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Resume

Les systèmes de traitement des eaux usées actuels sont incapables d'éliminer certains polluants organiques contenus dans les effluents industriels et domestiques. L'accumulation des polluants organiques persistants (POPs) dans l'environnement constitue une menace éminente notamment pour la santé publique (Idowu et al. 2013;Brillas, Sirés, and Oturan 2009). Par conséquent, la minéralisation de ces polluants a été une priorité pour une partie des chercheurs qui travaillent dans ce domaine. Ils ont mis en évidence que l'intervention des radicaux hydroxyles ( • OH) produits par différents systèmes électrochimiques sont à l'origine de la dégradation des POPs en CO2, H2O et sels inorganiques [START_REF] Pignatello | Advanced Oxidation Processes for Organic Contaminant Destruction Based on the Fenton Reaction and Related Chemistry[END_REF]. Les procédés d'oxydation avancés tels que le procédé Fenton génèrent des radicaux • OH via la décomposition de H2O2 par les ions Fe(II), qui agissent comme un catalyseur. Par exemple, le procédé électro-Fenton (PEF) permet la génération in situ de H2O2 tout en réduisant l'ajout d'ions Fe(II) suite à la réduction de Fe(III) en Fe(II) à la cathode. Cependant, le coût lié à la mise en oeuvre, à l'exploitation et à la maintenance de ce procédé à grande échelle reste conséquent et n'est toujours pas compétitif par rapport à d'autres procédés de traitement [START_REF] Oller | Combination of Advanced Oxidation Processes and Biological Treatments for Wastewater Decontamination-A Review[END_REF]. Ainsi, le développement d'électrodes sous la forme de matériaux composites qui agissent à la fois comme cathode et comme catalyseur hétérogène vise à éliminer la présence du fer(II) libre dans les effluents afin d'augmenter la rentabilité de ce procédé (Hartmann, Kullmann, and Keller 2010). Dans cette étude, un matériau hybride de type argile riche en fer a été utilisé pour revêtir des fibres de feutre de carbone (matériau couramment utilisé pour concevoir la cathode d'un système de type électro-Fenton) et ainsi disposer d'une cathode incluant un matériau conducteur et immobilisant le catalyseur (Fe) . Premièrement, la synthèse de matériaux hybrides en l'absence de feutre de carbone a été réalisée en utilisant différents rapports molaires Fe(III)/Mg en utilisant deux sources de silicium (organo-alkoxysilane : 3-Aminopropyl)triéthoxysilane (Propyl-NH2) ou N- propyl]aniline (NH-phényl)) en se basant sur des résultats obtenus lors d'études antérieures [START_REF] Gallégo | Synthesis of New Lamellar Inorganic-Organic Talc-like Hybrids[END_REF]Y.-C. Lee, Huh, et al. 2013). La caractérisation de ces matériaux par FTIR, DRX et XRF a révélé que la condensation d'une structure de type argile 2:1 diminuait avec l'augmentation du rapport molaire Fe(III)/Mg, et ceci pour les deux organo-alkoxysilanes sélectionnés . Puis, la synthèse de matériaux en présence de feutre de carbone a été réalisée en utilisant différents rapports molaires Fe(III)/Mg et des organo-alkoxysilanes sélectionnés à partir d'une étude précédente réalisée au sein du laboratoire (Miron et al. 2019). Les clichés MEB ont révélé que les deux matériaux de type argile riche en fer recouvraient les fibres de feutre de carbone sous la forme d'un film mince et continu lorsque le transfert de masse était approprié dans le milieu réactionnel. L'utilisation d'électrodes modifiées de type argile (EMTA) préparées avec du Propyl-NH2 a entraîné la libération partielle du catalyseur dans la solution. Cette observation a encouragé l'utilisation ultérieure de nouvelles électrode de type EMTA préparées avec du NH-phényle, dont le comportement électrochimique a été préalablement étudié par voltampérométrie cyclique (VC). Les courbes courant-potentiel observées pour ces électrodes ont révélé l'électro-inactivité du Fe (III) structurel qui corrobore l'absence de performance de ces électrodes dans le procédé hétérogène électro-Fenton (PHEF) vis-à-vis de l'agent de contraste iodé, l'iohexol (utilisé comme molécule de référence pour l'étude de l'efficience du procédé). L'utilisation de méthylviologène (MV +2 ) comme médiateur d'électrons a probablement permis d'électro-activer le Fe(III) structurel, qui a été réduit en Fe(II). Cependant, les performances de l'électrode modifiée de type argile riche en fer dans le PHEF étaient encore très limitées en présence du médiateur MV +2 . Par conséquent, les performances de cette électrode de type EMTA dépendent de la réduction du Fe(III) structurel et éventuellement d'autres paramètres, tels que la concentration en Fe(III) structurel et l'arrangement octaédrique de la structure argileuse. Ces hypothèses mériteraient d'être 1

Chapter I -Introduction

Context and Generalities

The context surrounding wastewater treatment

Water is a limited natural resource as many others in our planet. Therefore, the water cycle is crucial to assure our access to freshwater in the future with the collection and treatment of wastewater. In Europe, the industry consumes around 54% of the water devoted to human activities. Therefore, the collection and treatment of industrial wastewater has been considered with attention by environmental agencies (European Environment Agency 2019). The characteristics of industrial wastewater are particular and often complex (Truc 2007). For instance, the wastewater issued from cooling systems is commonly related to low concentration of pollutants and thus it is directly released without further treatment as shown in Figure 1B. However, the industrial wastewater related to high concentration of pollutants is commonly treated in or off-site independent wastewater treatment plants and then directly released in the environment as shown in Figure 1A and Figure 1C (European Environment Agency 2019). For instance, these independent wastewater treatment plants are crucial in the treatment of pollutants that compromise the operation of the urban wastewater treatment plants (UWWTP). The industrial wastewater treated in the UWWTP is considered to be indirectly released in the environment as shown in Figure 1C. However, several pollutants are inert to the conventional wastewater treatment performed in the UWWTP and thus persist in the environment. In the last decades, the accumulation of these persistent organic pollutants (POPs) draw awareness of the environmental agencies towards the policies of industrial wastewater management in Europe (European Environment Agency 2019). However, POPs are also within hospital and domestic wastewater that are invariably treated in UWWTP (W. [START_REF] Zhang | Electrochemical Processes Coupled to a Biological Treatment for the Removal of Iodinated X-Ray Contrast Media Compounds[END_REF]. For instance, the screening of influents from a municipal Sewage Treatment Plant located in Galicia, Spain (approximately 100,000 inhabitants) uncovered a significant concentrations of cosmetic ingredients (galaxoide and tonalide), hormones (estrone, 17β-estradiol) and pharmaceuticals, such as an antibiotic (sulfamethoxazole) and an X-ray contrast agent (iopromide) [START_REF] Carballa | Behavior of Pharmaceuticals, Cosmetics and Hormones in a Sewage Treatment Plant[END_REF]). The conventional treatment performed in UWWTP in particular the aerobic treatment with activated sludge reduced the concentration of these pollutants except for iopromide. The authors emphasized the inertness of iopromide to the conventional treatment in consideration of the low biodegradability of this category of pharmaceuticals. The ioprimide is one of the several contrast agents based on iodine used in medical imaging of blood vessels and soft tissues [START_REF] Radjenovic | Removal of the X-Ray Contrast Media Diatrizoate by Electrochemical Reduction and Oxidation[END_REF][START_REF] Mendoza | Pharmaceuticals and Iodinated Contrast Media in a Hospital Wastewater: A Case Study to Analyse Their Presence and Characterise Their Environmental Risk and Hazard[END_REF]; W. Zhang et al. 2021). The iodinated contrast media (ICM) is injected in high doses and then excreted unaltered through urine and feces within 24 h. Therefore, this iodinated compounds are detected in significant concentrations within hospital and then municipal wastewater that are treated in the UWWTP [START_REF] Radjenovic | Removal of the X-Ray Contrast Media Diatrizoate by Electrochemical Reduction and Oxidation[END_REF]Miron et al. 2019;W. Zhang et al. 2021). Indeed, the accumulation of ICMs in surface water has been widely reported in the literature [START_REF] Sengar | Comprehensive Review on Iodinated X-Ray Contrast Media: Complete Fate, Occurrence, and Formation of Disinfection Byproducts[END_REF].

Most importantly, the ICM were reported to result in iodinated by-products (IDBPs) during the disinfection of drinking water that are toxic as shown in Figure 2 [START_REF] Sengar | Comprehensive Review on Iodinated X-Ray Contrast Media: Complete Fate, Occurrence, and Formation of Disinfection Byproducts[END_REF].

Therefore, the risk of accumulation of iodinated contrast media in the environment as well as their potential transformation in toxic pollutants encouraged the use of ICMs, such as iohexol in the investigation of innovative wastewater treatments. The development of innovative wastewater treatments capable to remove POPs is a research topic in ascendancy since the 2000s in particular from 2015 as shown in Figure 3. The publications under the topic "wastewater treatment" in the all databases of Web of Science were ordered by publication year. For instance, the removal of POPs has been proposed through adsorbents, such as activated carbon that concentrated rather than degraded these pollutants [START_REF] Titchou | Removal of Persistent Organic Pollutants (POPs) from Water and Wastewater by Adsorption and Electrocoagulation Process[END_REF]. The degradation of POPs has been proposed through advanced oxidation processes (AOPs) (Truc 2007;Idowu et al. 2013;Brillas, Sirés, and Oturan 2009). In most of these processes, hydroxyl radicals ( • OH) are used as the oxidation agent that non-selectively degrade pollutants eventually into water, carbon dioxide and inorganic salts (Deng and Zhao 2015). Therefore, the fundamentals of advanced oxidation processes in particular the Fenton process will be recalled in this chapter. 

Advanced oxidation processes (AOPs)

Radical species are molecular entities having an unpaired electron [START_REF] Nič | Radical (Free Radical)[END_REF]). This configuration is unstable and thus ascribes considerable reactivity to these species [START_REF] Phaniendra | Free Radicals: Properties, Sources, Targets, and Their Implication in Various Diseases[END_REF]. The radicals abstract electrons from other species in order to regain a full valence shell and as a consequence behave as powerful oxidants that are able to degrade organic pollutants. Most importantly, the use of either hydroxyl ( • OH) or sulfate (SO4 •-) radicals established the advanced oxidation processes (AOPs) as an efficient and clean method for wastewater treatment (Sirés et al. 2014;[START_REF] Phaniendra | Free Radicals: Properties, Sources, Targets, and Their Implication in Various Diseases[END_REF]Deng and Zhao 2015). However, the AOPS based on SO4 •-radicals are beyond the scope of this study and thus only hydroxyl radicals ( • OH) are further considered as the oxidizing agent in this chapter. The • OH degrade non-selectively organic and organometallic pollutants (Sirés et al. 2014;[START_REF] Phaniendra | Free Radicals: Properties, Sources, Targets, and Their Implication in Various Diseases[END_REF][START_REF] Pignatello | Advanced Oxidation Processes for Organic Contaminant Destruction Based on the Fenton Reaction and Related Chemistry[END_REF]. The cascade reaction initiated by • OH with organic compounds (R) commonly involves the abstraction of hydrogen atoms from saturated bonds (C-H, N-H or O-H) and the radical addition to unsaturated bonds (C=C or aromatic rings) as shown in the Equation 1and Equation 2, respectively (Deng and Zhao 2015;[START_REF] Pignatello | Advanced Oxidation Processes for Organic Contaminant Destruction Based on the Fenton Reaction and Related Chemistry[END_REF].

R-H +

• OH→ H2O + R • Equation 1 C=C + • OH→ HO-C-C • Equation 2
In the presence of air, these carbon-centered radicals are involved in electron transfer reactions with dissolved O2 and result in organic peroxyl (R-OO • ) or hydroperoxyl (HO2 • ) radicals as shown in the Equation 3and Equation 4, respectively. These radicals combine/disproportionate into more stable molecules. Besides, further reaction of these radicals with a catalyst (iron ions) or • OH eventually result in the mineralization of organic pollutants into CO2, H2O and inorganic acids [START_REF] Pignatello | Advanced Oxidation Processes for Organic Contaminant Destruction Based on the Fenton Reaction and Related Chemistry[END_REF].

R • + O2 → R-OO • (peroxyl) →→ R-O • (alkoxyl) Equation 3 R • + O2 →→ R(-H + ) + HO2 • (hydroperoxyl) Equation 4
The radical species have a very short lifetime as a consequence of their reactivity. Therefore, these species are to be generated in-situ during wastewater treatment with AOPs (Sánchez [START_REF] Ruiz | Fenton Reactions (FS-TER-03)[END_REF]. The generation of • OH commonly involves the combination of a strong oxidizing agent (H2O2 or O3) with either the irradiation of ultraviolet (UV) light or a catalyst, such as Fe(II) ions. These combinations are referred to as photochemical and non-photochemical methods, respectively (Sirés et al. 2014;Deng and Zhao 2015). For instance, the combination of H2O2 with Fe(II) ions, which is also known as Fenton's reagents has been particularly popular in wastewater treatment. The popularity of Fenton processes is related to the considerable mineralization of organic pollutants achieved in relatively simple and inexpensive operational condititons [START_REF] Pignatello | Advanced Oxidation Processes for Organic Contaminant Destruction Based on the Fenton Reaction and Related Chemistry[END_REF]. Therefore, the fundamentals of the Fenton process (FP) will be also recalled in this chapter.

Fenton process (FP)

In 1876, Fenton first reported that a violet colored product resulted from the reaction of H2O2 and tartaric acid in presence of ferrous sulfate and caustic soda [START_REF] Fenton | On a New Reaction of Tartaric Acid[END_REF]. Later, Fenton further explored his observation and concluded that ferrous salts were essential for the oxidation of tartaric acid to this violet colored product that he identified as the dihydroxymaleic acid complexed with iron (Fenton 1894). Fenton referred to Fe(II) as a catalyst capable to enhance the oxidizing power of H2O2 over tartaric acid. Several years later in 1934, Haber and Weiss uncovered the • OH as the active oxidant in the system. The authors proposed a mechanism for generation of • OH based on ironcatalyzed radical decomposition of H2O2 as shown in Equation 5 [START_REF] Weiss | The Catalytic Decomposition of Hydrogen Peroxide by Iron Salts[END_REF].

Fe(II) + H2O2 → Fe(III) + • OH + OH - k2 ~ 63 M -1 s -1 Equation 5The authors also proposed the scavenging of • OH by both Fe(II) and H2O2 as shown in Equation 6and Equation 7, respectively. Besides, a secondary source of • OH based on hydroperoxyl radical as shown in Equation 8 [START_REF] Weiss | The Catalytic Decomposition of Hydrogen Peroxide by Iron Salts[END_REF][START_REF] Pignatello | Advanced Oxidation Processes for Organic Contaminant Destruction Based on the Fenton Reaction and Related Chemistry[END_REF]. However, the second order rate constants proposed along with Equation 5to Equation 8were reported in more recent studies (Brillas, Sirés, and Oturan 2009;[START_REF] Brillas | Benchmarking Recent Advances and Innovative Technology Approaches of Fenton, Photo-Fenton, Electro-Fenton, and Related Processes: A Review on the Relevance of Phenol as Model Molecule[END_REF]).

• OH + Fe(II) → Fe(III) + OH - k2 = 3.2 x 10 8 M -1 s -1 Equation 6• OH + H2O2 → HO2 • + H2O k2 = 2.7 x 10 7 M -1 s -1 Equation 7HO2 • + H2O2 → • OH + H2O + O2 k2 = 3 M -1 s -1 Equation 8Later in the 1950s, the mechanism proposed by Haber and Weiss was reinvestigated by Barb, Baxendale, George and Hargrave in particular Equation 8 referred to as the Haber and Weiss reaction. Barb and colleagues considered the contribution of the reaction between HO2 • and H2O2 as negligible in consideration of the low rate constant observed for this reaction [START_REF] Barb | Reactions of Ferrous and Ferric Ions with Hydrogen Peroxide[END_REF]1951b;1951a). Therefore, the authors confirmed O2 as the primary source of • OH. Besides, the previously proposed mechanism was extended by the authors that considered the catalytic status of iron within the system as shown in Equation 9and Equation 10 (Barb et al. 1951b) as well as the contribution of ferric salts as shown in Equation 11 (Barb et al. 1951a). Once more, the second order rate constants proposed along with Equation 9to Equation 11were reported in more recent studies (Brillas, Sirés, and Oturan 2009;[START_REF] Brillas | Benchmarking Recent Advances and Innovative Technology Approaches of Fenton, Photo-Fenton, Electro-Fenton, and Related Processes: A Review on the Relevance of Phenol as Model Molecule[END_REF].

Fe(II) + HO2 • → Fe(III) + HO2 - k2 = 1.2 x 10 6 M -1 s -1 Equation 9Fe(III) + HO2 • → Fe(II) + O2 + H + k2 = 2.0 x 10 3 M -1 s -1 Equation 10Fe(III) + H2O2 → Fe(II) + HO2 • + H + k2 ~ 2.0 x 10 -3 M -1 s -1 Equation 11Other authors, such as Merz and Waters [START_REF] Merz | A.-Electron-Transfer Reactions. The Mechanism of Oxidation of Alcohols with Fenton's Reagent[END_REF]1949a;1949b), Kolthoff and Medalia [START_REF] Medalia | Redox Recipes. I. Reaction between Ferrous Iron and Peroxides. General Considerations[END_REF]Kolthoff and Medalia 1949a;1949b) and Walling and colleagues [START_REF] Walling | Oxidation of Alcohols by Fenton's Reagent. Effect of Copper Ion[END_REF]Walling and El-Taliawi 1973b;1973a;[START_REF] Walling | Fenton's Reagent. IV. Structure and Reactivity Relations in the Reactions of Hydroxyl Radicals and the Redox Reactions of Radicals[END_REF][START_REF] Walling | Fenton's Reagent. V. Hydroxylation and Side-Chain Cleavage of Aromatics[END_REF][START_REF] Walling | Mechanism of the Ferric Ion Catalyzed Decomposition of Hydrogen Peroxide. Effect of Organic Substrates[END_REF][START_REF] Walling | Fenton's Reagent Revisited[END_REF], also contributed to elucidate the sequence of radical intermediate reactions that are currently accepted as the mechanism behind the Fenton's reaction (Equation 5to Equation 11, except Equation 8). These authors focused their studies on the mechanism in which • OH reacted with organic compounds in order to further comprehend the fundamental chemistry behind the cellular oxidative stress, polymerization of vinyl monomers and possibly new synthetic routes for complex molecules [START_REF] Wardman | Fenton Chemistry: An Introduction[END_REF].

Important parameters to FP

The ratio of [H2O2] to [Fe 2+ ] and the pH are crucial parameters for the FP. These parameters were already reported as important in the studies of Fenton himself (Fenton 1894) and Haber and Weiss [START_REF] Weiss | The Catalytic Decomposition of Hydrogen Peroxide by Iron Salts[END_REF] in consideration of their influence in the efficiency of this oxidation process.

Later, these parameters were also associated with formation of sludge, which is undesirable during wastewater treatment with FP [START_REF] Pignatello | Advanced Oxidation Processes for Organic Contaminant Destruction Based on the Fenton Reaction and Related Chemistry[END_REF].

[H2O2]/[Fe 2+ ] ratio

The use of a proper ratio of [H2O2] to [Fe 2+ ] avoid the scavenging of • OH considered in Equation 6and Equation 7that is able to impact significantly the efficiency of the FP (Sirés et al. 2014;Deng and Zhao 2015;[START_REF] Pignatello | Advanced Oxidation Processes for Organic Contaminant Destruction Based on the Fenton Reaction and Related Chemistry[END_REF]. However, the optimal ratio of [H2O2] to [Fe 2+ ] is particular to each effluent. This parameter is to be determinate experimentally (Deng and Zhao 2015) as previously proposed for several organic pollutants, such as the azo dye Basic Blue 41 [START_REF] Bouafia-Chergui | Parametric Study on the Effect of the Ratios[END_REF]. In their study, the authors also showed that the initial concentration of target pollutant and ratio of [H2O2] to [pollutant] are also important parameters to be considered in the optimization of operational conditions related to the FP [START_REF] Bouafia-Chergui | Parametric Study on the Effect of the Ratios[END_REF]. Therefore,

[pollutant], [H2O2]/[pollutant] and [H2O2]/ [Fe 2+ ] ratios are to be considered in order to maximize degradation of pollutants.

pH

The ferrous ions mostly exists as a hexaquo ion Fe(H2O)6 +2 in acidic aqueous solutions. However, the hydrolysis of [Fe(H2O)6] +2 in [Fe(H2O)5(OH)] + or Fe(H2O)4(OH)2 is favored as the pH increases in the solution. These complexes are less reactive than the hexaquo ion [Fe(H2O)6] +2 towards the generation of • OH and then also compromise the efficiency of the FP. The hydrolysis of [Fe(H2O)6] +2 is shown in Equation 12and Equation 13with water ligands while in Equation 14and Equation 15 without water ligands. Hereafter, these equations are shown without water ligands for simplicity reasons. In the case of ferric salts, the hydrolysis of [Fe(H2O)6] +3 commonly results in the precipitation of amorphous ferric (oxy)hydroxides as shown in Equation 16to Equation 18 [START_REF] Knight | Precipitation in Hydrolysed Iron(III) Solutions[END_REF]. Besides, Fe(II) tends to co-precipitate as ferrous (oxy)hydroxides in the presence of Fe(III).

[Fe(H2O)6] +2 + H2O ⇌ [Fe(H2O)5(OH)] + + H3O + Equation 12[Fe(H2O)5(OH)] + + H2O ⇌ Fe(H2O)4(OH)2 + H3O + Equation 13Fe(II) + H2O ⇌ [Fe(OH)] + + H + Equation 14[Fe(OH)] + + H2O ⇌ Fe(OH)2 + H + Equation 15Fe(III) + H2O ⇌ [Fe(OH)] +2 + H + Equation 16[Fe(OH)] +2 + H2O ⇌ [Fe(OH)2] + + H + Equation 172[Fe(OH)] +2 ⇌ [Fe2(OH)2] +4 Equation 18Besides, the formation of the complexes [Fe(HO2)] +2 or [Fe(OH)(HO2)] + between Fe(III) and H2O2 depends on the pH as shown in Equation 19and Equation 20, respectively [START_REF] Knight | Precipitation in Hydrolysed Iron(III) Solutions[END_REF].

The reductive dissociation of these complexes shown in Equation 21and Equation 22is considered as the rate-limiting step of the FP [START_REF] Pignatello | Advanced Oxidation Processes for Organic Contaminant Destruction Based on the Fenton Reaction and Related Chemistry[END_REF]. For instance, the catalytic status of Fe(III)/Fe(II) was previously observed in acidic pH in particular between 2.8 to 3.0 (Sirés et al. 2014;[START_REF] Sun | Photochemical Reactions Involved in the Total Mineralization of 2,4-D by Iron(3+)/Hydrogen Peroxide/UV[END_REF] while the concentration of [Fe(HO2)] +2 was previously reported to be at the maximum in pH around 3 [START_REF] Pignatello | Advanced Oxidation Processes for Organic Contaminant Destruction Based on the Fenton Reaction and Related Chemistry[END_REF]. These observations indicated that the reductive dissociation of [Fe(HO2)] +2 is more favorable than [Fe(OH)(HO2)] + .

Fe(III) + H2O2 ⇌ [Fe(HO2)] +2 + H + Equation 19[Fe(OH)] +2 + H2O2 ⇌ [Fe(OH)(HO2)] + + H + Equation 20[Fe(HO2)] +2 → Fe(II) + HO2 • Equation 21[Fe(OH)(HO2)] + → Fe(II) + HO2 • + OH - Equation 22Therefore, the adjustment of pH between 2.8 and 3.0 favors the regeneration of Fe(II) and as a consequence minimizes the formation of sludge. Besides, the acidic pH favors the presence of Fe (II) as Fe(H2O)6 +2 complexes that are able to maximize the generation of • OH and as a consequence the efficiency of Fenton process in the degradation of organic pollutants [START_REF] Pignatello | Advanced Oxidation Processes for Organic Contaminant Destruction Based on the Fenton Reaction and Related Chemistry[END_REF].

The equilibrium between hydroperoxyl radical (HO2 • ) and the superoxide anion (O2 •-) enable analogous reactions to these shown from Equation 7to Equation 11 to be proposed in basic pH. The O2 •-is the conjugate base of HO2 • as shown in Equation 23 (Barb et al. 1951b;1951a;[START_REF] Walling | Fenton's Reagent Revisited[END_REF]).

These reactions are shown from Equation 24to Equation 26 and omitted in several publications in the literature in consideration of the common applications of Fenton's reaction in acidic pH. For instance, the Equation 9 is commonly rewritten as Equation 27in more recent references (Deng and Zhao 2015;[START_REF] Pignatello | Advanced Oxidation Processes for Organic Contaminant Destruction Based on the Fenton Reaction and Related Chemistry[END_REF]. HO2 • ⇌ H + + O2 •- pKa = 4.8 Equation 23Fe(II) + O2 •-+ H + → Fe(III) + HO2 - Equation 24Fe(III) + O2 •-→ Fe(II) + O2 Equation 252O2 •-+ 2H + → H2O2 + O2 Equation 26Fe(II) + HO2 • + H + → Fe(III) + H2O2 Equation 27FP and related technologies

The combination of FP with other processes has been reported in the literature (M. Zhang et al. 2019) in order to overcome one or more of the respective disvantages:

• The high cost of transporting, storing and handling H2O2: the oxidizing proprieties observed for H2O2 are related to the instability of this chemical. The transportation and storage of H2O2 must be carefully considered in order to avoid the decomposition of H2O2 into H2O and O2.

For instance, the influx of energy (light, shock or heat) or contamination with any other oxidizing agent is able to trigger the decomposition of H2O2. This reaction is highly exothermic and may result in explosion. Besides, the use of adequate safety equipment is required for the manipulation of aqueous solutions of H2O2 that are considered as irritating and even corrosive when in high concentrations [START_REF] Lemarquand | Les Peroxydes et Leur Utilisation[END_REF]. The potential risks related to the transportation, storage and manipulation of H2O2 impose safety precautions that increase the operational cost of the treatment with FP in wastewaster treatment plants (Brillas, Sirés, and Oturan 2009;[START_REF] Nidheesh | Heterogeneous Fenton Catalysts for the Abatement of Organic Pollutants from Aqueous Solution: A Review[END_REF]Sirés et al. 2014;[START_REF] Pliego | Trends in the Intensification of the Fenton Process for Wastewater Treatment: An Overview[END_REF]M. Zhang et al. 2019).

• The adustment of pH: the pH of wastewater is often neutral or alkaline [START_REF] Nidheesh | Heterogeneous Fenton Catalysts for the Abatement of Organic Pollutants from Aqueous Solution: A Review[END_REF].

Then, the effluents are to be acidified before their treatment with FP. Afterwards, the acidic pH is to be neutralized before the disposal of water in the environment. Therefore, the pH Chapter I -Context and Generalities 10 adjustment consumes a significant amount of chemicals, time and increases the complexity of the FP (Brillas, Sirés, and Oturan 2009).

• The removal and treatment of iron sludge: the neutralization of pH generates iron sludge, which is to be separated, treated (dried, compacted and others) and appropriately disposed in the environment. However, several pollutants are degraded to toxic by-products and thus prevent the disposal of iron sludge as a regular solid waste or its reuse in agriculture [START_REF] Pignatello | Advanced Oxidation Processes for Organic Contaminant Destruction Based on the Fenton Reaction and Related Chemistry[END_REF]Brillas, Sirés, and Oturan 2009;Hartmann, Kullmann, and Keller 2010;[START_REF] Ruiz | Fenton Reactions (FS-TER-03)[END_REF]European Environment Agency 2019).

• The impractical complete mineralization of pollutants: the formation of complexes between Fe(III) and by-products, such as carboxylic acids is able to protect these by-products from • OH and as a consequence prevent complete mineralization of pollutants with FP. However, the biological post-treatment was reported to be efficient in the mineralization of stable byproducts except when these are toxic (Brillas, Sirés, and Oturan 2009).

For instance, several studies proposed the irradiation of the Fenton systems with UV-light that are referred to as Photo-Fenton Process (PFP). For instance, the photo-degradation of complexes between Fe(III) and by-products avoids the accumulation of by-products in the system. Besides, the photolysis of [Fe(OH)] +2 complexes results in regeneration of Fe(II) and thus avoids the accumulation of Fe(III) in the system [START_REF] Pignatello | Advanced Oxidation Processes for Organic Contaminant Destruction Based on the Fenton Reaction and Related Chemistry[END_REF]Brillas, Sirés, and Oturan 2009;Deng and Zhao 2015). Therefore, the use of UV-light is able to improve the efficiency of the FP in the mineralization of by-products [START_REF] Chong | Recent Developments in Photocatalytic Water Treatment Technology: A Review[END_REF][START_REF] Clarizia | Homogeneous Photo-Fenton Processes at near Neutral PH: A Review[END_REF]. Other studies proposed the performance of FP inside an electrochemical cell that is referred to as Electro-Fenton process (EFP) (Brillas, Sirés, and Oturan 2009;[START_REF] Rosales | Advances in the Electro-Fenton Process for Remediation of Recalcitrant Organic Compounds[END_REF][START_REF] Rodrigo | Electrochemically Assisted Remediation of Pesticides in Soils and Water: A Review[END_REF]Poza-Nogueiras et al. 2018). The application of a reductive potential to the Fenton system enables the regeneration of Fe(II) from Fe(III) as well as the in situ generation of H2O2 at the cathode with the reduction of dissolved O2 from air to H2O2 as shown in Equation 28 (Pignatello, Oliveros, and MacKay 2006; M. Zhang et al. 2019). Therefore, the EFP dismisses the addition of H2O2 while reduces the addition of Fe(II) to a catalytic amount in consideration of the regeneration of Fe(II) at the cathode. O2(g) + 2H + + 2e -→ H2O2 Equation 28Other studies proposed the use of iron incorporated in a solid support that is referred to as heterogeneous Fenton process (HFP). The use of a heterogeneous catalyst enables the extension of pH from acidic to circumneutral and the reuse of catalyst (Hartmann, Kullmann, and Keller 2010;[START_REF] Soon | Heterogeneous Catalytic Treatment of Synthetic Dyes in Aqueous Media Using Fenton and Photo-Assisted Fenton Process[END_REF][START_REF] Nidheesh | Heterogeneous Fenton Catalysts for the Abatement of Organic Pollutants from Aqueous Solution: A Review[END_REF][START_REF] Ribeiro | Recent Trends and Developments in Fenton Processes for Industrial Wastewater Treatment -A Critical Review[END_REF]. The combination of both heterogeneous catalysis and external energy has provided satisfatory results. Therefore, these technologies have been considered as the most attractive version of FP for the degradation of POPs in wastewater at large-scale (Ganiyu, Zhou, and Martínez-Huitle 2018;Poza-Nogueiras et al. 2018;[START_REF] Ribeiro | Recent Trends and Developments in Fenton Processes for Industrial Wastewater Treatment -A Critical Review[END_REF]. Therefore, the fundamentals of the EFP and HFP will be recalled in order to introduce the Heterogeneous Electro-Fenton process (HEFP) in this chapter.

Electro-Fenton process (EFP)

The AOPs in which • OH are generated through electrochemistry are referred to as electrochemical advanced oxidation processes (EAOPs). The generation of • OH through electrochemistry is either direct or indirect in these processes. For instance, anodic oxidation also referred as electro-oxidation is considered as a direct EAOP since the generation of • OH occurs at the surface of the anode with oxidation of H2O as shown in Equation 29 (Sirés et al. 2014;[START_REF] Pliego | Trends in the Intensification of the Fenton Process for Wastewater Treatment: An Overview[END_REF]; N. Oturan and Oturan 2018). anode + H2O → anode( • OH) + H + + e - Equation 29For instance, platinum electrodes result in • OH that are chemisorbed on the surface while non-active anodes (e.g., PbO2, boron-doped diamond (BDD) and Ti4O7) result in • OH physisorbed on the surface that are more susceptible to react with organic compounds (Nidheesh, Zhou, and Oturan 2018;M. A. Oturan 2021). For instance, the use of BDD anodes was reported in the literature to improve the mineralization of by-products, such as short-chain carboxylic acids. These by-products are present as stable Fe(III)-carboxylate complexes that are hardly degraded by • OH as previously mentioned in this chapter [START_REF] Pliego | Trends in the Intensification of the Fenton Process for Wastewater Treatment: An Overview[END_REF]Sirés et al. 2014). Besides, the use of BDD film electrode was reported to generate • OH on the surface of the anode as well as in the solution, which further improved the mineralization of organic pollutants (Brillas, Sirés, and Oturan 2009). However, the relatively high cost of BDD anodes prevent their practical application in the wastewater treatment at large-scale (Sirés et al. 2014;M. A. Oturan 2021).

The generation of • OH via Fenton's reaction is considered as an indirect EAOPs. There are several electro-Fenton related processes whose features and applications have been detailed elsewhere [START_REF] Pignatello | Advanced Oxidation Processes for Organic Contaminant Destruction Based on the Fenton Reaction and Related Chemistry[END_REF]Brillas, Sirés, and Oturan 2009;[START_REF] Rosales | Advances in the Electro-Fenton Process for Remediation of Recalcitrant Organic Compounds[END_REF]Sirés et al. 2014;Deng and Zhao 2015;[START_REF] Pliego | Trends in the Intensification of the Fenton Process for Wastewater Treatment: An Overview[END_REF]Aboudalle, Fourcade, et al. 2018; M. Zhang et al. 2019;[START_REF] Rueda-Márquez | Toxicity Reduction of Industrial and Municipal Wastewater by Advanced Oxidation Processes (Photo-Fenton, UVC/H2O2, Electro-Fenton and Galvanic Fenton): A Review[END_REF][START_REF] Brillas | Benchmarking Recent Advances and Innovative Technology Approaches of Fenton, Photo-Fenton, Electro-Fenton, and Related Processes: A Review on the Relevance of Phenol as Model Molecule[END_REF][START_REF] Ribeiro | Recent Trends and Developments in Fenton Processes for Industrial Wastewater Treatment -A Critical Review[END_REF]. These processes are briefly recalled in this chapter in order to emphasize the effort of researchers in the field to overcome different disadvantages of conventional EFP.

For instance, the external addition of H2O2 along with a catalytic amount of Fe(II) or Fe(III) in an undivided electrochemical cell is referred as Fered-Fenton [START_REF] Ribeiro | Recent Trends and Developments in Fenton Processes for Industrial Wastewater Treatment -A Critical Review[END_REF]. If the cathode material is able to generate H2O2 in situ from reduction of O2 (Equation 28), this technique is referred to EFP [START_REF] Pignatello | Advanced Oxidation Processes for Organic Contaminant Destruction Based on the Fenton Reaction and Related Chemistry[END_REF]Brillas, Sirés, and Oturan 2009). Besides, the in situ generation of Fe(II) ions is also possible with the use of sacrificial anodes. The sacrificial anodes are made of iron oxides that enable electrochemical generation of Fe(II) with oxidation of Fe 0 to Fe(II) as shown in Equation 30. If the sacrificial anode is combined with a cathode material able to generate H2O2 inside an undivided electrochemical cell, this technique is referred to as Peroxi-Coagulation process. This denomination emerges from the additional removal of organic pollutants with coagulation as a consequence of the precipitation of Fe(OH)3. In this process, the pH increases as a consequence of the generation of OH -at the cathode from reduction of H2O as shown in Equation 31.

Besides, the solution becomes saturated with Fe(III) ions that results in the formation of iron sludge, which is undesirable [START_REF] Pignatello | Advanced Oxidation Processes for Organic Contaminant Destruction Based on the Fenton Reaction and Related Chemistry[END_REF]Brillas, Sirés, and Oturan 2009).

Therefore, the sacrificial anode is commonly combined with a cathode material able to reduce Fe (III) as shown in Equation 32in an undivided electrochemical cell and this technique is referred to as Electrochemical Peroxidation process (Brillas, Sirés, and Oturan 2009;Sirés et al. 2014). Otherwise, the use of a sacrificial anode in a divided electrochemical cell in order to avoid the OH -generated at the cathode is referred to as Anodic Fenton process.

Fe 0 → Fe(II) + 2e - Equation 302H2O + 2e -→ H2 (g) + 2OH - Equation 31Fe(III) + e -→ Fe(II) Equation 32 Among these EAOPs, anodic oxidation and EFP are the most popular processes for wastewater treatment and their combination results in remarkable mineralization of POPs as discussed in detail elsewhere (M. A. [START_REF] Oturan | Outstanding Performances of the BDD Film Anode in Electro-Fenton Process: Applications and Comparative Performance[END_REF]. However, the energy consumption reported for mineralization of organic pollutants was at least of 0.39 Wh (g TOC) -1 [START_REF] Monteil | A Review on Efficiency and Cost Effectiveness of Electro-and Bio-Electro-Fenton Processes: Application to the Treatment of Pharmaceutical Pollutants in Water[END_REF]. Therefore, the combination of EFP with biological treatment is considered in the literature as fundamental for the costeffectiveness of this process in the wastewater treatment at large-scale [START_REF] Oller | Combination of Advanced Oxidation Processes and Biological Treatments for Wastewater Decontamination-A Review[END_REF][START_REF] Monteil | A Review on Efficiency and Cost Effectiveness of Electro-and Bio-Electro-Fenton Processes: Application to the Treatment of Pharmaceutical Pollutants in Water[END_REF]Mousset et al. 2021). For instance, the degradation of pollutants to short-chain by-products (pre-treatment) or the mineralization of such by-products (post-treatment) shortens considerably electrolysis time. In the literature, the use of EFP as a pre-treatment has been particularly effective in the mineralization of organic compounds, such as dyes [START_REF] Elias | Effect of Electro-Fenton Application on Azo Dyes Biodegradability[END_REF]Fourcade et al. 2013), antibiotics [START_REF] Mansour | Biodegradability Improvement of Sulfamethazine Solutions by Means of an Electro-Fenton Process[END_REF][START_REF] Ferrag-Siagh | Tetracycline Degradation and Mineralization by the Coupling of an Electro-Fenton Pretreatment and a Biological Process: Tetracycline Degradation and Mineralization[END_REF]2014;[START_REF] Mansour | Improvement of the Activated Sludge Treatment by Its Combination with Electro Fenton for the Mineralization of Sulfamethazine[END_REF]2015a;[START_REF] Annabi | Degradation of Enoxacin Antibiotic by the Electro-Fenton Process: Optimization, Biodegradability Improvement and Degradation Mechanism[END_REF]Aboudalle, Djelal, et al. 2018) and herbicidal ionic liquids [START_REF] Pęziak-Kowalska | Removal of Herbicidal Ionic Liquids by Electrochemical Advanced Oxidation Processes Combined with Biological Treatment[END_REF]2019) that are all considered as POPs. Other studies based on the combination of EFP with biological treatment have been discussed in detailed elsewhere (Mousset et al. 2021).

However, the choice between pre-treatment or post-treatment with EFP depends on the evolution of toxicity of wastewater with degradation of organic pollutants.

Important parameters to the EFP Cathode material

The low solubility of O2 in aqueous solution limits the generation of H2O2 previously shown in Equation 28and thus the performance of EFP (Brillas, Sirés, and Oturan 2009;[START_REF] Pignatello | Advanced Oxidation Processes for Organic Contaminant Destruction Based on the Fenton Reaction and Related Chemistry[END_REF]. For instance, the use of gas dispersion electrodes was reported to increase the dissolution of O2 and as a consequence the generation of H2O2 in these systems (Xie et al. 2022). The gas dispersion electrodes based on three-dimensional carbonaceous materials, such as carbon felt, are reported in the literature as a consequence of their high specific surface area (Brillas, Sirés, and Oturan 2009; N. Oturan and Oturan 2018). Besides, these materials are relatively inexpensive, nontoxic, conductive and electrochemically inert that are characteristics suitable for an electrode [START_REF] Mccreery | Advanced Carbon Electrode Materials for Molecular Electrochemistry[END_REF]. Most importantly, the use of these materials as cathodes offer a high overpotential for H2 evolution reactions, slow H2O2 decomposition reactions (Brillas, Sirés, and Oturan 2009; N. Oturan and Oturan 2018) and Fe(III) reduction reactions within the potential range used for generation of H2O2 in the EFP (N. Oturan and Oturan 2018). Nevertheless, several parasitic reactions prevent the accumulation of H2O2 in the electrochemical cell (Brillas, Sirés, and Oturan 2009). For instance, the reduction of H2O2 to H2O at the cathode as shown in Equation 33.

H2O2 + 2H + + 2e -→ 2H2O Equation 33
Otherwise, the oxidation of H2O2 to O2 via HO2 • intermediate at the anode as shown in Equation 34and Equation 35 (Brillas, Sirés, and Oturan 2009) unless the electrochemical cell is divided and thus the cathode is separated from the anode [START_REF] Pignatello | Advanced Oxidation Processes for Organic Contaminant Destruction Based on the Fenton Reaction and Related Chemistry[END_REF]Brillas, Sirés, and Oturan 2009). H2O2 → HO2 • + H + + e - Equation 34HO2 • → O2(g) + H + + e - Equation 35In solution, the disproportion of H2O2 as shown in Equation 36depends on the applied potential and thus contributes to a lesser extent to the scavenging of H2O2 in the system (Brillas, Sirés, and Oturan 2009).

H2O→ O2(g) + 2H2O

Equation 36Therefore, the adjustment of operational parameters, such as the stirring rate, O2 injection rate, applied current and pH are also able to improve the generation of H2O2 and consequently the degradation of organic compounds with the EFP (Sirés et al. 2014;[START_REF] Rosales | Advances in the Electro-Fenton Process for Remediation of Recalcitrant Organic Compounds[END_REF].

Operational conditions

Firstly, the O2 injection rate is to be considered in order to offer saturation of the solution with O2 and thus maximum generation of H2O2. Similarly, the stirring rate in the electrochemical cell is to be considered in order to achieve an appropriate mass transfer of reactants towards the electrodes (Brillas, Sirés, and Oturan 2009). These parameters usually depend on the cell configuration.

Secondly, the applied current is to be considered in order to improve the generation of H2O2 and the regeneration of Fe(II) at the cathode (Sirés et al. 2014). For instance, the increase of the current intensity from 50 to 600 mA was reported to increase the degradation of sulfamethazine from 63.7% to 99.3% with the EFP in a conventional three-electrode cell with a carbon felt cathode (260 mm×80 mm) and a platinum anode (50 mm×20 mm) after 30 min [START_REF] Mansour | Biodegradability Improvement of Sulfamethazine Solutions by Means of an Electro-Fenton Process[END_REF]. However, the authors emphasized that the degradation of pollutants is not indiscriminately increased by the applied current in the EFP. For instance, the use of high current densities favors oxidation of H2O2 to O2(g) in the anode as shown in Equation 34and Equation 35as well as the reduction of H2O to H2 in the cathode as shown in Equation 31 (Sirés et al. 2014). The reduction of H2O releases OH -ions near the cathode surface that promote the precipitation of Fe(OH)3 as previously mentioned in this chapter (Brillas, Sirés, and Oturan 2009;Sirés et al. 2014). Therefore, the cathode is to be frequently replaced under this conditions. The replacement of electrodes increases the operational cost of EFP and thus discourages the wastewater treatment at high current densities (Sirés et al. 2014).

Lastly, the influence of the pH is expected in consideration of the involvement of H + ions in the generation of H2O2 as previously shown in Equation 28 [START_REF] Rosales | Advances in the Electro-Fenton Process for Remediation of Recalcitrant Organic Compounds[END_REF]. The precipitation of Fe(III) and thus the formation of iron sludge is prevented when pH is around 3 (Ganiyu, Zhou, and Martínez-Huitle 2018). Indeed, the maximum degradation of pollutants with EPF was reported to be at pH 2-3 as in the conventional FP. Therefore, the acidification and neutralization of wastewater is still indispensable in the case of the EFP (Brillas, Sirés, and Oturan 2009;Sirés et al. 2014;Mansour et al. 2015b; N. Oturan and Oturan 2018). However, the pH remains acidic in the EFP as a consequence of the H + ions generated by H2O electrolysis in the anode that are consumed in the cathode for the generation of H2O2. The constant pH was reported to contribute to the superior rates of degradation observed for EPF in comparison to conventional FP [START_REF] Nidheesh | Heterogeneous Fenton Catalysts for the Abatement of Organic Pollutants from Aqueous Solution: A Review[END_REF][START_REF] Rosales | Advances in the Electro-Fenton Process for Remediation of Recalcitrant Organic Compounds[END_REF]. Nevertheless, several studies considered the development of solid phases that incorporated iron as an alterinative to extend pH from acidic to circumneutral in the EFP (Ganiyu, Zhou, and Martínez-Huitle 2018;[START_REF] Pliego | Trends in the Intensification of the Fenton Process for Wastewater Treatment: An Overview[END_REF][START_REF] Ribeiro | Recent Trends and Developments in Fenton Processes for Industrial Wastewater Treatment -A Critical Review[END_REF]. The so-called heterogeneous electro-Fenton process (HEFP) intends to avoid acidification and neutralization of wastewater and as consequence the formation of iron slugde. Besides, the use of a heterogeneous catalyst enables the reuse of catalyst that increases the cost-effectiveness of this process and thus the feasibleness at large-scale [START_REF] Monteil | A Review on Efficiency and Cost Effectiveness of Electro-and Bio-Electro-Fenton Processes: Application to the Treatment of Pharmaceutical Pollutants in Water[END_REF][START_REF] Ribeiro | Recent Trends and Developments in Fenton Processes for Industrial Wastewater Treatment -A Critical Review[END_REF]. Therefore, the fundamentals of the HFP in particular the HEFP will be recalled in this chapter.

Heterogeneous Electro-Fenton process (HEFP)

The conventional FP involves homogeneous catalysis in consideration of the Fe(II) or Fe(III) ions that are dissolved in the solution. However, the accumulation of Fe(III) in the system during the process and the subsequent neutralization of wastewater after the process contribute to the generation of sludge based on iron oxy(hydroxides) [START_REF] Pignatello | Advanced Oxidation Processes for Organic Contaminant Destruction Based on the Fenton Reaction and Related Chemistry[END_REF]. Therefore, the acidification of wastewater to pH around 3 is proposed in order to increase regeneration of Fe (II) from Fe(III) along with the continuous addition of Fe(II) ions and H2O2 in order to compensate iron scavenging due to precipitation or complexation with inorganic and organic species in the solution (Hartmann, Kullmann, and Keller 2010;[START_REF] Pignatello | Advanced Oxidation Processes for Organic Contaminant Destruction Based on the Fenton Reaction and Related Chemistry[END_REF].

More recently, the use of with iron within solid phases, such as Fe o and FexOy has been considered as an alternative to allow treatment at circumneutral pH and reuse of catalyst in the HFP [START_REF] Pliego | Trends in the Intensification of the Fenton Process for Wastewater Treatment: An Overview[END_REF][START_REF] Soon | Heterogeneous Catalytic Treatment of Synthetic Dyes in Aqueous Media Using Fenton and Photo-Assisted Fenton Process[END_REF][START_REF] Nidheesh | Heterogeneous Fenton Catalysts for the Abatement of Organic Pollutants from Aqueous Solution: A Review[END_REF]. However, the degradation rates are lower in comparison to the conventional FP in consideration of the physical steps that are added to the regular chemical steps implicated in the degradation of organic pollutants [START_REF] Pignatello | Advanced Oxidation Processes for Organic Contaminant Destruction Based on the Fenton Reaction and Related Chemistry[END_REF][START_REF] Pliego | Trends in the Intensification of the Fenton Process for Wastewater Treatment: An Overview[END_REF][START_REF] Soon | Heterogeneous Catalytic Treatment of Synthetic Dyes in Aqueous Media Using Fenton and Photo-Assisted Fenton Process[END_REF]. First, pollutants must diffuse to reach the surface of the catalyst in order to adsorb on active sites, undergo degradation by • OH and then desorb to free these sites for another pollutant [START_REF] Soon | Heterogeneous Catalytic Treatment of Synthetic Dyes in Aqueous Media Using Fenton and Photo-Assisted Fenton Process[END_REF]. Therefore, the characteristics of the surface of the support, such as specific surface area, charge, hydrophilicity or hydrophobicity and distribution of iron over the surface greatly influence degradation of pollutants [START_REF] Soon | Heterogeneous Catalytic Treatment of Synthetic Dyes in Aqueous Media Using Fenton and Photo-Assisted Fenton Process[END_REF]. Other important parameters are the weight percentage of iron and the operational conditions. The importance of the concentration of pollutants, H2O2, pH, temperature and treatment time [START_REF] Pliego | Trends in the Intensification of the Fenton Process for Wastewater Treatment: An Overview[END_REF] was previously detailed for conventional FP and still important in the case of the HFP [START_REF] Soon | Heterogeneous Catalytic Treatment of Synthetic Dyes in Aqueous Media Using Fenton and Photo-Assisted Fenton Process[END_REF].

Review: Clay-Modified Electrodes in Heterogeneous Electro-Fenton Process for Degradation of Organic Compounds: The Potential of Structural Fe(III) as Catalytic Sites

Previous studies related to the use of heterogeneous catalysis in the EFP were discussed in a literature review published by these involved in this study and other collaborators. This publication is integrally included in the annex [START_REF] Crapina | Review: Clay-Modified Electrodes in Heterogeneous Electro-Fenton Process for Degradation of Organic Compounds: The Potential of Structural Fe(III) as Catalytic Sites[END_REF]. For instance, iron minerals, such as hematite, magnetite and pyrite have been widely used as heterogeneous catalyst in EFP. However, the dissolution of these minerals encouraged the use of iron-rich clay minerals, such as montmorillonite and nontronite. In clay minerals, the iron is sandwiched in between two tetrahedral silicate sheets and thus less susceptible to dissolution in comparison to iron minerals (dos [START_REF] Santos | Vermiculite as Heterogeneous Catalyst in Electrochemical Fenton-Based Processes: Application to the Oxidation of Ponceau SS Dye[END_REF]. Therefore, the characteristics and properties of iron-rich clay minerals previously used as heterogeneous catalyst in the EFP are recalled in this literature review with particular emphasis in the reactivity of iron towards O2 when located at the edge, exchangeable, tetrahedral or octahedral sites. Then, several studies that associated clay-minerals with iron minerals are critically discussed in consideration of the contribution of both homogeneous and heterogeneous catalysis when iron oxides are used in EFP. Besides, clay minerals are widely known absorbents. However, the absorption and physical deposition of impurities in the catalyst was reported to result in deactivation of these heterogeneous catalyst after reuse. For instance, the extensive adsorption of impurities is referred to as poisoning while the deposition is referred to as fouling or cooking in the literature [START_REF] Nidheesh | Heterogeneous Fenton Catalysts for the Abatement of Organic Pollutants from Aqueous Solution: A Review[END_REF]. Therefore, the ideal heterogeneous catalyst should provide a long-term catalytic activity over a wide range of pH along with straightforward separation from wastewater between cycles (M. Zhang et al. 2019). For instance, the development of composites with cathode materials was reported to be a trend in consideration of the practical separation of heterogeneous catalyst from wastewater between cycles (Hartmann, Kullmann, and Keller 2010). Therefore, the use of iron-rich clay minerals as heterogeneous catalyst is discussed when these minerals are associated with cathode materials, which are referred to as clay-modified electrodes. Several studies that used clay-modified electrodes simultaneously as the cathode and the heterogeneous catalyst are critically discussed in this literature review with particular emphasis in their preparation and performance in the degradation of organic pollutants. Among these, the use of clay-like hybrid inorganic-organic materials is proposed as a trend in the preparation of clay-modified electrodes in consideration of the control of the surface properties with the choice of the organic functionalities related to these structures. Most importantly, several studies published about clay-modified electrodes in other fields are included in this literature review in order to introduce the role of electron-mediators in the electro-activation of structural Fe(III). The partial reduction of structural Fe(III) was widely reported as essential to the performance of clay-modified electrodes towards O2 or H2O2 in consideration of the slow reaction rate between Fe(III) and H2O2 previously shown in Equation 11. However, the electro-reduction of Fe(III) within iron-rich clay minerals was reported exclusively in the presence of electron-mediators. Therefore, the negligence of electron-mediators possibly limited so far the performance of clay-modified electrodes in the field of HEFP. Nevertheless, the use of electron mediators in the wastewater treatment is controversial in consideration of such organic or inorganic species as secondary pollutants. For this reason, several studies about the mechanism behind the electron transfer from and to structural Fe(III) are also discussed in detail in this literature review in order to elucidate an alternative other than electron-mediators for the electro-activation of structural Fe(III).

Clay-like materials

For instance, talc-like materials are a family of inorganic-organic hybrid lamellar materials that is well known and characterized in the literature [START_REF] Claverie | Synthetic Talc and Talc-Like Structures: Preparation, Features and Applications[END_REF]. Talc is a natural magnesium silicate mineral that is classified as a 2:1-type mineral. This classification is based on the interposition of an octahedral sheet (OCT) containing Mg in the octahedral sites between two tetrahedral sheets (TET) containing Si in the tetrahedral sites that results in the general chemical formula TET Si4 OCT [Mg]3O8(OH)2 [START_REF] Schulze | CLAY MINERALS[END_REF]. The main difference between talc and talc-like materials is the presence of organic moieties (R) covalently bound to the Si atoms within the tetrahedral sheets that results in the general chemical formula TET [R-Si4] OCT [Mg]3O8(OH)2. The organic moieties appear in the interlayer space as well as on the surface of the particles and confer a disordering degree to the structure, which is commonly referred to as a 2:1-like structure in the literature [START_REF] Claverie | Synthetic Talc and Talc-Like Structures: Preparation, Features and Applications[END_REF].

In both talc and talc-like materials, all the three possible octahedral sites are occupied by Mg in order to maintain the charge balance of the structure and thus this arrangement is referred to as trioctahedral. In the case of trivalent cations, such as Fe(III), only two out of three possible octahedral sites are to be occupied in order to maintain charge balance of the structure and thus this arrangement is referred to as dioctahedral [START_REF] Schulze | CLAY MINERALS[END_REF]. Therefore, the theoretical chemical formula of a Fe(III) based analogue of talc-like materials is to be TET [R-Si4] OCT [Fe(III)]2O8(OH)2. A scheme of the theoretical structure of both tri-and di-octahedral talc-like materials with propylaniline as the organic moieties is shown in Figure 4 However, a recent study claimed the reconsideration of the chemical formula of talc-like materials reported in the literature to be TET [R-Si3] OCT [Mg]3O8(OH)2•RSiO1.5 based on a detailed interpretation of the data from several spectroscopic techniques, such as XRD/SAXS, IR and 13 C NMR [START_REF] Burkett | Reconsideration of the Structure of Magnesium N-Hexadecylsilicate and Other 'Talc-like' Layered Magnesium Organosilicates[END_REF]. The authors underlined that the steric constrain related to the accommodation of the organic moieties are to prevent merely isomorphic substitution of silicon by organosilicon in the tetrahedral sheet. For instance, the tetrahedron of organosilicon with long and densely packed alkyl groups were condensed with no more than one magnesium within the octahedral sheet of this magnesium n-hexadecylsilicate. Therefore, the maximum Si/Mg molar ratio observed for talc-like materials was 1 instead of 1.33 as observed for natural talc and thus the chemical formula of these materials was TET [R-Si3] OCT [Mg]3O8(OH)2. Besides, the authors proposed that the talc-like materials prepared with Si/Mg molar ratio of 1.33 were associated with amorphous organosilica and thus the chemical formula for talc-like materials previously reported in the literature was TET [R-Si3] OCT [Mg]3O8(OH)2•RSiO1.5. In view of the recent date of this valuable study, the theoretical structures proposed in Figure 4 were considered in this one. Nevertheless, the evidences used by the authors to support the reconsideration of the chemical formula of talc-like materials were included along the discussions proposed in the following chapters.

Investigation of clay-modified electrodes

The investigation of electrochemical properties is crucial to the characterization of clay-modified electrodes in consideration of the influence of electro-activity of structural Fe(III) in their performance in the HEFP. For instance, the cyclic voltammetry (CV) is powerful electrochemical technique that provides information about the electro-activity of iron within the structure and the influence of the coating on the resistance of the electrode [START_REF] Marken | Part II.1 Electroanalytical Techniques: Cyclic Voltammetry[END_REF].

Therefore, the principles of the technique of cyclic voltammetry are briefly and simply considered in the following chapter since the clay-like modified electrodes prepared in this study were evaluated in respect to their electrochemical properties with CV.

Objectives and Strategy

Objectives and Strategy

Main objective

The main objective of this study was the development of iron-rich hybrid inorganic-organic lamellar materials (IOLMs) that were resistant to delamination in water and adherent to a commonly used carbon based cathode material, carbon felt. The carbon felt modified with these materials was intended to act simultaneously as the heterogeneous catalyst and the cathode in the HEFP for the degradation and eventual mineralization of POPs, in this case iohexol.

Strategy

The iron was used as a structural element of the octahedral sheets. The octahedral sheets were sandwiched between two tetrahedral silicate sheets that intended to limit iron release in the solution and as a consequence to preserve the catalytic activity with reuse. The use of iron-rich IOLMs instead of iron-rich clay minerals was proposed in consideration of their posterior association with carbon felt. The choice of alkoxysilanes used in the synthesis of these materials intended to enable their physical-chemical proprieties to correlate with these of carbon felt as well as to avoid their delamination in water. Besides, these materials were prepared with different Fe(III)/Mg molar ratio in consideration of the influence of this parameter in the smoothness as well as continuousness of the coating of carbon felt fibers that was reported in a previous study (Miron et al. 2019). However, the range of Fe(III)/Mg molar ratio was widened in this study in order to uncover the condition in which the material properly coated carbon felt fibers and remained stable during catalysis. For instance, several studies in the literature reported the irreversible alteration of the structure and even dissolution of iron-rich clay minerals after several redox cycles of Fe(III)/Fe(II) within their octahedral sheets [START_REF] Stucki | Effects of Iron Oxidation State on the Surface and Structural Properties of Smectites[END_REF][START_REF] Jaisi | Partitioning of Fe(II) in Reduced Nontronite (NAu-2) to Reactive Sites: Reactivity in Terms of Tc(VII) Reduction[END_REF]. Finally, the pretreatment of carbon felt with O2 plasma technology and posterior silanization intended to improve the adhesion of these materials to the carbon felt fibers. The combination of these pre-treatments enabled the formation of covalent bonds between the carbon felt and the iron-rich IOLM that intended to further contribute to the development of reusable clay-like modified electrodes.

Tasks

The execution of previously stated strategy involved three main tasks: (1) synthesis of iron-rich IOLMs (2) the coverage of carbon felt with the iron-rich IOLM (3) the application of this composite electrode in the HEFP. Each main task involved several minor tasks that are detailed hereafter.

Synthesis of iron(III)-rich inorganic-organic lamellar materials (IOLMs)

The synthesis of iron-rich IOLMs was performed at different Fe(III)/Mg molar ratios based on a sol-gel procedure previously described in the literature (Miron et al. 2019). The materials and methods used in the synthesis of these materials were described in detail in chapter II. Meanwhile, the importance of the counter ion related to the metal salts involved in the synthesis was uncovered in this study.

The counter ions were considered as spectator ions in the case of magnesium-rich IOLMs while the formation of complexes with Fe(III) in the reaction medium compromised the incorporation of the latter in the structure of these iron-rich IOLMs. Besides, the use of (3-aminopropyl)triethoxysilane (Propyl-NH2) resulted in the delamination of the structure in water as reported in previous studies in the literature (Y.-C. [START_REF] Lee | Water-Soluble Organo-Building Blocks of Aminoclay as a Soil-Flushing Agent for Heavy Metal Contaminated Soil[END_REF][START_REF] Lee | Self-Assembled Graphene Oxide with Organo-Building Blocks of Fe-Aminoclay for Heterogeneous Fenton-like Reaction at near-Neutral PH: A Batch Experiment[END_REF]. The behavior of this material in water was contradictory in this study and thus encouraged the investigation of other alkoxysilanes. Therefore, the synthesis of iron-rich IOLMs was also performed with alkoxysilanes in which the amino functionalities were secondary instead of primary. The different pKa of these functionalities intended to avoid the delamination of the structure and thus enable the reuse of these materials in the HEFP. The crystallinity of the materials was determined by X-Ray Diffraction (XRD) while the elemental chemical composition was determined by X-Ray Fluorescence (XRF).

Besides, the presence of Si-C bonds was determined by Fourier Transform Infrared Spectroscopy (FTIR). The characterization of these materials was discussed in detail in chapter III.

Synthesis of iron(III)-rich IOLM-carbon felt composites

The synthesis of IOLMs was performed in the presence of carbon felt. The procedure previously described in the literature was adapted in consideration of the parameters investigated in the previous task and others, such as the stirring rate of the reaction medium (Miron et al. 2019). The materials and methods used in the synthesis of composites were described in detail in chapter II.

Firstly, the synthesis involved carbon felt as provided by the manufacturer that is hereafter referred to as pristine. Secondly, the carbon felt was pre-treated with O2 plasma technology that resulted in hydroxyl groups at the surface of the fibers. Then, the hydroxyl-terminated carbon felt was further treated with a dipodal silane in order to create an initial tetrahedral silicate sheet at the surface of the fibers. The use of silanol terminated-carbon felt in the synthesis of the iron-rich IOLMs intended to improve the adhesion of these materials to the fibers. The morphology of carbon felt fibers was investigated with Scanning Electron Microscopy (SEM). The elemental composition and respective distribution across both materials was determined by an Energy Dispersive X-ray Spectrometer (EDX) that was coupled with the microscope in this study. The characterization of composites was discussed in detail in chapter IV.

Application of composites in heterogeneous electro-Fenton process (HEFP)

Firstly, the electrochemical properties of composites were investigated with CV. Secondly, the degradation and eventual mineralization of a POP, iohexol with the HEFP was investigated in this study. The composites intend to act simultaneously as the cathode and the heterogeneous catalyst.

The materials and methods used for these investigations were described in detail in chapter II.

Meanwhile, the importance of the electron mediators for the electro-reduction of Fe(III) and thus the performance of composites in the HEFP was demonstrated in this study. This observation corroborated with these reported in previous studies in the literature (Fitch 1990). Therefore, the electrochemical properties of composites as well as their performance in the HEFP were also investigated in the presence of an electron mediator, methyl viologen (MV +2 ). The electrochemical characterization and performance of composites in the HEFP were discussed in detail in the chapter V. This task was performed at the École Nationale Supérieure de Chimie de Rennes (ENSCR) in the University of Rennes 1 while all the previous tasks were performed at the Institut de Science des Matériaux de Mulhouse (IS2M) in the Université de Haute-Alsace (UHA).

Materials and methods

Reagents

The experimental procedures here described involved the following reagents, which were used as received without further purification: carbon felt (Mersen Company), (3-Aminopropyl)triethoxysilane (Sigma-Aldrich, 99%), N- propyl]aniline (Sigma-Aldrich, 98.5%), N-Methylaminopropyltrimethoxysilane (ABCR, 99%), 4-Aminobutyltriethoxysilane (Gelest, 95%), ). The deionized water used for the synthesis of materials was treated with a double cycle system E500 with wall panel PF210 (Aquadem). For cyclic voltammetry experiments, the deionized water used was treated with a water purification system PURELAB Pulse (ELGA) while the preparation of solutions analyzed by HPLC and TOC analyzer used a PURELAB Option-Q (ELGA) as the water purification system.

Synthesis of iron(III)-rich inorganic-organic lamellar materials

The theoretical half unit cell of iron-rich IOLMs proposed in this study are shown in Table 1. The molar mass of each half unit cell was calculated considering the alkoxysilane of choice and then used to determine the number of moles of half unit cell that corresponded to 2 g of material. Then, the number of moles of half unit cell was used to calculate the respective number of moles of Si, Fe(III)

and Mg and subsequently the mass to be weighted of metal salts and alkoxysilane. Noteworthy, the theoretical half unit cell considered in this study was named after the percentage equivalent to the ratio between the number of Fe(III) atoms in the respective half unit cell and the 2 atoms of Fe(III) considered in the half unit cell of the theoretical dioctahedral structure. For instance, the material hereafter referred to as 25% Fe(III) considered 0.5 atoms of Fe(III) in the half unit cell that weighted 589.367 g per mole when R was -(CH2)3NH2. Then, the synthesis of 2 g of this material involved 0.0034 moles of half unit cell. The half unit cell considered 4 atoms of Si, 0.5 atoms of Fe(III) and 2.25 atoms of Mg and thus the respective number of moles was 0.0136 moles for Si (IV), 0.0017 moles for Fe(III) and 0.0076 moles for Mg. The mass related to these number of moles was 3.035 g for APTES, 0.442 g for FeCl3.H2O and 1.594 g for MgCl2.6H2O in consideration of the purity disclaimed by the manufacturer for each reagent. The mass weighted for each reagent in the synthesis of iron(III)-rich IOLM performed with Propyl-NH2 was reported in Table 36, which was included in the annex. The number of moles correlated to the mass weighted resulted in the experimental molar ratios that are shown in Table 2 and Table 3. Alkoxysilanes with a primary amine group

The synthesis procedure previously described in the literature with Si/Fe(III) molar ratio of 2 was reproduced in this study (Y.-C. Lee, Huh, et al. 2013). The main differences between the original and adapted procedure are shown in Table 4. First, the metal salts were weighted using a precision balance and transferred to an erlenmeyer flask of 50 mL. Then, 15.79 g (20 mL) of absolute ethanol were directly added to the erlenmeyer that was weighted on the precision balance. The erlenmeyer was closed with a rubber stopper and metal salts were dissolved under stirring at 250-280 rpm for 20 min as shown in Figure 5 (left). Meanwhile, either (3-aminopropyl)triethoxysilane (Propyl-NH2) or 4-Aminobutyltriethoxysilane (Butyl-NH2) were weighted inside a syringe using the precision balance. The rubber stopper was briefly replaced by a plastic film, which was easier to perforate with the syringe's needle used for dropwise addition of the respective alkoxysilane. The formation of a solid phase was visible for all the conditions proposed in this study following the addition of the alkoxysilane as shown in Figure 5 (middle). The reaction medium was further stirred for 24 h. The aspect of the solid phase changed after 24 h depending on the condition as shown in Figure 5 (right). Then, the solid phase was isolated by centrifugation at 9945 x g for 20 min. The solid was washed with 15.8 g (20 mL) of absolute ethanol and isolated by centrifugation at the same speed and time. The wash with ethanol was repeated three times in order to eliminate unreacted reagents. After, the solid phase was dried at 60°C for 72 h and then grinded and stored at room conditions.

Addition of alkoxysilane
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Alkoxysilanes with a secondary amine group

First, the procedure previously described in 0 was repeated for condition 0% Fe(III) using N- propyl]aniline (NH-Phenyl) or N-Methylaminopropyltrimethoxysilane (NH-Methyl) as alkoxysilanes. However, a solid phase was not observed in the reaction medium. In this case, both alkoxysilanes were unable to undergo reactions of hydrolysis and then condensation under previous conditions. Therefore, the synthesis procedure was adapted based on a previous study [START_REF] Gallégo | Synthesis of New Lamellar Inorganic-Organic Talc-like Hybrids[END_REF]. The synthesis still aimed to obtain 2 g of material with the theoretical half unit cell shown in Table 1. However, the concentration of reagents reported in the literature was reproduced at this time. Therefore, the magnesium salts were weighted using a precision balance and transferred to an erlenmeyer of 100 mL. Then, 44.44 g (56.3 mL) of absolute ethanol were directly added to the erlenmeyer that was weighted on the precision balance. The erlenmeyer was closed with a rubber stopper and metal salts were dissolved under stirring (250-280 rpm) for 20 min prior to addition of alkoxysilanes with a plastic pasteur pipette. After, 30.1 mL of an aqueous or ethanolic solution of NaOH 0.5 M were added dropwise to the reaction medium. However, the particular density of the aqueous solution of NaOH 0.5 M was erroneously disregarded to be 1.020 g/mL at 20°C in this study [START_REF] Akerlof | The Density of Aqueous Solutions of Sodium Hydroxide[END_REF]. Therefore, 30.1 g instead of 30.8 g of this solution or 23.7 g of the ethanolic solution were weighted inside the syringe with a needle that enabled dropwise addition through a plastic film. The reaction medium was further stirred for 24 h. Later, this procedure was adapted for conditions 25%, 50%, 75% and 100% Fe(III) only for N- propyl]aniline.

For each condition, the volumes of ethanol and aqueous solution of NaOH were modified in order to follow the same molar ratio between the number of moles of alkoxysilane used in the literature and the one corresponding to 2 g of material with the theoretical half unit cell previously shown in Table 1. These modifications intended to maintain constant the concentration of NaOH in the reaction medium. For instance, the condition 100% Fe(III) involved iron salts dissolved in 42.76 g (54.2 mL) of absolute ethanol under stirring at 250-280 rpm for 20 min prior to addition of alkoxysilanes with a plastic pasteur pipette. The formation of a solid phase was visible following the addition of the alkoxysilane as shown in Figure 6 (left and middle). The solid phase formed in the reaction medium was consolidated after the addition of 28.9 g instead of 29.5 g (28.9 mL) of an aqueous solution of NaOH 0.5 M as shown in Figure 6 (middle). The reaction medium was further stirred for 24 h. The aspect of the solid phase drastically changed after 24 h for condition 100% Fe(III) in particular as shown in Figure 6 (right). For all conditions, the solid phase was isolated by centrifugation at 9945 x g for 20 min. Afterwards, it was washed two times with 20 g (20 mL) of deionized water and isolated in between washes by centrifugation at the same speed and time. Subsequently, the solid phase was washed three times with 15.8 g (20 mL) of absolute ethanol and isolated in between washes by centrifugation at 12.857 x g for 20 min. Lastly, the solid phase was dried at 60°C for 72 h and then grinded and stored at room conditions. The mass weighted for each reagent in the synthesis of iron(III)-rich IOLM performed with NH-phenyl was reported in Table 37, which was included in the annex.

Addition of the alkoxysilane
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After NaOH Synthesis of iron(III)-rich inorganic-organic lamellar material-carbon felt composite Alkoxysilane with a primary amine group: Propyl-NH2

The procedure previously described in 0 was repeated in the presence of a carbon felt piece. First, the metal salts were weighted using a precision balance and transferred to flask with screw cap of 25 mL. Then, 15.79 g (20 mL) of absolute ethanol were directly added to the flask that was weighted on the precision balance. The flask was closed with the screw cap and metal salts were dissolved under stirring at 250 rpm for 20 min as shown in Figure 7 (left). Meanwhile, (3aminopropyl)triethoxysilane (Propyl-NH2) was weighted inside a syringe using the precision balance.

A hole was created in the screw cap with a paper pin in order to trespass not only the paper clips that supported the carbon felt piece but also the needle of the syringe. Noteworthy, a paper pin covered the hole reserved for the syringe before and after addition of alkoxysilane in order to avoid the evaporation of ethanol. The piece of carbon felt measuring 2 cm x 2 cm x 0.6 cm was immersed in the ethanolic solution with metal ions as shown in Figure 7 (right) prior to addition of the alkoxysilane.

The reaction medium was stirred for 24 h. Then, the screw cap that supported the coated carbon felt piece was separated from the flask and combined to another one in which 15.79 g (20 mL) of absolute ethanol were previously added on the precision balance. The piece was washed with two clock and two anti-clockwise circular movements that were repeated five times in order to eliminate unreacted reagents as well as the excess of precipitate upon the fibers. The wash with ethanol was repeated three times. Meanwhile, the solid phase in the reaction medium apart from the piece was isolated and washed as described previously. After, the composite and solid phase isolated from the reaction medium were dried at 60°C for 72 h. Lastly, the solid was grinded and then the powder and the composite were stored at room conditions.

st synthesis

Figure 7. The aspect of experimental system used in the first synthesis with Propyl-NH2.

Later, the concentration of reagents and the contact time of carbon felt with the reaction medium was adjusted based on a previous study (Miron et al. 2019). Therefore, 1.5 instead of 2 g of material with the theoretical half unit cell shown in Table 1 were intended in order to corroborate with this previous study. The metal salts and Propyl-NH2 were once more weighted following the molar ratios shown in Table 2. However, the carbon felt piece was in contact with the reaction medium for 1 hour prior to addition of alkoxysilane also in order to corroborate with this previous study. These modifications based on the literature were combined with the increase in the dimensions of the carbon felt piece to 3.0 cm x 1.5 cm x 0.6 cm as shown in Erreur ! Source du renvoi introuvable. in order to restrain manipulation of the final piece before SEM analysis and thus misinterpretation of the aspect of coating with materials. Therefore, the piece was supported above the reaction medium with a wire pierced and sewed around 0.5 cm from the top of the piece. Besides, the wire was coated with PVC in order to avoid the corrosion of the metal that was observed in the previous synthesis.

The dimension of the piece in contact with the reaction medium was approximately 1.5 cm that were dipped instead of submerged in the reaction medium. The dip depth was guided through marks carved on the sides at 1.5 cm from the bottom of the piece. Later, these marks were used to cut-off the final piece that was used for SEM analysis. The experimental procedure described for the first synthesis was repeated in consideration of the modifications mentioned above. The aspect of the updated experimental system during the dissolution of metal salts and before the addition of Propyl-NH2 is shown in Figure 8 (left) and Figure 8 (right), respectively.

nd synthesis

Figure 8. The aspect of experimental system used in the second synthesis with Propyl-NH2.

The adjustment of the concentration of reagents in the same volume as previous synthesis (20 mL) resulted in an inferior theoretical and thus experimental mass of solid phase. However, the mass of solid phase isolated from the reaction medium was below the minimum mass required for characterization of the material by XRD. Therefore, the volume of the reaction medium was increased from 20 to 40 mL in which the concentration of reagents reported in the literature was reproduced once more. Therefore, the metal salts were weighted using a precision balance and transferred to the flask with screw cap of 50 mL. Then, 31.57 g (40 mL) of absolute ethanol were added to the flask that was weighted on the precision balance. The flask was closed with the screw cap and metal salts were dissolved under stirring at 250 rpm for 20 min as shown in Figure 9 (left).

Then, a pristine or pre-treated carbon felt piece was immersed into the solution at a minimum depth of 1.5 cm as shown in Figure 9 (right). The carbon felt piece was in contact with the reaction medium under stirring at 500 rpm for 1 hour before the dropwise addition of Propyl-NH2, as described in the previous synthesis. The reaction medium was stirred for 24 h and the solid phase and coated carbon felt piece were subsequently isolated, washed, dried and stored as described in the previous synthesis. Alkoxysilane with a secondary amine group: NH-Phenyl

Up-to-date synthesis

The procedure previously described in 2.2.2 was repeated in the presence of carbon felt. Therefore, the magnesium salts were weighted using a precision balance and transferred to an erlenmeyer of 100 mL. Then, the absolute ethanol was added to the erlenmeyer that was weighted on the precision balance. The erlenmeyer was closed with a rubber stopper and metal salts were dissolved under stirring at 250-280 rpm for 20 min as shown in Figure 10 (left) prior to the addition of the alkoxysilane with a plastic pasteur pipette. The rubber stopper was immediately replaced for another one with 2 holes. The holes were used to trespass the two ends of the wire used to support the pristine or pre-treated carbon felt piece that were fixed in place with glue pads. The rubber stopper was also trespassed by needle of the syringe as shown in Figure 10 (right). The carbon felt piece was in contact with the reaction medium under stirring at 500 rpm for 1 hour prior to the dropwise addition of an aqueous solution of NaOH 0.5 M weighted inside the syringe as shown in Figure 11.

The reaction medium was stirred for 24 h and the solid phase and coated carbon felt piece were subsequently isolated, washed, dried and stored as previously described in 2.2.1. 

Up-to-date synthesis

Surface treatment of carbon felt fibers

Firstly, the synthesis of composites was performed using carbon felt pieces as provided by manufacturer. Secondly, carbon felt pieces endured surface treatment prior to synthesis. The carbon felt pieces were treated with oxygen (O2) plasma as described in 2.4.1 in order to create -OH groups at the surface of the fibers that allowed subsequent condensation of a polysiloxane layer as described in 2.4.2.

Functionalization of carbon felt with low pressure plasma treatment

The plasma treatment was performed inside an electrodeless cylindrical glass reactor (PLASSYS MDS130) enclosed in a Faraday cage. The reactor was equipped with a gas inlet, a Pirani pressure gauge, a two-stage rotary pump (Edwards) and a cupper coil wound in the exterior. The power supply (Dressler, Cesar 133) generated a radio frequency of 13.56 MHz. The output impedance was matched to the load of partially ionized gas using a L-C matching network (Dressler, VM1500 W-ICP) that minimized the standing-wave ratio related to transmitted power. Before each treatment, the reactor was cleaned with O2 excited at high power (100 W) for 10 min. Then, the chamber was ventilated with air and pristine carbon felt pieces measuring 3.5 cm x 1.5 cm x 0.6 cm were placed into the center. The length of carbon felt piece was extended from 3.0 to 3.5 cm in order to permit two pieces of 1.5 cm to be treated at once. After evacuation to 10 -3 mbar, O2 gas was introduced into the chamber at a constant pressure of 1 mbar. The plasma was ignited with power delivered from the generator (40 W) and the reflected power was systematically estimated to be 0 W. The treatment was performed for 4 min and then the radio frequency generator and the O2 supply were switched off before ventilation to atmospheric pressure. The pieces were stored inside a desiccator in the presence of silica gel either with or without vaccum.

Silanization of treated carbon fibers

The silanization procedure was based on the literature provided by Gelest, Inc. [START_REF] Arkles | Silane Coupling Agents: Connecting Across Boundaties (3rd Edition)[END_REF]. Later, this procedure was adapted in order to permit contact of carbon felt piece with solution under stirring for 1 hour prior to the addition of silane. After 5 min, the screw cap that supported the pretreated carbon felt piece was separated from the flask and then from the screw cap. The piece was dipped ten times into 15.79 g (20 mL) of absolute ethanol which were previously added to another 34 flask on the precision balance in order to eliminate excess of reagents. Lastly, the piece was dried at 60°C for 72 h and then stored at room conditions.

Silanization

Figure 12. The aspect of experimental system used in the silanization of pre-treated carbon felt.

Cyclic voltammetry

Principles of CV

The CV is commonly used to investigate the reduction and oxidation of molecular species and provide information about the thermodynamics and kinetics of such electron transfer reactions [START_REF] Elgrishi | A Practical Beginner's Guide to Cyclic Voltammetry[END_REF][START_REF] Graham | Standard Operating Procedures for Cyclic Voltammetry[END_REF]. The experimental set up involves a three-electrode configuration, which is often assembled in an electrochemical cell as shown in Figure 13. The electrodes are immersed in a solution, which is referred to as the electrolyte solution and connected to a potentiostat. The interference of dissolved oxygen is prevented with the flux of inert gas in the electrochemical cell as shown in Figure 13 in order to purge the electrolyte solution and the atmosphere above it before and during the experiment, respectively. The basis of cyclic voltammetry

involves the application of a potential difference between the working electrode (W) and the reference electrode (R) through the potentiostat. The potential difference is applied in relation to a stable reference reaction which is particular to each reference electrode. In this study, the saturated calomel electrode (SCE) was used as a reference electrode and thus the reference reaction was between elemental mercury and mercury(I) chloride. The counter electrode (C) is used to close the electrical circuit and thus the current flow between the working and the counter electrode is measured during the experiment. The equivalent of electrons transferred from the working electrode are regained by the counter electrode in order to maintain the charge balance of the solution.

Therefore, the counter electrode is required to undergo fast electron transfer reactions with species in solution in order to prevent inhibition of the reactions at the working electrode. In this study, the counter electrode was based on platinum in line with several studies in the literature [START_REF] Marken | Part II.1 Electroanalytical Techniques: Cyclic Voltammetry[END_REF][START_REF] Graham | Standard Operating Procedures for Cyclic Voltammetry[END_REF]). The temperature of the electrolyte influences the system under study and thus this parameter is often controlled through a thermometer as shown in Figure 13. In this study, the CV experiments were performed at room temperature without further control of the temperature. [START_REF] Marken | Part II.1 Electroanalytical Techniques: Cyclic Voltammetry[END_REF]).

The principle of CV is the linear variation of the potential applied to the working electrode from an initial (E1) to a final (E2) potential and then back to the E1 over a constant and known rate, which is referred to as the scan rate. The range between the potentials E1 and E2 is referred to as the potential window [START_REF] Graham | Standard Operating Procedures for Cyclic Voltammetry[END_REF]. For instance, the variation of the potential from E1=+0.8 V/SCE to E2=-0.7 V/SCE and then back to E1=+0.8 V/SCE under a scan rate of 20 mV/s corresponded to a cycle in this study as shown in Figure 14. Each cycle shows the well-known triangular shape that was repeated 5 times in this study as also shown in Figure 14 [START_REF] Schotten | Making Electrochemistry Easily Accessible to the Synthetic Chemist[END_REF]. The potential observed at the deviation is referred to as the onset potential. From this potential, X at the interface electrode-solution undergoes an electron transfer reaction that results in X +/-. The concentration gradient created between X and X +/-drives the diffusion of X towards the interface electrode-solution. The concentration of both X and X +/-are equal at the half-wave potential as shown in Figure 15.4. However, the redox reaction is firstly limited by the diffusion rate of the X that is as high as possible at the peak potential. Secondly, the availability of X is limited at the region near the interface electrode-solution, which is referred to as the diffusion layer [START_REF] Elgrishi | A Practical Beginner's Guide to Cyclic Voltammetry[END_REF]. Therefore, the concentration gradient decreases along with diffusion rate and results in the downfall of the current as shown in Figure 15.5. The reverse scan involves the same sequence of events that are shown in Figure 15.8,Figure 15.10,Figure 15.11 and Figure 15.14,respectively. The events result in the well-known "duck" shape in the current-potential curve of reversible systems.

The electrochemical (ir)reversibility are related to the electron transfer kinetics between the working electrode and the analyte under study. The electron transfer reactions are considered as irreversible when the peak potentials are observed in more extreme potentials and thus further apart in the current-potential curves. The irreversible systems are related to a higher energy barrier and thus more extreme potentials are required for the electron transfer reactions which are slower in comparison to reversible systems [START_REF] Elgrishi | A Practical Beginner's Guide to Cyclic Voltammetry[END_REF][START_REF] Graham | Standard Operating Procedures for Cyclic Voltammetry[END_REF].
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(5) [START_REF] Oturan | Electro-Fenton Process: Background, New Developments, and Applications[END_REF] (6) (13) (7) ( 14) However, the current-potential curves assume other shapes than the familiar "duck" when related to multielectron transfer reactions or even to electron transfer reactions coupled with (ir)reversible chemical reactions. In these cases, the voltammogram is able to provide information not only about the kinetics but also about the mechanism of reactions [START_REF] Elgrishi | A Practical Beginner's Guide to Cyclic Voltammetry[END_REF]. Besides, the kinetics of the electron transfer reactions is strongly influenced by the nature of the material used as the working electrode. For instance, the adsorption of the analyte on the surface of the working electrode depends on the nature of such electrode material. Therefore, the comparison of the current-potential curves obtained in this study to these previously reported for carbon felt in the literature is restricted in consideration of the particular nature of clay-like materials [START_REF] Elgrishi | A Practical Beginner's Guide to Cyclic Voltammetry[END_REF].

CV experiments

The cut-off piece of coated carbon felt measuring 1.5 cm x 1.5 cm x 0.6 cm showed geometrical volume of 1.35 cm 3 . This piece was weighted and then placed inside a stainless-steel mesh in order to be used as a working electrode (W) as shown in Figure 16. The electrochemical cell corresponded to a three-electrode system in which a platinum hollow cylinder (32 cm 2 ) was used as a counter electrode (C) and a saturated calomel electrode (SCE) (R) was used as a reference electrode as shown in Figure 16. The working electrode was systematically placed along the wall of the electrochemical cell made of glass (100 mL) in opposition to the counter electrode. The electrodes were immersed into 75 mL of 0.05 M of Na2SO4 at pH 7 that is hereafter referred to as the electrolyte solution. The electrolyte solution was stirred while purged with N2(g) for 20 min prior to the measurement of the current-potential curves. In the presence of methyl viologen (MV +2 ), 1 mL of electrolyte solution inside the electrochemical cell was substituted by 1 mL of a stock solution of MV +2 at 37.5 mmol/L that was prepared with the electrolyte solution. In the presence of H2O2, the same procedure was performed with a fresh stock solution of H2O2 at 750 mmol/L that was also prepared with the electrolyte solution. Other 5 min of purging with N2(g) under stirring were performed prior to the measureamen of the current-potential curves in these conditions. For this, a potentiostat/galvanostat SP150 from Bio-Logic SAS (Clais, France) controlled by the EC-Lab® software was used to measure 5 consecutive current-potential curves at the potential sweep rate of 20 mV.s -1

without stirring of the electrolyte solution and under N2(g) atmosphere. After, the electrolyte solution was recuperated and stored at 5°C until ICP-OES or AA analysis. The composite was washed in 20 mL of deionized water three times through dipping movements. The total wash volume was also stored at 5°C until further analysis. The circumneutral pH of the electrolyte solution favored the precipitation of iron ions eventually released from certain composites. Therefore, the stainless-steel mesh, the counter electrode and the stir bar were washed inside the electrochemical cell with 90 mL of 0.1 M HNO3 prior to reuse in the measurement of the current-potential curve of another composite. This wash volume was also stored at 5°C until further analysis. 

Heterogeneous Electro-Fenton process

The pollutant used in this study was a tri-iodide compound, iohexol. Later, the MV +2 was used simultaneously as an electron mediator and pollutant in this study.

First, the straightforward oxidation of pollutants by H2O2 was investigated in this study. Therefore, 75 mL of a fresh electrolyte solution with 100 mg/L of iohexol or 131 mg/L (0.5 mM) of MV +2 were added to an erlenmeyer and stirred while 0.5 mL were substituted by 0.5 mL of a fresh stock solution of H2O2 at 750 mmol/L prepared with the electrolyte solution. The stirring was interrupted after 2 h.

The concentration of pollutants in the electrolyte solution before and after 2 h was determined by HPLC and DOC for iohexol and only by DOC for MV +2 .

Secondly, the performance of the composite prepared with NH-phenyl under condition 100% Fe(III)

in the degradation of pollutants with the HEFP was investigated in the same one-compartment electrochemical cell described in 2.5. In this case, 75 mL of a fresh electrolyte solution with 100 mg/L of iohexol or 131 mg/L (0.5 mM) of MV +2 was saturated with compressed air at 3 mL/min flow rate under stirring for 30 min prior to polarization of the electrodes. Then, the electrolysis was performed at -0.9 V/SCE for 2 h under continuous stirring and bubbling of compressed air. As for the electrolysis performed in the presence of H2O2, 0.5 mL of electrolyte solution inside the electrochemical cell was substituted by 0.5 mL of a fresh stock solution of H2O2 at 750 mmol/L prepared with the electrolyte solution. Other 5 min of compressed air bubbling under stirring were performed prior to electrolysis under the conditions described previously. After, the electrolyte solution as well as the wash volume related to the composite and cell apparatus were also recuperated and stored at 5°C until ICP-OES analysis. The electrolysis performed in the previous described conditions were replicated with a piece of carbon felt that was used as provided by the manufacturer and thus hereafter referred to as pristine carbon felt. Besides, another electrolysis was performed with pristine carbon felt under bubbling with N2(g) instead of compressed air in order to investigate the possible straightforward reaction of pollutants at the electrode surface. For all electrolysis, the electrolyte solutions containing pollutants were stored at 5°C until further analysis, which were performed until 72 h after electrolysis in order to minimize degradation of pollutants. The concentration of pollutants in the electrolyte solution before and after 2 h of electrolysis was determined by HPLC and DOC for iohexol and only DOC for MV.

Characterization techniques X-Ray Diffraction (XRD)

The layered structure of the materials prepared in this study was investigated with a diffractometer diffracted by the sample that is well-known to be 1.542 Å.
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X-Ray Fluorescence Spectrometry (XRF)

The elemental composition of the materials prepared in this study was determined with a spectrometer Zetium from PANalytical at 4 kW using 200 mg of powdered samples pressed into pellets with 13 mm of diameter using a hydraulic press Herzog TP40 at 5 tons for 2 min.

Fourier Transform Infrared Spectroscopy (FTIR)

The covalent bonds related to both organic and inorganic domains in the materials prepared in this study were investigated with a spectrophotometer Equinox IFS 55 from Bruker equipped with a DTGS detector. The stored powder was dried at 60°C for at least 12 h before being diluted to 1 wt% in a matrix of KBr previously dried at 120°C (total weight: 100 mg). For conditions above 50% Fe(III), the dilution factor was decreased to 0.5 wt% (total weight: 200 mg) due to the darker color observed for powdered samples. The mixture was pressed into pellet with 13 mm of diameter using a hydraulic press Herzog TP40 at 0.5 tons for 30 seconds in order to evacuate air and then at 3.5 tons for 2 min.

The transmission spectrum was acquired with a resolution of 4 cm -1 and 32 scans immediately after pellets were pressed to avoid further interference of adsorbed water molecules.

Micro-Raman Spectroscopy

The presence of amorphous iron-containing side phases in materials prepared in this study was and resulted in a poorly resolved spectrum, which encouraged the acquisition of spectrum with lower laser power (~0.15 mW). The lower laser power was compensated with acquisition of spectrum with the accumulation of spectra measured for 60 seconds. The increase of accumulation time to 120 seconds resulted in peaks with similar intensity. Therefore, the shorter acquisition time was used in order to limit the local heating promoted by the laser beam that may also favor phase transformation in the sample. Firstly, the equipment was calibrated using silicon wafer as a reference material (520 nm). Then, a small quantity of powdered sample was placed on a glass slide. Secondly, the spectrum was measured in different positions in order to obtain a representative spectrum profile of the sample and its possible impurities. The raw spectrum was treated in the software associated to the equipment in order to reduce noise signal.

Scanning Electron Microscopy (SEM) coupled with Energy Dispersive X-ray

Spectrometer (EDX)

The aspect of the fibers of carbon felt coated with materials prepared in this study was examined with a high-resolution scanning electron microscope JSM7900F from JEOL equipped with a QUANTAX energy dispersive X-ray spectrometer from BRUKER. The distribution of elements was determined with an acceleration voltage of 15 kV and a working distance of 10 mm. For each composite, a fine section from the surface and another from the middle were cut and coated with 10-15 mm of gold or silver with a metallizer SCD004 from Balzer prior to analysis. The metallic coat intended to improve the conductivity of the surface as well as to avoid loss of loosely bound powder related to iron-rich inorganic-organic lamellar material in the vacuum chamber.

X-Ray Photoelectron Spectroscopy (XPS)

The surface chemistry of carbon felt treated with plasma technology was investigated with a spectrometer SES-2002 from VG Scienta equipped with a monochromatized Al-Kα X-ray source (1486.6 eV) and hemispherical analyzer. The initial carbon felt pieces measuring 3.5 cm x 1.5 cm x 0.6 cm were cut to 1.5 cm x 1.5 cm x 0.6 cm and the surface area analyzed was 24 mm 2 . The highresolution spectra and wide scan were recorded with pass energy of 100 eV and 500 eV, respectively.

The photo-emitted electrons were collected at take-off angle normal from the surface. After subtraction of the Shirley-type background, the peak was fitted to mixed Gaussian-Lorentzian components using XPS-CASA software. The intensity area was determined by integrated peak areas of each component while considering the transmission factor of the spectrometer, mean free path and sensibility factor of each atom.

Dissolved Organic Carbon (DOC)

The dissolved organic carbon (DOC) in the electrolyte solution before and after electrolysis was measured with a TOC-metre from SHIMADZUTOC-VCPH analyzer in order to evaluate the mineralization of pollutants. First, calibration curves were prepared using a solution of potassium hydrogen phthalate at 1000 ppm of total organic carbon. A calibration curve from 0 to 20 ppm was used to evaluate mineralization of MV while another from 0 to 10 ppm was used for iohexol. For both pollutants, 5 mL of each electrolyte solution was diluted in 15 mL of deionized water. The dilution was filtered through 0.45 µm membrane filter into a glass vial (50 mL) used subsequently for measurement in order to remove possible fragments of material and carbon felt fibers.

High Performance Liquid Chromatography (HPLC)

The concentration of iohexol in the electrolyte solution before and after electrolysis was determined with a Waters Acquity UPLC® H-Class controlled by ENPOWER2 software in order to evaluate the degradation of such pollutant. For this, 0.5 mL of each electrolyte solution was diluted in 9.5 mL of deionized water. The dilution was filtered through 0.2 µm membrane filter into a glass vial (1.5 mL), which were filled until maximum volume. Glass vials were maintained at 5°C until 10 µL of samples were injected by an auto-sampler. The separation was performed in an Acquity column C18 with wavelength by means of a photodiode array (PDA) detector resulting into two peaks in the chromatogram corresponding to a retention time of 1.2 and 1.3 min, respectively. Both peaks were integrated using the software tools and the area under the peak at 1.3 min was used to determine the concentration of iohexol based on a calibration curve previously prepared from 0.5 to 5 ppm.

Induced Coupled Plasma Optical Emission Spectrometry (ICP-OES)

The concentration of magnesium and iron ions in the electrolyte and washing solutions were determined after both cyclic voltammetry and electrolysis in order to evaluate the stability of ironrich inorganic-organic lamellar composites with a 725-OES coupled with a SPS 3 autosampler from Varian that were controlled by the ICP Export II software. For this, 65.2 µL of concentrated HNO3 was added to an aliquot of 10 mL of the electrolyte solution in order to result in a concentration of 0.1 M HNO3 as in the calibration curve and carrier solution. All the volume was filtered through 0.45 µm membrane filter into sample tubes (20 mL). The instrument was allowed to warm-up for at least 10 min before the analysis. The samples were analyzed using plasma generated with a radio frequency power of 1.2 kW, plasma and auxiliary gas flow rate of 13.5 L/min and 1.5 L/min, respectively. Besides, the speed of peristaltic pump was 20 rpm and the pressure upon nebulizer was 180 kPa. The analysis was performed after 60 seconds of sampling and considered quadruplicate with an integration time of 1 second each and a stabilization time of 15 seconds. The following measurement was performed only after 40 seconds of rising with 0.1 M HNO3. For iron, the intensity of the light emitted at 234.350, 238.204, 259.940 nm was measured during analysis, but only the intensity obtained in 238.204 nm was later used to determine the concentration of iron in the samples based on a calibration curve prepared from 0.25 to 9 ppm using a standard solution (1000 ppm). Simultaneously, the intensity of the light emitted at 279.553, 280.170, 285.213 nm was also measured in order to determine the concentration of magnesium in the samples. For this element, the intensity obtained in 279.553 nm was the one later used to determine the concentration of magnesium based on a calibration curve prepared from 0.6 to 12 ppm using a standard solution (1000 ppm). The choice of wavelength was motivated by the greater intensity of the light emitted at 238.204 and 279.553 nm for iron and magnesium, respectively, in comparison to the other ones.

Flame Atomic Absorption Spectrophotometry (AAS)

The concentration of iron ions in the electrolyte and washing solutions after both cyclic voltammetry and electrolysis was also determined with a AA 140 controlled by the SpetrAA software. The sample preparation followed the same procedure previously described for analysis with ICP-OES in 2.7.9. The lamp was allowed to warm-up for at least 10 min before the analysis. The analysis was performed using an oxidizing flame generated with the mixture of air and acetylene using a respective gas flow rate of 3.5 and 1.5 mL/min. A hollow cathode lamp operating under a current of 5 mA was used as a primary light source to measure absorption of iron in the samples at 248.3 nm considering a slit width of 0.2 nm. The position of the lamp and flame were adjusted in order to obtain the highest signal. The measurement was performed in triplicate considering 5 seconds of sampling and 5 seconds of rinsing for each replicate. The capillary was systematically rinsed with deionized water in between samples. The concentration of iron was also determined based on a calibration curve prepared from 0.25 to 6 or 9 ppm using a standard solution (1000 ppm) depending of the maximum concentration expected in the samples.

Chapter III -Results and Discussions

Synthesis of iron(III)-rich inorganic-organic lamellar materials (IOLMs)

The synthesis of a talc-like structures that incorporated Fe(III) instead of Mg within the octahedral sites and their performance as a heterogeneous catalyst for from the one in this study. These differences are to be considered when the results in this study are compared to these reported in the literature.

The X-ray diffractogram obtained for materials prepared with Mg or Fe(III) salts are shown in Figure 17. The reflections of condition 100% Mg that is hereafter referred to as 0% Fe(III) corresponded to these observed for 2:1 talc-like structures prepared elsewhere [START_REF] Fukushima | An Organic/Inorganic Hybrid Layered Polymer: Methacrylate-Magnesium(Nickel) Phyllosilicate[END_REF][START_REF] Burkett | Synthesis, Characterization, and Reactivity of Layered Inorganic-Organic Nanocomposites Based on 2:1 Trioctahedral Phyllosilicates[END_REF][START_REF] Fonseca | Self-Organized Inorganic-Organic Hybrids Induced by Silylating Agents with Phyllosilicate-Like Structure and the Influence of the Adsorption of Cations[END_REF]Jaber et al. 2005;[START_REF] Gallégo | Synthesis of New Lamellar Inorganic-Organic Talc-like Hybrids[END_REF][START_REF] Garnier | Hydrolysis-Condensation Reactions of Diethylphosphato-Ethyltriethoxysilane Involved in Organic-Inorganic Talc-like Hybrid Synthesis: Liquid and Solid-State NMR Investigations[END_REF]).

The broader shape of reflections observed for 100% Fe(III) indicated a greater structural disorder in this condition in comparison to the condition 0% Fe(III). Most importantly, the shift observed in the position of (060,330) reflection indicated that the b dimension of unit-cell changed when octahedral sites were occupied by Fe(III), which was expected in consideration of the difference between the atomic radius of Fe(III) and Mg. The distance related to this reflection (d060,330) was calculated with Bragg's Law to decrease from 1.55 to 1.50 Å for 100% Fe(III). This observation corroborated with the distances reported for iron(III)-rich clay minerals with a dioctahedral arrangement of the structure that ranged from 1.49 to 1.52 Å [START_REF] Chemtob | Synthesis and Structural Characterization of Ferrous Trioctahedral Smectites: Implications for Clay Mineral Genesis and Detectability on Mars: Ferrous Trioctahedral Smectites[END_REF]. However, the distance (d060,330) reported for the iron(III)-rich clay mineral, nontronite was 1.52 Å while 1.47 Å for the 300 reflection (d300) of the iron(III) oxyhydroxide, ferrihydrite (J. W. Stucki, Goodman, and Schwertmann 1987). The absence of sharp reflections related to iron oxides or iron oxy-hydroxides indicated that these impurities were either absent or poorly crystallized within this material. Interestingly, a similar deviation in the distance (d060,330) was reported in the case of talc-like materials [START_REF] Burkett | Reconsideration of the Structure of Magnesium N-Hexadecylsilicate and Other 'Talc-like' Layered Magnesium Organosilicates[END_REF].

The distance (d060,330) reported for talc was 1.53 Å while 1.57 Å for the 110 reflection (d110) of brucite, which is a magnesium hydroxide. The resemblance of the octahedral sheet within talc-like materials to brucite rather than talc was considered as an evidence of the Si/Mg molar ratio of 1 instead of 1.33 and thus encouraged the reconsideration of the chemical formula of talc-like materials.

Therefore, this observation also encouraged the reconsideration of the theoretical dioctahedral structure proposed in Figure 4 (left) in future studies. Nevertheless, the shift in the position of (001) reflection indicated that the interlayer distance (d001) increased from 13.4 to 19.9 Å along with dioctahedral arrangement of the structure. This observation uncovered that the stacking of the layers was particular in the case of the material prepared in the condition 100% Fe(III). Noteworthy, the reflections observed in this study corroborated with these reported in the previous one except for the (001) reflection, which was not observed previously by (Y.-C. Lee, Huh, et al. 2013). Therefore, the material prepared in this study showed a different stacking from the one reported in the literature. The FTIR spectrum of material prepared in the condition 100% Fe(III) that is shown in Figure 18 reinforced the hypothesis of the occupancy of the octahedral sites by Fe(III). For instance, the disappearance of bands related to the vibration of Mg-O bonds in 566 cm -1 along with the appearance of the vibration of Fe(III)O-H bonds at 895 cm -1 reinforced the transition from a tri-to a di-octahedral arrangement of the structure anticipated by XRD. Other bands related to the phyllosilicate framework are the stretching and bending vibrations of O-H bond from silanol groups observed at 3420 cm -1 and 696 cm -1 , respectively. Besides, the stretching and bending vibrations of Si-O-Si bonds from siloxanes observed at 1035 and 934 cm -1 , respectively. The absorption frequency and intensity of the bands related to the vibrations of Si-O-Si bonds are different in the spectrum observed for the material prepared in the condition 0% Fe(III). This band was previously related to the presence of irregular organosilicate units within the structure of talc-like materials [START_REF] Burkett | Reconsideration of the Structure of Magnesium N-Hexadecylsilicate and Other 'Talc-like' Layered Magnesium Organosilicates[END_REF]. Therefore, the organosilicate units within structure of the material prepared in the condition 100% Fe(III) were possibly less condensed than the ones within the material prepared in the condition 0% Fe(III). In both spectra, the appearance of bands associated with the vibration of C-H and N-H bonds confirmed the presence of alkyl amine chains anchored to the tetrahedral sheets through Si-C bonds, which vibration was observed at 1133 and 1123 cm -1 for 0% and 100% Fe(III), respectively. All other bands indicated in Figure 18 were attributed to the respective vibration mode and bond in Table 38, which was included in the annex. The problematic condensation of an iron-rich inorganic-organic lamellar material (Fe(III)-IOLM) was also evidenced by the yield of material observed for the condition 100% Fe(III) shown in Table 5. The mass of solid phase isolated from the reaction medium of the condition 100% Fe(III) corresponded to 35% of the theoretical mass while as much as 96% of the theoretical mass was isolated from the reaction medium of the condition 0% Fe(III). Noteworthy, the yield of solid material prepared in the condition 100% Fe(III) was previously reported to be of 25 g in the literature, which corresponded to 56% of the theoretical mass in consideration of the theoretical dioctahedral structure showed in Figure 4 (right) (Y.-C. Lee, Huh, et al. 2013). However, the discrepancy observed between the yield of material reported in the literature and the one in this study was possibly related to the slight excess of Fe(III) involved in the previous synthesis. The experimental Si/Fe(III) molar ratio was 1.91 instead of 2.00 in this previous study in the literature.

Indeed, the low yield of solid material corroborated with the experimental Si/Fe(III) molar ratio that deviated from the theoretical value of 2.00 as shown in Table 5. Noteworthy, the experimental molar ratios were calculated based on the percentage of weight determined by XRF for silicon, iron and magnesium. The percentage of weight related to these and other elements within the materials is shown in Table 39, which was included in the annex. The theoretical molar ratios were calculated based on the mass of reagents involved in the synthesis. The experimental Si/Fe(III) molar ratio observed for the material prepared in the condition 100% Fe(III) was significantly lower than the theoretical value while the experimental Si/Mg observed for the material prepared in the condition 0% Fe(III) corroborated with the theoretical one. Besides, the experimental Si/Mg molar ratio corroborated with the values reported in the literature for talc-like materials [START_REF] Burkett | Reconsideration of the Structure of Magnesium N-Hexadecylsilicate and Other 'Talc-like' Layered Magnesium Organosilicates[END_REF]. However, the experimental Si/Fe(III) molar ratio was not reported in the previous study (Y.-C. Lee, Huh, et al. 2013). The percentage of weight related to iron in the material prepared in the condition 100% Fe(III) was used to determine the mass of iron in the solid phase. The percentage of weight related to iron was determined by XRF to be 35% that corresponded to 0.246 g of the material. However, this mass corresponded to 68.2 % of the initial mass of iron(III) involved in the synthesis. This observation indicated the presence of unreacted iron(III) in the reaction medium of the condition 100% Fe(III) from which the solid phase was isolated after synthesis. Indeed, both the reaction medium and the subsequent washes of the solid phase with ethanol related to the condition 100% Fe(III) resulted in a yellow colored supernatant after centrifugation as shown in Figure 19. The concentration of iron in these supernatants was determined by flame AAS to be 555.8 mg/L, which was equivalent to 0.1194 g of iron. This mass corresponded to 33.0% of the initial mass of iron(III) involved in the synthesis that was close to the 31.8% of the initial mass of iron(III) that was absent in the solid phase. This observation confirmed that the mass of iron(III) absent in the solid phase was in the supernatant of synthesis and washes. Therefore, the deviation of the experimental Si/Fe(III) molar ratio was possibly related to the incorporation of Fe(III) within an amorphous side phase other than in the octahedral sites.

Supernatant

Reaction medium

1 st wash 2 nd wash 3 rd wash For instance, the mild conditions of the synthesis performed in this study possibly favored the formation of iron hydroxides and/or oxyhydroxides rather than iron oxides in view of the conditions of synthesis previously described in the literature for these minerals [START_REF] Sklute | Spectral and Morphological Characteristics of Synthetic Nanophase Iron (Oxyhydr)Oxides[END_REF]. The name, chemical formula and color reported in the literature for the iron hydroxides and oxyhydroxides considered as possible candidates to the so-called amorphous phase in the material prepared in the condition 100% Fe(III) are shown in Table 6.

Table 6. General information about iron hydroxides and oxyhydroxides (Cornell and Schwertmann 2003a). well cristallized minerals that were expected to result in characteristic peaks in the powder X-ray diffratogram as shown in Figure 20. Noteworthy, the powder X-ray diffratograms showed in Figure 20 were acquired using Kα radiation emitted from cobalt (Co) and thus the position of the reflections are not to be compared with these in Figure 17 (Cornell and Schwertmann 2003b). Then, the most 52 reasonable candidates were feroxyhyte and ferrihydrite that are considered as poorly crystallized minerals as well as bernalite that was previously reported in the literature as an amorphous mineral (Cornell and Schwertmann 2003a;[START_REF] Mei | Interactions between Phosphoric/Tannic Acid and Different Forms of FeOOH[END_REF][START_REF] Um | Adsorption Mechanisms and Transport Behavior between Selenate and Selenite on Different Sorbents[END_REF][START_REF] Pinto | Controlled Dehydration of Fe(OH)3 to Fe2O3: Developing Mesopores with Complexing Iron Species for the Adsorption of β-Lactam Antibiotics[END_REF]. Indeed, the reflections observed for the 2-line ferrihydrite in Figure 20 Therefore, 2-line ferrihydrite was considered as the most reasonable candidate along with bernalite, which corroborates with the formation of a preeminent amorphous mineral phase. The powder X-ray

Name

Chemical formula Color

Goethite

Chapter III -Synthesis of iron(III)-rich inorganic-organic lamellar materials 53 diffratogram of 2-line ferrihydrite acquired using Kα radiation emitted from copper (Cu) was compared to the one observed for the material prepared in the condition 100% Fe(III) in Figure 21.

Indeed, the peaks attributed to the reflections (130,200) and (060,330) showed dimensions similar to these reported in the literature [START_REF] Drits | Structural Model for Ferrihydrite[END_REF]). Therefore, the presence of the amorphous side phase was further investigated with Raman Spectroscopy in view of the frequent use of this technique to distinguish iron oxides, hydroxides and oxyhydroxides ( [START_REF] Faria | Raman Microspectroscopy of Some Iron Oxides and Oxyhydroxides[END_REF]Hanesch 2009). Several vibrations modes related to the Fe-O bond alter polarizability and as a consequence are detected in the Raman spectrum of iron containing minerals (Cornell and Schwertmann 2003b). The Raman spectra of the material prepared in the condition 100% Fe(III) are shown in Figure 22. The spectral ranges between 100-1200 cm -1 and 2800-3800 cm -1 are well known to include the fundamental vibrations of iron oxyhydroxides/phyllosilicates and H2O/OH in phyllosilicates, respectively. The Raman microspectrometer used in this study was equipped with a confocal microscope, which allowed different positions of the sample to be recorded that are referred to as position 1, 2 and 3. However, the spectra related to the positions 1 and 2 were treated with a noise reduction tool provided by the software that controlled the spectrometer. The raw spectrum in the position 1 uncovered that the broad bands seen in the spectra treated with noise reduction tool in the positions 2 and 3 resulted

Chapter III -Synthesis of iron(III)-rich inorganic-organic lamellar materials 54 from several peaks. The observation of broad bands corroborates with the poor crystallinity of the material (Hanesch 2009). Besides, the similar shape and position of bands observed in spectra obtained in position 2 and 3 suggested that powdered sample was homogeneous and thus these spectra were representative. The wavenumber of the main bands were included in the spectra while the wavenumber of all bands are shown in Table 40, which was included in the annex. The characteristic bands of 2-line and 6-line ferrihydrite are shown in Table 7. The bands at 515 and 708 cm -1 in the spectra of material prepared in the condition 100% Fe(III) corroborated with these previously reported for ferrihydrite at 510 and 710 cm -1 . The appearance of the stretching vibration ν2 at 510 cm -1 in the spectrum of synthetic 6-line ferrihydrite was reported to be dependent of the laser power. This band was observed when the laser power was at least 0.1 mW (Hanesch 2009). In this study, the spectra were acquired at 0.15 mW and thus the attribution of band at 515 cm -1 is reasonable. However, the strongest band at 710 cm -1 was the only one observed in the spectrum of natural 2-line ferrihydrite as a consequence of the fluorescence of organic matter that co-existed with this mineral (Hanesch 2009). A similar behavior was expected in this study in consideration of the presence of propyl amino groups anchored to the structure. This controversial observation suggested that bands in the spectra were rather related to the silica framework. Besides, silicates are known to be superior Raman scatterers than iron oxides and oxyhydroxydes as a consequence of the higher degree of covalence and thus polarizability of the Si-O bond in comparison to the Fe-O bond [START_REF] Wang | Understanding the Raman Spectral Features of Phyllosilicates: Raman Spectral Features of Phyllosilicates[END_REF]. Therefore, the fundamental vibrations of the Si-O bond in the spectral range of 100-1200 possibly enclosed these of ferrihydrite in the spectra. The nontronites are the natural iron(III)-rich clay minerals that corresponded the most to the material prepared in condition 100% Fe(III) in this study in consideration of the occupancy of the octahedral sites by Fe(III) in both cases. The Raman spectrum of natural nontronite shown in Figure 22 was retrieved from the RRUFF database (RRUFF ID: R070286). Noteworthy, the spectrum from RRUFF database was previously reported to match with the one observed for synthetic nontronite, which bands are shown in Table 8 [START_REF] Wang | Understanding the Raman Spectral Features of Phyllosilicates: Raman Spectral Features of Phyllosilicates[END_REF]. The bands observed at 195, 515, 708 and 1045 cm -1 in Figure 22 are in agreement with these observed for synthetic nontronite.

However, the attribution of the band at 708 cm -1 either to ferrihydrite or the silica framework is to be confirmed based on the Raman spectrum of the material prepared in the condition 0% Fe(III).

Besides, the position of the band related to the vibration modes of the O-H bond in the spectrum of nontronite shifted from 3572 cm -1 to 2905 cm -1 in spectra of material prepared in the condition 100% Fe(III). This observation uncovered that OH groups and H2O molecules were located in different environments in the structure of the material prepared in this study in comparison to synthetic and natural iron-rich clay minerals [START_REF] Wang | Understanding the Raman Spectral Features of Phyllosilicates: Raman Spectral Features of Phyllosilicates[END_REF]. Indeed, this difference was also reported for the OH groups in the structure of natural talc and talc-like materials and thus encouraged the reconsideration of the chemical formula of talc-like materials [START_REF] Burkett | Reconsideration of the Structure of Magnesium N-Hexadecylsilicate and Other 'Talc-like' Layered Magnesium Organosilicates[END_REF]. Therefore, the agreement observed between the bands in the spectra of synthetic nontronite and the material prepared in the condition 100% Fe(III) indicated that the deviation of the experimental Si/Fe(III) molar ratio was rather related to the inaccuracy of the theoretical dioctahedral structure showed in Figure 4 (right). In this case, the chemical formula of the material prepared in the condition 100% Fe(III) is to be further investigated by thermogravimetric analysis as in previous studies [START_REF] Burkett | Reconsideration of the Structure of Magnesium N-Hexadecylsilicate and Other 'Talc-like' Layered Magnesium Organosilicates[END_REF][START_REF] Figueiredo | Limiting Content of Trivalent Iron to Form Organic-Inorganic Single-Phase Layered Double Hydroxides Hybrids by Coprecipitation[END_REF]). [START_REF] Wang | Understanding the Raman Spectral Features of Phyllosilicates: Raman Spectral Features of Phyllosilicates[END_REF]. The bold wavenumbers are reported as the strongest bands. Lastly, the repeatability of the experimental procedure described in 0 was investigated with the repetition of the synthesis of materials in the conditions 0% Fe(III) and 100% Fe(III). The percentages of solid yield and Si/Metal molar ratios of these repetitions that are hereafter referred to as [START_REF] Sirés | Electrochemical Advanced Oxidation Processes: Today and Tomorrow: A Review[END_REF] are shown in Table 9. Both the percentage of yield and Si/Metal molar ratio were similar between the materials (1) and ( 2) prepared in the conditions 0% Fe(III) and 100% Fe(III). This observation indicated the robustness of the synthesis procedure that was reinforced by the similarity between the X-ray diffractograms of the materials ( 1) and ( 2) compared in Figure 23. Therefore, the characterization of materials prepared in the conditions 0% and 100% Fe(III) by XRD, FTIR and XRF uncovered that a layered structure with Fe(III) instead of Mg in the octahedral sites was prepared using a repeatable synthesis, which was based on a previous study in the literature.

Wavenumber (cm

However, the yield and experimental Si/Fe(III) molar ratio were lower than expected and thus indicated that the condensation of such dioctahedral structure based on Fe(III) was unfavorable. The synthesis conditions were suitable for the formation of poorly crystalline iron oxy-hydroxides, such as ferrihydrite and bernalite. However, the characterization of the material prepared in the condition 100% Fe(III) by Raman spectroscopy uncovered similarities between the spectra of this material and natural or synthetic nontronite, which is an iron-rich clay mineral with a dioctahedral structure.

Therefore, the discrepancy observed between the experimental and theoretical structure was rather related to inaccuracy of the structure anticipated in this study. Indeed, the merely isomorphic substitution of silicon by organosilicon in the tetrahedral sheet was considered in this study while recently refused for talc-like materials [START_REF] Burkett | Reconsideration of the Structure of Magnesium N-Hexadecylsilicate and Other 'Talc-like' Layered Magnesium Organosilicates[END_REF]. Then, the absence of iron oxy-hydroxides as an amorphous side phase is to be confirmed with the characterization of the material prepared in the condition 0% Fe(III) by Raman spectroscopy. Besides, the reconsideration of the chemical formula related to the material prepared in the condition 100% Fe(III) is to be investigated with thermogravimetric analysis.

The synthesis of Fe(III)-rich inorganic-organic lamellar materials

Then, the problematic condensation of the structure related to the material prepared in the condition 100% Fe(III) uncovered previously was further considered in this study. The percentage of weight related to silicon in the material prepared in the condition 100% Fe(III) was also used to determine the mass of silicon within the solid phase as previously performed for iron. The percentage of weight related to silicon was determined by XRF to be 6.63% that corresponded to 0.047 g of this material while to 0.253 g of the material prepared in the condition 0% Fe(III). This mass corresponded to 12.9% of the initial mass of silicon involved in the synthesis while 67.2% of the initial mass of silicon involved in the synthesis of the material prepared in the condition 0% Fe(III).

The discrepancy observed in the incorporation of silicon within the solid phase isolated from the reaction medium of the conditions 0% Fe(III) and 100% Fe(III) indicated problems in the condensation of a structure based on Fe(III) regardless of the theoretical dioctahedral structure. This observation encouraged the study of other parameters involved in the synthesis that influenced the condensation of such structure. In the literature, previous studies about the synthesis of iron-rich clay minerals uncovered that the presence of divalent cations, such as Mg favored the formation of 2:1 phyllosilicates at low temperature (Harder 1972;[START_REF] Goodman | Spectroscopic Study of the Structure of Nontronite[END_REF]1978). The author proposed that Mg(OH)2 formed a stable brucite-gibbsite-type octahedral sheet that was crucial for bi-dimensional orientation of the SiO4 tetrahedrons during the condensation of the structure (Harder 1976;[START_REF] Carrado | Crystallization of a Layered Silicate Clay as Monitored by Small-Angle X-Ray Scattering and NMR[END_REF].

This mechanism was extended to the condensation of talc-like materials in which the tetrahedral units of alkoxysilane overlay the brucite-type sheet [START_REF] Burkett | Synthesis, Characterization, and Reactivity of Layered Inorganic-Organic Nanocomposites Based on 2:1 Trioctahedral Phyllosilicates[END_REF]. The role of the brucite-type sheet as a template for the condensation of the 2:1 inorganic-organic structure was confirmed in a recent study in the literature [START_REF] Burkett | Reconsideration of the Structure of Magnesium N-Hexadecylsilicate and Other 'Talc-like' Layered Magnesium Organosilicates[END_REF].

Investigation of the role of Mg in the condensation of Fe(III)-rich IOLM Therefore, the role of Mg (II) in the condensation of Fe(III)-IOLM was investigated in this study. The synthesis procedure performed in this study was also the one previously described in detail in the section 0. However, the equivalent of 10% of the number of moles of Mg (0.001 moles) used in the synthesis of the material with 0% Fe(III) (0.010 moles) was added in the synthesis of material in the condition 100% Fe(III). This condition was hereafter referred to as 100% Fe(III)/10% Mg. Then, the material was characterized by XRD, FTIR and XRF. The yield and experimental Si/Metal molar ratio observed for the material prepared in this condition are shown in Table 10. The presence of Mg slightly increased yield and decreased the difference between experimental and theoretical Si/Fe(III) molar ratio in comparison to the material prepared in the condition 100% Fe(III). However, the percentage of weight of Mg in this material was below the detection limit of XRF as shown in Table 39, which was included in the annex. Besides, the X-ray diffractograms of both materials confirmed the condensation of a similar structure except for the slight shift in the position of (001) reflection as shown in Figure 24. These observations indicated that Mg was essentially not incorporated into the structure and thus discredited the mechanism of condensation previously proposed in the literature for talc-like materials in the case of this Fe(III) based analogue. However, the yield and Si/Metal molar ratios revealed that the extend of condensation was prompt by Mg even considering that this cation was not incorporated into the structure. These preliminary observations motivated the investigation of IOLM prepared with different molar ratios between Fe(III) and Mg in order to uncover in which extent Fe(III) was incorporated in the octahedral sites without jeopardizing the yield of material. Most importantly, this study anticipated the investigation of the materials prepared with different Fe(III)/Mg ratios in the HEFP. For instance, the successive reduction and oxidation of structural Fe(III) is imperative in the application of this material as a heterogeneous catalyst. In the literature, previous studies about redox cyclying of Fe(III)

within synthetic and natural iron-rich clay minerals uncovered that structural rearrangements developed progressively with an increase in the extent of reduction of structural Fe(III). These rearrangements favored the dissolution and prevented re-reduction/oxidation of structural Fe(III) (Joseph W Stucki et al. 2002;[START_REF] Jaisi | Partitioning of Fe(II) in Reduced Nontronite (NAu-2) to Reactive Sites: Reactivity in Terms of Tc(VII) Reduction[END_REF]. For instance, the natural iron-rich clay mineral nontronite (NAu-2) was able to accommodate rearrangements in the structure when approximately 30% of structural Fe(III) was reduced to Fe(II). However, above this percentage, the rearrangements resulted in the development of a progressive amorphous structure and the accommodation of Fe(II) atoms in the structure resulted in local instability that culminated in partial dissolution of nontronite [START_REF] Jaisi | Partitioning of Fe(II) in Reduced Nontronite (NAu-2) to Reactive Sites: Reactivity in Terms of Tc(VII) Reduction[END_REF].

Investigation of Fe(III)/Mg molar ratio

Therefore, the synthesis procedure previously described in the literature (Miron et al. 2019) was adapted to be performed with different Fe(III)/Mg molar ratio in order to investigate the condensation state of these materials. The aspect of materials characterized by XRD, FTIR and XRF is shown in Figure 25. Noteworthy, the Fe(III)/Mg molar ratios of the materials prepared in this study were previously correlated with the so-called percentages of Fe(III) that indicated the conditions of synthesis in Table 2.

Condition (% Fe(III))

0% 10% 25% 50% 55% 60% 75% 90% 100% 100%

10 Mg The X-ray diffractograms related to the materials prepared with different Fe(III)/Mg molar ratios are

shown in Figure 26. The transition from tri to di-octahedral arrangement was observed for the materials prepared in the condition 50% Fe(III) or more in consideration of the broader shape of the (060,330) reflection that shifted towards higher angle as previously observed for condition 100% Fe(III). Besides, the presence of a shoulder in this reflection for the material prepared in the condition 50% Fe(III) indicated that Fe(III) and Mg were not randomly distributed in the structure but rather in clusters that resulted in tri or di-octahedral domains. However, the presence of such dioctahedral domains resulted in the rearrangement of the layers of materials prepared in the condition 55% Fe(III) or more in consideration of the shift in the position of the (001) reflection. The stacking of layers was transient for the material prepared in the condition 55% Fe(III) while a relatively constant one for the materials prepared in the conditions 60% Fe(III) or more. Indeed, the yield of material decreased with the increase in the percentage of Fe(III) over Mg as shown in Table 11. This observation confirmed that the condensation of an octahedral sheet with Fe(III) instead of Mg was unfavorable for materials prepared in the condition 60% Fe(III) or more. This observation corroborated with the experimental Si/Mg molar ratios that are also shown in Table 11.

The experimental values deviated from theoretical ones with the transition from tri to di-octahedral arrangement of the structure. Noteworthy, the percentage of weight determined for each element within the materials by XRF is shown in Table 39, which was included in the annex. The percentage of weight of Mg in the material prepared in the condition 75% Fe(III) or more was below the detection limit of XRF. This observation indicated that these materials showed similar composition to the one prepared in the condition 100% Fe(III). Therefore, the magnesium was essentially not incorporated into the structure prepared in these conditions. The experimental Si/Fe(III) molar ratio was approximately half of the theoretical in the materials prepared in the condition 50% Fe(III) or less and further decreased until a relatively constant value was observed for the materials prepared in the conditions 50% or more. This observation correlated with yield and rearrangement of the layers observed for these conditions. Once more, the deviation observed for the experimental from the theoretical Si/Mg molar ratios indicated either that the inaccuracy of the theoretical structure or the incorporation of Fe(III) within amorphous impurities. The previous observations were supported by the FTIR spectra of materials prepared with different Fe(III)/Mg molar ratios that are shown in Figure 27. The disappearance of bands related to the vibration of Mg-O bonds in 566 cm -1 for materials prepared in the conditions 50% Fe(III) or more corroborated with the negligible incorporation of Mg in the octahedral sheet that was antecipated by XRF. Besides, the progressive decrease in the intensity of the bands related to the vibration of bonds within the inorganic framework for the materials prepared in the conditions 50% or more corroborated with the deterioration of the condensation state of these structures [START_REF] Burkett | Reconsideration of the Structure of Magnesium N-Hexadecylsilicate and Other 'Talc-like' Layered Magnesium Organosilicates[END_REF].

Noteworthy, the vibration of N-H bond related to the -NH3 + group was observed as a band around 1988 cm -1 in the FTIR spectra of materials prepared in this study. The presence of both amine (-NH2)

and amine salts (-NH3 + ) in the structure possibly contributed to the lower frequency observed for asymmetric and symmetric stretching vibrations of the N-H bond related to -NH2 groups. This band is typically observed as a doublet in 3500 and other at 3400 cm -1 while in 3000 and 2800 cm -1 for -NH3 + [START_REF] Silverstein | Infrared Spectroscopy[END_REF]. The bands related to the -NH3 + group were indicated in the spectra shown in Figure 27. However, the band expected at 3000 cm -1 was possibly merged with the broad band related to the vibration of C-H bond at 3037 cm -1 . Indeed, the presence of -NH3 + groups was reported in previous studies in which the synthesis of talc-like materials used alkoxysilanes with primary amino groups [START_REF] Burkett | Synthesis, Characterization, and Reactivity of Layered Inorganic-Organic Nanocomposites Based on 2:1 Trioctahedral Phyllosilicates[END_REF]Y.-C. Lee, Kim, Ko, et al. 2011;Y.-C. Lee, Kim, Yang, et al. 2011). The same studies and others also observed the presence of chloride ions within these materials as shown in Table 11. The authors proposed that chloride ion acted as a counter-ion of the -NH3 + groups in the interlayer space [START_REF] Burkett | Synthesis, Characterization, and Reactivity of Layered Inorganic-Organic Nanocomposites Based on 2:1 Trioctahedral Phyllosilicates[END_REF]Y.-C. Lee, Huh, et al. 2013;Y.-C. Lee, Kim, Ko, et al. 2011;Y.-C. Lee et al. 2012). Indeed, the -NH2 group acts as base and catalyzes the hydrolysis reactions during synthesis in ethanol resulting in -NH3 + , which certainly entrapped chloride into the structure. Interestingly, the XRD, FTIR and XRF results obtained for material prepared in the condition 90% Fe(III)/10% Mg were similar to these obtained for the one prepared in the condition 100% Fe(III)/10%

Mg. The number of moles of Mg involved in the synthesis was the same for both materials. However, the experimental Si/Fe(III) molar ratio was closer to the theoretical one for the material prepared in the condition 100% Fe(III)/10% Mg. This observation was also visible in the aspect of the material previously shown in Figure 25. These observations indicated that the parameter responsible to prompt the condensation of the structure was rather the excess of Fe(III) than the presence of Mg in the reaction medium. This argument corroborated with superior experimental Si/Fe(III) molar ratio reported in the literature when the theoretical Si/Fe(III) molar ratio was 1.33 (Y.-C. [START_REF] Lee | Water-Soluble Organo-Building Blocks of Aminoclay as a Soil-Flushing Agent for Heavy Metal Contaminated Soil[END_REF].

Investigation of the secondary solid phase of Fe(III)-rich IOLM

Overnight, the condensation of a secondary solid phase was observed in the supernatant isolated from the materials prepared in the conditions 0%, 10%, 25% and 50% Fe(III). For instance, the secondary solid phase isolated from the supernatant of condition 25% Fe(III) was whitish while the primary solid phase was a caramel colored powder as shown in Figure 25. Noteworthy, the experimental Si/Metal molar ratios of condition 25% Fe(III) previously shown in Table 16 anticipated that only half of engaged Fe(III) was incorporated into the structure. This observation along with the previous confirmation that the Fe(III) ions absent in the solid phase remained in the supernatant (3.1) encouraged the presumption that an iron-rich phase condensed posteriorly in the reaction medium.

The secondary solid phase was then characterized by XRD. The X-ray diffractogram of both materials isolated from the condition 25% Fe(III) are compared in Figure 28 along with the X-ray diffractogram of the material prepared in the condition 100% Fe(III). Interestingly, the structure of secondary solid phase was similar to the one observed for the primary solid phase except for the (060,330) reflection previously observed at 2θ of 61.5°. The absence of the (060,330) reflection indicated the deprivation of the octahedral sheet in the case of the secondary solid phase. This observation corroborated with the condensation of amorphous organosilica along with talc-like materials when the Si/Mg molar ratio was above 1 [START_REF] Burkett | Reconsideration of the Structure of Magnesium N-Hexadecylsilicate and Other 'Talc-like' Layered Magnesium Organosilicates[END_REF]. Therefore, the excess of organosilicate units in the reaction medium condensed into a structure in the case of material prepared in the condition 25% Fe(III). The absence of Fe(III) within this structure indicated that these ions were inaccessible for condensation even at slower rates and encouraged further consideration of the coordination chemistry of Fe(III) in the reaction medium in the next section. 

Influence of the coordination chemistry of Fe(III)

The counter-ion of metal cations are considered as spectator ions during the hydrolysis and condensation reactions. However, the vast and rich coordination chemistry of iron motivated the preparation of materials with different counter-ions [START_REF] Cotton | Iron(III) Chloride and Its Coordination Chemistry[END_REF]. Firstly, iron (III) chloride was used as a reagent in consideration of the synthesis procedure reported in previous studies in the literature (Y.-C. Lee, Huh, et al. 2013;[START_REF] Lee | Self-Assembled Graphene Oxide with Organo-Building Blocks of Fe-Aminoclay for Heterogeneous Fenton-like Reaction at near-Neutral PH: A Batch Experiment[END_REF]. However, the competition between hydroxo and chloro complexes of Fe(III) was already described in the literature [START_REF] Bridger | Thermodynamic and Kinetic Studies of Hydroxo and Chloro Complexes of Iron(III) in Ethanol/Water Mixtures[END_REF]. For instance, the color of an aqueous solution of iron (III) was previously reported to change from violet to yellow upon the addition of chloride ions [START_REF] Cotton | Iron(III) Chloride and Its Coordination Chemistry[END_REF]. The color change demonstrates that chloride substitutes water in the inner coordination sphere of Fe(III) and thus the complex Fe2Cl6 clearly prevails over [Fe(H2O)6] +3 in aqueous solutions [START_REF] Wertz | Coordination of Iron(3+) Ion in Concentrated Aqueous Solutions with Chloride Ligands[END_REF][START_REF] Cotton | Iron(III) Chloride and Its Coordination Chemistry[END_REF]. Most importantly, the dissociation of the iron(III) chloride salt in ethanol resulted in a yellow colored solution in this study that indicated the presence of iron(III)-chloride complexes. Indeed, these complexes were previously reported to occur in ethanol/water mixtures and then possibly occur in ethanol [START_REF] Bridger | Thermodynamic and Kinetic Studies of Hydroxo and Chloro Complexes of Iron(III) in Ethanol/Water Mixtures[END_REF]. Therefore, the absence of [Fe(H2O)6] +3 certainly compromised the hydrolysis and then condensation reactions behind the formation of the octahedral sheet and as a consequence the incorporation of Fe(III) into the structure [START_REF] Wertz | Structure of Iron (III) Chloride-Methanol Solutions[END_REF]. Several studies about the synthesis of talc-like materials reported the use of magnesium nitrate as a source of metal cations [START_REF] Sales | Some Features Associated with Organosilane Groups Grafted by the Sol-Gel Process onto Synthetic Talc-like Phyllosilicate[END_REF]Jaber et al. 2005;[START_REF] Gallégo | Synthesis of New Lamellar Inorganic-Organic Talc-like Hybrids[END_REF][START_REF] Ferreira | Aminopropyl-Modified Magnesium-Phyllosilicates: Layered Solids with Tailored Interlayer Access and Reactivity[END_REF][START_REF] Garnier | Hydrolysis-Condensation Reactions of Diethylphosphato-Ethyltriethoxysilane Involved in Organic-Inorganic Talc-like Hybrid Synthesis: Liquid and Solid-State NMR Investigations[END_REF]. Besides, the nitrate ion was reported to be located in the outer coordination sphere of Fe(III) and thus considered as a weak field ligand in previous studies about the coordination chemistry of Fe(III) [START_REF] Magini | On the Structure of Highly Concentrated Iron(III) Salt Solutions[END_REF][START_REF] Wertz | Coordination of Iron(3+) Ion in Concentrated Aqueous Solutions with Chloride Ligands[END_REF]. These studies further encouraged the use of nitrate as a counter-ion in the synthesis of Fe(III)-rich IOLM.

Investigation of nitrate as a counter-ion of metal cations

The synthesis procedure performed in this study was also the one described in detail in the section 0.

The materials were prepared with exclusively nitrate or chloride as the counter-ions of metal salts and then characterized by XRD, FTIR and XRF. The X-ray diffractograms of the materials prepared in the condition 0% Fe(III) with either nitrate or chloride as the counter-ions are compared in Figure 29.

The reflections related to the materials prepared with the different counter-ions were similar except for the shape of the (130,200) reflection and a minor shift in the position of (020,110) and ( 060 ,330) reflections. This observation corroborated with the minor deviation observed for the experimental Si/Mg related to these materials that are compared in Table 12. Noteworthy, the percentage of weight determined by XRF for each element within the materials prepared exclusively with nitrate as the counter-ions is shown in Table 41, which was included in the annex. Therefore, the presence of either chloride or nitrate in the reaction medium resulted in the condensation of essentially the same material for the condition 0% Fe(III). Indeed, the metals in the first rows of the periodic table, such as magnesium, were previously reported to retain water in the inner coordination sphere and thus interact through an outer sphere mechanism with other ligands [START_REF] Biondi | Lewis Acid Catalysis of Phosphoryl Transfer from a Copper(II)-NTP Complex in a Kinase Ribozyme[END_REF]).

68 However, the reflections observed for the materials prepared in the condition 100% Fe(III) with either nitrate or chloride as the counter-ions were essentially different except for the (130,200) reflection as shown in Figure 30. Most importantly, the reflections related to the material prepared in the condition 100% Fe(III)/NO3 were similar to these observed for material prepared in the condition 0% Fe(III) using either chloride or nitrate ions except for the shift in the position of (060,330) reflection. Indeed, the (060,330) reflection was expected to shift in consideration of the transition from tri to di-octahedral arrangement of the structure. Besides, the broader (060,330) reflection observed for the material prepared in the condition 100% Fe(III)/NO3 uncovered the combination of two reflections. The distances (d(060,330)) related to these reflections were 1.49 and 1.52 Å that indicated different octahedral arrangements and thus different domains in the octahedral sheet of this material. Interestingly, these distances corroborated with the ones previously reported for ferrihydrite and nontronite in the literature, respectively (J. W. Stucki, Goodman, and Schwertmann 1987). Therefore, this observation possibly indicated the presence of ferrihydrite as an impurity within this material. The experimental Si/Fe(III) molar ratio and yield of the material prepared in the condition 100% either with chloride or nitrate are compared in Table 13. The experimental Si/Fe(III) molar ratio related to the material prepared in the condition 100% Fe(III)/NO3 was as high as 1.43. This observation indicated that the structure related to this material was closer to the theoretical one previously proposed in Figure 4 (right) than the one related to the material prepared in the condition 100% Fe(III)/Cl. The yield of material corroborated with an enhancement in the condensation of this structure in the presence of nitrate as the counter-ion. However, the percentage above 100% indicated the presence of nitrate ions within the interlayer space that were not previously considered in the theoretical structure used to estimate the yield of material. Therefore, the greater incorporation of Fe(III) in the structure indicated that the different octahedral domains uncovered by the (060,330) reflections were rather related to the presence of distorted octahedral sites in the structure than to the presence of ferrihydrite. Besides, the presence of distorted octahedral sites within natural nontronite was previously reported in the literature (Yuan et al. 2018). However, further characterization of this material by Mossbauer spectroscopy is to be considered in this study in order to elucidate the coordination environment of Fe(III) within the structure and thus to investigate the presence of impurities. The FTIR spectra of materials prepared in the condition 100% Fe(III) exclusively with chloride or nitrate as the counter-ions are compared in Figure 31. The superior intensity of the bands in the spectrum related to the material prepared in the condition 100% Fe(III)/NO3 corroborated with the superior condensation state of the structure antecipated by XRF. For instance, the intensity of bands related to the vibration of SiO-H and Si-O-Si bonds increased in the spectrum of materials prepared in the condition 100% Fe(III)/NO3. Indeed, the presence of two broad brands in the spectral range of 1020 to 1100 cm -1 was previously reported as an evidence of the extensive condensation of organosilicate units within talc-like materials [START_REF] Burkett | Reconsideration of the Structure of Magnesium N-Hexadecylsilicate and Other 'Talc-like' Layered Magnesium Organosilicates[END_REF]. Besides, the shift observed in the position of bands related the vibration of O-H and Si-O bonds also corroborated with a difference in the condensation state between the structures. Interestingly, the appearance of a weak band at 1765 cm -1 and several strong bands with maximum at 1384 cm -1 and 1352 cm -1 previously attributed to vibration modes of NO3 -groups corroborated with the presence of this counter-ion in the interlayer space as anticipated by the yield of material above 100% [START_REF] Fonseca | Self-Organized Inorganic-Organic Hybrids Induced by Silylating Agents with Phyllosilicate-Like Structure and the Influence of the Adsorption of Cations[END_REF]. However, the bands were similar for both materials in the spectral range between 700 and 950 cm -1 in which the vibration modes related to Metal-O bond were observed in the literature. This spectral range was used in previous studies in order to uncover the coordination environment of Fe(III) in the structure of natural Fe(III)-iron minerals, such as nontronite [START_REF] Komadel | Reduction and Reoxidation of Nontronite: Questions of Reversibility[END_REF]Manceau et al. 2000;[START_REF] Carrado | Crystallization of a Layered Silicate Clay as Monitored by Small-Angle X-Ray Scattering and NMR[END_REF][START_REF] Stucki | Effects of Iron Oxidation State on the Surface and Structural Properties of Smectites[END_REF][START_REF] Neumann | Evaluation of Redox-Active Iron Sites in Smectites Using Middle and near Infrared Spectroscopy[END_REF]. In

Chapter III -Synthesis of iron(III)-rich inorganic-organic lamellar materials 71 this study, the FTIR spectra was unable to confirm the presence of different domains in the octahedral sheet of the material prepared in the condition 100% Fe(III)/NO3. All other bands indicated in Figure 31 were attributed to respective bond and vibration mode in Table 42, which was included in the annex.

Figure 31. FTIR spectra of Fe(III)-IOLM prepared with iron (III) chloride (100% Fe(III)/Cl) or nitrate (100% Fe(III)/NO3).

From the observations reported in this study for the materials prepared in the condition 100% Fe(III)/NO3, the experimental Si/Fe(III) molar ratio determined by XRF particularly evidenced that Fe(III) ions were complexed with chloride in the reaction medium. Therefore, the Fe(III) ions were unavailable to be incorporated in the octahedral sheets, which were previously considered as essential to the condensation of 2:1 like-layered material [START_REF] Carrado | Crystallization of a Layered Silicate Clay as Monitored by Small-Angle X-Ray Scattering and NMR[END_REF][START_REF] Burkett | Reconsideration of the Structure of Magnesium N-Hexadecylsilicate and Other 'Talc-like' Layered Magnesium Organosilicates[END_REF]. Therefore, nitrate was further investigated as a counter-ion at different Fe(III)/Mg molar ratio in order to confirm that iron(III)-chloride complexes were responsible for the poor condensation of material prepared in the condition 100% Fe(III)/Cl. However, the comparison of the X-ray diffractograms observed for the materials prepared in the condition Fe(III)/Cl with Fe(III)/NO3 uncovered that the reflections related to the material prepared in the condition 75% Fe(III)/Cl were significantly different from the others as shown in Figure 33.

Interestingly, this condition showed the higher concentration of Fe(III) over Mg associated with the higher concentration of chloride ions over nitrate ions in the reaction medium. Besides, the position of the shoulder reflection observed for the (001) reflection related to the condition 75% Fe(III)/NO3 corroborated with the position of the (001) reflection related to the condition 75% Fe(III)/Cl. This observation indicated that the arrangement of the layers in the structure was rather related to the presence of chloride ions in the reaction medium than to the incorporation of Fe(III) within the octahedral sites. Most importantly, the (001) reflection related to the condition 75% Fe(III),Mg/NO3 was similar to the one observed for talc-like materials and the materials prepared in all the previous conditions 25%

Fe (III). Therefore, the absence of chloride ions in the reaction medium resulted in the disappearance of the shoulder reflection observed for the (001) reflection related to the condition 75% Fe(III)/NO3.

This observation confirmed that a particular structure was condensed in the presence of chloride ions. Besides, the broader shape of (060,330) reflection related to the material prepared in the condition 50% Fe(III),Mg/NO3 was similar to the one observed for the materials prepared in all the conditions 75% Fe(III). The absence of the shoulder reflection observed for the (060,330) reflection and previously attributed to tri -octahedral domains within this material indicated the preferential occupancy of octahedral sites by Fe(III) when nitrate was used as the counter-ion. This observation confirmed that the incorporation of Fe(III) within the structure prepared in the presence of chloride ions was compromised by the formation of iron(III)-chloride complexes in the reaction medium.

Figure 34. X-ray diffractograms of iron-rich IOLM prepared with different molar ratios between magnesium chloride and iron (III) nitrate (Fe(III)/NO3) or magnesium and iron (III) nitrate (Fe(III),Mg/NO3).

The experimental Si/Metal molar ratios related to material prepared in the conditions Fe(III),Mg/NO3 are shown in Table 16 and corroborated with the greater incorporation of Fe(III) within the structure in the absence of chloride ions and thus iron(III)-complexes. The experimental Si/Mg molar ratio started to deviate from the theoretical one in the condition 25% Fe(III),Mg/NO3 or more. This observation indicated that less magnesium than expected was incorporated into these structure and corroborated with preferential occupancy of octahedral sites by Fe(III) that was anticipated by XRD.

Besides, the experimental Si/Fe(III) molar ratios were approximately 1.5 lower than the theoretical ones. This observation reinforced the inaccuracy of the theoretical dioctahedral structure proposed in this study [START_REF] Burkett | Reconsideration of the Structure of Magnesium N-Hexadecylsilicate and Other 'Talc-like' Layered Magnesium Organosilicates[END_REF]. Noteworthy, the percentage of weight determined by XRF for each element within the materials prepared exclusively with nitrate as the counter-ions is shown in Table 41, which was included in the annex. 

Final considerations

The synthesis of inorganic-organic lamellar material with Fe(III) instead of Mg in the octahedral sites was performed in this study based on previous studies in the literature. The characterization of the materials prepared with different Fe(III)/Mg molar ratios by XRD, FITR and XRF uncovered that the use of chloride as the counter-ion of metal salts involved in the synthesis resulted in the formation of iron(III)-chloride complexes. The formation of theses complexes in the reaction medium prevented the condensation of an Fe(III)-rich IOLM. Indeed, the use of nitrate instead of chloride as a counterion of metal salts was original and efficient in the improvement of the condensation state of materials prepared in this study in particular the one prepared in the condition 100% Fe(III).
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✓ The synthesis procedure adapted from the literature was repeatable. The material showed a layered structure that incorporated Fe(III) into the octahedral sites. However, the characterizations performed in this study were inconclusive about the presence of poorly crystalized iron oxy-hydroxides, such as ferrihydrite and bernalite associated with this material.

✓ The counter-ion of the metal cations was crucial in the synthesis of the iron-rich inorganicorganic lamellar material. For instance, the chloride is a strong field ligand that coordinates with Fe(III) through an inner sphere complex and thus restrained the hydrolysis and condensation reactions in the reaction medium. Therefore, the use of a weak field ligand, such as nitrate that coordinates with Fe(III) through an outer sphere complex favored the condensation of the iron-rich inorganic-organic lamellar material.

✓ The investigation of different molar ratio between Fe(III)/Mg uncovered the preferential occupancy of the octahedral sites by Fe(III) in consideration the di-octahedral arrangement of the structure observed for the material prepared in the condition 50% Fe(III) when exclusively nitrate was used as the counter-ion.

The behavior of the material Fe(III)-IOLM in water

The Fe(III) based analogue of talc-like materials prepared in this study was intended to be used as the heterogeneous catalyst in the HEFP. In addition, the material was intended to coat and adhere to the carbon felt fibers rather than to be dosed at each process. The association of the cathode material with the heterogeneous catalyst was proposed in order to enable the straightforward separation and then the reuse of the catalyst. Therefore, the resistance of the coating of material to mechanical stress and water were fundamental in this study. However, the addition of 0.1 g of the material prepared in the condition 100% Fe(III),Mg/Cl in 20 mL of deionized water resulted in a reddish solution due to the dissolution of this material. Indeed, the concentration of iron in the solution was determined by flame AAS to be 1506.7 mg/L, which was equivalent to 0.0301 g of iron. The percentage of weight related to iron within the material prepared in the condition 100% Fe(III),Mg/Cl was previously determined by XRF and thus used to determine the mass of iron within 0.1 g of solid phase to be 0.035 g. Therefore, the mass of iron in the solution corresponded to 86.1 % of the initial mass of iron within the material. This observation uncovered the instability of the material prepared in the condition 100% Fe(III),Mg/Cl in water that was discussed and addressed in the following sections of this study.

Synthesis of water-resistant iron(III)-rich inorganic-organic lamellar materials (IOLMs)

The synthesis of talc-like materials commonly uses alkoxysilanes with one organic substituent and three alkoxyl groups. The alkoxyl groups are hydrolysable substituents. These substituents result in silanol groups that condense in order to form the talc-like structure [START_REF] Arkles | Silane Coupling Agents: Connecting Across Boundaties (3rd Edition)[END_REF]. The 2015). In these studies, the delamination of the structure related to the Fe-aminoclay was attributed to the repulsion between the positively charged layers in the interlayer space in consideration of the primary amino groups pKa of 9.6. In this study, the delamination of Fe(III)-IOLM in water is most certainly undesirable in consideration of the future application of this material in the HEFP. Therefore, the development of Fe(III)-IOLM using other alkoxysilanes aside from Propyl-NH2 was fundamental in this study. Firstly, the use of secondary amino groups with the same length was considered as a promising alternative to avoid protonation and thus the repulsion between layers in the interlayer space [START_REF] Speight | Water Chemistry[END_REF]. Secondly, the use of primary amino group with a longer alkyl chain was considered as a promising alternative to increase the non-polar character of the organic moities and thus the hydratation of the interlayer space [START_REF] Venugopal | Delamination of Surfactant Intercalated Smectites in Alcohols: Effect of Chain Length of the Solvent[END_REF][START_REF] Speight | Water Chemistry[END_REF]. Therefore, the use of either primary or secondary amino groups in the preparation of a Fe(III) based analogue of talc-like materials was further investigated in this study. Noteworthy, the synthesis and characterization of the respective talc-like materials by XRD, FTIR and XRF were performed by Mathieu MINERY in the frame of his chemistry project at l'École Nationale Supérieure de Chimie de Mulhouse (ENSCMu). This synthesis is to the best of our knowledge original in the field of talc-like materials. Therefore, the synthesis was performed in the condition 0% Fe(III) and then adapted to the condition 100% Fe(III). In the condition 0% Fe(III), magnesium chloride was used as the metal source in consideration of negligible influence of the counter-ion in the condensation of this structure as previously discussed in this chapter.

Secondary amino groups

The molecular structure of N- propyl]aniline and N-Methylaminopropyltrimethoxysilane are shown in Figure 36 (left) and (right), respectively. The choice of substituents for the amino groups focused on their capacity to delocalize electrons from nitrogen in order to increase acidity and consequently pKa related to this functionality (Kannan, Higgins, and

Collinson 2012). The phenyl group in N- propyl]aniline is considered as an electron withdrawing substituent and thus decreased pKa from 9.6 to 4.6. On the other hand, the methyl group in Methylaminopropyltrimethoxysilane is considered as an electron donating substituent that consequently increased pKa of secondary amine from 9.6 to 10.6. Hereafter, N- propyl]aniline and N-Methylaminopropyltrimethoxysilane are referred to as NHphenyl and NH-methyl, respectively. The synthesis procedure performed in this study was also the one described in detail in the section 0.

However, neither NH-phenyl or NH-methyl resulted into a solid phase after 24 h under stirring in the reaction medium. This observation uncovered that these alkoxysilanes were unable to undergo reactions of hydrolysis and then condensation under the same conditions that Propyl-NH2. Indeed, these reactions are well-known to involve proton-transfer and thus were catalyzed with the addition of either an acid or base to the reaction medium in previous studies in the literature [START_REF] Arkles | Factors Contributing to the Stability of Alkoxysilanes in Aqueous Solution[END_REF]; Issa and Luyt 2019). In the particular case of Propyl-NH2, the intrinsic basic character of the amino functionality allowed synthesis to be performed solely in ethanol [START_REF] Lebeau | One-Step Synthesis and Solvent-Induced Exfoliation of Hybrid Organic-Inorganic Phyllosilicate-Like Materials[END_REF].

Therefore, the use of secondary amino groups in order to overcome delamination in water imposed the reformulation of the synthesis procedure.

Synthesis of talc-like structures through catalysis

Several studies reported the synthesis of talc-like materials in ethanol with the dropwise addition of a strong base in water, such as a NaOH solution to the reaction medium [START_REF] Sales | Some Features Associated with Organosilane Groups Grafted by the Sol-Gel Process onto Synthetic Talc-like Phyllosilicate[END_REF]Jaber et al. 2005;[START_REF] Gallégo | Synthesis of New Lamellar Inorganic-Organic Talc-like Hybrids[END_REF][START_REF] Ferreira | Aminopropyl-Modified Magnesium-Phyllosilicates: Layered Solids with Tailored Interlayer Access and Reactivity[END_REF][START_REF] Garnier | Hydrolysis-Condensation Reactions of Diethylphosphato-Ethyltriethoxysilane Involved in Organic-Inorganic Talc-like Hybrid Synthesis: Liquid and Solid-State NMR Investigations[END_REF]. For instance, the preparation of a talc-like material in this condition with N-phenylaminomethyltrimethoxysilane was further considered in this study in view of the molecular structure of this alkoxysilane that is shown in Figure 37 [START_REF] Gallégo | Synthesis of New Lamellar Inorganic-Organic Talc-like Hybrids[END_REF]. The similarity of this alkoxysilane with NH-phenyl encouraged the synthesis procedure performed in this previous study to be adapted in this one for the synthesis of talc-like materials with NH-phenyl and NH-methyl.

Figure 37. Molecular structure of N-phenylaminomethyltrimethoxysilane used as an alkoxysilane by [START_REF] Gallégo | Synthesis of New Lamellar Inorganic-Organic Talc-like Hybrids[END_REF].

Investigation of the synthesis of a talc-like structure with NH-methyl through catalysis

The synthesis procedure performed for NH-methyl was described in detail in the section 2.2.2.

However, the addition of a NaOH solution prepared with either ethanol or water was unable to catalyze the formation of a solid phase when added to the reaction medium with NH-methyl.

Therefore, the NH-methyl was not further considered in this study. The investigation of other parameters related to the hydrolysis/condensation reactions with NH-methyl are considered in the future perspectives of this study.

Investigation of the synthesis of a talc-like structure with NH-phenyl through catalysis

The synthesis procedure performed for NH-phenyl was also described in detail in the section 2.2.2. In this case, the addition of a NaOH solution prepared with either ethanol or water was able to catalyze the formation of a solid phase in the reaction medium with NH-phenyl. Hereafter, these conditions are referred to as NaOH/EtOH and NaOH/H2O, respectively. The materials were characterized by XRD, FTIR and XRF. In this study, the comparison of the materials prepared in the conditions NaOH/EtOH and NaOH/H2O was used to distinguish the contribution of water molecules and hydroxyl ions to the catalysis of the hydrolysis/condensation reactions. Therefore, the X-ray diffractograms observed for the materials prepared in these conditions are compared in Figure 38.

The reflections related to both materials were similar and corroborated with these previously reported for talc-like structure prepared with phenyl groups in the literature [START_REF] Ukrainczyk | Template Synthesis and Characterization of Layered Al-and Mg-Silsesquioxanes[END_REF][START_REF] Burkett | Synthesis, Characterization, and Reactivity of Layered Inorganic-Organic Nanocomposites Based on 2:1 Trioctahedral Phyllosilicates[END_REF][START_REF] Gallégo | Synthesis of New Lamellar Inorganic-Organic Talc-like Hybrids[END_REF]). However, the broad reflections related to the material prepared in the condition NaOH/EtOH enclosed sharp reflections that revealed the presence of crystalline impurities. The sharp reflections matched with the ones related to sodium chloride that were retrieved from the ICDD data base (Reference code: 00-005-0628) as also shown in Figure 38. Therefore, the chloride ions from magnesium chloride precipitated as sodium chloride with the addition of the catalyst in ethanol. This impurity is to be avoided with the performance of additional water washes for this material. Interestingly, the intensity of bands related to the vibration of SiO-H bonds at 3408 cm -1 and Si-O-Si bonds at 1026 cm -1 increased when the material was prepared with catalyst in water. This observation indicated that the presence of water molecules resulted in higher condensation of the structure. The yield of material and the experimental Si/Mg molar ratio related to the materials prepared with NH-phenyl in the conditions NaOH/H2O and NaOH/EtOH are shown in Table 17. Noteworthy, the percentage of weight determined for each element within the materials by XRF is shown in Table 44, which was included in the annex. The experimental Si/Mg molar ratio related to the material prepared in the condition NaOH/H2O was closer to the theoretical one than the one related to the material prepared in the condition NaOH/EtOH. This observation corroborated with the higher condensation of the structure when the catalyst was in water as anticipated by FTIR. Therefore, water molecules were involved along with hydroxyl ions in the catalysis of the reactions behind the formation of a talc-like structure with NH-phenyl. However, the presence of water molecules in the reaction medium slightly prompted the condensation of the same structure in consideration of the similar aspect of the materials as shown in Figure 40. This observation corroborated with the similar XRD reflections related to the materials prepared in the presence and absence of water that were previously shown in Figure 38. Indeed, similar observations were reported in a previous study about the hydrolysis/condensation reactions involved in the formation of talc-like structures [START_REF] Garnier | Hydrolysis-Condensation Reactions of Diethylphosphato-Ethyltriethoxysilane Involved in Organic-Inorganic Talc-like Hybrid Synthesis: Liquid and Solid-State NMR Investigations[END_REF]. For instance, the characterization of a talc-like structure by 29 Si NMR uncovered that the R(OSi)2(OM) (T 3 ) environment dominated over R(OSi)2(OM) (T 1 ) and R(OSi)2(OM) (T 2 ) environments in the structure of materials with the addition of NaOH at 1 M instead of 10 M. Therefore, the material prepared with NH-phenyl along with NaOH in water were further considered in this study. Nevertheless, the experimental Si/Mg molar ratio related to the material prepared with NH-phenyl deviated from the theoretical one. The experimental Si/Mg molar ratio related to the talc-like structure reported in the literature was 1.20 and also deviated from the theoretical one [START_REF] Gallégo | Synthesis of New Lamellar Inorganic-Organic Talc-like Hybrids[END_REF]). However, the deviation observed between the theoretical and experimental Si/Mg molar ratio was rather related to the inaccuracy of the theoretical structure proposed in Figure 4 (left) [START_REF] Burkett | Reconsideration of the Structure of Magnesium N-Hexadecylsilicate and Other 'Talc-like' Layered Magnesium Organosilicates[END_REF]. Noteworthy, the T 1 and T 2 environments were reported to dominate over the T 3 environment in the 29 Si NMR spectrum related to the material reported in this literature [START_REF] Gallégo | Synthesis of New Lamellar Inorganic-Organic Talc-like Hybrids[END_REF]. This observation was interpreted as an evidence to the poor condensation of this structure. The authors attributed this observation to the mobility of the methylaniline. The electronic delocalization of the carbon atoms beside the nitrogen atom uncovered by 13 C NMR spectrum restrained the mobility of the methyl-aniline. The presence of defaults in the structure was related to the incorporation of sodium. However, the concentration of sodium in the material prepared in this study was below the detection limit of the XRF analysis as shown in Table 17. Besides, the longer alkyl chains used in this study were expected to increase the mobility of the organic moieties in consideration of the electron donating character of the alkyl functionalities. The use of propyl-aniline instead of methyl-aniline when combined with the π-π interactions provided by the aromatic rings were expected to favor the proximity between the organic moieties and thus to increase the condensation of the structure prepared in this study [START_REF] Burkett | Reconsideration of the Structure of Magnesium N-Hexadecylsilicate and Other 'Talc-like' Layered Magnesium Organosilicates[END_REF].

Therefore, the greater deviation observed for the experimental Si/Mg molar ratio in this study indicated problems in the catalysis of hydrolysis/condensation reactions.

For instance, the experimental Si/Mg molar ratio of material prepared with NH-phenyl was 1.00 in contrast to 1.26 for Propyl-NH2. This observation corroborated with percentage of yield that was 74%

for NH-phenyl while as much as 96% for Propyl-NH2. Indeed, the primary amino functionalities were reported to contribute not only as a catalyst but also as a regulator of the kinetics (Jolivet, Henry, and Livage 2000). Nevertheless, the structure related to the material NH-phenyl corroborated with the one previously reported for material prepared with Propyl-NH2 and other talc-like structures in the literature [START_REF] Claverie | Synthetic Talc and Talc-Like Structures: Preparation, Features and Applications[END_REF]. The X-ray diffractograms of both materials are compared in Figure 41. The shift in the position of ( 001) reflection was expected in consideration of the size difference between the organic moieties in the interlayer space. The distance related to (001) reflection (d001) was calculated to be 17.8 Å with Bragg's Law for the material prepared with NH-phenyl. The length of bonds observed in the ACD/3D Viewer with the ACD/ChemSketch software was used to estimate the maximum length of the moieties to be 5.20 Å for Propyl-NH2 in comparison to 10.2 Å for NH-phenyl.

The difference between the interplanar distances for NH-phenyl and Propyl-NH2 was 3.9 Å instead of 5.0 Å as anticipated by the difference between the maximum length of these moieties. This observation was previously related to the interpenetration of the organic moieties anchored to opposite tetrahedral sheets in the interlayer space of talc-like materials. However, the detailed interpretation of the bands related to the vibration modes of C-H bonds observed in the IR spectrum of n-hexadecyl-silicates indicated that the organic moieties were closely packed as monolayers and thus prevented the interpenetration of the organic moieties in the interlayer space of talc-like materials [START_REF] Burkett | Reconsideration of the Structure of Magnesium N-Hexadecylsilicate and Other 'Talc-like' Layered Magnesium Organosilicates[END_REF]. The authors correlated this observation with small-angle X-ray scattering (SAXS) that uncovered that the reflection attributed as (001) was rather (002) or even (003) in the X-ray diffractograms of talc-like materials prepared with longer organic moieties. In this case, the d001 related to materials prepared with NH-phenyl was rather 35.6 instead of 17.8 Å.

This distance comprised the layer distance that is well-known to be 9.34 Å for talc as well as the noninterpenetrated NH-phenyl and the NO3 -ions uncovered to be incorporated in the structure by FTIR. 

Investigation of the synthesis of a Fe(III)-IOLM with NH-phenyl though catalysis

The synthesis procedure performed in this study was also described in detail in the section 2.2.2. The formation of complexes between iron(III) and chloride uncovered in this chapter encouraged the use of nitrate as the counter-ion in this study. Besides, the volume of NaOH solution and ethanol added to the condition 100% Fe(III) was different from the one added to condition 0% Fe(III). The experimental procedure described in the literature was adapted to this condition in the same manner as condition 0% Fe(III). The molar ratio between the number of moles of alkoxysilane related to 2 g of material in this study and the one used in the literature corresponded to the molar ratio between the number of moles of base used in this study and in the literature. However, the material prepared with NH-phenyl in condition 100% Fe(III) with recalculated volumes of ethanol and NaOH solution resulted in pH 9.5 instead of 11 as observed for the condition 0% Fe(III). This observation was possibly related to the precipitation of iron as iron oxy-hydroxydes in the reaction medium. The crucial role of catalysis for the condensation of the material with NH-phenyl was anticipated in the study of material prepared in the condition 0% Fe(III). This observation corroborated with the emphasis on the addition of NaOH solution in the reaction medium until pH was 11 in the experimental procedure described in the literature [START_REF] Gallégo | Synthesis of New Lamellar Inorganic-Organic Talc-like Hybrids[END_REF]. Therefore, another material was prepared with NH-phenyl in the condition 100% Fe(III) with the same volume of NaOH solution and ethanol used in the condition 0% Fe(III). In this condition, the pH of the reaction medium increased from 9.5 to pH 11.5. Both materials were characterized by XRD and XRF.

The X-ray diffractogram related to materials prepared with NH-phenyl in the condition 100% Fe(III) at pH 9.5 and 11.5 are compared in Figure 42. The same reflections were observed for both materials.

Therefore, the pH of the reaction medium was unable to influence the arrangement of the structure of the material prepared with NH-phenyl in the condition 100% Fe(III). The experimental Si/Fe(III) molar ratio related to these materials that are shown in Table 18. The adjustment of pH from 9.5 to 11.5 in the reaction medium slightly increased the percentage of yield and the experimental Si/Fe(III) molar ratio. Noteworthy, the percentage of weight determined for each element within the materials by XRF is shown in Table 45, which was included in the annex.

Besides, this slight difference was noticeable in the aspect of the materials prepared with NH-phenyl in different pH as shown in Figure 43. However, the experimental Si/Fe(III) molar ratio still deviated from the theoretical one. Most importantly, the increase of pH in the reaction medium was unable to indiscriminately increase the condensation of talc-like materials in the literature. For instance, the mechanism behind the formation of talc-like structures was investigated in a previous study that related the pH of the reaction medium with the integrity of condensed structure. The authors reported that the T 3 environments disappeared while T 1 environments reappeared in the 29 Si NMR spectrum of talc-like materials when the pH of the reaction medium increased from 9 to 12 [START_REF] Garnier | Hydrolysis-Condensation Reactions of Diethylphosphato-Ethyltriethoxysilane Involved in Organic-Inorganic Talc-like Hybrid Synthesis: Liquid and Solid-State NMR Investigations[END_REF]. This observation was attributed to scission of Si-O-Si bonds at higher pH. These observations discouraged the preparation of another material with NH-phenyl in the condition 100% Fe(III) with pH above 11.5 and thus the material prepared with this condition was further considered in this study. Surprisingly, the broad shape of reflections observed for NH-phenyl recalled these observed for the material prepared with Propyl-NH2 in presence of chloride instead of nitrate as the counter-ion that were shown in Figure 17. The maximum yield of 27% along with experimental Si/Fe(III) molar ratio of 1.03 confirmed that the condensation of material prepared with NH-phenyl in condition 100%

Fe(III)/NO3 was as poor as the one observed for material prepared with Propyl-NH2 in the condition 100% Fe(III),Mg/Cl. In the case of NH-phenyl, the use of nitrate as a counter-ion avoided the formation of stable Fe(III)-chloride complexes while the addition of hydroxyl ions as a catalyst possibly favored the formation of iron oxy-hydroxides in the reaction medium. The observation of pH 9.5 in the condition 100% Fe(III) instead of 11.5 as in the condition 0% Fe(III) reinforced the argument that a side phase contributed for the reflections observed for the material prepared in the condition 100% Fe(III). These observations encouraged the reconsideration of primary amino groups that contributed simultaneously to the catalysis and the regulation of the kinectics of the hydrolysis/condensation reactions (Jolivet, Henry, and Livage 2000). For instance, the increase of the alkyl chain aside the primary amino groups was expected to increase the non-polar character of organic moieties and thus decrease hydration of the interlayer space that previously contributed to the delamination of the structure [START_REF] Venugopal | Delamination of Surfactant Intercalated Smectites in Alcohols: Effect of Chain Length of the Solvent[END_REF][START_REF] Speight | Water Chemistry[END_REF]).

Primary amino group

The primary amino functionality is known to act as a basic catalyst and thus allows synthesis of materials with Propyl-NH2 to be performed exclusively in ethanol [START_REF] Lebeau | One-Step Synthesis and Solvent-Induced Exfoliation of Hybrid Organic-Inorganic Phyllosilicate-Like Materials[END_REF]). The 91 protonation of the primary amino functionality in ethanol corroborated with the appearance of bands related to the vibration of N-H bonds of the -NH3 + group in the FTIR spectra of the materials prepared with Propyl-NH2. Besides, the incorporation of either Cl -or NO3 -within the structure of these materials was uncovered by XRF and reinforced the presence of -NH3 + groups in the interlayer space. These observations corroborated with these reported in the literature [START_REF] Bui | Aminoclays for Biological and Environmental Applications: An Updated Review[END_REF][START_REF] Basuki | Cs Adsorption and CsCl Particle Formation Facilitated by Amino Talc-like Clay in Aqueous Solutions at Room Temperature[END_REF]. Therefore, the layers of the materials prepared with Propyl-NH2

were assembled as a layered structure in ethanol regardless of the presence of protonated groups in the interlayer space. This observation indicated that the repulsion between the positively charged layers was rather one of the factors that resulted in the delamination of Fe-aminoclay in water (Y.-C. [START_REF] Lee | Fe-Aminoclay-Entrapping Electrospun Polyacrylonitrile Nanofibers (FeAC-PAN NFs) for Environmental Engineering Applications[END_REF]. Indeed, the solvent was previously reported to influence in the delamination of surfactant-modified clay-minerals in the literature. For instance, alcohols with a longer chain length were used to delaminate montmorillonite intercalated with cationic surfactants while alcohols with a shorter chain length were unable to solvate the interlayer moieties and thus to delaminate the structure [START_REF] Venugopal | Delamination of Surfactant Intercalated Smectites in Alcohols: Effect of Chain Length of the Solvent[END_REF]). These moieties prefer to interact with each other in the presence of a poor solvent while a good solvent is able to penetrate in the interface between particles and possibly in the interlayer space, which result in the delamination of the structure [START_REF] Lebeau | One-Step Synthesis and Solvent-Induced Exfoliation of Hybrid Organic-Inorganic Phyllosilicate-Like Materials[END_REF][START_REF] Gao | Entropy Can Bundle Nanowires in Good Solvents[END_REF]. Therefore, the identity of the so-called poor and good solvents depends on the organic moieties in the interlayer space. In a previous study, ethanol was described as a poor solvent to aminoclay and thus used in the recuperation of delaminated clay from aqueous solution [START_REF] Basuki | Cs Adsorption and CsCl Particle Formation Facilitated by Amino Talc-like Clay in Aqueous Solutions at Room Temperature[END_REF]. In this study, the delamination of the structure is to be avoided with the transformation of water in a poor solvent to the material prepared in the condition 100% Fe(III). For instance, the addition of one methyl group to the alkyl chain aside the primary amino group related to Propyl-NH2 was expected to increase the non-polar character of this organic moiety. The molecular structure of 4-Aminobutyltriethoxysilane that is hereafter referred to as Butyl-NH2 is shown in Figure 45. The synthesis procedure performed in this study was described in detail in the section 0. The materials were characterized by XRD, FTIR and XRF. Firstly, the feasibility of the synthesis was investigated in the condition 0% Fe(III) as previously described for the alkoxysilanes NH-methyl and NH-phenyl. Indeed, the solid phase was able to condense exclusively in ethanol in the case of Butyl-NH2. The Xray diffractograms related to the materials prepared in condition 0% Fe(III) with either Butyl-NH2 or Propyl-NH2 are compared in Figure 46. The reflections of both materials corresponded to these observed for talc-like structures in the literature [START_REF] Fukushima | An Organic/Inorganic Hybrid Layered Polymer: Methacrylate-Magnesium(Nickel) Phyllosilicate[END_REF]Burkett, Press, et Mann 1997;[START_REF] Fonseca | Self-Organized Inorganic-Organic Hybrids Induced by Silylating Agents with Phyllosilicate-Like Structure and the Influence of the Adsorption of Cations[END_REF]Jaber et al. 2005;[START_REF] Gallégo | Synthesis of New Lamellar Inorganic-Organic Talc-like Hybrids[END_REF][START_REF] Garnier | Hydrolysis-Condensation Reactions of Diethylphosphato-Ethyltriethoxysilane Involved in Organic-Inorganic Talc-like Hybrid Synthesis: Liquid and Solid-State NMR Investigations[END_REF]). The broader shape of the first reflection in the diffractogram of Butyl-NH2 is a consequence of the presence of a shoulder in 2θ of 5.7° and another in 2θ of 10.1°. The position of these reflections in the interval of approximately half encouraged their identification as (00ℓ) reflections, respectively. The shift observed in the position of these reflections was certainly related to the addition of one carbon in the length of the organic moieties in the interlayer space. The length of bonds observed in the ACD/3D Viewer with the ACD/ChemSketch software was used to estimate the maximum length of the moieties to be 6.42 Å for Butyl-NH2. The length estimated corroborated with the length of 5.43 Å for Propyl-NH2 and 1.26 Å per CH2 that were previously reported in the literature (da Fonseca, Silva, and Airoldi 1999; Burkett, Maumbe, and Lin 2022). The d00ℓ reflections include the dimensions of both the layer and interlayer space that were of 13.9 Å for Propyl-NH2 and 15.4 Å for Butyl-NH2.

Therefore, the difference in the interplanar space was observed to be 1.50 Å and corroborated with the difference in the length of Butyl-NH2 and Propyl-NH2 moieties estimated to be 1.22 Å. However, the lower intensity observed for (00ℓ) reflections indicated greater structural disorder in the case of Butyl-NH2. The yield of material and the experimental Si/Mg molar ratio of the materials prepared with Butyl or Propyl-NH2 are compared in Table 19. The yield of material decreased from 97% to 52% with the addition of one carbon in the length of the primary amino functionality of Propyl-NH2. This observation corroborated with the experimental Si/Mg molar ratio that decreased from 1.24 to 0.34 in the case of Butyl-NH2. However, the aspect of the materials prepared with Butyl-NH2 or Propyl-NH2

was similar as shown in Figure 47. In this study, the theoretical Si/Mg molar ratios shown in Table 19 were calculated based on the amounts of reagents involved in the synthesis. The theoretical Si/Mg molar ratio related to the material prepared with Butyl-NH2 deviated from ideal value of 1.33.

Nevertheless, this deviation was not expected to influence the condensation of this structure.

Recently, the maximum Si/Mg molar ratio observed for talc-like materials was reported to be 1 instead of 1.33 [START_REF] Burkett | Reconsideration of the Structure of Magnesium N-Hexadecylsilicate and Other 'Talc-like' Layered Magnesium Organosilicates[END_REF]. Noteworthy, the percentage of weight determined for each element within the materials by XRF is shown in Table 46, which was included in the annex. The FTIR spectra of the materials prepared with Propyl-NH2 or Butyl-NH2 are compared in Figure 48.

The lower intensity of bands in the FTIR spectrum of the material prepared with Butyl-NH2 corroborated with the poor condensation of this material anticipated by XRF. This observation was reinforced by the absence of the bands associated with the bending vibration of SiO-H bond in 693 cm -1 and siloxanes in 941 cm -1 in the spectrum related to the material prepared with Butyl-NH2.

Nevertheless, the shift in the frequency observed for stretching vibration of C-N bond and bending vibration of N-H bond corroborated with the presence of another aliphatic amine chains anchored through Si-C bonds to the tetrahedral sheets. The other bands indicated in Figure 48 were previously attributed to respective bond and vibration mode in Table 42, which was included in the annex.

95 Nevertheless, the superior disorder of the structure and the poor condensation of material prepared with Butyl-NH2 are to be confirmed with the repetition of the synthesis in the same theoretical Si/Mg molar ratio as Propyl-NH2. Most importantly, these observations contrasted with previous studies in the literature. For instance, several studies reported that longer alkyl chains increased the organization of the organic moieties and thus the condensation of talc-like structures [START_REF] Burkett | Synthesis, Characterization, and Reactivity of Layered Inorganic-Organic Nanocomposites Based on 2:1 Trioctahedral Phyllosilicates[END_REF][START_REF] Fonseca | Aminated Phyllosilicates Synthesized via a Sol-Gel Process[END_REF][START_REF] Silva | Layered Inorganic-Organic Talc-like Nanocomposites[END_REF][START_REF] Claverie | Synthetic Talc and Talc-Like Structures: Preparation, Features and Applications[END_REF][START_REF] Burkett | Reconsideration of the Structure of Magnesium N-Hexadecylsilicate and Other 'Talc-like' Layered Magnesium Organosilicates[END_REF]. This observation was attributed to the mechanism behind the formation of talc-like structures. The alkoxysilanes were proposed to arrange as lamellar micelles after hydrolysis and then act as a structural template for formation of Si-O-Metal bonds in the reaction medium. The alkoxysilanes with a longer alkyl chain favored the arrangement as lamellar micelles and thus the condensation of the brucite sheet [START_REF] Fukushima | An Organic/Inorganic Hybrid Layered Polymer: Methacrylate-Magnesium(Nickel) Phyllosilicate[END_REF][START_REF] Claverie | Synthetic Talc and Talc-Like Structures: Preparation, Features and Applications[END_REF]). However, this mechanism was previously invalidated in the case of magnesium phyllosilicates [START_REF] Ukrainczyk | Template Synthesis and Characterization of Layered Al-and Mg-Silsesquioxanes[END_REF][START_REF] Garnier | Hydrolysis-Condensation Reactions of Diethylphosphato-Ethyltriethoxysilane Involved in Organic-Inorganic Talc-like Hybrid Synthesis: Liquid and Solid-State NMR Investigations[END_REF]) and reconsidered recently in the case of talc-like materials [START_REF] Burkett | Reconsideration of the Structure of Magnesium N-Hexadecylsilicate and Other 'Talc-like' Layered Magnesium Organosilicates[END_REF]. The latter study proposed that the brucite sheet formed in suspension and then Si-O-Mg linkages were formed with partially hydrolyzed organosilicate units in consideration of the slow rate of hydrolysis reactions observed for alkoxysilanes [START_REF] Burkett | Reconsideration of the Structure of Magnesium N-Hexadecylsilicate and Other 'Talc-like' Layered Magnesium Organosilicates[END_REF]. The high degree of condensation of talc-like materials was attributed to the reversibility of the Si-O-Si and Si-O-Mg bonds that enabled optimization of the structure along the synthesis. Therefore, the tendency of the organic moieties to organize strongly influences the degree of condensation of talc-like structures. In this case, the observations reported in this study for Butyl-NH2 are possibly related to the pKa of these primary amino groups. Indeed, the addition of one carbon in the length of this alkoxysilane was expected to change the electronic density of the primary amino group and thus the pKa. However, the observations reported in this study indicated that such difference in pKa possibly compromised the performance of the primary amino group as a catalyst.

Therefore, the investigation of the other parameters related to the condensation of this material are considered in the future perspectives of this study in order to assist the choice between primary and secondary amino groups in the synthesis of water-resistant Fe(III)-IOLM.

Final considerations

The synthesis of inorganic-organic lamellar materials with Fe(III) instead of Mg in the octahedral sites that remained stable in water was crucial for their application of this material as heterogeneous catalyst in the heterogeneous electro-Fenton process. Therefore, the reconsideration of the alkoxysilane proposed in the previous study intended to avoid the delamination of the structure in water. The alternative alkoxysilanes proposed in this study intended to either enhance the interaction between organic moieties (Butyl-NH2) or avoid the deprotonation of amino groups in the interlayer space (NH-phenyl and NH-methyl).

✓ The characterization of material prepared with Butyl-NH2 by XRD, FTIR and XRF indicated that the increase in the length of alkyl chain was unable to prompt the condensation of the structure in contrast with observations reported in previous studies. However, these observations are to be confirmed with the repetition of the synthesis.

✓ The synthesis of materials with NH-phenyl and NH-methyl uncovered the role of primary amino group as a catalyst of the hydrolysis/condensation reactions and is possibly performed by water and hydroxyl ions. Therefore, the synthesis of material with NH-phenyl involved the addition of an aqueous basic solution to the reaction medium in order to prompt the hydrolysis/condensation reactions.

✓ The absence of solid phase observed for NH-methyl along with the deviation of the experimental Si/Fe(III) molar ratio observed for NH-phenyl indicated that the catalysis in these system is to be further considered in this study. Previous studies reported that the 97 basic condition of the reaction medium favors the nucleophilic attack of OH -ions or deprotonated silanol groups (-Si-O -) to silicon atoms in the alkoxysilane (Issa and Luyt 2019).

Under the acidic condition of the reaction medium, the protonation of alkoxide (-Si-OH + -R)

and silanol groups (-Si-OH) render silicon atoms electrophilic and thus susceptible to be attacked by water or neutral silanol groups. In both conditions, the reaction mechanism SN2 is sensible to steric and inductive factor. Therefore, the carbon-bonded substituents were reported to strongly influence the reaction rates in particular of hydrolysis. In this case, the use of alkoxysilanes is possibly preferable in acidic conditions that favor the hydrolysis reactions. Besides, the water/silane ratio was reported to be an important parameter to consider when the reaction medium is acidic (Brochier Salon and Belgacem 2010). Otherwise, the synthesis of this material at lower pH is to be considered in view of the scission of Si-O-Si linkages at pH 12, previously reported in the literature [START_REF] Garnier | Hydrolysis-Condensation Reactions of Diethylphosphato-Ethyltriethoxysilane Involved in Organic-Inorganic Talc-like Hybrid Synthesis: Liquid and Solid-State NMR Investigations[END_REF] In future studies, the capacity of Butyl-NH2 or NH-phenyl to avoid delamination in aqueous solution is to be investigated with determination of the concentration of iron in solution with either atomic absorption or ICP-OES. These results are to be discussed along with these from surface wettability of these materials.

Chapter IV -Results and Discussions

Synthesis of iron(III)-rich inorganic-organic lamellar material (IOLM)-carbon felt composites

Pristine carbon felt

The carbon felt fibers as provided by the manufacturer are hereafter referred to as pristine. Firstly, the aspect of pristine carbon felt fibers was investigated by SEM. The SEM images related to the fibers located in the interior or in the surface of the piece are shown in Figure 49. In these images, the presence of artefacts on the fibers was noticeable in particular on the fibers located on the surface of the piece. 

Location Interior Surface
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The artefacts were further investigated in regard to their chemical composition and respective distribution across the sample with Energy Dispersive X-Ray analysis (EDX). The SEM image of the area in which EDX was performed is shown in Figure 50 (left). The emission spectrum related to this area is shown in Figure 51 in which the emission lines related to silicon and calcium were particularly intense. Therefore, the elemental mapping of silicon and calcium are shown combined in Figure 50 (right). Noteworthy, the elemental mapping of other elements in the spectrum are shown in Figure 140, which was included in the annex. The artefacts were identified as silicon and calcium oxides.

These observations were later used to distinguish the intrinsic artefacts on the fibers from the coating with Fe(III)-IOLM in particular for these fibers located in the surface of the piece. Primary amino groups: Propyl-NH2

The use of composite materials as the cathode and the heterogeneous catalyst in the HEFP was previously proposed in the literature as an alternative to decrease costs of the implementation, operation and maintenance of this process (Nidheesh and Gandhimathi 2012). For instance, the combination of carbon felt with the Fe(III)-IOLM discussed in the previous chapter was proposed in the literature (Miron et al. 2019). The synthesis procedure described in this previous study used Propyl-NH2 as the alkoxysilane and chloride ions as the counter-ions of metal salts.

Preliminary study: the concentration of reagents

The experimental procedure performed in the first synthesis was detailed in section 2.3.1. The synthesis procedure performed for Fe(III)-rich IOLM in the previous chapter was reproduced in the presence of a carbon felt piece with dimensions of 2.0 cm x 2.0 cm x 0.6 cm that was immersed into the reaction medium. The aspect of the carbon felt fibers within composites prepared with different Fe(III)/Mg molar ratio was investigated with SEM images that are shown in Figure 52. The coating of carbon felt fibers was considered inappropriate in all conditions. Most importantly, the aspect of coating indicated deposition instead of condensation of these materials on the fibers. This observation corroborated with the noticeable increase in viscosity of the reaction medium after the addition of the alkoxysilane as a consequence of the condensation of a solid phase. Therefore, the increase in the viscosity of the reaction medium possibly compromised the mass transfer of reagents to the interior of the carbon felt piece. Besides, the alkoxysilane was added to the reaction medium shortly after the immersion of the carbon felt piece. However, the contact time of carbon felt with the reaction medium prior to the addition of the alkoxysilne was previously reported to influence the aspect of coating of carbon felt fibers (Miron et al. 2019). The authors uncovered that the immersion of the carbon felt piece in the reaction medium prior to the addition of alkoxysilane favored the full coverage of the fibers with a thin, smooth and homogeneous layer of material.

Condition (% Fe(III)) 25% 50% 75% Therefore, the synthesis procedure performed in the second synthesis was adjusted based on observations previously reported in the literature. For instance, the carbon felt piece was in contact with the reaction medium for 1 h prior to the addition of alkoxysilane. Besides, the concentration of reagents was adjusted in order to correlate with these reported in the literature as shown in Table 20. The adjustment of the concentration intended to decrease the viscosity of reaction medium and as a consequence to improve mass transfer through the reaction medium and thus the carbon felt piece (Miron et al. 2019). These modifications based on the literature were combined with the increase in the dimensions of the carbon felt piece to 3.0 cm x 1.5 cm x 0.6 cm as shown in Figure 53.

This adjustment in the dimensions of the carbon felt enabled the wire to be trespassed and sewed around 0.5 cm from the top of the piece. Besides, straight line marks were carved on the sides of carbon felt at 1.5 cm from the bottom of the piece as shown in red in Figure 53. These marks were used to guide the dip depth in the reaction medium and the cut-off of the final piece, which was used for SEM. Therefore, this adjustment in the dimensions of the carbon felt piece intended to restrain manipulation of the final piece before SEM and thus the misinterpretation of the aspect of coating on the fibers. 103

The cut-off of the final piece resulted in the release of a significant amount of powder that was incompatible with SEM, which was performed under vacuum. Therefore, the final piece was deposited on a carbon scotch and air blew in order to remove excess of particles. Besides, the final pieces were treated with a metal coating prior to SEM in order to improve their conductivity. The SEM images of fibers within the composites prepared with different Fe(III)/Mg molar ratio in the second synthesis and treated with silver are shown in Figure 54. Noteworthy, the respective location of the fibers in the piece and the magnification used to acquire SEM images discussed hereafter are described in Table 21, while exceptions were specified in the subtitle of each figure. The adjustments proposed in the second synthesis resulted in a smoother and thinner coating with material of carbon felt fibers in all conditions. This observation was attributed to the increase of mass transfer to the interior of carbon felt piece that possibly favored the condensation of iron-rich IOLM directly on the fibers. However, the coating with material was discontinuous and material in excess was observed in the fibers in particular these in the surface of the piece. Noteworthy, the artefacts observed on the fibers in particular these coated with material prepared in the condition 75% Fe(III) at magnification of x4000 were attributed to the instability of the silver coating prior to SEM. Preliminary study: the stirring rate of the reaction medium
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The adjustment of the concentration of reagents in the same volume as previous synthesis decreased the theoretical and thus the experimental mass of solid phase. The mass of solid phase isolated from the reaction medium was below the minimum mass required for characterization of materials by XRD. Therefore, the volume of the reaction medium was increased from 20 to 40 mL in which the concentration of reagents remained the same as in the second synthesis. The SEM images of fibers within the composites prepared in 40 mL with different Fe(III)/Mg molar ratios are shown in Figure 55. Noteworthy, the pieces from this synthesis were treated with gold instead of silver prior to SEM in consideration of the instability of the silver coating observed in the first synthesis. The coating with gold was stable and indistinguishable on fibers within pristine carbon felt as shown in Figure 141, which was included in the annex. This observation reinforced that the appearance of a noticeable layer on the fibers was related to the coating with Fe(III)-IOLM rather than with the treatment of the fibers with gold, which was hereafter performed before SEM. 
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Up-to-date studies

These observations from preliminary studies complemented these reported in the literature in the proposal of an up-to-date synthesis procedure that was hereafter performed in the preparation of composites reported in this chapter. The up-to-date synthesis procedure was detailed in section 2.3.1. In this synthesis, nitrate was used instead of chloride as the counter-ion of metal cations in consideration of the discussion proposed in the previous chapter. The use of nitrate intended to avoid the formation of iron (III)-chloride complexes in the reaction medium and thus to favor the incorporation of Fe(III) in the structure. The fibers within the composite prepared with the up-to-date synthesis procedure in the condition 100% Fe(III) are compared to these within pristine carbon felt in Figure 57. The slits observed on the pristine carbon felt fibers were filled with material in the case of the composite fibers. Therefore, the fibers within this composite were more uniform than these within the pristine carbon felt in consideration of the smooth, continuous and thin aspect of the coating with this material. Besides, the intrinsic artefacts on the pristine carbon felt fibers were still observed on the composite fibers in this case coated by the material prepared in the condition 100% Fe(III).

Pristine carbon felt Condition (% Fe(III))

100% Fe(III) The repeatability of the up-to-date synthesis procedure was further investigated for composites prepared in condition 100% Fe(III). SEM images of fibers within composites related to the first (1) and second ( 2) up-to-date synthesis are shown in Figure 58 along with the final pieces of composites.

Noteworthy, the location of the fibers in the piece was described in Table 21. The aspect of final pieces of composites was identical while the aspect of coating on the fibers was similar. For instance, the presence of material in excess between fibers was greater in the case of the composite (1) than the composite (2). This observation indicated that up-to-date synthesis procedure was susceptible to minor variations, which are to be considered in the discussion hereafter.

Condition (% Fe(III)) 100% ( 1) 100% ( 2)

Figure 58. The aspect of the final piece and the fibers within composites prepared with Propyl-NH2 in condition 100% Fe(III) in the first [START_REF]Industrial Waste Water Treatment-Pressures on Europe's Environment[END_REF] and second ( 2) synthesis.

Investigation of Fe(III)/Mg molar ratio

The influence of Fe(III) incorporation in the structure to the aspect of the coating was investigated in this study with composites prepared with different Fe(III)/Mg molar ratios. SEM images of the composites prepared with different Fe(III)/Mg molar ratios are shown in Figure 59. Noteworthy, the location of the fibers in the piece was described in Table 21. The incorporation of Fe(III) within the structure favored the coating of fibers with a smooth, thin and continuous layer of material. Besides, the adhesion of the coating to the fibers was improved in particular in the condition 75% Fe(III), which was similar to the condition 100% Fe(III). This observation indicated that the occupancy of octahedral sites by Fe(III) instead of Mg increased the compatibility of the material with carbon felt fibers. These observations corroborated with these reported in the previous study (Miron et al. 2019). The composites with the smoothest and homogeneous coating of carbon felt fibers were prepared in similar conditions to these of 100% Fe(III) in this study. Interestingly, the deposition aspect was observed for the composite prepared in condition 25% under the up-to-date synthesis procedure. The deposition aspect was previously related to the increase in the viscosity of the reaction medium in preliminary studies. Indeed, the use of nitrate as a counter ion in the up-to-date synthesis procedure possibly increased the formation of material that further increased the viscosity of the reaction medium. This hypothesis corroborated with the experimental Fe(III)/Mg molar ratio observed for materials prepared in the condition 25% in the absence of carbon felt. The experimental Fe(III)/Mg molar ratio was closer to the theoretical value when the material was prepared with nitrate instead of chloride as counter ion in the condition 25% Fe(III). Therefore, the greater condensation of the materials prepared with nitrate as the counter ion possibly compromised the mass transfer of reagents in the reaction medium and as a consequence the aspect of the coating with this material. Nevertheless, the preparation of materials discussed above is to be repeated in consideration of the minor variations previously observed for composites prepared in the condition 100% Fe(III) prior to the adjustment of the concentration of reagents in reaction medium.

Location

Condition (% Fe(III)) 25% 50% 75% 100% ( 2) 

Inside (x500) Inside (x4000) Surface (x500)

Secondary amino group: NH-phenyl

The delamination of materials prepared with Propyl-NH2 in was controversial when the respective composite material prepared in this study intended to facilitate the reuse of heterogeneous catalyst in the HEFP. Therefore, the composites were also prepared with NH-phenyl as the alkoxysilane in order to accomplish coating of carbon fibers with a material resistant to delamination and thus reusable in the waste water treatment. The synthesis procedure performed was detailed in section 2.3.2. The preparation of composites with NH-phenyl considered the up-to-date synthesis procedure and nitrate as the counter ion of metal cations. In this study, the recalculated volumes of ethanol and NaOH solution also resulted in pH 9.5 for condition 100% Fe(III). The fibers within the composite prepared in this condition are compared to these of pristine carbon felt in Figure 60. The aspect of coating was also smooth when NH-phenyl was used as the alkoxysilane. However, the discontinuation of the coating of the fibers was observed for the composite in this case. This observation was possibly related to the thickness of the coating prepared with NH-phenyl that was thinner than the one prepared with Propyl-NH2 in the condition 100% Fe(III).

Pristine carbon felt Condition (% Fe(III))

100% Fe(III) Besides, the smooth aspect of the coating with material prepared with NH-phenyl in the condition 100% Fe(III) was restricted to the fibers located in the interior of the piece as shown in Figure 61. The location of the fibers in the piece was described in Table 21. The fibers located in the surface of the composite were coated with agglomerates of individually condensed particles. These particles were further investigated in regard to their chemical composition with EDX analysis. The SEM image of the area in which EDX was performed is shown Figure 62 (top-left) along with the elemental mapping of silicon and iron in this area that are shown combined in Figure 62 (top-right). Interestingly, the elemental mapping of silicon or iron indicated that both elements were regularly distributed in these particles as also shown in Figure 62 (bottom). Besides, the other elements observed in the emission spectrum related to this area corroborated with the elemental composition of Fe(III)-IOLM as shown in Figure 63. Noteworthy, the elemental mapping of all other elements in the emission spectrum are shown in Figure 142, which was included in the annex. These observations indicated that the particles corresponded to Fe(III)-IOLM rather than to impurities. The aspect observed for this material was previously related to inappropriate mass transfer of alkoxysilane to the interior of the carbon felt piece in the preliminary studies. However, this discussion was inconsistent in consideration of the different location of fibers in the case of the material prepared with NH-phenyl.

In the previous chapter, the pH of the reaction medium was previously uncovered to be an important parameter for the hydrolysis/condensation reactions of NH-phenyl. Most importantly, the synthesis performed previously in the absence of carbon felt uncovered greater condensation of the material prepared with NH-phenyl when pH of the reaction medium was increased from 9.5 to 11.5.

Therefore, another composite was prepared with NH-phenyl in condition 100% Fe(III). In this case, the up-to-date synthesis procedure was considered along with the recalculated volume of ethanol while an excess of NaOH solution resulted in pH 11. The SEM images of fibers within composites prepared with NH-phenyl at pH 9.5 or pH 11 are shown in Figure 61 along with the final pieces of composites. The material visible on the surface of the pieces changed color when prepared in different pH. This observation corroborated with the one reported for this material when the synthesis was performed in the absence of carbon felt. The color of the material depended on the experimental Si/Fe(III) molar ratio observed for the material prepared with NH-phenyl in the absence of carbon felt. The material with inferior condensation was army green colored while the one with superior condensation was dark brown. In this case, the color change anticipated the difference observed in the coating of the fibers with SEM.

The increase in the pH from 9.5 to 11 resulted in a continuous, smooth and thin coating of the fibers even of these located in the surface of the composite prepared with NH-phenyl in the condition 100% Fe(III). However, the presence of material in excess between the fibers located at the surface was observed when this composite was prepared at pH 11. Besides, the aspect of this material in excess was similar to the one observed for the material prepared in pH 9.5 in consideration of the agglomeration of individually condensed particles between the fibers. This observation indicated that the poor coating of the fibers was related to the poor condensation of the material prepared with NH-phenyl in the condition 100% Fe(III) in pH 9.5. Therefore, the amount of condensed material in the reaction medium is to be controlled in order to avoid material in excess between the fibers when this composite is prepared in pH 11. For instance, the concentration of reagents and the pH were parameters previously uncovered to influence the amount of condensed material in the reaction medium. 

Influence of Fe(III)/Mg molar ratio

The coating of carbon felt fibers with material prepared with NH-phenyl in different Fe(III)/Mg molar ratios was investigated in pH 11 in consideration of the previous observations reported in this study.

In this case, the up-to-date synthesis procedure was performed with the recalculated volumes of ethanol and aqueous basic solution for each condition. However, the volume of basic solution was unintentionally greater than recalculated volume and resulted in pH 11.5. The transversal section of the final piece of composites prepared in conditions below 75% Fe(III) uncovered the presence of visible material in the interior of carbon felt piece. For instance, the aspect of such visible material within the composite prepared in condition 0% Fe(III) is shown in Figure 64. The SEM images of the fibers within this piece uncovered that poorly condensed material on and around the fibers was responsible for the visible area as shown in Figure 65. 

Condition (% Fe(III)) 0% Fe(III) In-visible area

Out-visible area The aspect of the material observed in the visible area related to composites prepared with NHphenyl in conditions 25% and 50% Fe(III) was similar to the one observed in the case of the composite prepared in the condition 0% Fe(III) as shown in Figure 66. Noteworthy, the aspect of the material located in and out visible area was evidenced with the white lines included in Figure 66. The elemental composition of the material observed on and around the fibers in both areas was further investigated with EDX analysis. The SEM image of the area in which EDX was performed is

shown Figure 67 (top-left) while the emission spectrum observed for this area is shown in Figure 68.

The elemental mapping of silicon, iron and magnesium in this area are also shown combined in The final pieces of composites prepared with NH-phenyl in different molar ratios are shown in Figure 69 while SEM images of fibers within these composites are shown in Figure 70. Noteworthy, the location of the fibers in the piece was described in Table 21. The material visible in the surface of the composites anticipated the presence of material in excess on the fibers located in the surface.

Indeed, the presence of material in excess was observed coating the fibers located in the surface of the composites prepared with NH-phenyl in all conditions. For instance, the concentration of reagents in the reaction medium is to be reconsidered rather than pH in future studies. Besides, the presence of crystals combined with the coating was observed in the surface fibers of the composite prepared with NH-phenyl in the condition 25% Fe(III). These crystals were later identified as sodium nitrate by EDX analysis of composites prepared with pre-treated carbon felt piece that are discussed later in this chapter. The aspect of the coating of the fibers in the surface was based on the combination of individual particles and condensed material for all composites prepared with NHphenyl. This observation was possibly related to the pH of the reaction medium that increased from 11 to 11.5 in the case of composites prepared with NH-phenyl in the condition 0%, 25%, 50% and 75% Fe(III). This observation reinforced that the smooth and continuous aspect of the coating with Fe(III)-IOLM depended on the catalysis of condensation reactions of this material in basic conditions.

Besides, the aspect of the coating with Fe(III)-rich IOLM was smooth and continuous regardless of the incorporation of Fe(III) in the structure prepared with NH-phenyl. This observation contrasted with these previously reported for composites prepared with Propyl-NH2 in this chapter. Nevertheless, the 121 repeatability of the synthesis procedure performed in the preparation of composites with NH-phenyl is to be considered in this study in order to validate the discussion above.

Condition (% Fe(III))

0% 25% 50% 75% 100% 

Final considerations

The coating of carbon fibers with Fe(III)-IOLM was investigated through SEM images.

✓ The presence of Fe(III)-IOLM as a thin, smooth and continuous layer on the fibers was observed for composites prepared with either Propyl-NH2 or NH-phenyl as the alkoxysilane.

✓ The parameters related to mass transfer, such as concentration of reagents and stirring rate were crucial for the aspect of the coating of carbon felt fibers with the material prepared with Propyl-NH2.

✓ The condensation extent of the material prepared with NH-phenyl in the condition 100% Fe(III) was also crucial for the aspect of the coating of carbon felt fibers in consideration of the different aspect of coating observed when this composite was prepared in pH 9.5 or 11.5.

This observation indicated that other parameters related to the kinetics of the hydrolysis/condensation reactions are to influence the aspect of the coating for this material.

For instance, the ratio between water and ethanol of the reaction medium. Besides, the presence of material in excess on and between the fibers encourages further investigation of the concentration of the reagents in order to decrease the amount of material condensed in the reaction medium.

✓ The robustness of the experimental procedure performed in the preparation of composites is to be further considered in view of the minor differences observed between composites prepared with Propyl-NH2 in the condition 100% Fe(III) under the same procedure in different synthesis. Therefore, the discussion proposed in this chapter for materials prepared with NH-phenyl is to be confirmed with repetitions.

The coating of carbon felt fibers with a Fe(III)-rich structure rather than Mg-rich structure was uncovered for material prepared with NH-phenyl in condition 25% Fe(III). This observation is to be further investigated in future studies with the characterization of the solid phase isolated from the reaction medium with carbon felt by XRD and XRF and thus comparison of these results with the ones discussed in the previous chapter. Besides, the analysis of the solid phase prepared without carbon felt by SEM and then EDX analysis is to be considered in order to validate the role of carbon fibers in the condensation of such preferential structure.

Pre-treatment of pristine carbon felt

The adhesion of the iron-rich IOLM to carbon felt fibers is fundamental for the fabrication of reusable composites. Therefore, the surface of pristine carbon felt was pre-treated in order to improve adhesion of the coating with material to the fibers. The pre-treatment of pristine carbon felt intended to increase the resistance of composites to mechanical stress with their use and reuse in the HEFP (Kahoush et al. 2019).

Preparation of hydroxyl-terminated carbon felt

The development of covalent bonds between iron-rich IOLM and carbon felt fibers was proposed in this study in order to improve the adhesion between these materials. Firstly, the carbon felt was pre- 125

treated
The wide-scan spectrum of carbon felt before and immediately after this pre-treatment are shown in Figure 72. The pre-treatment with O2 plasma increase the atomic percentage of O 1s in the surface from 1.44% to 18.51%. This observation confirmed that the pre-treatment resulted in hydroxylterminated carbon felt fibers. Most importantly, the stability of such OH groups was investigated in this study. Therefore, another carbon felt piece was pre-treated under the same conditions as the previous one and then stored at room conditions for approximately 3 weeks. The respective widescan spectra is shown in Figure 144, which was included in the annex. The atomic percentage of O 1s was 19.01% in comparison to 18.51% observed for the piece immediately after the pre-treatment.

The difference between the percentages was reasonable in the case of pre-treatments performed in different experiments under the same experimental procedure. The slightly increase of the atomic percentage of O 1s after the storage of the pre-treated piece indicated that hydroxyl groups created in the surface of carbon felt were stable.

Plasma treatment After

Before The experimental procedure previously described in the literature for the preparation of silylated surfaces was repeated in this study. Besides, the experimental procedure from the literature was adapted in consideration of the importance of the contact of carbon felt with the reaction medium prior to the addition of the alkoxysilane reported previously in this chapter [START_REF] Arkles | Silane Coupling Agents: Connecting Across Boundaties (3rd Edition)[END_REF]Miron et al. 2019). The experimental procedure proposed in this study considered the contact of hydroxylterminated carbon felt with the reaction medium for 30 min prior to addition of the dipodal silane.

The atomic percentage of Si 2p on the surface of the pieces was determined by XPS. The wide-scan spectra related to the pieces prepared with 0 or 30 min of contact time are shown in Figure 75. The 127 atomic percentage observed for Si 2p was 13.6% in comparison to 12.65% observed for the piece pre-treated without prior contact with the reaction medium. Therefore, the experimental procedure described in the literature was further considered in this study for the preparation of silanolterminated carbon felt. Most importantly, the stability of the siloxane layer in the surface of pretreated carbon felt fibers was investigated in this study. Therefore, the atomic percentage of Si 2p in the surface of the piece pre-treated under the experimental procedure described in the literature was re-investigated after approximately 5 weeks. The respective wide-scan spectra is shown in Figure 145, which was included in the annex. The atomic percentage of Si 2p on the surface was 13.32% in comparison to 13.60% observed for the piece immediately after the synthesis. The similar percentages indicated that the polysiloxane layer on the surface of carbon felt was stable.

Contact time (min) 0 30 128

The aspect of the silanol-terminated carbon felt fibers was investigated by SEM. SEM images of the fibers within carbon felt before and after the pre-treatment previously described in this chapter are

shown in Figure 76. The polysiloxane layer was visible as a thin, continuous and smooth coat on the pre-treated fibers. Noteworthy, the silanol-terminated carbon felt fibers were coated with gold before SEM as pristine and composite fibers. Besides, the SEM images were acquired more than 6 months after the experimental procedure. This observation confirmed that the polysiloxane layer was stable.

Silanization

Before After 

Preparation of composites with pre-treated carbon felt

The silanol-terminated carbon felt pieces were used in the synthesis procedure previously detailed in section 2.3.1. In this case, nitrate was used as the counter-ion of metal cations when the alkoxysilanes was either Propyl-NH2 or NH-phenyl.

Primary amino groups: Propyl-NH2

Chapter IV -Synthesis of iron(III)-rich IOLM-carbon felt composites 129

The poor adhesion of iron-rich IOLM prepared with Propyl-NH2 to the pristine carbon felt fibers was noticeable in particular for conditions with lower Fe(III)/Mg molar ratios. In the literature, several studies dedicated to investigate the redox cycling of Fe(II)/Fe(III) within iron-rich clay minerals anticipated irreversible alterations and even dissolution of their structure with reduction and reoxidation of structural Fe(II) as mentioned in the previous chapter (Joseph [START_REF] Stucki | Effects of Iron Oxidation State on the Surface and Structural Properties of Smectites[END_REF][START_REF] Jaisi | Partitioning of Fe(II) in Reduced Nontronite (NAu-2) to Reactive Sites: Reactivity in Terms of Tc(VII) Reduction[END_REF]. Therefore, the composites prepared with lower Fe(III)/Mg molar ratios were anticipated to be more suitable for HEFP. In this study, the silanol-terminated carbon felt fibers were used in order to increase adhesion of materials prepared in these conditions to the carbon felt fibers. For the other conditions, the silanol-terminated carbon felt fibers were used in order to improve the resistance of these materials to mechanical stress that was crucial regardless of the Fe(III)/Mg molar ratio.

The smooth, continuous and thin layer of material prepared in condition 25% Fe(III) was adherent to the silanol-terminated carbon felt fibers as evidenced in Figure 77 in which the fibers are compared to these of silanol-terminated carbon felt. The combination of the polysiloxane layer with this material increased slightly the thickness of the coating of the pre-treated fibers. Besides, the thickness of the coating was irregular throughout the fiber as shown in Figure 78. In this case, the presence of both iron-rich IOLM and polysiloxane layer in the coating of pre-treated fibers is to be further investigated by EDX in this study. The SEM images of fibers within composites prepared with Propyl-NH2 in the condition 25% Fe(III)

Silanol-terminated carbon felt Condition (% Fe(III)) 25%

either with pristine or silanol-terminated carbon felt are compared in Figure 79. Noteworthy, the location of the fibers in the piece was described in Table 21. The aspect of the coating of pre-treated fibers when compared to the one of pristine fibers indicated that silanol-terminated surface favored the condensation of this material on these fibers. This observation indicated that the tetrahedral layer created with polysiloxanes from the dipodal silane acted as a template for further condensation of the structure. Besides, the aspect of coating of pre-treated fibers located at the surface indicated that extensive condensation resulted in a bulky coating with this material that was susceptible to fractures. This observation indicated that thickness of the coating was able to threat the adhesion to fibers regardless of the pre-treatment of the carbon felt. Therefore, the thickness of the layer and thus the concentration of the reagents in the reaction medium is to be considered also in the case of pre-treated fibers in order to avoid detachment of the coating as a consequence of mechanical stress in the use and reuse of composites.
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Condition (% Fe(III)) 25% Pristine carbon felt

Silanol-terminated carbon felt 

Investigation of Fe(III)/Mg molar ratio

The aspect of the composites prepared with pre-treated carbon felt and Propyl-NH2 in different Fe(III)/Mg molar ratios is shown in Figure 80. The aspect of coating of the fibers within these composites was investigated by SEM images shown in Figure 81. The location of the fibers in the piece was described in Table 21. The aspect of coating observed for composites prepared in different Fe(III)/Mg molar ratios evidenced the greater condensation of material on the fibers in higher Fe(III)/Mg molar ratios. This observation corroborated with these previously reported for composites prepared in the same conditions with pristine carbon felt in particular these prepared in conditions 75% Fe(III) and 100% Fe(III). However, the coating with these material was adherent to pristine carbon felt fibers as previously shown in Figure 59. Therefore, the greater thickness of the coating with materials prepared in higher Fe(III)/Mg molar ratios and pre-treated carbon felt comprised the adhesion of these materials regardless of the pre-treatment of fibers.

Carbon felt

Condition (% Fe(III))

25% 50% 75% 100%
Silanol-terminated The aspect of coating with materials prepared in different Fe(III)/Mg molar ratios with pre-treated carbon felt reinforced the preferential condensation of Fe(III)-rich IOLM on the fibers. This observation was possibly related to physical-chemical properties of carbon felt fibers that were similar to these of the materials prepared with higher Fe(III)/Mg molar ratios. For instance, hydrophobicity and hydrophilicity of both materials. However, the talc is a clay mineral well-known for being hydrophobic just as carbon felt fibers (Huong Le, Bechelany, and Cretin 2017; [START_REF] Atluri | The Hydrophobic Surface State of Talc as Influenced by Aluminum Substitution in the Tetrahedral Layer[END_REF]. Besides, the substitution of magnesium by cations with oxidation state +3 in the structure, such as Al(III) was reported to create a charge deficit in the layer that resulted in more hydrophilic minerals [START_REF] Atluri | The Hydrophobic Surface State of Talc as Influenced by Aluminum Substitution in the Tetrahedral Layer[END_REF]). These observations reported in the literature corroborated with the behavior of materials prepared in this study in consideration of the development of a paste from the powder related to materials prepared with higher Fe(III)/Mg molar ratios when these were grinded to smaller particles. Therefore, the interactions responsible for the preferential coating with materials prepared in higher Fe(III)/Mg molar ratios are to be considered in future studies.

Secondary amino groups: NH-phenyl

The coating with iron-rich IOLM prepared with NH-phenyl as the alkoxysilane was adherent to pristine carbon felt fibers as previously shown in Figure 70. The use of silanol-terminated carbon felt fibers in this case intended to improve the resistance of these composites to mechanical stress. For instance, the coating of pre-treated fibers with material prepared with NH-phenyl in condition 25% remained smooth and continuous as shown in Figure 82. The comparison of fibers within silanolterminated carbon felt and these within this composite evidenced the greater thickness of the material prepared with pre-treated fibers. This observation corroborated with the visible attenuation of the slits intrinsic to the carbon felt surface in the case of pre-treated fibers. However, the thickness of the coating was observed to hardly increase in the case of composite prepared with Propyl-NH2 instead of NH-phenyl as the alkoxysilane in the same conditions. Noteworthy, the concentration of reagents in the reaction medium when Propyl-NH2 or NH-phenyl were used as alkoxysilanes was different and this parameter was previously reported to influence the thickness of the coating with material in this study. SEM images of fibers within composites prepared with NH-phenyl in the condition 25% Fe(III) with either pristine or silanol-terminated carbon felt are compared in Figure 83 that considered fibers from different locations in the piece. The location of the fibers in the piece was described in Table 21.

Silanol-terminated carbon felt Condition (% Fe(III)) 25%

The use of silanol-terminated carbon felt increased the thickness of the coating with material prepared with NH-phenyl in the condition 25% Fe(III) regardless of the location of the fibers in the piece. Besides, the comparison of fibers within composites prepared with pristine or pre-treated carbon felt evidenced that the coating with this material was smoother in the case of pristine fibers.

The smoothness of the coating was previously related to the greater condensation of materials prepared with NH-phenyl. However, the condensation of these materials depended on basic catalysis and as a consequence of the pH in the reaction medium. In this case, the up-to-date synthesis procedure was performed with the exact recalculated volumes of ethanol and NaOH basic solution for each condition that resulted in pH 11 in the reaction medium with pre-treated carbon felt.

Indeed, the volume of aqueous basic solution was unintentionally greater than recalculated volume and resulted in pH 11.5 in the reaction medium with pristine carbon felt. Therefore, these observations corroborated with the discussion previously proposed in this chapter about the influence of pH in the aspect of the coating with material prepared NH-phenyl as the alkoxysilane. 

The investigation of Fe(III)/Mg molar ratio

The aspect of the composites prepared with pristine or pre-treated carbon felt and NH-phenyl in different Fe(III)/Mg molar ratios are compared in Figure 84. The similar aspect of the composites anticipated that the coating of pre-treated fibers was similar to the one of pristine carbon felt. SEM images of fibers within composites prepared with pre-treated carbon felt in different Fe(III)/Mg molar ratios are shown in Figure 85. The location of the fibers in the piece were described in Table 21. The aspect of coating prepared with NH-phenyl in higher Fe(III)/Mg molar ratios was similar regardless of the pre-treatment of carbon felt expect for the condition 100% Fe(III). However, the composite related to the condition 100% Fe(III) collapsed in the reaction medium under stirring overnight as shown in Figure 86. Noteworthy, the pieces were supported in the reaction medium with wire that trespassed the rubber stopper. The presence of the composite at the bottom of the erlenmeyer prevented the stirring of the reaction medium. Indeed, the aspect observed for this coating was previously related to inappropriate mass transfer of alkoxysilane to the interior of the carbon felt piece in preliminary studies. Therefore, the contribution of the surface pre-treatment to the aspect of layer is to be further investigated with the repetition of experimental procedure in this condition. Besides, the presence of artefacts within the coating with material prepared with NH-phenyl in the condition 25% Fe(III) was previously observed in the case of pristine carbon felt. These artefacts were also observed within the coating of pre-treated fibers in this case for these prepared in conditions 25% and 50% Fe(III). The elemental composition of these artefacts was further investigated with EDX analysis. The SEM image of the area in which EDX was performed is shown in Figure 87 (top-left) while the emission spectrum observed for this area is shown in Figure 88. The emissions lines of sodium and oxygen were particularly intense in the spectrum. Therefore, the elemental mapping of carbon, silicon and sodium in this area were combined in Figure 87 (top-right) and separated in Figure 87 (bottom). Noteworthy, the elemental mapping of other elements observed in the spectrum are shown in Figure 146, which was included in the annex. The absence of silicon and the presence of sodium, nitrogen and oxygen identified artefacts as sodium nitrate. Indeed, sodium and nitrate were involved in the synthesis of composites and as a consequence within the reaction medium. For instance, nitrate was the counter ions of metal cations and sodium hydroxide was the basic catalyst of condensation reactions. Besides, the carbon felt piece isolated from the reaction medium was not washed with water as performed previously in the case of the solid phase. The material isolated from the reaction medium was washed with water and then with ethanol while the composites were washed exclusively with ethanol. Therefore, this impurity was absent in the case of powders while present in the composites in consideration of the powder XRD related to the materials prepared with NH-phenyl in the condition 100% Fe(III) previously shown in Figure 42. Therefore, washes with water prior to these with ethanol are to be included in the synthesis procedure performed in future studies.

Carbon felt

These additional washes are expected to avoid this impurity within the coating with material prepared with NH-phenyl. 

Final considerations

The coating of pre-treated carbon fibers was investigated through SEM images.

✓ The fibers of carbon felt were pre-treated with O2 plasma technology in order to be rendered reactive to the condensation of a polysiloxane layer on their surface. This layer served as a template for further condensation of the iron-rich IOLM prepared with lower Fe(III)/Mg molar ratios. This observation reinforced that physical-chemical properties of pristine carbon felt were compatible with these of material prepared with higher Fe(III)/Mg molar ratios.

However, the characterization of the solid phase isolated from the reaction medium with carbon felt by XRD and XRF and thus the comparison of these results the ones discussed in chapter III is still to be considered in order to confirm the discussion proposed for this observation in this study.

✓ The combination of the pre-existing polysilaxone layer with Fe(III)-IOLM resulted in a layer of material thicker than the one previously observed for pristine carbon felt in the case of the composites prepared with either Propyl-NH2 or NH-phenyl as the alkoxysilane.

✓ The thickness of the layer was uncovered to considerably influence the adhesion of the ironrich IOLM to carbon felt fibers regardless of their pre-treatment. Therefore, the concentration of the reagents in the reaction medium is to be further considered in the case of pre-treated composites. This parameter was previously related to the thickness of the iron-rich IOLM coat on the carbon felt fibers in the preliminary studies. The control of the thickness is expected to improve the adhesion of the materials to the pre-treated carbon felt fibers.

✓ The crystals combined with the iron-rich IOLM on the fibers located at the surface of the piece prepared with NH-phenyl at lower Fe(III)/Mg molar ratios were identified as sodium nitrate by EDX analysis. Therefore, the up-to-date experimental procedure is to be modified with the addition of washes with water before these with ethanol in order to avoid this impurity within these materials.

Chapter V -Results and Discussions

Application of composites in heterogeneous electro-Fenton process (HEFP)

Electrochemical performance of composites

The composites previously prepared were investigated in respect to their electrochemical properties.

The main properties to be considered were the influence of the layer of iron-rich material on the resistance of carbon felt and the electro-reduction of structural Fe(III) to Fe(II). The cyclic voltammetry is a powerful electrochemical technique that provides information about both of these properties [START_REF] Marken | Part II.1 Electroanalytical Techniques: Cyclic Voltammetry[END_REF]. For instance, the current-potential curves obtained for the composite prepared in the condition 100% Fe(III) with NH-phenyl as the alkoxysilane in the presence of hydrogen peroxide (H2O2) encouraged the evaluation of this material in the degradation of a tri-iodide pollutant, iohexol, with the heterogeneous electro-Fenton process. Therefore, the electrochemical properties and the performance of composites reported in the previous chapter will be discussed in this chapter.

Electrochemical properties

The electrochemical properties of the composite electrodes were investigated with CV. The CV experiments were performed in an aqueous electrolyte solution at circumneutral pH in consideration of the conditions used in the treatment of wastewater with the heterogeneous electro-Fenton

process. The current-potential curves were represented under the IUPAC convention as the currentpotential curve shown in Figure 89 in which the applied potential was varied from positive to negative potentials as indicated by the arrow along the curve. In this case, the signal related to a reduction event shows I<0 and is referred to as the cathodic peak (Ep1). Vice-versa, the signal related to an oxidation event shows I>0 and is referred to as the anodic peak (Ep2).Therefore, the particular s-shape or "duck" shape response is related to reversible electron transfer reactions [START_REF] Elgrishi | A Practical Beginner's Guide to Cyclic Voltammetry[END_REF]. The half-wave potential (E1/2) is referred to as the formal potential, which is particular to the system and depends on the temperature and concentration of the analyte. Noteworthy, the standard potential correlates with the formal potential when 1 M of analyte is investigated at 25°C that were not the conditions used in this study [START_REF] Elgrishi | A Practical Beginner's Guide to Cyclic Voltammetry[END_REF][START_REF] Graham | Standard Operating Procedures for Cyclic Voltammetry[END_REF]. The identity of the working electrode was mentioned in the legend related to each voltammogram.

For this reason, labels were used to refer to pristine carbon felt or respective composites in the legends. The principle of the labels used in this chapter is shown in Table 22.

Table 22. The principle of the labels used to refer to carbon felt or respective composites.

Label

Working electrode CF Pristine carbon felt CF-2

Pristine carbon felt from a different manufacturer CF + Fe(II/III)(aq)

Pristine carbon felt in the presence of iron ions CF/100% Fe(III) Propyl-NH2

Pristine carbon felt modified with material prepared in the condition 100% Fe(III) and Propyl-NH2 as the alkoxysilane CF/100% Fe(III) Propyl-NH2_2

The reuse of the same pristine carbon felt modified with material prepared in the condition 100% Fe(III) and Propyl-NH2 as the alkoxysilane (2) CF/100% Fe(III) Propyl-NH2 The use of either a replicate (from the same synthesis) or a repetition (from another synthesis) of pristine carbon felt modified with material prepared in the condition 100% Fe(III) and Propyl-NH2 as the alkoxysilane CF(PT)

Carbon felt pre-treated with O2 plasma CF(PT-T)

Carbon felt pre-treated with O2 plasma technology and then treated with dipodal silane CF(PT-T)/100% Fe(III)

Carbon felt modified with siloxane layer and then with material prepared in condition 100% Fe(III)

Pristine carbon felt

First, the current-potential curve related to pristine carbon felt was investigated in order to determine the solvent window within the potential window used in the experiment. The anodic and cathodic responses deviated from the baseline at ±0.24 V. This observation indicated that the electron transfer reactions initiated at the surface of the electrode at this potential, which is commonly referred to as the onset potential [START_REF] Graham | Standard Operating Procedures for Cyclic Voltammetry[END_REF]. In this case, the onset potential corresponded to ±0.05 V in consideration of the standard hydrogen electrode (SHE) instead of SCE as the reference electrode. Therefore, these responses were possibly related to the H2 evolution at the surface of the electrode as shown in Equation 38. Noteworthy, the standard reduction potential of H2 is 0 V/SHE. In this study, the solvent used was water and thus the reduction and oxidation of water as shown in Equation 39and Equation 40, respectively were possibly responsible for the increase of the response at the extremities of the curve [START_REF] Schotten | Making Electrochemistry Easily Accessible to the Synthetic Chemist[END_REF]. Noteworthy, the electron transfer reactions on the surface of the electrode involved single electron transfer and thus results in radical species, which are to eventually result in the final products shown in the Equation 38to Equation 40. Secondly, the repeatability of the current-potential curves observed for pristine carbon felt was investigated in this study. The reuse of pristine carbon felt hereafter referred to as [START_REF]Industrial Waste Water Treatment-Pressures on Europe's Environment[END_REF] resulted in an increase of the anodic response as shown in Figure 91. This observation indicated that more electrons were transferred to the electrode when pristine carbon felt (1) was reused as the working electrode [START_REF] Schotten | Making Electrochemistry Easily Accessible to the Synthetic Chemist[END_REF]. Indeed, the polarization of glassy carbon electrodes in alkaline conditions was previously reported to increase the oxygen content on the surface of these electrodes that was determined by XPS [START_REF] Dekanski | Glassy Carbon Electrodes[END_REF]. Therefore, the use of carbon felt in cyclic voltammetry possibly resulted in the oxidation of the surface that consequently increased the anodic response. Besides, the comparison of the current-potential curves of pristine carbon felt (1) with these related to similar pieces of pristine carbon felt uncovered the influence of mass aside from the dimensions of the electrode to the responses. For instance, other two pieces of pristine carbon felt were cut out from the cloth provided by the manufacturer in the same dimensions as pristine carbon felt [START_REF]Industrial Waste Water Treatment-Pressures on Europe's Environment[END_REF]. For this reason, these pieces are hereafter referred to as pristine carbon felt ( 2) and ( 3). The current-potential curves related to pristine carbon felt ( 2) and ( 3) are compared to [START_REF]Industrial Waste Water Treatment-Pressures on Europe's Environment[END_REF] in Figure 91.

The pristine carbon felts ( 2) and ( 3) showed similar curves while both the anodic and cathodic responses were inferior to pristine carbon felt [START_REF]Industrial Waste Water Treatment-Pressures on Europe's Environment[END_REF]. This observation corroborated with the masses of 146 the pristine carbon felts ( 2) and ( 3) that were similar while superior to (1) as shown in Table 23.

Indeed, the porous nature of the carbon felt enabled the pieces to show the same dimensions and different masses that resulted in different surface-areas. The importance of the surface area of the working electrode is well-known in consideration of the electron transfer reaction as a heterogeneous process that proceeds at the interface electrode-solution. Therefore, either the increase or decrease of the surface area of the working electrode strongly influences the currentpotential curves [START_REF] Schotten | Making Electrochemistry Easily Accessible to the Synthetic Chemist[END_REF]. Most importantly, the response observed for pristine carbon felt was relatively weak when compared to the one usually related to redox systems. In this case, the difference observed between the responses related to pristine carbon felts ( 1), ( 2) and ( 3) was considered as negligible. Nevertheless, a slight difference between the current-potential curves related to replicates and reused composite electrodes is to be expected in this study. For this reason, the current-potential curve related to the last cycle or scan of pristine carbon felt (1) was used hereafter as the background response for simplicity reasons. 1), ( 2) and ( 3) and reused of pristine carbon felt piece [START_REF]Industrial Waste Water Treatment-Pressures on Europe's Environment[END_REF]. in electrolyte at pH 7.

Pristine carbon felt in the presence of iron ions (Fe(III/II)(aq))

The release of iron from the solid is a common problem of heterogeneous Fenton catalysts previously reported in the literature (Hartmann, Kullmann, and Keller 2010). Therefore, the currentpotential curve of pristine carbon felt in the presence of iron ions was investigated in order to anticipate the response related to iron ions released from the composite electrodes. The electrolyte solution was used to dissolve iron (III) nitrate at 0.5 mM, which is the concentration of iron ions commonly used in the conventional Fenton process (Brillas, Sirés, and Oturan 2009). The iron ions were in the oxidation state (III) instead of (II) as in the conventional Fenton process in consideration of Fe(III) within the structure of the material used to coat carbon felt fibers. Besides, the anion was nitrate instead of sulfate in consideration of the FTIR spectra of materials shown in chapter III that indicated the presence of NO3 -ions within the structure. Therefore, the dissolution of the material was anticipated to result in the release of iron(III) ions as well as NO3 -ions in the electrolyte solution.

Firstly, the pH of the electrolyte solution was adjusted to 3 instead of 7 in order to avoid the precipitation of iron oxy-hydroxydes. In this case, the current-potential curve of pristine carbon felt at pH 3 instead of 7 was considered as the background response. Firstly, the current-potential curves of pristine carbon at pH 3 and 7 are compared in Figure 147, which was included in the annex. The superior cathodic response along with the narrow shape of the current-potential curve at pH 3 were possibly related to the charged species in the interface electrode-solution that are expected to be different at pH 3 or 7. Secondly, the current-potential curves related to pristine carbon felt in the absence and presence of Fe(III) ions at pH 3 are compared in Figure 92. In the first scan, the onset potential of the cathodic peak was observed at +0,46 V/SCE that reached the maximum current response at -0.17 V/SCE. This cathodic peak was attributed to the reduction of Fe(III) to Fe(II) in consideration of the onset potential that corresponded to +0.705 V/SHE while the standard reduction potential of Fe(II) is well-known to be +0.77 V/SHE. However, the system was irreversible in the conditions of this study in consideration of the absence of the anodic peak in the currentpotential curves. Besides, the current-potential curves related to pristine carbon felt from another manufacturer in the same conditions were similar to the previous ones as shown in Figure 93 except for the slight shift in the potential related to the cathodic peak. This observation indicated that the nature of the electrode material was slightly different in between manufacturers. Most importantly, the anodic peak was absent in both current-potential curves regardless of the nature of the electrode material. that the iron ions in the electrolyte solution were essentially in the oxidation state (II) in consideration of the absence of the cathodic peak. However, the cathodic peak was observed in the subsequent scans as well as in the last scan. This observation indicated that the Fe(II) ions oxidized in the electrolyte solution in despite of the absence of the respective anodic peak. In the literature, the sulfate ions in the electrolyte solution have been reported to interfere in the electrode kinetic parameters and diffusion coefficients of iron ions [START_REF] Bockris | Dependence of the Rate of Electrodic Redox Reactions on the Substrate[END_REF][START_REF] Gil | Predominance-Zone Diagrams of Fe(III) and Fe(II) Sulfate Complexes in Acidic Media. Voltammetric and Spectrophotometric Studies[END_REF][START_REF] Nagasaka | Electrochemical Reaction of Aqueous Iron Sulfate Solutions Studied by Fe L-Edge Soft X-Ray Absorption Spectroscopy[END_REF]. For instance, the iron-sulfate complexes were related to a lower diffusion coefficient and thus the electron transfer reactions were slower in the presence of sulfate ions [START_REF] Gil | Predominance-Zone Diagrams of Fe(III) and Fe(II) Sulfate Complexes in Acidic Media. Voltammetric and Spectrophotometric Studies[END_REF]. Indeed, the oxidation of iron-sulfate complexes was not visible at scan rate 20 mV.s -1 only at 5

mV.s -1 when a gold electrode was used as the working electrode [START_REF] Nagasaka | Electrochemical Reaction of Aqueous Iron Sulfate Solutions Studied by Fe L-Edge Soft X-Ray Absorption Spectroscopy[END_REF]. Therefore, the absence of the anodic peak was possibly related to the slow rate of oxidation previously observed for iron-sulfate complexes and thus conditioned the Fe(II)/Fe(III) system to be irreversible in the conditions of this study. For instance, the reduction of the iron-sulfate complexes in the diffusion layer resulted in the cathodic peak observed in the first scan. The slow oxidation rate of these complexes resulted in partial oxidation iron-sulfate complexes in the diffusion layer at scan rate 20 mV.s -1 that corroborated with the inferior current response related to the cathodic peak in the subsequent scans.

First scan

Last scan The current-potential curves related to the repetitions were similar as shown in Figure 148, which was included in the annex. However, the absence of the cathodic peak at the first scan results from disruption of the surface of the electrode in consideration of the remarkable release of the material as shown in Table 47, which was also included in the annex. Table 24. The aspect of the carbon felt modified with material prepared with Propyl-NH2 in the condition 100% Fe(III) and the electrolyte solution [START_REF]Industrial Waste Water Treatment-Pressures on Europe's Environment[END_REF] along with the respective concentration of iron ions.

( Nevertheless, the reuse of such modified electrode was investigated in fresh electrolyte solutions in consideration of the potential of -0.9 V/SCE, which was later used in HEFP. Therefore, the response related to the first modified electrode prepared with Propyl-NH2 in the condition 100% Fe(III) was investigated in the potential range between -0.9 V/SCE and +0.8 V/SCE. The current-potential curves related to the electrolyte solution [START_REF]Industrial Waste Water Treatment-Pressures on Europe's Environment[END_REF] and the fresh electrolyte solutions ( 2) and ( 3) are shown in Figure 97. The current response related to the modified electrode was superior to the one related to pristine carbon felt, in particular the anodic response. This observation indicated that the coat of carbon felt fibers with the material did not contribute to electrode passivation. Interestingly, the current-potential curves converged to the curve related to pristine carbon felt with reuse of this modified electrode, in particular the cathodic response. The aspect of the fresh electrolyte solutions

(2) and ( 3) and the respective concentration of iron ions that are shown in Table 25 corroborated with the release of material from the electrode. However, the material was essentially released in first use and corresponded at the end to only 20% of the initial mass of material. Therefore, the material released was possibly on the fibers located at the surface of the carbon felt piece that corresponded to the interface electrode-solution considered by this electrochemical technique. The behavior of the modified electrode prepared with Propyl-NH2 is certainly incompatible with the HEFP while suitable for other applications. For instance, the in-site remediation of pollutants with the conventional Fenton process. Therefore, this material was not further considered in this study. 2) and ( 3) in another potential range.

Table 25. The reuse of the carbon felt modified with material prepared with Propyl-NH2 in the condition 100% Fe(III) in fresh electrolyte solutions ( 2) and ( 3) and the respective concentration of iron ions along with percentage of mass loss of material from the electrode.

( 26. In this case, the decrease in mass of 6.3% observed for carbon felt modified with material prepared with NH-phenyl was rather related to the release of material due to manipulation than delamination of the structure. This observation corroborated with the aspect of carbon felt modified with material prepared with NH-phenyl in which material in excess was observed at the surface of the electrode as shown in Table 26. Table 26. The aspect of carbon felt modified with material prepared with either Propyl-NH2 or NH-phenyl in the condition 100% Fe(III) and the respective electrolyte solution along with the concentration of iron ions and the percentage of mass loss of material from the electrode.

(1) Propyl-NH2

(1) NH-phenyl 100% Fe(III)

Aspect of composites

Aspect of electrolyte

[Fe] electrolyte (ppm)

BDL

Mass Loss (% initial)

19.8% 6.3%

The behavior of carbon felt modified with material prepared with NH-phenyl in the condition 100% Fe(III) encouraged further investigation of other conditions in particular the condition 0% Fe(III) in order to determine the electrochemical response related to iron(III) within the structure of these materials. Firstly, the current-potential curves of carbon felt modified with material prepared with NH-phenyl in the conditions 0%, 25%, 50% or 75% Fe(III) are shown in Figure 99. The irreproducibility observed scan-to-scan indicated minor variations in the surface of the carbon felt modified with material prepared in these conditions as previously observed in the condition 100% Fe(III). However, the variations in the surface are unlikely related with release of material from carbon felt in consideration of the clear aspect of the electrolyte solution in which the concentration of iron ions was negligible as shown in Table 27. Once more, the decrease observed in the mass of these electrodes was possibly related to the material in excess at the surface in consideration of the aspect of electrodes shown in Table 27. This observation corroborated with loss of material due to manipulation instead of delamination of the structure. Table 27. The aspect of carbon felt modified with material prepared with NH-phenyl in the conditions 0%, 25%, 50%. 75% or 100% Fe(III) and the respective electrolyte solution along with the concentration of iron ions and the percentage of mass loss of material from the electrode.

NH-phenyl

Condition (% Fe(III)) 9.4% 6.4% 3.0% 2.9% 6.3%

0% 25% 50% 75% 
Secondly, the current-potential curve related to the last scan of carbon felt modified with material prepared in different conditions are compared in Figure 100. The curves were similar to the one related to pristine carbon felt. This observation indicated that the coat of carbon felt fibers with the materials did not contribute to electrode passivation. Besides, this observation indicated that Fe(III)

within the structure of these materials was unable to reduce and thus to result in a well-defined cathodic peak. Nevertheless, the Fe(III) content within the material influenced both the cathodic and anodic responses that increased and decreased from the conditions 25% to 100% Fe(III), respectively.

Therefore, the discreet anodic peak observed around +0.5 V/SCE was possibly related to Fe(II) within the structure. Interestingly, another piece of carbon felt modified with material prepared with NH-Chapter V -Application of composites in heterogeneous electro -Fenton process 160 phenyl in the condition 100% Fe(III) in the another synthesis and thus hereafter referred to as repetition electrode ( 2) showed a well-defined anodic peak at +0.46 V/SCE as shown in Figure 149, which was included in the annex. Besides, the current-potential curves were further irreproducible from scan-to-scan in the case of the replicate electrode. This observation was possibly related to the 0.15 ppm of iron observed within the electrolyte solution related to the repetition electrode (2) as shown in Table 48, which was also included in the annex. However, the irreproducibility scan-to-scan was also observed for the carbon felt modified with material prepared in the other conditions, in particular the condition 25% Fe(III), which showed negligible concentration of iron within the electrolyte solution. Besides, the percentage of material released from these electrodes corresponded to 6.3% and 6.7% of the initial mass of material for the repetitions ( 1) and ( 2), respectively. Therefore, the superior concentration of iron within the electrolyte solution of the repetition electrode ( 2) was rather related to the analytical sensibility. The potential anodic signal around +0.5 V/SCE was further investigated in consideration of the 1 st derivative of the curves related to pristine carbon felt and carbon felt modified with material prepared in the conditions 0% or 100% Fe(III) that were compared to the respective current-potential curves in Figure 101. The 1 st derivative of the curves uncovered that the response deviated from the baseline around this potential for carbon felt modified with material prepared in the condition 100% Fe(III) as well as for pristine carbon felt. Interestingly, the response observed for the carbon felt modified with material in the condition 0% Fe(III) was slightly different from the one related to the material prepared in the condition 100% Fe(III) and thus pristine carbon felt. Therefore, the response was rather determined by other features of each material than the iron within the structure. This observation indicated that the iron within the structure was electro-inactive and thus the discreet signal observed around +0.5 V/SCE possibly corresponded to the oxidation of an impurity at the surface. 150, which was included in the annex. The cathodic peak observed at -0.60 V/SCE was well-defined in the presence of 1 mM H2O2. However, the increase in the concentration of H2O2 intensified the cathodic response until a shapeless peak was observed in the presence of 5 mM of H2O2.

Interestingly, the current-potential curves related to pristine carbon felt in the presence of 5 mM of H2O2 showed a well-defined and thus less intense cathodic peak observed at -0.48 V/SCE as shown in Figure 104 (top). Therefore, the cathodic peak observed for pristine carbon felt as well as for carbon felt modified with material prepared in the condition 100% were possibly related to the reduction of H2O2. Nevertheless, the shift observed in the peak potential corroborated with the different surface properties between pristine and modified carbon felt fibers. Besides, the superior response observed 163 for the curves related to carbon felt modified with material prepared in the condition 100% in comparison to pristine carbon felt in the presence of 5 mM of H2O2 was considered as an evidence of the catalytic role of Fe(III) within the structure. However, the current-potential curves related to the carbon felt modified with the material prepared in the condition 0% Fe(III) were as intense as the curves related to the condition 100% Fe(III) as shown in Figure 104 (bottom). This observation indicated that the structural Fe(III) was electro-inactive and failed to perform as a heterogeneous catalysis. Besides, the increase in the concentration of H2O2 also intensified the anodic response observed in the current-potential curves related to carbon felt modified with material prepared in the condition 100% Fe(III). However, the well-defined anodic peak observed at +0.70 V/SCE contrasted with the shapeless cathodic peak observed in the curves when the concentration of H2O2 was 5 mM. Interestingly, the anodic peak was observed in the current-potential curves related to carbon felt modified with material prepared in the condition 0% Fe(III) and 100% Fe(III) in the presence of 5mM of H2O2 while unobserved in the curves related to pristine carbon felt in the same conditions. Therefore, the anodic peak was related to an oxidation reaction at the electrode surface other than the oxidation of H2O2. Besides, this oxidation reaction was particular to the modified carbon felt electrodes while independent of the iron within the structure. For instance, the oxidation of the organic moieties related to NH-phenyl that were certainly accessible at the surface of the material on the carbon felt fibers. Lastly, the reuse of carbon felt modified with material prepared with NH-phenyl was investigated in fresh electrolyte solutions in consideration of the potential of -0.9 V/SCE, which was later used in HEFP. Another piece of carbon felt modified with material prepared with NH-phenyl in the condition 100% Fe(III) in the same synthesis as ( 2) and thus hereafter referred to as replicate (3) was investigated in regard to the potential range between -0.9 V/SCE and +0.8 V/SCE. Firstly, the currentpotential curves related to the replicate electrodes ( 2) and ( 3) were compared in Figure 151, which was included in the annex. The increase of the potential range resulted in a broader anodic peak that was observed at +0.53 V/SCE instead of +0.46 V/SCE. Besides, another anodic peak emerged at -0.39 V/SCE in the curves of both replicate electrodes. The same anodic peaks were observed in the current-potential curves related to the replicate electrode (3) when in the fresh electrolyte solutions

(2) and ( 3) that are shown in Figure 105. The curves related to the modified carbon felt showed superior oxidation and reduction response in comparison to pristine carbon felt. This observation reinforced that the coat of carbon felt fibers with the material did not contribute to electrode passivation. The irreproducibility scan-to-scan was noticeable in the curves in particular for the reduction response related to the electrolyte solution (1). This observation indicated greater changes in the surface of the working electrode in the course of the first use (K. J. [START_REF] Lee | On Decomposition, Degradation, and Voltammetric Deviation: The Electrochemist's Field Guide to Identifying Precatalyst Transformation[END_REF]. Interestingly, the highest cathodic and anodic responses were observed for the curves related to the electrolyte solution [START_REF] Sirés | Electrochemical Advanced Oxidation Processes: Today and Tomorrow: A Review[END_REF] in which the concentration of iron ions was determined to be below the detection limit (BDL) as shown in Table 28. This observation indicated that the responses were independent to iron ions in the electrolyte solution and thus the release of material from the electrode that corresponded to 8% of the initial mass of material in the case of the replicate electrode (3) as shown in Table 28. Most importantly, the difference observed between the responses related to the electrolyte solutions ( 1), ( 2) and ( 3) was considered as negligible when compared to the responses related to redox systems. Indeed, the release of material from the electrode slightly increased with reuse from 6.3% and 6.7% observed for the repetition electrodes ( 1) and ( 2), respectively, to 8% observed for the replicate electrode (3). This observation was also possibly attributed to the manipulation of the electrode, which was washed three times in the fresh electrolyte solution before the repetition of each experiment in the electrolyte solution ( 2) and ( 3).

Nevertheless, the difference observed in the percentages of material released from the electrode were negligible in comparison to these observed for carbon felt modified with material prepared with Propyl-NH2 in the same conditions. Therefore, the carbon felt modified with material prepared with NH-phenyl in the condition 100% Fe(III) was considered to be stable upon reuse and thus suitable for the application in HEFP.

Chapter V -Application of composites in heterogeneous electro -Fenton process 167 2) and ( 3) in another potential range.

Table 28. The reuse of the carbon felt modified with material prepared with NH-phenyl in the condition 100% Fe(III) in fresh electrolyte solutions ( 1), ( 2) and ( 3) and the respective concentration of iron ions along with percentage of mass loss of material

(3) NH-phenyl 100% Fe(III)

Aspect of composites

Aspect of electrolytes

1 2 3 
[Fe] electrolyte (ppm)

BDL BDL

Mass Loss (% initial)

8.0%

However, the use of carbon felt modified with material prepared with NH-phenyl in the condition 100% Fe(III) was still impracticable in consideration of the electro-inactivity Fe(III) within the structure. At the same time, the anodic peak observed at -0.39 V/SCE when the potential range was between -0.9 V/SCE and +0.8 V/SCE was possibly related to oxidation of Fe(II) to Fe(III) within the structure. This observation was further investigated in consideration of the response related to carbon felt modified with material prepared in the condition 0% Fe(III) in this potential range.

Noteworthy, another piece of carbon felt modified with material prepared in the condition 0% Fe(III) in the same synthesis was used for this investigation and thus hereafter referred to as replicate electrode ( 2). The current-potential curves related to the replicate electrodes ( 1) and ( 2) were similar as shown in Figure 152, which was included in the annex. This observation corroborated with the aspect of the electrodes, electrolyte solution and percentage of the initial mass of material released from the electrode that were similar between the replicates as shown in Table 49, which was also included in the annex. Next, the current-potential curves related to carbon felt modified with material prepared in the conditions 0% or 100% Fe(III) were compared in Figure 106. The reduction peak observed at -0.71 V/SCE in the curves related to carbon felt modified with material prepared in the condition 0% was particular to this condition and thus unrelated to iron within the structure.

However, the anodic peak observed at -0.39 V/SCE was weaker and broader than the one observed at -0.36 V/SCE in the curves related to the carbon felt modified with material prepared in the condition 100% Fe(III). Noteworthy, the anodic peak was also observed as a broad and weak peak in the current-potential curves of pristine carbon felt. These observations indicated that the anodic peak was rather related with an impurity at the electrode surface than with Fe(II) within the structure. However, the cathodic and anodic responses observed for the carbon felt modified with material prepared in the condition 100% exceeded the ones observed for the condition 0% with the increase of the potential range in consideration of the current-potential curves related to the previous potential range shown in Figure 100. Besides, the response related to the anodic peak observed at -0.36 V/SCE was superior for the carbon felt modified with material prepared in the condition 100% in comparison to the response observed for the condition 0%. These observations indicated that iron within the structure possibly reacted with these impurities and thus contributed to the superior responses observed for carbon felt modified with material prepared in the condition 100%. These observations encouraged the performance of HEFP in a reduction potential of -0.9 V/SCE. 

Pre-treated carbon felt

The pre-treatment of the carbon felt fiber intended to increase the adhesion of materials prepared with either Propyl-NH2 or NH-phenyl. Firstly, the fibers were treated with O2 plasma technology in order to create C-O bonds at the surface and thus OH functionalities. Secondly, these OH functionalities were condensed with a dipodal silane that enabled the formation of a siloxane layer covalently bonded to the surface of the fibers. Thirdly, the siloxane layer acted as a template to the condensation of the material used as the heterogeneous catalyst in this study. The formation of covalent bonds between the carbon felt fibers and the heterogeneous catalyst intended to restrain the release of the latter from the electrode in particular for the carbon felt modified with materials prepared with Propyl-NH2. Besides, this pre-treatment intended to improve the resistance to mechanical stress in consideration of the release of material in excess at the surface of carbon felt modified with materials prepared with NH-phenyl. However, the SEM images from the carbon felt fibers modified in these conditions discussed in the previous chapter uncovered that the increase of the thickness of the coating layer threatened the adhesion of the heterogeneous catalyst to the pretreated fibers.

First, the electrochemical properties of the carbon felt pre-treated with O2 plasma technology and the one related to the pre-treated carbon felt subsequently treated with the dipodal silane were investigated in this study. The current-potential curves related to pristine carbon felt pre-treated with O2 plasma technology are shown in Figure 153, which was included in the annex. The anodic peaks observed at +0.60 V/SCE, -0.11 V/SCE and -0.42 V/SCE are noticeable when the curves are compared to the one related to pristine carbon felt. Interestingly, only the anodic peak observed at +0.6 V/SCE was noticeable in the current-potential curves related to the pre-treated carbon felt subsequently treated with dipodal silane as shown in Figure 154, which was also included in the annex while evidenced in Figure 107. The disappearance of the anodic peaks observed at -0.11 V/SCE and -0.42 V/SCE indicated that these responses were possibly related to OH functionalities involved in the formation of the siloxane layer. Besides, the irreproducibility scan-to-scan around +0.6 V/SCE observed for pre-treated carbon felt modified with the siloxane layer was also observed for nontreated carbon felt modified with material prepared with NH-phenyl in the condition 100% as previously shown in Figure 151, which was included in the annex. This observation reinforced that the anodic peak observed at this potential range was unrelated to iron within the structure.

Noteworthy, the pre-treatment of the carbon felt resulted in wider curves in particular for the carbon felt pre-treated with O2 plasma technology. This observation indicated that the plasma treatment increased the capacitance of carbon felt that slightly decreased with the subsequent treatment with dipodal silane and thus the formation of the siloxane layer. Therefore, the siloxane layer possibly influenced the conductivity/resistivity of the electrode as well as the adsorbed species at the electrode-solution interface. Both the surface and the adsorbed species at the electrode-solution interface are well-known to contribute to the capacitance of the electrode [START_REF] Wu | Electrochemical Capacitor of Magnetite in Aqueous Electrolytes[END_REF]. 

Primary amino: Propyl-NH2

The carbon felt modified with material prepared with Propyl-NH2 was previously considered to be unsuitable for the application in HEFP in view of the delamination of the structure in water that possibly resulted in homogeneous catalysis and certainly prevented reuse of the catalyst. Therefore, the pre-treatment of carbon felt intended to form covalent bonds between the fibers and the material prepared with Propyl-NH2 in order to avoid at least the release of the layers along the surface. However, the subsequent layers were still expected to delaminate regardless of the pretreatment of the fibers. The current-potential curves of pre-treated carbon felt modified with the siloxane layer and then with the material prepared with Propyl-NH2 in the condition 100% are shown in Figure 155, which was included in the annex. The anodic peak observed at +0.55 V/SCE was also observed at +0.60 V/SCE for pre-treated pristine carbon felt while the cathodic peak observed at -0.23 V/SCE was particular to the pre-treated carbon felt modified with material prepared with Propyl-NH2 in the condition 100%. The superior response related to the anodic peak in the presence of the material prepared with Propyl-NH2 in the condition 100% reinforced that this anodic peak was related to impurities that were considerably influenced by the coverage of the fibers located at the surface. However, the well-defined cathodic peak observed at -0.23 V/SCE was previously observed at -0.26 V/SCE for non-treated carbon felt prepared in the same conditions as shown in Figure 108.

This response was still attributed to iron ions in consideration of the visible release of material from the electrode to the electrolyte solution in which the concentration of iron ions was 0.66 ppm as

shown in Table 29. The inferior response related to the cathodic peak observed at -0.23 V/SCE corroborated with the concentration of iron ions within the electrolyte solution that decreased from 1.05 ppm to 0.66 ppm with the pre-treatment of carbon felt as shown in Table 29. Indeed, the percentage of material released from the electrode decreased from 19.8% to 15.5% of the initial mass of material as also shown in Table 29. These observations indicated that the carbon felt fibers possibly remained rather coated with material and thus corroborated with the contrast observed in the response related to the anodic peak at +0.55V/SCE. However, the difference in the aspect of the material on the fibers is to be considered further investigated with SEM in this study. Table 29. The aspect of non-treated and pre-treated carbon felt modified with material prepared with Propyl-NH2 in the condition 100% Fe(III) and the respective electrolyte solution along with the concentration of iron ions and the percentage of mass loss of material from the electrode.

Propyl-NH2

100% Fe(III)

Non-treated Treated

Aspect of composites

Aspect of electrolyte

[Fe] electrolyte (ppm)

1.05 0.66

Mass Loss (% initial)

19.8% 15.5%

Secondary amino: NH-phenyl

The carbon felt modified with material prepared with NH-phenyl resisted to delamination of the structure in water and thus it was considered suitable for the application in HEFP. However, the visible excess of material on the fibers at the surface was susceptible to mechanical stress in consideration of the collapse of material from the surface observed upon the manipulation of the electrode. Therefore, the pre-treatment of carbon felt intended to form covalent bonds between the fibers and the material prepared with NH-phenyl in order to improve mechanical resistance of the heterogeneous catalyst in particular at the surface of the electrode. The current-potential curves of pre-treated carbon felt modified with the siloxane layer and then with the material prepared with NH-phenyl in the condition 100% are shown in Figure 156, which was included in the annex. The curves were similar to the one related to pre-treated pristine carbon felt aside from the slight increase of the cathodic and anodic responses observed in the presence of the material prepared with NH-phenyl in the condition 100%. Interestingly, the absence of peaks in the curves contrasted with the anodic peak previously observed at -0.46 V/SCE for non-treated carbon felt prepared in the same conditions as shown in Figure 109. Noteworthy, both pre-treated pristine carbon felt and the pre-treated carbon felt modified with material prepared with Propyl-NH2 showed noticeable anodic responses in this potential range. This observation indicated that the pre-treatment of the carbon felt possibly improved the coverage of the fibers located at the surface in consideration of the influence of the coverage in the responsiveness observed in this potential ranges. However, the pre-treatment was unable to improve the mechanical resistance in consideration of the percentage of material released from the electrode that still corresponded to 6.7% of the initial mass of material as shown in Table 30. Therefore, the increase observed in the concentration of iron ions within the electrolyte solution from 0.15 ppm to 0.30 ppm with the pre-treatment of carbon felt Chapter V -Application of composites in heterogeneous electro -Fenton process 176 is rather related to the analytical sensibility than to the release of material from the electrode.

Indeed, SEM images of fibers within the pre-treated carbon felt modified with the material prepared with either Propyl-NH2 or NH-phenyl indicated that the coat increased in thickness due to the presence of the siloxane layer. However, the thickness of the fibers prevailed over the covalent bonds in respect to the adhesion of the material to the fibers. This observation indicated that the pre-treatment possibly improved the coverage of the fibers with a thicker layer of material in consideration of response observed in the curves around +0.5 V/SCE. At the same time, the thicker layer of material compromised the adhesion of material to the fibers in consideration of the same percentage of release of material from the electrode. Nevertheless, the repetition of the synthesis of pre-treated carbon felt modified with the material prepared with NH-phenyl in the condition 100% Fe(III) and the aspect of the coat at the surface are to be further investigated by SEM. Therefore, this electrode was not further investigated in regard to the performance in HEFP.

Table 30. The aspect of non-treated and pre-treated carbon felt modified with material prepared with NH-phenyl in the condition 100% Fe(III) and the respective electrolyte solution along with the concentration of iron ions and the percentage of mass loss of material from the electrode.

NH-phenyl 100% Fe(III)

Non-treated Treated

Aspect of composites

Aspect of electrolyte

[Fe] electrolyte (ppm) 0.15 0.30

Mass Loss (% initial)

6.7% 6.7%

Performance in heterogeneous electro-Fenton-like process

The carbon felt modified with material prepared with NH-phenyl in the condition 100% Fe(III) was investigated in regard to its performance in the heterogeneous electro-Fenton-like process through iohexol. The molecular structure of this tri-iodide compound is shown in Figure 110 (W. Zhang et al. 2021). The iohexol is one of the several contrast agents based on iodine used in medical imaging of soft tissues and blood vessels [START_REF] Radjenovic | Removal of the X-Ray Contrast Media Diatrizoate by Electrochemical Reduction and Oxidation[END_REF][START_REF] Mendoza | Pharmaceuticals and Iodinated Contrast Media in a Hospital Wastewater: A Case Study to Analyse Their Presence and Characterise Their Environmental Risk and Hazard[END_REF]W. Zhang et al. 2021).

The iodinated contrast media is injected in high doses and then excreted unaltered through urine and feces within 24 h. Therefore, iohexol is commonly found in hospital and then municipal wastewater that are treated in the urban wastewater treatment plants [START_REF] Radjenovic | Removal of the X-Ray Contrast Media Diatrizoate by Electrochemical Reduction and Oxidation[END_REF]Miron et al. 2019;W. Zhang et al. 2021). However, this molecule shows low biodegradability and thus persists in water after the conventional biological treatment as many other molecules with a complex molecular structure that are commonly referred to as persistent organic pollutants (POPs) (W. Zhang The electro-reductive deiodination of iodinated contrast media was reported to not only improve the biodegradability but to enable the recovery of iodide ions [START_REF] Radjenovic | Removal of the X-Ray Contrast Media Diatrizoate by Electrochemical Reduction and Oxidation[END_REF][START_REF] Xie | Contaminant Degradation by •OH during Sediment Oxygenation: Dependence on Fe(II) Species[END_REF]2021). However, the dehalogenation of iohexol was unable to increase the biodegradability of respective byproducts as previously observed for diatrizoate, which is another iodinated contrast media (W. [START_REF] Zhang | Electrochemical Processes Coupled to a Biological Treatment for the Removal of Iodinated X-Ray Contrast Media Compounds[END_REF]2021). Therefore, the association of electrochemical reduction and oxidative processes was considered in this study as an approach to improve the mineralization of the by-products of iohexol [START_REF] Giannakis | Iohexol Degradation in Wastewater and Urine by UV-Based Advanced Oxidation Processes (AOPs): Process Modeling and by-Products Identification[END_REF]. The hydroxyl radicals ( • OH) generated through catalysis of radical decomposition of H2O2 by iron in the oxidation state +2 in Fenton process are wellknown to mineralize refractory by-products. Besides, the performance of Fenton process inside an electrochemical cell enables the in-situ generation of H2O2 and the regeneration of iron ions in the oxidation state +2 from the oxidation state +3 at the cathode (Mousset et al. 2021). In this study, the preparation of a heterogeneous catalyst based on iron-rich hybrid lamellar material intended to enable the treatment at circumneutral pH along with the reuse of the catalyst. Further, the association of this material with carbon felt intended to enable ease separation of the heterogeneous catalyst from water after the treatment and thus to increase feasibility of this process in practical applications.

Preliminary studies

Firstly, the contribution of the direct oxidation of iohexol by H2O2 to the overall performance of the process was investigated in this study. Noteworthy, the degradation of iohexol was investigated based on the concentration of iohexol in the electrolyte solution determined by HPLC before and after the treatment. For instance, the respective chromatograms are shown in Figure 158, which was included in the annex. The eventual degradation of iohexol is to result in additional peaks in the chromatogram that are related to the by-products of iohexol. However, the same peaks were observed in both chromatograms in this case. Besides, the further degradation of these by-products is to eventually result in the mineralization and thus CO2, water and inorganic salts. The mineralization of iohexol was investigated based on the dosage of organic carbon compounds in the electrolyte solution determined by Dissolved Organic Carbon (DOC) measurements before and after the treatment. In this case, the DOC values were similar in consideration of the variations observed in the measurements of ultra-pure water. Therefore, the addition of 5 mM H2O2 to the electrolyte solution with iohexol resulted in negligible degradation and mineralization of this molecule.

Pristine carbon felt

Secondly, the contribution of the direct electrochemical reaction of iohexol at the cathode to the overall performance of the process was investigated in this study. The electrolysis was performed with 100 ppm of iohexol in the electrolyte solution at pH 7 under reduction potential of -0.9 V/SCE for 2h and resulted in the degradation of 9.0% of iohexol as also shown in Table 31. This observation corroborated with the appearance of an additional peak with retention time of 1.13 min in the chromatogram related to the electrolyte solution after the electrochemical treatment that was possibly related to a by-product of iohexol. However, the mineralization of this by-product was observed to be negligible. The potential contribution of H2O2 generated at the cathode through the reduction of O2 from air was investigated with the performance of another electrolysis in the same conditions except for the bubbling of N2 instead of air into the electrolyte solution. Interestingly, the degradation of iohexol increased from 9.0% to 13.3%. However, the same additional retention peak was observed in the chromatogram related to the electrolyte solution after the electrochemical treatment under N2 along with negligible mineralization of this by-product. This observation corroborated with the negligible degradation and mineralization of iohexol previously observed with the addition of H2O2 to the electrolyte solution. Besides, the superior degradation of iohexol indicated that the reduction of O2 to H2O2 at the cathode competed with the reduction of iohexol, which increased in the absence of air and thus dissolved O2. Indeed, the direct electrochemical reduction of iohexol was previously reported in the case of glassy carbon electrode. The authors reported the current-potential curves related to glassy carbon electrode in the presence of iohexol in which a reduction peak was observed around -1.0 V/SCE while the onset potential was around 0.76 V/SCE (W. Zhang et al. 2021). Therefore, the direct electrochemical reduction of iohexol at the carbon felt electrode contributed slightly to the performance of the process performed here and in this previous study.

Electro-Fenton-like process

Thirdly, the contribution of the iron ions and thus of catalysis to the overall performance of the process was investigated in this study. Another electrolysis was performed in the same conditions except for the addition of 0.5 mM of iron (III) ions to the electrolyte solution. Noteworthy, the pH of the electrolyte solution was exceptionally 3 instead of 7 in order to avoid precipitation of iron (III) ions as iron oxy-hydroxides. The presence of iron(III) ions resulted in the complete degradation of iohexol in consideration of the absence of peaks in the chromatogram related to the electrolyte solution after the treatment. Besides, the mineralization of 10.3% of by-products was observed in the presence of iron(III) ions as shown in Table 31. This observation indicated that the iron(III) ions in the electrolyte solution reduced at the surface of the pristine carbon felt electrode and thus resulted in iron (II) ions. Then, the iron (II) ions reacted with H2O2 and generated hydroxyl radicals through homogeneous catalysis. These hydroxyl radicals further degraded iohexol into by-products that were slightly mineralized in these conditions, which corresponded to these of an electro-Fenton-like process. Noteworthy, the conventional electro-Fenton process uses iron ions in the oxidation state +2 instead of +3 and thus the conditions used in this study are consistent with a Fenton-like system and thus the electrochemical treatment is to be referred to as an electro-Fenton-like process.

Besides, the low mineralization of iohexol observed in this study corroborated with the treatment duration of 2 h. The treatment duration is to be limited in consideration of the cost related to energy and thus the mineralization of byproducts is to be investigated with subsequent biological treatment with activated sludge as in previous studies (W. Zhang et al. 2021). 

Secondary amino: NH-phenyl

Lastly, the performance of carbon felt modified with material prepared with NH-phenyl as simultaneously the heterogeneous catalyst and the cathode in the heterogeneous electro-Fentonlike process was investigated in this study. The electrolysis was performed with carbon felt modified with material prepared in the condition 100% Fe(III) as the cathode in the previous conditions.

Noteworthy, the electrolysis was repeated with another carbon felt modified in the same conditions in a different synthesis and thus a repetition of this electrode. The average degradation of iohexol was observed to be 10.4% ± 1.1% along with negligible mineralization of by-products as shown in Table 32. Interestingly, the peaks previously attributed to the by-products of iohexol were absent in the chromatograms of both electrodes. The performance of carbon felt modified with material prepared in the condition 100% Fe(III) was similar to pristine carbon felt in the same conditions as previously shown in Table 31. This observation indicated that the degradation of iohexol resulted from direct electrochemical reduction at the cathode rather than from the heterogeneous electro-Fenton-like process. Therefore, the iron within the structure of the material was unable to act as a heterogeneous catalyst. Indeed, current-potential curves related to carbon felt modified with material prepared in the condition 100% Fe(III) anticipated the electro-inactivity of structural iron(III), which possibly remained in the oxidation state +3 throughout the treatment. However, the reaction rate between iron ions and H2O2 is faster when iron ions are in the oxidation state +2 than in the oxidation state +3 as shown in Equation 41and Equation 42, respectively (Brillas, Sirés, and Oturan 2009;[START_REF] Brillas | Benchmarking Recent Advances and Innovative Technology Approaches of Fenton, Photo-Fenton, Electro-Fenton, and Related Processes: A Review on the Relevance of Phenol as Model Molecule[END_REF]. The difference reported in the reaction rate for homogeneous catalysis is expected to persist for heterogeneous catalysis. Besides, physical processes are added to the regular chemical processes in the case of heterogeneous catalysis and thus the degradation rates related to heterogeneous Fenton process were previously reported to be slower in comparison to the homogeneous Fenton process [START_REF] Pignatello | Advanced Oxidation Processes for Organic Contaminant Destruction Based on the Fenton Reaction and Related Chemistry[END_REF][START_REF] Pliego | Trends in the Intensification of the Fenton Process for Wastewater Treatment: An Overview[END_REF][START_REF] Soon | Heterogeneous Catalytic Treatment of Synthetic Dyes in Aqueous Media Using Fenton and Photo-Assisted Fenton Process[END_REF]. Therefore, the performance of carbon felt modified with material prepared in the condition 100% Fe(III) was possibly compromised by the electro-inactivity of structural Fe(III) and the additional physical processes involved in heterogeneous catalysis.

Fe(II) + H2O2 → Fe(III)

+ • OH + OH - k2 ~ 63 M -1 s -1
Equation 41

Fe(III) + H2O2 → Fe(II)

+ HO2 • + H + k2 ~ 2.0 x 10 -3 M -1 s -1
Equation 42

The role of structural Fe(III) in the degradation of iohexol was further investigated with carbon felt modified with material prepared in the condition 0% Fe(III). Interestingly, the percentage of degradation of iohexol increased from 10.4% to 38.7% without considerable improvement in the mineralization of by-products as shown in Table 32. This observation corroborated with the appearance of the additional peaks with retention time of 1.13 and 1.5 min in the chromatogram related to the electrolyte solution after the treatment that were previously related to a by-product of iohexol. The superior performance observed for carbon felt modified with material prepared in the condition 0% Fe(III) indicated that the material possibly influenced these additional physical processes and thus the degradation of iohexol. For instance, the superior coverage of the fibers located at the surface of the carbon felt modified with material prepared in the condition 0% Fe(III) possibly favored the adsorption of iohexol. The imprisonment at the surface increased the direct electro-reduction and thus the degradation of iohexol. However, the irreversible adsorption of iohexol at carbon felt modified with material prepared in the condition 100% Fe(III) was dismissed in consideration of the similar DOC values observed for the electrolyte solutions before and after the treatment with carbon felt modified with material prepared in either of the conditions. This observation collaborated with the similar percentages of initial mass of material released from the electrodes when these were used in CV experiments or in the HEFP as shown in Table 33. For instance, the irreversible adsorption and absorption of iohexol was expected to increase the mass of the electrodes after their use in the HEFP in particular the carbon felt modified with material prepared in the condition 0% Fe(III).

Besides, the presence of organic functionaries related to NH-phenyl in the interlayer space are expected to compromise the absorption capacity inherent to lamellar materials, such as clay minerals.

Table 33. The percentage of initial mass of material loss from the electrodes when these were used in CV experiments or in HEFP, which involved the presence of iohexol.

Condition (% Fe(III))

0% 100%

Mass loss (% initial mass) CV 9.35% 6.72% HEFP 9.82% 5.43%

However, the coverage of carbon felt fibers possibly influenced the generation of H2O2, which was previously reported to be a crucial parameter for the performance of Electro-Fenton process in the literature [START_REF] Pignatello | Advanced Oxidation Processes for Organic Contaminant Destruction Based on the Fenton Reaction and Related Chemistry[END_REF]Brillas, Sirés, and Oturan 2009). Then, the concentration of H2O2 in the electrolyte solution was determined with titanium(IV) oxy(sulfate). The titanium(IV) is able to form a yellow colored complex with H2O2 and thus the concentration of H2O2

was determined with spectrophotometry in the UV-Vis based on the calibration curve shown in Figure 157, which was included in the annex [START_REF] Eisenberg | Colorimetric Determination of Hydrogen Peroxide[END_REF]. The concentration of H2O2 in the electrolyte solution was determined after 1 h and thus halfway through the electrolysis to decrease from 0.089 mM to 0.022 mM when carbon felt modified with material prepared in the condition 0% Fe(III) was used as the cathode instead of pristine carbon felt. Therefore, the material on the carbon felt fibers compromised the generation of H2O2 at the cathode and thus decreased the potential concentration of hydroxyl radicals available to degrade iohexol. Nevertheless, the pH of the electrolyte solution was also expected to influence the concentration of H2O2. The hydronium ions are involved in the generation of H2O2 on the cathode from O2 as shown in Equation 43. Indeed, the concentration of H2O2 decreased from 0.124 mM to 0.089 mM when pH was increased from 3 to 7 when pristine carbon felt was used as the cathode. This observation is to be considered when the performance of the heterogeneous electro-fenton-like process is compared to the electro-Fentonlike process, which was previously reported in Table 31.

O2 + 2H + + 2e -→ H2O2 Equation 43Therefore, the contribution of H2O2 when carbon felt modified with material prepared in the condition 100% Fe(III) was used as the cathode was further investigated in this study. Another electrolysis was performed with the addition of 5 mM H2O2 to the electrolyte solution. The degradation of iohexol increased from 10.4% to 14.5% with the mineralization of 7.2% of by-products in the presence of H2O2 as also shown in Table 32. This observation corroborated with the presence of the additional peak with retention time of 1.15 min in the chromatogram related to the electrolyte solution after the electrochemical treatment as previously observed when pristine carbon felt was used as the cathode. The slight difference in the performance observed in the presence of H2O2 was possibly related to the material prepared with NH-phenyl in consideration of the negligible degradation and mineralization of iohexol previously observed in the presence of H2O2 at the same concentration of 5 mM. This observation corroborated with the superior response observed in the current-potential curves related to carbon felt modified with material prepared with NH-phenyl in comparison to pristine carbon when in the presence of H2O2 at the same concentration of 5 mM.

However, the response observed in the current-potential curves related to carbon felt modified with material prepared in the condition 100% Fe(III) was as intense as the condition 0%. Therefore, the material prepared with NH-phenyl possibly favored the generation of hydroxyl radicals regardless of the presence of Fe(III) within the structure of this material.

Final considerations

The electrochemical properties of carbon felt modified with material prepared with NH-phenyl were investigated by cyclic voltammetry. The current-potential curves anticipated electrochemical responses that corroborated with the performance observed in the heterogeneous electro-Fentonlike process towards iohexol, a tri-iodide compound considered as a persistent organic pollutant to the conventional wastewater treatment. The preliminaries conclusions are:

✓ The use of pre-treated carbon felt slightly decreased the release of material prepared with Propyl-NH2 in the condition 100% Fe(III) from the electrode. However, the pre-treatment resulted in similar release of material prepared with NH-phenyl in the condition 100% Fe(III) from the electrode. Besides, the current-potential curves related to non-treated and pretreated carbon felt modified in this condition were similar except for a noticeable increase in the capacitance of the electrode. Therefore, the performance of pre-treated carbon felt modified with material prepared with NH-phenyl in the condition 100% Fe(III) in the heterogeneous electro-Fenton-like process was not investigated in this study.

✓ The current-potential curves related to carbon felt modified with material prepared with NHphenyl anticipated the electro-inactivity of the structural Fe(III) in consideration of the absence of well-defined cathodic and anodic peaks in the electrochemical responses.

Besides, the subsequent use of carbon felt modified with material prepared with NH-phenyl in the condition 100% Fe(III) in the heterogeneous electro-Fenton-like process resulted in negligible degradation and mineralization of iohexol in comparison to pristine carbon felt.

The electrolysis was repeated twice and thus the poor performance was confirmed in this study. Therefore, the absence of Fe(II) possibly compromised the production of radical species and thus the performance of this material as a heterogeneous catalyst. In this study, the use of an electron-mediator in the reduction structural Fe(III) was considered in order to improve the performance in the HEFP.

✓ The coverage of the fibers compromised the generation of H2O2 and thus the production of hydroxyl radicals in the case of carbon felt modified with material prepared in the condition 0% Fe(III). For instance, the modification of only half of the length of carbon felt with the heterogeneous catalyst is to be considered in this study in order to assure the generation of H2O2 at this electrode.

✓ The current-potential curves related to carbon felt modified with material prepared with NHphenyl also anticipated the influence of the coverage of the fibers as well as the thickness of the material to the electrochemical responses. Indeed, the coverage of the carbon felt fibers with material prepared with NH-phenyl in the condition 0% Fe(III) compromised the generation of H2O2 and thus the performance as a cathode. Nevertheless, the coverage of the carbon felt fibers was expected to change the nature of this cathode material and thus the interaction of iohexol at the surface of the electrode. The superior performance of carbon felt fibers with material prepared with NH-phenyl in the condition 0% Fe(III) in comparison to the condition 100% in the degradation of iohexol indicated that superior coverage of the fibers located at the surface possibly favored the adsorption of iohexol. The adsorption of iohexol at the cathode possibly increased the degradation by directelectrochemical reduction and thus favored the reductive process over the oxidative process.

Besides, the presence of vacancies in the octahedral structure of material prepared in the condition 100% Fe(III) as well as the inferior condensation of this structure possibly retarded rather involved the edges than the basal plane. This observation corroborated with the electrochemical response observed for graphite electrode modified with clay minerals of different particles size in consideration of the greater edge surface observed in smaller particles. The graphite electrode coated with a film of hectorite (<50 nm) showed superior current response in comparison to these coated with a film of montmorillonite (<200 nm) or fluorohectorite (<1000 nm). This observation reinforced the involvement of the edges instead of basal surfaces in the electron transfer mechanism related to clay-modified electrodes. A similar observation was reported in the investigation of a glassy carbon electrode coated with nontronite in the presence of MV +2 at different pH (Zen, Jeng, and Chen 1996). The protonation of the structure with decrease of the pH from 8 to 2.9 decreased the response related to MV +2 in the presence of clay-modified electrodes. This observation indicated that the response related to MV +2 was closely related to the concentration of MV +2 in the edges of structure, which was expected to decrease without the contribution of electrostatic interactions. Therefore, the authors proposed that MV +2 interacted with edge sites through the ion paring mechanism. These studies inspired the investigation of MV +2 as an electronmediator to the reduction of structural Fe(III) within material prepared in the condition 100% Fe(III)

with NH-phenyl. However, the further use of MV +2 as an electron mediator in the wastewater treatment is impractical. The MV +2 is also referred to as paraquat in the literature. This molecule was widely used as a herbicide between 1962 and 2007 when it was banned in the European Union [START_REF] Veríssimo | Paraquat Disrupts the Anti-Inflammatory Action of Cortisol in Human Macrophages in Vitro: Therapeutic Implications for Paraquat Intoxications[END_REF]Huang et al. 2019). This decision was motivated by the high environmental and human toxicity related to MV +2 . For instance, the exposure to MV +2 was previously related to neurodegenerative diseases, such as the Parkinson's disease. Most importantly, the microorganism within the soil were reported to degrade only 1% of MV +2 and thus the half-life of this pollutant was estimated to be between 3 to 6.6 years (Huang et al. 2019). The addition of a biorefractory pollutant in wastewater in order to treat another one is to be considered at least controversial. Therefore, the performance of MV +• as the electron mediator intended to serve exclusively as a proof-of-concept to the activation of the heterogeneous catalyst proposed in this study.

Electrochemical properties in the presence of MV +2

Pristine carbon felt

The concentration of the reagent methyl viologen dichloride hydrate was 0.5 mM in this study as in others in the literature (Zen, Jeng, and Chen 1996;Charradi et al. 2009;[START_REF] Lin | Use of 'Split Waves' for the Measurement of Electrocatalytic Kinetics: Methyl Viologen Mediated Oxygen Reduction on a Boron-Doped Diamond Electrode[END_REF]. First, the electro-activity of MV +2 was investigated with pristine carbon felt as the working electrode in the same three-electrode cell used in the previous experiments. However, the negative potential range was extended from -0.7 V/SCE to -0.9 V/SCE in consideration of the current-potential curves previously reported in the literature (Zen, Jeng, and Chen 1996;Charradi et al. 2009). Indeed, the current-potential curves within the previous potential range between -0.7 V/SCE and +0.8 V/SCE included neither the cathodic or the anodic peak related to MV +2 as shown in Figure 159, which was included in the annex. However, both peaks were observed when MV +2 was investigated in the potential range between -0.9 V/SCE and +0.8 V/SCE as shown in Figure 111. The half-wave potential corroborated with other studies in the literature that reported E 0 MV +2/+ to range from -0.69 V/SCE to -0.73 V/SCE [START_REF] Lin | Use of 'Split Waves' for the Measurement of Electrocatalytic Kinetics: Methyl Viologen Mediated Oxygen Reduction on a Boron-Doped Diamond Electrode[END_REF]. Interestingly, the cathodic peak was well-defined only towards the end of the first experiment (1 st to 5 th scan) while well-defined all along the subsequent experiment (5 th -10 th scan), which was performed without further stirring of the electrolyte solution. This observation indicated that the interaction of MV +2 with the electrode was unfavorable and thus the concentration of MV +2 slowly increased in the interface electrode-solution. The response related to the anodic peak corroborated with a continuous increase in the concentration of MV +• near the electrode surface at each cycle. However, the well-defined response related to the anodic peak at the first scan indicated that the proximity of MV +• to the electrode enabled the oxidation reaction of MV +• to be noticeable at the first scan. Interestingly, the diffusion of a blue electrolyte solution from the pristine carbon felt was visible during the experiment as shown in Figure 131. The MV +2 was previously reported in the literature to be colorless while MV +• was reported to be blue [START_REF] Bird | Electrochemistry of the Viologens[END_REF]. Therefore, this observation confirmed the generation of MV +• near the electrode surface. The electrochemical behavior of MV +2 /MV +• encouraged the comparison of the current-potential curves related to pristine carbon felt and respective composites based on the 5 th scan hereafter in this study. previously reported in the literature in the case of a carbon paste electrode (CPE) modified with montmorillonite (SWy-2) that also used MV +2 as an electron transfer mediator in the electro-reduction of O2 [START_REF] Hu | Electrocatalytic Reduction of Molecular Oxygen on a Sodium Montmorillonite-Methyl Viologen Carbon Paste Chemically Modified Electrode[END_REF]. In their study, the cathodic peak disappeared due to the increase of montmorillonite concentration within the electrode. The authors discussed their observation based on the electrode effective area, which decreased with coverage with montmorillonite. Besides, the authors claimed that their observation was inedited in the literature. Indeed, several other studies about clay-modified electrodes reported the presence of both cathodic and anodic peaks in the current-potential curves related to carbon based electrodes modified with natural clay-minerals with or without structural Fe(III) in the presence of MV +2 (Villemure and Bard 1990;Zen, Jeng, and Chen 1996;Charradi et al. 2009). However, the interaction of MV +2 with clay-like materials was expected to be particular in consideration of the hybrid nature of these structures in comparison to natural clayminerals. Besides, other weak and broad cathodic and anodic peaks were observed at -0.55 V/SCE and -0.39 V/SCE, respectively in the current-potential curve related to carbon felt modified with material prepared in the condition 0% Fe(III). The anodic peak observed at -0.39 V/SCE was particular to carbon felt modified with material prepared in the condition 0% in consideration of the derivative curve of this electrode compared to the one related to pristine carbon felt that are shown in Figure 160, which was included in the annex. This anodic peak was discussed earlier in this chapter and attributed to impurities at the surface of the electrode, such as oxygenated species. Interestingly, the cathodic peak at -0.55 V/SCE was also observed in the current-potential curve related to pristine carbon felt as a discreet peak in consideration of the 1 st derivative curves of both electrodes that are shown in Figure 161, which was also included in the annex. This cathodic peak was possibly related with MV +2 adsorbed at the material in consideration of the respective peak potential, which was close to the anodic peak potential observed at -0.58 V/SCE. Noteworthy, the cathodic and anodic peak are separated in the current-potential curves of electrochemical reversible systems as a consequence of the diffusion of the analyte to and from the electrode [START_REF] Elgrishi | A Practical Beginner's Guide to Cyclic Voltammetry[END_REF][START_REF] Graham | Standard Operating Procedures for Cyclic Voltammetry[END_REF]. Therefore, the adsorption of MV +2 at the electrode prior to electron transfer was expected to result in the symmetry of cathodic and anodic peaks. Besides, the formation of a dimer between MV +2 that strongly adsorbed to the clay surface was previously reported in studies related to claymodified electrodes. (Fitch 1990;White and Bard 1986).

The cathodic peak at -0.55 V/SCE was undistinguishable in the current-potential curve related to carbon felt modified with material prepared in the condition 100% Fe(III) shown in Figure 114 However, the current-potential curves related to carbon felt modified with material prepared in the condition 25% Fe(III) or 100% Fe(III) were also unable to provide evidence of the involvement of MV +• in the reduction of structural Fe(III) as shown in Figure 116. For instance, the superior cathodic response observed for carbon felt modified with the material prepared in the condition 100% Fe(III) in comparison to the condition 25% Fe(III) was possibly related to the contribution of the sidereaction between MV +• and structural Fe(III) to the concentration of MV +2 near the working electrode. However, the cathodic response observed for carbon felt modified with the material prepared in the condition 100% Fe(III) was superior to the one observed for the material prepared in the condition 25% Fe(III) regardless of the presence of MV +2 as previously shown in Figure 100.

Besides, the similar response observed for the anodic peaks related to carbon felt modified with the material prepared in the condition 25% Fe(III) or 100% Fe(III) was unable to evidence a difference in the concentration of MV +• near the working electrode. For instance, the response observed for the anodic peak related to carbon felt modified with the material prepared in the condition 25% Fe(III)

was expected to be superior to the one related to the condition 100% Fe(III) in consideration of the difference in the concentration of structural Fe(III) within these materials. Therefore, the similar response observed for anodic peak related to MV +• in both current-potential curves indicated either slow kinetics of catalysis or adsorption of MV +• at the edges sites [START_REF] Fontmorin | Couplage entre un procédé électrochimique et un traitement biologique pour la dégradation de composés organiques persistants[END_REF]). The cathodic peak previously observed at -0.55 V/SCE in the current-potential curve related to carbon felt modified with material prepared in the condition 0% Fe(III) or 100% Fe(III) was also distinguishable in the current-potential curve related to the condition 25% Fe(III) as shown in Figure 116. This observation possibly indicated that MV +2 was adsorbed at the edges of material prepared in the condition 25% Fe(III) as previously observed for the conditions 0% Fe(III) and 100% Fe(III). 196 Therefore, the adsorption of MV +2 at the carbon felt modified with material prepared in the condition 100% Fe(III) was further investigated in this study. The electrode previously used in the presence of MV +2 was washed three times in fresh electrolyte solutions prior to repetition of the CV experiment in the absence of MV +2 . The current-potential curves related to carbon felt modified with material prepared in the condition 100% Fe(III) before and after the contact with MV +2 are compared in Figure 117. Surprisingly, the discreet cathodic peak observed at -0.55 V/SCE was noticeable in the current-potential curve before the contact with MV +2 . This observation indicated that this response was rather related to an impurity rather than to adsorbed MV +2 . However, the difference observed in the shape of the current-potential curves encouraged further investigation of adsorption of MV +2

with the performance of CV experiments at various scan rates [START_REF] Elgrishi | A Practical Beginner's Guide to Cyclic Voltammetry[END_REF].

Figure 117. Cyclic voltammograms related to the 5 th scan of the carbon felt modified with material prepared in the condition 100% Fe(III) before ( 3) and after ( 4) the contact with 0.5 mM of MV +2 .

The variation of the scan rate in which the CV experiment was performed controlled the size of the diffusion layer portrayed by the current-potential curve. The size of the diffusion layer decreases with faster variation of the applied potential. Besides, the decrease of the diffusion layer is expected to increase the current related to the electron transfer reaction. Therefore, the investigation of various scan rates provides useful information about the kinetics of the electron transfer reaction under study [START_REF] Elgrishi | A Practical Beginner's Guide to Cyclic Voltammetry[END_REF][START_REF] Graham | Standard Operating Procedures for Cyclic Voltammetry[END_REF]). The current-potential curves related to carbon felt modified with material prepared in the condition 100% Fe(III) measured under different scan rates

Chapter V -Application of composites in heterogeneous electro -Fenton process 197 are shown in Figure 118. The peak potentials are expected to vary linearly with the square root of the scan rate when the analyte diffuses to and from the electrode [START_REF] Elgrishi | A Practical Beginner's Guide to Cyclic Voltammetry[END_REF][START_REF] Graham | Standard Operating Procedures for Cyclic Voltammetry[END_REF].

This relationship was investigated for the anodic peaks related to the carbon felt modified with material prepared in the condition 100% Fe(III) previously shown in Figure 118. The anodic peaks potentials resembled a straight line as shown in Figure 119. This observation indicated that MV +• rather diffused than adsorbed on the surface of the electrode. Other than the adsorption of the analyte, the increase of the scan rate enables to evaluate whether the electrochemical irreversibility of an electron-transfer reaction is related to the consumption of the analyte by a chemical reaction. The electrochemical reaction is expected to compete with the chemical reaction when the scan rate increases and thus approximates the time scale of the electrochemical reaction to the one of the chemical reaction [START_REF] Elgrishi | A Practical Beginner's Guide to Cyclic Voltammetry[END_REF]). However, the invariable absence of cathodic peak even with the increase of the scan rate dismissed the contribution of a side chemical reaction with MV +2 to this observation in this study. Besides, the experiments at faster scan rates resulted in the continuous shift of the anodic peak potential in the current-potential curves shown in Figure 118. Besides, the relationship between the anodic peak potential and the scan rate was non-linear as shown in Figure 162, which was included in the annex.

This observation was previously related to slow electron transfer reactions that are referred to as irreversible in the literature [START_REF] Brownson | Interpreting Electrochemistry[END_REF][START_REF] Elgrishi | A Practical Beginner's Guide to Cyclic Voltammetry[END_REF]. In this study, the irreversibility observed for the oxidation reaction was possibly related to the subsequent reaction with structural Fe(III). The increase of the scan rate enables to evaluate the (ir)reversibility of electron transfer reaction though the relationship between the peak potentials and the logarithm of the scan rate [START_REF] Graham | Standard Operating Procedures for Cyclic Voltammetry[END_REF]. This relationship was investigated for the anodic peaks related to the carbon felt modified with material prepared in the condition 100% Fe(III) previously shown in Figure 118. The anodic peaks potentials resembled a straight line as shown in Figure 120. However, the slope was different from the -0.06 V, which was previously reported for reactions based on a single electron transfer to the analyte [START_REF] Graham | Standard Operating Procedures for Cyclic Voltammetry[END_REF]. This observation confirmed that the irreversibility of the electro-oxidation of MV +• that was possibly related to the side-oxidation reaction of MV +• by structural Fe(III). However, the acquisition of current-potential curves related to pristine carbon felt and carbon felt modified with the material prepared in the condition 0% Fe(III) in different scan rates are to be performed in order to confirm this observation. The MV +• was reported in the literature to rapidly react with O2 and result in H2O2 [START_REF] Bird | Electrochemistry of the Viologens[END_REF][START_REF] Lin | Use of 'Split Waves' for the Measurement of Electrocatalytic Kinetics: Methyl Viologen Mediated Oxygen Reduction on a Boron-Doped Diamond Electrode[END_REF]. For instance, the viologen cation radical was previously used in the determination of oxygen dissolved in low concentrations in water. Besides, the further reaction of MV +• in excess with H2O2 was also reported to result in H2O in the literature [START_REF] Thorneley | A Convenient Electrochemical Preparation of Reduced Methyl Viologen and a Kinetic Study of the Reaction with Oxygen Using an Anaerobic Stopped-Flow Apparatus[END_REF][START_REF] Bird | Electrochemistry of the Viologens[END_REF]. Indeed, the current-potential curves related to pristine in the presence of both MV +2 and H2O2 uncovered the increase in both cathodic and anodic responses in consideration of the electrochemical reaction of H2O2 at the electrode as shown in Figure 163, which was included in the annex. However, the response observed for the cathodic and anodic peaks related to MV +2 /MV +• increased and decreased, respectively. This observation collaborated with the side-oxidation reaction between MV +• and H2O2 that possibly decreased the concentration of MV However, the catalytic effect attributed to structural Fe(III) is to be further investigated with the measurement of current-potential curves of carbon felt modified with material prepared either in the condition 0% Fe(III) or 100% Fe(III) in the presence of different concentrations of MV +2 . The variation of the substrate/catalyst ratio and thus the concentration of MV +2 was previously reported to provide further information about the kinetics of the catalysis [START_REF] Fontmorin | Couplage entre un procédé électrochimique et un traitement biologique pour la dégradation de composés organiques persistants[END_REF]. Performance in heterogeneous electro-Fenton-like process with MV +2

The negligible mineralization of iohexol through the heterogeneous electro-Fenton-like process with carbon felt modified with material prepared in the condition 100% Fe(III) as the cathode was previously attributed to the electro-inactivity of structural Fe(III). Therefore, the performance of this material in the presence of MV +2 and towards MV +2 instead of iohexol was investigated in this study.

Therefore, the MV +2/+• was considered simultaneously as the electron mediator and the pollutant during electrolysis in consideration of the time constraint of this study. For instance, the association of MV +2 to iohexol in the electrolyte solution required the reconsideration of the mobile phase used in the HPLC analysis, which is a relatively time-consuming procedure. Therefore, the mineralization of MV +2 was exclusively investigated in this study based on the dosage of organic carbon compounds in Chapter V -Application of composites in heterogeneous electro -Fenton process 202 the electrolyte solution determined by Dissolved Organic Carbon (DOC) measurements before and after the treatment. However, the role of electron mediator in wastewater treatment is incompatible with MV +2 , which is also considered as an organic pollutant. Therefore, the performance of the heterogeneous electro-Fenton process with MV +• as the electron mediator intended to evidence the relationship between the presence of structural Fe(II) and the performance of the material prepared in the condition 100% Fe(III) and thus served exclusively as a proof-of-concept in this study.

Preliminary studies

Firstly, the contribution of the direct oxidation of MV +2 by H2O2 to the overall performance of the process was investigated in this study. In this case, the H2O2 was considered as an oxidant agent.

However, the addition of 5 mM H2O2 to the electrolyte solution with 0.5 mM of MV +2 resulted in negligible mineralization of this molecule. Previously, the current-potential curves related to pristine carbon felt in the presence of MV +2 and H2O2 uncovered a side-oxidation reaction between MV +• and H2O2. However, this preliminary study was performed with an open circuit that prevented the electro-reduction of MV +2 to MV +• . Therefore, the negligible mineralization of this molecule was unrelated to the side-oxidation reaction between MV +• and H2O2.

Pristine carbon felt

Secondly, the contribution of the direct electrochemical mineralization of MV +2 at the cathode to the overall performance of the process was investigated in this study. The electrolysis was performed with pristine carbon felt in the presence of 0.5 mM of MV +2 in the electrolyte solution at pH 7 under reduction potential of -0.9 V/SCE for 2h. The mineralization of MV +2 was negligible under these conditions. Then, the contribution of H2O2 generated at the cathode through the reduction of O2 from air was investigated with the performance of another electrolysis in the same conditions except for the bubbling of N2 instead of air into the electrolyte solution. Surprisingly, the electrolyte solution developed a blue color during the electrolysis under N2 while remained colorless during the electrolysis performed under air as shown in Figure 123. This observation indicated that MV +• was unable to accumulate in the electrolyte solution in the presence of air in consideration of the fast reaction of MV +• with O2 or/and H2O2 generated from O2 reduction at the cathode that were previously reported in the literature [START_REF] Bird | Electrochemistry of the Viologens[END_REF]. The elimination of O2 dissolved in the electrolyte solution by N2 enabled MV +2 to continuously reduce to MV +• and then to accumulate in the electrolyte solution, which turned blue. The electrolyte solution returned to be colorless when the applied potential of -0.9 V was discontinued as a consequence of the unsatble nature of radical cations, such as MV +• (Bird and Kuhn 1981). Most importantly, the mineralization of MV +2 was also negligible after the treatment performed either under N2 or air. Therefore, the MV +2 was not involved in direct electrochemical mineralization at the pristine carbon felt electrode.
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Thirdly, the electrolysis was performed with carbon felt modified with material prepared in the condition 100% Fe(III) with NH-phenyl as the cathode in the presence of MV +2 under the previously described conditions. However, the mineralization of MV +2 was still negligible in the presence of structural Fe(III) and thus • OH radicals. Previous studies reported that the absorption of MV +2 in the interlayer space of the clay mineral montmorillonite protected it from • OH radicals (Ye and Lemley

Chapter V -Application of composites in heterogeneous electro -Fenton process 204 2008). However, the similar COT values observed before and after the treatment corroborated with negligible absorption and adsorption of MV +2 to the clay-like material proposed in this study. Besides, several studies reported the electro-inactivity of MV +2 when this electron mediator was intercalated in clay-minerals (Fitch 1990). In this case, the presence of an anodic peak at -0.58 V/SCE attributed to MV +• in the current-potential curves related to carbon felt modified with material prepared in the condition 100% Fe(III) corroborated with negligible absorption of MV +2 to the clay-like material.

Nevertheless, the performance observed in this study contrasted with the one reported in previous studies in which electrochemical advanced oxidation processes were used towards MV +2 (Huang et al. 2019). For instance, the conventional electro-Fenton process resulted in COD decrease of 94.5%

when performed towards MV +2 . In their study, the authors considered the electro-Fenton process along with the photo-electron-Fenton process as effective and reliable processes to result in the nearly complete mineralization of MV +2 [START_REF] Dhaouadi | Degradation of Paraquat Herbicide by Electrochemical Advanced Oxidation Methods[END_REF]. The superior performance of the conventional electro-Fenton process indicated that the generation of • OH radicals by the respective heterogeneous process proposed in this study was ineffective. Indeed, the electrochemical characterization of carbon felt modified with material prepared in the condition 100% Fe(III) uncovered that electron transfer reactions between MV +2 and the electrode as well as MV +• and structural Fe(III) and MV +2 were both slow and thus possibly resulted in a low concentration of • OH radicals in comparison to the conventional electro-Fenton process. However, the structural Fe(II) was previously reported to compete with pollutants for • OH radicals in the case of iron-rich clay minerals as shown in Equation 47, which was adapted from mechanism related to homogeneous catalysis [START_REF] Remucal | The Role of Iron Coordination in the Production of Reactive Oxidants from Ferrous Iron Oxidation by Oxygen and Hydrogen Peroxide[END_REF].

structFe(II) + • OH → struct Fe(III) + OH -(aq) Equation 47For instance, the increase in the dosage of chemically reduced nontronite from 2 g/L to 4 g/L was reported to slightly increase the oxidation of trichloroethylene (Liu et al. 2017). The authors reported a similar observation when the presence of either 25% or 50% of structural Fe(II) resulted in a similar oxidation of trichloroethylene (Liu et al. 2017). Besides, the competition of Fe(II) with the pollutants for • OH radicals was observed in the Fenton process regardless of the heterogeneous catalysis. For instance, the increase of the concentration of iron ions in the electrolyte solution from 0.2 mM to 2 mM decreased the COD removal from 94.5% to 51.4% in the electro-Fenton process previously performed towards MV +2 [START_REF] Dhaouadi | Degradation of Paraquat Herbicide by Electrochemical Advanced Oxidation Methods[END_REF]. Therefore, the performance of carbon felt modified with material prepared in the condition 100% Fe(III) was not expected to improve even in the presence of faster electrochemical reactions with the electron mediator. In this case, the performance of carbon felt modified with material prepared in conditions with lower Fe(III) percentages is to be investigated in future studies in the presence of MV +2 . Besides, the reconsideration of the electron-mediator is to prioritize the fast electrochemical kinetics with these electrodes. These are possible adjustments in order to retain the additional physical chemical processes related to heterogeneous catalysis as the main limitation factor to the performance of composites proposed in this study.

Final considerations

The electrochemical properties and performance of carbon felt modified with material prepared in the condition 100% Fe(III) were reconsidered in the presence of MV +2 , which was previously reported to reduce structural Fe(III) to Fe(II) and thus activate electro-catalysis in clay-modified electrodes.

The main considerations of this study are:

✓ The interaction of MV +2 with the pristine carbon felt was possibly unfavorable and thus the concentration of MV +2 slowly increased in the interface electrode-solution in consideration of the absence of the cathodic peak in the current-potential curves related to the first scans.

✓ The interaction of MV +2 with carbon felt modified with material prepared either in the condition 0% Fe(III) or 100% Fe(III) was possibly even more unfavorable in consideration of the absence of the cathodic peak in the respective current-potential curves. Therefore, these unfavorable interactions were possibly related to the hybrid nature of the electrodes proposed in this study. This observation anticipated that the concentration of MV +2 was negligible in the interface electrode-solution.

✓ The electrochemical response observed for carbon felt modified with material prepared in the condition 0% Fe(III) was superior to the one observed for material prepared in the condition 100% Fe(III). This observation was interpreted as an evidence of the contribution of the condensation state and the arrangement of the octahedral structure to the pathway of electrons through clay-like materials in line with previous studies in the literature (Yuan et al. 2018). The presence of vacancies in the dioctahedral arrangement of the structure related to material prepared in the condition 100% Fe(III) possibly retarded the electron pathway towards the edge sites.

✓ The electro-oxidation of MV +• at carbon felt modified with material prepared in the condition 100% Fe(III) was irreversible in consideration of the slope of the linear relationship observed between the anodic peak potentials related to the curves measured at different scan rates vs the logarithm of the respective scan rates. The slope was different from -0.06 V that was anticipated for a reaction related to a single electron transfer to the analyte. However, the absence of MV +• accumulated near the working electrode as a blue colored electrolyte 206 solution was still interpreted as an evidence of the side-oxidation reaction between MV +• and structural Fe(III) in consideration of the poor coating of the fibers at the surface of carbon felt modified with material prepared in this condition.

✓ The adsorption of MV +2 at the surface of carbon felt modified with material prepared in the condition 100% Fe(III) was reversible in consideration of the linear relationship observed between the anodic peak potentials related to the curves measured at different scan rates vs the square root of the respective scan rates.

✓ The superior electrochemical response observed for carbon felt modified with material prepared in the condition 0% Fe(III) in comparison to the condition 100% Fe(III) in the presence of MV +2 and H2O2 was interpreted as an evidence of the radical decomposition of H2O2 by structural Fe(II).

✓ The negligible mineralization of MV +2 observed for carbon felt modified with material prepared in the condition 100% Fe(III) as the cathode in the heterogeneous electron-Fentonlike process indicated that the structural Fe(II) was inefficient in the generation of • OH radical. The presence of vacancies in the dioctahedral structure observed for the material prepared in the condition 100% Fe(III) possibly retarded the pathway of electrons through this electrode (Yuan et al. 2018). Besides, the exclusive presence of Fe(III) was anticipated to result in competition of structural Fe(II) with pollutants for • OH radicals in consideration of previous studies that varied concentration of heterogeneous and homogeneous iron in the Fenton process. This discussion corroborated with the nearly complete mineralization of MV +2 (94.5%) was reported in a previous study through the conventional electro-Fenton process [START_REF] Dhaouadi | Degradation of Paraquat Herbicide by Electrochemical Advanced Oxidation Methods[END_REF].

Therefore, further investigation of carbon felt modified with material prepared in the condition 25%

Fe(III) is to be considered in future studies. The material prepared in the condition 25% Fe(III) is anticipated to exhibit superior condensation state and fewer vacancies in the structure in comparison to the one prepared in the condition 100% Fe(III). Lastly, the use of organic moieties capable of acting as the electron mediators is to be considered in order to avoid the addition of electro-active molecules to the wastewater, which is controversial in this study.

General conclusion

The main constraint to the application of the electro-Fenton process (EFP) in wastewater treatment plants (WWTP) is the cost related to its implementation, operation and maintenance at large scale.

Therefore, the improvement of the cost-effectiveness related to this process has been a popular research topic in the literature (N. Oturan and Oturan 2018). For instance, previous studies proposed the combination of the heterogeneous catalyst with the cathode used in the heterogeneous electro-Fenton process (HEFP) in order to enable easy separation of the catalyst from wastewater prior to reuse (Hartmann, Kullmann, and Keller 2010). In the literature, clay minerals were proposed as the heterogeneous catalyst in consideration of the immobilization of iron within the octahedral sheets, which are sandwiched between two tetrahedral sheets of silica that reduce the release of iron in comparison to iron oxides (dos [START_REF] Santos | Vermiculite as Heterogeneous Catalyst in Electrochemical Fenton-Based Processes: Application to the Oxidation of Ponceau SS Dye[END_REF]). However, the development of such composite materials used rather clay-like materials, which proprieties are determined by the organic functionalities anchored to these structures. Therefore, the clay-like material proposed in the literature in combination with carbon felt, which is a common cathode material was further investigated in this study (Miron et al. 2019). The repetition of the synthesis procedure previously described in the literature uncovered the influence of the counter ions within the reaction medium for the condensation of this material. The formation of complexes between Fe(III) ions and chloride ions limited the incorporation of Fe(III) in the structure of materials prepared with iron chloride as the reagent. In this study, the use of iron nitrate as the reagent improved the yield of solid phase which elemental composition was closer to the one expected for dioctahedral minerals than the previous material. Besides, the structure of the material reported in the literature delaminated in water and as a consequence was incompatible with reuse of composites in the HEFP.

Therefore, other organic functionalities were investigated in this study in order to enable the reuse of composites that is crucial to the feasibility of wastewater treatment with HEFP at large scale. The materials prepared with N- propyl]aniline (NH-phenyl) instead of (3-Aminopropyl)triethoxysilane (Propyl-NH2) were characterized by FTIR, XRD and XRF that confirmed the condensation of a 2:1 clay-like structure. However, the use of different organic functionalities affected the hydrolysis/condensation reactions. Therefore, the catalysis of these reactions still require further investigation in future studies in order to favor the formation of solid phase. Later, 208 the material prepared with NH-phenyl was able to coat carbon felt fibers as a thin and smoot film.

However, the presence of material in excess at the surface of these composites uncovered that the concentration of reagents in the reaction medium still requires further improvement in future studies. Nevertheless, the adhesion of the material to the carbon felt fibers was satisfactory regardless of the pre-treatment of the carbon felt piece. Most importantly, the coating prepared with NH-phenyl remained stable in water in terms of the negligible concentration of iron in solution in comparison to the one prepared with Propyl-NH2.

Therefore, the performance of these composite materials in the HEFP was investigated in this study.

The use of carbon felt modified with material prepared with NH-phenyl in the condition 100% Fe(III) resulted in negligible degradation and mineralization of iohexol in comparison to pristine carbon felt.

Indeed, the current-potential curves related to carbon felt modified with this material uncovered the absence of well-defined cathodic and anodic peaks in their electrochemical responses. This observation indicated that the structural Fe(III) was electro-inactive and corroborated with the performance of this material in the HEFP. The absence of structural iron(II) compromised the production of hydroxyl radical and thus the performance of this material as a heterogeneous catalyst. Later, the addition of methyl viologen (MV +2 ) as a mediator of electrons from the electrode to structural Fe(III) was possibly able to overcome the electro-inactivity of material prepared in the condition 100% Fe(III). However, the competition between structural Fe(II) and pollutants for • OH radicals in this condition possibly prevented an improvement in the performance in the HEFP towards MV +2 (Liu et al. 2017). Therefore, the performance of composites prepared with NH-phenyl in the condition 25% Fe(III) still requires further investigation in future studies. In the case this composite material is able to degrade MV +2 , the reconsideration of MV +2 as the electron mediator is indispensable for their application in the HEFP. In the literature, the MV +2 has been previously considered as a pollutant (Huang et al. 2019). Therefore, the investigation of organic moieties capable of acting as the electron mediators is an alternative to avoid the addition of electro-active molecules to the wastewater. The defeat of these fundamental issues is expected to enable the application of this composite material in the degradation of other organic pollutants than MV +2 or iohexol. For instance, the degradation of organic pollutants observed within real wastewater. Then, the cost-efficiency related to this treatment is to be estimated in order to conclude about the feasibleness of this treatment at large scale.

The pre-treatment of the carbon felt increased the thickness of the material on the fibers. The thickness was able to control the adhesion of the material regardless of the covalent bonds created with the surface of the fibers via the pre-treatment proposed in this study. Therefore, this parameter is considered as a perspective in the case of pre-treated carbon felt fibers. For instance, the concentration of the reagents in the reaction medium was related to the thickness of the coating of material in this study. Therefore, the concentration of reagents is to be investigated in order to enable the adhesion of the material. However, this study is to be considered exclusively in the case of material prepared with Propyl-NH2 in consideration of the negligible difference in the release of the material prepared with NH-phenyl.

Another perspective in this study is to characterize the material isolated from the reaction medium when the synthesis was performed in the presence of carbon felt by XRD and XRF. These characterizations intend to confirm the preferential condensation of iron-rich material on the carbon felt fibers of material prepared with NH-phenyl in the condition 25% Fe(III) that was observed in this study. Therefore, the XRD and XRF results are to be compared with these from the materials prepared with NH-phenyl in this condition in the absence of carbon felt. In this case, the synthesis of material with NH-phenyl in the conditions 25% Fe(III), 50% Fe(III) and 75% Fe(III) in the absence of carbon felt are also considered as a perspective in this study. Besides, the characterization of these materials by XRD and XRF is to contribute to the discussion proposed with respect to their performance in the HEFP. The structure of clay-like material was anticipated to influence the transport of electrons through the material in previous studies. Therefore, the XRD and XRF results

are to indicate the condensation state of these clay-like structures that possibly account for the negligible degradation of iohexol in this study.

Application of composites in the heterogeneous electro-Fenton process

The contradictory performance of the composites prepared with NH-phenyl in the condition 0% Fe(III) or 100% Fe(III) in the HEFP was attributed to the coating of the carbon felt fibers that was anticipated to be different in these conditions. Therefore, the investigation of the aspect of the fibers within the composites used in the HEP by SEM is considered as a perspective in this study.

The interaction of MV +2 with carbon felt modified with material prepared with NH-phenyl either in the condition 0% Fe(III) or 100% Fe(III) was anticipated to be unfavorable in consideration of the absence of the cathodic peak attributed to reduction of MV +2 in their respective current-potential curves. Therefore, further characterization of these composites is considered as a perspective in this study in order to uncover the nature of their interaction with MV +2 . For instance, the wettability of the fibers before and after modification with these materials is to be investigated in order to determine the contribution of the hydrophobicity of the surface to the interaction with MV +2 .

Besides, the zeta potential of these materials is to be investigated in order to determine the contribution of electrostatic interactions in consideration of the cationic nature of MV +2 .

Moreover, the catalytic activity of MV +2 in the presence of carbon felt modified with material prepared with NH-phenyl either in the condition 0% Fe(III) or 100% Fe(III) is also to be further investigated in future studies. For instance, the measurement of current-potential curves at different scan rates in the presence of MV +2 . Besides, the measurement of current-potential curves in the presence of an increasing concentration of MV +2 .

Another perspective in this study is to investigate the performance of carbon felt modified with material prepared in the condition 25% Fe(III) in the HEFP. The competition between structural Fe(II)

and pollutants for the • OH was previously reported to compromise the performance of conventional Fenton process in the literature. Besides, the material prepared in the condition 25% Fe(III) is anticipated to exhibit superior condensation state and fewer vacancies in the structure in comparison to the one prepared in the condition 100% Fe(III).

Most importantly, the reconsideration of MV +2 as the electron mediator is indispensable for the application of the composites proposed in this study in the HEFP. The addition of MV +2 to wastewater is controversial in consideration of the toxicity reported for MV +2 , which has been considered as a pollutant in the literature. Therefore, the investigation of alternative electron mediators is considered as a perspective in this study. For instance, the use of organic moieties capable of acting as the electron mediators is an alternative to avoid the addition of electro-active molecules to the wastewater. Besides, the coating of only half of the carbon felt piece with these materials is also to be considered as a perspective in this study. Besides, the coating of carbon felt fibers with material prepared with NH-phenyl in the condition 0% Fe(III) compromised the generation of H2O2. Therefore, the availability of half of the fibers as pristine carbon felt is expected to improve the performance of this electrochemical reaction at the surface of such cathode.

EFP [START_REF] Pignatello | Advanced Oxidation Processes for Organic Contaminant Destruction Based on the Fenton Reaction and Related Chemistry[END_REF]Brillas, Sirés, and Oturan 2009). Therefore, the incorporation of iron ions within a solid phase and thus the use of a heterogeneous catalyst for EFP (HEFP) was proposed in order to enable the process to be performed at circumneutral pH along with the reuse of the catalyst and thus increase feasibility of implementation at large scale. Besides, the association of the heterogeneous catalyst with cathode materials, such as carbon felt was considered as a trend in the field in order to enable ease separation of the heterogeneous catalyst from effluents after each process (Hartmann, Kullmann, and Keller 2010). In previous studies, the iron-rich clay minerals were considered as more suitable heterogeneous catalyst than iron oxides in consideration of their superior resistance to dissolution in the conditions of HEFP (Cipriano [START_REF] Crapina | Review: Clay-Modified Electrodes in Heterogeneous Electro-Fenton Process for Degradation of Organic Compounds: The Potential of Structural Fe(III) as Catalytic Sites[END_REF].

Therefore, the preparation of iron-rich clay-like material was proposed in this study in order to modulate the physico-chemical properties of clay minerals and thus enable their association with carbon felt fibers based on a previous study in the literature (Miron et al. 2019). Then, the electrochemical properties the carbon felt fibers coated with iron-rich clay-like materials were investigated by cyclic voltammetry measurements. Lastly, the carbon felt fibers coated with iron-rich clay-like materials were used simultaneously as a cathode and heterogeneous catalyst in the HEFP for the degradation of iohexol. However, the poor performance of carbon felt modified with material prepared in the condition 100% Fe(III) was attributed to the electro-inactivity of structural Fe(III) and the additional physical processes involved in heterogeneous catalysis. The use of methyl viologen (MV +2 ) as a mediator of electrons from the electrode to structural Fe(III) was possibly able to overcome the electro-inactivity of material prepared in the condition 100% Fe(III). However, the competition between structural Fe(II) and pollutants for • OH radicals also contributed to diminish the performance of carbon felt modified with material prepared in this condition.

Results and discussions

The materials prepared in this study were inspired by talc-like materials that are a family of inorganic-organic hybrid lamellar materials well known and characterized in the literature [START_REF] Claverie | Synthetic Talc and Talc-Like Structures: Preparation, Features and Applications[END_REF]. Then, the synthesis procedure was based on a previous study in the literature in which a talc-like structure was prepared with organic moieties similar to the one used in this study [START_REF] Gallégo | Synthesis of New Lamellar Inorganic-Organic Talc-like Hybrids[END_REF]. The materials were characterized by X-Ray Diffraction (XRD) and X-Ray Fluorescence The X-ray diffractogram obtained for materials prepared with Mg(II) or Fe(III) salts are compared in Figure 125. The reflections of condition 100% Mg that is hereafter referred to as 0% Fe(III) corresponded to these observed for 2:1 talc-like structures prepared elsewhere [START_REF] Fukushima | An Organic/Inorganic Hybrid Layered Polymer: Methacrylate-Magnesium(Nickel) Phyllosilicate[END_REF][START_REF] Burkett | Synthesis, Characterization, and Reactivity of Layered Inorganic-Organic Nanocomposites Based on 2:1 Trioctahedral Phyllosilicates[END_REF][START_REF] Fonseca | Self-Organized Inorganic-Organic Hybrids Induced by Silylating Agents with Phyllosilicate-Like Structure and the Influence of the Adsorption of Cations[END_REF]Jaber et al. 2005;[START_REF] Gallégo | Synthesis of New Lamellar Inorganic-Organic Talc-like Hybrids[END_REF][START_REF] Garnier | Hydrolysis-Condensation Reactions of Diethylphosphato-Ethyltriethoxysilane Involved in Organic-Inorganic Talc-like Hybrid Synthesis: Liquid and Solid-State NMR Investigations[END_REF]). The broader shape of reflections observed for 100% Fe(III) indicated greater structural disorder in comparison to 0% Fe(III). Most importantly, the shift observed in the position of (060,330) reflection indicated that the b dimension of unit-cell changed when octahedral sites were occupied by Fe(III), which was expected in view of the difference between the atomic radius of Fe(III) and Mg(II). The distance related to this reflection (d060,330) was calculated with Bragg's Law to decrease from 1.55 to 1.51 Å for 100% Fe(III). This observation corroborated with the distances reported for iron(III)-rich clay minerals with a dioctahedral arrangement of the structure that ranged from 1.49 to 1.52 Å [START_REF] Chemtob | Synthesis and Structural Characterization of Ferrous Trioctahedral Smectites: Implications for Clay Mineral Genesis and Detectability on Mars: Ferrous Trioctahedral Smectites[END_REF]. Besides, the shift in the position of (001) reflection indicated that the interlayer distance (d001) increased from 17.8 to 21.8 Å along with dioctahedral arrangement of the structure. This observation uncovered that the stacking of the layers was particular for the material prepared in the condition 100% Fe(III). Moreover, the absence of sharp reflections related to iron oxides or iron oxy-hydroxides indicated that these impurities were either not present or poorly crystallized within this material. The aspect of the materials prepared in the condition 0% Fe(III) or 100% Fe(III) are shown in the Figure 126. The noticeable color difference corroborated with the incorporation of Fe(III) within the structure. However, the yield of solid observed for the material prepared in the condition 100% was considerably inferior to the condition 0% Fe(III) as shown in Table 34. The mass of solid phase isolated from the reaction medium of the condition 100% Fe(III) corresponded to 21% of the theoretical mass while as much as 74% of the theoretical mass was isolated from the reaction medium of the condition 0% Fe(III). The low yield of solid material corroborated with the experimental Si/Fe(III) molar ratio that deviated from the theoretical value of 2.00 as also shown in Table 34. Previous studies in the field of talc-like materials uncovered the crucial role of catalysis and then of pH for the condensation of these materials [START_REF] Garnier | Hydrolysis-Condensation Reactions of Diethylphosphato-Ethyltriethoxysilane Involved in Organic-Inorganic Talc-like Hybrid Synthesis: Liquid and Solid-State NMR Investigations[END_REF]. Therefore, the pH of the synthesis was increased from 9.5 to 11.5 in order to correspond to pH reported in the original study [START_REF] Gallégo | Synthesis of New Lamellar Inorganic-Organic Talc-like Hybrids[END_REF]. The adjustment of pH in the reaction medium slightly increased the percentage of yield as well as the experimental Si/Fe(III) molar ratio that still deviated from the theoretical one.

Interestingly, the experimental Si/Mg(II) molar ratio observed for the material prepared in the condition 0% Fe(III) was also significantly lower than theoretical value reported in the original study Summary 216 [START_REF] Gallégo | Synthesis of New Lamellar Inorganic-Organic Talc-like Hybrids[END_REF]. However, the experimental Si/Mg(II) molar ratio observed in this study corroborated with a recent study that claimed the reconsideration of the chemical formula of talclike materials in which the maximum Si/Mg molar ratio observed was 1 instead of 1.33 [START_REF] Burkett | Reconsideration of the Structure of Magnesium N-Hexadecylsilicate and Other 'Talc-like' Layered Magnesium Organosilicates[END_REF]. The authors of this valuable study underlined that the steric constrain related to the accommodation of the organic moieties are to prevent merely isomorphic substitution of silicon by organosilicon in the tetrahedral sheet.

Condition (% Fe(III)) 0% 100% Then, the iron-rich clay-like material prepared in this study was used to coat carbon felt fibers. The synthesis of such composite materials was adapted a previous study in the literature (Miron et al. 2019). The aspect of the pristine carbon felt is compared to composite prepared in the condition 100% Fe(III) in Figure 127 in which the presence of material is visible at the surface of the carbon felt.

Most importantly, the aspect of the coat on the fibers was investigated by Scanning Electron Microscopy (SEM). The fibers within the pristine carbon felt are compared to these within the composite prepared in the conditions 100% Fe(III) in Figure 128. The presence of a smooth and thin coat was noticeable on the fibers.

in the case of these materials in consideration of the hybrid nature of their structures. For instance, the inferior state of condensation observed for hybrid structure in comparison to natural claymineral was expected to influence the availability of edges sites as well as the pathway of electrons through the structure until the edge sites. A previous study dedicated to uncover the mechanism behind the electron transfer from structural Fe(II) within the natural iron-rich clay mineral, nontronite (NAu-2) to O2 emphasized that trioctahedral Fe(II)-Fe(II)-Fe(II) domains quickly oxidized in comparison to dioctahedral Fe(II)-Fe(II) domains (Yuan et al. 2018). The authors proposed that vacancies in the structure retarded the electron pathway towards the edge sites. Therefore, the superior cathodic and anodic responses related to carbon felt modified with material prepared in the condition 0% Fe(III) possibly indicated the greater condensation of a trioctahedral structure, which favored the electron pathway until the edges in this condition. Nevertheless, the electron pathway through the material prepared in the condition 0% Fe(III) was complex in comparison to one through natural clay minerals in consideration of the absence of a cathodic peak in the respective currentpotential curve. Most importantly, the comparison of current-potential curves related to carbon felt modified with material prepared in the condition 0% Fe(III) or 100% Fe(III) was unable to provide evidence of the involvement of MV +• in the reduction of structural Fe(III). However, the electrolyte solution around the working electrode provided an evidence of this side-reaction. The colorless electrolyte solution around the working electrode when carbon felt was modified with material prepared in the condition 100% Fe(III) was interpreted as an evidence of the reaction between structural Fe(III) and MV +• . The MV +2 was previously reported in the literature to be colorless while MV +• was reported to be blue [START_REF] Bird | Electrochemistry of the Viologens[END_REF]. Therefore, the colorless electrolyte solution indicated the consumption of electro-generated MV +• by structural Fe(III) that were then unavailable to accumulate around the working electrode. Indeed, the electro-generated MV +• was visible around the working electrode as a blue colored electrolyte solution in the case of pristine carbon felt and carbon felt modified with material prepared in the condition 0%Fe(III) as shown in Figure 131. In this case, the similar anodic response in the presence or absence of Fe(III) indicated that a slight amount of MV +• at the electrode surface resulted in the anodic peak while MV +• near the working electrode reacted with structural Fe(III) through the edge sites [START_REF] Fontmorin | Couplage entre un procédé électrochimique et un traitement biologique pour la dégradation de composés organiques persistants[END_REF]. Lastly, the performance of carbon felt modified with material prepared in the condition 100% Fe(III) in the heterogeneous electro-Fenton-like process was investigated in the presence of MV +2 at 0.5 mM. The electrolysis was performed as described previously except for the consideration of MV +2 simultaneously as the electron mediator and the pollutant. The mineralization of MV +2 before and after the process was determined by Dissolved Organic Carbon (DOC) measurements. The electrolysis performed with carbon felt modified with material prepared in the condition 100% Fe(III)

Condition Pristine carbon felt 0% Fe(III)

Aspect of electrode

Aspect of electrolyte

as the cathode resulted in negligible mineralization of MV +2 . Once more, a similar performance was observed when pristine carbon felt was used as the cathode with negligible mineralization of MV +2 .

This observation indicated that MV +2 was unable to be degraded through direct electro-reduction at the electrode. Besides, the similar DOC values observed before and after the treatment disconsidered the absorption and adsorption of MV +2 to the clay-like material proposed in this study as anticipated previously. The performance observed in this study contrasted with the one reported in previous studies in which electrochemical advanced oxidation processes were used towards MV +2 (Huang et al. 2019). For instance, the conventional electro-Fenton process resulted in chemical oxygen demand (COD) decrease of 94.5% when performed towards MV +2 . In their study, the authors considered the electro-Fenton process along with the photo-electron-Fenton process as effective and reliable processes to result in the nearly complete mineralization of MV +2 [START_REF] Dhaouadi | Degradation of Paraquat Herbicide by Electrochemical Advanced Oxidation Methods[END_REF]. The superior performance of the conventional electro-Fenton process indicated that the generation of • OH radicals by the respective heterogeneous process proposed in this study was ineffective. Previous studies reported that structural Fe(II) competed with pollutants for • OH radicals in the case of iron-rich clay minerals. For instance, the increase in the dosage of chemically reduced nontronite from 2 g/L to 4 g/L was reported to slightly increase the oxidation of trichloroethylene (Liu et al. 2017). The authors reported a similar observation when the presence of either 25% or 50% of structural Fe(II) resulted in a similar oxidation of trichloroethylene (Liu et al. 2017). Besides, the competition of Fe(II) with the pollutants for • OH radicals was observed in the Fenton process regardless of the heterogeneous catalysis. Therefore, the performance of carbon felt modified with material prepared in the condition 100% Fe(III) was unable to improve in the presence of the electron mediator as a consequence of the high concentration of structural Fe(III). Therefore, the performance of carbon felt modified with material prepared in conditions with lower Fe(III) percentages is to be investigated in this study in the presence of MV +2 . Besides, the reconsideration of the electron-mediator is crucial in consideration of the incompatibility between the addition of MV +2 and wastewater treatment. The MV +2 is also referred to as paraquat in the literature that has been widely used as a herbicide between 1962 and 2007 when this molecule was banned in the European Union [START_REF] Veríssimo | Paraquat Disrupts the Anti-Inflammatory Action of Cortisol in Human Macrophages in Vitro: Therapeutic Implications for Paraquat Intoxications[END_REF]Huang et al. 2019). This decision was motivated by the high environmental and human toxicity related to MV +2 . For instance, the exposure to MV +2 [START_REF] Carballa | Behavior of Pharmaceuticals, Cosmetics and Hormones in a Sewage Treatment Plant[END_REF]). Cependant, cette molécule montre une faible biodégradabilité et persiste donc dans l'eau après le traitement biologique conventionnel assuré par une station d'épuration. L'iopromide est une des nombreuses molécules à structure moléculaire complexe qui sont appelées polluants organiques persistants (POPs) [START_REF] Carballa | Behavior of Pharmaceuticals, Cosmetics and Hormones in a Sewage Treatment Plant[END_REF][START_REF] Xie | Contaminant Degradation by •OH during Sediment Oxygenation: Dependence on Fe(II) Species[END_REF]2021). La désinfection effectuée dans le cadre du traitement de l'eau potable entraîne la dégradation des produits de contraste iodés en sous-produits qui présentent un niveau de toxicité élevé (W. Zhang et al. 2021). Dans ce cas, le risque 

Résultats et discussions

Les matériaux préparés dans cette étude sont issus de la synthèse de matériaux lamellaires de structure de type talc qui sont une famille de matériaux lamellaires hybrides inorganiquesorganiques bien connus et décrits de façon détaillée dans la littérature [START_REF] Claverie | Synthetic Talc and Talc-Like Structures: Preparation, Features and Applications[END_REF]). La procédure de synthèse employée dans ce travail s'appuie sur une étude précédente décrite dans la littérature dans laquelle une structure de type talc a été préparée avec des organo-alkoxysilanes Résumé 227 spécifiques [START_REF] Gallégo | Synthesis of New Lamellar Inorganic-Organic Talc-like Hybrids[END_REF]. Les matériaux ont été caractérisés par diffraction des rayons X (DRX) et par fluorescence des rayons X (XRF) afin de confirmer la formation d'une structure semblable à l'argile avec l'incorporation de Fe(III) à la place de Mg(II) au niveau des sites octaédriques. Un schéma de la structure théorique des matériaux de structure de type talc et celle envisagée dans cette étude pour un matériau analogue à base de Fe(III) sont présentés à la Figure 132 (gauche) et à la Figure 132 (droite), respectivement, ainsi que leurs formules chimiques théoriques. décrites dans la littérature [START_REF] Fukushima | An Organic/Inorganic Hybrid Layered Polymer: Methacrylate-Magnesium(Nickel) Phyllosilicate[END_REF][START_REF] Burkett | Synthesis, Characterization, and Reactivity of Layered Inorganic-Organic Nanocomposites Based on 2:1 Trioctahedral Phyllosilicates[END_REF][START_REF] Fonseca | Self-Organized Inorganic-Organic Hybrids Induced by Silylating Agents with Phyllosilicate-Like Structure and the Influence of the Adsorption of Cations[END_REF]Jaber et al. 2005;[START_REF] Gallégo | Synthesis of New Lamellar Inorganic-Organic Talc-like Hybrids[END_REF][START_REF] Garnier | Hydrolysis-Condensation Reactions of Diethylphosphato-Ethyltriethoxysilane Involved in Organic-Inorganic Talc-like Hybrid Synthesis: Liquid and Solid-State NMR Investigations[END_REF]. La forme plus large des réflexions observées pour le matériau substitué à 100% de Fe(III) indique un plus grand désordre structurel par rapport à celui n'ayant pas de L'aspect des matériaux préparés en absence de Fe(III) ou avec 100% Fe(III) est observable sur la Figure 134. La différence de couleur notable est parfaitmeent liée à l'incorporation de Fe(III) dans la structure. Cependant, le rendement en solide observé pour le matériau préparé avec 100% Fe(III) est considérablement inférieur à celui obtenu en absence de Fe(III), comme le montre le Table 35. La quantité de phase solide isolée du milieu réactionnel pour le matériau substitué à 100% Fe(III) correspond à 21 % de la masse théorique attendue tandis qu'elle atteint 74 % pour e matériau élaboré en absence de Fe(III). Le faible rendement en matériau solide est corrélé avec le rapport molaire Si/Fe(III) expérimental qui s'écarte fortement de la valeur théorique de 2.00, comme le montre également le Table 35. Des études antérieures dans le domaine des matériaux lamellaires de structure de type talc ont révélé le rôle crucial de la catalyse et du pH pour la condensation de ces matériaux [START_REF] Garnier | Hydrolysis-Condensation Reactions of Diethylphosphato-Ethyltriethoxysilane Involved in Organic-Inorganic Talc-like Hybrid Synthesis: Liquid and Solid-State NMR Investigations[END_REF]. Par conséquent, le pH de la synthèse a été augmenté de 9,5 à 11,5 afin de correspondre au pH rapporté dans l'étude originale [START_REF] Gallégo | Synthesis of New Lamellar Inorganic-Organic Talc-like Hybrids[END_REF]. L'ajustement du pH dans le milieu réactionnel augmente légèrement le pourcentage de rendement ainsi que le rapport molaire Si/Fe(III) expérimental qui reste encore éloigné du rapport théorique. Fait intéressant, le rapport molaire expérimental Si/Mg(II) observé pour le matériau préparé en absence de Fe(III) est également significativement inférieur à la valeur théorique rapportée dans l'étude originale [START_REF] Gallégo | Synthesis of New Lamellar Inorganic-Organic Talc-like Hybrids[END_REF]. Cependant, le rapport molaire expérimental Si/Mg(II) observé dans cette étude est confirmé par une étude récente qui reconsidère la formule chimique des matériaux lamellaires de structure de type talc dans laquelle le rapport molaire Si/Mg maximal observé est de 1 au lieu de 1,33 [START_REF] Burkett | Reconsideration of the Structure of Magnesium N-Hexadecylsilicate and Other 'Talc-like' Layered Magnesium Organosilicates[END_REF]. Les auteurs de cette étude soulignent que la contrainte stérique liée à l'organisation des fractions organiques conduit à une simple substitution isomorphe du silicium par un organosilicium dans le feuillet tétraédrique.

Condition (% Fe(III))

0% 100% Ensuite, le matériau lamellaire de structure de type argile riche en fer préparé dans cette étude a été utilisé pour revêtir les fibres d'un feutre de carbone. La synthèse de tels matériaux composites a été adaptée d'une précédente étude faite au laboratoire et décrite dans la littérature (Miron et al. 2019).

L'aspect de la surface du feutre de carbone vierge est comparé à celui du composite préparé avec un taux de substitution de 100% par Fe(III) à la L'aspect de la couche de surface du matériau composite a permis l'étude des propriétés électrochimiques du composite préparé en présence de 100% Fe(III). Les propriétés principales à considérer sont la contribution de la couche de matériau riche en fer à la passivation de l'électrode et l'électro-activité du fer lorsqu'il se trouve incorporé dans un tel matériau. La voltampérométrie cyclique (VC) est une technique électrochimique puissante qui renseigne sur ces deux propriétés [START_REF] Marken | Part II.1 Electroanalytical Techniques: Cyclic Voltammetry[END_REF]. Les courbes courant-potentiel relatives au 5 ème balayage du feutre de carbone modifié avec un matériau préparé en absence de Fe(III) ou substitué à 100% avec Ensuite, les performances du feutre de carbone modifié avec un matériau préparé en présence de 100% Fe (III) en tant que catalyseur hétérogène et cathode dans le processus hétérogène de type électro-Fenton, pour l'élimination de l'iohexol ont été étudiées. L'électrolyse a été réalisée dans une cellule électrochimique à compartiment unique avec un cylindre creux en platine (32 cm 2 ) comme contre-électrode sous un potentiel de réduction de -0,9 V/SCE pendant 2 h. La concentration en iohexol avant et après le processus électrochimique a été déterminée par chromatographie liquide à haute performance (HPLC) tandis que la minéralisation éventuelle des sous-produits a été déterminée par des mesures de carbone organique dissout (DOC). L'électrolyse réalisée avec du feutre de carbone modifié avec un matériau substitué à 100% par Fe(III) a entraîné la dégradation de 10,4% ± 1,1% de l'iohexol dans la solution d'électrolyte ainsi qu'une minéralisation négligeable des sous-produits. Une performance similaire a été observée lorsque le feutre de carbone vierge a été utilisé comme cathode avec une dégradation de 8,7% de l'iohexol dans la solution d'électrolyte ainsi qu'une minéralisation négligeable des sous-produits.

La similarité des performances observée pour le feutre de carbone modifié avec un matériau préparé En effet, plusieurs études rapportent l'électro-inactivité du Fe(III) structural au sein des minéraux argileux riches en fer utilisés pour préparer des électrodes modifiées par une argile (Oyama and Anson 1986;Fitch 1990;Xiang and Villemure 1995;Zen, Jeng, and Chen 1996). Dans ces études, le transfert d'électrons de l'électrode au Fe(III) structurel a été médié par des molécules électro-actives, telles que le viologène de méthyle (MV +2 / +• ). Le MV +2 a été réduit au niveau de l'électrode en MV +• avant de s'oxyder au niveau de l'électrode ou de réduire le Fe(III) structurel, comme indiqué dans les l'Equation 55 à l'Equation 57 (Yuan et al. 2018). Ces travaux ont conduit à l'étude de l'électro-activité de MV +2 avec un feutre de carbone modifié en présence d'un matériau préparé soit en présence de 0% Fe(III) ou de 100% Fe(III) comme électrode de travail.

Equation 55

Résumé 234 Equation 56MV +• + struct.Fe(III) → MV +2 + struct.Fe(II) Equation 57Les courbes courant-potentiel liées au 5 ème balayage du feutre de carbone vierge et du feutre de carbone modifié avec du matériau préparé en présence de 0% Fe(III) ou de 100% Fe(III) en présence de MV +2 sont comparées sur la Figure 138. Il convient de noter que la présence de fractions organiques dans l'espace interfoliaire du matériau argileux utilisé dans cette étude a empêché l'intercalation de MV +2 . Par conséquent, on s'attend à ce que l'électro-activité de MV +2 soit principalement liée aux espèces de bords de la structure. L'absence de pic cathodique dans les courbes courant-potentiel associées au feutre de carbone modifié avec un matériau préparé soit en présence de 0% Fe(III) ou de 100% Fe(III) indique une concentration négligeable de MV +2 près des deux électrodes de travail. Par ailleurs, la réponse inférieure observée pour le pic anodique dans ces courbes courant-potentiel par rapport à celle liée au feutre de carbone vierge est corroboré par une diminution de la concentration de MV +• près de l'électrode de travail et par conséquent de la concentration de MV +2 . Une observation similaire a déjà été rapportée dans la littérature dans le cas d'une électrode en pâte de carbone (EPC) modifiée avec de la montmorillonite (SWy-2) qui utilise également MV +2 comme médiateur de transfert d'électrons dans l'électro-réduction de l'O2 [START_REF] Hu | Electrocatalytic Reduction of Molecular Oxygen on a Sodium Montmorillonite-Methyl Viologen Carbon Paste Chemically Modified Electrode[END_REF]. Dans cette étude, le pic cathodique a disparu en raison de l'augmentation de la concentration en montmorillonite dans l'électrode. Les auteurs ont attribué cette observation à la surface effective de l'électrode qui diminue avec la couverture en montmorillonite. La même observation a été faite dans le cas du feutre de carbone modifié avec un matériau préparé en présence de 0% Fe(III) ou de 100% Fe(III). En outre, l'interaction de MV +2 à la surface de l'électrode doit être particulière dans le cas de matériaux lamellaires compte tenu de la nature hybride de ces structures. Par exemple, on Plus important encore, il a été signalé que les microorganismes du sol ne dégradent que 1% de MV +2 et que la demi-vie de ce polluant est estimée entre 3 et 6,6 ans (Huang et al. 2019). Dès lors, l'ajout d'un polluant organique persistant dans les eaux usées pour en traiter un autre est à considérer pour avant de se lancer dans de telles expérimentations. 

Annexes

Gold coat

Before After Figure 148. Cyclic voltammograms of the replicates ( 1) and ( 2) of carbon felt modified with material prepared with Propyl-NH2 in the condition 100% Fe(III).

Table 47. The aspect of the replicates ( 1) and ( 2) of carbon felt modified with material prepared with Propyl-NH2 in the condition 100% Fe(III) and the respective electrolyte solution along with the concentration of iron ions and the percentage of mass loss of material from the electrode.

Propyl-NH2

(1)

100% Fe(III)

Aspect of composites

Aspect of electrolyte

[Fe] electrolyte (ppm) 1), ( 2) and ( 3 2) and ( 3) of carbon felt modified with material prepared with NHphenyl in the condition 100% Fe(III).

Table 49. The aspect of the replicates ( 1) and ( 2) of carbon felt modified with material prepared with NH-phenyl in the condition00% Fe(III) and the respective electrolyte solution along with the percentage of mass loss of material from the electrode.

NH-phenyl 0% Fe(III)

(1)

(2)

Aspect of composites

Aspect of electrolyte

Mass Loss (% initial)

9.4% 7.7% Figure 162. The relationship between the anodic peak potentials observed in the curves of carbon felt modified with material prepared in the condition 100% and the respective scan rates.

Fenton Process for Wastewater Treatment 1.The Problematic Surrounding Industrial Wastewater Treatment

In Europe, around 54% of the water uptake for human activities is used in industry [START_REF]Industrial Waste Water Treatment-Pressures on Europe's Environment[END_REF]. The industrial effluents are either treated in urban wastewater treatment plants (UWWTP) or in on-site independent wastewater treatment plants within the industrial facilities before being released into a water body. Treatment in the industrial facility is necessary for effluents containing pollutants that compromise operation of the UWWTP [START_REF]Industrial Waste Water Treatment-Pressures on Europe's Environment[END_REF] or persist after this regular treatment. In the last decade, the prospect of environmental problems disclosed by researchers in the field and the rising awareness of the public about it has compelled governments to impose more restrict policies for management of industrial wastewater [START_REF] Sirés | Electrochemical Advanced Oxidation Processes: Today and Tomorrow: A Review[END_REF][START_REF] Delport | Traitements Biologiques Aérobies Des Effluents Industriels[END_REF]. This context has increased research interest in new materials to overcome the limitations of available industrial wastewater treatments in order to support environmental policies and avoid criticism from state agencies and consumers.

Methods for Industrial Wastewater Treatment

The characteristics of industrial wastewater are often complex and particular to each manufacturing process and it may even vary when considering different days, weeks or sessions, depending on the company. The components of the matrix of wastewater define the most suitable line of treatment based on physicochemical treatments combined with a biological treatment [START_REF] Truc | Traitements Tertiaires Des Effluents Industriels[END_REF]. The physicochemical treatments remove both insoluble and soluble pollutants [START_REF] Boeglin | Traitements Physico-Chimiques de La Pollution Insoluble[END_REF][START_REF] Boeglin | Traitements Physico-Chimiques de La Pollution Soluble[END_REF]. The elimination of insoluble particles commonly involves treatments such as screening and sieving followed by the elimination of immiscible substances (oil and grease removal) [START_REF] Boeglin | Traitements Physico-Chimiques de La Pollution Insoluble[END_REF]. As for soluble particles, physicochemical treatments are used to eliminate metals (e.g., chromium), anionic species (e.g., fluorides, phosphates and cyanide) and non-biodegradable organic compounds (e.g., phenolic compounds). Among physicochemical treatments, the most common treatments are based on stripping, absorption, ionic exchange and techniques using membranes, such as ultrafiltration [START_REF] Boeglin | Traitements Physico-Chimiques de La Pollution Soluble[END_REF]. In particular, the chemical treatment of wastewater with oxidizing or/and reducing agents can be used in order to convert soluble pollutants into insoluble compounds, which are later eliminated with another chemical treatment inducing precipitation of such compounds. The redox treatment can also be used to convert soluble pollutants into nontoxic compounds that may be later eliminated with biological treatment, for instance. In this case, another chemical treatment considered to be crucial to the following aerobic or anaerobic biological treatment is neutralization of wastewater that consists in adjusting the pH to circumneutral [START_REF] Delport | Traitements Biologiques Aérobies Des Effluents Industriels[END_REF].

However, effluents commonly require a third treatment that involves the repetition of primary physicochemical treatments or secondary biological treatment in order to allow disposal of treated water following environmental policies or to have it reused in the original industrial process (recycled) and others such as fire and cooling systems [START_REF] Truc | Traitements Tertiaires Des Effluents Industriels[END_REF]. Among chemical treatments, advanced oxidation processes (AOPs) have been studied to eliminate soluble organic compounds considered as persistent that are usually referred in the literature as persistent organic pollutants (POPs) [START_REF] Truc | Traitements Tertiaires Des Effluents Industriels[END_REF][START_REF]Stockholm Convention on Persistent Organic Pollutants (POPs). In Encyclopedia of Corporate Social Responsibility[END_REF][START_REF] Brillas | Electro-Fenton Process and Related Electrochemical Technologies Based on Fenton's Reaction Chemistry[END_REF]. In most of these processes, hydroxyl radicals (•OH) are used as the oxidizing agent that nonselectively degrade pollutants into water, carbon dioxide and inorganic salts [START_REF] Deng | Advanced Oxidation Processes (AOPs) in Wastewater Treatment[END_REF]. However, the most cost-effective techniques to achieve mineralization of pollutants in wastewater involve using AOPs associated with electrochemical technology that are namely electrochemical advanced oxidation processes (EAOPs) as a pre-or post-treatment to biological treatment in order to convert pollutants into intermediate organic compounds [START_REF] Mousset | Electrochemical Technologies Coupled with Biological Treatments[END_REF]. The fundamental features of AOPs are recalled in the following topic with emphasis in Fenton-based processes and related technologies, such as the electro-Fenton process.

Heterogeneous Electro-Fenton Process

The acidification of effluents to pH 2-3 is required in the electro-Fenton process as in the conventional Fenton process mainly to avoid formation of iron sludge [START_REF] Sirés | Electrochemical Advanced Oxidation Processes: Today and Tomorrow: A Review[END_REF][START_REF] Brillas | Electro-Fenton Process and Related Electrochemical Technologies Based on Fenton's Reaction Chemistry[END_REF][START_REF] Mansour | Mineralization of Synthetic and Industrial Pharmaceutical Effluent Containing Trimethoprim by Combining Electro-Fenton and Activated Sludge Treatment[END_REF][START_REF] Oturan | Electro-Fenton Process: Background, New Developments, and Applications[END_REF]. The use of heterogeneous catalysis in the electro-Fenton process can avoid acidification of effluents prior to the treatment that allows the working pH to be circumneutral or alkaline. The catalyst can be recovered and reused several times decreasing expenses related to reagents and avoiding the release of iron in the environment as a secondary pollutant [START_REF] Nidheesh | Trends in Electro-Fenton Process for Water and Wastewater Treatment: An Overview[END_REF]. The coupling of both heterogeneous catalysis and photo-or/and electro-chemistry have provided promising results and have been so far the most attractive version of Fenton process for full-scale treatment of industrial wastewater [START_REF] Ganiyu | Heterogeneous Electro-Fenton and Photoelectro-Fenton Processes: A Critical Review of Fundamental Principles and Application for Water/Wastewater Treatment[END_REF].

Materials in Heterogeneous Electro-Fenton Process

Early publications involving heterogeneous catalysis in the electro-Fenton process involved natural occurring iron minerals such as goethite, magnetite and pyrite [START_REF] Ganiyu | Heterogeneous Electro-Fenton and Photoelectro-Fenton Processes: A Critical Review of Fundamental Principles and Application for Water/Wastewater Treatment[END_REF]. However, iron oxides result in both homogeneous and heterogeneous catalysis depending on the pH [START_REF] Zhao | Electro-Fenton Oxidation of Pesticides with a Novel Fe 3 O 4 @Fe 2 O 3 /Activated Carbon Aerogel Cathode: High Activity, Wide PH Range and Catalytic Mechanism[END_REF][START_REF] Poza-Nogueiras | Current Advances and Trends in Electro-Fenton Process Using Heterogeneous Catalysts-A Review[END_REF][START_REF] Ben Hafaiedh | Iron Oxide Nanoparticles as Heterogeneous Electro-Fenton Catalysts for the Removal of AR18 Azo Dye[END_REF], referred to here as pseudo-heterogeneous catalysts. Under acidic conditions, iron oxides tend to dissolve, releasing into solution Fe(II) or Fe(III) ions that are reduced to Fe(II) in the cathode (Equation ( 1)). The Fe(II) ions in solution follow then homogenous mechanism (Equation ( 2)) and Fe(II) or Fe(III) sites remaining in the surface participate in heterogeneous mechanism (Equation ( 3)). As the pH increases, the generation of •OH or HO 2 • radicals proceed mainly through surface-based mechanism upon structural ≡Fe(II)-OH (Equation ( 3)) and ≡Fe(III)-OH sites (Equation ( 4)), respectively [START_REF] Zhao | Electro-Fenton Oxidation of Pesticides with a Novel Fe 3 O 4 @Fe 2 O 3 /Activated Carbon Aerogel Cathode: High Activity, Wide PH Range and Catalytic Mechanism[END_REF]. However, the application of current across the system promotes partial reduction of structural ≡Fe(III)-OH to ≡Fe(II)-OH (Equation ( 5)) in minerals such as pyrite and iron oxides that culminate in dissolution and release of Fe(II) even under neutral conditions [START_REF] Ganiyu | Heterogeneous Electro-Fenton and Photoelectro-Fenton Processes: A Critical Review of Fundamental Principles and Application for Water/Wastewater Treatment[END_REF][START_REF] Huang | Coupling Quinoline Degradation with Fe Redox in Clay Minerals: A Strategy Integrating Biological and Physicochemical Processes[END_REF]. The electron transfer mechanism and reactions related to these minerals are discussed in detail elsewhere [START_REF] Ganiyu | Heterogeneous Electro-Fenton and Photoelectro-Fenton Processes: A Critical Review of Fundamental Principles and Application for Water/Wastewater Treatment[END_REF][START_REF] Poza-Nogueiras | Current Advances and Trends in Electro-Fenton Process Using Heterogeneous Catalysts-A Review[END_REF].

Fe(III) + e -→ Fe(II) ( 1) 

Fe(II) + H 2 O 2 → Fe(III) + •OH + OH - (2 
In this context, iron-containing minerals may be particularly interesting for in situ remediation of sites in which the recuperation of catalyst and acidification of water or both are not feasible. For instance, natural pyrite was used for in situ remediation of groundwater. The dissolution of pyrite releases H + until an equilibrium state that is proportional to initial concentration of this mineral. In this case, the acidification of groundwater coincided with self-dosage of Fe(II) catalyst providing optimal conditions for Fenton process [START_REF] Ganiyu | Heterogeneous Electro-Fenton and Photoelectro-Fenton Processes: A Critical Review of Fundamental Principles and Application for Water/Wastewater Treatment[END_REF][START_REF] Poza-Nogueiras | Current Advances and Trends in Electro-Fenton Process Using Heterogeneous Catalysts-A Review[END_REF].

Under other circumstances, clay minerals appear as a more stable heterogeneous catalyst because Fe(II) or Fe(III) sites are coordinated within the layers, where iron atoms tend to remain after reduction and reoxidation favoring the heterogeneous mechanism and long-term use of catalyst [START_REF] Huang | Coupling Quinoline Degradation with Fe Redox in Clay Minerals: A Strategy Integrating Biological and Physicochemical Processes[END_REF][START_REF] Zeng | Degradation of 1, 4-Dioxane by Hydroxyl Radicals Produced from Clay Minerals[END_REF]. Besides, clay minerals are natural, abundant and inexpensive and their capacity to act simultaneous as an adsorbent and a catalyst for degradation of contaminants has further motivated studies about their application in the removal of organic and inorganic contaminants in soil and water [START_REF] Poza-Nogueiras | Current Advances and Trends in Electro-Fenton Process Using Heterogeneous Catalysts-A Review[END_REF][START_REF] Khaled | Iron Oxidation State Effects on Cation Fixation in Smectites[END_REF][START_REF] Schulze | Encyclopedia of Soils in the Environment[END_REF].

The application of lamellar materials as a heterogeneous catalyst in the electro-Fenton process as well as the mechanism behind decomposition of H 2 O 2 by structural Fe(III)/Fe(III) atoms occurring in the structure of natural and synthetic lamellar materials has not been exclusively reviewed before. This critical review aims to describe studies using clay minerals and clay-like materials as a heterogeneous catalyst in the electro-Fenton process. Further, it brings together studies investigating the contribution of iron atoms within the structure of clay minerals to the degradation of organic pollutants in wastewater and contaminated soils during the electro-Fenton process and related technologies.

Iron in Clay Mineral Structure and Its Reactivity

In soils, the mineral particles with size smaller than 2 µm are classified as clays. The particle size is used to separate clay from silt (2-50 µm) and sand (0.05-2.0 mm) [START_REF] Bleam | Clay Mineralogy and Chemistry[END_REF]. The term "clay mineral" is used to describe phyllosilicates and other minerals, which provide plasticity to clay that harden upon drying or firing. Clay minerals may be of any crystallite size, but their unique properties are partly related to their small particle size and high surface area [START_REF]The Clay Minerals Society Glossary of Clay Science[END_REF]. In addition, their physical and chemical properties depend upon their crystal structure being the basis for their classification. The basic structural units are tetrahedral (T) and octahedral (O) sheets (Figure 1) that stack to form layers and the number of sheets is used to divide the clay minerals into two major types: 1:1 (TO) and 2:1 (TOT) (Figure 2) [START_REF] Schulze | Encyclopedia of Soils in the Environment[END_REF]. For instance, Si(IV) are only able to fit into tetrahedral sites and Mg(II) as well as Fe(II) only to octahedral sites while Al(III) and Fe(III) have intermediate size being found coordinated in both tetrahedral and octahedral sites [START_REF] Schulze | Encyclopedia of Soils in the Environment[END_REF]. In the case of trivalent cations (e.g., Al(III) and Fe(III)), two out of three possible octahedral sites are occupied in order to maintain charge balance of the layered structure being this arrangement referred to as dioctahedral (Figure 3). As for the bivalent cations (e.g., Mg(II)), all possible octahedral sites are occupied being this arrangement referred to as trioctahedral [START_REF] Schulze | Encyclopedia of Soils in the Environment[END_REF]. Besides, the octahedral sites in the dioctahedral sheet are discriminated depending on the arrangement of the hydroxyl ions bonded to the central site in trans or cis, being referred to as M1 or M2 sites, respectively [START_REF] Bleam | Clay Mineralogy and Chemistry[END_REF]. The sites in which hydroxyl groups are located on opposite corners are considered trans-octahedral sites or M1 and those located on adjacent corners in the edge are cis or M2 (Figure 4) [START_REF] Manceau | Oxidation-Reduction Mechanism of Iron in Dioctahedral Smectites: I. Crystal Chemistry of Oxidized Reference Nontronites[END_REF].

The 1:1 type clay minerals are based on one tetrahedral sheet sharing the apical oxygen (Figure 1) ions with an octahedral sheet (Figure 2 (TO)). In this group, the layers are neutral and adjacent layers are held together through hydrogen bonding between basal oxygen of the tetrahedral sheet and OH groups of the exterior plane of the octahedral sheet. The minerals representing this group are serpentine-kaolinite. Kaolinite represents the subgroup of 1:1 layer type minerals with a dioctahedral sheet and general chemical formula corresponding to Al 2 Si 2 O 5 (OH) 4 [START_REF] Huggett | Reference Module in Earth Systems and Environmental Sciences[END_REF]. The substitution of Al(III) by another metal cation is rare and the 1:1 layer shows little or no charge [START_REF] Schulze | Encyclopedia of Soils in the Environment[END_REF]. In the literature, the substitution of a metal cations by another with similar size is referred to as isomorphic substitution [START_REF] Carrado | Preparation of Hectorite Clays Utilizing Organic and Organometallic Complexes during Hydrothermal Crystallization[END_REF]. As for serpentine, it represents the subgroup with a trioctahedral sheet and general chemical formula corresponding to Mg 3 Si 2 O 5 (OH) 4 [START_REF] Bleam | Clay Mineralogy and Chemistry[END_REF]. [START_REF] Schulze | Encyclopedia of Soils in the Environment[END_REF][START_REF] Huggett | Reference Module in Earth Systems and Environmental Sciences[END_REF]. In this group, the electrically neutral layers interact with each other by weak Van der Walls forces [START_REF] Schulze | Encyclopedia of Soils in the Environment[END_REF].

The isomorphic substitution of atoms in the structure results in a charge deficit within the 2:1 layer that is compensated with interlayer cations, which are responsible for the cation exchange and swelling capacity of clay minerals [START_REF] Slade | Crystalline Swelling of Smectite Samples in Concentrated NaCl Solutions in Relation to Layer Charge[END_REF]. If the layer charge is 1, the mineral is classified under the mica group. In this group, the occurrence of isomorphic substitution of Si(IV) in the tetrahedral sites by Al(III) results into a charge deficiency of 1. Muscovite represents the subgroup with a dioctahedral sheet and general chemical formula corresponding to int K tet AlSi 3 oct Al 2 O 10 (OH) 2 while phlogopite represents those with a trioctahedral sheet and general chemical formula corresponding to int K tet AlSi 3 oct Mg 3 O 10 (OH) 2 [START_REF] Schulze | Encyclopedia of Soils in the Environment[END_REF]28]. Besides, the occurrence of isomorphic substitutions in both tetrahedral and octahedral sheet results into a layer charge lower than 1. For instance, if the layer charge is between 0.6-0.9, the mineral is classified under the group of vermiculites. If layer charge is between 0.2-0.6, it is classified under the group of smectites [START_REF] Bleam | Clay Mineralogy and Chemistry[END_REF]. The representation of each group is shown in Figure 5.

All phyllosilicates previously discussed exhibit a long-range order. However, other minerals such as allophane exhibits structural order only in the range of several nanometers showing an overall disordered structure. Allophane is an aluminosilicate mineral observed as spheres of 3.5-5.0 nm that are commonly associated with iron oxides and organic matter in volcanic ash soils. The spheres show variable amounts of O 2-, OH -, Al(III) and Si(IV) that result in Si-O-Al bonds without an exact chemical formula or well-defined structure [START_REF] Schulze | Encyclopedia of Soils in the Environment[END_REF][START_REF] Garrido-Ramirez | Catalytic Wet Peroxide Oxidation of Phenol over Iron or Copper Oxide-Supported Allophane Clay Materials: Influence of Catalyst SiO 2 /Al 2 O 3 Ratio[END_REF]. The majority of studies using clay minerals as a heterogeneous catalyst in the Fenton process involve natural or modified smectite minerals in which iron atoms occupy octahedral sites in the structure (Figure 4). The natural nontronites SWa-1, NAu-1 and NAu-2 as well as montmorillonites SWy-1 and SWy-2 are reference clay minerals that have been extensively evaluated and will be further discussed in this topic [START_REF] Gorski | Redox Properties of Structural Fe in Clay Minerals. 1. Electrochemical Quantification of Electron-Donating and -Accepting Capacities of Smectites[END_REF]. The organic matter appears strongly associated with the surface of allophane preventing purification of natural allophane even after treatment with hydrogen peroxide. For Garrido-Ramirez et al., the impossibility of purification exposed the prerequisite for the development of synthetic allophane to be used as heterogeneous catalyst in the electro-Fenton process [START_REF] Garrido-Ramirez | Catalytic Wet Peroxide Oxidation of Phenol over Iron or Copper Oxide-Supported Allophane Clay Materials: Influence of Catalyst SiO 2 /Al 2 O 3 Ratio[END_REF][START_REF] Garrido-Ramírez | Characterization of Nanostructured Allophane Clays and Their Use as Support of Iron Species in a Heterogeneous Electro-Fenton System[END_REF]. [24]. The naturally occurring nontronites Garfield, Panamint Valley, NG-1, SWa-1, NAu-1 and NAu-2 were used in studies later discussed in this review and then a brief description of each one is given in Table 1 regarding their origin, chemical formula and characteristics, such as layer charge, cation exchange capacity (CEC) and surface area. Manceau, Lanson, et al. investigated in detail the crystal chemistry of Garfield, Panamint Valley, Swa-1 and NG-1 nontronites using several characterization techniques, such as chemical analysis, X-ray diffraction and X-ray absorption spectroscopy [START_REF] Manceau | Oxidation-Reduction Mechanism of Iron in Dioctahedral Smectites: I. Crystal Chemistry of Oxidized Reference Nontronites[END_REF]. The authors concluded that the source of layer charge in these reference nontronite minerals raised from isomorphic substitutions, but the metal cations and their distribution between the tetrahedral and octahedral sheet varied among the samples. For Garfield, SWa-1 and NG-1, layer charge is mostly located in the tetrahedral sheet, while for Panamint Valley the charge located in the octahedral sheet is slightly higher than the one in tetrahedral sheet. Only NG-1 showed tetrahedral Fe(III), which corresponded to 14-20% of total iron in this reference sample. Besides, the authors reported that octahedral cations only occupied cis-coordinating octahedral sites (M2) in SWa-1 and further investigated the relative distribution of Fe, Al and Mg. The comparison of structural parameters obtained from modeling and reported data uncovered that iron atoms are not randomly distributed in the octahedral sites but clustered resulting in small magnetic domains, which are accountable for the magnetic properties observed for SWa-1.

Iron in Clay Mineral

Keeling reported the chemical composition of nontronites NAu-1 and NAu-2 [START_REF] Keeling | Geology and Characterization of Two Hydrothermal Nontronites from Weathered Metamorphic Rocks at the Uley Graphite Mine, South Australia[END_REF]. The main chemical difference between these nontronites is that a higher aluminum content was reported for NAu-1 in comparison to NAu-2 in their respective general formulas: inter M +1.05 tet [Si . The NAu-1 was considered similar to previously reported Garfield nontonite. As for NAu-2, the authors stated insufficient Al(III) in the clay-size fraction and suggested the presence of Fe(III) in tetrahedral sites and Al(III) in the octahedral sites which explains the different chemical formula currently provided by the Clay Mineral Society [START_REF]The Clay Mineral Society Physical and Chemical Data of Source Clays[END_REF] (Table 1). Therefore, the reference smectite minerals NG-1 and NAu-2 have structural Fe(III) located in both octahedral and tetrahedral sites but the tetrahedral Fe(III) is considered to occur in trace amounts [START_REF] Schaefer | Spectroscopic Evidence for Interfacial Fe(II)-Fe(III) Electron Transfer in a Clay Mineral[END_REF] rendering controversial the role of tetrahedral Fe(III) in the reactivity observed for NAu-2 in the studies later discussed here [START_REF] Chen | The Effects of Fe-Bearing Smectite Clays on OH Formation and Diethyl Phthalate Degradation with Polyphenols and H 2 O 2[END_REF][START_REF] Schaefer | Spectroscopic Evidence for Interfacial Fe(II)-Fe(III) Electron Transfer in a Clay Mineral[END_REF]. Besides, Gorski, Aeschbacher, et al. reported that 2 wt% of total structural Fe(III) occupied tetrahedral sites in NAu-2 [START_REF] Gorski | Redox Properties of Structural Fe in Clay Minerals. 1. Electrochemical Quantification of Electron-Donating and -Accepting Capacities of Smectites[END_REF] while Joe-Wong, Brown, and Maher reported as much as 8 wt% in their study [START_REF] Joe-Wong | Kinetics and Products of Chromium(VI) Reduction by Iron(II/III)-Bearing Clay Minerals[END_REF]. Besides, Gorski et al. reported that all structural Fe(III) in NAu-1 and mostly in NAu-2 were cis-coordinated in the octahedral sites [START_REF] Gorski | Redox Properties of Structural Fe in Clay Minerals. 1. Electrochemical Quantification of Electron-Donating and -Accepting Capacities of Smectites[END_REF]. For NAu-2, a second octahedral environment was observed and interpreted as trans or more accurately as a distorted cis-octahedral Fe(III) sites that were located near tetrahedral Fe(III) in the structure [START_REF] Gorski | Redox Properties of Structural Fe in Clay Minerals. 1. Electrochemical Quantification of Electron-Donating and -Accepting Capacities of Smectites[END_REF][START_REF] Schaefer | Spectroscopic Evidence for Interfacial Fe(II)-Fe(III) Electron Transfer in a Clay Mineral[END_REF].

As for montmorillonite, it is also classified as 2:1 phyllosilicate under the group of smectites and subgroup of minerals with a dioctahedral sheet. However, the octahedral sites are predominantly occupied by Al(III) with only a small isomorphic substitution of Al(III) by Fe(III) while the tetrahedral sites are virtually occupied by Si(IV) resulting in the general chemical formula: inter M +x tet (Si 8 ) oct (Al,Fe 4-x Mg x )O 20 (OH) 4 [START_REF] Bleam | Clay Mineralogy and Chemistry[END_REF]. For this reason, the layer charge of montmorillonite is primarily located in the octahedral sheet, but it is located in the tetrahedral sheet for nontronite [START_REF] Huggett | Reference Module in Earth Systems and Environmental Sciences[END_REF]. The montmorillonites K10, STx-1, SWy-1 and SWy-2 were used in studies later discussed in this review and then a brief description of each one was displayed in Table 2. The montmorillonites SWy-1 and SWy-2 are reported under the same general chemical formula by the Clay Mineral Society [START_REF]The Clay Mineral Society Physical and Chemical Data of Source Clays[END_REF] but different weight percentages of structural Fe(III) are reported in the literature. The SWy-1 showed 12.6 wt% of structural Fe (III) [START_REF] Gorski | Redox Properties of Structural Fe in Clay Minerals: 3. Relationships between Smectite Redox and Structural Properties[END_REF] while SWy-2 showed 2-2.3 wt% [START_REF] Zeng | Degradation of 1, 4-Dioxane by Hydroxyl Radicals Produced from Clay Minerals[END_REF][START_REF] Liu | Oxidation of Trichloroethylene by the Hydroxyl Radicals Produced from Oxygenation of Reduced Nontronite[END_REF][START_REF] Tong | Production of Abundant Hydroxyl Radicals from Oxygenation of Subsurface Sediments[END_REF][START_REF] Latta | II)-Fe(III) Electron Transfer in a Clay Mineral with Low Fe Content[END_REF]. However, the structural Fe(III) is primarily located in cis-coordinating octahedral sites (M2) for both SWy-1 and SWy-2 [START_REF] Gorski | Redox Properties of Structural Fe in Clay Minerals. 1. Electrochemical Quantification of Electron-Donating and -Accepting Capacities of Smectites[END_REF][START_REF] Latta | II)-Fe(III) Electron Transfer in a Clay Mineral with Low Fe Content[END_REF]. As for STx-1, there is no relevant considerations about this montmorillonite in the literature aside from the relative lower structural Fe(III) content reported in the general formula [START_REF] Hu | Electrocatalytic Reduction of Molecular Oxygen on a Sodium Montmorillonite-Methyl Viologen Carbon Paste Chemically Modified Electrode[END_REF]. The subsurface soil-layers favor both oxidation states of structural iron. Firstly, the structural Fe(III) acts as an electron acceptor for microbial respiration in the absence of oxygen that is typical in this environment [START_REF] Gorski | Redox Properties of Structural Fe in Clay Minerals. 2. Electrochemical and Spectroscopic Characterization of Electron Transfer Irreversibility in Ferruginous Smectite, SWa-1[END_REF]. The microbial reduction of structural Fe(III) within smectites has been reviewed elsewhere [START_REF] Pentráková | A Review of Microbial Redox Interactions with Structural Fe in Clay Minerals[END_REF]. Secondly, the subsurface-layer conditions favor electron transfer from contaminants to structural Fe(III) resulting simultaneously in structural Fe(II) and a radical cation, with the latter considered to be more toxic than the original contaminant [START_REF] Polubesova | Adsorption And Oxidative Transformation Of Phenolic Acids By Fe(III)-Montmorillonite[END_REF]. However, this radical cation may polymerize with other radical cations contributing to decrease the environmental mobility of contaminants, such as phenol [START_REF] Yong | Influence of PH and Exchangeable Cation on Oxidation of Methylphenols by a Montmorillonite Clay[END_REF]. The resulting structural Fe(II) is reactive towards reduction of organic and inorganic contaminants in the surface of clay minerals and such reductive transformation of contaminants under anoxic conditions has been also reviewed elsewhere [START_REF] Wang | Transformation and Toxicity of Environmental Contaminants as Influenced by Fe Containing Clay Minerals: A Review[END_REF]. Besides, the clay minerals coexist with aqueous Fe(II) in slightly anoxic aquifers, river sediments and soils [START_REF] Ilgen | Role of Structural Fe in Nontronite NAu-1 and Dissolved Fe(II) in Redox Transformations of Arsenic and Antimony[END_REF] and such Fe(II) ions may substitute exchangeable cations in the interlayer region as well as coordinate with the surface OH groups of clay minerals. The relative reactivity of those iron species was investigated on several publications that primarily intended to grasp the contribution of the subsurface soil-layers to the environmental fate of pollutants [START_REF] Wang | Transformation and Toxicity of Environmental Contaminants as Influenced by Fe Containing Clay Minerals: A Review[END_REF]. However, the studies investigating the relative reactivity of Fe(II) species under oxic conditions are rare in the literature. These studies are not only relevant to uncover environmental dynamics of pollutants in the surface-layers of soil but also the Fenton reactions during the heterogeneous electro-Fenton process. The few studies in this topic uncovered that •OH radicals are generated upon aeration of Fe(II)-containing clay minerals as shown in Equations ( 6)-( 8) and mediate the oxidation of contaminants in the surface. Then, the transformation of contaminants in the surface of clay minerals is based on two different mechanisms depending on oxygenation of soils: direct and indirect mechanisms, which are favored under anoxic and oxic conditions, respectively [START_REF] Yong | Influence of PH and Exchangeable Cation on Oxidation of Methylphenols by a Montmorillonite Clay[END_REF][START_REF] Jia | Exchangeable Cations-Mediated Photodegradation of Polycyclic Aromatic Hydrocarbons (PAHs) on Smectite Surface under Visible Light[END_REF][START_REF] Isaacson | Sorption and Transformation of Phenols on Clay Surfaces: Effect of Exchangeable Cations[END_REF]. The available literature investigating the reactivity of iron species located in the surface, interlayer or within the structure of clay minerals towards oxidation of contaminants, O 2 and H 2 O 2 will be discussed in order to highlight the contribution of each of these iron species to the generation of •OH radicals in the heterogeneous electro-Fenton process.

Fe(II) + O 2 → Fe(III) + O 2 • - (6) 
Fe(II) +O Preliminary results by A. Neumann showed that tetrahedral Fe(III) undergoes reduction and reoxidation with redox active sites just like octahedral Fe(III) [START_REF] Neumann | Assessing the Redox Reactivity of Tetrahedral Fe in Clay Minerals[END_REF], which was investigated in detail in another study by this author dedicated to determine the reactivity of octahedral Fe(III) using a quantitative kinetic model [START_REF] Neumann | Assessing the Redox Reactivity of Structural Iron in Smectites Using Nitroaromatic Compounds As Kinetic Probes[END_REF]. Besides, A. Neumann showed that redox cycling of tetrahedral Fe(III) was possible for nontronites with low content of tetrahedral Fe(III) while investigating synthetic nontronites with different content of iron in the tetrahedral sheets [START_REF] Neumann | Assessing the Redox Reactivity of Tetrahedral Fe in Clay Minerals[END_REF]. The author argued that alterations in the clay mineral structure were responsible for compromising reversibility of electron transfer to and from tetrahedral Fe(III). Other studies that will be discussed in this topic extended this argument to tetrahedral and octahedral Fe(III) while discussing a decrease in reductive performance of iron-rich clay minerals after consecutive redox cycles.

Chen et al. investigated the generation of •OH radical from decomposition of H 2 O 2 on the surface of four smectite minerals mediated by polyphenol molecules for degradation of diethyl phthalate under anoxic conditions [START_REF] Chen | The Effects of Fe-Bearing Smectite Clays on OH Formation and Diethyl Phthalate Degradation with Polyphenols and H 2 O 2[END_REF]. The minerals showed different iron content and distribution within the layers. The SMF and FZ-10 were representative minerals for montmorillonite and NAu-1 and NAu-2 for nontronite. The authors observed that the concentration of •OH radicals correlated with the total iron content within the different minerals. The normalization of the time observed for initial formation of •OH radicals per total iron content revealed that structural Fe(III) of SMF, FZ-10 and Nau-1 showed similar activities while NAu-2 showed 15x higher activity than NAu-1. The superior performance observed for NAu-2 was attributed to the tetrahedral Fe(III) that corresponded to only 2 wt% of total iron content within NAu-2. A similar observation was reported by X. Liu et al. while investigating the generation of •OH radicals during oxygenation of reduced nontronite NAu-2 for oxidative attenuation of trichloroethylene at pH 7.5 [START_REF] Liu | Oxidation of Trichloroethylene by the Hydroxyl Radicals Produced from Oxygenation of Reduced Nontronite[END_REF]. In this study, the authors compared the yield of •OH radicals that was determined as the concentration of •OH radicals accumulated in the system upon oxygenation of 1 mM of structural Fe(II). The yield of •OH radicals observed for reduced NAu-2 was higher than the yield observed for reduced montmorillonite SWy-2. However, Z. Wang found similar performance for NAu-2 and montmorillonite K10 when comparing the rates associated to catalytic decomposition of H 2 O 2 by NAu-1 and K10 [START_REF] Wang | Probing the Importance of Planar Surfaces and Crystal Edges for Electron Transfer within Iron-Bearing Clays[END_REF]. The authors were investigating the mechanism behind the electron transfer from excited dye molecules to structural Fe(III) within both clay minerals and argued that only tetrahedral Fe(III) was redox active in NAu-2 because the iron content in the tetrahedral sheet of NAu-2 (2 wt%) was similar to the total iron content of K10 (2.05 wt%).

Nevertheless, Joe-Wong, Brown, and Maher emphasized that tetrahedral Fe(III) occurred in trace amounts within the structure of NAu-2 and argued that tetrahedral Fe(II) was not the main reductant of Cr(IV) ions sorbed in the edge of the layers under anoxic conditions [START_REF] Joe-Wong | Kinetics and Products of Chromium(VI) Reduction by Iron(II/III)-Bearing Clay Minerals[END_REF]. At the same time, Zeng et al. argued that a fraction of •OH radicals generated in the surface of NAu-2 were depleted by structural Fe(II) [START_REF] Zeng | Degradation of 1, 4-Dioxane by Hydroxyl Radicals Produced from Clay Minerals[END_REF]. The authors investigated the electron transfer from structural Fe(II) within reduced nontronite NAu-2 to O 2 for generation of O 2 • -and then •OH radicals for degradation of 1,4-dioxane at near neutral pH and absence of light. Their argument emerged from an experimental observation similar to X. Liu et al. [41] that NAu-2 displayed the highest iron content but the lowest accumulation of •OH radicals per mM of structural Fe(II) referred to as efficiency. The efficiency of •OH generation decreased as the concentration of NAu-2 increased and thus the concentration of structural Fe(II) which endorsed an inconsistence between the concentration of structural Fe(II) and generated •OH radicals. After three consecutive redox cycles, the efficiency of •OH generation for chemically reduced NAu-2 further decreased as a consequence of dehydroxylation reactions induced by consecutive reduction of structural Fe(III) to Fe(II) that resulted in the collapse of layers as shown by the decrease of specific surface area of cycled NAu-2. Similar observations were reported by Nzengung et al. [60]. The authors argued that inferior reactivity of reduced nontronite SWa-1 in comparison of reduced montmorillonite SWy-2 was a consequence of irreversible structural changes observed upon reduction of structural Fe(III) in smectite minerals with a higher Fe(III) content such as SWa-1 and NAu-2. In their study, the authors investigated the reductive dechlorination of perchloroethylene (PCE) at the surface of chemically reduced SWa-1 and SWy-2 under anoxic conditions. However, A. Neumann et al. reported that not only PCE but also trichloroethylene and chloroform were not susceptible to reductive transform by chemically reduced SWa-1 and thus such observation would rather be related to a secondary phase in the surface of SWa-1 and SWy-2 [START_REF] Neumann | Reduction of Polychlorinated Ethanes and Carbon Tetrachloride by Structural Fe(II) in Smectites[END_REF]. Indeed, Nzengung et al. [START_REF] Nzengung | Abiotic Transformation of Perchloroethylene in Homogeneous Dithionite Solution and in Suspensions of Dithionite-Treated Clay Minerals[END_REF] pointed out that SWa-1 and SWy-2 previously treated with sodium dithionite and washed before transformation experiments were unable to react with PCE. Besides, the authors pointed out that FeS2 was a possible secondary mineral phase in their system capable of slowly reacting with chlorinated organic compounds. This secondary phase was possibly responsible for the observation of a superior transformation of PCE in the presence of reduced SWa-1 and SWy-2 in comparison to a solution containing only dithionite. A similar observation was reported recently by Entwistle et al. [62]. The reductive transformation of PCE and trichloroethene (PCE) was observed in the presence of chemically reduced SWy-2 and 20 mM of Fe(II) ions under anoxic conditions due to the formation of a reactive mineral intermediates.

Reactivity of Surface Adsorbed vs. Interlayer vs. Structural Fe(II)

Recently, Xie et al. investigated the role of Fe(II) species within different subsurface sediments in the generation of •OH radicals after 10 h of oxygenation for degradation of phenol in order to uncover the fate of contaminants in the subsurface-layers of soil perturbed with O 2 [START_REF] Xie | Contaminant Degradation by •OH during Sediment Oxygenation: Dependence on Fe(II) Species[END_REF]. In their study, the performance in phenol degradation, the concentration of •OH radicals and the extent of oxidation was evaluated for each of the Fe(II) species within the natural sediments that were original from beach sand, lakeshore and farmland soil. The concentration of •OH radicals was determined using an indirect assay based on the hydroxylation of benzoate into p-hydroxybenzoic acid by •OH. Under the same conditions used for phenol degradation with natural sediments, sodium benzoate was added instead of phenol and the resulting concentration of p-hydroxybenzoic acid was determinate and interpreted as the concentration of •OH. The accumulation of •OH radicals was closely related with removal of phenol by natural sediments that was negligible in beach sand, 41% in lakeshore and 52% in farmland sediments after 10h of oxygenation accomplished with exposition of the different sediments with phenol to air. However, beach sand and lakeshore sediments showed similar total iron content of 31.64 and 29.54 mg/g, respectively, while the farmland sediment showed higher iron content of 53.58 mg/g suggesting that total iron content was not the main parameter controlling generation of •OH radicals and thus degradation of phenol. From this total content, surface-adsorbed Fe(II) was minimal in beach sand, but 6.77 and 11.83 mg/g in lakeshore and farmland sediments, respectively. The Fe(II) as an exchangeable cation in the interlayer of clay minerals was 9.11, 9.81 and 19.05 mg/g in beach sand, lakeshore and farmland sediment, respectively. As for structural Fe(II), it was incorporated within carbonate, oxide and silicate minerals being 6.60, 4.27 and 23.29 mg/g the content associated within silicate minerals in beach sand, lakeshore and farmland sediments, respectively. Besides, the concentration of aqueous Fe(II) ions was below the detection limit in the suspension of all sediments. According to the authors, these observations showed that surface-adsorbed Fe(II) and structural Fe(II) were mainly responsible for firstly reducing O 2 to H 2 O 2 and secondly decomposing H 2 O 2 in •OH radicals and thus degrading phenol. The authors confirmed this hypothesis evaluating the extent of oxidation for interlayer Fe(II) of clay minerals within beach sand sediment uncovering that as little as 3.6% oxidized after 10 h of oxygenation. The extent of oxidation of structural and surface adsorbed Fe(III) was also evaluated in the beach sand sediment as well as in other sediments. The fraction of oxidized surface-adsorbed Fe(II) in the total oxidized Fe(II) was 72.3% for lakeshore and 47.2% for farmland sediments. As for structural Fe(II), 21.4% and 49.7%, respectively. The differences in reactivity observed for Fe(II) species suggested that Fe(II) was adsorbed in different substrates and structural Fe(II) was coordinated within different minerals in the two sediments. Indeed, the clay mineral fraction in the farmland sediment corresponded to 13% and 51% in the lakeshore and farmland sediments, respectively.

Then, the authors developed a control experiment with different minerals in order to further elucidate the reactivity of Fe(II) species in the sediments towards oxidation of O 2 and thus generation of •OH radicals for degradation of phenol. The minerals goethite, alumina, montmorillonite and kaolinite were evaluated as possible substrates to adsorption of Fe(II) in the sediments. The oxidation rate observed for Fe(II) adsorbed in the surface of each of the above minerals was much higher for Fe(II)/goethite and Fe(II)/alumina in comparison to Fe(II)/montmorillonite and Fe(II) kaolinite: Fe(II)/goethite > aqueous Fe(II) > Fe(II)/alumina >>> Fe(II)/montmorillonite and Fe(II) kaolinite. However, the accumulation of •OH radicals was much higher for Fe(II)/alumina than for Fe(II)/goethite that were similar to Fe(II)/kaolinite, but both were superior to Fe(II) montmorillonite: Fe(II)/alumina >>> Fe(II)/goethite~Fe(II) kaolinite >>> Fe(II) montmorillonite > aqueous Fe(II). Interestingly, the phenol degradation was higher for Fe(II)/kaolinite in comparison to Fe(II)/alumina and Fe(II) montmorillonite, but negligible for Fe(II)/goethite. The authors interpreted these observations assuming that adsorbed Fe(II) coordinated with surface groups of the different minerals using an inner-sphere mechanism in which the surface groups (≡X-O-) entered the coordination sphere of hexaquo Fe(II) ion through a ligand exchange process. The ≡X-O-ligands displayed different electron-donating abilities and as it increased so did the reactivity of surface-adsorbed Fe(II) species towards O 2 as well as •OH radicals. In this case, the reactivity increased as ≡Si(IV)-O-Fe(II) < ≡Al(III)-O-Fe(II) < ≡Fe(III)-O-Fe(II) < ≡Fe(II)-O-Fe(II) < ≡HO-Fe(II) < ≡O-Fe(II). For instance, the highly reactive surface-adsorbed Fe(II) in goethite as ≡HO-Fe(II) probably interacted with O 2 using an inner-sphere mechanism for electron transfer reaction which favored the generation of other reactive oxidants, such as Fe(IV) species, instead of •OH radicals, as previously investigated by [START_REF] Hug | Iron-Catalyzed Oxidation of Arsenic(III) by Oxygen and by Hydrogen Peroxide: PH-Dependent Formation of Oxidants in the Fenton Reaction[END_REF]. The opposite argument is valid for poorly reactivate surface-adsorbed Fe(II) in alumina as ≡Al(III)-O-Fe(II) that interacted with O 2 through full coordination environment using an outer-sphere mechanism for electron transfer reaction favoring the generation of •OH radicals. Previously, [START_REF] Rosso | Outer-Sphere Electron Transfer Kinetics of Metal Ion Oxidation by Molecular Oxygen[END_REF] uncovered that the electron transfer reaction between aqueous Fe(II) and molecular oxygen occurred in solution following the inner-or outer-sphere mechanism depending of the pH. The authors compared the electron transfer rate parameters calculated with a predictive model to experimental parameters available in the literature and concluded that the hydrolysis of hexaquo Fe(II) ions in basic pH favored the inner-sphere mechanism while fully coordinated Fe(II) ion in acid pH favored electron transfer to O 2 using the outer-sphere mechanism. However, Xie et al. [START_REF] Xie | Contaminant Degradation by •OH during Sediment Oxygenation: Dependence on Fe(II) Species[END_REF] complemented observations from Rosso and Morgan [START_REF] Rosso | Outer-Sphere Electron Transfer Kinetics of Metal Ion Oxidation by Molecular Oxygen[END_REF] as well as Hug and Leupin [START_REF] Hug | Iron-Catalyzed Oxidation of Arsenic(III) by Oxygen and by Hydrogen Peroxide: PH-Dependent Formation of Oxidants in the Fenton Reaction[END_REF] proposing that the electron density of Fe(II) also influenced which mechanism the electron transfer reaction is compelled to proceed at near neutral pH. As for the relative performance of kaolinite and montmorillonite, Xie et al. predicted that the ligands ≡Al(III)O-and ≡Fe(III)O-should attribute greater reactivity to surface-adsorbed Fe(II) in montmorillonite than only ≡Al(III)Oin kaolinite. The authors interpreted their experimental observations for kaolinite and montmorillonite arguing that the interaction of surface-adsorbed Fe(II) with octahedral Fe(III) in montmorillonite stabilized Fe(II) against oxidation being responsible for the slower oxidation rates observed for farmland sediment [START_REF] Xie | Contaminant Degradation by •OH during Sediment Oxygenation: Dependence on Fe(II) Species[END_REF].

Another control experiment evaluated the reactivity of structural Fe(II) in different coordination environments also reporting the oxidation rates, concentration of •OH radicals and degradation of phenol upon aeration of magnetite, montmorillonite, biotite or chlorite representing Fe(II)-bearing minerals. As previously mentioned, virtually all structural iron in montmorillonite is +3 and thus pretreatment of this clay mineral with an inorganic reductant (sodium dithionite) was required in order to reduce 42% of structural Fe(III) to Fe(II) in this experiment. Only the octahedral Fe(II) of reduced montmorillonite was greatly oxidized upon oxygenation resulting in the accumulation of •OH radicals and thus degradation of phenol. Magnetite, biotite and chlorite showed minimal oxidation of structural Fe(II) after 10 h of oxygenation. The authors discussed this experimental observation following the reasoning previously described but applied to Fe(II) coordinated with different ligands within the structure. The authors stated that the balance of electron poor (≡Si(IV)O-) and rich (≡HO-) ligands coordinated to structural Fe(II) in montmorillonite was responsible for superior performance of this mineral in comparison to iron oxide and other clay minerals [START_REF] Xie | Contaminant Degradation by •OH during Sediment Oxygenation: Dependence on Fe(II) Species[END_REF]. This study was considered of great importance since it firstly introduced a parallel between the electron density of structural or surface-adsorbed Fe(II) and their reactivity towards oxidation and thus reduction of O 2 . The arguments proposed by the authors of this study enlightened the discussion of other studies investigating the mechanism behind the electron transfer to and from structural Fe(III) in Fe(III)-bearing clay mineral.

The Secondary Role of Structural Fe(II) in the Generation of •OH Radicals

Gournis, Karakassides, and Petridis proposed that generation of hydroxyl radicals is primarily related to the availability of broken edge sites, which increase as the clay particle size decreases regardless of the iron configuration in the clay mineral structure [START_REF] Gournis | Formation of Hydroxyl Radicals Catalyzed by Clay Surfaces[END_REF]. The authors compared the accumulation of •OH radicals upon oxygenation of the suspension of synthetic hectorite mineral (laponite) (20 nm), montmorillonite SWy-1 (200 nm) and fluorohectorite (2000 nm) in which only montmorillonite exhibited structural Fe(III). The authors reported that accumulation of •OH radicals increased as clay particle size decreased as a consequence of the greater availability of broken edges in hectorite. In this context, the modulation of particle size for clay minerals exhibiting structural Fe(II) may be a promising topic for further investigations in the field.

Heterogeneous Catalyst Based on Clay Minerals for Heterogeneous Electro-Fenton Process

In the literature, the heterogeneous electro-Fenton process is mainly performed in two different arrangements in which the heterogeneous catalyst appears in solution or as a layer deposited upon the cathode. The most conventional configuration is based on the dispersion of heterogeneous catalyst in solution, usually referred to as a two-dimensional heterogeneous electro-Fenton system. The generation of •OH radicals mainly occurs in the liquid-solid interface following the heterogeneous mechanism, and mixing in this system is crucial to ensue effective mass transfer and then effective oxidation of pollutants [START_REF] Nidheesh | An Overview on the Removal of Synthetic Dyes from Water by Electrochemical Advanced Oxidation Processes[END_REF]. Another configuration for the heterogeneous catalyst in solution is based on catalytic particles that are restrained (Figure 6A) or loosened (Figure 6B) as a bed in between the anode and the cathode in order to improve mass transfer and ionic charge distribution of conventional systems [START_REF] Zhang | Three-Dimensional Electrochemical Process for Wastewater Treatment: A General Review[END_REF][START_REF] He | Preparation of Novel Kaolin-Based Particle Electrodes for Treating Methyl Orange Wastewater[END_REF]. The resulting porosity of this configuration provides a higher specific surface area that not only shortens distance between reagents and electrode but also favors adsorption and electro-adsorption of pollutants resulting into superior percentages of removal. Further, more catalytic sites are available for organic compounds to undergo direct and/or indirect electro-oxidation depending on the material used for the fabrication of particles [START_REF] Zhang | Three-Dimensional Electrochemical Process for Wastewater Treatment: A General Review[END_REF][START_REF] Zhang | Three-Dimensional Electro-Fenton Degradation of Rhodamine B with Efficient Fe-Cu/Kaolin Particle Electrodes: Electrodes Optimization, Kinetics, Influencing Factors and Mechanism[END_REF]. Many authors claim that the particles come to be polarized during electrolysis due to assemble of positive and negative ions from the electrolyte solution in their surface at opposite sides, which behave as an anode and cathode, respectively [START_REF] Nidheesh | An Overview on the Removal of Synthetic Dyes from Water by Electrochemical Advanced Oxidation Processes[END_REF][START_REF] Zhang | Three-Dimensional Electrochemical Process for Wastewater Treatment: A General Review[END_REF]. Then, each particle is presumed to act simultaneously as a heterogeneous catalyst and electrode being referred in the literature as catalytic particle electrode or simply particle electrode. For this reason, this configuration is commonly referred to as a three-dimensional heterogeneous electro-Fenton system, because the particles are considered as an extension of the electrode. However, the definition of electrode entails an electrical conductor/semiconductor [START_REF] Ciobanu | Handbook of Electrochemistry[END_REF] and the particles are not in contact with the current supply. Yet, the proximity between the particles and the electrode in the configuration shown in Figure 6B possibly promote the polarization of particles. At the same time, the electrical contact is not uniform and the current is not distributed homogeneously among the particles, which are the major drawbacks of this configuration [START_REF] Zhang | Three-Dimensional Electro-Fenton Degradation of Rhodamine B with Efficient Fe-Cu/Kaolin Particle Electrodes: Electrodes Optimization, Kinetics, Influencing Factors and Mechanism[END_REF]. In this context, the studies included in the following topic will consider particle electrodes essentially as particles which perform the role of heterogeneous catalyst arranged in different configurations in the HEF system. 

Heterogeneous Catalyst as Particles

Among the studies using catalytic particles, only a few of them used particles based on lamellar materials, such as:

•

Kaolin impregnated with ferric molybdate (Fe 2 (MoO 4 ) 3 ); • Hematite (α-Fe 2 O 3 ) and cuprous oxide (CuO) deposited on the surface of kaolin; • Bentonite intercalated with iron oxide nanoparticles;

• Bentonite modified with different iron species: zero-valent iron (Fe 0 ), magnetite (Fe 3 O 4 ) or hematite (Fe 2 O 3 ).

These few studies were reviewed here with particular focus on the preparation, characterization and optimization of the catalytic particles as well as their performance in the removal of pollutants and resistance to iron leaching as an indication of their performance upon reuse in several cycles.

He et al. investigated kaolin impregnated with ferric molybdate, Fe 2 (MoO 4 ) 3 , as catalytic particles in an undivided three-dimensional electrochemical reactor with graphite as the anode and cathode (6.5 cm × 4.5 cm) for degradation of methyl orange (MO) as shown in Figure 7A [START_REF] He | Preparation of Novel Kaolin-Based Particle Electrodes for Treating Methyl Orange Wastewater[END_REF].

  α   (A) (B) α Figure 7
. Scheme of three-dimensional electrochemical reactor using kaolin impregnated with (A) Fe 2 (MoO 4 ) 3 [START_REF] He | Preparation of Novel Kaolin-Based Particle Electrodes for Treating Methyl Orange Wastewater[END_REF] (B) α-Fe 2 O 3 and CuO [START_REF] Zhang | Three-Dimensional Electro-Fenton Degradation of Rhodamine B with Efficient Fe-Cu/Kaolin Particle Electrodes: Electrodes Optimization, Kinetics, Influencing Factors and Mechanism[END_REF] as a heterogeneous catalyst for removal of dye molecules along with the proposed pseudo-heterogeneous mechanism for degradation of pollutants. Reprinted from [START_REF] He | Preparation of Novel Kaolin-Based Particle Electrodes for Treating Methyl Orange Wastewater[END_REF][START_REF] Zhang | Three-Dimensional Electro-Fenton Degradation of Rhodamine B with Efficient Fe-Cu/Kaolin Particle Electrodes: Electrodes Optimization, Kinetics, Influencing Factors and Mechanism[END_REF] with permission from Elsevier (License Numbers 5172360390748 and 5172360545687).

In their study, the authors also evaluated the performance of such a system with simulated azo dye wastewater containing not only MO, but also acid orange II, eriochrome blue R and methylene blue. In the electrochemical cell, the authors intended to generate •OH radicals with decomposition of H 2 O 2 by Fe(III) as well as in the surface of the anode by anodic oxidation. Then, the system intended to associate heterogeneous electro-Fenton process based on electro-Fenton-like reactions and anodic oxidation for degradation of azo dyes. The particles were prepared upon mixing of Fe(III)-molybdate complex with kaolin for 2 h at room temperature following calcination at 450 • C. The physicochemical characterization of the Fe 2 (MoO 4 ) 3 -modified kaolin (FM-kaolin-450) suggested homogeneous deposition of monoclinic Fe 2 (MoO 4 ) 3 on the surface of kaolin. First, authors discredited the removal of MO by adsorption showing that the use of FM-kaolin-450 alone was responsible for only 3% chemical oxygen demand (COD) removal after 60 min. Then, the authors investigated the influence of experimental parameters such as initial concentration of FM-kaolin-450 and MO, pH and current density in the COD removal. The catalytic particle under a concentration of 6.6 g/L in 0.05 M of Na 2 SO 4 as a supporting electrolyte at pH 4.34 with aeration rate of 1 L/min and current intensity of 2.1 A achieved 92.48% COD removal after 60 min of electrolysis. Besides, degradation studies in the absence of FM-kaolin-450 showed that uncatalyzed H 2 O 2 and anodic oxidation were responsible for 50.93% COD removal after 60 min confirming the essential role of •OH radicals from Fenton-like reactions on the particle for mineralization of MO. The same experimental conditions were used to degrade azo dyes in simulated wastewater and COD removal decreased as complexity of the molecular structure increased in particular for aromatic substituents being of 1.38% for eriochrome blue R, which showed two naphthalene substituents. Under optimal conditions, the reuse of FM-kaolin-450 in five consecutive runs was proposed to assess long-term stability of this catalytic particle. The COD removal decreased from 92.48% to 67.40% at the same time that concentration of Fe(II) in solution decreased from 0.36 to 0.1 mg/L in the electrochemical cell after five consecutive runs. The authors attributed loss of catalytic activity to adsorption of MO or by-products into active sites resulting in poisoning of the particle. However, the mechanism proposed for generation of •OH radicals involved Fe(II) previously converted in the cathode from Fe(III) supplied by FM-kaolin-450. In this system, the presence of Fe(II) in solution suggested that the process was rather classified as pseudo heterogeneous due to the considerable contribution of homogeneous catalysis.

More recently, kaolin was also used as a catalytic particle by B. Zhang et al. [START_REF] Zhang | Three-Dimensional Electro-Fenton Degradation of Rhodamine B with Efficient Fe-Cu/Kaolin Particle Electrodes: Electrodes Optimization, Kinetics, Influencing Factors and Mechanism[END_REF]. At this time, hematite (α-Fe 2 O 3 ) and cuprous oxide (CuO) were deposited on the surface of kaolin particles for degradation of another dye, Rhodamine B (RhB) and evidence of heterogeneous catalysis was given in this study. Fe-Cu/kaolin was prepared with kaolin particles smaller than 149 µm mixed with Fe(II) and Cu(II) salts in aqueous solution for 1h. After, Fe-Cu modified kaolin was molded as a pellet of 3-5 mm of diameter, dried and calcined. The authors investigated the influence of parameters related to the preparation of Fe-Cu/kaolin in the removal performance of RhB. The authors concluded that the following parameters influenced the performance in the order: calcination temperature > ratio kaolin: pore-making agent > calcination time > amount of catalyst loading. The ideal conditions were the catalyst loading with 1% wt of Fe and Cu and calcination at 350 • C for 3 h. The physicochemical characterization of Fe-Cu/kaolin uncovered that spherical particles corresponding to iron oxide in the structural phase of hematite and cuprous oxide were deposited in the surface of kaolin particles resulting in an irregular surface that increased the specific surface area of kaolin particles. In the undivided electrochemical reactor, Fe-Cu/kaolin particles were loaded inside two baffles fixed between the graphite plates (6 cm × 4 cm) corresponding to the anode and cathode as shown in Figure 7B. First, the authors investigated operational parameters such as the initial concentration of particles, voltage, pH and aeration rate in order to maximize removal and degradation of RhB. The authors concluded that Fe-Cu/kaolin particle in a concentration of 30 g/L in 0.035 M of Na 2 SO 4 at pH 6.7 with aeration rate of 0.8 L/min and under applied voltage of 10 V was able to promote removal of 94.8% and total organic carbon (TOC) removal of 58.1% for RhB after 60 min of electrolysis. However, the TOC removal was 58.1% while 14.4% for the system without any particle. Under the same conditions, the authors compared the performance of Fe-Cu/kaolin to other particles based on kaolin and activated carbon that were able to remove 80.3% and 75.2% of RhB, respectively. This observation indicated that adsorption and direct electrochemical oxidation reactions acted simultaneously with electro-Fenton-like reactions to discolor aqueous solution as anticipated by [START_REF] Fourcade | Electrochemical Reduction Prior to Electro-Fenton Oxidation of Azo Dyes: Impact of the Pretreatment on Biodegradability[END_REF]. Upon reuse of Fe-Cu/kaolin particle, the performance of removal was reported to be slightly inferior after five consecutive runs, decreasing from 94.8% to approximately 82%. The authors attributed loss of catalytic activity to iron leaching from the particle into aqueous solution that corresponded to 0.08 mg/L at pH 6.7. Finally, the authors uncovered the contribution of •OH radical to removal of RhB using tert-butanol to trap •OH radicals. The results showed that removal of RhB decreased from 94.8% to 51.0% upon trapping of •OH radicals in the system, which confirmed the contribution of direct electrochemical reactions at the electrodes. Then, the authors proposed a possible mechanism for generation of •OH radical based on the decomposition of H 2 O 2 with heterogeneous Fenton-like reactions. For heterogeneous reactions, the reduction of ≡Fe(III) to ≡Fe(II) by H 2 O 2 adsorbed in the surface resulted in less reactive radical species HO 2 • and ≡Fe(II) that were able to further react with adsorbed H 2 O 2 to generate •OH radical as in Equation ( 3). The contribution of Cu(II) was not only attributed to decomposition of H 2 O 2 but also to the reaction of Cu(I) with Fe(III) resulting in Cu(II) and Fe(II) due to the difference in electrochemical potential of these atoms [START_REF] Zhang | Three-Dimensional Electro-Fenton Degradation of Rhodamine B with Efficient Fe-Cu/Kaolin Particle Electrodes: Electrodes Optimization, Kinetics, Influencing Factors and Mechanism[END_REF][START_REF] Wang | Iron-Copper Bimetallic Nanoparticles Supported on Hollow Mesoporous Silica Spheres: An Effective Heterogeneous Fenton Catalyst for Orange II Degradation[END_REF]. This mechanism was adapted from J. Wang et al. [73] that proposed this sequence of reactions while working with a bimetallic heterogeneous catalyst mainly composed by zero-valent iron and zero-valent copper, which are highly reactive in comparison to iron oxides [START_REF] Su | A Carbon Nanotube-Confined Iron Modified Cathode with Prominent Stability and Activity for Heterogeneous Electro-Fenton Reactions[END_REF]. Then, the role of Cu(II) as an electron transfer to Fe(III)/Fe(II) sites for reduction of Fe(III) to Fe(II) in the surface seems to be essential in this setting for successful heterogeneous generation of •OH radical in the particles. This conclusion was reinforced by the superior performance obtained with Fe-Cu/kaolin in comparison to Fe 2 (MoO 4 ) 3 -modified kaolin particle, which were prepared only with Fe(III) by He et al. [START_REF] He | Preparation of Novel Kaolin-Based Particle Electrodes for Treating Methyl Orange Wastewater[END_REF]. However, copper and cobalt are disclosed as contaminants in water bodies and leaching of these metals from the particles may be considered controversial when considering their application in wastewater treatment.

Another lamellar material that has been used as a catalytic particle is bentonite. (Nannan Qiao et al. investigated the use of bentonite intercalated with Fe x O y (Fe-Bent) as a catalytic particle for the degradation of the azo dye orange II [START_REF] Qiao | Novel Bentonite Particle Electrodes Based on Fenton Catalyst and Its Application in Orange II Removal[END_REF]. First, the Fe x O y were obtained upon reaction of Fe(NO 3 ) 3 with extract of green tea and then loaded into bentonite upon mixing for 4 h. The Fe-Bent was dried at low pressure at 60 • C for 12 h and used as a catalytic particle in an electro-Fenton system. The physicochemical characterization of Fe-Bent showed that iron oxide nanoparticles associated with plant-based polyphenol were accommodated in the interlayer space of bentonite. In the undivided electrochemical reactor, the Fe-Bent were packed in between the graphite plates (3.5 cm × 6 cm) corresponding to the cathode and anode being only 1 cm from each other for degradation of orange II under a current density of 14.29 mA/cm 2 .

The authors investigated operational parameters such as pH, initial concentration of Fe-Bent, electrolyte and current efficiency in order to maximize the performance of Fe-Bent as catalytic particle. The ideal conditions resulted in 98.9% of discoloration and 71.6% of COD removal for the dye orange II in aqueous solution with 0.05 M of Na 2 SO 4 as an electrolyte, 0.5 g of Fe-Bent and pH 6.4 after 60 min of electrolysis. Under these conditions, the authors disclosed that 65.8% of color removal resulted from adsorption of orange II in the particle, which was acting simultaneously as an adsorbent and a catalyst. The intensity of current efficient (ICE) was higher in the presence than in the absence of particles indicating superior performance of proposed configuration in the generation of •OH radicals and thus in the degradation of orange II. The color removal decreased from 98.9% to 94.3% after the reuse of Fe-Bent in five consecutive cycles in this system, but respective COD removals were not reported at this time. The authors proposed that such decrease in catalytic activity was due to the formation of iron oxyhydroxides on the surface of the particle or leaching of Fe(II) in solution. Then, the authors monitored the concentration of Fe(II) during electrolysis showing that the concentration of Fe(II) in solution was approximately 8.5 mg/L after 5 min decreasing to 3.84 mg/L after 60 min. This result illustrates consumption of Fe(II) for generation of •OH radical and ineffective regeneration in the cathode possibly due to their precipitation as iron oxyhydroxides (pH 6.4) suggesting a significant contribution of homogeneous catalysis for generation of •OH radicals in this system. Indeed, the authors proposed a possible mechanism for degradation of orange II with •OH radical generated by homogeneous catalysis. It has to be noted that the color removal was 55.0% in the absence of Fe-Bent indicating the contribution of direct electrochemical reaction of orange II in the electrode in this system.

The same group of researchers published another study investigating bentonite modified with different iron species: zero-valent iron (Fe 0 ), magnetite (Fe 3 O 4 ) or hematite (Fe 2 O 3 ) as a catalytic particle for degradation of phenol in an heterogeneous electro-Fenton system [START_REF] Qiao | Design of a Neutral Three-Dimensional Electro-Fenton System with Various Bentonite-Based Fe Particle Electrodes: A Comparative Study[END_REF]. The physicochemical characterization of the different Fe-Bent showed that iron species Fe 0 and Fe 3 O 4 disrupted the layered structure while Fe 2 O 3 maintained the regular stacking of bentonite. In the undivided electrochemical reactor, 2 g of the different Fe-Bent were packed in between the graphite plates (3.5 cm × 6 cm) corresponding to the cathode and anode for degradation of phenol under pH 6.4 and current density of 125 mA/cm 2 . Under these conditions, the authors reported the highest color removal when using Fe 0 -Bent after 180 min of electrolysis. The authors investigated the concentration of Fe(II) during electrolysis and uncovered higher iron leaching for Fe 0 -Bent than from Fe 2 O 3 -Bent or even Fe 3 O 4 -Bent. The authors concluded that the superior performance of Fe 0 -Bent was due to Fe(III) in solution leached from these particles. Upon the iron leaching profile, the authors concluded that a decrease of iron leaching from Fe 0 -Bent with reaction time indicated heterogeneous catalysis and adsorption of iron ions on the particle. As previously mentioned, the decrease observed in the concentration of Fe(II) in solution during electrolysis could be also interpreted as the consumption of Fe(II) and low regeneration of Fe(II) at the cathode due to complexation of Fe(III) with by-products from the degradation of phenol or/and their precipitation as oxyhydroxides. In this study, the authors used salicylic acid to determine the presence of •OH radical and uncovered a higher amount of •OH radicals for Fe 2 O 3 -Bent and Fe 3 O 4 -Bent in comparison to Fe 0 -Bent. For oxides, an abrupt increase in the concentration of •OH radical was initially observed followed by a dramatic decrease during electrolysis. The authors remarked that the presence of higher •OH radical was not related to higher removal of phenol but favored scavenger of •OH by H 2 O 2 in the system. These results uncovered that Fe 2 O 3 -Bent and Fe 3 O 4 -Bent allowed homogeneous and heterogeneous generation of •OH radical, but were less effective in the removal and degradation of phenol under applied experimental conditions that favored side reactions and limited the performance of those catalytic particles.

Heterogeneous Catalyst upon Cathode

The use of cathodic materials as a primary or secondary solid support for iron species is considered as an ongoing trend in the electro-Fenton process [START_REF] Nidheesh | Trends in Electro-Fenton Process for Water and Wastewater Treatment: An Overview[END_REF]. The coating of the cathode with a solid catalyst combines convenience of heterogeneous process, such as extended range of working pH and reuse of catalyst with possible enhancement in the electroactivity of the cathode and then in the performance of electro-mediated oxidation of pollutants in the heterogeneous electro-Fenton systems. Most of the studies are based on coating the cathode with a secondary iron-supporting material such as iron minerals (pyrite [START_REF] Choe | Fe 3 S 4 /Fe 7 S 8 -Promoted Degradation of Phenol via Heterogeneous, Catalytic H 2 O 2 Scission Mediated by S-Modified Surface Fe 2+ Species[END_REF], magnetite [START_REF] Liu | Degradation and Mineralization of Carbamazepine Using an Electro-Fenton Reaction Catalyzed by Magnetite Nanoparticles Fixed on an Electrocatalytic Carbon Fiber Textile Cathode[END_REF][START_REF] Divyapriya | An Innate Quinone Functionalized Electrochemically Exfoliated Graphene/Fe 3 O 4 Composite Electrode for the Continuous Generation of Reactive Oxygen Species[END_REF][START_REF] Wang | Highly Ordered Mesoporous Fe 3 O 4 @Carbon Embedded Composite: High Catalytic Activity, Wide PH Range and Stability for Heterogeneous Electro-Fenton[END_REF] and hematite [START_REF] Zhao | Electro-Fenton Oxidation of Pesticides with a Novel Fe 3 O 4 @Fe 2 O 3 /Activated Carbon Aerogel Cathode: High Activity, Wide PH Range and Catalytic Mechanism[END_REF][START_REF] Ai | Fe@Fe 2 O 3 Core-Shell Nanowires as an Iron Reagent. 3. Their Combination with CNTs as an Effective Oxygen-Fed Gas Diffusion Electrode in a Neutral Electro-Fenton System[END_REF][START_REF] Li | Design of a Neutral Electro-Fenton System with Fe@Fe 2 O 3 /ACF Composite Cathode for Wastewater Treatment[END_REF]), zero-valent iron nanoparticles [START_REF] Su | A Carbon Nanotube-Confined Iron Modified Cathode with Prominent Stability and Activity for Heterogeneous Electro-Fenton Reactions[END_REF], chitosan [START_REF] Pujol | Degradation of Phenols by Heterogeneous Electro-Fenton with a Fe 3 O 4 -Chitosan Composite and a Boron-Doped Diamond Anode[END_REF] or zeolite [START_REF] Le | Application of Fe-MFI Zeolite Catalyst in Heterogeneous Electro-Fenton Process for Water Pollutants Abatement[END_REF] impregnated with iron oxide. More recently, cathodic materials with a three-dimensional porous structure able to support iron oxides in their composition referred to as Fe-carbon aerogel achieved remarkable performance in the degradation of pollutants under circumneutral conditions, but their multistep preparation involving complex techniques, such as supercritical drying, still prevents their practical application as a heterogeneous catalyst in the electro-Fenton process [START_REF] Ganiyu | Heterogeneous Electro-Fenton and Photoelectro-Fenton Processes: A Critical Review of Fundamental Principles and Application for Water/Wastewater Treatment[END_REF][START_REF] Zhao | Electro-Fenton Oxidation of Pesticides with a Novel Fe 3 O 4 @Fe 2 O 3 /Activated Carbon Aerogel Cathode: High Activity, Wide PH Range and Catalytic Mechanism[END_REF].

Only few studies have been dedicated to evaluating the modification of electrodes with iron-rich lamellar materials. Previously, clay-modified electrodes were described in the literature for fabrication of sensors and biosensors for detection of H 2 O 2 and glucose, for example [START_REF] Fitch | Clay-Modified Electrodes: A Review[END_REF][START_REF] Zen | The Prospects of Clay Mineral Electrodes[END_REF][START_REF] Charradi | H 2 O 2 Determination at Iron-Rich Clay Modified Electrodes[END_REF]. However, the use of clay minerals as an electrode coating for the electro-Fenton process has not yet been explored to our knowledge. The studies discussed in the previous topic did not explore the possibility of recovering the cathode with clay minerals probably due to limitation regarding their physical-chemical properties. Only few studies have been dedicated to clay-like materials as a solid iron support used to coat the cathode in the heterogeneous electro-Fenton process that were found to be: layered double hydroxides, allophane and hybrid organic-inorganic talc-like materials.

Layered Double Hydroxides

Ganiyu et al. used a carbon felt (CF) electrode coated with layered double hydroxides (LDH) modified with Fe(III) and Fe(II) as the cathode in an electrochemical cell for degradation of the antibiotic sulfamethoxazole using the heterogeneous electro-Fenton process [START_REF] Ganiyu | Electrochemical Mineralization of Sulfamethoxazole over Wide PH Range Using FeIIFeIII LDH Modified Carbon Felt Cathode: Degradation Pathway, Toxicity and Reusability of the Modified Cathode[END_REF]. The composite cathode Fe(III)Fe(II)-LDH/CF was prepared using an in situ solvothermal process based on hydrothermal treatment of an aqueous solution containing Fe(II)/Fe(III) salts in the presence of CF, which was previously cleaned with HNO 3 using urea and ammonium fluoride as precipitation agents. The physicochemical characterization of Fe(III)Fe(II)-LDH/CF uncovered that both Fe(III) and Fe(II) atoms were incorporated in the lattice of LDH deposited upon CF fibers as particles resulting in an irregular surface with a porous structure. The Fe(III)Fe(II)-LDH layered structure was highly oriented and well-crystalized in the presence and absence of CF. However, a side phase of iron oxides in the form of hematite and maghemite was also observed on the surface of CF fibers. The modified Fe(III)Fe(II)-LDH/CF electrode showed higher electrical conductivity and potential of electron transfer than CF alone thus improving cathodic generation of H 2 O 2 and regeneration of Fe(II). In the undivided electrochemical cell, Fe(III)/Fe(II)-LDH/CF (4.5 cm × 1 cm × 1.27 cm) was associated with a thin film of sub-stoichiometric titanium oxide (Ti 4 O 7 ) (24 cm 2 ) as the anode submerged in 0.05 M Na 2 SO 4 electrolyte for degradation of 0.2 mM of antibiotic under applied current density of 7.5 mA/cm 2 and aeration rate of 1 L/min for 8 h (Figure 8A). In these conditions, the authors investigated the contribution of •OH radical generated via water oxidation on the surface of Ti 4 O 7 anode to performance of the system using only CF that resulted in TOC removal of 64%, 63% and 53% in pH 3, 6 and 9, respectively. With Fe(III)Fe(II)-LDH/CF, the TOC removal increased to 97%, 93% and 90% at pH 3, 6 and 9, respectively, while only 1% of TOC removal was observed for LDH/CF cathode showing that removal of antibiotic by adsorption contributed minimally for observed results. Then, the performance of Fe(III)/Fe(II)-LDH/CF was compared to the homogeneous electro-Fenton process using CF cathode and 0.2 mM of Fe(II) ions that resulted in TOC removal of 77%, 69% and 58% in pH 3, 6 and 9, respectively, being inferior to percentages achieved with Fe(III)Fe(II)-LDH/CF as the working electrode. Upon increase of the pH, concentration of total iron ions in solution decreased from approximately 9, 1 and 0.5 mg/L in pH 3, 6 and 9, respectively. Upon this result, authors proposed that mechanism for generation of •OH radical by the Fenton reaction mainly occurred on the surface because less than 10% of the TOC removal were dependent on the pH. At pH 3, the Fe(III) and Fe(II) ions released from the Fe(II)Fe(III)-LDH/CF contributed to the generation of •OH radical and slightly increased the percentage of TOC removal. Fe(III)/Fe(II) ions in solution could also result from dissolution of iron oxide side phases. As the pH increased to 6 or 9 in solution, the heterogeneous catalysis came to be even more dominant than homogeneous because LDH is nearly insoluble under basic conditions. This conclusion corroborates the observed increase in electrolysis time for complete degradation of antibiotic of 40, 120 and 240 min for pH 3, 6 and 9, respectively. As previously mentioned, there are additional steps in heterogeneous catalysis such as diffusion and adsorption of antibiotic on active oxidant sites on the surface of the cathode. As for the mechanism of heterogeneous catalysis, the authors adapted the mechanism described for iron oxides assuming that Fe(II)/Fe(III) occupying the crystallographic sites in LDH would be similar. The authors justified the choice by the fact that the reaction mechanism and kinetics behind the decomposition of H 2 O 2 by structural metal atoms in lamellar materials is not well-established in the literature. Indeed, few studies are available and the effort of researchers in this topic will be discussed later in this review. At last, the performance of Fe(II)Fe(III)-LDH/CF cathode was investigated after reuse for 10 consecutive runs of 4 h each instead of 8 h at pH 6. After 10 runs, TOC removal decreased less than 17% and electrolysis time for complete degradation increased from 1 h to 2 h as a consequence of mechanical wearing since Fe(II)Fe(III)-LDH was stable at pH 6. Most importantly, the authors showed that this composite cathode is a promising pretreatment for toxic effluents evaluating survival of bacteria Vibrio fischeri with the Microtox ® method. In this system, 40 and 70 min of electrolysis was required to convert sulfamethoxazole into biodegradable by products in pH 3 and 6, respectively.
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Figure 8. Scheme of two-dimensional electrochemical reactor using carbon felt coated with layered double hydroxides (LDH) with (A) Fe(III) and Fe(II) incorporated in the lattice for degradation of sulfamethoxazole [START_REF] Ganiyu | Electrochemical Mineralization of Sulfamethoxazole over Wide PH Range Using FeIIFeIII LDH Modified Carbon Felt Cathode: Degradation Pathway, Toxicity and Reusability of the Modified Cathode[END_REF] or (B) Cu(II) and Fe(III) incorporated in the lattice for degradation of orange II [START_REF] Ganiyu | A Hierarchical CoFe-Layered Double Hydroxide Modified Carbon-Felt Cathode for Heterogeneous Electro-Fenton Process[END_REF] along with respective mechanism proposed for degradation of pollutants. Reprinted from [START_REF] Ganiyu | Electrochemical Mineralization of Sulfamethoxazole over Wide PH Range Using FeIIFeIII LDH Modified Carbon Felt Cathode: Degradation Pathway, Toxicity and Reusability of the Modified Cathode[END_REF] with permission from Elsevier (License Number 5172361206614) and [START_REF] Ganiyu | A Hierarchical CoFe-Layered Double Hydroxide Modified Carbon-Felt Cathode for Heterogeneous Electro-Fenton Process[END_REF] with permission from Royal Society of Chemistry (Order License ID 1155310-1).

The same group of researchers used also mixed Cu(II)/Fe(III) system instead of Fe(II)/Fe(III) to prepare LDH coating CF that was used as a cathode in an electro-Fenton system for degradation of the azo dye Acid Orange II (Figure 8B) [START_REF] Ganiyu | A Hierarchical CoFe-Layered Double Hydroxide Modified Carbon-Felt Cathode for Heterogeneous Electro-Fenton Process[END_REF]. The association of iron to other transition metals in solution or inside the heterogeneous catalyst was previously attempted by several publications that concluded it may induce reduction of Fe(III) to Fe(II) and as a consequence enhance the performance of heterogeneous catalyst [START_REF] Ganiyu | Heterogeneous Electro-Fenton and Photoelectro-Fenton Processes: A Critical Review of Fundamental Principles and Application for Water/Wastewater Treatment[END_REF][START_REF] Jiang | An Fe-Mn Binary Oxide (FMBO) Modified Electrode for Effective Electrochemical Advanced Oxidation at Neutral PH[END_REF][START_REF] Nsubuga | An Enhanced Beta-Blockers Degradation Method Using Copper-Boron-Ferrite Supported Graphite Electrodes and Continuous Droplet Flow-Assisted Electro-Fenton Reactor[END_REF][START_REF] Shen | In Situ-Formed PdFe Nanoalloy and Carbon Defects in Cathode for Synergic Reduction-Oxidation of Chlorinated Pollutants in Electro-Fenton Process[END_REF]. As previously mentioned, copper and cobalt are disclosed as contaminants in water bodies and thus the authors considered leaching from the electrode to be detrimental to the system [START_REF] Ganiyu | Electrochemical Mineralization of Sulfamethoxazole over Wide PH Range Using FeIIFeIII LDH Modified Carbon Felt Cathode: Degradation Pathway, Toxicity and Reusability of the Modified Cathode[END_REF].

More recently, the performance of a heterogeneous electro-Fenton (HEF) system using the Fe(II)/Fe(III)-LDH/CF cathode as a post-treatment of concentrate landfill leachates was investigated by El Kateb et al. [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]. The conventional treatment of landfill leachates involves processing in a membrane bioreactor (MBR) followed by nanofiltration in order to concentrate biorefractory compounds in the residue. In this study, the authors intended to treat this concentrate residue with previously described Fe(II)/Fe(III)-LDH/CF cathode in order to remove biorefractory compounds and thus reduce toxicity of residue before landfill discharge or recirculation in the MBR enhancing the cost-effectiveness of this process. However, at this time, the Fe(II)/Fe(III)-LDH/CF cathode (20 cm × 6 cm) was placed on the inner wall of the cylindrical reactor while rectangular titanium substrate coated with a thin film of Ti 4 O 7 (32 cm 2 ) were placed in the center. The electrochemical cell was filled with 220 mL of concentrated residue and electrolysis was carried out without initial pH adjustment and in the absence of supporting electrolyte (Na 2 SO 4 ) under an applied current density of 4.2 mA/cm 2 for 8 h. In these conditions, dissolved organic carbon (DOC) removal of 77% was observed but 16 ± 2% of this value were attributed to volatilization of organic compounds upon bubbling of oxygen and adsorption of hydrophobic organic compounds into CF cathode. The authors observed that initial pH decrease to 4-3 during electrolysis due to buildup of short-chain carboxylic acids resulting from oxidation of more complex organic compounds in the residue. This observation corroborates with the minor but progressive loss of catalytic activity observed upon the reuse of Fe(II)/Fe(III)-LDH/CF in four consecutive cycles that was attributed to iron leaching and mechanical wearing of Fe(II)/Fe(III)-LDH from CF and implied the necessity of regular pH control in order to prevent depletion of catalyst. Upon increase of applied current density to 8.3 mA/cm 2 , the DOC removal increased to 96% and the energy consumption of the system increased too. Then, the authors proposed to recirculate the concentrated residue treated in the HEF system in the MBR in order to enhance cost effectiveness of the process. At last, the authors investigated the unfolding of organic and inorganic compounds in the system during electrolysis. For that, the organic matter was investigated by three-dimensional fluorescence spectroscopy, low molecular weight carboxylic acids were identified and quantified with ion-exclusion high-pressure liquid chromatography (HPLC) and inorganic ions NO 3 -, NH [START_REF] Truc | Traitements Tertiaires Des Effluents Industriels[END_REF] + , ClO 3 -and ClO 4 -were quantified with ion chromatography. After, the authors concluded that biological post-treatment with MBR would decrease electrolysis time to 4 h and increase overall performance to complete COD removal, but greater retention of proteins in pretreatment and biological nitrification of NH 4 + in post-treatment would be demanded from MBR. The authors were able to carefully investigate the combination of electrochemical advanced oxidation processes (EAOPs) using a lamellar composite cathode and biological treatment to manage highly complex effluents and thus provided valuable knowledge towards the implementation of this approach in treatment of real effluents.

Allophane

The catalytic activity of materials generally increases as size decreases because more atoms are accommodated in the surface-liquid interface and as a consequence available to act as active sites upon adsorption of organic compounds. Aside from size, the morphology, structure and composition of core and surface are parameters influencing activity of particle catalysts with less than 100 nm of diameter [START_REF] Poza-Nogueiras | Current Advances and Trends in Electro-Fenton Process Using Heterogeneous Catalysts-A Review[END_REF]. The deposition of nanoparticles in the surface of cathodic materials is an alternative to avoid loss of catalytic activity due to conglomeration and loss of nanoparticles in the supernatant while isolating and rinsing for reuse which also avoid the release of this material in the environmental [START_REF] Poza-Nogueiras | Current Advances and Trends in Electro-Fenton Process Using Heterogeneous Catalysts-A Review[END_REF].

Garrido-Ramírez et al. used allophane with iron atoms covalently bonded to the surface as Si-O-Fe and Al-O-Fe instead of deposited as iron oxides or oxyhydroxides to coat a glassy carbon disk electrode [START_REF] Garrido-Ramírez | Characterization of Nanostructured Allophane Clays and Their Use as Support of Iron Species in a Heterogeneous Electro-Fenton System[END_REF]. This cathode was then used in an electrochemical cell for degradation of the herbicide atrazine. The Fe-allophane was prepared using coprecipitation of silica and aluminum salts to obtain a final ratio SiO 2 /Al 2 O 3 of approximately 2.2 and then 2 g were impregnated with 6 wt% of Fe(III) in aqueous solution upon evaporation of water as previously described by the same group of researchers [START_REF] Garrido-Ramirez | Catalytic Wet Peroxide Oxidation of Phenol over Iron or Copper Oxide-Supported Allophane Clay Materials: Influence of Catalyst SiO 2 /Al 2 O 3 Ratio[END_REF]. The physicochemical characterization uncovered Fe-allophane with a hydrous feldspathoid-like structure. Then, Fe-allophane was mixed with graphite and a commercial perfluorinated ion-exchange resin (Nafion ® ) to prepare a disc-shaped glassy carbon electrodes (GCE) (0.5 cm 2 ). The catalytic activity of Fe-allophane/GCE was investigated in an undivided electrochemical cell equipped with the Fe-allophane/GCE as the cathode, a platinum wire (data not shown) as anode and silver/silver chloride as the reference electrode. All electrodes were submerged in a solution with 90% 0.1 M of Na 2 SO 4 and 10% of methanol in order to increase solubility of 46 mM of atrazine under saturation of oxygen and applied potential of -1.04 V. First, the influence of the weight ratio Fe-allophane: graphite and pH in the catalytic activity of electrode was investigated in pH 3 after 8 h of electrolysis. The authors evaluated the rate decay of atrazine and concluded that w/w ratio 0.6 was ideal in comparison to 0.2 and 1. As for the pH, the authors reported that the decay of atrazine was approximately twice faster and resulted in decay of 100% in the concentration of atrazine in pH 3 in comparison to 89% in pH 4 and 76% in pH 6. These results corroborate with observed increasing concentration of Fe(III) ions in solution at pH 3, 4 and 6 suggesting that homogeneous and heterogeneous catalysis were responsible for decay of atrazine in the system. At last, the authors compared atrazine rate decay in the heterogeneous electro-Fenton process using Fe-allophane/GCE to the heterogeneous Fenton process using only Fe-allophane, which was four times slower in pH 3. The authors attributed this result to the continuous generation of H 2 O 2 and regeneration of Fe(II) in the cathode. This result could also be attributed to prior conversion of leached Fe(III) ions to Fe(II) able to decompose H 2 O 2 into •OH radicals.

Later, the authors further refined Fe-allophane/GCE cathode with inclusion of Cu(II) resulting in a bimetallic Fe-Cu-allophane/GCE [START_REF] Garrido-Ramírez | Preparation and Characterization of Bimetallic Fe-Cu Allophane Nanoclays and Their Activity in the Phenol Oxidation by Heterogeneous Electro-Fenton Reaction[END_REF] in which Fe(III) atoms were bonded to the surface through Si-O-Fe or Si-O-Cu bonds [START_REF] Garrido-Ramirez | Catalytic Wet Peroxide Oxidation of Phenol over Iron or Copper Oxide-Supported Allophane Clay Materials: Influence of Catalyst SiO 2 /Al 2 O 3 Ratio[END_REF]. At this time, the 1 g of allophane was impregnated with different weight percentages of iron and then of copper in aqueous solution upon evaporation of water. The data of physicochemical analysis corroborates with previous study, but the authors claimed the presence of very small particles of iron, copper or bimetallic oxides on the surface even in the absence of reflections related to iron or copper oxides in their X-ray diffraction pattern [START_REF] Garrido-Ramirez | Catalytic Wet Peroxide Oxidation of Phenol over Iron or Copper Oxide-Supported Allophane Clay Materials: Influence of Catalyst SiO 2 /Al 2 O 3 Ratio[END_REF]. The same undivided electrochemical cell was used but with the Fe-Cu-allophane/GCE as the cathode submerged in a solution with 0.05 M of Na 2 SO 4 and 0.5 mM of phenol under saturation of oxygen and applied potential of -0.6 V. First, the influence of Fe(III) and Cu(II) content in COD removal was investigated using Fe 3+x Cu 3-x -allophane/CGE in pH 5.5 after 4 h of electrolysis. The percentage of COD removal for phenol was of 48%, 48%, 68% and 69% for Fe, Fe 3 Cu 3 , Fe 4.5 Cu 1.5 and Fe 5.4 Cu 0.6 -allophane/GCE, respectively. The authors concluded that the Cu(II) ions act in synergy with iron in the generation of •OH radical only if incorporated at small portions being able to significantly increase catalytic activity. These results corroborate with the concentration of Fe(III) and Cu(II) ions observed in solution suggesting homogeneous catalysis contributed for decay of phenol in this system. The authors proposed a mechanism including the synergetic action of Fe(III) and Cu(II) in the surface and solution for generation of •OH radicals in the system. For them, the presence of Cu(II) in the surface of Fe-allophane increased the number of active sites for activation of H 2 O 2 . Furthermore, Cu(II) ions reacted with Fe(III) to accelerate regeneration of Fe(II) ions responsible for the decomposition of H 2 O 2 to •OH radicals [START_REF] Ganiyu | Electrochemical Mineralization of Sulfamethoxazole over Wide PH Range Using FeIIFeIII LDH Modified Carbon Felt Cathode: Degradation Pathway, Toxicity and Reusability of the Modified Cathode[END_REF]. The leaching of copper is considered detrimental due to toxicity of this transition metal. In this context, further improvement in the stability of such modified electrode is recommended in order to benefit from Fe(III) and Cu(II) synergetic action in the generation of •OH radicals.

In another study, the Fe-allophane was investigated upon a Ti/TiO 2 cathode by the same group of researchers for degradation of the dye methylene blue under acidic conditions by a spectro-electrochemical process [START_REF] Lezana | Electrochemical and photo-electrochemical processes of methylene blue oxidation by Ti/TiO 2 electrodes modified with Fe-allophane[END_REF]. The irradiation of TiO 2 with UV light photogenerates an electron-hole pair: the electron is able to react with O 2 and the hole with adsorbed H 2 O to generate hydroperoxyl (HO 2 •) and hydroxyl (•OH) radicals, respectively. In this case, the layer of Fe-allophane aimed to extend absorption of solar radiation (photocatalysis) as well as to increase surface area and adsorption of pollutants. For this purpose, a titanium plate was modified with TiO 2 using an electrochemical anodizing method and then coated with Fe-allophane using a previously described method for glassy carbon electrodes (GCE) [START_REF] Garrido-Ramirez | Catalytic Wet Peroxide Oxidation of Phenol over Iron or Copper Oxide-Supported Allophane Clay Materials: Influence of Catalyst SiO 2 /Al 2 O 3 Ratio[END_REF][START_REF] Garrido-Ramírez | Characterization of Nanostructured Allophane Clays and Their Use as Support of Iron Species in a Heterogeneous Electro-Fenton System[END_REF]. The physicochemical characterization of Ti/TiO 2 /Fe-allophane electrode showed an increase in specific surface area due to the formation of additional meso and micropores. First, the novel electrode was evaluated by cyclic voltammetry using an undivided electrochemical cell equipped with Ti/TiO 2 /Fe-allophane as the cathode (6 cm × 2.5 cm with 0.25 mm of thickness), platinum wire (data not shown) as the anode and a saturated calomel electrode as the reference electrode. All electrodes were submerged in a nitrogen-saturated solution with 0.1 M of Na 2 SO 4 as the supporting electrolyte and pH 3. The voltammetric response observed for Ti/TiO 2 /Fe-allophane electrode corresponded to a quasireversible process for Ti(III)/Ti(IV) couple while a reversible process was observed for Ti/TiO 2 electrode. The authors argued that Fe-allophane layer comprised the diffusion through the film and consequently altered the response of the electrode. The degradation studies were performed under an electrochemical cell with similar configuration. At this time, the electrodes were submerged in a solution 0.1 M of Na 2 SO 4 at pH 3 with 15 mg/L of methylene blue under applied potential of -1.0 V for 3 h in the absence or presence of UV light. The authors focused only on the generation of oxygen reactive species by Ti(III)/Ti(IV) pair for degradation of methylene blue. First, the contribution of adsorption was investigated and 79.7% of color removal in the system was related to adsorption of positive methylene blue molecules into the negative surface of Ti/TiO 2 /Fe-allophane in pH 3. The electrochemical process achieved 80.1% of color removal that increased to 86.9% in the presence of UV-light (photo-electrochemical process). Thus, the authors concluded that Fe-allophane removed dye from solution by adsorption behaving as a "concentrator" matrix instead of a heterogeneous catalyst. The data related to the concentration of iron ions in solution and reuse of Ti/TiO 2 /Fe-allophane were not given, preventing the assessment of the potential of Ti/TiO 2 /Fe-allophane to mediate indirect oxidation of methylene blue with the Fenton process.

Clay-like Hybrid Inorganic-Organic Materials

The organic compounds near or adsorbed on the surface of the cathode are readily accessible to react with heterogeneously generated •OH radicals [START_REF] Garrido-Ramírez | Clays and Oxide Minerals as Catalysts and Nanocatalysts in Fenton-like Reactions-A Review[END_REF]. In this context, the adjustment of surface properties of clay minerals is a new promising trend in the heterogeneous electro-Fenton process. The anchoring of amino chains in the interlayer space was able to enhance water solubility of iron-rich claylike material [START_REF] Lee | Effective Peroxidase-like Activity of a Water-Solubilized Fe-Aminoclay for Use Inimmunoassay[END_REF][START_REF] Lee | Self-Assembled Graphene Oxide with Organo-Building Blocks of Fe-Aminoclay for Heterogeneous Fenton-like Reaction at near-Neutral PH: A Batch Experiment[END_REF]. Lee, Kim, et al. explored the capacity of structural Fe(III) to decompose H 2 O 2 in order to act as a colorimetric sensor in immunoassays [START_REF] Lee | Effective Peroxidase-like Activity of a Water-Solubilized Fe-Aminoclay for Use Inimmunoassay[END_REF]. The peroxidase-like mimetic activity of Feaminoclay was confirmed in circumneutral pH and later further explored for the Fenton process in another study [START_REF] Lee | Self-Assembled Graphene Oxide with Organo-Building Blocks of Fe-Aminoclay for Heterogeneous Fenton-like Reaction at near-Neutral PH: A Batch Experiment[END_REF]. The Fe-aminoclay was exfoliated in water to fabricate a self-assembled system with water-soluble graphene oxide that was capable of acting as a heterogeneous catalyst for Fenton process resulting in complete discoloration of an aqueous solutions of anionic and cationic organic dyes at pH 6 after 5 h.

This study encouraged the use of iron-rich organic-inorganic lamellar materials to modify cathodic materials for the electro-Fenton process. Miron et al. coated carbon felt (CF) with a talc-like-hybrid (TLH) containing Fe(III) in the octahedral sheet to be used as the cathode in an electrochemical cell for degradation of a tri-iodide compound used as a contrasting agent in X-ray imaging with the heterogeneous electro-Fenton process [START_REF] Miron | Development of a New Cathode for the Electro-Fenton Process Combining Carbon Felt and Iron-Containing Organic-Inorganic Hybrids[END_REF]. The Fe-aminoclay was prepared based on a sol-gel method previously described by Lee,Kim,et al. [97] that involved addition of amino-propyltriethoxysilane (APTES) into a solution of FeCl3 in ethanol. First, the authors evaluated the aspect of Fe-aminoclay layer upon the carbon felt fibers when using different weight ratios of Fe(III) and Mg(II) in the condensation of a solid phase in the absence or presence of carbon felt. The physicalchemical characterization of Fe(III)-TLH/CF uncovered that Fe(III)-TLH was deposited upon carbon felt fiber as a thin, continuous and homogeneous film only upon addition of APTES in the presence of carbon felt. This aspect was only observed in the presence of 100 wt% of Fe(III) that was incorporated to the octahedral sheets of TLH and possibly also as a side phase of iron oxides in the surface of CF fibers. The modified 100% Fe(III)-TLH/CF electrode showed higher electron transfer resistance than CF alone, which possibly comprised generation of H 2 O 2 and regeneration of Fe(II). In this study, the undivided electrochemical cell was equipped with Fe(III)-TLH/CF (2 cm × 2 cm and thickness of 0.6 cm) as the cathode, a platinum plate (32 cm 2 ) as the anode and a saturated calomel electrode (SCE) as the reference electrode. All electrodes were submerged in an electrolyte solution with 0.05 M of Na 2 SO 4 at pH 3 saturated with O 2 for degradation of the tri-iodide compound under applied potential of -0.5 V/SCE for 4 h. In these conditions, the use of Fe(III)-TLH/CF as the cathode was able to increase performance of carbon felt from 70.1% to 98% in the degradation of the tri-iodide compound. When using only carbon felt, no ferrous ions were added to the electrochemical cell. The performance of carbon felt cathode was attributed to the direct electrochemical oxidation of the tri-iodide compound in the cathode and by H 2 O 2 . The increase in performance with Fe(III)-TLH/CF was attributed to indirect oxidation with •OH radical generated with catalytic decomposition of H 2 O 2 by Fe(II), which resulted from the reduction of leached Fe(III) ions from Fe(III)-TLH/CF in the cathode. However, further studies are needed to assess contribution of adsorption and leaching of Fe(III) from the Fe(III)-TLH/CF to confirm the heterogeneous mechanism of catalysis and reusability. Furthermore, the evaluation of Fe(III)-TLH/CF performance in pH circumneutral would support practical application of this composite electrode.

Use of Electrochemistry for Reduction of Fe(III) to Fe(II) in Clay Mineral Structure

Recently, the mechanism behind generation of •OH radical through decomposition of H 2 O 2 in the solid-liquid interface of iron-supporting catalysts was summarized in a review article [START_REF] Ganiyu | Heterogeneous Electro-Fenton and Photoelectro-Fenton Processes: A Critical Review of Fundamental Principles and Application for Water/Wastewater Treatment[END_REF]. Another review article detailed the mechanism behind the decomposition of H 2 O 2 on the surface of iron oxides [START_REF] Garrido-Ramírez | Clays and Oxide Minerals as Catalysts and Nanocatalysts in Fenton-like Reactions-A Review[END_REF]. However, these publications did not report the mechanisms involving clay minerals. Despite having some similarities, the exposed crystallographic surfaces of clay minerals are expected to differ from iron oxides, and as a consequence their reactivity towards H 2 O 2 . In this context, this topic aims to discuss the publications investigating the mechanism behind decomposition of H 2 O 2 by structural Fe(III)/Fe(II) in clay minerals.

The oxidation state +III is observed for the great majority of iron atoms existing in the lattice of 2:1 phyllosilicates, such as nontronite [START_REF] Manceau | Oxidation-Reduction Mechanism of Iron in Dioctahedral Smectites: I. Crystal Chemistry of Oxidized Reference Nontronites[END_REF]100]. The decomposition of H 2 O 2 is not observed in the presence of structural Fe(III) [101,102]. This observation possibly encouraged the use of interlayer or surface iron oxides as a catalyst site instead of structural Fe(III) within lamellar materials. A common ground was found around the statement that partial reduction of structural Fe(III) to Fe(II) is essential for the performance of ironcontaining lamellar materials as a heterogeneous catalyst [START_REF] Ilgen | Role of Structural Fe in Nontronite NAu-1 and Dissolved Fe(II) in Redox Transformations of Arsenic and Antimony[END_REF]103,104]. Indeed, the presence of structural Fe(II) smectite clay minerals increased the rate and extent in which organic compounds were degraded in anoxic [105] and oxic conditions [102].

Thus, the reduction of Fe(III) to Fe(II) appears to be the rate-limiting step of the whole heterogeneous electro-Fenton process [START_REF] Ganiyu | Heterogeneous Electro-Fenton and Photoelectro-Fenton Processes: A Critical Review of Fundamental Principles and Application for Water/Wastewater Treatment[END_REF]. In the literature, the reduction of structural Fe(III) to Fe(II) was accomplished using inorganic reducing agents, such as sodium dithionite [106,107], microorganisms, such as bacteria [108,109] as well as the irradiation of UV-vis light and electrochemistry in the presence of compounds acting as electron transfer mediators [101,110]. The reactions are often related to color change of clay minerals from yellow to green or blue-green [111,112].

The Essential Role of Electron Transfer Mediators as Activators of Clay-Modified Electrodes

The application of a current across the electrochemical cell promotes partial reduction of structural Fe(III) to Fe(II) within iron oxides and the extent of reduction increases in the presence of zero-valent iron and other transition metals [START_REF] Ganiyu | Heterogeneous Electro-Fenton and Photoelectro-Fenton Processes: A Critical Review of Fundamental Principles and Application for Water/Wastewater Treatment[END_REF]. However, the reduction of structural Fe(III) within lamellar material is more complex [START_REF] Gorski | Redox Properties of Structural Fe in Clay Minerals. 2. Electrochemical and Spectroscopic Characterization of Electron Transfer Irreversibility in Ferruginous Smectite, SWa-1[END_REF] and direct electron-transfer from the electrode surface to fixed structural Fe(III) and Fe(II) sites within the lattice is not observed in natural iron-rich clay minerals [110,113,114].

The use of electroactive species to reduce structural Fe(III) to Fe(II) and thus activate clay-modified electrodes was first described by Oyama and Anson [110]. In their study, the clay-modified electrode was based on a graphite electrode coated with sodium montmorillonite. However, the clay-modified electrode was only active in the presence of [Ru(NH 3 ) 6 ] +3 ions in solution being able then to electroreduce H 2 O 2 to H 2 O. The authors confirmed that the [Ru(NH 3 ) 6 ] +3 ions were not able to catalyze reduction of H 2 O 2 neither in solution or in the presence of graphite electrode confirming the essential role of clay coating for the activity of the electrode. At the same time, the authors did not observe a voltammetry wave for coated graphite electrodes in the absence or presence of H 2 O 2 suggesting that [Ru(NH 3 ) 6 ] +3/+2 ions mediated electron transfer from the electrode surface to structural Fe(III) sites. The evidence of such electron transfer was seen in the enhancement of the cathodic peak current observed in the first cyclic voltammetric scan of iron-smectite clay modified electrode with [Ru(NH 3 ) 6 ] +3 ions incorporated in the cation exchangeable sites. The authors proposed that behind such enhancement of the cathodic peak current was the electrochemically reduced [Ru(NH 3 ) 6 ] +2 (Equation ( 9)) subsequently inducing the reduction of structural Fe(III) in the lattice of montmorillonite (Equation ( 10)). The [Ru(NH 3 ) 6 ] +3 ions do not react with structural Fe(II) and thus anodic peak current remained virtually identical. In the following scans, the cathodic peak current declined. Then, the exposure of the once cycled cathode to H 2 O 2 which react with structural Fe(II) resulted in H 2 O (Equation ( 11)) and structural Fe(III) nearly restored enhancement observed during the first scan. This study was considered of great importance because it proved experimentally the role of structural Fe(II) not only as a catalyst for activation of H 2 O 2 but also as a sink of electro-generated H 2 O 2 .

[Ru(NH 3 ) 6 ] +3 + e -→ [Ru(NH 3 ) 6 ] +2

[Ru(NH 3 ) 6 ] +2 + structFe(III) → [[Ru(NH 3 ) 6 ] +3 + structFe(II) ( 10)

H 2 O 2 + 2H + + 2structFe(II) → 2H 2 O + 2structFe(III) (11) 
Other electroactive compounds such as ML 3 +2 , in which M = Fe, Ru, Os and L = 2,2 ′ bipyridine (bpy), 1,10-phenanthroline (phen) as well as methyviologen (MV +2 ), were investigated with regards to the electrochemical activity of montmorillonite coated electrode in other studies [115][116][117][118][119].

King, Nocera, and Pinnavaia investigated graphite electrode coated with a film of montmorillonite clay that was pre-exchanged with electro-active ML 3 +2 cations in order to uncover to which extent the cation exchangeable sites contributed to the electroactivity of clay-modified electrodes [117]. However, under these conditions, all cations were inactive. For instance, [Os(bpy) 3 ] +2 substituting Na + in the cation exchange sites in different percentages were used to coat a graphite electrode. This [Os(bpy) 3 ] +2 -montmorillonite/graphite electrode showed no response during cyclic voltammetry studies. However, the studies performed with [Os(bpy) 3 ] +2 in the electrolyte and 80%-pre-exchanged-[Os(bpy) 3 ] +2montimorillonite/graphite electrode resulted in waves related to [Os(bpy) 3 ] +2/+3 redox couple. A similar profile was observed upon use of Na-montmorillonite/graphite electrode with [Os(bpy) 3 ] +2 in the electrolyte. The authors interpreted this observation as an evidence that cations in excess of the cation exchange capacity were responsible to reduce structural Fe(III) to Fe(II) (Equation ( 12)). After, the use of different particle sizes to coat the graphite electrode uncovered the contribution of edge surfaces. The smaller particles have greater edge surface but similar basal surface. The graphite electrode coated with clay particles with smaller size, such as hectorite (<50 nm) showed greater current response in comparison to montmorillonite (<200 nm) and fluorohectorite (<1000 nm) modified electrodes suggesting that electrochemical activity was related to edge instead of basal surfaces. At last, the authors concluded that the cations in excess of the cation exchange capacity bounded at edge surface sites were responsible for ion pairing mechanism that activated their clay-modified electrode.

[Os(bpy) 3 ] +2 + structFe(III) → [Os(bpy) 3 ] +3 + structFe(II) [START_REF] Oturan | Electro-Fenton Process: Background, New Developments, and Applications[END_REF] Rudzinski and Bard also investigated the electroactive compounds [Ru(NH 3 ) 6 ] +2 and [Ru(NH 3 ) 6 ] +3 incorporated in Texas montmorillonite (STx-1) deposited as a thin film in a In 2 O 3 conducting glass electrode [116]. The authors considered the contribution of structural Fe(III) in the cyclic voltammetry responses of the STx-1/In 2 O electrode and attributed the wave at +0.6 V to reduction of structural Fe(III) by [Ru(NH 3 ) 6 ] +2 (Equation ( 10)). In a later study, Villemure and Bard observed that MV +2 pre-exchanged montmorillonite electrodes prepared as previously described were electro-inactive [118]. This observation corroborates with conclusions of King, Nocera, and Pinnavaia that the addition of electron transfer mediators in the electrolyte is crucial for the success of clay-modified electrodes [117].

In particular, Oyama and Anson encourage further investigation on the use of other clay-modified electrodes as well as on the role of structural iron towards electroactivity of such composite materials. At the end of their study [110], the authors anticipated that ironrich smectite clay, such as nontronite, would possibly result in superior electro-reduction of H 2 O 2 . Later, Zen, Jeng, and Chen based their study on this premise and investigated the performance of glassy carbon electrodes coated with nontronite for electroreduction of H 2 O 2 using MV +2 as an electron transfer mediator [113]. Here, the clay referred to as nontronite is ferruginous smectite SWa-1. The form Na + -SWa-1 was deposited as a film on the surface of glassy carbon electrodes (GCE). The authors used [Ru(NH 3 ) 6 ] +3 and montmorillonite SWy-1 to prepare electrodes under the same protocol in order to compare results with previous studies. The GCE and then Na + -SWa-1/GCE were evaluated with cyclic voltammetry in phosphate buffer as the electrolyte at pH 8. After addition of only H 2 O 2 to the electrolyte solution, no wave was observed for both electrodes. However, after addition of H 2 O 2 and MV +2 , the wave observed for reduction of H 2 O 2 with GCE was significantly enhanced with Na + -SWa-1/GCE. The performance of Na + -SWa-1/GCE was compared to Na + -SWy-1/GCE with and without H 2 O 2 in the electrolyte solution containing MV +2 . In the cyclic voltammogram without H 2 O 2 , the reduction peak of MV +2 is higher for Na + -SWa-1/GCE than for Na + -SWy-1/GCE uncovering that the amount of MV +2 electroactive is higher for Na + -SWa-1/GCE as a consequence of higher number of iron sites for SWa-1. In the cyclic voltammogram with H 2 O 2 , a major change in the wave profile was observed and the catalytic limiting current remains higher for Na + -SWa-1/GCE than for Na + -SWy-1/GCE. Then, the authors investigated the influence of pH in order to confirm the contribution of edge faces to the electroactivity of MV +2 towards Na + -SWa-1/GCE. As the pH decreased from 8 to 2.9, the electroactivity was significantly reduced uncovering that protonation of the structure decreased concentration of active species adsorbed on the surface. However, the authors interpreted this and previous observations as an evidence of the contribution of tetrahedral iron sites to superior electroactivity of Na + -SWa-1/GCE. However, Manceau, Lanson, et al. performed a detailed investigation of the crystal chemistry of several reference nontronite samples including SWa-1 and reported the absence of tetrahedral occupancy for this nontronite [START_REF] Manceau | Oxidation-Reduction Mechanism of Iron in Dioctahedral Smectites: I. Crystal Chemistry of Oxidized Reference Nontronites[END_REF], which invalidates a major contribution of tetrahedral sites to the redox activity of clay-modified electrodes. As for the mechanism, Zen, Jeng, and Chen proposed that MV +2 reduced to MV + on the electrode (Equation ( 13)) is able to transfer an electron from the electrode surface to the substrate to reduce structural Fe(III) to Fe(II) and regenerate MV +2 (Equation ( 14)) and then structural Fe(II) is responsible for the reduction H 2 O 2 to H 2 O (Equation ( 9)).

MV +2 + e -→ MV + [START_REF] Nidheesh | Trends in Electro-Fenton Process for Water and Wastewater Treatment: An Overview[END_REF] MV + + structFe(III) → MV +2 + structFe(II) [START_REF] Ganiyu | Heterogeneous Electro-Fenton and Photoelectro-Fenton Processes: A Critical Review of Fundamental Principles and Application for Water/Wastewater Treatment[END_REF] Later, Hu investigated the electroreduction of O 2 using a carbon paste electrode (CPE) modified with montmorillonite (SWy-2) using methylviologen (MV +2 ) as an electron transfer mediator [START_REF] Hu | Electrocatalytic Reduction of Molecular Oxygen on a Sodium Montmorillonite-Methyl Viologen Carbon Paste Chemically Modified Electrode[END_REF]. The carbon paste was mixed with Na + -SWy-2 and MV +2 and after solvent evaporation this mixture was pressed into a hollow electrode body. The performance of MV +2 -SWy-2/CP electrode was evaluated with cyclic voltammetry in an air-saturated phosphate buffer solution at pH 7 under applied potential of 0.1 V and -0.9 V/SCE. The reduction peak reduced significantly in a deoxygenated buffer solution indicating an on-going catalytic reduction of O 2 . The authors pointed out that the MV +2 -SWy-2 restrained MV +2 to the electrode because release of MV +2 was observed for CPE/ MV +2 . Under acidic conditions the number of MV +2 bounded to the surface decreased resulting in the absence of a reduction peak at pH 4.4. Besides pH, the authors also investigated the influence of the amount of Na + -SWy-2 uncovering that two reduction peaks were observed when lower amounts were used to prepare the MV +2 -SWy-2/CPE. The first event was reported as the reduction of O 2 using two electrons to H 2 O 2 and the second event as further reduction of H 2 O 2 using two electrons to H 2 O and such profile was first reported in their study. As for the mechanism, the authors proposed that the first event proceeds with electrochemically generated MV + (Equation ( 13)) alone reducing O 2 to O 2 -(Equation ( 15)) which further reacted with H + to result in O 2 and H 2 O 2 (equation ( 16)). Then, as previously mentioned, the structural Fe(II) generated upon oxidation of MV + (Equation ( 14)) reduced H 2 O 2 to H 2 O (Equation ( 9)). In this case, the essential role of structural Fe(III)/Fe(II) was confirmed employing kaolin (KGa-2) instead of MV +2 -SWy-2 for preparation of a MV +2 -KGa-2/CPE that showed a small peak current in comparison to MV +2 -SWy-2/CPE. However, the authors did not discuss the role of MV +2 -SWy-2 in the first catalytic event considering that the electrode CPE/MV +2 showed no current response to oxygen reduction in the voltammogram. This study was also considered of great importance because it sustained the electrogeneration of H 2 O 2 by electroactive species incorporated to the electrode that are essential to the generation of Fe(II), which are the active catalytic sites. Thus, the incorporation of electron transfer mediators to clay-modified electrode are promising approach to improve the performance of iron-rich lamellar materials as heterogeneous catalyst in EF process.

MV + + O 2 → MV +2 + O 2 - (15) 2O 2 -+ 2H + → O 2 + H 2 O 2 (16) 
The previous studies showed the activation of structural Fe(III) using different electron transfer mediators adsorbed at the edge sites. However, Xiang and Villemure investigated synthetic Fe(II)-smectite clay prepared under reductive conditions and deposited upon an In-doped SnO 2 conductive support (SnO 2 :In) as a thin film with approximately 300 nm of thickness [114]. In this study, the authors observed for the first time the oxidation of Fe(II) to Fe(III) in the absence of electron transfer mediator compounds under anoxic conditions. Under the same conditions, the natural ferruginous smectite SWa-1/SnO 2 :In showed to be inactive. The incorporation of Ni(II) in the lattice of the iron-smectite clay enhanced the peak current, which was six times greater upon incorporation of 14% of Ni(II) while nickel-smectite clay/SnO 2 :In were inactive. However, the authors concluded that only the structural Fe(II) existing in the lattice due to reductive conditions used during synthesis accounted for the voltammetric wave observed in the above conditions. For scanning potential of 0.65 V to 0.2 V, no voltammetric wave was seen suggesting inactivity of structural Fe(III) sites towards reduction to Fe(II). In the second scanning of 0.65 V to 1.1 V, no voltammetric wave was seen suggesting that all electroactive structural Fe(II) sites oxidized to Fe(III) during the first scan. In regard of the possible performance of synthetic Fe(II)-smectite clay as a heterogeneous catalyst, it would be restricted to single use due to the electro-inactivity of resulting Fe(III). This limitation was overcome in the presence of a mixture of electroactive species [Ru(NH 3 ) 6 ] +3 and [Fe(bpy) 3 ] +2 which were able to not only mediate oxidation of a greater fraction of structural Fe(II) with reduction of [Fe(bpy) 3 ] +3 to [Fe(bpy) 3 ] +2 (Equation ( 17)), but also to regenerate electroactive Fe(II) sites within the lattice upon reduction of structural Fe(III) with [Ru(NH 3 ) 6 ] +2 to [Ru(NH 3 ) 6 ] +3 (Equations ( 9) and ( 10)). In the context of HEF process, the redox cycling of Fe(III)/Fe(II) is fundamental not only to the performance, but to the feasibility of this material in practical applications, because it supports the reuse of catalyst over several cycles.

[Fe(bpy) 3 ] +3 + structFe(II) → [Fe(bpy) 3 ] +2 + structFe(III) ( 17)

The Mechanism behind the Electron Transfer to and from Structural Fe(III)/Fe(II)

Previously, studies focusing on the electrochemical activation of structural iron within clay minerals were outlined while the effort of authors to propose a mechanism was highlighted in order to be further discussed in this topic. The reduction of structural Fe(III) involves more than just an electron transfer to octahedral sites in the lattice, because structural rearrangements are demanded in order to maintain charge balance and accommodate atomic size of oxidation state +II [START_REF] Gorski | Redox Properties of Structural Fe in Clay Minerals. 1. Electrochemical Quantification of Electron-Donating and -Accepting Capacities of Smectites[END_REF]105]. Studies investigating structural changes resulting from reduction, oxidation and re-reduction in order to propose a mechanism of electron transfer to and from structural Fe(II)/(III) will be reported in this topic. The mechanism behind the reduction of structural Fe(III) to Fe(II) was investigated in several studies but outstanding contribution was achieved in the following studies [START_REF] Manceau | Oxidation-Reduction Mechanism of Iron in Dioctahedral Smectites: I. Crystal Chemistry of Oxidized Reference Nontronites[END_REF][START_REF] Drits | A Model for the Mechanism of Fe 3+ to Fe 2+ Reduction in Dioctahedral Smectites[END_REF][START_REF] Neumann | Assessing the Redox Reactivity of Structural Iron in Smectites Using Nitroaromatic Compounds As Kinetic Probes[END_REF]112,[120][121][122].

J. W. Stucki and Roth used electron spectroscopy for chemical analysis (ESCA) currently known as X-ray photoelectron spectroscopy (XPS) and Mössbauer Spectroscopy [112]. A Garfield nontronite saturated with Na + was treated with reducing agent sodium dithionite or hydrazine in order to convert structural Fe(III) into Fe(II) and reoxidation was achieved by exposing films to O 2 and water vapor or submerging in O 2 bubbling solution, respectively. The authors observed that the mechanism behind the reduction of structural Fe(III) depended of the amount of iron sites in the octahedral sheet. If the iron content was below 53 mmol/100 g, the coordination environment of iron sites in the octahedral sheet remained unaltered and an increase of the net negative charge was observed for the layer. However, if the iron content was above 53 mmol/100 g, the authors observed that the excess of negative charge was eliminated throughout changes in the structure. The initial argument of coordination of iron contracting from six-to fivefold coordination was discredited with studies using 3H as a label element [120] and modeling based on experimental data published for iron-rich smectites [START_REF] Drits | A Model for the Mechanism of Fe 3+ to Fe 2+ Reduction in Dioctahedral Smectites[END_REF]121]. In particular, the exhaustive characterization of the crystallochemical structure of reduced Garfield nontronite by Manceau, Drits, et al. was key to build a model uncovering that iron atoms migrated from cis-sites to vacant adjacent trans-sites in the octahedral sheet during reduction process [121]. This migration preserved the sixfold coordination and created trioctahedral domains in the layer. Besides, basal oxygen atoms altered their orientation in the surface resulting in a flat basal surface, which is typical of trioctahedral layer silicates. The migration from cis to trans-sites of structural Fe(II) atoms resulted in a dehydroxylation reaction of protonated OH groups previously coordinated with Fe(III). It then resulted in vacancies in O 2 -atoms, which were bordering the structure. The charge of O 2 -forces the closest iron atom towards the edge of clusters and further incorporation of protons from solution to compensate their charge. The protonation of structural OH and incorporation of cations into the interlayer region were observed following the alteration of the oxidation state of iron atoms in the structure in order to compensate net negative charge accumulating in the layer. The model proposed by Manceau, Lanson, et al. also supported the conclusion that the distribution of Fe(III)/(II), Al(III) and Mg(II) in the SWa-1 was not random, but favored the presence of Fe(III)/(II) domains segregated from each other by Al(III), Mg(II) and empty octahedral sites [START_REF] Manceau | Oxidation-Reduction Mechanism of Iron in Dioctahedral Smectites: I. Crystal Chemistry of Oxidized Reference Nontronites[END_REF]. The displacement of structural Fe(II) atoms towards the edge site upon redox cycling may account for the conclusion of studies cited in the previous topic that established that electron-transfer occur in the edge-sites of clay minerals. This sequence of publications regarding the reduction of structural Fe(III) to Fe(II) in dioctahedral smectites was assembled as a review article [105].

More recently, Yuan et al. used several spectroscopic characterization techniques to assess the structural rearrangements resulting from aeration of a suspension of reduced NAu-2 uncovering that the oxidation of structural Fe(II) proceeds as a two-stage process [123]. The authors uncovered that different rates of oxidation are observed depending on the location of Fe(II) in the lattice (edge or interior) as well as on the coordination environment of Fe(II) in di or tri-octahedral sites. From the Mössbauer spectra, the authors determined that the majority of Fe(II) within reduced NAu-2 occupied trans-coordinated octahedral sites which corroborates with structural rearrangements previously proposed in which the Fe(III) migrates from cis to adjacent vacant trans-coordinated octahedral sites upon reduction of Fe(III) to Fe(II). However, two different trans-coordinated octahedral sites were identified in the spectra. The regular trans-coordinated octahedral sites were attributed to di-octahedral domains as Al(III)-Fe(II) and Fe(II)-Fe(III) while distorted transcoordinated octahedral sites were attributed to tri-octahedral domains Fe(II)-Fe(II)-Fe(II) being referred to as Fe(II)-1 and Fe(II)-2, respectively. Upon aeration, the disappearance of Fe(II)-2 from the Mössbauer spectra within 15 min indicated that tri-octahedral domains containing Fe(II)-Fe(II)-Fe(II) and edge Fe(II) were quickly oxidized while the resulting dioctahedral domains Fe(II)-Fe(II) and others such as Fe(II)-Al(III) and Fe(II)-Fe(III) were slowly oxidized in the interior of the structure.

The structural rearrangements were observed to develop progressively as the extent of reduction of structural Fe(III) increased preventing reversibility upon reoxidation. For instance, reoxidized iron-rich smectites that were initially treated to reduce 100% of structural Fe(III) displayed OH groups in different amount and chemical environment than those treated to reduce only 20% of structural Fe(III). These observations suggested that reversibility was possible only until a certain extent of reduction, which avoided rearrangements in the structure. Jaisi, Dong, and Morton further investigated this statement using biologically and chemically reduced nontronite NAu-2 [START_REF] Jaisi | Partitioning of Fe(II) in Reduced Nontronite (NAu-2) to Reactive Sites: Reactivity in Terms of Tc(VII) Reduction[END_REF]. The authors uncovered that when the extent of Fe(III) reduction involved less than approximately 30% of total structural Fe(III), the previous mentioned rearrangements in the structure were accommodated in the solid state and initially NAu-2 was restored upon oxidation of structural Fe(II). However, above this percentage, the rearrangements resulted in the development of a progressive amorphous structure for NAu-2. Besides, the accommodation of Fe(II) atoms in the structure resulted in local instability that culminated in partial dissolution of NAu-2 but limited to 35% when 71% of the structural Fe(III) was reduced to Fe(II). After, the fate of Fe(II) released was investigated considering partitioning between the surface, interlayer region and other phases in solution. The authors concluded that released Fe(II) species were preferentially complexed in the surface in early stages of reductive treatment. After partial or total saturation of complexation sites in the surface, the Fe(II) progressively migrated to ion exchange sites replacing sodium cations in the interlayer region until reaching the cation exchange capacity (CEC) value of reduced NAu-2. After this point, further release of structural Fe(II) resulted in aqueous Fe(II) ions.

Chemtob et al. observed a similar behavior for various synthetic ferrous smectites [124]. The extent of oxidation of structural Fe(II) achieved in the presence of O 2 or H 2 O 2 solution was compared along with structural alterations resulting from each reaction. The authors reported total oxidation of structural Fe(III) in H 2 O 2 solution while only partial oxidation was observed in air-saturated solution. However, the greater extent of oxidation of structural Fe(II) observed for H 2 O 2 also resulted in the ejection of Fe(III) atoms from the octahedral sheet. The authors attributed this observation to increase of local positive charge in trioctahedral clusters that possibly resulted in instability of these domains and ejection of Fe(II), which developed a secondary phase being identified as nanoparticles of hematite.

As for the mechanism behind electron transfer from solution to the solid, Z. Wang used an interesting approach to uncover the role of basal siloxane plane and edge sites [START_REF] Wang | Probing the Importance of Planar Surfaces and Crystal Edges for Electron Transfer within Iron-Bearing Clays[END_REF]. The authors investigated the mechanism behind the electron transfer from the dye Rhodamine B (RhB) excited in the visible range to structural Fe(III) within the octahedral sites of montmorillonite K10 (MK10) and nontronite NAu-2. The oxidation state of structural iron was monitored based on the decay kinetics of H 2 O 2 as it was assumed that H 2 O 2 was decomposed by structural Fe(II) via Fenton chemistry. The author separated the basal surface from the edge site using blocking compounds in order to elucidate the major electron-accepting sites. Upon blocking the edge-sites, the authors observed 70% decrease in the decomposition of H 2 O 2 by NAu-2/dye while extent of decomposition by MK10 was unaltered in this condition. However, upon blocking the basal sites, the decomposition of H 2 O 2 decreased 50% for K10/dye, but it was unaltered for NAu-2/dye. Both observations were confirmed when the fluorescence of RhB was investigated in the presence of blocking compounds that prevented electron transfer from excited dye molecules to structural Fe(III) sites. The RhB fluorescence decreased 95% for MK10 in the presence of edge site blocker and 42% for NAu-2 in the presence of basal site blocker compound. Both experiments uncovered that the electron accepting sites depend upon the iron content within the clay mineral structure suggesting that higher amount of iron favors mechanism using edge sites while lower amount of iron favors the basal surface.

Latta et al. further discussed these observations and proposed that the acceptance of electrons through the basal plane is favored in poor-iron smectites, such as montmorillonite (SWy-2), because availability of edge Fe(III) and adjacent Fe(III) atoms as clusters is limited throughout the structure in this class of clay minerals [START_REF] Latta | II)-Fe(III) Electron Transfer in a Clay Mineral with Low Fe Content[END_REF]. The authors based their study on the oxidation of sorbed Fe(II) on the edge sites. Previously, Schaefer, Gorski, and Scherer also gathered evidence of electron hoping from aqueous 57Fe(II) sorbed in the surface to structural Fe(III) within the octahedral sheet of natural nontronite NAu-2 under anoxic conditions using isotopic Mössbauer spectroscopy for 57Fe [START_REF] Schaefer | Spectroscopic Evidence for Interfacial Fe(II)-Fe(III) Electron Transfer in a Clay Mineral[END_REF]. The authors established that data from 57Fe Mossbauer spectroscopy corroborated data obtained for nontronites chemically reduced with dithionite or biologically reduced with bacteria uncovering that structural Fe(III) was reduced by sorbed Fe(II). Besides, the authors showed that the resulting Fe(III) sorbed in the surface resulted in a secondary mineral containing Fe(III) as previously observed by Chemtob et al. [124]. At this time, the authors identified this mineral as being lepidocrocite based on the XRD pattern of NAu-2 following its exposure to Fe(II) in solution.

However, the presence of aqueous Fe(II) is only achieved under anoxic conditions, which may be relevant for groundwater and soil treatment but not for industrial wastewater treatment. Thus, this species should not be considered as possible electron transfer mediators in the Fenton process. Besides, the Fe(II) sorbed in the edges may act as a catalyst rather than an electron transfer mediator in the presence of H 2 O 2 . Still, the studies here reported were considered to enlighten the mechanism regarding electron transfer to and from the lattice of clay minerals that merit further investigation under oxic conditions.

The Catalytic Activity of Structural Fe(II) towards H 2 O 2 and O 2

In the literature, the studies involving electrochemistry to reduce Fe(III) within the clay mineral structure are rare and for the most part dedicated to uncovering the electro-activity of resulting Fe(II) sites as mentioned previously [START_REF] Gorski | Redox Properties of Structural Fe in Clay Minerals. 1. Electrochemical Quantification of Electron-Donating and -Accepting Capacities of Smectites[END_REF][START_REF] Gorski | Redox Properties of Structural Fe in Clay Minerals: 3. Relationships between Smectite Redox and Structural Properties[END_REF][START_REF] Gorski | Redox Properties of Structural Fe in Clay Minerals. 2. Electrochemical and Spectroscopic Characterization of Electron Transfer Irreversibility in Ferruginous Smectite, SWa-1[END_REF]. Besides, to our knowledge, clay-modified electrodes activated with an electron transfer mediator have not yet been explored in the heterogeneous electro-Fenton process. In this approach, the removal of organic contaminants from wastewater would be achieved using •OH radicals generated from structural Fe(II) resulting from electromediated reduction of structural Fe(III). However, several publications have employed photochemistry to reduce structural Fe(III) to Fe(II) that further reacted with O 2 or H 2 O 2 to generate •OH radicals. The mechanism behind electron transfer from electron mediator to structural Fe(III) is similar between the electrochemical and photochemical approach and then this latter will be reported in this topic in order to illustrate the efficiency of activated iron-containing lamellar materials to generate •OH radicals and thus to degrade organic contaminants. Most interestingly, the electron transfer mediators in the photochemical approach are the own organic molecules to be degraded in the system that avoid the addition of secondary pollutants. Yet, further studies should be dedicated to elucidating the operational conditions that would allow iron-containing lamellar materials to be reduced in the electrochemical cell in order to subsequently contribute to activation of H 2 O 2 and thus generation of •OH radicals. . The MK10 was able to decompose 57% of H 2 O 2 in solution under visible light after 8 h. Under the same conditions, the synthetic hectorite (Laponite) containing only 0.01% of iron resulted in negligible decomposition of H 2 O 2 . This observation confirmed the essential role of structural Fe(III) on the catalytic performance of MK10. However, the MK10 displayed Fe(III) simultaneously in the lattice and as an impurity in the form of iron oxides. Then, the authors pretreated MK10 with sodium dithionite in order to eliminate iron oxides within the structure and thus distinguish reactivity between both iron-containing minerals. After treatment of MK10, C-MK10 was able to decompose 20% of H 2 O 2 in solution under visible light after 8 h uncovering that 37% of the previous performance was related to impurities in the MK10. However, the addition of N,N-dimethylaniline (DMA), Rhodamine B (RhB) or Malachite green (MG) enhanced the decomposition of H 2 O 2 by C-MK10 uncovering photomediated reduction of Fe(III) as key for the performance of C-MK10. The catalytic activity of C-MK10 was demonstrated upon comparison of the previous system with another one only containing N,N-dimethylaniline (DMA), Rhodamine B (RhB) or Malachite green (MG) in which decomposition of H 2 O 2 was considerably slower than in the presence of C-MK10. The combination of C-MK10 with RhB resulted in decomposition of 94% of H 2 O 2 in solution under irradiation after 4 h. The authors showed that the fluorescence of RhB was quenched in the presence of C-MK10 and this observation was interpreted as indirect evidence of an electron transfer from RhB to Fe(III) sites in the octahedral sheet of C-MK10. Besides, the authors evaluated the contribution of leached iron to the observed performance of C-MK10. The iron ions in solution were responsible for the decomposition of 13% of H 2 O 2 in the C-MK10/H 2 O 2 system. As for the mechanism, the authors proposed that the photoreactive species adsorbed on the surface were excited under UV-vis light and donated an electron to reduce the structural Fe(III) to Fe(II) that further catalyzed the decomposition of H 2 O 2 to •OH radicals that are readily consumed by the organic species adsorbed in the surface.

After, the same group of researchers investigated reactivity of Fe(III) towards H 2 O 2 when incorporated into the interlayer space of purified C-MK10 (Fe(III)-C-MK10) and the performance of this system was then compared with C-MK10 in the presence of Malachite green (MG) under visible light [101]. In the case of C-MK10, the authors reported observations similar to their previous study describing degradation of MG in the system C-MK10/H 2 O 2 only under visible light with complete discoloration after 120 min and TOC decrease of 42% for MG at pH 5. Under the same conditions, a TOC decrease of 50% was observed for MG in the Fe(III)-C-MK10/H 2 O 2 system under visible light, revealing that the Fe(II) in the interlayer region performed better than structural Fe(II) in the octahedral sheet. Yet, the opposite was previously reported in the absence of visible light [125]. Besides, the authors reported minimal leaching for Fe(III)-C-MK10 and no leaching for C-MK10 validating that Fe(III) atoms within the octahedral sheet of MK10 resulted into a more stable heterogeneous catalyst. This observation was validated upon reuse of C-MK10 in 14 cycles without significant loss of catalytic activity towards H 2 O 2 . As for the mechanism, the authors proposed that structural Fe(III) is not able to form a photoactive complex with H 2 O 2 as the Fe(III) ions in the interlayer region. This complex is readily reduced to generate HO 2 • radicals and Fe(II) ions further react with H 2 O 2 to generate •OH radicals. As for the structural Fe(III), it must first undergo photoactivation with excited MG molecules in order to reduce to structural Fe(II) and then decompose H 2 O 2 into •OH radicals. Therefore, the overall amount of radicals was possibly inferior to the one observed for Fe(III) ions in the interlayer space. However, this mechanism does not agree with data from electron paramagnetic resonance (EPR) using 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) as a trapping agent. In the reported data, no signal was observed for C-MK10/H 2 O 2 system and no other radical species apart from •OH radicals were detected for the Fe(III)-C-MK10/H 2 O 2 system. Besides, the addition of isopropanol to act as a •OH scavenger did not impact the degradation of MG in the C-MK10/H 2 O 2 system, which was reported to rely exclusively in •OH radicals. It has to be noted that this observation possibly indicates the contribution of direct oxidation of MG by H 2 O 2 . Regardless, this study encouraged the use of other clay minerals, such as nontronite, based on the premise that an increase of structural Fe(III) sites would enhance the performance of this system.

In this context, R. Liu et al. employed the dye Rhodamine B (RhB) as a photoreactive specie to evaluate the performance of a nontronite (NAU) prepared using a hydrothermal method in the removal of this dye under visible light [126]. In their study, the authors expected to excite the dye molecules with irradiation of light in the visible range in order to promote redox cycling of structural Fe(III) to Fe(II). Then, the RhB was allowed to reach equilibrium of adsorption/desorption 1h before irradiation with visible light. Under dark conditions, the removal of RhB was negligible. Under visible light, the removal of dye in the RhB/H 2 O 2 system was significantly slower than in the RhB/H 2 O 2 /NAU in which RhB was promptly and completely removed from aerated and deaerated solutions. These observations suggested that •OH radicals were catalytically generated by NAU. After reusing it in six cycles, the authors reported virtually the same catalytic activity and claimed that concentration of free iron ions in solution was undetectable using atomic absorption Spectroscopy. Besides, the preservation of physical and chemical properties of NAU was confirmed upon comparison of their infrared spectra before and after reaction with dye. However, previous studies showed that the structure of nontronites was prone to dissolution when pH was below 5. The redox cycling of structural Fe(III)/Fe(II) resulted in irreversible changes in the structure that were seen in the shift of absorption frequency related to typical vibration modes of the structure [START_REF] Neumann | Assessing the Redox Reactivity of Structural Iron in Smectites Using Nitroaromatic Compounds As Kinetic Probes[END_REF]127]. Therefore, the observations reported by Liu et al. rather indicate that the redox-cycling of structural Fe(III)/Fe(II) promoted by excited molecules involved a relatively small fraction of total Fe(III) in the structure. As for the mechanism, the authors interpreted that structural Fe(III)/Fe(II) as an electron-shuttle capable of transferring electrons from excited molecules to H 2 O 2 .

O 2

The previous topic showed that structural Fe(II) is capable of decomposing H 2 O 2 into •OH radicals. However, such catalytic sites are also capable of reducing O 2 to H 2 O 2 . Several publications reported that structural Fe(II) generates •OH radical under dark and neutral conditions simply with oxygenation of the surface of Fe(II)-containing minerals, which are common in the subsurface environment. The resulting •OH radicals have been reported to contribute to the oxidation of contaminants in natural sediments [START_REF] Tong | Production of Abundant Hydroxyl Radicals from Oxygenation of Subsurface Sediments[END_REF]Liu et al., 2017;[START_REF] Zhou | Chemical Oxygen Demand (COD) Removal from Bio-Treated Coking Wastewater by Hydroxyl Radicals Produced from a Reduced Clay Mineral[END_REF]. Then, the studies related to this research topic can also be considered of interest in the context of the heterogeneous electro-Fenton process.

The study of Yuan et al. was also able to enlighten the mechanism of electron transfer from Fe(II) within the lattice to O 2 and then the generation of •OH radicals at neutral conditions based on the identification of structural rearrangements [123]. As previously mentioned, the nontronite NAu-2 was treated with sodium dithionite, which reduced 54.5% of total structural Fe(III) to Fe(II). Upon aeration, the tri-octahedral domains containing Fe(II)-Fe(II)-Fe(II) and edge Fe(II) were oxidized within 15 min while the resulting dioctahedral domains Fe(II)-Fe(II) and others such as Fe(II)-Al(III) and Fe(II)-Fe(III) were slowly oxidized in the interior of the structure. The authors related this observation to the pathway of electrons from the lattice to O 2 . The tri-octahedral domains are more reactive because the electrons supplied from the interior of the structure are possibly ejected through the basal siloxane plane to O 2 while the electrons resulting from di-octahedral domains migrate through Fe(II)-O-Fe(III) linkages until the edges being there ejected to O 2 . In this case, the presence of Fe in the same oxidation state, inert metals or vacancy sites contribute to retard or obstruct electron migration towards the edge. Furthermore, the Fe(II) content determined after oxidation of reduced NAu-2 by XPS was greater than the one determined by acidic dissolution suggesting the accumulation of Fe(II) in the near surface region of NAu-2. In both pathways, the authors proposed that the generation of •OH radicals was based on one-electron reactions with evidence from scavenging experiments involving reagents such as nitro blue tetrazolium (NBT) and catalase that were able to confirm O 2 • -and H 2 O 2 , respectively, as intermediary species. The electrons were transferred from the structural Fe(II) one by one in reactions with O2, O 2 • -and then H 2 O 2 for generation of •OH radicals as shown in Figure 9. The corresponding reactions are given in Equations ( 18)- [START_REF] Khaled | Iron Oxidation State Effects on Cation Fixation in Smectites[END_REF]. The authors omitted the oxidation of Fe(II) in the reactions and those were previously proposed here in Equations ( 6)-( 8) highlighting Fenton's reaction in [START_REF] Brillas | Electro-Fenton Process and Related Electrochemical Technologies Based on Fenton's Reaction Chemistry[END_REF]. This detailed study was considered of great importance to the field of heterogeneous Fenton process, because it proposes a mechanism for electron transfer from Fe(II)-containing clay minerals to O 2 and thus encourages further studies related to generation of •OH radicals in the subsurface sediments under dark and oxic conditions and their contribution to the fate of organic pollutants in both soil and water.

O 2 + e -→ O 2 • - (18) 
O Later, the same group of researchers also considered the possible role of microbes in the generation and regeneration of structural Fe(II) sites upon depletion of O 2 in the subsurface sediments [START_REF] Tong | Production of Abundant Hydroxyl Radicals from Oxygenation of Subsurface Sediments[END_REF]. The sediments were incubated with microbes under anoxic conditions for microbial reduction of structural Fe(III) to Fe(II). The resulting sediments generated •OH radicals in a concentration similar to the ones reduced with chemical reagents. The authors interpreted this observation as an indication that generation of •OH radicals in natural subsurface sediments are sustained in the case of periodic anoxic and oxic conditions. Besides, the authors evaluated the generation of •OH in natural conditions. Firstly, the injection of oxygenated water into an aquifer at a depth of 23 m followed by the dosage of •OH radicals confirmed their generation under such conditions. Secondly, the oxygenation of a solution prepared with sediments extracted from the subsurface at a depth of 5 m containing As(III) and tetracycline (antibiotic) confirmed that •OH radicals generated upon oxygenation were able to oxidize contaminants followed by the dosage of As(III)/As(V) and tetracycline in solution. The latter observation encouraged a later study of this research group in which (Liu et al., 2017) investigated the oxidation of trichloroethylene (TCE) by •OH radicals generated from oxygenation of reduced nontronite under neutral conditions.

In this subsequent study, the authors uncovered that an aqueous suspension with 2 g/L of reduced NAu-2 in which 50% of total iron content corresponded to Fe(II) was able to oxidize 89.6% of trichloroethylene (TCE) (1 mg/L) after oxygenation for 3 h under neutral conditions (Liu et al., 2017). First, the removal of TCE under anoxic conditions was confirmed to be negligible. After, the possibility of TCE removal due to evaporation or adsorption on NAu-2 was successfully eliminated in preliminary experiments. Then, the authors investigated parameters influencing the generation of •OH radicals and as a consequence the oxidation of TCE, such as the dosage of NAu-2 and the reduction extend of structural Fe(III) within NAu-2. The cumulative concentration of •OH radicals increased proportionally with the dosage of reduced NAu-2 up to 4 g/L. Above this dosage, structural Fe(II) and TCE competed for resulting •OH radicals and only a slight increase in the oxidation of TCE was observed in this conditions. Therefore, 2 g/L was considered as an ideal dosage of reduced NAu-2 in this study. The reduction extend of NAu-2 was also considered ranging from 13 to 50%. The authors concluded that higher reduction extend was more advantageous than higher dosage of reduced NAu-2 for oxidation of TCE. Besides, the competition between TCE and structural Fe(II) for resulting •OH radicals was not significantly dependent on the reduction extend of NAu-2. Later, the author compared the performance of NAu-2 reduced with sodium dithionite to the one reduced with iron-reducing bacteria. The NAu-2 chemically reduced until 25% showed higher percentages of TCE removal that the one biologically reduced until 30%. Nevertheless, the contribution of the latter for the fate of pollutants in natural subsurface environments was considered of great importance. At last, the reuse of NAu-2 at 2 g/L and reduction extent of 25% in three cycles of oxygenation and (re-)reduction resulted in similar percentages of TCE oxidation indicating the stability of this heterogeneous catalyst. As for the mechanism, the authors also proposed that the generation of •OH radicals proceeded as a two-stage process, as previously proposed by them [123]. The majority of TCE was quickly oxidized within 30 min and then slowly oxidized until the maximum removal was reached within 3 h. This observation was interpreted as an additional evidence that edge Fe(II) sites in the lattice were involved in the first stage while interior electrons were transported through Fe(II)-Fe(III) domains to the edge in order to regenerate Fe(II) sites which were involved in the second stage of the oxidation process. This study showed that the oxidation of TCE under oxic conditions were much faster than its reduction under anoxic conditions uncovering the intrinsic potential of subsurface sediments to remove contaminants when disturbed due to natural processes or human activities.

The systematic analysis of the parameters influencing the oxidation of contaminants is essential to the development of novel remediation processes based on Fe(II)-bearing minerals. In this context, Zeng et al. also developed a study involving nontronite NAu-2 but a cyclic ether compound as a model pollutant, 1,4-dioxane [START_REF] Zeng | Degradation of 1, 4-Dioxane by Hydroxyl Radicals Produced from Clay Minerals[END_REF]. In this study, the authors focused on proposing an efficient protocol for in situ remediation of contaminated water associating Fe(II)-containing clay minerals under dark and neutral conditions. In this context, the authors further investigated parameters influencing the generation of •OH radicals and then the oxidation of 1,4-dioxane under environmental conditions, such as mineral type, mineral dosage and composition of buffer solution. Among montmorillonite (SWy-2), rectorite (RAr-1), illite (IMt-2) and nontronite (NAu-2), the minerals from the smectite group, montmorillonite and nontronite, were considered more advantageous to be used as a catalyst due to the possibility of continuous generation of •OH radicals. Moreover, the reactive Fe(II) sites in nontronite were prone to regeneration following chemical or biological treatment for reduction of structural Fe(III) to Fe(II). However, the authors observed a progressive decrease in the efficiency upon reuse when •OH radicals were generated by chemically reduced nontronite. The opposite was observed for biologically reduced nontronite. In addition, the shifting of absorption bands observed in FTIR spectra as well as the aspect of crystals observed with SEM before and after use and reuse indicated that the greater extent of reduction obtained by chemical treatment caused irreversible structural changes. This changes reduced the efficiency of nontronite to generate •OH radicals. Yet, the authors considered that constant regeneration of catalyst was more advantageous than high dosage as a consequence of the competition of structural Fe(II) with 1,4-dioxane for •OH radicals. As for the mechanism, the authors proposed that structural Fe(II) occupying edge sites were primarily involved in the reduction of O 2 and then in the oxidation of 1,4-dioxane since the presence of phosphate and citrate in solution increased the generation of •OH radicals by nontronite. Phosphate and citrate are chelating agents capable to strongly adsorb on edge sites upon incorporation of the structural hydroxyl group as a ligand. Then, this observation was interpreted as an evidence that the competitive adsorption of phosphate and citrate on the edges sites favored desorption of •OH radicals in solution. Later, the same group of researchers published a subsequent study using •OH radicals generated by reduced nontronite NAu-2 in phosphate buffer under slightly acidic conditions (pH 6.5) in order to decrease the chemical oxygen demand (COD) of complex wastewater resulting from coking [START_REF] Zhou | Chemical Oxygen Demand (COD) Removal from Bio-Treated Coking Wastewater by Hydroxyl Radicals Produced from a Reduced Clay Mineral[END_REF].

In this study, other parameters of wastewater were considered such as pH and cooccurrence of other organic pollutants [START_REF] Zhou | Chemical Oxygen Demand (COD) Removal from Bio-Treated Coking Wastewater by Hydroxyl Radicals Produced from a Reduced Clay Mineral[END_REF]. The authors evaluated the convenience of a sequential treatment associating the treatment with chemically reduced NAu-2 and pre-or post-treatment with microbes in order to improve COD removal from effluents. As for pH, the COD removal was 49% and 29% in phosphate buffer under pH 6.5 and 8.2, respectively, after treatment with reduced NAu-2 for 15 days. The authors also investigated the composition of coking wastewater before and after the treatment in order to define which contaminants were more susceptible to be degraded by •OH radicals. Before treatment, the coking wastewater contained mostly aromatic protein-like and humic-like compounds being the latter less susceptible to degradation than aromatic protein-like compounds. This observation was attributed to the higher reaction rate between •OH radicals and unsaturated bonds C=C in comparison to saturated bonds C-C. Then, the coupling of both chemical and biological treatment was proposed in order to increase the obtained COD removal. The sequence biological-chemical was more effective than the chemical-biological resulting in a COD removal of 39.3% and 15.8%, respectively after seven days of treatment in each procedure adding up to 14 days. This observation was related to the nonselective oxidation promoted by •OH radicals that depleted biodegradable compounds and possibly resulted in by-products that are not metabolized or even toxic to the microbes involved in the biological treatment. After treatment, the oxidized nontronite was re-reduced and reused in order to investigate stability of such mineral as a heterogeneous catalyst. The COD removal decreased from 59% to 49% for NAu-2 re-reduced two times and remained 49% for NAu-2 re-reduced three times after cycles of 120 h. This slight reduction in efficiency was attributed to irreversible structural changes, such as dehydroxylation, that resulted from chemical reduction of NAu-2, as mentioned previously.

The studies discussed in this topic exposed the recent advances in the use of iron-rich clay minerals as a catalyst in the heterogeneous Fenton process for degradation of pollutants in water. The urgency behind this research field compelled a relatively fast progress from basic to applied research in the literature. However, further studies are needed, mainly on the use of naturally abundant clay minerals as catalysts for in situ remediation of water and soil based on the heterogeneous Fenton process without supplying H 2 O 2 or light.

Future Perspectives and Challenges

The composition of industrial wastewater may require the use of specific systems to treat or eliminate permanent pollutants. Due to changes in the regulatory framework and to the operational cost of these systems (thermal or physical), the development of a new low-cost process is necessary. From an operational point of view, the main challenges that companies are facing are the densification of the treatment systems, their control and efficiency, and the reduction of their operating cost (energy, staff, supplies, waste management). This can be achieved if the nonbiodegradable fraction of the wastewater becomes biodegradable. Then the pretreated wastewater can be sent to a conventional sewage treatment plant. As it has been shown in this review, the electro-Fenton process has many advantages as pretreatment for specific industrial wastewaters.

In this frame, the development of novel electrode materials acting simultaneously as a heterogeneous catalyst and electrode is trending as a possible way to decrease implementation and operational costs. Clay minerals appear as a promising candidate for heterogeneous catalyst because Fe(III) atoms are within the octahedral sheet and tend to remain there after reduction and reoxidation throughout the treatment. This behavior favors a heterogeneous mechanism of catalysis, and the reuse of the catalyst in several treatments [START_REF] Huang | Coupling Quinoline Degradation with Fe Redox in Clay Minerals: A Strategy Integrating Biological and Physicochemical Processes[END_REF][START_REF] Zeng | Degradation of 1, 4-Dioxane by Hydroxyl Radicals Produced from Clay Minerals[END_REF]. The coating of the cathode with iron-rich clay minerals combines the convenience of the treatment at circumneutral pH provided by heterogeneous process with the in situ generation of H 2 O 2 provided by the electro-Fenton process. The most recent studies in this topic have been critically discussed in this review. The novel composite electrodes based on clay minerals referred to as "particle electrodes" were considered solely as heterogeneous catalyst due to the lack of contact of the particles with the current supply. Therefore, to date, few studies have used clay-modified electrodes in the heterogeneous electro-Fenton process. In these few studies, the efficiency of clay-modified electrodes in the removal of organic pollutants was mainly associated with iron ions leached from the structure due to acidic pH conditions. Besides, high current intensities and long electrolysis were required at circumneutral pH, which are not feasible operational conditions at large scale. The poor performance of clay-modified electrodes may be attributed to structural Fe(III) that poorly catalyze the decomposition of H 2 O 2 into •OH radical. Thus, the reduction of structural Fe(III) to Fe(II) is key for the performance of iron-rich clay minerals as a heterogeneous catalyst [101,102]. Several studies also discussed in this review have shown that electrons are not directly transferred from the electrode to lattice and the electrochemical reduction of structural Fe(III) is not observed in clay-modified electrodes. For this reason, electron transfer mediators should be associated with clay-modified electrodes in order to assure their performance. However, their use has been neglected in the recent studies.

Therefore, the upcoming studies in the field should focus on detailing the (1) electrochemical properties of clay-modified electrodes (e.g., cyclic voltammetry and conductivity measurements), ( 2) the mechanical and chemical resistance of clay-modified electrodes to long-term use in the heterogeneous electro-Fenton process, (3) the efficiency related to homogeneous and heterogeneous process during electrolysis, ( 4) the performance at circumneutral pH in order to avoid adjustment of pH, ( 5) candidates for electron transfer mediators using either photo-or electrochemistry for the reduction of structural Fe(III) in Fe(II), and ( 6) the feasibility of large-scale production of proposed materials.

The use of clay-modified electrodes in the presence of electron transfer mediators for the removal of organic pollutants by the heterogeneous electro-Fenton process is considered as a promising research topic in the field. Besides, the use of specific anode materials may allow the electromediated oxidation of pollutants and, as a consequence, further enhance the performance of heterogeneous electro-Fenton systems. At last, the coupling of such heterogeneous electro-Fenton processes with a biological treatment is seen as the most cost-effective treatment for mineralization of pollutants in industrial wastewater. The improvement and the adaptation of this system to the industrial scale is still under development, but the last developments have shown how the electro-Fenton process is adaptable, compact and efficient. The first dimensioning of an industrial electro-Fenton process will be necessary to evaluate the economic viability of this system, before considering its deployment on a larger scale.
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 1 Figure 1. Simplified scheme of the industrial wastewater treatment cycle (European Environment Agency 2019)

Figure 2 .

 2 Figure 2. Scheme of the formation of iodinated byproducts (IDBPs) from iodinated X-ray contrast medium (ICM) during the disinfection of drinking water.

Figure 3 .

 3 Figure 3. The publications under the topic "wastewater treatment" within all databases of Web of Science ordered by publication year.

  (left) and Figure 4 (right), respectively, along with the corresponding general chemical formulas. TET [5H6C-HN(CH2)3Si-Si]8 OCT [Mg]6O16(OH)4 TET [5H6C-HN(CH2)3Si-Si]8 OCT [Fe(III)]4O16(OH)4

Figure 4 .

 4 Figure 4. Scheme of the talc-like structure with trioctahedral arrangement (left) and the theoretical iron-rich talc-like structure with a dioctahedral arrangement (right).

Figure 5 .

 5 Figure 5. The aspect of the reaction medium related to the material prepared in the condition 25% Fe(III) with iron nitrate and magnesium chloride.

Figure 6 .

 6 Figure 6. The aspect of the reaction medium related to the material prepared in the condition 100% Fe(III) with an aqueous solution of NaOH and iron nitrate.
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 9 Figure 9. The aspect of experimental system used in the up-to-date synthesis with Propyl-NH2.

Figure 10 .

 10 Figure 10. The aspect of experimental system used in the up-to-date studies with NH-phenyl.

Figure 11 .

 11 Figure 11. The aspect of experimental system used to the dropwise addition of an aqueous solution of NaOH in the presence of carbon felt.

First, 20

 20 Figure 12 (left). After 2 min, the piece of carbon felt previously treated under conditions described in 2.4.1 was immersed into the reaction medium under stirring for 5 min as shown in Figure12(right).

Figure 13 .

 13 Figure 13. Example of electrochemical cell with a three electrode configuration in which (W) corresponds to the working electrode, (R) to the reference electrode and (C) to the counter electrode (Adapted from[START_REF] Marken | Part II.1 Electroanalytical Techniques: Cyclic Voltammetry[END_REF]).

Figure 14 .

 14 Figure 14. The potential program used in the cyclic voltammetry experiments performed in this study. The current flow between the working and counter electrode is measured while the potential is varied over time. Therefore, the responses are represented as a current-potential curve in a plot of the current (I) as a function of the potential (E), which is referred to as voltammogram (Jońca 2012). The variation of the current flow indicates an electron-transfer reaction in the interface working electrode-solution and thus the reduction/oxidation of the analyte (Lemaire 1996; Bitar 2014; Graham 2018). The molar fraction of the analyte as a function of the distance from the working electrode is shown along with the current-potential curves at different points of the voltammogram in Figure 15. The blue line is related to the molar fraction of the analyte (X) and the red line is related to the molar fraction of the respective redox-analyte (X +/-). The electron transfer reaction related to the reduction or oxidation of X initiates when the response deviates from the baseline as shown in Figure 15.2. The potential observed at the deviation is referred to as the onset potential. From this

Figure 15 .

 15 Figure 15. The current-potential curves and respective molar fraction of the analyte as a function of the distance of the electrode at different points of the voltammogram (Graham 2018).

Figure 16 .

 16 Figure 16. The three-electrode system used in the cyclic voltammetry experiments with emphasis on the stainless-steel mesh used to support carbon felt pieces.

  ADVANCE A25 from Bruker in Bragg-Brentano reflexion geometry θ -θ with goniometer radius of 280 mm from PANalytical. The radiation Kα1,2 of Cu was generated using power of 40 kV and current of 40 mA. The diffractometer was equipped with a LynxEye XE-T high resolution energy dispersive 1-D detector (ie: energy resolution <380 eV at 8 keV), a motorized anti-scatter screen and a robotic sample handler. Optical components were limited to two Soller slits (2.5°) for primary and secondary optics and motorized divergence slits. The stored powder was dried at 60°C for at least 12 h before being compacted inside the sample holder using side-loading technique. The diffractograms were acquired under variable divergence slits mode using irradiated sample length of 15 mm, angular area of 3-70°2θ, step size of 0.017°2θ in which the time per step was 1.8 s that resulted in a total acquisition time of 2 h. Besides, the sample holder rotated at 5 rpm during analysis. The Bragg's Law showed in Equation 1 allowed the distance between atomic planes (d) to be determined based on the diffraction angle of observed planes and the wavelength of X-radiation Kα from copper (Cu)

  investigated with a micro-Raman confocal spectrometer LabRAM 300 from Horiba equipped with a CCD detector. The 50x objective lens LMPlanFL N from Olympus was used for viewing the sample and focusing the laser beam (532 nm) generated by the laser Compass 315M-50 from Coherent in a spot with size of approximately 15 µm. The laser beam was filtered in order to attenuate 10x (D1 filter) or 100x (D2 filter) the laser power of 15 mW in order to limit fluorescence emission and phase transformation in the sample. The greater laser power (~1.5 mW) enlarged the fluorescence emission

Figure 4 (

 4 Figure 4 (right) was further considered in this study in view of the prevalence of dioctahedral structures in natural iron-rich clay minerals, such as nontronite (Cipriano Crapina et al. 2021). Then, the synthesis procedure previously described in the literature under Si/Fe molar ratio of 2 was adapted to be performed in this study (Y.-C. Lee, Huh, et al. 2013).

Figure 17 .

 17 Figure 17. X-ray diffractograms of IOLM prepared with magnesium (0% Fe(III)) or iron (III) (100% Fe(III)) as metal cations.

Figure 19 .

 19 Figure 19. The aspect of the supernatant obtained for conditions 0% Fe(III) (right) and 100% Fe(III) (left) upon isolation of the solid phase by centrifugation.

  and elsewhere (Wooyong Um 2014) were particularly similar to the ones observed in Figure 17. Noteworthy, the classification 2-line and 6-line refers to the number of peaks observed in the powder X-ray diffratogram of ferrihydrite. The 6-line ferrihydrite is related to a dominant double hexagonal crystal structure that represents approximately 50% of 2-line ferrihydrite while the remaining percentage is related to other disordered mineral phases (Mazzetti and Thistlethwaite 2002; Kukkadapu et al. 2003; Sklute et al. 2018).

Figure 20 .

 20 Figure 20. Powder X-ray diffractogram of iron oxides and oxyhydroxides acquired using Co Kα radiation (Cornell and Schwertmann 2003b).

Figure 21 .

 21 Figure 21. Powder X-ray diffractogram observed for 2-line ferrihydrite using Cu Kα radiation (adapted from Drits et al. 1993) compared to the one observed for Fe(III)-IOLM.

Figure 22 .

 22 Figure 22. Raman spectra of Fe(III)-IOLM acquired without (position 1) and with (position 2 and 3) noise reduction tool of software compared to Raman spectrum of natural nontronite available in the RRUFF database (RRUFF ID: R070286) (left) Raman spectra of Fe(III)-IOLM acquired without (position 1) and with (position 2) noise reduction tool of software at H2O/OH spectral range (right).

Figure 23 .

 23 Figure 23. X-ray diffractograms of 0% and 100% Fe(III)-IOLM and respective repetitions.

Figure 24 .

 24 Figure 24. X-ray diffractograms of Fe(III)-IOLM compared to the one prepared in the presence of Mg (100% Fe(III)/10% Mg).

Figure 25 .

 25 Figure 25. The aspect of Fe(III)-rich IOLM powder materials.

Figure 26 .

 26 Figure 26. X-ray diffractograms of iron-rich IOLM prepared with different Fe(III)/Mg molar ratios.

Figure 27 .

 27 Figure 27. FTIR spectra of iron-rich IOLM prepared with different Fe(III)/Mg molar ratios.

Figure 28 .

 28 Figure 28. X-ray diffractograms of solid phase in the supernatant compared to respective iron-rich IOLM and Fe(III)-IOLM.

Figure 29 .

 29 Figure 29. X-ray diffractograms of IOLM prepared with either magnesium chloride (0% Fe(III)/Cl) or nitrate (0% Fe(III)/NO3).

Figure 30 .

 30 Figure 30. X-ray diffractograms of IOLM prepared with either iron(III) chloride (100% Fe(III)/Cl) or nitrate (100% Fe(III)/NO3).

Figure 32 .

 32 Figure 32. X-ray diffractograms of iron-rich IOLM prepared with different molar ratios between magnesium and iron (III) chloride (Fe(III),Mg/Cl) or magnesium nitrate and iron (III) chloride (Fe(III)/Cl).

Figure 33 .Figure 34 .

 3334 Figure 33. X-ray diffractograms of iron-rich IOLM prepared with different molar ratios between magnesium nitrate and iron (III) chloride (Fe(III)/Cl) or magnesium chloride and iron (III) nitrate (Fe(III)/NO3).The contribution of the chloride ions in the reaction medium to the reflections observed for the conditions Fe(III) and Fe(III)/Cl was emphasized with the comparison of the X-ray diffractograms related to the materials prepared in the conditions Fe(III)/NO3 and Fe(III),Mg/NO3 that are shown in Figure34. The reflections observed for these materials were similar except for the minor shift in position of the (001) reflection related to the material prepared in the condition 50% Fe(III),Mg/NO3.

  (3aminopropyl)triethoxysilane has been widely used in the preparation of talc-like structures[START_REF] Datta | Aminoclay: A Functional Layered Material with Multifaceted Applications[END_REF][START_REF] Bui | Aminoclays for Biological and Environmental Applications: An Updated Review[END_REF]. The molecular structure of this trialkoxysilane hereafter referred to as Propyl-NH2 is shown in Figure35. Besides, the Propyl-NH2 was previously used in the preparation a talc-like structure that incorporated Fe(III) instead of Mg and thus referred to as Fe-aminoclay. The preparation of Fe-aminoclay was adapted to be performed in this study as previously mentioned in this chapter (Y.-C.[START_REF] Lee | Water-Soluble Organo-Building Blocks of Aminoclay as a Soil-Flushing Agent for Heavy Metal Contaminated Soil[END_REF] Y.-C. Lee et al. 2012;Y.-C. Lee, Huh, et al. 2013;[START_REF] Lee | Self-Assembled Graphene Oxide with Organo-Building Blocks of Fe-Aminoclay for Heterogeneous Fenton-like Reaction at near-Neutral PH: A Batch Experiment[END_REF][START_REF] Lee | Effective Peroxidase-like Activity of a Water-Solubilized Fe-Aminoclay for Use Inimmunoassay[END_REF] J.-Y. Lee et al. 

Figure 35 .

 35 Figure 35. Molecular structure of (3-Aminopropyl)triethoxysilane or APTES (Propyl-NH2).

Figure 36 .

 36 Figure 36. Molecular structure of (left) N-propyl]aniline (NH-phenyl) and (right) N-Methylaminopropyltrimethoxysilane (NH-methyl).

Figure 38 .

 38 Figure 38. X-ray diffractograms of talc-like materials prepared with NH-phenyl and a NaOH solution in water (NaOH/H2O) or ethanol (NaOH/EtOH) along with the XRD pattern of sodium chloride (NaCl) identified as an impurity. The FTIR spectra of materials prepared with NH-phenyl in the conditions NaOH/H2O and NaOH/EtOH are shown in Figure 39. The appearance of bands related to the stretching vibration of C-H and C-C bonds in the aromatic ring at 3090/3046/3012 and 1602/1506 cm -1 , respectively, indicated the presence of phenyl groups in the material. Besides, the bands related to the vibration of aliphatic C-Hand C-N bonds at 2930 cm -1 and 1257 cm -1 , respectively, corroborated with the presence of the alkyl amino functionalities associated to NH-phenyl. Most importantly, the band related to the vibration of Si-C bonds at 1118 cm -1 confirmed that such moieties were anchored to the tetrahedral sheets.

Figure 39 .

 39 Figure 39. FTIR spectra of talc-like materials prepared with NH-phenyl and a NaOH solution in water (NaOH/H2O) or ethanol (NaOH/EtOH).

Figure 40 .

 40 Figure 40. The aspect of the materials prepared with NH-phenyl and a NaOH solution in water (NaOH/H2O) or ethanol (NaOH/EtOH).

Figure 41 .

 41 Figure 41. X-ray diffractograms of talc-like materials prepared with Propyl-NH2 or NH-phenyl.

Figure 42 .

 42 Figure 42. X-ray diffractograms of Fe(III)-IOLM prepared with NH-phenyl using nitrate as a counter-ion at different pH.

Figure 43 . 8 Å 90 Figure 44 .

 4389044 Figure 43. The aspect of the materials prepared with NH-phenyl at different pH.The X-ray diffractograms related to the materials prepared with NH-phenyl and Propyl-NH2 in the condition 100% Fe(III) were compared in Figure44. The broader shape of reflections related to NHphenyl indicated greater structural disorder in comparison to Propyl-NH2 and other talc-like structures in the literature[START_REF] Claverie | Synthetic Talc and Talc-Like Structures: Preparation, Features and Applications[END_REF]). However, the shift in the position of reflections aside from (060,330) was expected in view of the presence of difference moieties in the interlayer space and corroborated with observations reported previously for material prepared with NH-phenyl in the condition 0% Fe(III). The dimension related to (001) reflection (d001) was calculated to be 21.8 Å with Bragg's Law. This dimension was 4 Å longer than the one observed for the material prepared in condition 0% Fe(III). This observation uncovered a different organization of the layers in the condition 100% Fe(III) possibly due to the different arrangement of the octahedral sheet in this condition.

Figure 45 .

 45 Figure 45. Molecular structure of 4-Aminobutyltriethoxysilane (Butyl-NH2).

Figure 46 .

 46 Figure 46. X-ray diffractograms of talc-like materials prepared with Butyl or Propyl-NH2.

Figure 47 .

 47 Figure 47. The aspect of the materials prepared with Propyl-NH2 or Butyl-NH2.

Figure 48 .

 48 Figure 48. FTIR spectra of talc-like materials prepared with Propyl or Butyl-NH2.

Figure 49 .

 49 Figure 49. SEM images of fibers located in the interior (left) and on the surface (right) of the carbon felt piece.

Figure 50 .

 50 Figure 50. SEM image of fibers within pristine carbon felt used for EDX analysis and respective areal distribution of the most abundant elements.

Figure 51 .

 51 Figure 51. Emission spectrum related to the surface of the pristine carbon felt observed at Figure 50.

Figure 52 .

 52 Figure 52. SEM images of fibers within composites obtained under the same conditions as Fe(III)-rich IOLM (1 st synthesis)

LocationFigure 54 .

 54 Figure 54. SEM images of fibers within composites obtained under adjusted experimental procedure (2 nd synthesis).
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 5556 Figure 55. SEM images of fibers within composites prepared with different Fe(III)/Mg molar ratios in 40 mL of reaction medium. The image of fibers in the interior of the piece prepared in condition 25% Fe(III) were obtained at magnification of x2000 instead of x4000.

Figure 57 .

 57 Figure 57. SEM image of pristine carbon felt fibers compared to fibers within the composite prepared with Propyl-NH2 in condition 100% Fe(III).

Figure 59 .

 59 Figure 59. SEM images of fibers within the composites prepared with Propyl-NH2 in different Fe(III)/Mg molar ratios. The image of fibers in the interior of the piece prepared in condition 25% and 75% Fe(III) were obtained at magnification of x2000 instead of x4000.

Figure 60 .

 60 Figure 60. SEM image of pristine carbon felt fibers compared to fibers within composite prepared with NH-phenyl in condition 100% Fe(III).

Figure 61 .

 61 Figure 61. The aspect of the final piece and the fibers within composites prepared with NH-phenyl at different pH. The images of fibers in the interior of the piece were obtained at magnification of x2000 instead of x4000. The image of fibers on the surface of the piece prepared in pH 9.5 was obtained at magnification of x2000 instead of x500.

Figure 62 .

 62 Figure 62. SEM image of fibers within composite prepared with NH-phenyl in condition 100% Fe(III) under pH 9.5 used for EDX analysis and respective areal distribution of the most relevant elements

Figure 64 .

 64 Figure 64. The aspect of the transversal section of the composite prepared with NH-phenyl in condition 0% Fe(III).

Figure 65 .

 65 Figure 65. SEM image of fibers in and out the visible area observed in the transversal section of composite prepared with NH-phenyl in condition 0% Fe(III).

Figure 66 .

 66 Figure 66. SEM images of fibers in and out the visible area observed in the transversal section of composite prepared with NH-phenyl in condition 25% and 50% Fe(III).

Figure 67 (

 67  while separated inFigure 67 (bottom). Noteworthy, the elemental mapping of other elements observed in the spectrum are shown in Figure143, which was included in the annex.Interestingly, the material condensed as individual particles corresponded to a magnesium-rich silicate. This observation was interpreted as an evidence of the preferential condensation of iron-rich silicates in consideration of the elemental mapping of silicon, iron and magnesium related to the material coating the fibers out of the visible area. Therefore, the smooth, thin and continuous coating was attributed to iron-rich silicates. Hereafter, the fibers located out of the visible area were further considered in this chapter in view of the focus on the preparation of carbon felt fibers coated with Fe(III)-rich IOLM in this study.
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 67 Figure 67. SEM image of fibers within composite prepared with NH-phenyl in condition 25% Fe(III) used for EDX analysis and respective areal distribution of the most relevant elements.

Figure 68 .

 68 Figure 68. Emission spectrum related to the analyze of the composite surface observed at Figure 67.

Figure 69 .Figure 70 .

 6970 Figure 69. The aspect of composites prepared with NH-phenyl in different Fe(III)/Mg molar ratios.

  with O2 plasma technology in order to create C-O bonds and thus hydroxyl (OH) groups in the surface of the fibers. The pre-treatment time was investigated while the potency and the pressure were 40 W and 1 mbar, respectively. The atomic percentage of O 1s on the surface of carbon felt fibers was determined by XPS. The different treatment times were correlated with the atomic percentage of O 1s and the variation of mass observed for the carbon felt pieces in Figure 71. The significant mass loss observed when the pre-treatment was performed for more than 8 min indicated surface etching with the reaction of active species in the plasma with fibers (Kahoush et al. 2019; Gravis, Moisan, and Poncin-Epaillard 2020). However, the compromise between atomic percentage of O 1s and mass of the piece was considered justifiable between 2 and 8 min. Therefore, the pretreatment was performed for as long as 4 min hereafter in this study.

Figure 71 .

 71 Figure 71. The atomic percentage of O 1s on the surface correlated with the mass of carbon felt piece after different treatment times.

Figure 72 .

 72 Figure 72. The wide-scan spectrum of non-treated carbon felt (top) against treated carbon felt (bottom)

Figure 73 .

 73 Figure 73. Molecular structure of 1,4-Bis-(triethoxysilyl)benzene (dipodal silane).

Figure 74 .

 74 Figure 74. Scheme of the condensation reaction behind 1,4-Bis-(triethoxysilyl)benzene and the surface of pre-treated carbon felt (adapted from (Arkles et al. 2014))

Figure 75 .

 75 Figure 75. The wide-scan spectrum of silylated carbon felt without (top) or with (bottom) contact with the reaction medium prior to the addition of the dipodal silane.

Figure 76 .

 76 Figure 76. SEM images of fibers within pristine carbon felt compared to these within the silanol-terminated carbon felt piece.

Figure 77 .

 77 Figure 77. SEM image of silanol-terminated carbon felt fibers compared to fibers within composite prepared with Propyl-NH2 in condition 25% Fe(III) with pre-treated carbon felt.

Figure 78 .

 78 Figure 78. The thickness of material on the fibers within composite prepared with Propyl-NH2 in condition 25% Fe(III) with pre-treated carbon felt.

Figure 79 .

 79 Figure 79. The aspect of the final piece and the fibers within composites prepared with Propyl-NH2 in condition 25% Fe(III) with pristine or pre-treated carbon felt. The images of fibers in the interior of the piece were obtained at magnification of x2000 instead of 4000x.
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 8081 Figure 80. The aspect of composites prepared with pre-treated carbon felt and Propyl-NH2 in different Fe(III)/Mg molar ratios.

Figure 82 .

 82 Figure 82. SEM image of silanol-terminated carbon felt fibers compared to fibers within composite prepared with NH-phenyl in condition 25% Fe(III) with pre-treated carbon felt.

Figure 83 .

 83 Figure 83. The aspect of the final piece and the fibers within composites prepared with NH-phenyl in condition 25% Fe(III) with pristine or pre-treated carbon felt.
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 848586 Figure 84. The aspect of composites prepared with pristine or pre-treated carbon felt and NH-phenyl in different Fe(III)/Mg molar ratios.

Figure 87 .

 87 Figure 87. SEM image of fibers within composite prepared with NH-phenyl in condition 50% Fe(III) with pre-treated carbon felt used for EDX analysis and respective areal distribution of the most relevant elements.

Figure 88 .

 88 Figure 88. Emission spectrum related to the surface of the composite observed at Figure 87.

Figure 89 .

 89 Figure 89. Example of the representation of a cyclic voltammogram in this study.

Figure 90 .

 90 Figure 90. Cyclic voltammogram of pristine carbon felt obtained in electrolyte at pH 7.

Figure 91 .

 91 Figure 91. Cyclic voltammograms of the pristine carbon felt pieces (1), (2) and (3) and reused of pristine carbon felt piece[START_REF]Industrial Waste Water Treatment-Pressures on Europe's Environment[END_REF]. in electrolyte at pH 7.

Figure 92 .

 92 Figure 92. Cyclic voltammograms of the pristine carbon felt in the presence of iron(III) ions in the electrolyte at pH 3.

Figure 93 .

 93 Figure 93. Cyclic voltammograms of the pristine carbon felt from different manufacturers in the presence of iron(III) ions in the electrolyte at pH 3 These observations encouraged the investigation of iron ions in the oxidation state (II) in order to confirm irreversibility of Fe(II)/Fe(III) system in the conditions of this study. Noteworthy, iron (II) sulfate was used instead of iron (II) nitrate since the latter was unavailable in the laboratory. The current-potential curves of pristine carbon felt in the presence of iron ions in the oxidation state (II) or (III) are shown in Figure 94. In this case, only the curves related to the first and the last scan were compared for simplicity reasons. The comparison of the curves related to the first scan confirmed

Figure 94 .

 94 Figure 94. The first (top) and last (bottom) cyclic voltammograms of the pristine carbon felt in the presence of iron(II) or (III) ions in the electrolyte at pH 3.

Figure 95 .

 95 Figure 95. Cyclic voltammograms of the pristine carbon felt in the presence of iron(III) ions in the electrolyte at pH 7.Primary amino: Propyl-NH2The current-potential curves related to carbon felt modified with material prepared with Propyl-NH2 as alkoxysilane in the condition 100% Fe(III) are shown in Figure96. The cathodic peak observed at -0.26 V/SCE was possibly related to Fe(III) ions released from the material in the electrolyte solution in consideration of the response observed for pristine carbon felt in the presence of iron ions previously shown in Figure92. The shift in the peak potential from -0.17 V/SCE to -0.26 V/SCE was possibly related to the difference in the pH of the electrolyte solution used in these experiments. Besides, the visible release of material from the electrode to the electrolyte solution corroborated with the

Figure 96 .

 96 Figure 96. Cyclic voltammograms of the carbon felt modified with material prepared with Propyl-NH2 in the condition 100% Fe(III).

  the material prepared with Propyl-NH2 was anticipated in previous studies in the literature and thus confirmed during the CV experiments in this study (Y.-C. Lee, Chang, et al. 2013).

Figure 97 .

 97 Figure 97. Cyclic voltammograms of the carbon felt modified with material prepared with Propyl-NH2 in the condition 100% Fe(III) and subsequent reused of this electrode in fresh electrolyte solutions (2) and (3) in another potential range.

  Secondary amino: NH-phenylThe behavior of carbon felt modified with material prepared with Propyl-NH2 in water encouraged the use of other alkoxysilanes in view of the future application in the heterogeneous electro-Fenton process. Then, the carbon felt was modified with material prepared with NH-phenyl, which showed alkyl chains in the same length along with a secondary instead of a primary amino group in order to avoid the hydration of the interlayer space[START_REF] Speight | Water Chemistry[END_REF]). The current-potential curves of carbon felt modified with material prepared with either Propyl-NH2 or NH-phenyl as alkoxysilane in the condition 100% Fe(III) are shown in Figure98. The curves observed scan-to-scan for NH-phenyl were similar and thus indicated that the surface of the electrode remained relatively stable in between scans (K. J.[START_REF] Lee | On Decomposition, Degradation, and Voltammetric Deviation: The Electrochemist's Field Guide to Identifying Precatalyst Transformation[END_REF]. This observation was possibly related to the resistance of the material prepared with NH-phenyl to delamination in water in consideration of the absence of the cathodic peak at -0.26 V/SCE previously attributed to Fe(III) ions in the electrolyte solution for Propyl-Chapter V -Application of composites in heterogeneous electro -Fenton process 156 NH2. Indeed, the clear aspect of the electrolyte solution in which the concentration of iron ions was below the detection limit (BDL) confirmed the resistance of the material prepared with NH-phenyl to delamination in water as shown in Table

Figure 98 .

 98 Figure 98. Cyclic voltammograms of carbon felt modified with material prepared either Propyl-NH2 or NH-phenyl in the condition 100% Fe(III).

Figure 99 .

 99 Figure 99. Cyclic voltammograms of carbon felt modified with material prepared NH-phenyl in the condition 0%, 25%, 50% and 75% Fe(III).

Figure 100 .

 100 Figure 100. Cyclic voltammogram from the last scan of pristine carbon felt and carbon felt modified with material prepared NH-phenyl in the conditions 0%, 25%, 50%, 75% or 100% Fe(III).

Figure 101 .

 101 Figure 101. The 1 st derivative of the cyclic voltammogram from the last scan of pristine carbon felt and carbon felt modified with material prepared NH-phenyl in the conditions 0% or 100% Fe(III).Indeed, the material prepared in the condition 0% Fe(III) resulted in superior coverage of the carbon felt fibers located at the surface than the material prepared in the condition 100% Fe(III) as shown in Figure102. This observation evidenced that the electrochemical response observed for the modified electrodes prepared in this study was considerably influenced by the coverage of the fibers located at the surface. Besides, the octahedral arrangement of the structure was expected to influence the electrochemical performance of the materials proposed in this study in consideration of previous studies in literature. For instance, the electron transfer from structural Fe(II) to O2 was previously reported to involve the edge sites of nontronite (NAu-2)(Yuan et al. 2018). The authors emphasized that dioctahedral Fe(II)-Fe(II) domains slowly oxidized in comparison to trioctahedral Fe(II)-Fe(II)-Fe(II) domains in the structure of nontronite (NAu-2). The slow oxidation rate of dioctahedral Fe(II)-

Figure 103 .

 103 Figure 103. Cyclic voltammograms of carbon felt modified with material prepared with NH-phenyl in the condition 100% in the presence and absence of H2O2.

Figure 104 .

 104 Figure 104. Cyclic voltammograms of carbon felt modified with material prepared with NH-phenyl in the condition 100% compared to the condition 0% Fe(III) (right) or pristine carbon felt (left)in the presence of H2O2

Figure 105 .

 105 Figure 105. Cyclic voltammograms of the carbon felt modified with material prepared with NH-phenyl in the condition 100% Fe(III) and subsequent reused of this electrode in fresh electrolyte solutions (2) and (3) in another potential range.

Figure 106 .

 106 Figure 106. Cyclic voltammograms of carbon felt modified with material prepared with NH-phenyl in the conditions 0% or 100% Fe(III) in another potential range.

Figure 107 .

 107 Figure 107. Cyclic voltammograms of pristine carbon felt pre-treated with O2 plasma (PT) and carbon felt pre-treated with O2 plasma then treated with dipodal silane (PT-T).

Figure 108 .

 108 Figure 108. Cyclic voltammograms of non-treated and pre-treated carbon felt modified with material prepared with Propyl-NH2 in condition 100% Fe(III).

Figure 109 .

 109 Figure 109. Cyclic voltammograms of non-treated and pre-treated carbon felt modified with material prepared with NHphenyl in condition 100% Fe(III).

  et al. 2020; 2021). Besides, previous studies uncovered that the disinfection performed in the treatment of drinking water resulted in the degradation of iodinated contrast media into toxic byproducts (W.Zhang et al. 2021). Therefore, the risk of accumulation of iodinated contrast media in the environment as well as their potential transformation in toxic pollutants encouraged the use of iohexol in the investigation of innovative wastewater treatments, in particular these based on electrochemical processes.

Figure 110 .

 110 Figure 110. Molecular structure of iohexol (W.Zhang et al. 2021) 

Figure 111 .Figure 113 .

 111113 Figure111. Cyclic voltammograms of the pristine carbon felt in the absence and presence of 0.5 mM of MV +2 in the potential range between -0.9 V and +0.8 V.

  Figure114. This observation possibly indicated a slow reaction kinetics between structural Fe(III) and MV+• as reported in a previous study[START_REF] Fontmorin | Couplage entre un procédé électrochimique et un traitement biologique pour la dégradation de composés organiques persistants[END_REF]).

Figure 114 .Figure 115 .

 114115 Figure 114. Cyclic voltammograms related to the 5 th scan of the pristine carbon felt and carbon felt modified with material prepared in the conditions 0% Fe(III) or 100% Fe(III) in the presence of 0.5 mM of MV +2 .

Figure 116 .

 116 Figure 116. Cyclic voltammograms related to the 5 th scan of the pristine carbon felt and carbon felt modified with material prepared in the conditions 25% Fe(III) or 100% Fe(III) in the presence of 0.5 mM of MV +2 .

Figure 118 .

 118 Figure 118. Cyclic voltammograms related to the 5 th scan of the carbon felt modified with material prepared in the condition 100% Fe(III) measured with different scan rates.

Figure 119 .

 119 Figure 119. The relationship between the anodic peak potentials observed in the current-potential curves of carbon felt modified with material prepared in the condition 100% Fe(III) and the square root of the respective scan rates.

Figure 120 .

 120 Figure120. The relationship between the anodic peak potentials observed in the current-potential curves of carbon felt modified with material prepared in the condition 100% Fe(III) and the logarithm of the respective scan rates.

  • near the working electrode and thus the response related to the anodic peak. Besides, the electro-reduction of H2O2 observed as a cathodic peak around -0.45 V/SCE possibly increased the response observed for the Chapter V -Application of composites in heterogeneous electro -Fenton process 200 cathodic peak related to MV +2 . The fast electron transfer reaction observed between MV +• and H2O2 was used to further investigated the one anticipated between structural Fe(III) and MV+• with the measurement of current-potential curves in the presence of H2O2. The current-potential curves related to carbon felt modified with material prepared in the condition 100% Fe(III) in the presence of MV +2 and 1, 2, 3, 4 or 5 mM of H2O2 are shown in Figure121. The increase in the concentration of H2O2 increased the response related to the cathodic peak while decreased the one related to the anodic peak. This observation was previously related to electro-catalytic processes at the working electrode[START_REF] Fontmorin | Couplage entre un procédé électrochimique et un traitement biologique pour la dégradation de composés organiques persistants[END_REF]. Therefore, the presence of MV +2 and then MV +• possibly catalyzed the reduction of H2O2 and structural Fe(III) to Fe(II), which subsequently further reacted with H2O2 in order to generate • OH radicals.

Figure 121 .

 121 Figure 121. Cyclic voltammograms related to the 5 th scan of carbon felt modified with material prepared in the condition 100% Fe(III) in the presence of H2O2 at different concentrations.The contribution of structural Fe(III) was further investigated in consideration of the currentpotential curve related to carbon felt modified with material prepared in the condition 0% Fe(III) in the presence of MV +2 and H2O2. The lower cathodic response observed for the carbon felt modified with material prepared in the condition 100% Fe(III) in comparison to material prepared in the condition 0% Fe(III) corroborated with greater electro-reduction of H2O2 at the latter electrode. This observation possibly indicated that H2O2 was involved in reactions with MV +• and structural Fe(III) in the case of the carbon felt modified with material prepared in the condition 100% Fe(III). In this case,

Figure 122 .

 122 Figure 122. Cyclic voltammograms related to the 5 th scan of carbon felt modified with material prepared either in the condition 0% Fe(III) or 100% Fe(III) in the presence of H2O2.

Figure 123 .

 123 Figure 123. Aspect of the electrolyte solution during electrolysis with pristine carbon felt as the cathode and MV +2 as simultaneously the electron-mediator and the pollutant.

( 4 Figure 124 .

 4124 Figure 124. Scheme of the talc-like structure with trioctahedral arrangement (left) theoretical iron-rich talc-like structure with a dioctahedral arrangement (right).

Figure 125 .

 125 Figure 125. X-ray diffractograms of IOLM prepared with magnesium (0% Fe(III)) or iron (III) (100% Fe(III)) as metal cations.

Figure 126 .

 126 Figure 126. The aspect of IOLM prepared with magnesium (0% Fe(III)) or iron (III) (100% Fe(III)) as metal cations.

Figure 130 .

 130 Figure 130. Cyclic voltammogram from the pristine carbon felt and carbon felt modified with material prepared in the condition 0% or 100% Fe(III) in the presence of 0.5 mM of MV +2 .

Figure 131 .

 131 Figure 131. Aspect of electrolyte solution near the working electrode during CV measurements in which pristine carbon felt or carbon felt modified with material prepared in the condition 0% Fe(III) were used as the working electrode.

  d'accumulation des produits de contraste iodés dans l'environnement ainsi que leur transformation potentielle en polluants toxiques ont orienté nos travaux vers l'utilisation de l'iohexol comme molécule sonde pour la mise en place de nos travaux de recherche sur le développement d'un traitement innovant des eaux usées. Les procédés d'oxydation avancés sont basés sur la formation de radicaux libres hydroxyles ( • OH) qui sont bien connus pour minéraliser les POPs. Ces • OH peuvent être générés par catalyse de la décomposition radicalaire de H2O2 par le fer(II) dans le processus ditde Fenton (PF). Par ailleurs, la performance du procédé Fenton à l'intérieur d'une cellule électrochimique permet la génération in situ de H2O2 et la régénération à la cathode des ions fer à l'état d'oxydation +2 à partir de l'état d'oxydation +3(Mousset et al. 2021). Le procédé électro-Fenton (PEF) est considéré comme une technologie rentable pour éliminer les POPs des eaux usées.Cependant, la mise en oeuvre de ce procédé n'est actuellement pas rentable au regard d'autres méthodes d'élimination des POPs[START_REF] Oller | Combination of Advanced Oxidation Processes and Biological Treatments for Wastewater Decontamination-A Review[END_REF]. Un ajout en ions Fe(II) est à effectuer à chaque traitement après ajustement du pH de l'effluent à une valeur de l'ordre de 3. La neutralisation du pH de l'effluent traité entraîne la précipitation d'(oxy)hydroxydes de fer et la formation d'une boue ferreuse. Les boues ferreuses doivent être séparées, traitées et éliminées correctement après le traitement par PEF[START_REF] Pignatello | Advanced Oxidation Processes for Organic Contaminant Destruction Based on the Fenton Reaction and Related Chemistry[END_REF] Brillas, Sirés, and Oturan 2009). Par conséquent, l'incorporation d'ions fer dans une phase solide et l'utilisation d'un catalyseur hétérogène pour la mise en oeuvre de l'EFP (PHEF) a été proposée afin de permettre au procédé d'être réalisé à un pH proche de la neutralité avec une régénération du catalyseur, et de ce fait d'envisager une mise en oeuvre à grande échelle de ce procédé. L'association d'un catalyseur hétérogène avec des support servant de cathode tel que le feutre de carbone, a été considérée comme une bonne stratégie afin de permettre une séparation aisée du catalyseur hétérogène de l'effluent liquide après chaque traitement (Hartmann, Kullmann, and Keller 2010). Dans des études antérieures, les minéraux argileux riches en fer étaient considérés comme catalyseurs hétérogènes plus adaptés que les oxydes de fer en raison de leur résistance supérieure à la dissolution dans les PHEF[START_REF] Crapina | Review: Clay-Modified Electrodes in Heterogeneous Electro-Fenton Process for Degradation of Organic Compounds: The Potential of Structural Fe(III) as Catalytic Sites[END_REF]. Par conséquent, la préparation de matériaux argileux riches en fer a été proposée dans cette étude afin de moduler les propriétés physico-chimiques des minéraux argileux et ainsi permettre leur association avec des fibres de feutre de carbone sur la base d'une étude antérieure conduite au laboratoire et décrite dans la littérature(Miron et al. 2019). Les propriétés électrochimiques des fibres de feutre de carbone recouvertes de matériaux argileux riches en fer ont été étudiées via des expérimentations de voltampérométrie cyclique. Les fibres de feutre de carbone recouvertes de matériaux argileux riches en fer ont été utilisées simultanément comme cathode et catalyseur hétérogène dans le PHEF pour la dégradation de l'iohexol. Les mauvaises performances du feutre de carbone modifié avec un matériau argileux préparé en substituant 100 % du Mg(II) par Fe(III) ont été attribuées à l'électro-inactivité du Fe(III) structurel ainsi qu'à des processus physiques impliqués dans la catalyse hétérogène. L'utilisation de méthyl viologène (MV +2 ) comme médiateur d'électrons pour l'électrode au Fe(III) structurel a permis de surmonter partiellement l'électro-inactivité du matériau substitué à 100% par Fe(III). Cependant, la compétition entre le Fe(II) structural et les polluants vis-à-vis des radicaux • OH contribue à la diminution des performances électrocatalytiques du feutre de carbone modifié.

Figure 132 .

 132 Figure 132. Schéma de la structure de type talc avec disposition trioctaédrique (à gauche) et la structure théorique de type talc riche en fer avec une disposition dioctaédrique (à droite).. Les diffractogrammes de rayons X obtenus pour les matériaux préparés avec des sels de Mg(II) ou de Fe(III) sont comparés sur la Figure 133. Les réflexions observées pour le matériau à base de 100% Mg ci-après dénommé 0% Fe(III) correspondent à celles observées pour des structures de type talc 2:1

  Fe(III) (100% Mg). Plus important encore, le décalage observé dans la position de la réflexion (060,330) indique que la dimension b de la cellule unitaire change lorsque les sites octaédriques sont occupés par Fe(III), ce qui est attendu compte tenu de la différence entre le rayon atomique du Fe(III) par rapport à Mg(II). La distance liée à cette réflexion (d060,330) a été calculée avec la loi de Bragg, elle passe de 1,55 à 1,51 Å pour le matériaux substitué avec 100% Fe(III). Cette observation est en adéquation avec les distances rapportées dans la littérature (entre 1,49 et 1,52 Å) pour des minéraux argileux riches en fer(III) avec une organisation dioctaédrique de leur structure[START_REF] Chemtob | Synthesis and Structural Characterization of Ferrous Trioctahedral Smectites: Implications for Clay Mineral Genesis and Detectability on Mars: Ferrous Trioctahedral Smectites[END_REF]. En outre, le déplacement de la position de la réflexion (001) indique que la distance (d001) a augmenté de 17,8 à 21,8 Å dans la configuration dioctaédrique de la Résumé 228 structure. Cette observation a révélé que l'empilement des couches est particulier pour le matériau préparé avec un taux de substitution à 100% de Fe(III). De plus, l'absence de réflexions nettes liées aux oxydes de fer ou aux oxy-hydroxydes de fer indique que ces impuretés sont soit absentes soit mal cristallisées au sein de ce matériau.

Figure 133 .

 133 Figure 133. Diffractogrammes de rayons X d'IOLM préparé avec du magnésium (0% Fe(III)) ou du fer (III) (100% Fe(III)) comme cations métalliques.

Figure 134 .

 134 Figure 134. Aspect d'IOLM préparé avec du magnésium (0% Fe(III)) ou du fer (III) (100% Fe(III)) comme cations métalliques.

Figure 135 .FeutreFigure 135 .FibreFigure 136 .

 135135136 Figure 135. Aspect du feutre de carbone vierge par rapport au composite préparé en présence de 100% Fe(III).

Fe

  (III) sont comparées à la Figure 137. Les courbes obtenues pour les deux matériaux sont similaires à celle relative au feutre de carbone vierge. Cette observation indique que le revêtement présent à la surface des fibres de feutre de carbone ne contribue pas à la passivation de l'électrode. Cependant, la réponse similaire concernant le feutre de carbone vierge indique que le Fe(III) dans la structure des matériaux est électro-inactif. Fait intéressant, la réponse observée pour le feutre de carbone modifié avec un matériau ne contenant pas de Fe(III) est légèrement différente de celle modifiée avec un matériau préparé avec un taux de subtitution du Mg à 100% par Fe(III) et donc de celle obtenue avec le feutre de carbone vierge. Par conséquent, la réponse est plutôt déterminée par d'autres caractéristiques de chacun des matériaux que par le fer à l'intérieur de la structure. Par ailleurs, le pourcentage de matière solide libérée des composites lors des tests de VC correspond à 6,3% et 6,7% de la masse initiale de matière engagée. Cette observation est en adéquation avec la concentration en ions de fer dans la solution d'électrolyte qui est inférieure à la limite de détection de la spectrométrie d'émission optique à plasma couplé induit (ICP-OES). Par conséquent, Fe(III) est resté dans les sites octaédriques du matériau utilisé pour préparer les composites même s'il est électroinactif.

Figure 137 .

 137 Figure 137. Voltammogramme cyclique du feutre de carbone vierge (CF) et du feutre de carbone modifié avec un matériau préparé à avec 0% ou 100% Fe(III) en substitution de Mg(II).

  avec 100% Fe(III) et le feutre de carbone vierge indique que le fer qui se trouve dans la structure du matériau est incapable d'agir comme un catalyseur. En effet, les courbes courant-potentiel liées au feutre de carbone modifié avec du matériau préparé avec 100% Fe(III) confirment l'électro-inactivité du Fe(III) de structure, qui est potentiellement resté à l'état d'oxydation +3 tout au long du traitement. Cependant, la vitesse de réaction entre les ions fer et H2O2 est plus importante lorsque les ions fer sont à l'état d'oxydation +2 que lorsqu'ils se trouvent à l'état d'oxydation +3 comme le montrent respectivement l'Equation 53 et l'Equation 54(Brillas, Sirés, and Oturan 2009;[START_REF] Brillas | Benchmarking Recent Advances and Innovative Technology Approaches of Fenton, Photo-Fenton, Electro-Fenton, and Related Processes: A Review on the Relevance of Phenol as Model Molecule[END_REF]. La différence de vitesse de réaction observée en catalyse homogène doit persister pour la catalyse hétérogène. De plus, des processus physiques s'ajoutent aux processus chimiques classiques dans le cas de la catalyse hétérogène et ainsi les taux de dégradation liés au processus Fenton ont été signalés dans la bibliographie comme étant plus lents par rapport au processus de Fenton homogène[START_REF] Pignatello | Advanced Oxidation Processes for Organic Contaminant Destruction Based on the Fenton Reaction and Related Chemistry[END_REF][START_REF] Pliego | Trends in the Intensification of the Fenton Process for Wastewater Treatment: An Overview[END_REF][START_REF] Soon | Heterogeneous Catalytic Treatment of Synthetic Dyes in Aqueous Media Using Fenton and Photo-Assisted Fenton Process[END_REF]. Par conséquent, les performances du feutre de carbone modifié avec un matériau préparé avec 100% Fe(III) ont été limitées par l'électro-inactivité du Fe(III) structurel ainsi que les processus physiques impliqués dans la catalyse hétérogène. Fe(II) + H2O2 → Fe(III) + • OH + OH -

  s'attend à ce que l'état de condensation inférieur observé pour la structure hybride par rapport à l'argile minérale naturelle influence la disponibilité des sites de bord ainsi que le transfert des électrons à travers la structure jusqu'aux sites de bord. Une étude précédente consacrée à découvrir le mécanisme qui se trouve derrière le transfert d'électrons du Fe(II) structurel dans le minéral argileux naturel riche en fer, la nontronite (NAu-2) vers l'O2, a souligné que Fe(II)-Fe(II)-Fe(II) s'est rapidement oxydé par rapport au domaine dioctaédrique Fe(II)-Fe(II)(Yuan et al. 2018). Les auteurs ont proposé que les lacunes présentes dans la structure retardent le transfert des électrons vers les sites périphériques. Par conséquent, les réponses cathodiques et anodiques supérieures associées au Résumé 235 feutre de carbone modifié avec un matériau préparé en présence de 0% Fe(III) indiquent une plus grande condensation d'une structure trioctaédrique qui favorise le transfert des électrons jusqu'aux sites de bords par rapport au métériau préparé en présence de 100% Fe(III). Néanmoins, le transfert des électrons à travers le matériau préparé en présence de 0% Fe(III) est complexe par rapport à celui observé avec les minéraux argileux naturels compte tenu de l'absence de pic cathodique dans la courbe courant-potentiel correspondante.

Figure 138 .Figure 139 .

 138139 Figure138. Voltammogramme cyclique du feutre de carbone vierge (CF) et du feutre de carbone modifié avec un matériau préparé en présence de 0% ou de 100% Fe(III) en présence de 0,5 mM de MV +2 .La comparaison des courbes courant-potentiel liées au feutre de carbone modifié avec un matériau préparé en présence de 0% Fe(III) ou de 100% Fe(III) n'a pas pu mettre en évidence l'implication de MV +• dans la réduction des ions Fe(III). La solution d'électrolyte reste incolore autour de l'électrode de travail lorsque le feutre de carbone a été modifié avec un matériau préparé en présence de 100% Fe(III), ceci prouve la réaction secondaire entre le Fe(III) structurel et MV +• . Le MV +2 a été signalé dans la littérature comme étant incolore tandis que le MV +• est signalé comme étant bleu[START_REF] Bird | Electrochemistry of the Viologens[END_REF]. Par conséquent, la solution d'électrolyte étant incolore, cela indique la consommation de MV +• électrogénéré par le Fe(III) structurel qui n'est alors pas disponible pour s'accumuler autour de l'électrode de travail. En effet, le MV +• électrogénéré est visible autour de l'électrode de travail sous la forme d'une solution d'électrolyte de couleur bleue dans le cas du feutre de carbone vierge et du feutre de carbone modifié avec un matériau préparé avec 0% Fe(III), comme illustré à la Figure

Figure 140 .

 140 Figure 140. SEM images of fibers within pristine carbon felt along with respective areal distribution of elements detected by EDX.

Figure 141 .Figure 142 .

 141142 Figure 141. SEM images of fibers within pristine carbon felt before and after gold coating as a pre-treatment for analysis.

Figure 144 .

 144 Figure 144. The wide-scan spectrum of treated carbon felt stored at room conditions for approximately 3 weeks.

Figure 145 .

 145 Figure 145. The wide-scan spectrum of silylated carbon felt stored at room conditions for approximately 5 weeks.

Figure 146 .

 146 Figure 146. SEM images of fibers within composite prepared with NH-phenyl in condition 50% Fe(III) with pre-treated carbon felt along with respective areal distribution of elements detected by EDX.

Figure 147 .

 147 Figure 147. Cyclic voltammograms of pristine carbon felt in electrolyte solutions at pH 3 or 7.

Figure 150 .

 150 Figure 150. Cyclic voltammograms of carbon felt modified with material prepared with NH-phenyl in the condition 100% in the absence and presence of 1, 2, 3 and 4 mM of H2O2

Figure 153 .

 153 Figure 153. Cyclic voltammograms of pristine carbon felt pre-treated with O2 plasma technology.

Figure 154 .

 154 Figure 154. Cyclic voltammograms of pristine arbon felt pre-treated with O2 plasma technology and then treated with dipodal silane.

Figure 155 .

 155 Figure 155. Cyclic voltammograms of carbon felt modified with siloxane layer and then with material prepared with Propyl-NH2 in condition 100% Fe(III).

Figure 156 .

 156 Figure 156. Cyclic voltammograms of carbon felt modified with siloxane layer and then with material prepared with NHphenyl in condition 100% Fe(III).

Figure 157 .

 157 Figure 157. Calibration curve used to determine the concentration of H2O2 in the electrolyte based on the yellow colored complex formed between titanium (IV) oxy(sulfate) and H2O2.

Figure 159 .

 159 Figure 159. Cyclic voltammograms of the pristine carbon felt in the absence and presence of 0.5 mM of MV +2 in the potential range between -0.7 V and +0.8 V.

Figure 160 .

 160 Figure 160. The 1 st derivative of the reverse cyclic voltammogram from the 5 th scan of pristine carbon felt and carbon felt modified with material prepared NH-phenyl in the conditions 0% or 100% Fe(III).

Figure 161 .

 161 Figure 161. The 1 st derivative of the cyclic voltammogram from the 5 th scan of pristine carbon felt and carbon felt modified with material prepared NH-phenyl in the conditions 0% or 100% Fe(III).

Figure 1 .

 1 Figure 1. The tetrahedral (T) and octahedral (O) sheet represented with the sphere-packing (left) and polyhedral (right) model. Adapted from [21].

Figure 2 .

 2 Figure 2. The representation of 1:1 (TO) and 2:1 (TOT) layer type with polyhedral model underlying the external surfaces of each type. Adapted from [21].

Figure 3 .

 3 Figure 3. The representation of the octahedral sheet with dioctahedral arrangement in the spherepacking (left) and polyhedral (right) model. Adapted from [21].

Figure 4 .

 4 Figure 4. The structure of (T) tetrahedral sheet and octahedral sheet (O) in which the open circles represent the linkages between sheets. The octahedral sites are indicated as trans (M1) or cis (M2) based on the arrangement of hydroxyl ions. The filled circles represent the OH ions in trans-position, which introduce a plane of symmetry in the octahedral sheet. Reprinted from [22] with permission from Elsevier (License Number 5172351427456).

The 2 :

 2 1 layer structure is based on two tetrahedral sheets linked with an octahedral sheet (Figure 2 (TOT)). The minerals talc and pyrophyllite are 2:1 phyllosilicate minerals representing the group without any isomorphic substitution of cations in both tetrahedral and octahedral sheets. Pyrophyllite represents the subgroup with a dioctahedral sheet and general chemical formula corresponding to tet Si 4 oct Al 2 O 10 (OH) 2 while talc represents those with a trioctahedral sheet and general chemical formula corresponding to tet Si 4 oct Mg 3 O 10 (OH) 2

Figure 5 .

 5 Figure 5. The representation of each group of phyllosilicates using the polyhedral model and respective charge (x) and layer to layer distance (d) Adapted from [21].

  Structure 2.1.1. Ferric Clay Minerals Nontronite is classified as a 2:1 phyllosilicate under the group of smectites and subgroup of minerals with a dioctahedral sheet due to the predominant occupancy of octahedral sites by Fe(III) ions with minor isomorphic substitution by Al(III). The tetrahedral sites are predominantly occupied by Si(IV) with occasional substitution of Si(IV) by Al(III) or Fe(III) resulting in the general chemical formula: inter M + x+y tet (Si 8-x-y Al x Fe y 3+ ) Oct (Fe 3+ 4-z Al z )O 20 (OH) 4 •nH 2 O

Figure 6 .

 6 Figure 6. Scheme of three-dimensional electrochemical systems with heterogeneous catalyst restrained (A) or loosened (B) in solution as a bed in between the anode and the cathode (Reprinted from [68] with permission from Elsevier, License Number 5172360169697).

4. 3

 3 .1. H 2 O 2 Song et al. evaluated the performance of a natural iron-containing clay mineral, montmorillonite K10 (MK10), in the decomposition of H 2 O 2 into •OH radicals under visible light [103]

Figure 9 .

 9 Figure 9. Scheme of the mechanism behind the electron transfer from tri-octahedral or di-octahedral to O 2 for generation of •OH radicals. Reprinted from [123] with permission from Elsevier (License Number 5172370745843).

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 1 .

 1 Theoretical half unit cell related to the different iron-rich IOLMs and respective molar mass.

	Condition (%		Molar mass (g/mol)
	Fe(III))	Theoretical half unit cell	R=(CH2)3NH2	R=(CH2)3NHC6H5
	0%	[R-Si]4 Mg3.00 O8(OH)2	579.7	884.1
	10%	[R-Si]4 [Fe0.20/Mg2.70] O8(OH)2	583.6	-
	25%	[R-Si]4 [Fe0.50/Mg2.25] O8(OH)2	589.4	893.8
	50%	[R-Si]4 [Fe1.00/Mg1.50] O8(OH)2	598.9	903.4
	55%	[R-Si]4 [Fe1.10/Mg1.35] O8(OH)2	601.0	-
	60%	[R-Si]4 [Fe1.20/Mg1.20] O8(OH)2	602.9	-
	75%	[R-Si]4 Fe1.50/Mg0.75] O8(OH)2	608.7	913.1
	90%	[R-Si]4 [Fe1.80/Mg0.30] O8(OH)2	614.6	-
	100%	[R-Si]4 Fe2.00 O8(OH)2	618.1	922.8

Table 2 .

 2 Molar ratio between reagents to be weighted (theoretical) and weighted (experimental) for the different iron-richIOLMs prepared with iron/magnesium chloride.

					Molar ratios		
	Condition						
			Si/Fe(III)		Si/Mg	Fe(III)/Mg
	% Fe(III)	% Mg	Theoretical	Experimental	Theoretical	Experimental	Theoretical	Experimental
	0%	100%			1.33	1.30		
	10%	90%	20.00	21.11	1.48	1.50	0.07	0.07
	25%	75%	8.00	8.17	1.78	1.70	0.22	0.21
	50%	50%	4.00	4.18	2.67	2.59	0.67	0.62
	55%	45%	3.64	3.53	2.96	2.89	0.81	0.82
	60%	40%	3.33	3.27	3.33	3.22	1.00	0.98
	75%	25%	2.67	2.71	5.33	5.27	2.00	1.94
	90%	10%	2.22	2.21	13.33	12.01	6.00	5.44
	100%	0%	2.00	2.00				
	100%	10%	2.00	1.95	13.33	12.21	6.67	6.26

Table 3 .

 3 

					Molar ratios		
	Condition						
			Si/Fe(III)	Si/Mg	Fe(III)/Mg
	% Fe(III)	% Mg	Theoretical	Experimental	Theoretical	Experimental	Theoretical	Experimental
	0%	100%			1.33	1.29		
	25%	75%	8.00	7.81	1.78	1.75	0.22	0.22
	50%	50%	4.00	3.97	2.67	2.65	0.67	0.67
	75%	25%	2.67	2.63	5.33	5.26	2.00	1.99
	100%	0%	2.00	1.99				

Molar ratio between reagents to be engaged (theoretical) and engaged (experimental) for the different iron-rich

IOLMs prepared with iron/magnesium nitrate.

Table 4 .

 4 The parameters used in the literature and adapted in this study.

	Parameters	(Y.-C. Lee, Huh, et al. 2013)	Present
	Si/Fe (mol)	1.91	2.00
	Stirring time	24 h	24 h
	Drying temperature	40 °C	60 °C
	Drying time	Overnight	72 h

  Fenton-like reactions were investigated previously in the literature (Y.-C. Lee, Kim, Ko, et al. 2011; Y.-C. Lee et al. 2012; Y.-C. Lee, Huh, et al.

	2013; Y.-C. Lee, Chang, et al. 2013). Early studies used the same Si/Metal molar ratio of 1.33 in the
	synthesis of a Fe(III) based analogue of talc-like materials that corresponded to a trioctahedral
	structure (Y.-C. Lee, Kim, Ko, et al. 2011; Y.-C. Lee et al. 2012). However, later studies used a Si/Fe
	molar ratio of 1.5 or 2 as anticipated for a dioctahedral structure (Y.-C. Lee, Huh, et al. 2013; Y.-C.

Lee, Chang, et al. 2013

). The Si/Fe molar ratio of 2 and thus the theoretical structure proposed in

Table 5

 5 

	. Percentage of intended mass (yield) and experimental molar ratios compared to theoretical values for IOLM
	prepared with magnesium (0% Fe(III)) or iron (III) (100% Fe(III)) as metal cations.

Condition (% Fe(III)) Yield (wt%) Molar ratios Si/Fe Si/Mg

  

			Theoretical Experimental Theoretical Experimental
	0%	96%		1.30	1.26
	100%	35%	2.00	0.38

Table 7

 7 

	. The position of the main bands observed in the Raman spectrum of Fe(III)-IOLM compared to synthetic 2 or 6-line
	ferrihydrite. Underlined wavenumbers were dependent of the laser power and

bold wavenumbers are reported as the strongest bands. Wavenumber (cm -1 ) 100% Fe(III)

  

			358 515 708 1045
	Reference	Mineral	
	(Mazzetti and Thistlethwaite 2002) 2 and 6-line 370 510 710 1070 1635 3400
	(Hanesch 2009)	6-line	370 510 710
	(Sklute et al. 2018)	2-line	716

Table 8

 8 

	. The characteristic bands in the Raman spectrum of Fe(III)-IOLM compared to synthetic nontronite (Na0.33
	Fe 3+ 2(Si,Al)4O10(OH)2•nH2O)

-1 ) Bond 100% Fe(III) Nontronite 2905

  

		3572 O-H (H2O/-OH)
	1045	1038	
	936	974	Si-O
	840	892	
	708	683	Si-O-Si
		591	
	515	514	
	398 319	422 361	Lattice
	195	181	
		163	

Table 9

 9 

	. Percentage of intended mass (yield) and experimental molar ratios compared to theoretical values for IOLM
	prepared with magnesium (0% Fe(III)) or iron (III) (100% Fe(III)) as metal cations.

Condition (% Fe(III)) Yield (wt%) Molar ratios Si/Fe(III) Si/Mg

  

			Theoretical Experimental Theoretical Experimental
	0% (1)	96%		1.30	1.26
	0% (2)	93%		1.31	1.20
	100% (1)	35%	2.00	0.38
	100% (2)	36%	1.96	0.42
			57	

Table 10

 10 

	. Percentage of intended mass (yield) and experimental molar ratios compared to theoretical values for iron-rich
	IOLM prepared in the presence of Mg.

Condition (% Fe(III)) Yield (wt%) Molar ratios Cl (mol) Si/Fe(III) Si/Mg Fe(III)/Mg

  

			Theoretical	Experimental	Theoretical	Experimental	Theoretical	Experimental	
	100%	35%	2.00	0.38					0.43
	100%	39%	1.95	0.51	12.21	*BDL	6.26	*BDL	0.46
	10%Mg								

Table 11

 11 

	. Percentage of intended mass (yield) and experimental molar ratios compared to theoretical values for iron-rich
	IOLM prepared with different Fe(III)/Mg molar ratios.

Condition (% Fe(III)) Yield (wt%) Molar ratios Cl (mol) Si/Fe(III) Si/Mg Fe(III)/Mg

  

			Theoretical	Experimental	Theoretical	Experimental	Theoretical	Experimental	
	0%	96%			1.30	1.26			0.55
	10%	93%	21.11	11.24	1.50	1.37	0.07	0.12	0.54
	25%	88%	8.17	4.22	1.70	1.79	0.21	0.42	0.53
	50%	79%	4.18	1.85	2.59	3.38	0.62	1.82	0.48
	55%	72%	3.53	1.43	2.89	5.18	0.82	3.62	0.47
	60%	51%	3.27	0.75	3.22	5.42	0.98	7.23	0.38
	75%	41%	2.71	0.46	5.27	*BDL	1.94	*BDL	0.37
	90%	39%	2.21	0.45	12.01	*BDL	5.44	*BDL	0.42
	100%	35%	2.00	0.38					0.43
	100%	39%	1.95	0.51	12.21	*BDL	6.26	*BDL	0.46
	10%Mg								

Table 12

 12 

Percentage of intended mass (yield) and experimental molar ratios compared to theoretical values for IOLM prepared with magnesium chloride (0% Fe(III)/Cl) or nitrate (0% Fe(III)/NO3).

Condition

Yield (

wt%) Molar ratios Si/Mg

  

			Theoretical Experimental
	0% Fe(III)/Cl	96%	1.30	1.26
	0% Fe(III)/NO3	109%	1.29	1.18

Table 13

 13 Percentage of intended mass (yield) and experimental molar ratios compared to theoretical values for Fe(III)-IOLM prepared with iron(III) chloride (100% Fe(III)/Cl) or nitrate (100% Fe(III)/NO3).

			Molar ratios
	Condition	Yield (wt%)	Si/Fe(III)	
			Theoretical Experimental
	100% Fe(III)/Cl	34%	2.00	0.38
	100% Fe(III)/NO3	116%	1.99	1.47

Table 15 .

 15 Percentage of intended mass (yield) and experimental molar ratios compared to theoretical values for iron-rich IOLM prepared with different molar ratios between magnesium and iron (III) chloride (Fe(III),Mg/Cl) or magnesium nitrate and iron (III) chloride (Fe(III)/Cl).

					Molar ratios		
	Condition	Yield (wt%)	Si/Fe(III)		Si/Mg	Fe(III)/Mg
			Theoretical Experimental Theoretical Experimental Theoretical Experimental
	25% Fe(III),Mg/Cl	88%	8.17	4.22	1.70	1.79	0.21	0.42
	25% Fe(III)/Cl	96%	7.80	4.04	1.72	1.71	0.22	0.42
	50% Fe(III),Mg/Cl	79%	4.18	1.85	2.59	3.38	0.62	1.82
	50% Fe(III)/Cl	81%	3.88	1.71	2.58	3.82	0.67	2.23
	75% Fe(III),Mg/Cl	41%	2.71	0.46	5.27	*BDL	1.94	*BDL
	75% Fe(III)/Cl	48%	2.61	0.58	5.33	*BDL	2.04	*BDL

Table 16

 16 

					Molar ratios		
		Yield						
	Condition	(wt%)	Si/Fe(III)		Si/Mg	Fe(III)/Mg
			Theoretical Experimental Theoretical Experimental Theoretical Experimental
	0% Fe(III),Mg/NO3	109%			1.29	1.18		
	25% Fe(III),Mg/NO3	114%	7.81	4.80	1.75	2.18	0.22	0.46
	50% Fe(III),Mg/NO3	110%	3.97	2.44	2.65	7.25	0.67	2.97
	75% Fe(III),Mg/NO3	133%	2.63	1.79	5.26	*BDL	1.99	*BDL
	100% Fe(III),Mg/NO3	115%	1.99	1.47				

. Percentage of intended mass (yield) and experimental molar ratios compared to theoretical values for iron-rich IOLM prepared with different molar ratios between magnesium and iron (III) nitrate (Fe(III),Mg/NO3).

Table 17 .

 17 Percentage of intended mass (yield) and experimental molar ratios compared to theoretical values for talc-like materials prepared with NH-phenyl and a NaOH solution in water (NaOH/H2O) or ethanol (NaOH/EtOH).

				Molar ratios		
	Condition (% Fe(III))	Catalyst	Yield (wt%)	Si/Mg		Cl (mol) Na (mol)
			Theoretical Experimental		
	0%	NaOH/EtOH NaOH/H2O	56% 74%	1.26 1.31	0.55 1.00	0.04 0.01	0.03 BDL
			Catalyst				
		NaOH/EtOH	NaOH/H2O		

Table 18 .

 18 Percentage of intended mass (yield) and experimental molar ratios compared to theoretical values for Fe(III)-IOLM prepared with NH-phenyl using nitrate as a counter-ion at different pH.

				Molar ratios		
	Condition (% Fe(III)) pH Yield (wt%)	Si/Fe		F (mol) Na (mol)
			Theoretical Experimental		
	100%	9.5 11.5	21% 27%	1.95 1.91	0.76 1.03	BDL 0.1	0.07 0.08
			pH				
		9.5		11.5		

  [START_REF] Lee | Water-Soluble Organo-Building Blocks of Aminoclay as a Soil-Flushing Agent for Heavy Metal Contaminated Soil[END_REF]; Y.-C. Lee et al. 2012; Y.-C. Lee, Huh, et al. 2013; Y.-C. Lee, Chang, et al. 2013; Y.-C. Lee, Kim, et al. 2013; J.-Y.

Table 19 .

 19 Percentage of intended mass (yield) and experimental molar ratios compared to theoretical values for talc-like materials prepared with Propyl or 

				Molar ratios
	Condition (%				
	Fe(III))	Alkoxysilane	Yield (wt%)	Si/Mg	
				Theoretical	Experimental
	0%	Propyl-NH2 Butyl-NH2	97% 52%	1.35 1.13	1.24 0.34
			Alkoxysilane		
		Propyl-NH2		Butyl-NH2	

Table 20

 20 

	Literature (Miron et al. 2019)	0.275	0.195	1.39
	1 st synthesis	0.645	0.325	2
	2 nd synthesis	0.25	0.125	2

. The concentration of Si and Fe(III) sources in the literature in comparison to this study. Concentration (mol/L) Theoretical Si/Fe Si Fe(III) Figure 53. The aspect of carbon felt piece prior to the 2 nd synthesis.

Table 21 .

 21 Location of fibers in the carbon felt piece and respective magnification of SEM images.

Table 23 .

 23 The mass of carbon felt used as working electrode in the experiments related to current-potential curves shown in Figure91.

	Material Mass (g)
	(1) CF_1 0.1038
	(1) CF_2
	(2) CF_1 0.1131
	(3) CF_1 0.1148

Table 31 .

 31 Summary of the degradation and mineralization of iohexol observed after the electrochemical treatment with pristine carbon felt as the cathode for 2h at -0.9 V/SCE.

		Degradation of iohexol	Mineralization of iohexol
	Conditions (2h)		
		(% initial)	(% intial)
		Pristine carbon felt	
	Electrolysis under air	9.0%	
	Electrolysis under N2	13.3%	
	Electrolysis under air + iron(III) ions (exceptionally at pH 3)	100%	10.3%

Table 32 .

 32 Summary

of the degradation and mineralization of iohexol observed after the electrochemical treatment with carbon felt modified with material prepared with NH-phenyl in the conditions 0% Fe(III) or 100% Fe(III) as the cathode.

Conditions (

2h) Degradation of iohexol (% initial) Mineralization of iohexol (% initial) 0% Fe(III)

  

	Electrolysis under air	38.7%	
		100% Fe(III)	
	Electrolysis under air	10.4% ± 1.1%	
	Electrolysis under air + H2O2	14.5%	7.2%

Table 34 .

 34 Percentage

					Molar ratios
				Si/Fe	Si/Mg
				Theoretical Experimental Theoretical Experimental
	0%	11.5	74%		1.31	1.00
	100%	9.5	21%	1.95	0.76
	100%	11.5	27%	1.91	1.03

of intended mass (yield) and experimental molar ratios compared to theoretical values for IOLM prepared with magnesium (0% Fe(III)) or iron (III) (100% Fe(III)) as metal cations.

Condition (% Fe(III)) pH Yield (wt%)

  est l'un des nombreux agents de contraste à base d'iode utilisés en imagerie médicale pour les vaisseaux sanguins et les tissus mous[START_REF] Radjenovic | Removal of the X-Ray Contrast Media Diatrizoate by Electrochemical Reduction and Oxidation[END_REF][START_REF] Mendoza | Pharmaceuticals and Iodinated Contrast Media in a Hospital Wastewater: A Case Study to Analyse Their Presence and Characterise Their Environmental Risk and Hazard[END_REF] W. Zhang et al. 2021). Ce produit de contraste iodé est injecté à fortes doses, puis excrété tel quel dans les urines et les fèces en 24 h. En conséquence, ce type de composé iodé est détecté à fortes concentrations dans les eaux usées hospitalières, puis municipales qui sont traitées dans les stations d'épuration urbaines[START_REF] Radjenovic | Removal of the X-Ray Contrast Media Diatrizoate by Electrochemical Reduction and Oxidation[END_REF] Miron et al. 2019; W. Zhang et al. 2021). Par exemple, la concentration d'iopromide a été mesurée entre 6,60 à 9,30 μg.L -1 dans les eaux usées traitées d'une station d'épuration espagnole qui desservait une population d'environ 100 000 habitants

	Résumé
	Résumé
	Introduction
	L'iohexol

Table 35 .

 35 Pourcentage

					Rapports molaires
	Condition (%		Rendement		
	Fe(III))	pH	(wt%)	Si/Fe	Si/Mg
				Théorique Expérimental Théorique Expérimental
	0%	11.5	74%		1.31	1.00
	100%	9.5	21%	1.95	0.76
	100%	11.5	27%	1.91	1.03

en masse (rendement) et rapports molaires expérimentaux par rapport aux valeurs théoriques pour les IOLM préparés avec du magnésium (0 % Fe(III)) ou du fer (III) (100 % Fe(III)) comme cations métalliques.

Table 36 .

 36 The mass weighted for each reagent involved in the synthesis of iron-rich IOLM with Propyl-NH2.

	Sample				Mass (g)	
		Condition				
	(LCR)		Alkoxysilane	MgCl2	Mg(NO3)2	FeCl3	Fe(NO3)3
		0% Fe(III) (1)	2.993	2.120		
		0% Fe(III) (2)	3.030	2.128		
		0%Fe(III)/NO3	3.000		2.690	
	MN4	0% Fe(III)	3.192	2.163		
		10% Fe(III)	3.026	1.853		0.175
		25% Fe(III)	2.932	1.591		0.438
		25% Fe(III)/NO3	3.017	1.567			0.681
		25% Fe(III),Mg/NO3	2.982		1.974		0.697
		25% Fe(III)/Cl	2.967		1.998	0.464
		50% Fe(III)	3.006	1.064		0.879
		50% Fe(III)/NO3	2.960	1.024			1.359
		50% Fe(III),Mg/NO3	2.949		1.290		1.356
		50% Fe(III)/Cl	2.948		1.323	0.928
		55% Fe(III)	2.895	0.921		1.001
		60% Fe(III)	2.882	0.822		1.075
		75% Fe(III)	2.930	0.511		1.321
		75% Fe(III)/NO3	2.917	0.509			2.010
		75% Fe(III),Mg/NO3	2.890		0.636		2.003
		75% Fe(III)/Cl	2.910		0.633	1.361
		90% Fe(III)	2.865	0.219		1.583
		100% Fe(III) (1)	2.881			1.767
		100% Fe(III) (2)	2.840			1.769
		100% Fe(III)/NO3	2.770				2.544
		100% Fe(III)/10% Mg	2.831	0.213		1.772

Table 37 .

 37 The mass weighted for each reagent involved in the synthesis of iron-rich IOLM with NH-phenyl.

					Mass (g)		
	Sample						
	(LCR)	Condition	Alkoxysilane	NaOH	MgCl2	FeCl3	Fe(NO3)3
				(0.5 M)			
	MN6	0% Fe(III)/H2O	2.228	30.021	1.380		
	MN7	0% Fe(III)/EtOH	2.196	23.578	1.380		
	76	100%Fe(III)/9.5	2.199	28.926			1.769
	65	100% Fe(III)/11.5	2.125	30.115			1.749
	60	100% Fe(III)/Cl	2.179	30.110		1.144	

Table 38 .

 38 Absorption frequency of the main bands in the FTIR spectra of IOLM prepared with magnesium or iron (III) shown in Figure18along with respective attribution to the bond and vibration mode.

	Absorption (cm -1 ) 0% Fe(III) 100% Fe(III)	Bond	Vibration mode	Reference
	3780 3420	3709 3362	SiO-H	Stretching (isolated Si-OH) Stretching (H bonded Si-OH or H2O)	(Burkett, Press, and Mann 1997; Arkles and Larson 2013; Silverstein, Webster, and Kiemle 2005) (Burkett, Press, and Mann 1997; Arkles and Larson 2013; Silverstein, Webster, and Kiemle 2005)
	3211/3120	N-H (-NH2 or -NH3 + )	(Asymmetric/Symmetric) stretching	(Burkett, Press, and Mann 1997; Silverstein, Webster, and Kiemle 2005; da Fonseca, Silva, and Airoldi 1999)
					(Burkett, Press, and Mann 1997; Arkles and Larson 2013;
	3039/2937	C-H	Stretching	Silverstein, Webster, and Kiemle 2005; da Fonseca, Silva, and
					Airoldi 1999; Fukushima and Tani 1995)
	2007	1988	N-H (-NH3 + )		(Burkett, Press, and Mann 1997; Silverstein, Webster, and Kiemle 2005)
	1623	1606	N-H (-NH2)	Bending (scissoring)	(da Fonseca, Silva, and Airoldi 1999; Y.-C. Lee, Huh, et al. 2013)
	1495		C-H (-CH2-)	Bending	(Burkett, Press, and Mann 1997; Arkles and Larson 2013; da Fonseca, Silva, and Airoldi 1999)
	1224		C-N (aliphatic amine)	Stretching	(da Fonseca, Silva, and Airoldi 1999; Y.-C. Lee et al. 2016)
	1133	1123	Si-C		(Burkett, Press, and Mann 1997; Arkles and Larson 2013; da Fonseca, Silva, and Airoldi 1999; Fukushima and Tani 1995)
	1041	1035	Si-O-Si	Stretching	(Burkett, Press, and Mann 1997; Arkles and Larson 2013; da Fonseca, Silva, and Airoldi 1999; Fukushima and Tani 1995)
	934		Si-O-Si	Bending	(Arkles and Larson 2013; He and Zhu 2017)
		895	(Fe +3 )2O-H	Bending	(Madejová, Gates, and Petit 2017; Russell, Farmer, and Velde 1970)
	790		N-H	Bending (Wagging)	(Silverstein, Webster, and Kiemle 2005; da Fonseca, Silva, and Airoldi 1999)
	696		SiO-H	Bending	(Silverstein, Webster, and Kiemle 2005)

Table 39 .

 39 Percentage of weight observed for listed elements determined by XRF for iron-rich IOLM prepared with different Fe(III)/Mg molar ratios

						Condition (% Fe(III))		
	Element	0%	10%	25%	50%	55%	60%	75%	90% 100%	100%
										10%Mg
						Weight (%)			
	C	19.95 19.98 20.22 18.49 18.45 15.35 12.70 12.64 11.35 13.83
	N	17.45 16.22 13.49 14.75 12.79 11.93 10.65 10.73 9.29 10.67
	O	20.88 21.17 21.81 21.46 21.88 22.86 22.87 22.15 22.60 21.64
	Mg	9.00 8.21 6.36 3.11 1.98 1.53 0.08 0.00 0.00	0.00
	Si	13.13 12.95 13.12 12.13 11.85 9.58 7.57 7.33 6.63	7.70
	Cl	19.59 19.13 18.77 17.04 16.58 13.30 13.10 15.05 15.11 16.19
	Fe	0.00 2.29 6.18 13.02 16.47 25.42 33.01 32.08 35.00 29.94

Table 40 .

 40 The position of main bands and related peaks in the Raman spectra of Fe(III)-IOLM

	Wavenumber (cm -1 )
	Bands	Peaks
	195	190
		200
	319	
		386
		405
	515	
	708	688
		703
		724
	840	818
		860
	936	923
		934
		950
	1045	1035

Table 41 .

 41 Weight percentages observed for listed elements determined by XRF for iron-rich IOLM prepared with different molar ratios between magnesium and iron (III) nitrate.

			Condition (% Fe(III)/NO3)	
	Element	0%	25%	50%	75%	100%
			Weight (%)		
	C	25.52	23.24	22.88	24.07	23.38
	N	21.91	20.65	19.58	18.92	20.05
	O	25.42	26.13	25.76	24.71	23.89
	Mg	11.46	6.56	1.96	0.05	13.88
	Si	15.69	16.55	16.42	15.24	0.00
	Fe	0.00	6.86	13.37	16.97	18.77

Table 42 .

 42 Absorption frequency of the main bands in the FTIR spectra of IOLM prepared with iron (III) chloride or nitrate shown in Figure31along with respective attribution to the bond and vibration mode.

	Absorption (cm-1)			
	100%	100%	Bond	Vibration mode	References
	Fe(III)/NO3	Fe(III)/Cl			
					(Burkett, Press, and Mann 1997; Arkles and
	3420	3386	SiO-H	Stretching	Larson 2013; Silverstein, Webster, and Kiemle
					2005)
					(Burkett, Press, and Mann 1997; Silverstein,
	3239	3211/3120	N-H (-NH2 or -NH3 + )	(Asymmetric/Symmetric) stretching	Webster, and Kiemle 2005; da Fonseca, Silva,
					and Airoldi 1999)
					(Burkett, Press, and Mann 1997; Arkles and
	3039/2937	C-H	Stretching	Larson 2013; Silverstein, Webster, and Kiemle 2005; da Fonseca, Silva, and Airoldi 1999;
					Fukushima and Tani 1995)
	1988		N-H (-NH3 + )		(Burkett, Press, and Mann 1997; Silverstein, Webster, and Kiemle 2005)
	1765		NO3 -		(Da Fonseca 2000; Socrates 2010)
	1617	1606	N-H (-NH2)	Bending (scissoring)	(da Fonseca, Silva, and Airoldi 1999; Y.-C. Lee, Huh, et al. 2013)
					(Burkett, Press, and Mann 1997; Arkles and
	1513	1495	C-H (-CH2-)	Bending	Larson 2013; da Fonseca, Silva, and Airoldi
					1999)
	1384/1352	NO3 -		(Da Fonseca 2000; Nyquist et al. 1997)
	1224		C-N (aliphatic amine)	Stretching	(da Fonseca, Silva, and Airoldi 1999; Y.-C. Lee

Table 43 .

 43 Weight percentages observed for listed elements determined by XRF for iron-rich IOLM prepared with different molar ratios between magnesium nitrate and iron (III) chloride.

		Condition (% Fe(III)/Cl)
	Element	25%	50%	75%
			Weight (%)	
	C	23.18	21.25	16.15
	N	20.39	18.14	12.76
	O	23.73	22.48	21.93
	Mg	7.14	2.85	0.12
	Si	14.08	12.57	8.33
	Fe	6.93	14.58	28.74

Table 44 .

 44 Percentage of weight observed for listed elements determined by XRF for talc-like materials prepared with NHphenyl upon addition of an aqueous or ethanolic basic solution

		Condition (% Fe(III))
		0%	
	Element	Catalyst	
		NaOH/H2O	NaOH/Ethanol
		Weight (%)	
	C	44.2	40.4
	N	13.76	10.58
	O	19.94	21.69
	Na	0.11	0.67
	Mg	10.07	15.54
	Si	11.65	9.84
	Cl	0.26	1.25
	Fe	-	0.02

Table 45 .

 45 Percentage of weight observed for listed elements determined by XRF for Fe(III)-IOLM prepared with NH-phenyl using nitrate as a counter-ion at different pH.

		Condition (% Fe(III))	
		100%	
	Element	pH	
		9.5	11.5
		Weight (%)	
	C	37.00	38.41
	N	7.91	10.10
	O	20.94	19.53
	F	-	1.96
	Na	1.51	1.94
	Si	9.02	9.58
	Ca	0.02	-
	Cl	-	0.01
	Cr	0.01	0.02
	Fe	23.57	18.43
	Zn	0.01	0.01

Table 46 .

 46 Percentage of weight observed for listed elements determined by XRF for talc-like materials prepared with Propyl or Butyl-NH2.

		Condition (% Fe(III))
		0%	
	Element	Alkoxysilane	
		Propyl-NH2	Butyl-NH2
		Weight (%)	
	C	22.96	22.9
	N	16.00	10.73
	O	20.43	22.00
	Mg	8.9	19.99
	Al	-	0.01
	Si	12.77	7.74
	Cl	18.91	16.53
	Ca	-	0.02

Mass Loss (% initial)

  

	1.05	160.45
	19.8%	63.7%

Table 48 .

 48 The aspect of the replicates (

  6.98 Al 1.02 ] oct [Fe 3.68 Al 0.29 Mg 0.04 ]O 20 (OH) 4 and inter M +0.72 tet [Si 7.55 Al 0.45 ] oct [Fe 3.83 Mg 0.05 ]O 20 (OH) 4

Table 2 .

 2 Characteristics of commonly used montmorillonite clay minerals.

	Name	Origin	Chemical Formula (INTER[TET][OCT]O 20 (OH) 4 )	Layer Charge TET OCT	CEC (mEq/100 g)	Surface Area (m 2 /g)	Reference
	MK10	Commercial	-	-	-	100	-	[48]
	SWy-1 SWy-2	County of Crook, State of Wyoming (USA)	Ca 0.12 Na 0.32 K 0.05 [Si 7.98 Al 0.02 ][Al 3.01 Mg 0.54 Fe 3+ 0.41 Mn 0.01 Ti 0.02 ] O 20 (OH) 4	-0.02	-0.59	76	31	[36,49,50]
	STx-1	County of Gonzales, State of Texas (USA)	Ca 0.27 Na 0.04 K 0.01 [Si 8 ][Al 2.41 Mg 0.355 Fe 3+ 0.09 Ti 0.03 ] O 20 (OH) 4	0	-0.59	84	83	

  2 • -+ e -+ 2H + → H 2 O 2 (19) H 2 O 2 + e -+ H + → HO• + H 2 O([START_REF] Khaled | Iron Oxidation State Effects on Cation Fixation in Smectites[END_REF] 

Figure 143. SEM images of fibers within composite prepared with NH-phenyl in condition 25% Fe(III) along with respective areal distribution of elements detected by EDX.

Figure 149. Cyclic voltammograms of the replicates (1) and (2) of carbon felt modified with material prepared with NHphenyl in the condition 100% Fe(III).

Figure 152. Cyclic voltammograms of the replicates (1) and (2) of carbon felt modified with material prepared with NHphenyl in the condition 0% Fe(III).

Figure 163. Cyclic voltammograms related to the 5 th scan of pristine carbon felt in the absence or/and presence of MV +2 or/and H2O2.
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Investigation of Fe(III)/Mg molar ratio with different counter ions

The investigation of materials prepared with different Fe(III)/Mg molar ratios and counter ions was proposed in this study in order to relate the concentration of iron(III) and chloride ions in the reaction medium with the extend of condensation of the Fe(III)-rich IOLM. The synthesis procedure performed in this study was also the one described in detail in the section 0. The materials were prepared with the combinations of counter-ions as shown in Table 14. The labels correlated with the counter-ion used for iron salts in consideration of the negligible influence of the counter-ions in the structure of the material prepared in the condition 0% Fe(III). The different materials were characterized by XRD and XRF.

Table 14. The abbreviations used for materials prepared with a mixture of counter-ions along with respective reagents. The X-ray diffractograms related to the materials prepared in the conditions Fe(III),Mg/Cl and Fe(III)/Cl are compared in Figure 32. The reflections observed for these materials were identical. This observation corroborated with the similar experimental Si/Metal molar ratios observed for these materials that are compared in Table 15. Noteworthy, the percentage of weight determined by XRF for each element within the materials prepared in the conditions Fe(III)/Cl is shown in Table 43, which was included in the annex.

Fe(III) source Mg source Label

the transport of electrons from the electrode through the structure prior to ejection to iohexol at the edge sites.

Further investigation of the composites by SEM is to be considered in order to confirm these preliminary conclusions as well as the repetition of electrolysis in order to confirm the performances reported in this study.

Electrochemical performance of composites in the presence of electron mediators

The preparation of electrodes modified with natural clay-minerals was particularly intense in the 80-90s (Fitch 1990). Several studies reported the electro-inactivity of structural Fe(III) within iron-rich clay minerals used to prepare clay-modified electrodes (Oyama and Anson 1986;Fitch 1990;Xiang and Villemure 1995;Zen, Jeng, and Chen 1996). In these studies, the electron transfer from the electrode to structural Fe(III) was mediated by complexes, such as [Ru(NH3)6] +3/+2 (Oyama and Anson 1986) and [Os(bpy)3] +2/+3 (King, Nocera, and Pinnavaia 1987) or even electro-active molecules, such as methyl viologen (MV +2/+• ). For instance, the MV +2 was reduced at the electrode to MV +• prior to either oxidize at the electrode or reduce structural Fe(III) as shown in the Equation 44to Equation 46( [START_REF] Yang | Nafion Particles Doped with Methyl Viologen: Electrochemistry[END_REF]. Equation 44Equation 45MV +• + struct.Fe(III) → MV +2 + struct.Fe(II) Equation 46The authors of these previous studies also investigated the mechanism behind the electron transfer to the structural Fe(III). For instance, the investigation of a graphite electrode coated with a film of montmorillonite which was pre-exchanged with [Os(bpy)3] +2 uncovered that electron-mediators were electro-inactive when located at the cation exchangeable sites of clay-modified electrodes (King, Nocera, and Pinnavaia 1987). Therefore, the electron-transfer from [Os(bpy)3] +2 to structural Fe(III) 

Pristine carbon felt

Aspect of electrode

Aspect of electrolyte

Secondary amino: NH-phenyl

Secondly, the electro-activity of MV +2 was investigated with carbon felt modified with material prepared either in the condition 0% Fe(III) or 100% Fe(III) as the working electrode. The presence of organic moieties in the interlayer space of the clay-like material proposed in this study were expected to prevent the intercalation of MV +2 . In this case, the electro-activity of MV +2 was predominantly related to species at the edges of the structure. Interestingly, the blue colored MV +• was also visible around the working electrode when carbon felt was modified with material prepared in the condition 0% Fe(III). However, the blue electrolyte solution accumulated around the working electrode rather than diffused from it as shown in Figure 113. This observation was possibly related to the concentration of MV +• near the carbon felt modified with material prepared in the condition 0% Fe(III). The concentration gradient near the working electrode is responsible for the diffusion of

Perspectives

Perspectives Synthesis of iron(III)-rich inorganic-organic lamellar materials

The characterization of the material prepared with NH-phenyl particularly in the condition 100% Fe(III) by XRD and FTIR indicated that the condensation of such structure was unfavorable. Indeed, the use of different substituents in the alkoxysilanes were previously reported to influence their reaction rate in particular for the hydrolysis reactions (Brochier Salon and Belgacem 2010). These reactions were previously reported to be favored with the synthesis in acidic reaction medium [START_REF] Arkles | Factors Contributing to the Stability of Alkoxysilanes in Aqueous Solution[END_REF]. Therefore, the repetition of the synthesis of material with NH-methyl in acidic pH is considered as a perspective in this study. Besides, the reconsideration of the pH in the case of the material prepared with NH-methyl is also considered as a perspective. The condensation of this material was negligible under the procedure used in this study.

Synthesis of iron(III)-rich inorganic-organic lamellar material-carbon felt composites

The aspect observed for the coating of carbon felt fibers modified under the same procedure in different synthesis uncovered minor differences between repetitions. Therefore, the discussion proposed in this study is to be confirmed with the repetition of the up-to-date procedure.

Nevertheless, the reconsideration of the system used for synthesis is considered as a perspective in this study. For instance, the use of a dropping funnel for the addition of either the alkoxysilane or the catalyst in the case of Propyl-NH2 or NH-phenyl, respectively is an alternative to control the rate at which these reagents are added to the system. Therefore, the hydrolysis/condensation reactions are to be similar in between synthesis and possibly improve the repeatability. Aside from the system, the synthesis procedure is also to be reconsidered with the addition of washes with water prior to these with ethanol. The presence of sodium nitrate combined with the materials prepared with NH-phenyl was observed for composites while avoided previously when this material was prepared in the absence of carbon felt. In this case, the solid phase was washed twice with water prior to be washed three times with ethanol.

Summary

Summary Introduction

The iohexol is one of the several contrast agents based on iodine used in medical imaging of blood vessels and soft tissues [START_REF] Radjenovic | Removal of the X-Ray Contrast Media Diatrizoate by Electrochemical Reduction and Oxidation[END_REF][START_REF] Mendoza | Pharmaceuticals and Iodinated Contrast Media in a Hospital Wastewater: A Case Study to Analyse Their Presence and Characterise Their Environmental Risk and Hazard[END_REF]W. Zhang et al. 2021). The iodinated contrast media is injected in high doses and then excreted unaltered through urine and feces within 24 h. Therefore, this iodinated compounds are detected in high concentrations in hospital and then municipal wastewater that are treated in the urban wastewater treatment plants [START_REF] Radjenovic | Removal of the X-Ray Contrast Media Diatrizoate by Electrochemical Reduction and Oxidation[END_REF]Miron et al. 2019;W. Zhang et al. 2021). For instance, the concentration of iopromide was in the range of 6.60-9.30 μg.L -1 in wasterwater treated at an Spanish sewage treatment plant that served a population of approximately 100,000 inhabitants [START_REF] Carballa | Behavior of Pharmaceuticals, Cosmetics and Hormones in a Sewage Treatment Plant[END_REF].

Most importantly, this molecule shows low biodegradability and thus persisted in water after the conventional biological treatment at the sewage treatment plant as many other molecules with a complex molecular structure that are commonly referred to as persistent organic pollutants (POPs) [START_REF] Carballa | Behavior of Pharmaceuticals, Cosmetics and Hormones in a Sewage Treatment Plant[END_REF][START_REF] Xie | Contaminant Degradation by •OH during Sediment Oxygenation: Dependence on Fe(II) Species[END_REF]2021). Besides, previous studies uncovered that the disinfection performed in the treatment of drinking water resulted in the degradation of iodinated contrast media into toxic by-products (W. Zhang et al. 2021). Therefore, the risk of accumulation of iodinated contrast media in the environment as well as their potential transformation in toxic pollutants encouraged the use of iohexol in the investigation of a innovative wastewater treatment.

For instance, the advanced oxidation processes are based on hydroxyl radicals ( • OH) that are wellknown to mineralize POPs. These hydroxyl radicals ( • OH) are possibly generated through catalysis of radical decomposition of H2O2 by iron(II) in the so-called Fenton process (FP). Besides, the performance of Fenton process inside an electrochemical cell enables the in-situ generation of H2O2 and the regeneration of iron ions in the oxidation state +2 from the oxidation state +3 at the cathode (Mousset et al. 2021). Therefore, the electro-Fenton process (EFP) is considered as a cost-effective technology to eliminate POPs from wastewater. However, the implementation of this process is still not competitive [START_REF] Oller | Combination of Advanced Oxidation Processes and Biological Treatments for Wastewater Decontamination-A Review[END_REF]. The dosage of iron (II) ions is to be performed at each treatment after adjustment of the effluent's pH to 3. Besides, the neutralization of the treated effluent's pH results in the precipitation of iron (oxy)hydroxides and the formation of an iron sludge. The iron sludge requires to be separated, processed and disposed properly after the

Pristine carbon felt Condition (% Fe(III)) 100%

Figure 127. The aspect of pristine carbon felt compared to composite prepared in the condition 100% Fe(III).

Pristine carbon felt

Condition (% Fe(III))

100% Fe(III) The aspect of the coat encouraged the investigation of the electrochemical properties of the composite prepared in the condition 100% Fe(III). The main properties to consider were the contribution of the layer of iron-rich material to the electrode passivation and the electro-activity of iron when within such material. The cyclic voltammetry (CV) is a powerful electrochemical technique that provides information about both of these properties [START_REF] Marken | Part II.1 Electroanalytical Techniques: Cyclic Voltammetry[END_REF]. The current-potential curves related to the 5 th scan of carbon felt modified with material prepared in the condition 0% Fe(III) or 100% Fe(III) are compared in Figure 129. The curves of both materials were similar to the one related to pristine carbon felt. This observation indicated that the coat of carbon felt fibers with the materials did not contribute to electrode passivation. However, the similar response in regard to pristine carbon felt indicated that the Fe(III) within the structure of the Summary 218 materials was electro-inactive. Interestingly, the response observed for the carbon felt modified with material in the condition 0% Fe(III) was slightly different from the one modified with material prepared in the condition 100% Fe(III) and thus pristine carbon felt. Therefore, the response was rather determined by other features of each material than the iron within the structure. Besides, the percentage of material released from composites during CV corresponded to 6.3% and 6.7% of the initial mass of material. This observation corroborated with the concentration of iron ions in the electrolyte solution that was below the detection limit of Induced Coupled Plasma Optical Emission Spectrometry (ICP-OES). Therefore, Fe(III) remained within the octahedral sites of the material used to prepared the composites even though electro-inactive. Then, the performance of carbon felt modified with material prepared in the condition 100% Fe(III)

as simultaneously the heterogeneous catalyst and the cathode in the heterogeneous electro-Fentonlike process towards iohexol was investigated in this study. The electrolysis was performed in a single compartment electrochemical cell with a platinum hollow cylinder (32 cm 2 ) as a counter electrode under reduction potential of -0.9 V/SCE for 2h. The concentration of iohexol before and after the process was determined by High Performance Liquid Chromatography (HPLC) while the eventual mineralization of by-products was determined by Dissolved Organic Carbon (DOC) measurements.

The electrolysis performed with carbon felt modified with material prepared in the condition 100% Summary 219 Fe(III) as the cathode resulted in the degradation of 10.4% ± 1.1% of the iohexol in the electrolyte solution along with negligible mineralization of by-products. However, a similar performance was observed when pristine carbon felt was used as the cathode with the degradation of 8.7% of the iohexol in the electrolyte solution along with negligible mineralization of by-products.

The similar performance observed for carbon felt modified with material prepared in the condition 100% Fe(III) and pristine carbon felt indicated that the iron within the structure of the material was unable to act as a heterogeneous catalyst. Indeed, current-potential curves related to carbon felt modified with material prepared in the condition 100% Fe(III) anticipated the electro-inactivity of structural iron(III), which possibly remained in the oxidation state +3 throughout the treatment.

However, the rate of the reaction between iron ions and H2O2 is faster when iron ions are in the oxidation state +2 than in the oxidation state +3 as shown in the Equation 48and Equation 49, respectively (Brillas, Sirés, and Oturan 2009;[START_REF] Brillas | Benchmarking Recent Advances and Innovative Technology Approaches of Fenton, Photo-Fenton, Electro-Fenton, and Related Processes: A Review on the Relevance of Phenol as Model Molecule[END_REF]. The difference reported in the reaction rate for homogeneous catalysis is expected to persist for heterogeneous catalysis.

Besides, physical processes are added to the regular chemical processes in the case of heterogeneous catalysis and thus the degradation rates related to heterogeneous Fenton process were previously reported to be slower in comparison to the homogeneous Fenton process [START_REF] Pignatello | Advanced Oxidation Processes for Organic Contaminant Destruction Based on the Fenton Reaction and Related Chemistry[END_REF][START_REF] Pliego | Trends in the Intensification of the Fenton Process for Wastewater Treatment: An Overview[END_REF][START_REF] Soon | Heterogeneous Catalytic Treatment of Synthetic Dyes in Aqueous Media Using Fenton and Photo-Assisted Fenton Process[END_REF]. Therefore, the performance of carbon felt modified with material prepared in the condition 100% Fe(III) was compromised by the electro-inactivity of structural Fe(III) and the additional physical processes involved in heterogeneous catalysis.

Fe(II) + H2O2 → Fe(III)

Equation 48

Fe(III) + H2O2 → Fe(II) + HO2 • + H + k2 ~ 2.0 x 10 -3 M -1 s -1 Equation 49Indeed, several studies in the literature reported the electro-inactivity of structural Fe(III) within ironrich clay minerals used to prepare clay-modified electrodes (Oyama and Anson 1986;Fitch 1990;Xiang and Villemure 1995;Zen, Jeng, and Chen 1996). In these studies, the electron transfer from the Summary 220 electrode to structural Fe(III) was mediated by electro-active molecules, such as methyl viologen (MV +2/+• ). The MV +2 was reduced at the electrode to MV +• prior to either oxidize at the electrode or reduce structural Fe(III) as shown in the Equation 50to Equation 52 [START_REF] Yang | Nafion Particles Doped with Methyl Viologen: Electrochemistry[END_REF]. These studies encouraged the investigation of the electro-activity of MV +2 with carbon felt modified with material prepared either in the condition 0% Fe(III) or 100% Fe(III) as the working electrode.

Equation 50 Equation 51MV +• + struct.Fe(III) → MV +2 + struct.Fe(II) Equation 52The current-potential curves related to the 5 th scan of pristine carbon felt and carbon felt modified with material prepared in the condition 0% Fe(III) or 100% Fe(III) in the presence of MV +2 are compared in Figure 130. Noteworthy, the presence of organic moieties in the interlayer space of the clay-like material proposed in this study possibly prevented the intercalation of MV +2 . Therefore, the electro-activity of MV +2 was expected to be predominantly related to species at the edges of the structure. The absence of the cathodic peak in the current-potential curves related to carbon felt modified with material prepared either in the condition 0% Fe(III) or 100% Fe(III) indicated a negligible concentration of MV +2 near both working electrodes. Besides, the inferior response observed for the anodic peak in these current-potential curves in comparison to the one related to pristine carbon felt corroborated with a decrease in the concentration of MV +• near the working electrode as a consequence of the concentration of MV +2 . A similar observation was previously reported in the literature in the case of a carbon paste electrode (CPE) modified with montmorillonite (SWy-2) that also used MV +2 as an electron transfer mediator in the electroreduction of O2 [START_REF] Hu | Electrocatalytic Reduction of Molecular Oxygen on a Sodium Montmorillonite-Methyl Viologen Carbon Paste Chemically Modified Electrode[END_REF]. In their study, the cathodic peak disappeared due to the increase of montmorillonite concentration within the electrode. The authors attributed this observation to the electrode effective area that decreased with coverage with montmorillonite. The same was possibly observed in the case of carbon felt modified with material prepared in the condition 0% Fe(III) or 100% Fe(III). Besides, the interaction of MV +2 at the electrode surface was expected to be particular was previously related to neurodegenerative diseases, such as the Parkinson's disease. Most importantly, the microorganism within the soil were reported to degrade only 1% of MV +2 and thus the half-life of this pollutant was estimated to be between 3 to 6.6 years (Huang et al. 2019).

Therefore, the addition of a bio-refractory pollutant in wastewater in order to treat another one is to be considered at least controversial.

General conclusions

The powder isolated from the reaction media was characterized by FTIR, XRD and XRF that confirmed the condensation of a 2:1 clay-like structure with pending propyl-aniline chains in the interlayer space. Images obtained by SEM revealed that this novel iron-rich clay-like material coated carbon felt fibers as a thin and smoot film. The coat remained stable upon submersion in aqueous solution in consideration of the iron concentration in the electrolyte solution that was below the detection limit 
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