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Development of Ti/TiOx foams for removal of organic pollutants from water: Influence of porous structure of Ti substrate

Introduction

In the past few decades, electrochemical advanced oxidation processes (EAOPs) have been considered as promising technologies for water treatment due to their capacity to remove a large number of organics from water, including persistent and recalcitrant organics and inorganics [START_REF] Zaky | Porous Substoichiometric TiO2 Anodes as Reactive Electrochemical Membranes for Water Treatment[END_REF][START_REF] Sirés | Electrochemical advanced oxidation processes: today and tomorrow. A review[END_REF][START_REF] Mousset | A complete phenol oxidation pathway obtained during electro-Fenton treatment and validated by a kinetic model study[END_REF][START_REF] Nidheesh | An overview on the removal of synthetic dyes from water by electrochemical advanced oxidation processes[END_REF][START_REF] Nidheesh | Environmental Applications of Boron-Doped Diamond Electrodes: 1. Applications in Water and Wastewater Treatment[END_REF][START_REF] Trellu | Electrochemical technologies for the treatment of pesticides[END_REF]. The great potential of EAOPs comes from in situ generation of reactive radicals (especially hydroxyl radicals (  OH), which can fulfill effective degradation of pollutants and achieve high mineralization yields [START_REF] Oturan | Advanced oxidation processes in water/wastewater treatment: Principles and applications. A review[END_REF][START_REF] Moreira | Electrochemical advanced oxidation processes: A review on their application to synthetic and real wastewaters[END_REF][START_REF] Scialdone | Electrochemical oxidation of organic pollutants in water at metal oxide electrodes: A simple theoretical model including direct and indirect oxidation processes at the anodic surface[END_REF][START_REF] Jia | Magnetic heterojunction of oxygen-deficient Ti 3+ -TiO2 and Ar-Fe2O3 derived from metal-organic frameworks for efficient peroxydisulfate (PDS) photo-activation[END_REF].

Anodic oxidation (AO) is a typical technology among EAOPs. The objective is to promote oxidation of target pollutants through two main pathways including direct electron transfer (DET) and radical-mediated oxidation (mainly  OH) [START_REF] Panizza | Direct And Mediated Anodic Oxidation of Organic Pollutants[END_REF].

 OH-mediated oxidation is a key phenomenon for the removal of organic pollutants as  OH reacts in a non-selective way with a large range of compounds. However,  OH has short lifetime of microseconds and can therefore accumulate only within a thin layer (from nanometers to micrometers) in the vicinity of the electrode surface [START_REF] Kapałka | The importance of electrode material in environmental electrochemistry. Formation and reactivity of free hydroxyl radicals on boron-doped diamond electrodes[END_REF][START_REF] Groenen-Serrano | Role of Hydroxyl Radicals During the Competitive Electrooxidation of Organic Compounds on a Boron-Doped Diamond Anode[END_REF][START_REF] Attri | Generation mechanism of hydroxyl radical species and its lifetime prediction during the plasma-initiated ultraviolet (UV) photolysis[END_REF]. For example, in mixed-tank reactor mode, the efficiency of anodic oxidation is limited by the existence of a thick diffusion layer (up to hundreds of micrometers). Through this diffusion layer, concentration of target molecule decreased greatly from bulk solution towards electrode surface. Therefore, the process is generally limited by mass transfer conditions. The main points for an efficient anodic oxidation process are to achieve (i) suitable electrochemical reactivity for oxidation of organic compounds and (ii) efficient mass transfer of target molecule towards a large electroactive surface area of the anode.

Proper anode materials must address these crucial aspects.

As regards to the reactivity, non-active electrodes with high oxygen evolution potential (OEP) generally have more suitable electrochemical reactivity for the removal or organics owing to the generation of physisorbed  OH [START_REF] Garcia-Segura | Electrochemical oxidation remediation of real wastewater effluents -A review[END_REF][START_REF] Cai | Extremely efficient electrochemical degradation of organic pollutants with co-generation of hydroxyl and sulfate radicals on Blue-TiO2 nanotubes anode[END_REF][START_REF] Ganiyu | Electrochemical advanced oxidation processes for wastewater treatment: Advances in formation and detection of reactive species and mechanisms[END_REF][START_REF] Oturan | Outstanding performances of the BDD film anode in electro-Fenton process: Applications and comparative performance[END_REF]. Among non-active electrodes, TiOx has gained much attention because of its lower cost compared to well-known boron-doped diamond (BDD) electrodes [START_REF] Nayak | Fabrication and characterization of porous, conductive, monolithic Ti4O7 electrodes[END_REF][START_REF] Trellu | Mineralization of organic pollutants by anodic oxidation using reactive electrochemical membrane synthesized from carbothermal reduction of TiO2[END_REF][START_REF] Radjenovic | Challenges and Opportunities for Electrochemical Processes as Next-Generation Technologies for the Treatment of Contaminated Water[END_REF][START_REF] You | Monolithic Porous Magnéli-phase Ti4O7 for Electro-oxidation Treatment of Industrial Wastewater[END_REF][START_REF] Xie | Effect of the Presence of Carbon in Ti4O7 Electrodes on Anodic Oxidation of Contaminants[END_REF].

As regards to mass transfer conditions, application of porous materials in flow-through configuration is able to enhance mass transfer and degradation kinetics of pollutants [START_REF] Mousset | Interest of micro-reactors for the implementation of advanced electrocatalytic oxidation with boron-doped diamond anode for wastewater treatment[END_REF][START_REF] Guo | Development and Characterization of Ultrafiltration TiO2 Magnéli Phase Reactive Electrochemical Membranes[END_REF]. Low pore size allows for reducing the limitation related to the diffusion of organic compounds from the bulk to the electrode surface. Thus, it is possible to enhance mass transfer by increasing convection (i.e., permeate flux) through the electrode [START_REF] Trellu | Electro-oxidation of organic pollutants by reactive electrochemical membranes[END_REF]. However, one of the drawbacks of this configuration might come from electrode fouling during filtration of real effluents [START_REF] Trellu | Electro-oxidation of organic pollutants by reactive electrochemical membranes[END_REF][START_REF] Guo | A mini-review on membrane fouling[END_REF]. Physical structure (porosity, electro-active surface area, pore size distribution) of the material is therefore crucial for the behavior of such porous electrodes.

One of the main objectives of porous materials is to promote mass transfer conditions for the removal of low concentrations of pollutants. Particularly, pharmaceuticals have become a notable group of micropollutants over the past few decades. Among these pharmaceuticals, paracetamol (PCT) is one of the top analgesics consumed every year in the world [START_REF] Przybyła | Paracetamol -An old drug with new mechanisms of action[END_REF][START_REF] Hinojosa Guerra | Oxidation mechanisms of amoxicillin and paracetamol in the photo-Fenton solar process[END_REF]. Concentrations in the range from ng L -1 to µg L -1 have been reported in the water bodies [START_REF] Ghanbari | Insights into paracetamol degradation in aqueous solutions by ultrasound-assisted heterogeneous electro-Fenton process: Key operating parameters, mineralization and toxicity assessment[END_REF]. Many studies have been dedicated to the removal of PCT from aqueous effluents. Therefore, it was considered as a suitable model pollutant for comparison with other previous studies.

In this study, porous Ti/TiOx foams as anode material were obtained from plasma spraying. The objective was to synthesize porous electrode materials with the following features: (i) relevant synthesis method for scale-up and industrial development, (ii) suitable reactivity for removal of organic compounds from water, (iii) suitable physical structure for mass transport enhancement and (iv) suitable pore size for reducing fouling issues. Surface morphology and electrochemical characteristics of these new electrode materials were studied. Particularly, the influence of the nature of the Ti substrate was investigated. Terephthalic acid (TA) and oxalic acid (OA) were used as probe molecules to assess the reactivity of the electrodes for  OH generation and DET, respectively. As model pollutant, PCT degradation mechanisms were assessed using quenching experiments as well as through identification and quantification of by-products. Finally, mass transport enhancement in flow-through mode was investigated in order to assess the potential of these electrodes for such application. Results were compared with the use of Ti/TiOx plate for highlighting the role of the porous structure of the substrate.

They have also been compared with the effectiveness of a commercial BDD plate electrode considered as gold standard for such application.

Materials and Methods

Chemicals and instruments

Formic acid (≥96%), phosphoric acid (85-88%), paracetamol (98%) and hydroquinone (≥99%) were purchased from Sigma-Aldrich. Sodium hydroxide (≥98%), sodium sulfate (≥99%) and oxalic acid (≥97%) were provided by Fluka. Terephthalic acid (≥99%) and tert-Butanol (99.5%) were purchased from Acros Organics. Ethanol (≥97%) was provided by Chimie-Plus Laboratoires. Methanol was purchased from Honeywell Riedel-de Haën (HPLC grade, ≥99.9%). All chemicals were used without any further purification. All eluents for HPLC and UHPLC were prepared using ultrapure water (R>18.2 MΩ) obtained from a Smart2Pure devise, provided by Thermo Scientific, France).

Synthesis of electrode materials

All TiOx-coated Ti materials (plate, foam 1 and foam 2) were provided by Saint-Gobain Research Provence, CREE. Different porous Ti substrates were used for foam 1 and foam 2. The substrate used for the Ti/TiOx plate electrode was a 2 mm thick TA6V plate sanded with alumina zirconia grains under pressure of 5 bars. Porous Ti substrates from American Elements and SELEE were used for foam 1 and foam 2, respectively. The substrate of foam 2 has larger pore size and more open porous structure than that of foam 1, as detailed in results and discussion section.

All Ti/TiOx materials were then obtained using the same coating procedure. A Saint-Gobain pro plasma torch supplied with mixed gas of Ar (45 L min -1 ) and H2 (11 L min -1 ) at a voltage of 63-66 V (600 A) was employed for plasma generation. The electro-fused TiOx powder with an average particle size of 30 µm was injected (using argon gas as carrier at a flow rate of 4 L min -1 ) into the generated plasma. The spray distance was 110 mm and the TiOx particles were deposited on both sides of the substrates. An argon shield was used to prevent reoxidation of TiOx particles during the spraying process.

Results obtained with Ti/TiOx electrodes were compared with the use of a BDD anode (Diachem) obtained from Condias (Germany).

Material characterization

The chemical composition of the TiOx coating was analyzed by X-Ray diffraction (XRD) (Bruker D8 ENDEAVOR) with Cu Kα radiation (λ=1.5418 Å) at 40 kV and 40 mA. The coating was removed from electrodes by milling to obtain a free-standing sample. The phase composition was identified by referring to the standard card PDF2-2004 (ICDD).

The surface of the coating was also characterized in-situ by Raman spectroscopy. The Raman spectra was obtained by a Renishaw inVia Raman microscope with solid-state green (Nd:YAG) laser of 532 nm (maximum laser power: 50 mW). The laser energy filter was set to 5% and 50%.

Porous structure, coating thickness and coating surface distribution were observed by scanning electron microscopy (SEM, TM3030 and TM-1000, HITACHI). Porosity and pore size distribution of foam 1 were analyzed by Hg porosimetry (Micrometrics AutoPore IV 9500 V1. 06). Mercury intrusion was conducted with pressure in the range of 0.1 to 60000 psia. The contact angle of mercury was 140.9 degrees and the mercury surface tension was 485 dynes cm -1 . A digital optical microscope (KEYENCE, VHX-7000) was used for measuring the size of the large pores of foam 2. The optical microscope also allowed for visualization of surface roughness of the different materials.

Electrochemical setup

AO was mainly performed in a stirred-tank reactor made of a cylindrical undivided glass cell containing 300 mL of solution. The reactor was operated in batch mode. Ti/TiOx electrodes were used as anode, while carbon felt with similar electrode surface was used as cathode. Electrodes were set face to face with an effective geometric surface area of 23.6 cm 2 (Selectrode/Vsolution=7.9 m -1 ) and an inter-electrode distance of 2.5 cm. Experiments were performed in galvanostatic mode with constant current density of 5 mA cm -2 . The reactor was continuously stirred under magnetic agitation at 750 rpm.

Samples were taken at different time intervals for analysis.

Electrooxidation of selected pollutants was also performed in flow-through configuration. The reactor was operated in batch mode since the solution was continuously recirculated. The flow rate was set at 1200 L h -1 m -2 using a peristaltic pump (FH100, Thermo Scientific) and the process was also operated at 5 mA cm -2 . Perforated Ti was used as cathode. The ratio Selectrode/Vsolution was the same as in stirred-tank experiments (7.9 m -1 ).

Electrochemical characterization

The same reactor setup was used for electrochemical characterization. Linear sweep voltammetry (LSV) and cyclic voltammetry (CV) data were recorded using 100 mM NaClO4 as inert supporting electrolyte, stainless steel as counter electrode and Ag/AgCl/3 M KCl electrode as reference electrode. Experiments were performed on a Metrohm Autolab PGSTAT.

LSV was used to study oxygen evolution reaction (OER). LSV tests were performed at scan rate of 0.01 V s -1 . Raw LSV data was corrected according to the uncompensated resistance of the system, based on the method reported previously [START_REF] De Faria | Electrocatalytic properties of ternary oxide mixtures of composition Ru0.3Ti(0.7-x)CexO2: Oxygen evolution from acidic solution[END_REF][START_REF] Krstajic | Cathodic behaviour of RuO2-doped Ni/Co3O4 electrodes in alkaline solutions: Hydrogen evolution[END_REF][START_REF] Kapałka | Determination of the Tafel slope for oxygen evolution on boron-doped diamond electrodes[END_REF]. Correction of raw LSV data and OEP calculation of Ti/TiOx plate was presented in SI filr as an example (Fig. SI-1 and Fig. SI-2).

Electroactive surface areas (EASA) of Ti/TiOx materials were determined by the method described by Nayak and Chaplin [START_REF] Nayak | Fabrication and characterization of porous, conductive, monolithic Ti4O7 electrodes[END_REF]. CV curves were recorded at various scanning rate in the range of 6-10 mV s -1 in order to estimate the double layer capacitance. EASA was then obtained by using the specific capacitance of such material reported in the literature (60 µF cm -2 ) [START_REF] Nayak | Fabrication and characterization of porous, conductive, monolithic Ti4O7 electrodes[END_REF][START_REF] Bockris | The Electrocatalysis of Oxygen Evolution on Perovskites[END_REF]. The roughness factor (RF) was obtained from the ratio between EASA and geometrical surface area (Sgeo).

Mass transfer coefficient was determined by the limiting current technique using Fe(CN)6 4-/Fe(CN)6 3-redox couple in 100 mM NaClO4, as reported in a file previous study [START_REF] Nayak | Fabrication and characterization of porous, conductive, monolithic Ti4O7 electrodes[END_REF]. Details were given in the SI file (text SI-1).

Determination of the effective roughness factor (ERF)

It has already been described in the literature that features of surface roughness are averaged into the diffusion field when the characteristic scale of this roughness is too small compared to the thickness of the diffusion layer (δ) [START_REF] Trellu | Electro-oxidation of organic pollutants by reactive electrochemical membranes[END_REF]. Therefore, one objective of this study was to assess whether it is possible to qualitatively correlate the effectiveness of electrodes with a parameter called effective roughness factor (ERF), obtained as follow. The 1-D profile of each electrode surface was recorded (at µm scale) using optical microscopy. The surface roughness at sub-µm scale was not taken into consideration since it is averaged into the diffusion field. Then, the 1-D profile of the boundary diffusion layer was calculated according to different values of δ (from 7.5 to 100 µm), as explained in SI file (Text SI-2). Thus, it was possible to calculate the surface area formed by the diffusion layer (Sδ) and to determine this ERF from the ratio between Sδ and Sgeo, as detailed in Text SI-2. These calculations are based on the assumption of a homogeneous diffusion layer thickness.

Probe molecules, model pollutant and quenching experiments

Preliminary tests were performed during 2 h without current supply in order to assess adsorption of target compounds on electrode materials. The adsorption rate was <3% for all configurations.

Probe molecules

Different probe molecules were used for assessment of the reactivity of the electrodes.

OA was chosen as probe molecule for DET since it reacts slowly with  OH [START_REF] Shih | Electrochemical degradation of oxalic acid over highly reactive nano-textured Γ-and Α-MnO2/carbon electrode fabricated by KMnO4 reduction on loofah sponge-derived active carbon[END_REF]. TA, likewise, was used as probe molecule for  OH-mediated oxidation because it cannot be oxidized via DET [START_REF] Jing | Mechanistic Study of the Validity of Using Hydroxyl Radical Probes to Characterize Electrochemical Advanced Oxidation Processes[END_REF]. [START_REF] Jing | Mechanistic Study of the Validity of Using Hydroxyl Radical Probes to Characterize Electrochemical Advanced Oxidation Processes[END_REF] highlighted the suitability of TA as probe molecule from experimental results and density functional theory (DFT) calculations [START_REF] Jing | Mechanistic Study of the Validity of Using Hydroxyl Radical Probes to Characterize Electrochemical Advanced Oxidation Processes[END_REF].

Similar concentration in term of total organic carbon (TOC) (9.6 mg L -1 ) was used for all experiments with probe molecules. The concentrations of OA and TA were therefore 0.4 and 0.1 mM, respectively. These experiments were performed under mass transport limitation (j > jlim) according to Eq. ( 1) [START_REF] Panizza | Direct And Mediated Anodic Oxidation of Organic Pollutants[END_REF]. All experiments were performed using 50 mM Na2SO4 as supporting electrolyte.

𝑗 = 4 𝐹 𝑘 𝐶𝑂𝐷 ( 1 
)
where 𝑗 is the limiting current density (A m -2 ); 𝐹 is the Faraday constant (96 485 C mol -1 ); 𝑘 is the mass transport coefficient (m s -1 ) and COD is the chemical oxygen demand (mol m -3 ) of the treated solution.

Model pollutant and quenching experiments

PCT was selected as model pollutant since it is able to react through both  OH -mediated oxidation and DET. Firstly, degradation kinetic and mineralization yield of 0.1 mM PCT (9.6 mg L -1 TOC) in 50 mM Na2SO4 was studied. Then, quenching experiments were conducted to study the potential contribution of  OH and DET to PCT degradation. As Na2SO4 was used as electrolyte, quenching experiments were also performed in order to assess the role of sulfate radicals (SO4 -). Ethanol (EtOH) was used as quencher of  OH and SO4 -since EtOH can react with both  OH and SO4 -with high rate constants (1.2 -2.8) × 10 9 M -1 s -1 for  OH and 1.6 -7.7 × 10 7 M -1 s -1 for SO4 -) [START_REF] Hayon | Electronic Spectra, Photochemistry, and Autoxidation Mechanism of the Sulfite-Bisulfite-Pyrosulfite Systems. The SO 2-, SO 3-, SO 4[END_REF][START_REF] Buxton | Critical Review of rate constants for reactions of hydrated electrons, hydrogen atoms and hydroxyl radicals (⋅ OH/⋅O-in Aqueous Solution[END_REF][START_REF] Neta | Rate Constants for Reactions of Aliphatic Carbon-Centered Radicals in Aqueous Solution[END_REF][START_REF] Wu | Single-Atom Cobalt Incorporated in a 2D Graphene Oxide Membrane for Catalytic Pollutant Degradation[END_REF]. Tert-Butyl alcohol (TBA) was used as quencher of only  OH since it reacts with  OH much more rapidly than with SO4 -(3.8 -7.6 × 10 8 M -1 s -1 for  OH and 4 -9.1 × 10 5 M -1 s -1 for SO4 -) [START_REF] Buxton | Critical Review of rate constants for reactions of hydrated electrons, hydrogen atoms and hydroxyl radicals (⋅ OH/⋅O-in Aqueous Solution[END_REF][START_REF] Neta | Rate Constants for Reactions of Aliphatic Carbon-Centered Radicals in Aqueous Solution[END_REF][START_REF] Anipsitakis | Radical generation by the interaction of transition metals with common oxidants[END_REF][START_REF] Li | Electro-activation of peroxymonosulfate by a graphene oxide/iron oxide nanoparticle-doped Ti4O7 ceramic membrane: mechanism of singlet oxygen generation in the removal of 1,4-dioxane[END_REF]. For all quenchers, a molar ratio of 1000:1 (quencher: initial PCT) was used to ensure that excess quenchers were available in solution for consuming radicals. The influence of quenchers on the formation of main degradation by-products of PCT was also investigated.

Electrode stability

Experiments were performed for preliminary assessment of electrode stability. First, Ti leaching into the solution was monitored using inductively coupled plasma -optical emission spectroscopy (ICP -OES), as described in Text SI-1.3. Then, evolution of the degradation kinetic of PCT was monitored during several successive cycles in order to assess the stability of electrode reactivity in the range of operating conditions tested in this study. Results are presented in SI (Fig. SI-3).

Analytical methods

The mineralization of OA and PCT was monitored using a TOC analyzer (TOC-L, SHIMADZU). Concentrations of TA and its byproduct, 2-hydroterephthalic acid (HTA)

were detected by a HITACHI Elite LaChrom HPLC system equipped with a UV detector (L-2400, set at λ = 254 nm), a fluorescence detector (L-2480, set at Ex/Em=315/435 nm), a pump (L-2130) set at constant flow rate of 0.8 mL min -1 and a

LiChroCART Purospher ® STAR RP-18e (5 µm) column (set in an oven at 40 °C).

Eluent was a mixture of methanol (40%) and water with 0.1% formic acid (60%).

Concentrations of PCT and its main aromatic byproducts, hydroquinone (HQ) and benzoquinone (BQ), were measured by a Dionex UltiMate 3000 UHPLC system, including an UltiMate 3000 RS pump set at constant flow of 0.1 mL min -1 , an UltiMate 3000 Diode Array Detector (λ = 243 nm) and a Hypersil GOLD™ (100×2.1 mm, 1.9 µm) column set in an UltiMate 3000 column compartment at 40 °C. The eluent was a mixture of 5 mM Na2HPO4 and 7.5 mM H3PO4 in water (85%) and methanol (15%).

Results and Discussion

3.1 Characterization of Ti/TiOx materials: how the substrate influences the coating?

Porosity and pore size distribution

The porous structure of the electrodes was controlled by the nature of the substrate material. The median pore size of foam 1 was determined from Hg porosimetry as 15 µm as regards to surface area and 88 µm as regards to porous volume (Fig. 1a). The porosity and the specific surface area were measured as 35% and 130 cm 2 g -1 , respectively. As shown in Fig. 1b, pore size of foam 2 was in the range of 0.7 -1.6 mm. 

Scanning electron microscopy

Scanning electron microscope was utilized to observe porous structure as well as distribution of the TiOx coating on different substrates. Using Ti plate as substrate allowed to achieve a homogenously distributed TiOx coating of approximately 300 µm (Fig. 2a). The porous structure of foam 1 observed in Fig. 2b, showed that TiOx coating can be only deposited on its external surface. The coating was evenly distributed on the top of the substrate (Fig. 2c). The average thickness of the coating was approximately 30 µm. The coating did not clog the surface porosity and the material was still water permeable.

Foam 2 presents a more open porous structure. Consequently, the coating was able to reach a portion of the inner surface of the substrate (Fig. 2d). However, the coating was not distributed as evenly as for Ti/TiOx plate electrode or foam 1. It can be spotted clearly from cross sections that TiOx coating accumulated at the bottom of pores but not on the side walls (Figs. 2e and2f) since this surface area was not accessible for the plasma spraying technique. The coating thickness of foam 2 ranged from 0 to approximately 60 µm. The chemical composition of the TiOx coating was studied by XRD. As a consequence of the similar coating procedure, different materials shared the same chemical structure.

From XRD data, it was observed that the major phase of the coating was Ti4O7 (Fig. 3), which has the highest conductivity among all phases of TiOx [START_REF] Walsh | The continuing development of Magnéli phase titanium sub-oxides and Ebonex® electrodes[END_REF]. The coating also contained other minor phases of TiOx (e.g., Ti6O11 and Ti8O15) (Fig. 3).

Raman spectra were also recorded at different laser intensity (Fig. SI-4) for further characterization of the electrode surface. A peak was observed at 144 cm -1 with a laser filter irradiation set to 5% (Fig. SI-4). Such a peak is typical of Ti4O7 phase [START_REF] Watanabe | Raman spectroscopy of charge-ordered states in Magnéli titanium oxides[END_REF][START_REF] Li | Magneli phase Ti4O7 electrode for oxygen reduction reaction and its implication for zinc-air rechargeable batteries[END_REF].

When 50% laser filter irradiation was applied, three more peaks at 261, 408 and 611cm -1 were appeared. These peaks correspond to rutile TiO2 [START_REF] Yao | Synthesis, characterization, and electrochemical performance of spherical nanostructure of Magnéli phase Ti4O7[END_REF]. The appearance of TiO2 peaks suggested that high laser filter irradiation led to oxidation of Ti4O7 to rutile TiO2. Yao et al. [START_REF] Yao | Synthesis, characterization, and electrochemical performance of spherical nanostructure of Magnéli phase Ti4O7[END_REF] already reported this behavior for the characterization of Ti4O7 phase.

Fig. 3 -XRD pattern for TiOx coating of Ti/TiOx materials (using database PDF2-2004)

Coarse surface roughness

The coarse surface roughness (at µm scale) was observed using optical microscopy (Fig.

SI-5

). There was not very significant coarse surface roughness for the Ti/TiOx plate electrode because of the homogenous deposition of the coating on the flat plate. The characteristic scale of coarse surface roughness of foam 1 was around 100 µm because of pore characteristics of the substrate. This value further increased with foam 2 (1000 µm), which presented larger pores. For comparison, the characteristic scale of coarse surface roughness of conventional BDD plate was around 10 µm.

Electroactive surface area (EASA) and roughness factor (RF)

EASA of Ti/TiOx materials was estimated based on the measurement of capacitance (Fig. SI-6) according to the method reported previously [START_REF] Nayak | Fabrication and characterization of porous, conductive, monolithic Ti4O7 electrodes[END_REF] for porous TiOx materials.

This method allows for taking into account only the EASA ascribed to the reactive TiOx layer since Ti substrate has negligible capacitance compared to TiOx. The EASA of Ti/TiOx plate was 2200 cm 2 , which corresponds to a RF of 93. This high EASA for a plate electrode might be ascribed to the roughness created by the plasma spraying technique at sub-µm scale. The EASA of foam 1 and 2 was 1.36 and 1.83 times lower than Ti/TiOx plate (1620 cm 2 for foam 1 and 1200 cm 2 for foam 2), thus corresponding to a RF of 69 and 51, respectively. The lower EASA of foams compared to Ti/TiOx plate electrode might be mainly explained by a lack of interconnectivity between some pores.

The EASA of foam 1 can also be compared to its total surface area (2186 cm 2 ) calculated from the specific surface area obtained with Hg porosimetry. The total surface area takes into consideration both TiOx-coated and non-coated Ti surface, while the EASA takes into consideration only the TiOx-coated surface. There was only a small difference between both values, despite the fact that only the top of the foam was coated with TiOx. In fact, the specific surface area was mostly ascribed to surface roughness created by the TiOx coating at sub-µm scale, compared to the surface area of the raw Ti foam.

Effective roughness factor (ERF)

As explained previously, surface roughness at sub-µm scale is averaged in the diffusion field when the electrodes are applied in stirred-tank (or flow-by) reactor. The ERF was calculated to estimate how the morphology of the material could potentially really enhance mass transport conditions in stirred-tank configuration. Results are depicted in Table 1, according to different values of δ (thickness of diffusion boundary layer).

The mass transfer coefficient in stirred-tank reactor used in this study was determined using the limiting current technique in the ferro-ferricyanide system with BDD anode (Fig. SI-7). The value for δ was thereby estimated to be 30 µm. For this value of δ, the ERF was 1.002 for Ti/TiOx plate. The surface roughness of Ti/TiOx plate at sub-µm scale is fully averaged into the diffusion field. Thus, it could not contribute to reaching high ERF. The ERF calculated for BDD plate was also low (1.07). It was slightly higher than that of Ti/TiOx plate due to its coarser roughness observed at characteristic scale of 10 µm (Fig. SI-5). Higher ERF (1.54) was obtained for foam 1 thanks to the coarse surface roughness related to its porous structure. The ERF was further increased for foam 2 (4.18) because of its more open porous structure.

Besides, it is interesting to notice that the value of ERF decreases when increasing the value of δ. The greater the diffusion layer thickness, the more the surface roughness is averaged into the diffusion field (Fig. SI-8).

As further investigated below, a high value of ERF is expected to enhance mass transport conditions. Therefore, degradation kinetics should be improved for experiments performed under mass transport limitation. and non-active electrodes with high overpotential for OER (e.g., BDD). Non-active electrodes are usually considered as the most suitable electrodes for promoting the formation of  OH from one electron oxidation of water (Eq. 2) instead of two-electron oxidation of water to O2 (Eq. 3). BDD is the widely studied non-active and stable anode and represents a suitable reference for comparison of oxygen evolution potentials (OEP) measured for Ti/TiOx materials.

As shown in Fig. 4, BDD and Ti/TiOx plate have an OEP of 2.27 and 2.78 V vs Ag/AgCl/3 M KCl, respectively. Thus, both electrodes present high overpotential for OER since the thermodynamic potential for O2 formation is 1.30 V vs Ag/AgCl/3 M KCl [START_REF] Trellu | Electro-oxidation of organic pollutants by reactive electrochemical membranes[END_REF]. The measured OEPs are higher than the thermodynamic potential for  OH generation, which is 2.17 V vs Ag/AgCl/3M KCl [START_REF] Kapałka | The importance of electrode material in environmental electrochemistry. Formation and reactivity of free hydroxyl radicals on boron-doped diamond electrodes[END_REF]. Therefore, these electrodes have great potential for generation of physisorbed  OH. Similar results are usually obtained in the literature with these kinds of materials [START_REF] Xie | Effect of the Presence of Carbon in Ti4O7 Electrodes on Anodic Oxidation of Contaminants[END_REF][START_REF] Chen | Electrochemical technologies in wastewater treatment[END_REF]. Foam 1 has an OEP of 2.82 V vs Ag/AgCl/3 M KCl, which is similar to Ti/TiOx plate. This result indicated that the coating obtained on foam 1 might present similar reactivity than Ti/TiOx plate in terms of potential formation of  OH. On the contrary, foam 2 has a lower OEP of 2.26 V vs Ag/AgCl/3 M KCl. It indicated that the coating obtained on foam 2 was not sufficiently homogeneous for achieving similar reactivity than Ti/TiOx plate. The porous structure of foam 2 leads to the presence of some uncovered surface area (naked Ti surface) that is directly in contact with the electrolytic solution (Fig. 2). Thus, direct evolution of water to O2 at naked Ti surface might be further promoted. This lower OEP might strongly enhance waste reaction of O2 formation (Eq. 3) at the expense of  OH formation (Eq. 2). Ag/AgCl/3 M KCl, supporting electrolyte: 100 mM NaClO4, scan rate: 0.01 V s -1 ).

𝑀 + 𝐻 𝑂 → 𝑀( 𝑂𝐻

 OH-mediated oxidation

 OH-mediated oxidation is the most effective pathway for non-selective electro-oxidation of organic pollutants due to the high reactivity of this radical towards a large range of recalcitrant organic compounds. The apparent degradation kinetic rate (k1) of TA using BDD plate was (1.59 ± 0.06) × 10 -2 min -1 . By comparison, this value was divided by 1.9 using Ti/TiOx plate.

Interestingly, the reactivity of Ti/TiOx was strongly improved when using foam 1. The value of k1 was 2.4 times higher compared to Ti/TiOx plate, thus reaching a value higher than that obtained with BDD electrode. This result highlights that the porosity and coarse surface roughness of foam 1 strongly participated to enhance the degradation rate in this stirred-tank reactor. As similar coating was used for all Ti/TiOx electrodes, faster degradation rate can be ascribed to more favorable mass transport conditions, rather than different reactivity. The 2.4 times faster degradation rate obtained with foam 1 compared to Ti/TiOx plate can be correlated with the 1.5 times higher value of the ERF that promotes effective mass transport conditions. The high ERF increases the surface area availability to enhance the transport of TA from bulk to electrode surface.

Contrary to foam 1, the degradation kinetic of TA using foam 2 was much slower. This slow kinetics can be ascribed to a limitation coming from the different reactivity of foam 2. In fact, the poor reactivity of foam 2 for OH-mediated oxidation of TA agrees with its lower OEP (Fig. 4). It is related to the heterogeneous distribution of the coating with uncovered surface areas. These uncovered areas are directly in contact with the electrolyte (Figs. 2e andf) and promote the 2 e -oxidation of water to O2.

Overall, it appears that the porous structure of the substrate is critical for material's performance. The structure of the Ti substrate was the key parameter for (i) mass transport conditions, depending on surface roughness and morphology (ii) material reactivity, depending on the homogeneity of the TiOx coating. The results presented in Fig. 6 show different degradation kinetics behaviors for PCT degradation using different anode materials. Compared to TA degradation, similar trends were obtained. The apparent degradation kinetic was (0.98 ± 0.17) × 10 -2 min -1 for Ti/TiOx plate. It was multiplied by 1.5 with Ti/TiOx foam 1 (thus reaching a value close to that obtained with BDD). It can also be correlated to its more favorable surface roughness (higher ERF) that favors mass transport conditions, as previously discussed.

Interestingly, the faster degradation kinetic of PCT was obtained using foam 2. The apparent degradation kinetic was even 2.8 and 5.5 times higher compared to BDD and Ti/TiOx plate, respectively. It suggested that the degradation of PCT was not limited by generation of OH, on the contrary to the degradation of TA. Previous results highlighted the lower reactivity of foam 2 for OH-mediated oxidation because of heterogeneous TiOx coating. Therefore, these results indicated that PCT might also be degraded through DET (as further investigated below). This reaction mechanism would be more independent of the homogeneity of TiOx coating, compared to OH-mediated oxidation. With lower limitation from material reactivity (compared to degradation of TA), foam 2 was able to achieve very fast degradation kinetic of PCT because of its favorable morphology for mass transport of PCT from the bulk to the electrode surface.

In fact, its open porosity (Fig. 2d) and suitable surface roughness (Fig. SI-5) allowed for reaching high value of ERF (4.2 and 2.7 times higher than that of Ti/TiOx plate and foam 1, respectively).

The suitability of foam 2 for removal of organic compounds able of reacting via DET was further confirmed by using OA as model compound since it reacts very slowly with hydroxyl radicals (k = 1.4 × 10 6 M -1 s -1 ) [START_REF] Shih | Electrochemical degradation of oxalic acid over highly reactive nano-textured Γ-and Α-MnO2/carbon electrode fabricated by KMnO4 reduction on loofah sponge-derived active carbon[END_REF]. Results presented in Fig. 7 showed that foam 2 was able to strongly increase the degradation kinetic of OA compared to BDD electrode, thus confirming the suitability of this material for the removal of organic compounds through DET. Selectrode/Vsolution = 7.9 m -1 , current density = 5 mA cm -2 )

Mineralization of PCT by foam 1 and foam 2

The degradation of the mother molecule might lead to the generation of toxic by-products. It might also be important to achieve complete mineralization of organic compounds. Therefore, the removal of PCT was also assessed as regards to the mineralization yield achieved after 2 h of treatment (Fig. 8a). Much higher mineralization yield was obtained with BDD (66%) compared to Ti/TiOx plate (14%).

Among different Ti/TiOx materials, the maximum mineralization yield was obtained with foam 1 (34%). The excellent performance of foam 1 comes from (i) its suitable porous structure for mass transport enhancement and (ii) its capacity to generate OHs for non-selective degradation of recalcitrant by-products. The comparison of the behavior of foam 1 and foam 2 for mineralization of PCT was further investigated and mineralization kinetics have been represented in Fig. 8b. Slightly faster mineralization was obtained with foam 1 during the first hours of treatment, but the most significant difference was obtained on longer treatment times (4-8 h). The concentration of TOC in the solution reached almost a plateau with foam 2, indicating that strongly recalcitrant organic compounds were remaining in the solution. These results confirmed that by-products that were not able to react through DET accumulated in the solution because of the poor reactivity of foam 2 for promoting OH-mediated oxidation. As regards to foam 1, these recalcitrant by-products were more easily removed through OH-mediated oxidation. The higher reactivity of foam 1 for OH generation was crucial for achieving higher mineralization yield of PCT. In order to compare these results with previous data obtained in the literature using TiOx materials, a table is provided in SI section (Table SI-1). Selectrode/Vsolution = 7.9 m -1 , current density = 5 mA cm -2 . reacted with this large amount of EtOH, thus avoiding their accumulation at the electrode surface. Therefore, PCT molecules were not able to react through  OH-mediated oxidation. However, they could still reach the electrode surface for oxidation via DET. This large amount of EtOH was also able to react with SO4  -so that possible reaction of PCT through SO4  --mediated oxidation could also be avoided.

Degradation mechanism of PCT: quenching experiments

When excessive TBA was added to the PCT solution, similar phenomenon occurred for  OH scavenging. However, the lower reaction rate constant of TBA with SO4  -implied that SO4  --mediated oxidation might still occur in this case.

Similar degradation kinetics were obtained for both foam 1 and Ti/TiOx plate when using TBA or EtOH as quencher, indicating that SO4  -were not significantly involved in the degradation of PCT.

When adding EtOH as quencher, a fraction of PCT was still degraded when using BDD (63% at t = 2 h), Ti/TiOx plate (44% at t = 2 h) and foam 1 (62% at t = 2 h). These results confirmed that PCT was also able to react through DET. However, degradation kinetics were much slower than without EtOH, emphasizing the key role of  OH during PCT oxidation. Foam 2 showed a very different trend compared to other electrodes.

When adding EtOH as quencher, PCT degradation kinetic did not significantly change.

Almost complete degradation was still obtained after 2 h. This result further confirmed that DET was actually the key mechanism for explaining PCT degradation at foam 2. In the presence of EtOH as quencher, significant HQ accumulation was observed for Ti/TiOx plate, foam 1 and BDD to a lesser extent. The accumulation of HQ in quenching experiment suggested that PCT can be degraded to HQ through DET but  OH were required for further degradation. Moreover, BQ can also be easily reduced to HQ at cathode [START_REF] Mousset | A complete phenol oxidation pathway obtained during electro-Fenton treatment and validated by a kinetic model study[END_REF], thus favoring the accumulation of HQ rather than BQ. Besides, the fraction of HQ + BQ (compared to the amount of PCT degraded) was much higher all along the treatment for all electrodes when adding EtOH as quencher. This result confirmed the important role of  OH in further degradation of these aromatic by-products. In contrast, foam 2 led to the accumulation of BQ and HQ at relatively high concentrations. As these by-products might represent an environmental issue or a danger for human health [START_REF] El Najjar | Kinetics of paracetamol oxidation by ozone and hydroxyl radicals, formation of transformation products and toxicity[END_REF][START_REF] Bolton | Role of quinones in toxicology[END_REF], foam 2 did not appear as a suitable electrode material. 

Conclusions

Porous Ti/TiOx electrodes used in this study were obtained from plasma spraying technique on various Ti substrates. The morphology of foam 2 did not appear to be suitable for non-selective removal of recalcitrant compounds from water. The open porosity structure is optimal for mass transport conditions and allows faster reaction of organic compounds through DET. Unfortunately, this structure also prevents the deposition of a homogeneous TiOx layer. The presence of uncovered Ti surface that is easily accessible to the electrolyte hinders the formation of OH, as highlighted from experiments with probe molecules and quenchers. On the contrary, the morphology of foam 1 allowed for a homogeneous TiOx coating, thus promoting OH-mediated oxidation of organic compounds. This latter reaction mechanism enables to increase mineralization yields owing to non-selective oxidation of recalcitrant by-products.

In stirred-tank reactor, the degradation kinetic of PCT and TA by anodic oxidation with Ti/TiOx foam 1 was 1.5 and 2.4 times higher than the value obtained with Ti/TiOx plate, respectively. The coarse roughness of foam 1 improved mass transport conditions even in stirred-tank configuration since the characteristic scale of the roughness was larger than the thickness of the diffusion boundary layer. The calculation of the ERF value highlighted the importance of this coarse roughness. The degradation kinetic of PCT in flow-through configuration with Ti/TiOx foam 1 was 3.9 times higher than with Ti/TiOx plate in stirred-tank reactor, thanks to the convective-enhanced mass transport. It corresponds to a 1.9 times enhancement compared to BDD plate (gold standard electrode for such application). Further mass transport enhancement would be achieved in flow-through configuration by using porous materials with lower pore size in order to reduce the limitation from diffusion of pollutants within pores. However, the great advantage of such foams with larger pore size is its capacity to be used with less fouling issues and lower pressure drop for the treatment of real effluents.
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 1 Fig. 1 -Plot of incremental pore volume as a function of pore diameter for foam 1 from Hg porosimetry (a) and pore size of foam 2 observed from optical microscopy (b)

Fig. 2 -

 2 Fig. 2 -SEM images of (a): Ti/TiOx plate, (b), (c): foam 1 and (d), (e) and (f): foam 2

Fig. 4 -

 4 Fig. 4 -LSV curves of different materials used in this study (reference electrode:

Fig. 5

 5 depicts the reactivity of different materials for OH generation using TA degradation as probe molecule. Besides, the generation of by-product 2-hydroterephthalic acid (HTA) constituted second evidence of the presence of OH formation (Fig.SI-9)[START_REF] Jing | Mechanistic Study of the Validity of Using Hydroxyl Radical Probes to Characterize Electrochemical Advanced Oxidation Processes[END_REF]. Very different degradation kinetics of TA were obtained with the different Ti/TiOx materials. BDD plate was also used for comparison as gold standard electrode for the generation of OH. All degradation kinetics fitted well with pseudo-first order kinetics.
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 56 Fig. 5 -TA degradation kinetic (a) and pseudo first order rate constant values (b) obtained during electro-oxidation of TA with different Ti/TiOx materials and BDD anodes (initial CTA = 0.1 mM, effective surface area = 23.6 cm 2 , Selectrode/Vsolution = 7.9 m -1 , current density = 5 mA cm -2 )

Fig. 7 -

 7 Fig. 7 -Degradation kinetic (a) and values of pseudo first order rate constants (b) obtained during anodic oxidation of oxalic acid (OA) with Ti/TiOx material (foam 2) and BDD anodes (initial COA = 0.4 mM, effective surface area = 23.6 cm 2 ,

Fig. 8 -

 8 Fig. 8 -Mineralization yield of PCT after 2 h (a) and 8 h (b) of electrolysis using different Ti/TiOx materials and BDD as anode under following operating conditions: initial CPCT = 0.1 mM, initial TOC = 9.6 mg L -1 , effective surface area = 23.6 cm 2 ,

Fig. 9

 9 Fig. 9 shows the time-course for degradation of PCT in presence of EtOH and TBA as quenchers. The results were compared with PCT degradation without quencher. Results obtained with different electrode materials are compared. In the absence of any quencher,  OH accumulated at the vicinity of the electrode surface. When PCT molecules are transported from bulk solution to electrode surface, they react quickly with  OH as a result of both (i) high reaction rate constant with  OH and (ii) mass transport-limited conditions resulting in generation of  OH in excess compared to the

Fig. 9 -

 9 Fig. 9 -PCT degradation during anodic oxidation process using different anode materials in the presence and absence of EtOH and TBA: (a) foam 1, (b) foam 2, (c) Ti/TiOx plate and (d) BDD (initial CPCT = 0.1 mM, effective surface area = 23.6 cm 2 , Selectrode/Vsolution = 7.9 m -1 , current density = 5 mA cm -2 , molEtOH/TBA/molPCT = 1000)

Fig. 10 - 3 . 4

 1034 Fig. 10 -Evolution of by-products during PCT degradation by different materials in the absence and presence of EtOH: (a) foam 1, (b) foam 2, (c) Ti/TiOx plate and (d) BDD and (e) evolution of total concentration of (HQ + BQ) (initial CPCT = 0.1 mM, effective surface area = 23.6 cm 2 , Selectrode/Vsolution = 7.9 m -1 , current density = 5 mA cm -2 , molEtOH/TBA/molPCT = 1000)

Fig. 11 -

 11 Fig.11 -PCT concentration kinetic during anodic oxidation with foam 1 in batch and flow-through mode with continuous recirculation of the solution flowing through the electrode ([PCT]0 = 0.1 mM, effective surface area = 9.6 cm 2 , Selectrode/Vsolution = 7.9 m -1 , current density = 5 mA cm -2 , flux = 1200 L h -1 m -2 )

Table 1 -

 1 Calculated values of effective roughness factor according to electrode

		material and thickness of the diffusion layer (δ)	
		δ = 7.5 µm	δ = 30 µm	δ = 100 µm
	foam 1	1.67	1.54	1.17
	foam 2	4.59	4.18	3.45
	Ti/TiOx plate	1.002	1.002	1.002
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