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Introduction

The use of water has been multiplied by six in the course of last 100 years and it is still growing in a rate of 1% by year since the decade of 1980. This increase comes out from the combination of several factors like population growth, the development of economic and evolution consummation modes. A survey conducted by Water Resources Group concluded that world would be faced to a 40% water deficit by 2030 as a status quo scenario [START_REF]The United Nations world water development report 2021: valuing water; facts and figures[END_REF] .

It is estimated that 80% of industrial and municipal wastewater are discharged into the environment without any previous treatment; the direct consequences are the harmful effects in human health and ecosystems [START_REF]The United Nations world water development report[END_REF] .

In addition, current discharge and drinking water legislation, by the European CHemical Agency (ECHA) or the Environmental Protection Agency (EPA), has been toughened for persistent organic pollutants (POP) [START_REF]List of substances subject to POPs Regulation -ECHA[END_REF] . A bio-refractory substance that is not identified under existing legislation is automatically included on the list of 'emerging contaminants' [START_REF] Parida | Emerging Contaminants in Wastewater: A Critical Review on Occurrence, Existing Legislations, Risk Assessment, and Sustainable Treatment Alternatives[END_REF] . The monitoring of these pollutants, which may also be present in wastewater effluents, has recently been the subject of concerns. This alludes to the fact that advantageous technologies for wastewater treatment are currently under scope [START_REF] Martinez-Huitle | Electrochemical Water and Wastewater Treatment[END_REF] .

Among them, the potentialities of Advanced Oxidation Processes (AOP) are well known to date. These techniques, such as ozonation, photocatalysis, and the use of the Fenton reagent, among others, are based on the generation of hydroxyl radicals ( • OH), which are known as one of the strongest oxidant species in aqueous solution. In fact, hydroxyl radicals are highly reactive, their kinetic constant values with most of organics, , are in the range of 10 9 -10 10 M -1 s -1 [START_REF] Buxton | Critical Review of Rate Constants for Reactions of Hydrated Electrons, Hydrogen Atoms and Hydroxyl Radicals in Aqueous Solution[END_REF] .

However, the conventional AOP may lead to additional drawbacks like sludge generation, use of chemical agents, limiting their application to specific pH ranges, etc. [START_REF] Pisharody | Occurrence of Organic Micropollutants in Municipal Landfill Leachate and Its Effective Treatment by Advanced Oxidation Processes[END_REF][START_REF] Asaithambi | Removal of Color, COD and Determination of Power Consumption from Landfill Leachate Wastewater Using an Electrochemical Advanced Oxidation Processes[END_REF] . More effective and efficient technologies have caused great interest, such as Electrochemical Advanced Oxidation Processes (EAOP), which are notable for the electrochemical generation of different reactive oxidant species, including • OH. Particular attention has been drawn to electrooxidation (EO), which generates electrochemically • OH from water oxidation on the anode surface as shown in Eq. 1.
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Unlike some EAOP, e.g. Electro-Fenton [START_REF] Deng | Critical Review on the Mechanisms of Fe2+ Regeneration in the Electro-Fenton Process: Fundamentals and Boosting Strategies[END_REF] , EO is easier to handle and operate without pH restrictions, besides no additional reagents are needed, as reported in different reviews [START_REF] Moreira | Electrochemical Advanced Oxidation Processes: A Review on Their Application to Synthetic and Real Wastewaters[END_REF][START_REF] Sirés | Electrochemical Advanced Oxidation Processes: Today and Tomorrow[END_REF][START_REF] Chaplin | Critical Review of Electrochemical Advanced Oxidation Processes for Water Treatment Applications[END_REF] .

The electrochemical generation of • OH occurs at very high potentials, = 2.73V vs.

SHE [START_REF] Wardman | Reduction Potentials of One-Electron Couples Involving Free Radicals in Aqueous Solution[END_REF] , and therefore requires anodes with a high overpotential (η) for the oxygen evolution reaction (OER).

Besides, thanks to the progress made in anode materials in recent decades, EAOP appeared, more than ever, a real alternative for treating solutions containing refractory and persistent species to biological processes [START_REF] Pisharody | Occurrence of Organic Micropollutants in Municipal Landfill Leachate and Its Effective Treatment by Advanced Oxidation Processes[END_REF][START_REF] Deng | Review on Electrochemical System for Landfill Leachate Treatment: Performance, Mechanism, Application, Shortcoming, and Improvement Scheme[END_REF][START_REF] Mandal | Review on Landfill Leachate Treatment by Electrochemical Oxidation: Drawbacks, Challenges and Future Scope[END_REF] . At the beginning of the 2000s, thanks to its extraordinary electrochemical properties, the boron-doped diamond (BDD) anode stood out in the academic world. A large part of electrochemical applications such as electrosynthesis, electroanalysis and especially depollution and disinfection, has been revisited [START_REF] Nidheesh | Environmental Applications of Boron-Doped Diamond Electrodes: 1. Applications in Water and Wastewater Treatment[END_REF] . However, as it is commonly observed for EAOP in the field of water treatment, where the Technology Readiness Level (TRL) does not exceed level 6 [START_REF] Lacasa | Environmental Applications of Electrochemical Technology. What Is Needed to Enable Full-Scale Applications?[END_REF] , investment and operating costs limit the industrialization process and its development to niche sectors.

It should also be considered that because of its strong reactivity, the • OH possesses a short half-life (10 ns [START_REF] Lacasa | Environmental Applications of Electrochemical Technology. What Is Needed to Enable Full-Scale Applications?[END_REF][START_REF] Comninellis | Electrocatalysis in the Electrochemical Conversion/Combustion of Organic Pollutants for Waste Water Treatment[END_REF][START_REF] Panizza | Direct And Mediated Anodic Oxidation of Organic Pollutants[END_REF] ). This property represents one of the principal limitations in EAOP. As a direct consequence, the electrochemical reaction occurs only close to the electrode surface, limited to a thin layer of less than 1µm, thus being considered as a direct electrochemical oxidation step [START_REF] Lacasa | Environmental Applications of Electrochemical Technology. What Is Needed to Enable Full-Scale Applications?[END_REF][START_REF] Martínez-Huitle | Single and Coupled Electrochemical Processes and Reactors for the Abatement of Organic Water Pollutants: A Critical Review[END_REF] . On one side, the question of the relevance of such processes for the treatment of dilute solutions arises, even if the reactor has an efficient mass transport. First works have been devoted to two-step coupling process, that is, a proposed strategy solution facilitating effluent preconcentration prior to EO treatment [START_REF] Panizza | Direct And Mediated Anodic Oxidation of Organic Pollutants[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] Urtiaga | Electrochemical Technologies Combined with Membrane Filtration[END_REF] . It has demonstrated a remarkable enhancement for POP degradation by EO. On the other side, Membrane Filtration Processes (MFP) are widely employed as a method of separating pollutants from wastewaters without degrading them [START_REF] Lan | Feasibility of Micropollutants Treatment by Coupling Nanofiltration and Electrochemical Oxidation: Case of Hospital Wastewater[END_REF][START_REF] Asif | Ceramic Membrane Technology for Water and Wastewater Treatment: A Critical Review of Performance, Full-Scale Applications, Membrane Fouling and Prospects[END_REF][START_REF] Chen | State-of-the-Art Ceramic Membranes for Oily Wastewater Treatment: Modification and Application[END_REF] . However, this process is limited by fouling and management of membrane concentrates problems. With the aim of getting over these limitations, it is convenient to switch from a sequential (two-step) coupling to a hybrid (single-step) process;

which associates the advantages from both MFP and EAOP technologies. This means to profit from large exchange surface provided by MPF in order to accumulate solutions to be treated in close contact with • OH.

This brings into play REM, which working principle consists of getting the polluted solution through the polarized membrane, frequently doped with a semi-conductor material which generates • OH, ensuring electronic transfer. Electrochemical surface is then very large since electrochemical oxidation takes place in the membrane accessible porous volume. This technology becomes promising due to the fact that it is robust, economic and able to treat great diluted solution volumes.

Based on database of 'Web of Science' [START_REF] Hakami | Ceramic Microfiltration Membranes in Wastewater Treatment: Filtration Behavior, Fouling and Prevention[END_REF] , the current number of publications and reviews [27][START_REF] Ren | Recent Advances in Electrocatalytic Membrane for the Removal of Micropollutants from Water and Wastewater[END_REF][START_REF] Zhang | Electrically Conductive Inorganic Membranes: A Review on Principles, Characteristics and Applications[END_REF][START_REF] Ren | Membrane Electrodes for Electrochemical Advanced Oxidation Processes: Preparation, Self-Cleaning Mechanisms and Prospects[END_REF] concerning REM and TiSO-REM is increasing in recent years, revealing the rise of this topic. In addition, the full development of this technology is also highlighted by the number of patents [31] . Fig. 1 presents this evolution in the course of last years. [START_REF] Hakami | Ceramic Microfiltration Membranes in Wastewater Treatment: Filtration Behavior, Fouling and Prevention[END_REF] . The search of articles in relation to REM was done with the titles: 'reactive electrochemical membrane', 'electrocatalytic membrane' and 'conductive membrane'; with the topic: 'refractory' and 'electrooxidation'. Regarding Ti 4 O 7 -REM with the topic: 'reactive electrochemical membranes' and 'Ti 4 O 7 ' found in the abstract. Patents were numbered using the patentscope search engine [31] with 'reactive electrochemical membrane' found on front page. The purpose of this review is to consolidate the recent advances concerning REM with particular focus on TiSO in order to identify the scientific and technological challenges to be overcome for an envisaged industrial process deployment.

For this purpose, aiming to bio-refractory pollutants removal, the tackled points were the following: (i) TiSO-REM development and fabrication, the different removal mechanisms and electrocatalytic reactions, as well as the parameters influencing the removal performance are discussed.

(ii) for an industrial scaling-up development, all process limitations about TiSO-REM in its use and lifetime service are addressed. Then the different geometry designs and their implementation in several reactor configurations until the scaling-up.

We will make an effort to provide our critical viewpoint on each of the points described in this article. We will also suggest various lines of further research for the advancement of this technique on an industrial scale.

2 Sub-stoichiometric titanium oxide-based membranes as REM In the category of porous materials with both 3-dimensional electrode and filtration properties, ceramics have been extensively developed these last ten years to allow a shape selection, porosity and feasible large-scale applications.

Properties of Ti 4 O 7

Sub-stoichiometric titanium oxide (TiSO) membranes emerge as one of most auspicious materials by virtue of their properties; i.e., high oxygen evolution potential (OEP) leads to high • OH yield generation as discussed below.

Among the different TiO 2 Magnéli phases (Ti n O 2n-1 , 4≤n≤ 10), the Ti 4 O 7 has been found the most conductive [32,[START_REF] Walsh | The Continuing Development of Magnéli Phase Titanium Sub-Oxides and Ebonex® Electrodes[END_REF] (theoretical value 1000 Scm -1 [START_REF] Gusev | Ceramic Electrodes Based on Magneli Phases of Titanium Oxides[END_REF] ) as well as the one generating the highest • OH yield [START_REF] Hayfield | Development of a New Material: Monolithic Ti4O7 Ebonex Ceramic[END_REF][START_REF] Guo | Development and Characterization of Ultrafiltration TiO2 Magnéli Phase Reactive Electrochemical Membranes[END_REF] due to its high OER overpotential (η OER ); as seen in Table 1, the η OER of Ti 4 O 7 is comparable to that of BDD anode. Besides, it is chemically and electrochemically stable. These advantageous properties make Ti 4 O 7 an ideal electrode material in applications for EAOP [START_REF] Jing | The Roles of Oxygen Vacancies, Electrolyte Composition, Lattice Structure, and Doping Density on the Electrochemical Reactivity of Magnéli Phase TiO2 Anodes[END_REF][START_REF] El Kateb | Electrochemical Advanced Oxidation Processes Using Novel Electrode Materials for Mineralization and Biodegradability Enhancement of Nanofiltration Concentrate of Landfill Leachates[END_REF][START_REF] Ganiyu | Sub-Stoichiometric Titanium Oxide (Ti4O7) as a Suitable Ceramic Anode for Electrooxidation of Organic Pollutants: A Case Study of Kinetics, Mineralization and Toxicity Assessment of Amoxicillin[END_REF] .

Table 1. OER overpotential from several anode materials under acidic conditions, j= 10 mAcm -2 [START_REF] Zaky | Porous Substoichiometric TiO2 Anodes as Reactive Electrochemical Membranes for Water Treatment[END_REF][START_REF] Correa-Lozano | Preparation of SnO2-Sb2O5 Films by the Spray Pyrolysis Technique[END_REF][START_REF] Giner-Sanz | Improvement of the Electrochemical Behavior of (Sb, Sn, Cu)O Ceramic Electrodes as Electrochemical Advanced Oxidation Anodes[END_REF][START_REF] García-Osorio | The Kinetic Parameters of the Oxygen Evolution Reaction (OER) Calculated on Inactive Anodes via EIS Transfer Functions: •OH Formation[END_REF][START_REF] Mora-Gomez | Electrochemical Degradation of Norfloxacin Using BDD and New Sb-Doped SnO2 Ceramic Anodes in an Electrochemical Reactor in the Presence and Absence of a Cation-Exchange Membrane[END_REF] Electrode Pt PbO 2 SnO 2 BDD Ti 4 O 7 η OER [V] 0.27 0.5 0.67 1.27 1.47

From TiO 2 defect-free, with +IV oxidation state, it is often used as precursor to generate TiSO. Titanium oxidation state is determined by the extent degree of oxygen vacancies formed during the sub-stoichiometric TiO 2 synthesis. Thus, different Magnéli phases could be also generated in the TiO 2 reduction to obtain Ti 4 O 7 .

In many oxides, transition metals are octacoordinated in oxygen octahedra that are linked together to form chains along one direction. This brings forth the formation of tunnels in rutile [START_REF] Reier | Electrocatalytic Oxygen Evolution Reaction (OER) on Ru, Ir, and Pt Catalysts: A Comparative Study of Nanoparticles and Bulk Materials[END_REF] , whereof large tunnel structures are generally unstable if these sites remain unoccupied.

Ti 4 O 7 has a rutile-like structure with two dimensional slabs of TiO 2 (four oxygen octahedra thick) separated by a shear plane. So, it acquires a triclinic crystal lattice where two chemical formulas coexist per unit cell as shown in Fig. 2 [START_REF] Pasero | A Short Outline of the Tunnel Oxides[END_REF] . Fig. 2. Crystal lattice of Ti 4 O 7 [47] . Metal conducting behavior for transition metal oxides like Ti 4 O 7 is generally observed at high phase transition temperatures [START_REF] Yoshimatsu | Superconductivity in Ti4O7 and γ-Ti3O5 Films[END_REF][START_REF] Lakkis | Metal-Insulator Transitions in Ti4O7 Single Crystals: Crystal Characterization, Specific Heat, and Electron Paramagnetic Resonance[END_REF] (T≥150 K [START_REF] Pasero | A Short Outline of the Tunnel Oxides[END_REF] ), therefore enabling the absence of paired Ti 3+ -Ti 3+ , consequently gaining mobility for a completely electron delocalization in the d-band [START_REF] Pasero | A Short Outline of the Tunnel Oxides[END_REF][START_REF] Page | Structural Chemistry of Magnéli Phases TinO2n-1 (4 ≤ n ≤ 9): IV. Superstructure in Ti4O7 at 140 K[END_REF] , then implying an electron share. The latter allows the electronic charge to be indistinctly distributed between the equally populated Ti 3+ (3d 0 ) and Ti 4+ (3d 1 ) configurations in the Ti 4 O 7 ; thus resulting in an average of Ti 3.5+ , which is the same in the four titanium sites [START_REF] Pasero | A Short Outline of the Tunnel Oxides[END_REF] . Along these lines, this explains why Ti 4 O 7 is the most conductive Magnéli phase.

Development and fabrication

Two types of TiSO-REM can be distinguished (i) TiSO-dense electrode structures (i) TiSOcoating on a porous support.

The most known commercial manufacture of TiSO-based membranes is essentially a result of the reduction from TiO 2 to Ti 4 O 7 via two processes: On one hand, thermic reduction under modified atmosphere requires a reducing agent supply like hydrogen (Eq. 2) [START_REF] Arif | Highly Conductive Nano-Sized Magnéli Phases Titanium Oxide (TiOx)[END_REF][START_REF] Zaky | Mechanism of P-Substituted Phenol Oxidation at a Ti4O7 Reactive Electrochemical Membrane[END_REF][START_REF] Maqbool | Reactive Electrochemical Ceramic Membrane for Effective Removal of High Concentration Humic Acid: Insights of Different Performance and Mechanisms[END_REF][START_REF] Cui | Ti4O7 Reactive Electrochemical Membrane for Humic Acid Removal: Insights of Electrosorption and Electrooxidation[END_REF][START_REF] Ly | Exploring the Potential Application of Hybrid Permonosulfate/Reactive Electrochemical Ceramic Membrane on Treating Humic Acid-Dominant Wastewater[END_REF][START_REF] Pei | Electrochemical Removal of Chlorophenol Pollutants by Reactive Electrode Membranes: Scale-Up Strategy for Engineered Applications[END_REF][START_REF] Misal | Modeling Electrochemical Oxidation and Reduction of Sulfamethoxazole Using Electrocatalytic Reactive Electrochemical Membranes[END_REF] .

On the other hand, carbothermal reduction is also employed and requires a carbon or CO 2 source under argon atmosphere (Eq. 3) [START_REF] Wang | Flow-through Electrochemical Removal of Benzotriazole by Electroactive Ceramic Membrane[END_REF][START_REF] Trellu | Mineralization of Organic Pollutants by Anodic Oxidation Using Reactive Electrochemical Membrane Synthesized from Carbothermal Reduction of TiO2[END_REF] .

Regardless the reduction method, this is normally done in an optimized high temperature so as to avoid to oxidize the surface material, so treatment duration is also important. Guo et al. tested different thermic reduction treatment durations in the synthesis of TiSO-REM from a TiO 2 tubular membrane [START_REF] Hayfield | Development of a New Material: Monolithic Ti4O7 Ebonex Ceramic[END_REF] . At high temperature treatment (1050°C), it is demonstrated that by extending the treatment time from 30 to 50 hours, Ti 6 O 11 -REM has been switched to Ti 4 O 7 -REM. As a result, longer treatment time leads to an increasing Ti 4 O 7 yield.

Production of TiSO can be achieved by metallothermic reduction of TiO 2 assisted by some metals (Ti, Ca, Al, etc.) and providing a heating source under inert atmosphere (Eq. 4) [32,[START_REF] Ganzenko | Reactive Electrochemical Membrane for the Elimination of Carbamazepine in Secondary Effluent from Wastewater Treatment Plant[END_REF] .

In the case of dense TiSO-REM, prior to sintering process, some steps are carried out; e.g., mechanic compression or gel casting [START_REF] Gusev | Ceramic Electrodes Based on Magneli Phases of Titanium Oxides[END_REF][START_REF] Misal | Modeling Electrochemical Oxidation and Reduction of Sulfamethoxazole Using Electrocatalytic Reactive Electrochemical Membranes[END_REF][START_REF] Xu | Structures, Preparation and Applications of Titanium Suboxides[END_REF][START_REF] Nayak | Fabrication and Characterization of Porous, Conductive, Monolithic Ti4O7 Electrodes[END_REF][START_REF] Wang | Electrooxidation of Perfluorooctanesulfonic Acid on Porous Magnéli Phase Titanium Suboxide Anodes: Impact of Porous Structure and Composition[END_REF] . Once these previous steps are accomplished, sintering process is implemented in a high temperature (900-1050°C) [START_REF] Zhao | A Bifunctional Electroactive Ti4O7-Based Membrane System for Highly Efficient Ammonia Decontamination[END_REF][START_REF] Raffy | Electrochemical Device for Purifying a Fluid[END_REF] .

In regards to coating, TiSO deposition can be done by dip-coating [START_REF] Chaplin | Ultrafiltration TIO2 Magnéli Phase Reactive Electrochemical Membranes[END_REF][START_REF] Geng | Magnéli Ti4O7 Modified Ceramic Membrane for Electrically-Assisted Filtration with Antifouling Property[END_REF] or by other methods like pulse laser deposition (PLD) and thermal oxidation (EDT) [START_REF] Geng | Antifouling Ceramic Membrane Electrode Modified by Magnéli Ti4O7 for Electro-Microfiltration of Humic Acid[END_REF] . However, plasma spraying deposition methods are still widely developed, they are performed under different conditions: atmospheric (APS) [START_REF] Jing | The Roles of Oxygen Vacancies, Electrolyte Composition, Lattice Structure, and Doping Density on the Electrochemical Reactivity of Magnéli Phase TiO2 Anodes[END_REF][START_REF] El Kateb | Electrochemical Advanced Oxidation Processes Using Novel Electrode Materials for Mineralization and Biodegradability Enhancement of Nanofiltration Concentrate of Landfill Leachates[END_REF][START_REF] Gayen | Electrochemical Oxidation of Atrazine and Clothianidin on Bi-Doped SnO2-TinO2n-1 Electrocatalytic Reactive Electrochemical Membranes[END_REF] , vacuum conditions (VPS) [START_REF] Olvera-Vargas | Dynamic Cross-Flow Electro-Fenton Process Coupled to Anodic Oxidation for Wastewater Treatment: Application to the Degradation of Acetaminophen[END_REF][START_REF] Lin | Energy-Efficient for Advanced Oxidation of Bio-Treated Landfill Leachate Effluent by Reactive Electrochemical Membranes (REMs): Laboratory and Pilot Scale Studies[END_REF][START_REF] Yang | Insight into the Rapid Elimination of Low-Concentration Antibiotics from Natural Waters Using Tandem Multilevel Reactive Electrochemical Membranes: Role of Direct Electron Transfer and Hydroxyl Radical Oxidation[END_REF] or even sparkling type (SPS) [START_REF] Yang | Energy-Efficient Removal of Trace Antibiotics from Low-Conductivity Water Using a Ti4O7 Reactive Electrochemical Ceramic Membrane: Matrix Effects and Implications for Byproduct Formation[END_REF] .

It is known that VPS allows to more homogenized deposition layers compared to APS; however, because of the achieving of vacuum conditions, production cost associated to VPS limits its use [74] .

Various substrate materials can be used such as commercial membranes like Al 2 O 3 [START_REF] Chaplin | Ultrafiltration TIO2 Magnéli Phase Reactive Electrochemical Membranes[END_REF][START_REF] Geng | Magnéli Ti4O7 Modified Ceramic Membrane for Electrically-Assisted Filtration with Antifouling Property[END_REF] or Ti [START_REF] Gayen | Electrochemical Oxidation of Atrazine and Clothianidin on Bi-Doped SnO2-TinO2n-1 Electrocatalytic Reactive Electrochemical Membranes[END_REF][START_REF] Olvera-Vargas | Dynamic Cross-Flow Electro-Fenton Process Coupled to Anodic Oxidation for Wastewater Treatment: Application to the Degradation of Acetaminophen[END_REF][START_REF] Lin | Energy-Efficient for Advanced Oxidation of Bio-Treated Landfill Leachate Effluent by Reactive Electrochemical Membranes (REMs): Laboratory and Pilot Scale Studies[END_REF][START_REF] Yang | Insight into the Rapid Elimination of Low-Concentration Antibiotics from Natural Waters Using Tandem Multilevel Reactive Electrochemical Membranes: Role of Direct Electron Transfer and Hydroxyl Radical Oxidation[END_REF] . Geng and Chen deposited by dip-coating a TiO 2 layer on Al 2 O 3 followed by a sintering and reduction process [START_REF] Chaplin | Ultrafiltration TIO2 Magnéli Phase Reactive Electrochemical Membranes[END_REF] .

However, these manufacture processes have some disadvantages: the hot-press sintering method wastes the powders and the plasma spraying method is expensive and difficult to implement for large-scale applications [75] .

Sol-gel technique, which is less costly, has been proposed in this area for the Ti 4 O 7 -REM synthesis for tetracycline (TC) degradation. Zhang et al. used TiO 2 as precursor, it was deposited on a commercial ceramic membrane before the reduction under H 2 [75] . Besides, in the context of Ti 4 O 7 electrode manufacture impact, higher removal efficiency is obtained compared to hot pressing or plasma spraying methods (96.24% at 8 mAcm -2 [75] vs. 75.2% at 0.5 mAcm -2 [START_REF] Zhang | Synthesis of Low-Cost Ti4O7 Membrane Electrode for Electrooxidation of Tetracycline under Flow-through Conditions: Performance, Kinetics and Mechanism[END_REF] ).

Doping agents and coating materials recent studies are focused on making Ti 4 O 7 electrode more conductive; i.e., to reduce charge transfer resistance (R ct ) as well as increasing oxygen atoms transfer during EO of organic compounds. It is with that aim that modifications are performed by doping [START_REF] Yang | Energy-Efficient Removal of Trace Antibiotics from Low-Conductivity Water Using a Ti4O7 Reactive Electrochemical Ceramic Membrane: Matrix Effects and Implications for Byproduct Formation[END_REF][START_REF] Liang | Electro-Oxidation of Tetracycline by a Magnéli Phase Ti4O7 Porous Anode: Kinetics, Products, and Toxicity[END_REF][START_REF] Pei | Electrochemical Removal of Tetrabromobisphenol A by Fluorine-Doped Titanium Suboxide Electrochemically Reactive Membrane[END_REF][START_REF] Lin | Defect Engineering on a Ti4O7 Electrode by Ce3+ Doping for the Efficient Electrooxidation of Perfluorooctanesulfonate[END_REF] , or even by inserting an active layer between the initial substrate and the TiSO [START_REF] Olvera-Vargas | Dynamic Cross-Flow Electro-Fenton Process Coupled to Anodic Oxidation for Wastewater Treatment: Application to the Degradation of Acetaminophen[END_REF][START_REF] Lin | Energy-Efficient for Advanced Oxidation of Bio-Treated Landfill Leachate Effluent by Reactive Electrochemical Membranes (REMs): Laboratory and Pilot Scale Studies[END_REF][START_REF] Yang | Insight into the Rapid Elimination of Low-Concentration Antibiotics from Natural Waters Using Tandem Multilevel Reactive Electrochemical Membranes: Role of Direct Electron Transfer and Hydroxyl Radical Oxidation[END_REF] ; these coating layers and doping agents present electrocatalytic or high conductive properties.

• OH production yield of TiSO is still considered not as high as BDD anode materials [START_REF] Geng | Antifouling Ceramic Membrane Electrode Modified by Magnéli Ti4O7 for Electro-Microfiltration of Humic Acid[END_REF][START_REF] Feng | Anodic Activation of Persulfate by V-Mediated Ti4O7: Improved Stability and ROS Generation[END_REF] . In order to enhance the electrocatalytic properties, some researchers used SnO 2 as doping agent or active layer. As a matter of fact, SnO 2 -based anodes have attracted keen interest at the end of the 1980s due to non-selective EO and high • OH production yield, thus representing an advantage to treat a wide variety of effluents regardless its composition [START_REF] Yang | Developing a Low-Pressure and Super Stable Electrochemical Tubular Reactive Filter: Outstanding Efficiency for Wastewater Purification[END_REF][START_REF] Kötz | Electrochemical Waste Water Treatment Using High Overvoltage Anodes. Part I: Physical and Electrochemical Properties of SnO2 Anodes[END_REF][START_REF] Comninellis | Electrochemical Oxidation of Phenol for Wastewater Treatment Using SnO2, Anodes[END_REF] . For instance, Lin et al. worked on Ti/Sb-SnO 2 /Ti 4 O 7 -REM, whence Sb-SnO 2 was the interlayer deposited by sol-gel method. Electrocatalytic Ti 4 O 7 layer was then deposited by VPS [START_REF] Olvera-Vargas | Dynamic Cross-Flow Electro-Fenton Process Coupled to Anodic Oxidation for Wastewater Treatment: Application to the Degradation of Acetaminophen[END_REF] .

Electrocatalytic materials can be coated directly on Ti and EDT [START_REF] Geng | Antifouling Ceramic Membrane Electrode Modified by Magnéli Ti4O7 for Electro-Microfiltration of Humic Acid[END_REF] . It should be mentioned that SnO 2 -based anodes show a short service lifetime; it has been reported to be about 12 h at 100 mAcm -2 [84] . This latter represents a limitation for their practical applications; in this manner, improvements are done by mixing other metal oxides or interlayers between titanium support and active oxides. However, it presumably seems that none of the cited studies evaluated the Sn release or service lifetime.

To this, is added the fact that SnO 2 /Sb-SnO 2 -doped electrodes are generally onerous and toxic soluble metals are generated during their functioning, whereof Sb has limits set by ECHA [START_REF] Correa-Lozano | Service Life of Ti/SnO2-Sb2O5 Anodes[END_REF] and EPA [START_REF]Information on Chemicals -ECHA[END_REF] for drinking water of 5 and 6 µgL -1 , respectively.

This followed up on alternative doping materials for the Ti 4 O 7 -REM. For example, the research group of Li et al. applied graphene oxide nanoparticles (GON) sintered by SPS on the Ti 4 O 7 ceramic membrane [START_REF] Yang | Energy-Efficient Removal of Trace Antibiotics from Low-Conductivity Water Using a Ti4O7 Reactive Electrochemical Ceramic Membrane: Matrix Effects and Implications for Byproduct Formation[END_REF] . This resulted in the 90% R ct reduction as well as a 2.5-2.8fold • OH formation rate compared to the pristine Ti 4 O 7 -REM.

Citing the performance of aforementioned work; for 1,4-dioxane (1,4-D) degradation, which is classified as a carcinogenic substance according to the ECHA [87] . This compound was spiked into a real landfill leachates (LL) effluent to simulate a complex wastewater environment; this resulted in 62.4% degradation using the GON-doped Ti 4 O 7 -REM, which was 2 times higher than that by pristine Ti 4 O 7 -REM at 20 mAcm -2 [START_REF] Yang | Energy-Efficient Removal of Trace Antibiotics from Low-Conductivity Water Using a Ti4O7 Reactive Electrochemical Ceramic Membrane: Matrix Effects and Implications for Byproduct Formation[END_REF] .

Even though these early results seem encouraging, concerns have been expressed regarding the costs of materials manufacturing as well as their lifespan when used in real effluents.

To treat hydrophobic micropollutants e.g., tetrabromobisphenol (TBBPA) and to overcome the strong hydrophilic nature of Ti 4 O 7 , a F-doped TiSO-REM was elaborated by Pei et al. [START_REF] Liang | Electro-Oxidation of Tetracycline by a Magnéli Phase Ti4O7 Porous Anode: Kinetics, Products, and Toxicity[END_REF] ,

allowing a more hydrophobic surface. Thus, favoring an easier To consider the modification of the material by the fluorine, it is significant to approach the research of the material behavior over time, with a focus on any potential fluorine release into the solution.

Other doping agents for Ti 4 O 7 electrode were studied such as Ce 3+ or V to enhance properties.

For instance 3%Ce 3+ -doped Ti 4 O 7 showed extra surficial oxygen vacancies formation and high • OH production yield tested in flow-by mode [START_REF] Pei | Electrochemical Removal of Tetrabromobisphenol A by Fluorine-Doped Titanium Suboxide Electrochemically Reactive Membrane[END_REF] . For peroxydisulfate activation, V was inserted in the Ti 4 O 7 electrode and revealed enhanced electron transfer; i.e., R ct being 1.62-10.03 Ωcm 2 for 1%V-doped vs. 22.04 Ωcm 2 of pristine Ti 4 O 7 , along with an improved OEP of 2.28 V vs. standard calomel electrode (SCE) [START_REF] Lin | Defect Engineering on a Ti4O7 Electrode by Ce3+ Doping for the Efficient Electrooxidation of Perfluorooctanesulfonate[END_REF] .

Overall, care must be taken to ensure that an excessive amount of doping agent does not occupy a significant portion of oxygen vacancies; otherwise, a lack of Ti 4 O 7 defects can decrease electrochemical reactivity. • Difficult to implement at large-scale.

• Sintering step necessary to bind the powders and shape membrane structure.

• Oxygen free atmosphere required to avoid metal oxidation.

✔ Hot-pressing enables to reach the densification structure in a reasonable time with efficient mechanical resistance. ✔ Effective removal of organic binders under H2 atmosphere.

[88]

High purity Ti4O7 6.9 bar 1050 °C [61] 6 h each Monolithic Ti4O7

10 MPa 1100 °C 950 °C [89] 17 bar 6h at 1050 °C 1050 °C [56] 20 MPa 1050 °C [55] 24 h 4 h High purity Ti4O7 ~50 kgf N2 6h at 900 °C *From Ti4O7 powder [63] Ti4O7 -H2

1100 °C 950 °C [53] [52]

[54] Ti4O7, Ti5O9 20 MPa 1050 °C [90] 24 h 4 h

Plasma spraying GON-doped Ti4O7 --VPS 600-1100 °C at 2 MPa *From Ti4O7 powder VPS: • high cost of production, ✔ more homogeneous coating layers than APS. [73] Carbothermal reduction Ti4O7, Ti5O9 -Ar 2h at 1300 °C ✔ Carbon porosity-producing agent enhances permeability.

• High temperatures and long treatment led to less conductive Magnéli phases.

• Residual carbon may be found in membrane when using inert gases (N2 and Ar). ✔ Safer and cheaper alternative to hot-pressing method. [58,91] [59]

F-doped Ti4O7, Ti5O9, Ti3O5 -H2

1050 °C [77] 4 h 24 h

TiSO-coating on support

Coating method Anode composition Gas atmosphere Main conditions ✔pros • cons Ref.

Dip-coating TiSO/ Al2O3

Ti4O7, Ti5O9, Ti6O11 30%H2 in N2 Sintering at 800 °C and reduction during 7h at 1050 °C ✔ Easy to implement, • trade-off in coating load for employment as REM. [66,67] Plasma-coating Ti/TiSO Ti4O7, Ti5O9, Ti6O11, Ti3O5 -Carrier gas mixture: Ar and H2 (19.6%), temperature range of 10000-15000 °C.

✔Homogeneous and continuous lamellar coating,

• whereas diverse Magnéli phases were obtained.

[69]

Sol-gel and VPS Ti/SnO2-Sb/Ti4O7 H2 Reduction at 950 °C VPS: • high cost of production, ✔ but more homogeneous coating layers than APS. SnO2-Sb: • No assessment of service lifetime (Sb toxicity). Sol-gel: ✔ high removal efficiency and ✔ moderate cost. [70,72] Sol-gel TiO2/Ti4O7 Reduction : 2-4 h at 900-1100°C

[75]

Removal mechanisms and electrocatalytic reaction pathways in REM

It is known that electrode intrinsic material properties have a strong impact on the • OH electrochemical generation and its interactions with electrode surface and thus of its availability for the reaction following if it is physisorbed or chemisorbed [START_REF] Lacasa | Environmental Applications of Electrochemical Technology. What Is Needed to Enable Full-Scale Applications?[END_REF][START_REF] Trellu | Integration of Sub-Stoichiometric Titanium Oxide Reactive Electrochemical Membrane as Anode in the Electro-Fenton Process[END_REF] . This fact gives rise to electrodes classification in active and non-active electrodes [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] .

On the inactive electrodes, there is a very weak interaction between the anode and the • OH (physisorption); the oxidation of the organic compounds is achieved by chemical attack of the • OH. The complete mineralization of organic can occurs. This is the typical case of the BDD anode.

On the active electrodes, there is a very strong interaction between the anode and the radicals (chemisorption). There is then a transfer of oxygen atoms from the hydroxyl radicals to the anode to form a surface oxide leading a selective oxidation of the organic compound or the formation of oxygen. This is the case of IrO 2 .

The strength of the • OH /anode interaction is decisive for the electrode activity range; as the radical adsorption strength increases, the anode potential window (OER) decreases.

Ti 4 O 7 -based ceramic membrane anodes are classified as a non-active electrodes [START_REF] Comninellis | Importance of Electrode Material in the Electrochemical Treatment of Wastewater Containing Organic Pollutants[END_REF] , thus enabling a complete mineralization compared to graphite and Pt-based electrodes which are active electrodes. Nevertheless, the target pollutant nature and anode material porous structure play an important role in removal pathways since several interactions take place: adsorption, electrosorption, direct electron transfer and • OH-mediated electrooxidation.

Adsorption and electrosorption

Adsorption is considered when the organic molecule is adsorbed on the electrode surface without polarization, i.e., under open circuit potential (OCP) conditions (see Fig. 3A).

No adsorption is observed for a great majority of pollutants [START_REF] Nayak | Fabrication and Characterization of Porous, Conductive, Monolithic Ti4O7 Electrodes[END_REF][START_REF] Lin | Energy-Efficient for Advanced Oxidation of Bio-Treated Landfill Leachate Effluent by Reactive Electrochemical Membranes (REMs): Laboratory and Pilot Scale Studies[END_REF]88,[START_REF] Bejan | On the Nature of the Hydroxyl Radicals Produced at Boron-Doped Diamond and Ebonex® Anodes[END_REF][START_REF] Lin | Development of Macroporous Magnéli Phase Ti4O7 Ceramic Materials: As an Efficient Anode for Mineralization of Poly-and Perfluoroalkyl Substances[END_REF] . Nonetheless, few cases are reported with negligible adsorption capacities; for example, Zhang et al. found only 0.52 mg.g -1 of tetracycline adsorbed on a Ti 4 O 7 -REM, which is not significant compared to its removal contribution by EO [75] . Contrarily, for charged molecules, it is reported a removal contribution by REM itself before applying a current; such is the case for HA abatement [START_REF] Maqbool | Reactive Electrochemical Ceramic Membrane for Effective Removal of High Concentration Humic Acid: Insights of Different Performance and Mechanisms[END_REF][START_REF] Cui | Ti4O7 Reactive Electrochemical Membrane for Humic Acid Removal: Insights of Electrosorption and Electrooxidation[END_REF] .

Humic acid (HA) is one of the most common bio-refractory substances found in mature landfills. It has a high molecular weight due to the presence of heterogeneous mixtures of aromatic and aliphatic compounds; these have three main functional groups: carboxylic acids, phenolic alcohols and methoxycarbonyls. HA possesses a low zeta potential (ζ = -28.7 mV), thus suggesting its incipient instability by reason of organic functional groups presence (i.e. -COOH, -OH, etc.). HA possesses a negative charge with a pH-dependence nature, i.e., it is negatively charged because of carboxylic and phenolic groups deprotonation at high pH [START_REF] Shi | Degradation of Perfluorooctanesulfonate by Reactive Electrochemical Membrane Composed of Magnéli Phase Titanium Suboxide[END_REF] .

Because HA is the most abundant organic compound in LL, accounting for more than 90% of the total organic carbon (TOC) [START_REF] Combe | The Effect of CA Membrane Properties on Adsorptive Fouling by Humic Acid[END_REF] , many research works are devoted to studying its degradation efficiency using REM [START_REF] Zaky | Mechanism of P-Substituted Phenol Oxidation at a Ti4O7 Reactive Electrochemical Membrane[END_REF][START_REF] Maqbool | Reactive Electrochemical Ceramic Membrane for Effective Removal of High Concentration Humic Acid: Insights of Different Performance and Mechanisms[END_REF][START_REF] Cui | Ti4O7 Reactive Electrochemical Membrane for Humic Acid Removal: Insights of Electrosorption and Electrooxidation[END_REF][START_REF] Geng | Magnéli Ti4O7 Modified Ceramic Membrane for Electrically-Assisted Filtration with Antifouling Property[END_REF] .

Ly et al. investigated HA degradation mechanisms [START_REF] Cui | Ti4O7 Reactive Electrochemical Membrane for Humic Acid Removal: Insights of Electrosorption and Electrooxidation[END_REF] , finding that under acidic and high salinity conditions, its solubilization is facilitated, and thus HA adsorption on the anode is favored. At pH=4.5, however, Geng and Chen noted a growth in the formation of HA agglomerates. This observation is elucidated by electrokinetic particle surface properties (ζ).

Nonetheless, HA adsorption seems to be the 'foremost step' to its further mineralization by EO [START_REF] Cui | Ti4O7 Reactive Electrochemical Membrane for Humic Acid Removal: Insights of Electrosorption and Electrooxidation[END_REF] . Using ζ measurements, Combe et al. found that membrane pores are negatively charged at basic pH conditions (pH > 5.5) [START_REF] Shi | Degradation of Perfluorooctanesulfonate by Reactive Electrochemical Membrane Composed of Magnéli Phase Titanium Suboxide[END_REF] . As a result of the electrostatic repulsion between the negative charge of the pores and deprotonated HA macromolecules, HA adsorption on the membrane is unfavorable at high pH. Electrosorption occurs in direct relation to the applied electrode potential or current density, so that a sufficiently narrow potential window avoids to faradaic reactions to compete with electrosorption. Subjected to these controlled conditions, electrostatic interactions are then performed between organics and electrodes surface driven by an electric field force; hence, leading to a physicochemical adsorption without electron transfer reactions. In this manner, solely electrosorption process is taking place (see Fig. 3B).

In the case of REM, influencing factors such as nature and surface morphology of electrode material, applied electrode potential or current density and the physico-chemistry of electrolyte solution will play a critical role, exacerbated by the porosity [START_REF] Xi | The Composition and Mercury Complexation Characteristics of Dissolved Organic Matter in Landfill Leachates with Different Ages[END_REF] . Electrosorptive removal of negative-charged organic pollutants has aroused an interest in recent publications [100,101] , which indicates a leading role for anodic polarization as a prior step for subsequent EO. This involves the negative-charged organics electromigration to anode, which is described in the extended Nernst-Planck equation as follows:

where is the average flux of charged species (molm -2 s -1 ) is the concentration in the solution (molm -3 ), is the diffusion coefficient (m 2 s -1 ), is the electric field (Vm -1 ), Faraday constant (96485 Cmol -1 ), is the algebraic number of charged species , the ideal gas constant (8.314 Jmol -1 K -1 ), the absolute temperature (K) and is the velocity through the porous media (ms -1 ) .

Mild operating conditions of potential or current density give rise to electrosorption for charged molecules. For instance, at OCP conditions adsorption was not observed for pnitrophenol (p-NP) degradation [START_REF] Ganiyu | Sub-Stoichiometric Titanium Oxide (Ti4O7) as a Suitable Ceramic Anode for Electrooxidation of Organic Pollutants: A Case Study of Kinetics, Mineralization and Toxicity Assessment of Amoxicillin[END_REF] ; by contrast, at current density lower than 0.2 mAcm -2 , electrosorption is assumed as the dominant removal mechanism, since the ratio of the COD kinetic constant to mass transport constant, k COD /k m , is closed to unit without neglecting electropolymerization. At 0.2 mAcm -2 , a removal efficiency of 99.9% was obtained, with an 84.3% COD removal in permeate and 81.5% COD electrosorptive removal.

Knowing that HA is negatively charged, it is predicted that removal efficiency can be favorably influenced due to HA electromigration to the anode under the electric field. The cited HA studies from the same research team emphasize the electrosorption removal mechanism [START_REF] Zaky | Mechanism of P-Substituted Phenol Oxidation at a Ti4O7 Reactive Electrochemical Membrane[END_REF][START_REF] Maqbool | Reactive Electrochemical Ceramic Membrane for Effective Removal of High Concentration Humic Acid: Insights of Different Performance and Mechanisms[END_REF][START_REF] Cui | Ti4O7 Reactive Electrochemical Membrane for Humic Acid Removal: Insights of Electrosorption and Electrooxidation[END_REF] . To determine the adsorbed fraction on the electrode, a NaOH backwashing of REM with and without power is performed; these residual quantities of HA are then compared to know the suggested gain due to electrosorption. Cui et al. have reported an electrosorptive capacity yielding up to 70% relative to HA initial mass [START_REF] Maqbool | Reactive Electrochemical Ceramic Membrane for Effective Removal of High Concentration Humic Acid: Insights of Different Performance and Mechanisms[END_REF] , while Maqbool et al. found an enhanced 80% HA removal with polarization [START_REF] Zaky | Mechanism of P-Substituted Phenol Oxidation at a Ti4O7 Reactive Electrochemical Membrane[END_REF] . Electrosorptive removal rates are estimated and given in Table 3.

As the solution conductivity and either current density or potential increase, this adsorbed fraction seems to decrease, favoring EO reactions and leading to an increment in mineralization. Permeate flux, J p , on the other hand, has no real effect. A higher HA concentration results in a higher adsorbed fraction [START_REF] Zaky | Mechanism of P-Substituted Phenol Oxidation at a Ti4O7 Reactive Electrochemical Membrane[END_REF] .

Electron transfer mechanisms

Direct electrooxidation

Direct electron transfer (DET) takes place where the only transferred species is electron from organic molecules to electrode [START_REF] Comninellis | Electrocatalysis in the Electrochemical Conversion/Combustion of Organic Pollutants for Waste Water Treatment[END_REF] . This latter is strongly contingent on electrode material properties.

Depending on the surface and the electrocatalytic properties of anode material, DET can lead to the formation of intermediate by-products or even their mineralization.

Electropolymerization can result from a strong interaction between the compounds of organic matter (OM) and the material such as chimisorption. According to Eq. 6, this electropolymerization is caused by the production of organic radicals; this process can be accentuated by using low potentials.

In the case of phenol-based compounds, the formation of polymerized chains derived from DET has been reported [START_REF] Ganiyu | Sub-Stoichiometric Titanium Oxide (Ti4O7) as a Suitable Ceramic Anode for Electrooxidation of Organic Pollutants: A Case Study of Kinetics, Mineralization and Toxicity Assessment of Amoxicillin[END_REF][START_REF] Arif | Highly Conductive Nano-Sized Magnéli Phases Titanium Oxide (TiOx)[END_REF][START_REF] Wang | Flow-through Electrochemical Removal of Benzotriazole by Electroactive Ceramic Membrane[END_REF] (Eq. 7 adapted from [102] ). This can also entail to additional disadvantages like decreasing electrocatalytic effectiveness due to the fouling electrode passivation.

To highlight DET, various investigations use oxalic acid (OA) as an electron quencher [START_REF] Arif | Highly Conductive Nano-Sized Magnéli Phases Titanium Oxide (TiOx)[END_REF][START_REF] Wang | Flow-through Electrochemical Removal of Benzotriazole by Electroactive Ceramic Membrane[END_REF][START_REF] Lin | Energy-Efficient for Advanced Oxidation of Bio-Treated Landfill Leachate Effluent by Reactive Electrochemical Membranes (REMs): Laboratory and Pilot Scale Studies[END_REF]88] . Since, it is well known that OA is electroactive in oxidation whereas its reaction rate with hydroxyl radicals is very slow (k •OH,OA =1.4×10 6 M -1 s -1 vs. k •OH =10 9 -10 10 M -1 s -1 [START_REF] Buxton | Critical Review of Rate Constants for Reactions of Hydrated Electrons, Hydrogen Atoms and Hydroxyl Radicals in Aqueous Solution[END_REF] ).

For this compound it has been observed that under low current density conditions, 0.2 mAcm - 2 , a CE of 108% is obtained, while CE of 59.3% at 3.5 mAcm -2 is reached by reason of mass transport limit reached at higher current densities [START_REF] Ganiyu | Sub-Stoichiometric Titanium Oxide (Ti4O7) as a Suitable Ceramic Anode for Electrooxidation of Organic Pollutants: A Case Study of Kinetics, Mineralization and Toxicity Assessment of Amoxicillin[END_REF] .

DET is occasionally disregarded in EAOP, while it can be involved in the oxidation process as in the case of p-substituted phenol [START_REF] Ganiyu | Sub-Stoichiometric Titanium Oxide (Ti4O7) as a Suitable Ceramic Anode for Electrooxidation of Organic Pollutants: A Case Study of Kinetics, Mineralization and Toxicity Assessment of Amoxicillin[END_REF][START_REF] Arif | Highly Conductive Nano-Sized Magnéli Phases Titanium Oxide (TiOx)[END_REF][START_REF] Wang | Flow-through Electrochemical Removal of Benzotriazole by Electroactive Ceramic Membrane[END_REF] , perfluoroalkyl substances (PFAS) [START_REF] Nayak | Fabrication and Characterization of Porous, Conductive, Monolithic Ti4O7 Electrodes[END_REF][START_REF] Guo | Development and Characterization of Ultrafiltration TiO2 Magnéli Phase Reactive Electrochemical Membranes[END_REF][START_REF] Lin | Development of Macroporous Magnéli Phase Ti4O7 Ceramic Materials: As an Efficient Anode for Mineralization of Poly-and Perfluoroalkyl Substances[END_REF]103] and to a lesser extent for HA [START_REF] Zaky | Mechanism of P-Substituted Phenol Oxidation at a Ti4O7 Reactive Electrochemical Membrane[END_REF][START_REF] Maqbool | Reactive Electrochemical Ceramic Membrane for Effective Removal of High Concentration Humic Acid: Insights of Different Performance and Mechanisms[END_REF][START_REF] Cui | Ti4O7 Reactive Electrochemical Membrane for Humic Acid Removal: Insights of Electrosorption and Electrooxidation[END_REF] in combination with • OH-mediated EO.

The oxidation mechanism via the reaction with • OH depends on the interaction of the H 2 O/ • OH couple with the anode material. Indeed, a strong affinity in the form of chemisorption will lead to a selective oxidation, the material so-called as active electrode, whereas a weak interaction in the form of physisorption can lead to the complete compound mineralization, the material is then defined as non-active electrode [START_REF] Lacasa | Environmental Applications of Electrochemical Technology. What Is Needed to Enable Full-Scale Applications?[END_REF][START_REF] Comninellis | Electrocatalysis in the Electrochemical Conversion/Combustion of Organic Pollutants for Waste Water Treatment[END_REF][START_REF] Trellu | Integration of Sub-Stoichiometric Titanium Oxide Reactive Electrochemical Membrane as Anode in the Electro-Fenton Process[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] . Fig. 4 shows an example for a porous anode as a TiSO-REM and its possible EO pathways.

Fig. 4. Possible reaction pathways for the electro-oxidation of organic pollutants, adapted from [START_REF] Zhao | Electrochemical Removal of 4-Chlorophenol in Water Using a Porous Magnéli-Phase (Ti4O7) Electrode[END_REF] 

Indirect electrooxidation

Organics abatement may be assisted by electrogenerated reactive oxidants species like reactive oxygen species (such as • OH, O 3 , • OOH), peroxo-compounds, reactive chlorine species (RCS) [104] . Most of these oxidation mediators come from anions present in electrolyte solution or in the environmental effluent matrix; being chlorides, sulfates, carbonates and phosphates. These species can generate powerful oxidants able to enhance the organic matter oxidation. In the context of RCS, the role of active chlorine mediation is to enhance further EO of organic pollutants; for example, a study conducted by Cui et al. revealed that using NaCl as an electrolyte allowed the mineralization of HA up to 41.4% in terms of TOC [START_REF] Maqbool | Reactive Electrochemical Ceramic Membrane for Effective Removal of High Concentration Humic Acid: Insights of Different Performance and Mechanisms[END_REF] . Moreover, various initial chloride concentrations were tested for NH 3 degradation by Zhao et al. [START_REF] Wang | Electrooxidation of Perfluorooctanesulfonic Acid on Porous Magnéli Phase Titanium Suboxide Anodes: Impact of Porous Structure and Composition[END_REF] . As a general result, higher chlorides concentration is, more NH 3 conversion is observed.

Disadvantages related to chlorinated species are discussed thereafter (cf. 4.3).

The use of active sulfate-based EAOP in the treatment of refractory organic pollutants has shown promising potentialities [108] . Depending on the electrode properties, direct EO of SO 4

2-

generates SO 4

•-. However, increasing concentrations of SO 4 2-in the REM system showed minimal changes in the rate of HA mineralization [START_REF] Cui | Ti4O7 Reactive Electrochemical Membrane for Humic Acid Removal: Insights of Electrosorption and Electrooxidation[END_REF] . Maqbool et al. used Na 2 SO 4 to ensure sufficient conductivity of the solution [START_REF] Zaky | Mechanism of P-Substituted Phenol Oxidation at a Ti4O7 Reactive Electrochemical Membrane[END_REF] , the ten-fold increase in conductivity (1-10 mScm -1 ) caused HA mineralization to increase from 16% to 22%. Nevertheless, aside from the study of Zhang et al. [75] , SO 4 •-formation was not detected in any of the cases when using a TiSO-REM.

Influencing main parameters

A vast majority of investigations predominantly studies synthetic solutions containing one only target pollutant; which is found in a great variety like pharmaceuticals, antibiotics, biocides, PFAS and p-substituted phenol, among others. Consistent with the results collected, treatment process with REM is effective to achieve more than 90% degradation of pollutants (%R i ) as identified in Tables Table 3 andTable 7 . Nevertheless, studies have often found a moderate reduction in mineralizable organic matter expressed as TOC or COD [START_REF] Jing | The Roles of Oxygen Vacancies, Electrolyte Composition, Lattice Structure, and Doping Density on the Electrochemical Reactivity of Magnéli Phase TiO2 Anodes[END_REF][START_REF] Maqbool | Reactive Electrochemical Ceramic Membrane for Effective Removal of High Concentration Humic Acid: Insights of Different Performance and Mechanisms[END_REF][START_REF] Wang | Flow-through Electrochemical Removal of Benzotriazole by Electroactive Ceramic Membrane[END_REF][START_REF] Gayen | Electrochemical Oxidation of Atrazine and Clothianidin on Bi-Doped SnO2-TinO2n-1 Electrocatalytic Reactive Electrochemical Membranes[END_REF][START_REF] Liang | Electro-Oxidation of Tetracycline by a Magnéli Phase Ti4O7 Porous Anode: Kinetics, Products, and Toxicity[END_REF] . As an example, Yang et al. only obtained a norfloxacine (NOR) mineralization of 30%, despite the high NOR disappearance, higher than 90% [START_REF] Lin | Energy-Efficient for Advanced Oxidation of Bio-Treated Landfill Leachate Effluent by Reactive Electrochemical Membranes (REMs): Laboratory and Pilot Scale Studies[END_REF] . A summary of mineralization efficiency is presented in Fig. 6, the values range from 0.147 to 0.95 according to model compound. Aside from p-nitrophenol (p-NP), low values are found for p-substituted phenol compounds [START_REF] Ganiyu | Sub-Stoichiometric Titanium Oxide (Ti4O7) as a Suitable Ceramic Anode for Electrooxidation of Organic Pollutants: A Case Study of Kinetics, Mineralization and Toxicity Assessment of Amoxicillin[END_REF][START_REF] Arif | Highly Conductive Nano-Sized Magnéli Phases Titanium Oxide (TiOx)[END_REF] compared to pharmaceutical substances [START_REF] Wang | Flow-through Electrochemical Removal of Benzotriazole by Electroactive Ceramic Membrane[END_REF][START_REF] Trellu | Mineralization of Organic Pollutants by Anodic Oxidation Using Reactive Electrochemical Membrane Synthesized from Carbothermal Reduction of TiO2[END_REF]75] ; meanwhile high abatement values could be obtained for humic-like substances [START_REF] Zaky | Mechanism of P-Substituted Phenol Oxidation at a Ti4O7 Reactive Electrochemical Membrane[END_REF][START_REF] Geng | Magnéli Ti4O7 Modified Ceramic Membrane for Electrically-Assisted Filtration with Antifouling Property[END_REF] .

Therefore, it is important to analyze first the influence of the main operating parameters on the process performances. Compression, sintering at high temperature and reduction under H2 atmosphere [START_REF] Gusev | Ceramic Electrodes Based on Magneli Phases of Titanium Oxides[END_REF] . Mechanical compression / gel casting, sintering and reduction to obtain Ti4O7 powder [START_REF] Xu | Structures, Preparation and Applications of Titanium Suboxides[END_REF] .

99.99 Ti4O7-REM [START_REF] Olvera-Vargas | Dynamic Cross-Flow Electro-Fenton Process Coupled to Anodic Oxidation for Wastewater Treatment: Application to the Degradation of Acetaminophen[END_REF] >90 0.5 mAcm -2 2.4

(2 L) [72] Sulfamethoxazole (SMX) Sintering of rutile TiO2 and reduction under H2 atmosphere at 1050°C in Carbone presence [START_REF] Ganiyu | Sub-Stoichiometric Titanium Oxide (Ti4O7) as a Suitable Ceramic Anode for Electrooxidation of Organic Pollutants: A Case Study of Kinetics, Mineralization and Toxicity Assessment of Amoxicillin[END_REF] . Fdoping at 0.5%. 4.1 Nature of electrode material

Porosimetric properties

For processes using REM that involve both filtration and diffusion processes, porosity measurement is one of the important properties to characterize the material. In most cases a Hg intrusion or N 2 adsorption porosimetry analysis is performed. The Fig. 7 collects from bibliography the main values of average pore diameter (d p ) and percentage of porosity (%ε).

As shown, most of mean d p is in the range of 1-2 µm; it is well-known that the reduction in pore size allows a better separation. On the other hand, this leads to a higher transmembrane pressure (TMP) and lower permeability.

In the manufacture of dense TiSO-REM, when shaping ceramics, nano powders are usually compressed in order to compact the particles to gain cohesion. In this context, Y. Wang et al.

tested different compression values (2-10 MPa) for the Ti 4 O 7 -REM manufacture [START_REF] Nayak | Fabrication and Characterization of Porous, Conductive, Monolithic Ti4O7 Electrodes[END_REF] , as expected, an increasing mechanical compression led to a decrease of d p . Nano-Ti 4 O 7 (10 MPa) showed the best conductivity (σ=754 Sm -1 ) and the lowest R ct . A pore size of d p > 1.0 µm was found to be the cutoff size pore so that the electrolyte could access to electrochemical surface area (ECSA); otherwise, small size pores (d p < 1.0 µm) do not participate in EO reactions. This is attributed to double layer overlap in too small pores; thus, this type of pores becomes electrocatalytically useless [START_REF] Nayak | Fabrication and Characterization of Porous, Conductive, Monolithic Ti4O7 Electrodes[END_REF]111] .

The investigations carried out by Lin et al. are unique in the literature since they use a large size pore (d p ~50µm) for β-PbO 2 -REM and Ti 4 O 7 -REM. They defend this choice as necessary to prevent fouling issues due to the effluent being highly loaded with salt and organic content. This is often the case for LL after biological treatment and more generally they take into account the needs of large effluent treatment capacities [START_REF] Olvera-Vargas | Dynamic Cross-Flow Electro-Fenton Process Coupled to Anodic Oxidation for Wastewater Treatment: Application to the Degradation of Acetaminophen[END_REF] . This latter argument as well as the best performances found for β-PbO 2 -REM (76.2% COD removal [START_REF] Olvera-Vargas | Dynamic Cross-Flow Electro-Fenton Process Coupled to Anodic Oxidation for Wastewater Treatment: Application to the Degradation of Acetaminophen[END_REF] ) research is retaken by Yang et al. who studied NOR degradation under similar conditions [START_REF] Lin | Energy-Efficient for Advanced Oxidation of Bio-Treated Landfill Leachate Effluent by Reactive Electrochemical Membranes (REMs): Laboratory and Pilot Scale Studies[END_REF] .

Apart from the high cost of these electrodes, it is debatable whether PbO 2 should be used for the new generations of materials given the potential for lead release [112] . It should not be overlooked that Pb limit for drinking water is set at 10 and 15 µgL -1 according to the ECHA [START_REF] Correa-Lozano | Service Life of Ti/SnO2-Sb2O5 Anodes[END_REF] and EPA [START_REF]Information on Chemicals -ECHA[END_REF] respectively.

Skolotneva et al. modelled numerically the influence of pore size and porosity for paracetamol (PCT) removal using a REM [113] . The lowering PCT degradation rate when either increasing pore size increases or decreasing porosity was one of the issues addressed by their analysis. Since, under a same d p and permeate flux, increasing the porosity implies more pores per volume unit, as well as fluid velocity reduction in each pore; hence contact of pollutant species with REM surface is prolonged by reason of a higher residence time. This analysis based on two-dimensional convection-diffusion-reaction model is useful for prediction of process effectiveness as a function of porosity and pore radius.

Another type of analysis is presented by Zaky and Chaplin [START_REF] Ganiyu | Sub-Stoichiometric Titanium Oxide (Ti4O7) as a Suitable Ceramic Anode for Electrooxidation of Organic Pollutants: A Case Study of Kinetics, Mineralization and Toxicity Assessment of Amoxicillin[END_REF] , who used the corresponding Pe dimensionless number:

in which the ratio between diffusion (t D ) and advection (t A ) scale times states the limiting phenomena. If > 1, there is a limiting diffusion, on the contrary, < 1, means an advection limitation.

From the convection scale time used in the original definition, t A takes into account the porous environment and it can be defined using Eq. 9:

This last equation evokes the time at which the pollutant is advected through the REM porosity under a J p . As indicated, an increase in porosity, in terms of , leads to a lower values (t A > t D ) and consequently involving more time so that pollutant species can be advected through electrode surface, giving rise to an advection limitation.

While reducing pore size involves a lower diffusion time scale (t D ) and therefore lower diffusion limitations. However, on a large decrease of d p , this entails a greater pressure drop; thus, elevating operating costs by a higher TMP required for a lower productivity by reason of a loss in permeability because of lower pore size [114] .

Fig. 7 presents a review of the porosities, ε, used in the bibliography. Most of ε are between 30% and 45%. It is known that a high porosity leads to increase removal efficiency process;

even though a high porosity could bring adverse effects like local current density, engendering an early passivation and consequently a shorter service lifetime as predicted by numerical simulations done [113] .

The porosity created by the different synthesis methods can affect the Ti 4 O 7 conductivity, this explains why values between 690-1350 Sm -1 are reported in different papers [START_REF] Xu | Structures, Preparation and Applications of Titanium Suboxides[END_REF][START_REF] Nayak | Fabrication and Characterization of Porous, Conductive, Monolithic Ti4O7 Electrodes[END_REF]88,[START_REF] Guo | Development and Characterization of Ultrafiltration TiO2 Magnéli Phase Reactive Electrochemical Membranes[END_REF] .

Another influence in porosity is the electrochemical behavior in terms of onset OEP, that is, going from 2.5 V vs. SCE for many large pores and increasing up to 2.8 vs. SCE for a large number of small pores [115] . By plotting voltammograms, Kolbrecka and Przyluski observed that successive scans leads to a decreasing current density in the case of large number of small pores [115] .

This illustrates the strong relationship between the intrinsic structure of the material and its electrochemical properties. 

Electrochemical properties and measurements

The accurate evaluation of the materials performance depends on the determination of the ECSA. Conventional techniques used in determining surface area are based on gas adsorption-techniques such as BET for electroactive layer or Hg porosimetry for porous materials (cf. 4.1.1). This measurement is not sufficient, it leads to erroneous performance evaluations, since the use of these techniques does not allow to distinguish the electrochemically active and non-active surface sites. In fact, it has been reported that not all porous volume is accessible by the electrolyte, i.e., only a percentage within the range of 1.5-11.4% [START_REF] Ganiyu | Sub-Stoichiometric Titanium Oxide (Ti4O7) as a Suitable Ceramic Anode for Electrooxidation of Organic Pollutants: A Case Study of Kinetics, Mineralization and Toxicity Assessment of Amoxicillin[END_REF]88,116] of total surface determined by Hg porosimetry is electroactive, due to both pore size exclusion [START_REF] Ganiyu | Sub-Stoichiometric Titanium Oxide (Ti4O7) as a Suitable Ceramic Anode for Electrooxidation of Organic Pollutants: A Case Study of Kinetics, Mineralization and Toxicity Assessment of Amoxicillin[END_REF][START_REF] Nayak | Fabrication and Characterization of Porous, Conductive, Monolithic Ti4O7 Electrodes[END_REF] and lack of interconnectivity [START_REF] Ganiyu | Sub-Stoichiometric Titanium Oxide (Ti4O7) as a Suitable Ceramic Anode for Electrooxidation of Organic Pollutants: A Case Study of Kinetics, Mineralization and Toxicity Assessment of Amoxicillin[END_REF] , as well as low electrode conductivity entailing to potential ohmic drop.

The aforementioned drawback is ascribed to a potential distribution according to the depth into the porous anode [117] , using a TiSO-REM, it has been calculated that REM is only electroactive in a depth lower than 23 nm [116] ; beyond this point, there is a drastic potential drop and then DET is the main occurring reaction because of not enough potential required for • OH generation.

Various studies defined a roughness factor (RF) as the ratio of ECSA to the geometrical surface, an interval of 111-1227 was estimated for Ti 4 O 7 -REM [START_REF] Ganiyu | Sub-Stoichiometric Titanium Oxide (Ti4O7) as a Suitable Ceramic Anode for Electrooxidation of Organic Pollutants: A Case Study of Kinetics, Mineralization and Toxicity Assessment of Amoxicillin[END_REF]88,116,118] . It should be noted that the obtained RF by this method is solely due to the accessible volume portion by the solution, in this manner, RF assessment is subjected to electrochemical methods limitations.

The ECSA is measured by cycling the electrode in the non-Faradaic regions (i.e., at potentials where no faradic current intensity occurs (only capacitive current) revealing a notion of electrolyte access to electrode porous structure, thereby considered proportional to available electrocatalytic sites) [119] . When cycling at different low scan rates ( ), the evolution of non-Faradaic current density (j) should scale linearly with the scan rate so that the slope gives the electrical double-layer capacitance ( ). Hence ECSA is estimated as the ratio of the double layer capacitance of the electrode to a reference value .

The assumption of in the case of metal oxides was determined as the double layer capacitance of flat surface by Levine and Smith [120] . This reference value is used in studies concerning TiSO-REM [START_REF] Ganiyu | Sub-Stoichiometric Titanium Oxide (Ti4O7) as a Suitable Ceramic Anode for Electrooxidation of Organic Pollutants: A Case Study of Kinetics, Mineralization and Toxicity Assessment of Amoxicillin[END_REF][START_REF] Nayak | Fabrication and Characterization of Porous, Conductive, Monolithic Ti4O7 Electrodes[END_REF]88,116] , value must be considered carefully since its determination was estimated using metal oxides flat electrodes [121] .

In addition, capacitance values may differ in different potential regions and in the increase of sweep scan rate, exclusion of accessible pores can be observed for porous materials.

Although ECSA measurements provide information about the number of electrochemically active sites on the electrodes, not all electrochemically active sites are accessible. To determine the accessible porous surface, Nayak et al. [START_REF] Xu | Structures, Preparation and Applications of Titanium Suboxides[END_REF] recommend using low scan rates in the range of 1-5 mVs -1 . Furthermore, ECSA measurement by CV was brought up-to-date by Trasatti and Petri [121] , indicating that this method implies empiric validity since it can only be used for the same type of metal oxides in REM, which have a complex state of charge. For these, it may be useful to record at least three consecutive CV to reach a stable surface condition for the double layer charging process [122] . Even so, this method enables to make useful comparisons, ECSA reported values for TiSO-REM range between 500-1075 cm 2 [START_REF] Ganiyu | Sub-Stoichiometric Titanium Oxide (Ti4O7) as a Suitable Ceramic Anode for Electrooxidation of Organic Pollutants: A Case Study of Kinetics, Mineralization and Toxicity Assessment of Amoxicillin[END_REF][START_REF] Yang | Insight into the Rapid Elimination of Low-Concentration Antibiotics from Natural Waters Using Tandem Multilevel Reactive Electrochemical Membranes: Role of Direct Electron Transfer and Hydroxyl Radical Oxidation[END_REF][START_REF] Bejan | On the Nature of the Hydroxyl Radicals Produced at Boron-Doped Diamond and Ebonex® Anodes[END_REF]110] .

In the range of capacitive current density, extended potentiodynamic analysis for several CV scan rates allows to determine the voltametric charge, which is proportional to the reciprocal square root of scan rate ( ), this parameter is considered as a real measure of electroactive sites per surface electrode area [START_REF] Nayak | Fabrication and Characterization of Porous, Conductive, Monolithic Ti4O7 Electrodes[END_REF] . In this way, Li et al.

proceeded to compare the GON-doped Ti 4 O 7 -REM vs. the pristine Ti 4 O 7 -REM, so plotting vs.

; it resulted in a 1.66-fold higher slope for the GON-doped Ti 4 O 7 -REM [START_REF] Yang | Energy-Efficient Removal of Trace Antibiotics from Low-Conductivity Water Using a Ti4O7 Reactive Electrochemical Ceramic Membrane: Matrix Effects and Implications for Byproduct Formation[END_REF] .

CV or EIS analysis are often performed under flow-through mode for approaching to REM conditions [START_REF] Ganiyu | Sub-Stoichiometric Titanium Oxide (Ti4O7) as a Suitable Ceramic Anode for Electrooxidation of Organic Pollutants: A Case Study of Kinetics, Mineralization and Toxicity Assessment of Amoxicillin[END_REF][START_REF] Xu | Structures, Preparation and Applications of Titanium Suboxides[END_REF]88] as more pores are available since solution is filtered through them.

Otherwise, batch mode allows to access to a lessen ECSA. For instance, Y. Wang et al.

compared the two flow modes obtaining 1.89-2.27-fold higher ECSA for flow-through respect to batch mode [START_REF] Nayak | Fabrication and Characterization of Porous, Conductive, Monolithic Ti4O7 Electrodes[END_REF] . Application in flow-through mode is the most effective strategy to maximize the use of available ECSA of porous materials, owing to improved mass transfer conditions.

As well as the ECSA, the charge transfer resistance (R ct ) is one of main parameters to be determined. Value of R ct provides information on the electron transfer kinetics: high R ct hinders charge transfer at the interphase. R ct can be measured quite easily from electrochemical impedance spectroscopy (EIS), corresponding to the diameter of the capacitive loop obtained at high frequency on the Nyquist diagram; it has been reported in the range of 15.6-36 Ω [START_REF] Yang | Insight into the Rapid Elimination of Low-Concentration Antibiotics from Natural Waters Using Tandem Multilevel Reactive Electrochemical Membranes: Role of Direct Electron Transfer and Hydroxyl Radical Oxidation[END_REF] .

The conductivity ( ) is key factor in the EO process, a higher allows to access to more electrode surface portion. So, in the Ti 4 O 7 -REM elaboration, the trade-off consists of obtaining the highest with the most pore interconnections; this latter gives rise to a diversity of REM methods fabrication as previously discussed (cf. 2.2). From EIS measurement, membrane conductivity is directly related to ohmic resistance (R Ω ) as stated in the equation below:

where the length is and the surface area of membrane. The present Magnéli phases as well as the porosity disposition in the electrode as a result of its fabrication method impact on the σ obtained, knowing that Ti 4 O 7 is the most conductive phase and small pore size enhances high charge transfer rate [123] as mentioned in section 4.1.1.

Applied electrode potential/current density effect

The oxidation of refractory compounds occurs at high potential, electrolysis is driven under galvanostatic or potentiostatic mode. For an industrial application, the galvanostatic mode is the easiest to perform because it does not need a three-electrochemical cell and the necessary energy is provided by a simple stabilized power supply.

Low current densities engender electropolymerization as it is the usual case for phenolic compounds. An increase in current is benefic until a certain point, surpassing a 'threshold' current density value turns into main disadvantages:

(a) A decrease in electroactive surface because of oxygen bubbles generation at electrode surface. For instance, Li et al. have tested several conditions for 1,4-D degradation [START_REF] Yang | Energy-Efficient Removal of Trace Antibiotics from Low-Conductivity Water Using a Ti4O7 Reactive Electrochemical Ceramic Membrane: Matrix Effects and Implications for Byproduct Formation[END_REF] ,

an increasing current density had a benefic impact on degradation until 30 mAcm -2 to get 70.4%; albeit, beyond 30 mAcm -2 an adverse effect because of bubbles formation is noted, as 56.2% is reached at 40 mAcm -2 . In contrast, in the case for planar electrodes, it has been observed an unexpected increase in k m values as bubbles were turbulence promotors [124] .

(b) During the process, mass transport limitation is reached, operating under j > j lim is not worthy; so, the portion of the current used for secondary reactions increases gradually during electrolysis, then entailing to a faradic efficiency decrease.

(c) In the case of solutions containing chlorides, undesirable secondary compounds can be generated. Among these compounds are chlorates (ClO 3 -) and perchlorates (ClO 4 -);

which drinking water permissible limit is respectively 210 µgL -1 and 56 µgL -1 by US EPA [START_REF]Information on Chemicals -ECHA[END_REF] , and potentially produce chlorinated organic compounds [125] .

(d) In addition, under high anodic polarization, Ti 4 O 7 is not stable and can be irreversibly oxidized. This results in a loss of conductivity and its electrocatalytic properties. This last point is developed in the section 5.1.

Thus, many works point out a value at which the increase in current is no longer benefic for pollutants removal. For instance, Fig. 8 collects intervals based on pivotal values (orange);

i.e., a pinpointed performance inflection, or those based on optimized current density values (yellow), beyond these intervals adverse effects in removal efficiency were detected. From cited publications (see Table 3 andTable 7), it is seen that most of them work on a range of 10 to 30 mAcm -2 , this last observation is linked with a dependence on feed stream concentration.

One of the challenges in EO processes remains in finding a good trade-off between energy consumption (EC), implying a current density management leading to an optimized removal.

Matrix and electrolyte effects

In general, organics EO process is affected by the composition of solution to be treated. In many cases, research is carried out using synthetic solutions in which electrolyte is added to improve the conductivity. In view to real applications, it is necessary to take account of the presence of other species such as natural organic matter (NOM) and chlorides ions: (a) Performances may be reduced in the presence of NOM due to the competition effect with the target pollutant [START_REF] Lin | Energy-Efficient for Advanced Oxidation of Bio-Treated Landfill Leachate Effluent by Reactive Electrochemical Membranes (REMs): Laboratory and Pilot Scale Studies[END_REF][START_REF] Yang | Energy-Efficient Removal of Trace Antibiotics from Low-Conductivity Water Using a Ti4O7 Reactive Electrochemical Ceramic Membrane: Matrix Effects and Implications for Byproduct Formation[END_REF] . This is due to a • OH scavenging effect of NOM, likewise NOM may be more reactive with active oxidant species. For instance, Yang et al. evaluated the scavenging effects of NOM [START_REF] Lin | Energy-Efficient for Advanced Oxidation of Bio-Treated Landfill Leachate Effluent by Reactive Electrochemical Membranes (REMs): Laboratory and Pilot Scale Studies[END_REF] , for this purpose fulvic acid was spiked in addition to the target pollutant: NOR. The results showed that the presence of fulvic acid had a negative impact, causing a 27% drop in the kinetic constant value.

(b) In the case of effluents loaded with salts, whereof chloride ions concentration is high, this leads to a greater enhancement of removal rate. Notwithstanding, ClO 3 -and ClO 4 formation is worth watching as Ti 4 O 7 is capable of generating them [125] , but into a lesser extent compared to BDD [126] , apparently for higher chlorine overpotential in Ti 4 O 7 . This is explained by reason of a faster reaction rate with • OH for chlorides ions than that for NOM (k •OH,Cl-= 4.3×10 9 vs. k •OH,NOM = 1.4 -4.5×10 8 M -1 s -1 [START_REF] Chaplin | Critical Review of Electrochemical Advanced Oxidation Processes for Water Treatment Applications[END_REF] ). As an example, in the degradation 1,4-D using the GON-dopped Ti 4 O 7 -REM, the main electrolyte employed was Na 2 SO 4 (Table 3). When Cl -is present at 20 mM, Li et al.

observed the scavenging effect resulting in a 27.9 % degradation decrease at 20 mAcm -2 [START_REF] Yang | Energy-Efficient Removal of Trace Antibiotics from Low-Conductivity Water Using a Ti4O7 Reactive Electrochemical Ceramic Membrane: Matrix Effects and Implications for Byproduct Formation[END_REF] .

Another abundant anion present in natural waters is HCO 3 -, it is known that carbonated species are • OH scavengers [127] ( = 8.5×10 6 -4.9×10 7 M -1 s -1 [START_REF] Buxton | Critical Review of Rate Constants for Reactions of Hydrated Electrons, Hydrogen Atoms and Hydroxyl Radicals in Aqueous Solution[END_REF]128] ). From this scavenging effect, less reactive but longer half-life oxidant species are possible to be generated compared to • OH (e.g., CO extent degree of HCO 3 -scavenging effect compared to Cl -and NOM [START_REF] Lin | Energy-Efficient for Advanced Oxidation of Bio-Treated Landfill Leachate Effluent by Reactive Electrochemical Membranes (REMs): Laboratory and Pilot Scale Studies[END_REF] , resulting in only a 5.8% of k NOR decrease when HCO 3 -concentration increased to 500 mgL -1 with β-PbO 2 -REM system. The same finding, considered even insignificant, was observed employing a Ti 4 O 7 -

REM system in further work on NOR degradation [START_REF] Yang | Insight into the Rapid Elimination of Low-Concentration Antibiotics from Natural Waters Using Tandem Multilevel Reactive Electrochemical Membranes: Role of Direct Electron Transfer and Hydroxyl Radical Oxidation[END_REF] .

Matrix effect requires to be managed carefully in order to avoid lowering removal reaction rate, without losing sight of toxicity due to ClO 3 -and ClO 4 -as well as halogenated organic compounds (AOX) generation. A trade-off between pollutant and chlorides concentration should be done, as low pollutant and high Cl -concentration can favor the apparition of these species.

The presence of chloride ions in solution enhances compound degradation; different RCS, electrogenerated in situ, are enough stable to diffuse to bulk solution and then react unselectively with many organic compounds. It has been observed a diminution in EC when chlorides ions are used; for example, Cui et al. noticed a 1.9 times higher HA abatement as well as 1.35-fold reduction in EC using NaCl compared to NaSO 4 [START_REF] Maqbool | Reactive Electrochemical Ceramic Membrane for Effective Removal of High Concentration Humic Acid: Insights of Different Performance and Mechanisms[END_REF] . The latter highlights that HA reacts more easily with active chlorine than with • OH.

It is true as a first assumption that the increase in electrolyte concentration is beneficial as it increases removal rate, however, adverse effects have been found in higher concentration. For example, Zhao et al. [START_REF] Le | Energy-Efficient Electrochemical Oxidation of Perfluoroalkyl Substances Using a Ti4O7 Reactive Electrochemical Membrane Anode[END_REF] found a high 4-CP degradation efficiency, from 87.8% to 100% in 120 min corresponding to 0.02 M and 0.04 M of Na 2 SO 4 ; whereas concentrations of 0.08 M and 0.10 M led respectively to lower removal efficiencies of 76.8% and 43.2%. This was suggested as higher Na 2 SO 4 concentration might inhibit • OH and prompts OER. The authors explain this result as "higher solution conductivity lowered the cell voltage, which might result in negative impact to thermodynamic process of • OH formation". This explanation is questionable since higher solution conductivity decreases ohmic drop ( ) and consequently, cell potential ( ), this does not impact at all on the thermodynamic potential of • OH generation.

Concerning the formation of sulfate radicals with the Ti 4 O 7 anode, the conclusions differ according to the authors. On the one hand, Zhang et al. [75] evidenced SO 4 •-as well as • OH formation using electron paramagnetic resonance (EPR), with 5,5-dimethyl-1-pyrroline Noxide (DMPO) serving as a spin-trapping agent. On the other hand, Ly et al. [START_REF] Cui | Ti4O7 Reactive Electrochemical Membrane for Humic Acid Removal: Insights of Electrosorption and Electrooxidation[END_REF] employed DMPO as well and could only detect the production of • OH by EPR. The Ti 4 O 7 ability to generate SO 4 •-must depend on both the intrinsic properties and the material elaboration method. For this reason, a thorough investigation employing various Ti 4 O 7 is required to comprehend the discrepancies found in the bibliography on this particular topic.

In another instance, permonosulfate (PMS) has been added for HA degradation using a Ti 4 O 7 -REM by Ly et al. [START_REF] Cui | Ti4O7 Reactive Electrochemical Membrane for Humic Acid Removal: Insights of Electrosorption and Electrooxidation[END_REF] , the use of either SO 4 2-or PMS was compared; the findings were that PMS/REM system was further advantageous for higher mineralized HA fraction. According to the authors, this fact is ascribed to PMS capacity to generate • OH from a transition reactive species (PMS * ) [131,132] (Eq. 12-14). Due to the PMS negative charge, its electrosorption is favored and then its activation in form of PMS * leading to Eq. 12 to 14.

Permeate flux

REM has the double function of being both an anode and a membrane material where the oxidation takes place. Therefore, there is a trade-off to optimize permeate flux (J p ). Managing permeate flux appears convenient as such a parameter impacts on two main issues in REM:

(a) On one side, an increment in J p has the effect of increasing mass transfer using REM [START_REF] Zaky | Mechanism of P-Substituted Phenol Oxidation at a Ti4O7 Reactive Electrochemical Membrane[END_REF][START_REF] Olvera-Vargas | Dynamic Cross-Flow Electro-Fenton Process Coupled to Anodic Oxidation for Wastewater Treatment: Application to the Degradation of Acetaminophen[END_REF][START_REF] Liang | Electro-Oxidation of Tetracycline by a Magnéli Phase Ti4O7 Porous Anode: Kinetics, Products, and Toxicity[END_REF] .

(b) On the other side, on the J p increase, exceeding convection mass transfer limit (J p >J p,lim ) implies that pollutants are rapidly passing through the inner membrane surface and residence time is reduced, consequently EO reactions between organics and • OH or even active electrogenerated oxidant species may not be carried out as contact time for these reactions is not sufficient. Bio-treated LL 10 mAcm -2 2000 -5000 Lm -2 h -1

[70] <5000 Lm -2 h -1 NOR 0.3 mAcm -2 <1 m 3 m -2 h -1 [80] HA 2 mAcm -2 > 500 Lm -2 h -1 [52] 1,4-D 30 mAcm -2 < 873 Lm -2 h -1 [73] 4-CP 5 mAcm -2 < 828 Lm -2 h -1 [90]
(+) Positive effect based on optimal J p (+)

Positive effect according to a range of J p

To give an order of magnitude of J p , from cited publications, the average is about 1334 Lm -2 h - 1 (see Table 3 and Table 7).

Moreover, higher J p values increase current, aggravating the OER by degassing oxygen bubbles from the TiSO-REM surface; this last could also engenders scavenging reactions like H 2 O 2 formation from • OH dimerization [START_REF] Wang | Flow-through Electrochemical Removal of Benzotriazole by Electroactive Ceramic Membrane[END_REF] ( [START_REF] Buxton | Critical Review of Rate Constants for Reactions of Hydrated Electrons, Hydrogen Atoms and Hydroxyl Radicals in Aqueous Solution[END_REF] ). It is often recognized a horseshoe-shaped curve for J p in function of removal efficiency or mineralization current efficiency (MCE) [START_REF] Wang | Flow-through Electrochemical Removal of Benzotriazole by Electroactive Ceramic Membrane[END_REF]88] . Hence, it becomes necessary to identify noteworthy conditions; in this manner at 15 mAcm -2 as observed value in which a remarkable TOC removal rate is obtained, Trellu et al. found a TOC flux of 6,7 gm -2 h -1 corresponding to a 47% of maximum MCE [START_REF] Wang | Flow-through Electrochemical Removal of Benzotriazole by Electroactive Ceramic Membrane[END_REF] . In analogous way, other authors signalized pivotal values for which an increase in J p is no longer benefic or where under threshold values, there is no negative impact (see Table 4).

Various factors have an influence in J p like solution composition, material porosity or even fouling species presence. In this regard, it exists a trade-off considering all these parameters for a high productivity, adequate mass transfer convection and enough residence time to ensure a high removal efficiency.

pH and Temperature

In general, pH mostly influences the extent degree of the electrogenerated reactive oxidants species in indirect EO. For example, Cl -ions presence highlights clearly this fact as different RCS formation is possible according to the subjected pH-potential conditions.

pH influence in removal efficiency is in strong relation to target pollutant chemical structure;

i.e., in alkaline conditions, unprotonated species will be better oxidized than in acidic pH conditions and vice versa [START_REF] Panizza | Direct And Mediated Anodic Oxidation of Organic Pollutants[END_REF] .

As previously discussed, pH has an important influence in electro-migration and hence in process efficiency. For particular cases, for which pH influences in the ionization degree of molecular species in solution; such as 2,4-DCP [START_REF] Ly | Exploring the Potential Application of Hybrid Permonosulfate/Reactive Electrochemical Ceramic Membrane on Treating Humic Acid-Dominant Wastewater[END_REF] and BTA [START_REF] Misal | Modeling Electrochemical Oxidation and Reduction of Sulfamethoxazole Using Electrocatalytic Reactive Electrochemical Membranes[END_REF] ; degradation of complex target pollutants is commonly favorable in alkaline conditions.

For the particular case of HA [START_REF] Maqbool | Reactive Electrochemical Ceramic Membrane for Effective Removal of High Concentration Humic Acid: Insights of Different Performance and Mechanisms[END_REF][START_REF] Cui | Ti4O7 Reactive Electrochemical Membrane for Humic Acid Removal: Insights of Electrosorption and Electrooxidation[END_REF][START_REF] Geng | Magnéli Ti4O7 Modified Ceramic Membrane for Electrically-Assisted Filtration with Antifouling Property[END_REF] , its adsorption is favorably enhanced under acidic conditions; however, there is a trade-off to consider since fouling issues have been observed under these conditions [START_REF] Geng | Magnéli Ti4O7 Modified Ceramic Membrane for Electrically-Assisted Filtration with Antifouling Property[END_REF] . Cui et al [START_REF] Maqbool | Reactive Electrochemical Ceramic Membrane for Effective Removal of High Concentration Humic Acid: Insights of Different Performance and Mechanisms[END_REF] raised another trade-off regarding HA in the presence of chloride ions. On the one hand, they found that the loss of Cl -(NaCl NaOH) causes a basification near the anode (pH from 7 to 9), potentially weakening the HA adsorption; on the other hand, presence of chlorine strengthened the mineralization of the HA adsorbed on the anode. In contrast, during Na 2 SO 4 electrolysis, pH sharply dropped to around 3.

During REM operation, water electrolysis gives rise to different local pH from the porous anode structure to bulk solution. In lab-scale, retentate is often recirculated while permeate is collected. In this sense, pH values are expected to differ for permeate and retentate during the polarization. As an example, for the PCT removal, it has been observed pH interval values for permeate of 1.8-3.2, whereas pH retentate undergoes in the range of 11.1-12.2 [START_REF] Wang | Flow-through Electrochemical Removal of Benzotriazole by Electroactive Ceramic Membrane[END_REF] . This is simply ascribed to H + and OH -products from water splitting for anodic and cathodic reactions, respectively. Notwithstanding, Wang et al. measured pH bulk solution and found a value close to upstream solution [START_REF] Misal | Modeling Electrochemical Oxidation and Reduction of Sulfamethoxazole Using Electrocatalytic Reactive Electrochemical Membranes[END_REF] ; this suggests that downstream solutions of permeate and retentate may neutralize each other.

It is relevant to mention that an increase in temperature can decrease solution viscosity, favorizes species diffusion, or even allows a diminution of required potential for EO reactions. However, this entails to additional operating costs besides the control of TMP for a desired J p ; hence, increasing the temperature was not pertinent for all cited studies.

Process limitations 5.1 Passivation

With regard to TiSO-based electrodes, particularly Ti 4 O 7 electrode materials have shown a remarkable resistance to corrosion in a wide range of media; nevertheless, passivation is detected at harsh current density conditions, e.g., >100 mAcm -2 under strong acidic environment. From predominant Ti 4 O 7 electrode material, the passivation is present in the form of lesser conductive Magnéli phases which are identifiable in XRD analysis [133] . As an example, Ebonex® was tested in anodic polarization at high potential values at 110 mAcm -2 for 900 s in 1M H 2 SO 4 , the XRD post-analysis revealed a decrease in Ti 4 O 7 amount and predominant higher oxides of which TiO 2 . At even higher current density values, a white film layer on electrode surface was observed [134] . Moreover, passivation was also observed in milder but longer anodic polarization conditions, Chen et al. observed a TiSO activity loss under 7 h at 7 mAcm -2 in 0.5 M H 2 SO 4 , which was attributed to an irreversible conversion from Ti 3+ to Ti 4+ [135] . Working with the same electrolyte, Kao et Ag/AgCl [136] .

Under these extreme passivation conditions, the TiO 2 formation and higher Ti oxides could represent a drawback, this can be an issue for long anodic polarization use. The passivation layer formation is the main cause for service lifetime reduction. However, TiO 2 film can be removed by polarization inversion or sand-blasting of the anode, and to some extent, recovering the electrocatalytic activity is possible [137] . Ebonex® manufacturers recommend to work at low current density (e.g., < 20 mAcm -2 ) in order to avoid high potential values leading to electrode passivation [134] .

The gradual conductivity loss in long anodic polarization has been reported, this may be even more aggravated when sulfates are present in the electrolytic solution [136,138] . In this context, Jing et al. evaluated the anodic polarization ageing for a Ti 4 O 7 monolithic electrode [START_REF] Guo | Development and Characterization of Ultrafiltration TiO2 Magnéli Phase Reactive Electrochemical Membranes[END_REF] , using 1M H 2 SO 4 as electrolyte during a half-hour anodic polarization ( 8.2 V), the XRD analysis detected a change in crystal lattice attributed to a passivation layer formed from SO 4 2in the form of TiOSO 4 . Thus, TiOSO 4 passivation layer can affect in electrode conductivity, it was also demonstrated a partial recovering electrode activity by a polarization inversion. In this way, processing technologies with the potential to extend service lifetime by managing the polarization inversion cycle are still required.

Service lifetimestability study

To render the process economically viable, electrodes must be highly efficient for over extended periods of time, hence determination of their lifetime is essential. A powerful its constants being 8.9×10 -3 min -1 and 8.1×10 -3 min -1 corresponding to before and after 90h of electrolysis. In light of preceding results, the 1%GON-Ti 4 O 7 -REM showed an outstanding stability [START_REF] Yang | Energy-Efficient Removal of Trace Antibiotics from Low-Conductivity Water Using a Ti4O7 Reactive Electrochemical Ceramic Membrane: Matrix Effects and Implications for Byproduct Formation[END_REF] .

To reduce the test time, accelerated life tests were performed following the method of Hutchings et al. [139] . The lifetime was determined using galvanostatic tests in the current density range of 0.5 -200 mAcm -2 . The potential of the working electrode was periodically monitored when the potential difference between the anode and the reference electrode was reached at 10 V, meaning the end of the test. According to the experimental data reported by Hine et al. a simple empirical relationship between the electrode service life (SL) and the current density (j) can be obtained as [140] :

where n ranges from 1.4 to 2.0. An average of n=1.7 is assumed for anode materials such as Ti/IrO x -Sb 2 O 5 -SnO 2 . Its service life is predicted to be higher than 9 years under 100 mA cm -2 in strong acidic solutions.

Wang et al. estimated the Ebonex® accelerated lifetime under 1 Acm -2 and 1M H 2 SO 4 as electrolyte [START_REF] Nayak | Fabrication and Characterization of Porous, Conductive, Monolithic Ti4O7 Electrodes[END_REF] . An expected lifetime is possible to determinate using Eq. 16:

Where I 1 and I 2 correspond to practical and accelerated current density (mAcm -2 ), τ (h) is the electrode deactivation time and n=1.7 [141] . Thus, they estimated the Ebonex® service lifetime to be 297 days, corresponding to a deactivation time of 9.23 h. In the same work, nano and micro-Ti 4 O 7 homemade anodes were not deactivated after 34 h; their expected service lifetime should be more than 3 years in the same accelerated ageing conditions.

Future validation of these processes must involve comparison to values obtained under actual conditions (effluent and applied current).

Fouling

During MFP, it is observable a performance decrease as a consequence of particles retention in membrane porosity. Not only solid particles but also molecules can deposit on the membrane surface; moreover, if they are partially degraded, this results in: J p decrease, a rise in EC in terms of a higher TMP needed and a more frequent cleaning-up; all this causes a membrane lifetime decrease. This drawback, known as fouling, still remains one of principal challenges for separation processes.

Particular attention is given to fouling management, which is principally reduced by means of electrochemical way [114] and critical permeate flux control [142] .

According to antifouling mechanism, ceramic membranes can be classified into active or passive [START_REF] Asif | Ceramic Membrane Technology for Water and Wastewater Treatment: A Critical Review of Performance, Full-Scale Applications, Membrane Fouling and Prospects[END_REF] . In this context, REM is conceived as an electrochemically enhanced assisted membrane. Consequently, they operate via a passive antifouling technique since electrochemical reactions reduce fouling phenomena.

HA is present in natural waters and is usually a model foulant. Fouling characterization is often conducted by monitoring permeate flux decline with time in terms of normalized permeate flux , defined as the ratio , where represents the initial permeate flux. In this way, Geng and Chen proceeded to study HA fouling in Ti 4 O 7 /Al 2 O 3 vs. pristine Al 2 O 3 commercial membrane [START_REF] Geng | Magnéli Ti4O7 Modified Ceramic Membrane for Electrically-Assisted Filtration with Antifouling Property[END_REF] . Ti 4 O 7 /Al 2 O 3 -REM was the one with the lesser loss, being 67 to 99% and 50 to 98% of in polarization absence to under 100 Vcm -1 electric field application after one hour for respectively 6 and 12 mgL -1 of TOC. For the same TOC concentrations, uncoated REM could only maintain respectively 63% and 47% of in the absence of polarization. These results showed that electrocatalytic Ti 4 O 7 coating layer is quite advantageous against fouling and even further when polarization is applied.

Cleaning-up and regeneration methods commonly include deionized water rinse and chemical agents like NaOH in pressurized backwash [START_REF] Cui | Ti4O7 Reactive Electrochemical Membrane for Humic Acid Removal: Insights of Electrosorption and Electrooxidation[END_REF][START_REF] Geng | Magnéli Ti4O7 Modified Ceramic Membrane for Electrically-Assisted Filtration with Antifouling Property[END_REF] prior to a polarization step [START_REF] Ly | Exploring the Potential Application of Hybrid Permonosulfate/Reactive Electrochemical Ceramic Membrane on Treating Humic Acid-Dominant Wastewater[END_REF][START_REF] Liang | Electro-Oxidation of Tetracycline by a Magnéli Phase Ti4O7 Porous Anode: Kinetics, Products, and Toxicity[END_REF] .

Both an economic and an environmental perspective, chemical agents respectively imply additional costs and chemical wastes [116] . Since knowing when to clean the material is just as crucial as knowing when to regenerate it, fouling detecting methods must be used.

EIS represents a non-invasive monitoring technique along with early on-set fouling stages detection for an in situ characterization [143][144][145][146] . For example, Jing et al. developed a transmission linear model (TLM) for a fouling study caused by HA and polystyrene in Ti 4 O 7 -REM. The spatial characterization allowed to establish an enhanced REM regeneration procedure, consisting of deionized water rinse step prior to a backwash in anodic polarization free of chemical agents, excepting the electrolyte; this led to a recovery from 3% to 76-99% of over five fouling/regeneration cycles (~3.5 h) [116] .

Despite the fact that electrochemical regeneration methods have shown to be benefic against fouling, adverse effects like electropolymerization may occurred during phenolic electrooxidation compounds [START_REF] Ganiyu | Sub-Stoichiometric Titanium Oxide (Ti4O7) as a Suitable Ceramic Anode for Electrooxidation of Organic Pollutants: A Case Study of Kinetics, Mineralization and Toxicity Assessment of Amoxicillin[END_REF][START_REF] Arif | Highly Conductive Nano-Sized Magnéli Phases Titanium Oxide (TiOx)[END_REF][START_REF] Wang | Flow-through Electrochemical Removal of Benzotriazole by Electroactive Ceramic Membrane[END_REF] , so fouling may be aggravated. High organic effluent concentration in relation to applied current density engenders this phenomenon [START_REF] Wang | Flow-through Electrochemical Removal of Benzotriazole by Electroactive Ceramic Membrane[END_REF] ; in this manner, current density management results specially crucial when organic compounds degradation is carried out by DET like the case of phenolic compounds.

Bubble flow resistance

Because of REM porosity, the bubbles formation processes must be considered. In fact, under galvanostatic conditions in aqueous solution, cathodic and anodic side reactions create hydrogen and oxygen bubbles from water splitting. For planar electrodes, the oxygen bubbles formation can be an advantage for the mass transport, since the appearance of bubbles can serve as a turbulence promoter and thus increase the mass transfer coefficient [124] .

In the case of porous electrode materials such as REM, the existence of these bubbles must be managed very carefully. However, excessive oxygen bubbles formation blocks electrocatalytic active sites and pores [147] , hindering contact between pollutants and the anode surface, which should be preferably available for EO reactions, thus limiting the main reaction.

Main drawbacks may occur, such as a decreasing current efficiency during long-term operation; consequently a performance decay can be observed, leading to a less accessible effective volume for liquid filtration [139,140] ; i.e., a decrease in J p . In this way, J p [START_REF] Geng | Magnéli Ti4O7 Modified Ceramic Membrane for Electrically-Assisted Filtration with Antifouling Property[END_REF]114] ,

likewise the pressure and ohmic drop across the REM are then affected when evolving oxygen becomes significant. On the one hand, J p may be reduced; on the other hand, increasing pressure drop and ohmic drop entail a productivity decrease and an EC increase, respectively.

Operating at a higher current density than the limiting current density (j>j lim ) exacerbates oxygen bubbles formation. The extent degree of oxygen bubbles is accentuated during the depletion of organic matter to be oxidized. Lee et al. adapted the concept of 'critical current density' [150] , which defines the accumulation of oxygen over the reaction sites of the porous transport layer, resulting in undesired system inefficiencies from mass transport losses. Fig. 8 provides values of critical current densities, the reported values are found in the range of 7-30 mAcm -2 .

Intrinsic material electrode properties are also influencing bubble detachment. Knowing that Ti 4 O 7 is hydrophilic because of a low bubble contact angle ( << 90°), this characteristic avoids bubble detachment. In addition, the cavities contained in the structure of these materials exacerbate this behavior.

Convection-enhanced mass transport is able to carry out bubbles degassing in REM [88,114] . To accomplish this task, configuration and geometry design can also play an important role. It should be noted that cross-flow filtration, which makes degassing easier, is frequently used in REM studies (see Table 5 ). The aforementioned problem enables us to outline the next section.

6 Geometry design and configurations of ECMR For processes such as AOPs where the heterogeneous reaction takes place locally, mass transfer has a predominant role in the performance efficiency. Main factors like geometric reactor configuration, area-to-volume ratio (

) and interelectrode gap impact not only on mass transport, but also on EC.

In chemical reaction engineering for plate electrodes, three flow configurations are typically differentiated and also extended for electrochemical reactors (ECR): mixed tank cell (batch reactor), flow-by cell and flow-through cell.

Empirical correlations are frequently used to characterize mass transport processes in largescale electrochemical cells and estimate values in the form of Lévêque equation (Eq. 17) [151] .

Where is the characteristic length of the system, is the diffusion coefficient. the Reynolds number ( is the ratio of inertial forces to viscous forces (Eq. 18), the Sherwood number ( ) is the ratio of total mass transport to diffusion (Eq. 19), the Schmidt number ( ) is the ratio of viscous forces to diffusion forces (Eq. 20) and is the geometrical factor of the electrochemical cell. Constants , , and are determined empirically, is the fluid velocity and is the kinematic viscosity of the solution.

The increasing evolution of according to reactor flow configuration is illustrated in the schematic diagram of Fig. 9. There is notably rise in convective when porous electrodes are used in flow-through mode.

Fig. 9. Mass transport rate in function of flow cell configuration, reprinted from [114] . Moreover, thanks to the REM porous structure, the transport and thus the contact of the target compounds with the material is improved. It is in the flow-through configuration that mass transfer is enhanced by convection compared to conventional configurations, as reported in several papers [START_REF] Wang | Electrooxidation of Perfluorooctanesulfonic Acid on Porous Magnéli Phase Titanium Suboxide Anodes: Impact of Porous Structure and Composition[END_REF][START_REF] Yang | Insight into the Rapid Elimination of Low-Concentration Antibiotics from Natural Waters Using Tandem Multilevel Reactive Electrochemical Membranes: Role of Direct Electron Transfer and Hydroxyl Radical Oxidation[END_REF][START_REF] Yang | Energy-Efficient Removal of Trace Antibiotics from Low-Conductivity Water Using a Ti4O7 Reactive Electrochemical Ceramic Membrane: Matrix Effects and Implications for Byproduct Formation[END_REF]75] .

Besides, contact between electroactive oxidable species and electrode surface is more easily achieved compared to the traditional stirring mode [75] . In this sense, electrode pore size should also be evaluated for flow rate with the knowledge that a decrease in this parameter results in a reduction of diffusion limitation, while also increasing TMP. In light of the latter and earlier addressed points; since pore size could be compromised, different authors selected an average d p under 2 µm (see Fig. 7). reprinted from [START_REF] Ly | Exploring the Potential Application of Hybrid Permonosulfate/Reactive Electrochemical Ceramic Membrane on Treating Humic Acid-Dominant Wastewater[END_REF] .

It is evident that symmetrical configurations will show uniform interelectrode electric field distribution, as this allows to use the whole ECSA effectively [START_REF] Ly | Exploring the Potential Application of Hybrid Permonosulfate/Reactive Electrochemical Ceramic Membrane on Treating Humic Acid-Dominant Wastewater[END_REF] . In this context, Pei et al. did numerical simulations conforming to the different reactor configurations, of which PPE and TCE were the most interesting.

These two configurations are those the most found in several publications for electrochemical ceramic membrane reactors (ECMR) (see Table 5 ). During electrodes polarization, cell voltage (

) results from contribution of anodic and cathodic overpotentials along with ohmic drop ( as described in the equation below:

On one side, electrode material contributes mainly in overvoltage and in a lesser extent in , on the other depends on reactor configuration and electrolyte. Thus, contributes strongly in U and consequently in EC.

The scaling-up to pilot size and the switch to less conductive real effluents may result in an unfavorable impact on a PPE configuration as reported by Pei et al [START_REF] Ly | Exploring the Potential Application of Hybrid Permonosulfate/Reactive Electrochemical Ceramic Membrane on Treating Humic Acid-Dominant Wastewater[END_REF] .

In the case of the PPE configuration, the ohmic drop is proportional to the length of reactor, increases as the size increases. This is completely the opposite for the TCE array, which is R ohm TCE L -1 .

Another factor to consider in flow-through cells is the anode and cathode disposition regarding the flow pattern. It is worth mentioning that flow-through cells in TCE array are the most frequently encountered configurations in scientific works about ECMR as seen in Table 5 .

Table 5 presents all cell configurations of REM used in the bibliography. There are two principal filtration types found in research work: cross-flow and dead-end filtration, whereby a solution passes through the TiSO membrane in a cathode-to-anode (CA) or anode-tocathode (AC) flow pattern direction. As seen in Table 5 , cross-flow filtration with a CA flow pattern is the most deployed configuration, being also in flow-through mode.

To the best of our knowledge, only a few studies have contrasted radial flow patterns using TiSO-REM for TCE. Pei et al. compared CA and AC flow mode directions [START_REF] Ly | Exploring the Potential Application of Hybrid Permonosulfate/Reactive Electrochemical Ceramic Membrane on Treating Humic Acid-Dominant Wastewater[END_REF] . In terms of kinetics, the findings were that k obs in CA mode were one order of magnitude higher than those in AC mode. Likewise, CA mode almost reached a complete 2,4-DCP degradation within the first 5 min, in contrast to a 16.8% degradation under AC mode. In view of EC, 1.5 and 10.8 kWhm -3 values were respectively obtained in CA and AC mode for three TCE modules. This latter emphasizes the better performances in CA mode.

Wang et al. found that CA mode results in 2.3-7.0 higher values of k obs ; as well as enhanced BTA degradation efficiency (94.5% vs. 55% at 30 mAcm -2 ) [START_REF] Misal | Modeling Electrochemical Oxidation and Reduction of Sulfamethoxazole Using Electrocatalytic Reactive Electrochemical Membranes[END_REF] .

It should be noted that two last-mentioned investigations studied model compounds with acidbase properties. Both 2,4-DCP and BTA electro-oxidations were favored under alkaline conditions in CA mode; since pH > pk a , deprotonated forms of these compounds are electroattracted towards the anode surface. On the contrary, EO reaction on anode side produces H + which otherwise would promote electro-repulsion with protonated electro-reactive species when pH< pk a . Species dominance as a function of pH for the case of BTA (pK a1 =2.3 and pK a2 =8.6) noted as RNH; under acid conditions, electro-repulsion between RNH 2 + and H + is evident, thus disfavoring its EO. Basic pH conditions, unlike, promotes that deprotonated RN - be electro-attracted to anode surface.

Wang et al. also presented a numerical simulation for pH gradient depending on flow pattern [START_REF] Misal | Modeling Electrochemical Oxidation and Reduction of Sulfamethoxazole Using Electrocatalytic Reactive Electrochemical Membranes[END_REF] , where CA mode showed a local low acid pH condition near the anode; this was also supported in an experimental previous work [103] . It is believed that porous anode structure is limiting for H + diffusion; additionally, a non-porous cathode has a lower C dl , enabling a convection-enhanced OH-release to the bulk solution. This fact finally establishes a boundary basic pH layer between the bulk solution and the local acidic diffusion layer of the anode.

To the foregoing, it should be noted that the reaction mechanism and therefore the formation ). This preceding argument elucidates why CA mode is further advantageous for 2,4-DCP degradation [START_REF] Ly | Exploring the Potential Application of Hybrid Permonosulfate/Reactive Electrochemical Ceramic Membrane on Treating Humic Acid-Dominant Wastewater[END_REF] . [START_REF] Geng | Magnéli Ti4O7 Modified Ceramic Membrane for Electrically-Assisted Filtration with Antifouling Property[END_REF] Trellu et al., 2018 [START_REF] Wang | Flow-through Electrochemical Removal of Benzotriazole by Electroactive Ceramic Membrane[END_REF] Trellu et al., 2020 [START_REF] Zhao | Electrochemical Removal of 4-Chlorophenol in Water Using a Porous Magnéli-Phase (Ti4O7) Electrode[END_REF] Ganzenko et al., 2021 [START_REF] Trellu | Mineralization of Organic Pollutants by Anodic Oxidation Using Reactive Electrochemical Membrane Synthesized from Carbothermal Reduction of TiO2[END_REF] Lin et al., 2021 [START_REF] Olvera-Vargas | Dynamic Cross-Flow Electro-Fenton Process Coupled to Anodic Oxidation for Wastewater Treatment: Application to the Degradation of Acetaminophen[END_REF] Y. Wang et al., 2022 [START_REF] Nayak | Fabrication and Characterization of Porous, Conductive, Monolithic Ti4O7 Electrodes[END_REF] PPE Yang et al., 2022 [START_REF] Lin | Energy-Efficient for Advanced Oxidation of Bio-Treated Landfill Leachate Effluent by Reactive Electrochemical Membranes (REMs): Laboratory and Pilot Scale Studies[END_REF] TCE A  C Pei et al., 2022 [START_REF] Ly | Exploring the Potential Application of Hybrid Permonosulfate/Reactive Electrochemical Ceramic Membrane on Treating Humic Acid-Dominant Wastewater[END_REF] C A A C S. Wang et al., 2022 [START_REF] Misal | Modeling Electrochemical Oxidation and Reduction of Sulfamethoxazole Using Electrocatalytic Reactive Electrochemical Membranes[END_REF] Dead-end (orthogonal) Maqbool et al., 2022 [START_REF] Zaky | Mechanism of P-Substituted Phenol Oxidation at a Ti4O7 Reactive Electrochemical Membrane[END_REF] C A Cui et al., 2022 [START_REF] Maqbool | Reactive Electrochemical Ceramic Membrane for Effective Removal of High Concentration Humic Acid: Insights of Different Performance and Mechanisms[END_REF] Ly et al., 2022 [START_REF] Cui | Ti4O7 Reactive Electrochemical Membrane for Humic Acid Removal: Insights of Electrosorption and Electrooxidation[END_REF] Gayen et al., 2018 [START_REF] Geng | Antifouling Ceramic Membrane Electrode Modified by Magnéli Ti4O7 for Electro-Microfiltration of Humic Acid[END_REF] PPE A C Misal et al., 2019 [START_REF] Pei | Electrochemical Removal of Chlorophenol Pollutants by Reactive Electrode Membranes: Scale-Up Strategy for Engineered Applications[END_REF] Zhao et al., 2020 [START_REF] Wang | Electrooxidation of Perfluorooctanesulfonic Acid on Porous Magnéli Phase Titanium Suboxide Anodes: Impact of Porous Structure and Composition[END_REF] Zhang et al., 2022 [75] Le et al., 2019 [START_REF] Guo | Development and Characterization of Ultrafiltration TiO2 Magnéli Phase Reactive Electrochemical Membranes[END_REF] C A Li et al., 2022 [START_REF] Yang | Energy-Efficient Removal of Trace Antibiotics from Low-Conductivity Water Using a Ti4O7 Reactive Electrochemical Ceramic Membrane: Matrix Effects and Implications for Byproduct Formation[END_REF] In the matter of dead-end filtration, most of cited publications use PPE array in AC or CA mode.

Therefore, it should be kept in mind that, depending on the nature of the target pollutant in cross-flow mode, the electrostatic interaction with the anode material should not be overlooked in addition to the optimization of the mass transport with a favorable ratio.

Therefore, it is important to take into account where the anode is in relation to the cathode. 7 Scaling-up industrial strategy and energy consumption Because research in REM is relatively new, few investigations have been conducted on scaling-up. As a first approach in electrochemical engineering, to switch from bench or lab scale to pilot scale; i.e., to increase solution volume to be treated; the electrode surface is increased by keeping the same order of magnitude for a given ratio. Instead of increasing for the single cell, it is suitable to increment the number of cells in series. Increasing electrode surface area is quickly constrained by both the need for space and technological cost-effectiveness; whereas multiplying the number of modules does not involve any difficulty. This latter approach is the one adopted as reported in very few papers particularly related to ECMR scaling-up [START_REF] Ly | Exploring the Potential Application of Hybrid Permonosulfate/Reactive Electrochemical Ceramic Membrane on Treating Humic Acid-Dominant Wastewater[END_REF][START_REF] Olvera-Vargas | Dynamic Cross-Flow Electro-Fenton Process Coupled to Anodic Oxidation for Wastewater Treatment: Application to the Degradation of Acetaminophen[END_REF][START_REF] Lin | Energy-Efficient for Advanced Oxidation of Bio-Treated Landfill Leachate Effluent by Reactive Electrochemical Membranes (REMs): Laboratory and Pilot Scale Studies[END_REF][START_REF] Yang | Insight into the Rapid Elimination of Low-Concentration Antibiotics from Natural Waters Using Tandem Multilevel Reactive Electrochemical Membranes: Role of Direct Electron Transfer and Hydroxyl Radical Oxidation[END_REF] .

After a first lab-scale study, Lin et al. designed a pilot which ratio was three times lower in comparison with laboratory scale. Unsurprisingly, the COD removal constant rate k DCO was 2.2 times lower to that obtained in laboratory scale.

Based on optimized conditions corresponding to j= 15 mAcm -2 and J p = 5 m 3 m -2 h -1 for an 80% COD removal, the average k COD was 2.22 × 10 -2 min -1 . According to Eq. 22, Lin et al.

calculated that the number of modules is N~7.

Authors claimed that this number of modules is excessive from a cost-effective and technical feasibility viewpoint, they then evaluated the pressure profile by added-module. Thus, at fourmodule REM-in-series, the pressure of the system reached 1.3 bar, which was considered relatively high for practical treatment. Given this constraint, four modules in one single pass were considered for a second configuration. This last-mentioned reached the required Chinese legal disposition of COD< 100 mgL -1 at j= 22 mAcm -2 and J p = 3.5 m 3 m -2 h -1 with an EC of 3.6 kWhm -3 [START_REF] Olvera-Vargas | Dynamic Cross-Flow Electro-Fenton Process Coupled to Anodic Oxidation for Wastewater Treatment: Application to the Degradation of Acetaminophen[END_REF] .

Most of the studies at lab-scale are carried out in discontinuous operation mode; i.e., either retentate or even permeate are recirculated. However, a single pass filtration mode is preferred in a pilot scale, apart from the fact that it enables a higher productivity as desired in an industrial operation.

Aiming for a higher removal efficiency in a single pass set-up implies either increasing the residence time -in other words, increasing the contact of target pollutants with the REMor else increasing the applied current density. The possible ways to achieve it are listed below:

(a) Reducing feed flux with the inconvenience of dropping the processing capacity.

(b) Increasing the applied current density.

(c) Increasing the electrode surface area (d) Increasing the number of modules in series, therefore having a higher active surface.

In the study of low-concentration antibiotics removal, Yang et al. utilized β-PbO 2 -REM for pilot scaling-up for a single pass system to treat a solution of 100 L containing NOR spiked in either WWTP or surface water [START_REF] Lin | Energy-Efficient for Advanced Oxidation of Bio-Treated Landfill Leachate Effluent by Reactive Electrochemical Membranes (REMs): Laboratory and Pilot Scale Studies[END_REF] . The determination of the number of modules was based on considering the pseudo-first order constant rate of NOR degradation, k NOR , as well as the discussed for scaling-up; this kinetic approach might be judiciously advisable for porous anodes.

The gain in operating at higher current densities, i.e., increasing the electrical charge involved for single pass systems, is also reported by Lin et al., who obtained an enhanced 63.2% COD removal at 32 mAcm -2 , in contrast to only 35% at 15 mAcm -2 , whereof NH 4 + -N removal improved from 69% to 98%. This option should be considered carefully as it may create new problems such as a drastic decrease in the current efficiency and the occurrence secondary reactions, e.g., AOX generation. In the case of solutions containing chloride ions, a residence time or current density increment could lead to the undesirable species like ClO 3 -and ClO 4 generated from Cl -oxidation, in accordance with other papers [START_REF] Yang | Insight into the Rapid Elimination of Low-Concentration Antibiotics from Natural Waters Using Tandem Multilevel Reactive Electrochemical Membranes: Role of Direct Electron Transfer and Hydroxyl Radical Oxidation[END_REF]125] . This last problem concerns β-PbO 2 -REM to a lesser extent in comparison with Ti 4 O 7 -REM, due to its lower water discharge overpotential.

One more aspect to consider for scaling-up is operational costs, which are based on EC. Most studies concerning REM report this parameter. The graph in Fig. 11 summarizes the reported values of EC by model compound or pollutant. Of note, for those model compounds whose EC is under 2 kWhm -3 , this could be explained in terms of either low initial concentrations or low current density. For example, in relation to PFAS, Le et al. [START_REF] Guo | Development and Characterization of Ultrafiltration TiO2 Magnéli Phase Reactive Electrochemical Membranes[END_REF] and S. Wang et al. [START_REF] Nayak | Fabrication and Characterization of Porous, Conductive, Monolithic Ti4O7 Electrodes[END_REF] used a similar anode potential range, i.e. , which represents a 92% higher EC than the REM process. In order to determine whether using REM is economically feasible as compared to alternative EAOP, Ganzenko et al. [START_REF] Trellu | Mineralization of Organic Pollutants by Anodic Oxidation Using Reactive Electrochemical Membrane Synthesized from Carbothermal Reduction of TiO2[END_REF] cited a study conducted by the French company SUEZ, which indicates that a cost-effective investment of capital and operational expenditures should be estimated with an EC of 1.45 kWhm -3 .

EC is a crucial factor to estimate the overall cost to envisage the use of REM. Besides, it should also consider the pumping and capital costs. For the latter, recent studies relate a treatment capacity normalized by module surface and service lifetime ( to determine the cost of REM (Eq. 28) [START_REF] Olvera-Vargas | Dynamic Cross-Flow Electro-Fenton Process Coupled to Anodic Oxidation for Wastewater Treatment: Application to the Degradation of Acetaminophen[END_REF][START_REF] Lin | Energy-Efficient for Advanced Oxidation of Bio-Treated Landfill Leachate Effluent by Reactive Electrochemical Membranes (REMs): Laboratory and Pilot Scale Studies[END_REF] .

Further information regarding costs is also provided in detail by Lin et al. [START_REF] Olvera-Vargas | Dynamic Cross-Flow Electro-Fenton Process Coupled to Anodic Oxidation for Wastewater Treatment: Application to the Degradation of Acetaminophen[END_REF] . The fact that labor and electricity costs vary depending on the country or location should also be considered. In this manner, a technical-economic feasibility study provides a guideline to evaluate the implementation of this technique.

The success of REM for the treatment of some of the most energy-consuming substances to degrade -PFAS and landfill leachates-can be seen in Table 6, where there has been a

significant drop in EC compared to other EAOP. This fact unequivocally supports the enhancement of mass transport made possible by the employment of such REM. These favorable results might encourage the widespread implementation of REM as a more suitable EO technology for low-concentration pollutants contained in real effluents.

Table 6. Degradation rate and Energy consumption of various bio-refractory substances by EAOP, adapted from [START_REF] Trellu | Mineralization of Organic Pollutants by Anodic Oxidation Using Reactive Electrochemical Membrane Synthesized from Carbothermal Reduction of TiO2[END_REF] .

Pollutant or effluent System EC (kWhm -3 ) Mineralization (%) Ref.

Landfill leachates BDD EO 54-93 88

[153]

Batch TiSO + Electro-Fenton 49.5 45 (8 h) [37] TiSO-REM β-PbO 2 -REM 3.6 69.6 (0,75 h) 76.2 (0,75 h) [70] SUEZ recommendation 1.45 - [59] PFAS TiSO Batch 14.2 -36.9 99 [95] TiSO-REM 5.1 -6.7 - [89] 1.35 Most of the research on EF focuses on the electro-generation of H 2 O 2 from O 2 , which is directly injected by bubbling into solution. In this way, the electrogenerated H 2 O 2 reacts with Fe 2+ added as a catalyst or even obtained in solution by the sacrificial anode oxidation to generate • OH [154] . Unlike advantages like the in situ generation of H 2 O 2 and high mineralization efficiency, the main drawbacks are a longer time treatment and a necessary regulation of the pH to acidic values. The combination of EF with other AOP is recently under consideration to overcome the associated drawbacks [155] . Such coupling processes have been reported with REM [START_REF] Gayen | Electrochemical Oxidation of Atrazine and Clothianidin on Bi-Doped SnO2-TinO2n-1 Electrocatalytic Reactive Electrochemical Membranes[END_REF][START_REF] Zhao | Electrochemical Removal of 4-Chlorophenol in Water Using a Porous Magnéli-Phase (Ti4O7) Electrode[END_REF] .

For the treatment of solutions containing PCT, a MCE of 47% was obtained using REM at 15 mAcm -2 [START_REF] Wang | Flow-through Electrochemical Removal of Benzotriazole by Electroactive Ceramic Membrane[END_REF] (Table 3Summary of degradation efficiency of bio-refractory pollutants using Ti 4 O 7 -REM.). Because of this restrained MCE of PCT removal, a one single-step coupling process of Ti 4 O 7 -REM with EF was subsequently proposed [START_REF] Gayen | Electrochemical Oxidation of Atrazine and Clothianidin on Bi-Doped SnO2-TinO2n-1 Electrocatalytic Reactive Electrochemical Membranes[END_REF][START_REF] Zhao | Electrochemical Removal of 4-Chlorophenol in Water Using a Porous Magnéli-Phase (Ti4O7) Electrode[END_REF] . As a further work of Trellu et al. [START_REF] Zhao | Electrochemical Removal of 4-Chlorophenol in Water Using a Porous Magnéli-Phase (Ti4O7) Electrode[END_REF] with EO-EF one pot process resulted in 77% of MCE under the same current density from previous work; this underlines an efficiency process gain.

Another example of pharmaceutical compound is TC, Zhi et al. proposed in a single setup sequential unit operation of ozonation and EO using a Ti 4 O 7 -REM for TC degradation [156] ; consisting of introducing ozone in the reactor without applied current and then just by EO. TC degradation efficiency between O 3 -REM and Ti 4 O 7 -REM were identic (97.2%) at 2 mAcm -2 .

In addition, TOC removal for O 3 -REM coupling was only 1.3% higher than Ti 4 O 7 -REM, it is noteworthy to mention that the coupling fact reduced EC in 16.5% in terms of kWhkg TOC -1 .

Chlorophenols, such as 4-chlorophenol (4-CP) was chosen to evaluate an one single-step coupling of EO and ultrasound (EO-US) [149] . The latter can find its application due to the advantage of the sono-electrochemical synergistic interaction; thus, allowing an easy oxygen degassing bubbles produced at the electrode surface. This induces a higher yield of • OH radicals besides the US cavitation effect to also produce • OH. The improvement of the integrated process results in 261% higher kinetic constant k EO-US compared to that obtained with the EO alone at 3 V vs. SHE. Mass transport with EO-US was improved, k m values increased 53% and 46% for 0.005 and 0.06 MPa of TMP. EC for the single EO was 6,9%

higher than that of EO-US in the long-term stability of 100 cycles.

Although integrated coupling has proven an EC reduction, a technical-economic study is required to assess the global cost (investment, functioning) of one single-step or even when Ti support [START_REF] El Kateb | Electrochemical Advanced Oxidation Processes Using Novel Electrode Materials for Mineralization and Biodegradability Enhancement of Nanofiltration Concentrate of Landfill Leachates[END_REF] . 44 4.42 mAcm -2 - [69] 110 Sintering and carbothermal reduction at 1300°C under reducing Ar atmosphere [START_REF] Wang | Flow-through Electrochemical Removal of Benzotriazole by Electroactive Ceramic Membrane[END_REF] . 59 15 mAcm -2 95 [91] O 3 -EO Tetracycline (TC) 5 30 mM Na 2 SO 4

Ebonex ® Vector Corrosion Technologies, Inc [START_REF] Gusev | Ceramic Electrodes Based on Magneli Phases of Titanium Oxides[END_REF] . 97 9 Conclusions and challenges Electrochemical reactive membrane technology for water treatment has proven to be a real breakthrough in EAOP and MFP. Refractory pollutants actually require electrodes materials with outstanding electrocatalytic properties along with devices allowing at the most convection-enhanced mass transport conditions. Ti 4 O 7 , commonly TiSO, responds to these two points: its high OER potential to generate • OH radicals, its implementation in porous structures; i.e., 3D electrodes allow to enlarge EO application in flow-through mode for the treatment of effluents, which pollutants concentration is low. Including both functionalities, separation and oxidation, REM provide perspectives for current drawbacks like fouling in MFP. Another benefit is that, unlike a two-stage coupling procedure, no additional step is required for the treatment of concentrates.

 Research work to date has contributed to giving an overview of the main influencing factors and their interactions, as well as the observed phenomena during REM use.

One of the goals of this review was to draw attention to the impact that physicochemical (hydrophobicity, σ), morphological (ε, d p ) and electrocatalytic (η OER , ECSA, R ct , C dl , q ) properties play in refractory pollutants EO.

 Studies, of which the vast majority were carried out in lab-scale with synthetic solutions, have demonstrated the influence of operating conditions (applied potential or current density, matrix and electrolyte composition, J p , pH) over the REM performance. So, it is essential to consider all these parameters, including EC, the target compounds removal, and by-products formation for process optimization.

 With the objective of increasing the TRL, more research is still required in a number of disciplines before this approach may be used industrially:

o In regards to electrode material, large-scale applications demand a robust and cost-effective development of porous electrodes with high stability to avoid passivation and hence a long service lifetime. Without leaving aside an optimized pore size and porosity per volume portion by means of the REM fabrication method, which manufacture should be simple for large size electrodes.

o Regarding solutions to be treated, further work with real effluents is encouraged in order to identify not only the optimal operating conditions but also the process limitations in relation to complex matrix effluents. To reduce the toxic intermediates production, special attention should be paid to the composition evolution during treatment.

o Aiming to maintain REM performance efficiency throughout the treatment process, particular studies about fouling control as production/cleaning-up cycles procedures and passivation prevention need to be implemented.

o At pilot scale, envisaging different REM designs and reactor configurations in order to manage the bubbles degassing and above all EO reactions must be considered. This is realized by a residence time optimization for the target pollutants mineralization or even to remove obstacles associated with scalingup models, but the end goal is to enable high-capacity treatment, which is appropriate for industrial applications.

Future studies need to consider these different aspects to encourage the development of EAOP to replace current processes, which only shift pollution or provide partial contaminants mineralization. The outstanding effluent remediation, highlighted by REM investigations, has so far demonstrated a substantial EC drop when compared to other EAOP, positioning this technology ahead of them and doing so both cost-effective and with regulatory-compliant manner. Within this context, an economic study comparing REM to other treatment processes should always be conducted; it will thus allow an assessment of the potential application field in terms of effluent nature, treated volume and coupling with other processes.

Fig. 1 .

 1 Fig. 1. Number de publications concerning REM and Ti 4 O 7 -REM from 2013 to 2022[START_REF] Hakami | Ceramic Microfiltration Membranes in Wastewater Treatment: Filtration Behavior, Fouling and Prevention[END_REF] . The search of articles in relation to

Fig. 3 .

 3 Fig. 3. Adsorption (A) and electrosorption (B) mechanisms. Electric field ( ) and electrostatic force (•→).

Fig. 5

 5 summarizes all the envisaged pathways for the generation of an oxidant Ox from a species R n-: an oxidation by simple electronic transfer (Ox 1 = ClO -[104] ), the formation of a radical R • by direct or indirect oxidation followed by either a chemical reaction with • OH (Ox 3 =H 3 PO 5[105] ) or a recombination between radicals (Ox 2 = P 2

Fig. 5 .

 5 Fig. 5. Principal pathways for active oxidant species formed in indirect EO.

Fig. 6 .

 6 Fig. 6. Summary of TOC (○) and COD (•) removal results for bio-refractory pollutants treatment by REM. Each point includes a citation to pollutant name and source.

Fig. 7 .

 7 Fig. 7. Porosimetry data by publication of REM. Striped bars represent electrocatalytic coating layer deposited on a different material substrate (non-dense REM).

Fig. 8 .

 8 Fig. 8. Pivotal current density values effect.Hence, in course of electrolysis process, it is judicious to regulate operating conditions in

  al. detected a phase change from Ti 4 O 7 to Ti 6 O 11 by XRD in the anodic potential cycling interval of 1.7-2.6 V vs.

  electrode should be able to work effectively for several years. It is thus time-consuming to test electrode stability under normal conditions. Li et al. have evaluated the electrochemical stability of GON-dopped Ti 4 O 7 -REM by means of chronopotentiometry (CP) tests under high current of 80 mAcm -2 during 90 h. The monitoring of potential did not show changes over time. OA electrooxidation tests were done in batch mode for both 1%GON-Ti 4 O 7 -REM and pristine Ti 4 O 7 -REM. k obs changed the least for 1%GON-Ti 4 O 7 -REM after 90 h at 20 mAcm -2 ;

Fig. 10

 10 Fig. 10 presents three possible geometries in flow-through reactors: parallel plate electrode

Fig. 10 .

 10 Fig. 10. Electrostatic field of simulated reactors configurations: (a) PPE, (b) TPE and (c) TCE, (d) real TCE module,

  of intermediates differ according to the AC or CA mode. Phenol, catechol and hydroquinone were the intermediate by-products of 2,4-DCP degradation in CA mode; they had a more thermodynamically favorable ΔG 2,4-DCP calculated at required potentials, in both EO and ER, in comparison to those species in AC mode (-488.4 vs. -684.7 kJmol -1

Fig. 11 .

 11 Fig. 11. EC by model compound and reference. Recalculated values relative to theoretical COD, stripped bars relative to TOC.

[ 62 ] 8

 628 Performance improvement -One single-step coupling with REMWith the aim of improving removal efficiencies and reducing process limitations, research work has been developed in coupling processes such as: Electro-Fenton (EF), ozonation and ultrasound (US) in an integrated form with REM.

  

  4 O 7 -REM; e.g., Gayen et al. have coated Bi-doped SnO 2 in a molar ratio of 10:1 (Sn/Bi) on a monolithic Ti 4 O 7 -REM by means of PLD

Table 2

 2 

	summarizes the different methods of developing REM and the advantages and
	disadvantages of each. The development of new materials requires to assess their stability and
	service lifetime, not all the reviewed publications spotlight this information.

Table 3 .

 3 Summary of degradation efficiency of bio-refractory pollutants using Ti 4 O 7 -REM.

	1	MCE based on TOC
	2	mgL -1 of initial COD
	3	% COD removal
	4	Relative to water flux
	5	% NPOC removal

Table 4 .

 4 Permeate flux effects in removal efficiency or mineralization current efficiency.

	Pollutant	j /E	J p	Reference
	OA	2.94 V	(793 Lm -2 h -1 ) ≤401.5 mmol m -2 h -1	[88]
	CBZ	7.3 mAcm -2	≤4.41 gTOCm -2 h -1	[59]
	PCT	15 mAcm -2	≤6,7 gTOCm -2 h -1	[58]

Table 5 .

 5 Filtration type, geometry array and flow pattern by publication.

	Filtration type	Reference	Geometric array	Flow pattern
		Zaky and Chaplin 2013, 2014 [39,51]		
		Guo et al., 2016 [88]		
		P. Geng et al., 2017		
			TCE	C A
	Cross-flow			
	(tangential)			

  3.3-3.6 V and 3.65 V, respectively. The difference obtained in EC (5-7 kWhm -3 vs. 1.35 kWhm -3 ) is due to the more concentrated initial solutions used (4-5 mgL -1 ) by Le et al. in contrast to S. Wang et al., whose PFOS initial concentration was 1 mgL -1 ; operating under galvanostatic mode at 40 mAcm -2 (see Table3).

	In order to make factual comparisons, reported volumetric EC values were recalculated
	relative to the theoretical COD; from Fig. 11, it can be seen that the EC of PFOS removal was

very close. It should be noted that PFAS present the highest EC in relation to other biorefractory compounds, according to the cited publications.

In another instance, comparing the bio-pretreated LL performance between REM and conventional EO by BDD electrode, it has been reported an EC of 0.03-0.19 kWhg -1

COD

[152]

Table 7 .

 7 Summary of degradation efficiency of bio-refractory pollutants using an added coupling process to REM.

	8 % TOC removal

Table 2. Summary of manufacture methods for TiSO-REM.

residence time.

The dimensioning approach is stated by the following equations:

As of preceding equations, a real residence time was calculated from k NOR for a 90% of degradation; reactor geometry ratio as well as thickness electrode and water flux were considered. A of 3.8 s was then obtained for a log order NOR degradation; resulting in ~3 required modules; though four-module REM-in-series was chosen to ensure a complete degradation. This last-mentioned system reaches an almost complete degradation of the compound of 98% in 85 minutes.

Another alternative was proposed by S. Pei et al.; it is about a scaling-up strategy for electrolytic cells in TCE array focused on ratio, named otherwise specific electrode area (A s ) [START_REF] Ly | Exploring the Potential Application of Hybrid Permonosulfate/Reactive Electrochemical Ceramic Membrane on Treating Humic Acid-Dominant Wastewater[END_REF] . This parameter is described as following:

Where R and r 1 are respectively the reactor and the interne tubular radio. The last equation is only valid for TCE considering the reactor volume rather than the treated sample volume. In this manner, the effective reactor volume (V liquid ) is considered, thus enabling to number up the required modules ( ). This strategy was evaluated experimentally by Wang et al. with TCE modules added in series. In the scaling-up strategies referred to above, porosity is not included in the k obs determination by the pseudo-first order model. Wang et al. calculated k obs adapted for REM, which kinetic model includes: linear velocity , porosity and REM thickness as follows [START_REF] Nayak | Fabrication and Characterization of Porous, Conductive, Monolithic Ti4O7 Electrodes[END_REF] :

Where C p and C f are the permeate and feed concentrations. Although this investigation is not operating sequential coupling processes, whenever low-cost conventional biological and 1189 physicochemical processes are effectively coupled with REM technology. 1190