents of the Ti-modified LaFeO3 samples were obtained by elemental chemical analysis (Table 1). It confirmed the presence of titanium inside the materials, with an increase in the Ti at.% content from 2.1% to 14.8% when increasing the nominal TiO2 wt.% content used for the synthesis from 5 to 50%. The increase in the Ti at.% content was accompanied by the concomitant decrease in the Fe at.% content from 23% for the Ti-free material down to 9.6%.

Figure 1 shows the XRD patterns of the Ti-modified LaFeO3 materials calcined at 600°C, 700°C and 800°C. The profile Rietvelt refinement of the diffractograms of selected samples is shown in Figure S1, while the refined cationic distribution in the LaFeO3 structure and the crystallographic data of the refined samples are provided in Table 2 and Table S1, respectively. The XRD patterns of Ti-free materials displayed 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, respectively. Further, whatever the titanium content and the calcination temperature, all the patterns could be indexed in the Pbnm orthorhombic unit cell of LaFeO3 (see Table 2, Table S1 and Further, the determination of the cationic distribution within the structures was performed considering that Ti can move to both cationic sites. The Ti/Fe and Ti/La occupations were then separately refined and refinements are presented in Table 2. It has been evidenced that Ti preferentially occupies the La site, so that the materials could be labelled as LaxTiyFeO3. This behavior is rather surprising since La is much bigger than Fe. Similar results were observed by Hou et al. with the substitution of the small size Li + ion into the La-sites of LaFeO3 [27] prepared by sol-gel in the presence of acetic acid, and by Li et al. in the reverse emulsion synthesis of La1-xCa 2+ xFeO3 catalysts [26]. By contrast, Cu 2+ preferentially occupied the Fe 3+ sites in Cu-doped LaFeO3 prepared by hydrothermal or citrate autocombustion synthesis [24,25], while partial substitution of La by Ag and of Fe by Co was achieved in LaFeO3 [42]. An increase in the La-to-Ti substitution ratio was observed with the increase in the nominal TiO2 content, as well as with the increase in the calcination temperature (Table 2). However, the XRD patterns also revealed that the partial substitution of La by Ti led to an increase in the amorphous content of the catalyst.

Figures S1).
The partial substitution resulted in a significative increase in the surface area of the material, whatever the calcination temperature, with e.g. surface areas in the 17-40 m 2 /g range at 800°C vs. 8 m 2 /g for LaFeO3. Further, the Ti-substituted LaFeO3 showed a better resistance to the crystallite growth with the increase in the calcination temperature. Indeed, the significant increase in the mean crystallite size observed for LaFeO3, from 16 nm at 600°C to 23 nm at 800°C, was not observed in the case of Tisubstituted LaFeO3, that maintained smaller mean crystallite sizes whatever the calcination temperature. Similarly, the doping of LaFeO3 by Li or Cu ions was also reported to suppress the growth of large crystallites during the thermal treatments compared to the undoped counterparts [24,25].

The UV-Vis absorbance spectra of different Ti-substituted LaFeO3 catalysts is shown in Figure S2.

Whatever the Ti content, they displayed the usual pattern for LaFeO3 materials [27,[START_REF] Rashmi | [END_REF], with a broad absorption band in the UV-vis range till wavelengths of about 600 nm. This indicated that Ti-substituted LaFeO3 materials, similarly than the LaFeO3 material, could potentially act as photocatalyst within this wavelength range.

The morphology of the Ti-substituted LaFeO3 was affected by the Ti content, as shown in the SEM images of Figure S3. In the Ti-free material, the presence of well-defined grain boundaries of LaFeO3 with a prismatic structure was evidenced (A-B), while the incorporation of titanium provoked an agglomeration of the structure (C-D), also responsible for an increase in the mesoporosity. This effect was all the more pronounced that the titanium content was increased (E-F).

XPS analysis of the surface shown in Figure S4 in the case of the pristine LFO-800 and of the LFTi10-800 catalysts evidenced that La and Fe species are present as La 3+ and Fe 3+ ions, whether the ferrite was modified by Ti or not. Indeed, on the pristine LaFeO3 material, the La 3d core level spectra revealed the presence of a La 3d5/2 -La 3d3/2 orbital doublet contribution at 833.4 eV and 850.1 eV (spin orbit splitting of 16.7 eV [43][44][45] and multiplet splitting of 3.8 eV [46]), characteristic of La 3+ species. Also, the presence of Fe in the formal oxidation state +3 was confirmed by the binding energies of Fe 2p3/2

and Fe 2p 1/2 orbitals at 710.3 eV and 723.7 eV, with a 13.4 eV spin orbit coupling [46,47], together with the low intensity and broad shake-up satellite peak at about 718 eV characteristic of Fe 3+ ions [48,49].

After substitution of La by Ti within the perovskite structure, the XPS Ti 2p orbital profile evidenced a single contribution, with the doublet related to Ti 2p3/2 -Ti 2p1/2 spin-orbit components at 457.3 eV and 463.0 eV, characteristic of Ti species in lower oxidation state, and that might be assigned to Ti 3+ substituting La 3+ in the perovskite network [d]. It was worth nothing that this resulted also in a slight upward (+0.6-7 eV) and downward (-0.5 eV) shift of the La 3+ and Fe 3+ binding energies, respectively.

The upward shift observed for La 3+ is characteristic of an electron deficiency induced by its chemical environment. Here, in La-O-Ti configurations, it might result from the O → Ti electron transfer (Ti being more electronegative than La), that would lead to shift the electronic density of the La-O bond towards the more electronegative oxygen atoms. Similarly, but in a mirrored reversed manner, the downward shift observed for Fe 3+ in Fe-O-Ti configurations might result from the Ti →O electron transfer (Ti being less electronegative than Fe), that would lead to shift the electronic density of the Fe-O bond towards the less electronegative Fe atoms.

Catalytic activity

First, the performances of non-modified LaFeO3 reference catalysts were evaluated for the degradation of 4-Cl-Phenol in water in absence and in presence of H2O2. Without H2O2, a very low photocatalytic activity was observed, and 42% of phenol removal with no TOC reduction was achieved in 240 min in the most efficient case using the LF-800 catalyst (Figure S5). Further, Figure 2 A-L shows the evolution of 4-Cl-Phenol concentration, TOC, H2O2 decomposition and iron leached during the photo-assisted CWPO process performed on the LaFeO3 catalysts and selected Ti-substituted LaFeO3 catalysts. The results obtained with the complete LaxTiyFeO3 catalyst series are reported in Figure S8.

LaFeO3 catalysts in the photo-assisted CWPO

Non-modified LaFeO3 materials were first used as reference catalysts in the combined photoassisted process. Whatever the calcination temperature, the pristine LaFeO3 perovskite showed ability to decompose H2O2 in a typical photo-Fenton reaction (Figure 2 A-B-C). The LF-600 catalyst led to a total depletion of H2O2 in 120 min, with a Cl-phenol complete oxidation in 150 min and a mineralization rate of 85%. Both the LF-700 and LF-800 catalysts decomposed H2O2 slower than their LF-600 counterpart. Indeed, they needed about 300 min of reaction to achieve full H2O2 decomposition, while the complete phenol abatement was delayed to 210 and 150 min, respectively, with a TOC removal of 88% and 75%, respectively. The different behavior observed as a function of the calcination temperature could be related to the perovskite structure. The robustness of the material in terms of iron release to the water was influenced by the calcination temperature and the iron leaching was reduced from 2 mg/L at 600°C down to 0.8 mg/L at 700°C and 0.5 mg/L at 800°C. The lesser robustness and the consequent lesser stability of the LF-600 catalyst was proposed to be responsible for the faster H2O2 decomposition. Nevertheless, the greater H2O2 decomposition rate did not result in a faster TOC disappearance which means small catalyst efficiencies as corroborated by the incomplete effluent mineralization. On the other hand, the limited photocatalytic activity of those materials under UV-A light (Figure S5) did not enhance the mineralization degree vs. the one obtained for photo-Fenton process.

CWPO reaction in the dark

Preliminary CWPO experiments performed on pristine and Ti-substituted LaFeO3 evidenced the low oxidation ability of the catalysts in the dark (Figure S6 A-C for the catalyst series calcined at 800°C). In the best case, the H2O2-assisted oxidation of 4-Cl-phenol only reached 40% after 360 min of reaction while a total H2O2 conversion was obtained, and very low and stable TOC mineralization yields within the 6-24% range were achieved. This typical CWPO behaviour was related to the large generation of short-chain acids (formic, oxalic and acetic) during the process (Figure S6C), known to stop the reaction due to the formation of highly stable iron complexes.

Ti-substituted LaFeO3 catalysts calcined at 600°C in the photo-assisted CWPO

First, the incorporation of Ti inside the LaFeO3 catalysts did not inhibit the catalyst ability to decompose H2O2 into HOX° radicals used to further oxidize the organic compounds. For the LFTi catalysts calcined at 600°C (Figure 2 D-G-J), 100% of H2O2 decomposition was obtained whatever the iron content in the material. However, as expected, the lower the iron content, the slower the H2O2 decomposition. The apparent pseudo first-order kinetic rate constants of H2O2 decomposition evidenced the highest depletion rates for smaller Ti/Fe ratios, at 0.019 min -1 for LFTi10 vs. 0.007 min -1 and 0.008 min -1 for LFTi20 and LFTi50, respectively (Table 3). The evolution of the H2O2 conversion was directly related to the Cl-Phenol removal profile, that showed a faster abatement with catalysts with higher iron contents. Indeed, 120, 150 and 300 min were needed for the total degradation of the phenolic compound using LFTi10, LFTi20 and LFTi50 catalysts, respectively, whereas the apparent kinetic rate constant for Cl-phenol disappearance was decreased from 0.022 min -1 for LFTi10 down to 0.008 min -1 for LFTi50 (Table 3).

By contrast to both the phenolic compound and the H2O2 profiles, the TOC profiles were fitted by a zero-order kinetic model as usually occurs in photocatalytic processes. The mineralization rate obtained with the Ti-substituted catalysts displayed a maximum for the LFTi10 catalyst at r0= 0,13 mg/L min, before to substantially decrease with the increase in the Ti content, down to r0= 0,03 mg/L min for the highly loaded LFTi50 sample (Table 3). Despite the strong differences in terms of rate, all catalysts showed a high activity level with XTOC values between 83% (for LFTi15) to 98% (for LFTi10 and LFTi20). The values of XH2O2 obtained with all the materials calcined at 600°C corroborated that existence of additional reactions to decompose the peroxide (Table 3), total H2O2 conversions were achieved even when working at a high Ti/Fe ratio.

First, the H2O2 conversion profile can be influenced by additional surface as well as homogeneous reactions. Indeed, the adsorbed peroxide can act as charge acceptor and be therefore reduced or oxidized by the photogenerated charges (e-/h+) issued from the perovskite (Eq. 2) for forming HO°X (HO° and HOO°) radicals (Eq. 2-4) [13]:
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Secondly, the introduction of titanium inside the structure did not improve the stability of the material in terms of iron leaching when calcination is performed at 600°C, with amounts of leached iron released to the solution of about 1.5-2 mg/L. Consequently, the low stability of the materials was responsible for the very probable strong contribution of the homogeneous Fenton process to the peroxide decomposition. These different reactions could provoke a different use of the oxidant, since the systems differed in terms of efficiency of the oxidant use, different mineralization yields being achieved. For instance, the reaction with LFTi5 obtained a ξ=0.87 efficiency when 100% of peroxide was decomposed, while by contrast an efficiency of 0.96 was obtained for the same total peroxide conversion using the LFTi50 catalyst (Table 3).

Whatever the Ti/Fe ratio, no complete mineralization of the effluent was reached on catalysts calcined at 600°C. This typical behavior of CWPO-like processes is associated to the presence of iron in solution, here resulting from the iron leaching. It has been reported that the iron in solution reacts with the latest oxidation intermediates, e.g. short-chain acids as oxalic acid, leading to the formation of iron-oxalate complexes [11,50]. These complexes are slower photodegraded which can confirm the incomplete TOC conversion obtained even in the presence of notable homogeneous Fenton contribution (Eq.5).
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Influence of the calcination temperature on the photo-assisted CWPO using Ti-substituted LaFeO3 catalysts

Considering the increase in the catalyst robustness observed on the LaFeO3 catalysts with a reduced Fe leaching when increasing the calcination temperature, a similar study was performed in the case of the LaxTiyFeO3 catalysts (Figure 2 and Figure S8). Whatever the Ti content, the LFTi-700 catalysts achieved a total H2O2 decomposition within the first 180 min of reaction (Figure 2 E-K), with smaller kH2O2 than on LFTi-600 (Table 3). The catalyst stability was improved compared to that of LFTi-600, with a reduced iron release to the solution lower than 1 mg/L, and all the more reduced as the Ti content increased. Nevertheless, the amount of leached iron was still high enough to partially contribute with homogeneous photo-Fenton [51]. The evolution of Cl-Phenol concentration showed an induction period which was most pronounced at lower Ti content, especially when using the LFTi10-700 catalyst which showed a lag phase of around 120 min. This induction period has been associated

to the Fe(III) to Fe(II) reduction by H2O2 and also by light effect as several authors has reported (Eq. 6-8) [20,52,53]. After the initial consumption of peroxide producing Fe(II), production of HO° can be achieved following Eq. 8. Over higher Ti content catalysts, the absence of any induction period for the 4-Cl-phenol concentration evolution might be ascribed to an additional photocatalytic contribution to the phenol degradation.

! The increase in the calcination temperature to 800°C further improved the catalyst stability, with a substantial reduction of iron leaching, amounts of iron leached lower than 0.2 mg/L being detected whatever the Ti content. At this temperature, by contrast, 100% of H2O2 conversion was not obtained on the LFTi-800 catalysts, and the time required for achieving the final H2O2 conversion level increased as the Ti/Fe ratio increased (Fig. 2 I-L). The time needed for the total removal of the phenolic compound increased from 120 min to 330 min with the increase in the Ti content from LFTi10 to LFTi50, respectively.

Figure 3 shows the correlation between the activity, expressed in terms of apparent kinetic rate constant of TOC disappearance and mineralization degree, and the stability of the catalysts, expressed in terms of total iron leached from the solids. Whatever the calcination temperature, the kinetic rate constant displayed a volcano-like profile, centered around catalysts containing a 2.1-3.2 at.% content of titanium, while it strongly dropped down when further increasing the incorporation of titanium.

Increasing the temperature allowed to increase the maximum rate constant from 0.13 mg/L/min at 600°C to 0.16 mg/L/min at 700°C and further to 0.18 mg/L/min at 800°C, overcoming in all cases the rate of 0.11-0.12 mg/L/min achieved on the non-modified bare LaFeO3 catalysts.

Although some differences were observed, the TOC conversion was not strongly affected by the at.% content of titanium for materials calcined at 600°C and 700°C, and the TOC conversion remained at a high level, within the 83-98% and 80-98% range, respectively. By contrast, the incorporation of titanium inside the structure calcined at 800°C led to a volcano-like profile for the TOC conversion, similar to that shown by the kinetic rate constant, a 100% mineralization degree being achieved with the Ti-substituted LaFeO3 catalyst with 3.2 at.% of Ti.

Also, the incorporation of titanium inside the structure calcined at 600°C led to reduce the iron leaching to the solution, from 2.0 mg/L for the non-modified LaFeO3 catalyst down to 1.4 mg/L for a Ti at.% of 14.8. However, the iron leaching remained at a very high level of 1.4 mg/L for the Ti-rich perovskite structure, so that a pronounced contribution of homogeneous Fenton is expected. The positive effect related to the incorporation of titanium was more pronounced when increasing the calcination temperature, as evidenced by the Fe leached profile in Figure 3B and 3C. This allowed to strongly reduce the contribution of homogeneous Fenton to the TOC conversion and the TOC removal kinetic rate constant.

Especially, the Ti-substituted LaFeO3 catalyst calcined at 800°C with 3.2 at.% of Ti. displayed a very good stability, with a negligible iron release of 0.05 mg/L to the solution that corresponded to 0.1% of its total iron content. As a result, the homogenous contribution could be considered as negligible and the higher mineralization rate at 0.18 mg/L with a final 100% TOC conversion only resulted from heterogeneous surface reactions. The heterogeneous mechanism was corroborated by comparing the CWPO-photoassisted reaction to the homogeneous photo-Fenton reaction performed with 0.05 mg/L of Fe 3+ (Figure S7). Indeed, despite 0.05 mg/L is the total Fe amount released at the end of the reaction in the case of the heterogeneous system and therefore remains higher than the real Fe amount during the main part of the process, and that the homogeneous system benefited from a maximum irradiation compared to the slurry reactor, the heterogeneous surface reaction contribution was overcoming by two orders of magnitude that of the homogeneous photo-Fenton process, with apparent 1 st order kinetic rate constants of 2.5 10 -2 min -1 and 5.6 10 -4 min -1 for the Cl-phenol degradation, respectively.

Further, considering that a theoretical ξ=1 efficiency of peroxide use in Fenton-like processes means that H2O2 and the formed radicals does not suffer from any detrimental scavenger reactions, this catalyst displayed a ξ=1.11 H2O2 efficiency while achieving 100% TOC removal with a 90% H2O2 conversion. So, we proposed that the LFTi10-800 catalyst was active simultaneously in both photoassisted CWPO and photocatalysis. We cannot rule out that more generally the LFTi-800 catalysts with other Ti contents also showed a photocatalytic contribution to the degradation activity, since 100% H2O2 conversion was never achieved with this catalyst series.

The effect of partial substitution of La and/or Fe on the photocatalytic properties of the ferrite has been poorly described in the recent literature. Based on the recent works of Parrino et al. on Cu-substituted LaFeO3 catalysts, we propose also that the superiority of the LFTi10-800 catalyst with optimal Ti substitution may result from the presence of oxygen vacancies [27]. They related the higher activity of the Cu-containing catalyst with an optimum at 10 at.% substitution rate with the presence of oxygen vacancies and with the electron/hole recombination, evidenced through XPS analysis and transient photocurrent measurements. The cation substitution was reported to give rise to an electronic unbalance compensated by a change in the oxidation state of a part of the Fe(III), being oxygen vacancies formed to preserve the electroneutrality, and to adjust with the distortion of the anionic lattice [54]. An optimum in the substituted heteroatom content was also observed by Phan et al. in the degradation of dyes by heterogeneous photo-Fenton on Cu-substituted LaFeO3 catalysts with 15 at.% Fe substitution by Cu ions [24]. Hou et al. also observed an optimum in the enhancement of the photocatalytic activity of Li-substituted LaFeO3 catalysts, with 3 at.% of La substitution [27].

Stability tests of the LFTi10-800 catalyst in the photo-assisted CWPO

One of the main shortcomings of catalytic water treatments remains the stability of the catalysts, and the determination of the active phase release from the catalyst to the water during the process has to be completed with reusability tests for evidencing the catalyst stability. Figure 4 shows the very good stability of the LFTi10-800 catalyst for five consecutive runs, with catalyst recovery by powder filtration. Apparent kinetic rate constants for the Cl-phenol disappearance of 0.23±2 min -1 were obtained with the maintain after the run #5 of a global mineralization yield of 99%±1% after 120 min of reaction, while a residual loss of Fe of 0.03 mg/L was observed, corresponding to a 0.09% Fe release in respect to the Fe content of the catalyst.

However, the XRD pattern of Ti-substituted LaFeO3 catalysts after test shown in Figures S1D evidenced the formation during the reaction of rutile TiO2 phase in very small amount (3-6%).

However, this has no detrimental effect on the catalyst activity in terms of pollutant degradation and of TOC conversion, as well as on its stability in terms of iron leaching and of reusability. By contrast, we could not rule out that the formed TiO2/LaxTiyFeO3 heterojunction within the catalyst was beneficial for improving the photogenerated charge separation, as recently proposed for LaFeO3-based heterojunction photocatalysts [15,31,32], with possible electron transfer from the perovskite conduction band to that of TiO2 [15].

4-CONCLUSIONS

A series of novel Ti-substituted LaFeO3 materials with varied titanium content have been synthesized via a simple sol-gel method using commercial TiO2 as titanium precursor. The influence of the calcination temperature and of the titanium at.% content was evaluated upon both the activity in photoassisted CWPO under UV-A light and the stability of catalysts. The catalysts calcined at 600°C suffered from the iron leaching resulting in notable homogeneous photo-Fenton contribution, while the activity of the catalysts calcined at 800°C could be ascribed to heterogeneous surface reactions due to the increase in the catalyst stability with strongly reduced Fe leaching. The Ti-substituted LaFeO3 catalyst calcined at 800°C showed an optimum in activity for a 3.2 at.% content of titanium, with a higher mineralization rate than the Ti-free LaFeO3 counterpart, while achieving complete Cl-phenol removal and 100% mineralization at neutral pH over 5 cycles of reuse with stable efficiency and a limited Fe leaching lower than 0.1% of its total content. We proposed that this single-phase catalyst combined both photoassisted CWPO and photocatalytic processes. Works are ongoing for increasing the material crystallinity and for taking advantage of its band gap value for operating the combined CWPO and photocatalysis process under visible light. In addition, further works will deal with the elucidation of the active species formed during the combined process, and with the use of the magnetic properties of the Ti-substituted LaFeO3 materials for improving and simplifying the powder recovery process. 

  Figures S1).Only α-Fe2O3 in small amount was observed as extra phase in some samples, while no

Figure 1 .

 1 Figure 1. XRD patterns of the Ti-modified LaFeO3 materials calcined at (a) 600°C, (b) 700°C and (c) 800°C. Dotted black lines corresponded to the main reflexes of the α-Fe2O3 extra phase formed in small amounts in some materials. LaFeO3: JCPDS card 75-0541; α-Fe2O3: JCPDS card 01-089-8104.

Figure 2 .

 2 Figure 2. Evolution of 4-Cl-Phenol (▪), TOC (•), H2O2 decomposition (○) and iron leached (▪) during the photo-assisted CWPO process over (A-C) the pristine LaFeO3 catalysts

Figure 3 .

 3 Figure 3. Mineralization rate, TOC conversion and total iron leached at the end of photoassisted CWPO process as a function of the Ti at. % in the Ti-substituted LaFeO3 catalysts calcined at: 600°C (A), 700°C (B) and 800°C (C). Operating conditions: [4-Cl-Phenol]0=25 mg/L; [H2O2]0=125 mg/L; T=25°C; [cat]=0.5 g/L. Trend curves have been drawn for visually evidencing the evolution profiles as a function of the Ti at.% content.

Figure 4 .

 4 Figure 4. Consecutive runs with reused LFTi10-800 catalyst. Operating conditions: [4-Cl-Phenol]0=25 mg/L; [H2O2]0=125 mg/L; T=25°C; [cat]=0.5 g/L.

  

Table 1 .

 1 Some physico-chemical properties of the Ti-modified LaFeO3 catalysts.

	Catalyst	Nominal content (% wt TiO2)	Fe (at.%)*	Ti (at.%)*	Ti/Fe molar ratio	S BET (m 2 /g)** 600°C 800°C 600°C 800°C dp*** (nm)
	LFO	0	23.0	0.0	0	17	8	16	23
	LFTi5	5	17.7	2.1	0.12	22	17	16	18
	LFTi10	10	16.0	3.2	0.20	45	28	15	16
	LFTi15	15	14.8	6.4	0.43	44	19	17	15
	LFTi20	20	12.6	8.0	0.63	44	20	20	17
	LFTi30	30	12.3	9.2	0.76	43	25	17	14
	LFTi50	50	9.6	14.8	1.66	56	40	14	17

*The Fe and Ti at. % contents were determined by chemical analysis after a microwave-assisted acidic dissolution in aqua regia at 185°C under autogenic pressure. ICP-OES was carried out on an Optima 7000 DV spectrometer (Perkin Elmer) at the Analysis Platform of IPHC-Strasbourg, France.

**The Brunauer-Emmett-Teller (BET) specific surface area has been calculated from the N2 adsorption isotherm.

*** derived from XRD pattern, as the average size of the coherent diffraction domains, calculated from the Scherrer equation applied on the most intense (1 1 0) plane diffraction peak with the usual assumption of spherical crystallites.

Table 2 .

 2 Refined cationic distribution in the LaxTiyFeO3 perovskite catalysts and weight percentage of extra phases obtained after Rietveld refinement

		La site distribution	Fe site distribution	%a-Fe2O3 (wt. %) %TiO2 (wt.%)
		La	Ti	Fe	Ti		
	LFO-600	1	0	1	0	0	0
	LFO-700	1	0	1	0	0	0
	LFO-800	1	0	1	0	11	0
	LFTi10-600	0.98	0.02	1	0	0	0
	LFTi10-700	0.94	0.06	1	0	0	0
	LFTi15-800	0.95	0.05	1	0	15	0
	LFTi50-600	0.96	0.04	1	0	0	0
	LFTi50-800	0.8	0.2	1	0	3	0
	LFTi15-600_used	0.92	0.08	1	0	7	3
	LFTi15-800_used	0.86	0.14	0.62	0.38	12	6

Table 3 .

 3 Kinetic rate constants of H2O2 decomposition and Cl-Phenol oxidation, mineralization rate, Fe leached, H2O2 depletion percentage, TOC conversion and H2O2 efficiency parameters.

		k H2O2	k Cl-Phenol	r 0 TOC	[Fe]leached	XH2O2	XTOC	
	T(°C)/ %Ti	(min -1 )	(min -1 )	(mg/L min)	(mg/L)	(%)	(%)	ε H2O2
	600°C/ LFO	0.018	0.021	0.11	2.0	100	85	0.85
	LFTi5	0.015	0.022	0.12	1.7	100	87	0.87
	LFTi10	0.019	0.023	0.13	2.0	100	98	0.98
	LFTi15	0.015	0.022	0.11	1.5	100	83	0.83
	LFTi20	0.007	0.025	0.12	1.6	100	98	0.98
	LFTi30	0.007	0.012	0.05	1.5	100	88	0.88
	LFTi50	0.008	0.008	0.03	1.4	100	96	0.96
	700°C/ LFO	0.012	0.022	0.11	0.8	100	88	0.88
	LFTi5	0.010	0.020	0.16	0.4	100	85	0.85
	LFTi10	0.008	0.013	0.15	0.2	100	80	0.80
	LFTi15	0.007	0.013	0.14	0.1	100	84	0.84
	LFTi20	0.007	0.011	0.15	0.2	100	98	0.98
	LFTi30	0.009	0.012	0.05	0.3	100	85	0.85
	LFTi50	0.009	0.011	0.03	0.2	100	95	0.95
	800°C/ LFO	0.010	0.020	0.12	0.5	100	75	0.75
	LFTi5	0.011	0.022	0.13	0.1	95	81	0.85
	LFTi10	0.017	0.025	0.18	0.05	90	100	1.11
	LFTi15	0.012	0.015	0.08	0.2	92	87	0.95
	LFTi20	0.006	0.008	0.07	0.2	97	85	0.88
	LFTi30	0.005	0.009	0.07	0.1	95	87	0.92
	LFTi50	0.005	0.007	0.05	0.2	98	80	0.82
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