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Pharmaceuticals residues as emerging pollutants have become a major concern due to their persistence and continuous accumulation in various environmental compartments and their removal is one the major challenges of this century. Electrochemical advanced oxidation processes (EAOPs) such as anodic oxidation (AO) and electro-Fenton (EF) have shown to be ix herbruikbaarheid en een alternatief voor de behandeling van afvalwater afvalwater bij neutrale pH-waarden vormen.

efficient techniques for complete degradation and mineralization of this class of pollutants. A substoichiometric titanium oxide (Ti 4 O 7 ) deposited on titanium alloy by plasma elaboration was investigated as an alternative stable and efficient low cost anode materials for application in AO and EF degradation of pharmaceuticals amoxicillin (AMX) and propranolol (PPN) and mineralization of their aqueous solutions. Excellent mineralization of both pharmaceuticals was achieved with Ti 4 O 7 anode compared to dimensional stable anode (DSA) and platinum (Pt) anodes at similar experimental conditions, but less efficient when compared with boron doped diamond (BDD) anode during AO treatment. Almost complete mineralization (96%) was attained with Ti 4 O 7 anode in EF degradation of PPN at 120 mA after 8 h of electrolysis. Several aromatic, bicyclic and other intermediate byproducts were identified and quantified during the electrochemical treatment of both pharmaceuticals, with the final end products in the treated solutions being short-chain carboxylic acids and inorganic ions. Plausible mineralization pathways for both pharmaceuticals were proposed based on the identified intermediates, released inorganic ions and carboxylic acids as well as TOC data. Initial AMX solution shows relatively high inhibition to V. fischeri bacteria, which further increased at the early stage of electrooxidation due to formation of cyclic intermediates that are more toxic than mother molecules, but sharply decreased at the later stage of electrolysis. Since the Ti 4 O 7 is produced mainly from TiO 2 which is very cheap and highly abundant material, this anode material could be an interesting alternative electrode in industrial wastewater treatment by electrochemical oxidation. On the other hand, CoFe-layered double hydroxide modified carbon-felt (CoFe-LDH/CF) cathode synthesized by solvothermal process was studied as a heterogeneous catalyst/electrode for degradation of organic pollutant Acid Orange II (AO7) over a wide pH range. Excellent mineralization of this azo dye solution was achieved in pH range 2 -7.1, with TOC removal much higher than corresponding homogeneous EF with raw carbon-felt (CF) at all pH studied. The prepared cathode exhibited good reusability and can constitute an alternative for the treatment of wastewater effluents at neutral pH values. iv

Résumé

Les polluants émergents que sont les résidus de produits pharmaceutiques sont devenus une problématique majeure de par leur persistance et leur accumulation continue dans les différents compartiments de l'environnement. Leur élimination est un des challenges majeurs de ce siècle.

Les procédés électrochimiques d'oxydation avancée (PEOA) tel que l'oxydation anodique (AO) et l'électro-Fenton (EF) ont démontré leur efficacité pour la dégradation et la minéralisation complète de cette classe de polluant. Un oxyde de titane sous-stoechiométrique déposé par plasma sur un alliage de titane a été étudié comme anode alternative peu coûteuse, stable et efficace au cours des procédés d'OA et d'EF pour la dégradation et la minéralisation de deux pharmaceutiques, l'amoxicilline (AMX) et le propanolol (PPN). Une excellente minéralisation de ces deux composés a été atteinte avec l'anode Ti 4 O 7 comparé à l'utilisation d'une anode dimensionnellement stable (ADS) et d'une anode de platine (Pt) avec des conditions expérimentales similaires, mais une plus faible efficacité a été observé par comparaison à une anode de diamant dopé au bore (DDB) au cours du procédé d'OA. Une quasi-total minéralisation (96%) du PPN a été atteinte avec l'anode Ti 4 O 7 au cours du procédé EF après 8 h d'électrolyse à 120 mA. Plusieurs intermédiaires aromatiques, bicycliques et autres ont été identifiés et quantifiés au cours du traitement électrochimique des deux composés pharmaceutiques, ainsi que des acides carboxyliques à chaîne courte et des ions inorganique comme produits finaux de dégradation. Des voies plausibles de dégradation ont été proposées à partir des intermédiaires identifiés, des ions inorganiques libérés ainsi que des données obtenues sur les acides carboxyliques et le COT. La solution initiale d'AMX a mené à une relativement forte inhibition de la bactérie V. fisheri, qui a ensuite augmenté au cours des premiers stades de l'électrooxydation de par la formation d'intermédiaires cycliques plus toxiques que la molécule mère, avant de diminuer nettement au cours des étapes suivantes de l'électrolyse. Puisque le Ti 4 O 7 est produit principalement à partir du TiO 2 , un matériau bon marché et abondant, ce matériau d'anode pourrait être une alternative intéressante pour le traitement des eaux usées industrielles par oxydation électrochimique. Par ailleurs, une cathode de feutre de carbone modifiée par des composés hydroxydes à double couche CoFe (CoFe-LDH/CF) et synthétisée par un procédé solvothermique a été étudiée come catalyseur/électrode pour la dégradation du polluant organique Acide Orange II (AO7) par le procédé EF sur une gamme large de pH. Une excellente minéralisation de ce colorant a été atteinte pour des pH allant de 2 à 7.1, avec une élimination du v COT largement supérieure à celle atteinte en utilisant le procédé EF avec une cathode de feutre de carbone brut, quel que soit le pH étudié. La cathode préparée a montré une bonne capacité de réutilisation et peut constituer une alternative pour le traitement des eaux usées à des valeurs de pH neutre.

vi Sintesi I residui farmaceutici sono diventati una delle principali minacce per la salute ambientale, a cause della loro lunga persistenza e continuo accumulo in vari settori ambientali. La rimozione di queste sostanze è una delle sfide più difficili di questo secolo. I processi elettrochimici di ossidazione avanzata (EAOPs), come l'ossidazione anodica (AO) e l'elettro-Fenton (EF), si sono rivelati efficienti al fine di ottenere la completa decomposizione e mineralizzazione di questo tipo di inquinanti. L'obiettivo di questo studio è stato quello di testare un materiale anodico alternativo, efficiente ed economico per i processi AO ed EF. Una quantità substechiometrica di ossido di titanio (Ti 4 O 7 ) depositata su lega di titanio tramite elaborazione al plasma è stata utilizzata al fine di ottenere la decomposizione di sostanze farmaceutiche quali amoxicillina (AMX) ed propranololo (PPN) e la mineralizzazione delle rispettive soluzioni liquide. L'utilizzo di un anodo con Ti 4 O 7 ha prodotto una migliore mineralizzazione di entrambe le sostanze rispetto a quella ottenuta con un anodi dimensionalmente stabili (DSA) e di platino (Pt) nelle stesse condizioni sperimentali. Tuttavia, la mineralizzazione si è dimostrata meno efficiente se paragonata a quella ottenuta mediante AO con un anodo BDD (boron-doped diamond). Una quasi completa mineralizzaione (96%) è stata ottenuta mediante EF ed un anodo con Ti 4 O 7 durante la degradazione del propranololo a 120 mA dopo 8 h di elettrolisi. Diversi composti aromatici, biciclici ed altri prodotti intermedi sono stati identificati e quantificati durante il trattamento elettrochimico delle due sostanze farmaceutiche. I prodotti finali nelle soluzioni trattate sono stati acidi carbossilici a catena corta e ioni inorganici. Un possibile meccanismo di mineralizzazione è stato proposto per entrambe le sostanze sulla base degli intermedi di reazione identificati, degli ioni inorganici ed acidi carbossilici prodotti e dei risultati dell'analisi sul carbonio organico totale (TOC). La soluzioni iniziale di AMX ha prodotto un'elevata inibizione dell'attività del batterio V. fisheri, che è ulteriormente aumentata all'inizio del processo di elettro-ossidazione a causa della formazione di composti intermedi ciclici più tossici delle molecole di provenienza. Al contrario, l'inibizione è rapidamente diminuta nell'ultima fase dell'elettrolisi. Il Ti 4 O 7 è prodotto principalmente dal biossido di titanio (TiO 2 ), il quale è un materiale molto economico ed abbondante. Per questo motivo, l'utilizzo di Ti 4 O 7 come materiale anodico può diventare un'alternativa interessante per il trattamento di reflui industriali tramide ossidazione elettrochimica. In questo studio, un catodo CoFe-LDH/CF (CoFe-layer double hydroxide modified carbon-felt) sintetizzato tramite un processo solvotermico è stato utilizzato vii come elettrodo/catalizzatore per la degradazione dell'inquinante organico Acid Orange II (AO7) in un ampio intervallo di pH. Un eccellente mineralizzazione di questa soluzione azo dye è stata ottenuta in un interavallo di pH compreso tra 2 e 7.1, con una rimozione di TOC molto maggiore di quella ottenuta mediante EF e catodo carbon-felt (CF) a tutti i valori di pH studiati. Il nuovo catodo sintetizzato in questo studio ha mostrato un buona riusabilità e può costituire un'interessante alternativa per il trattamento dei reflui a pH neutro.

viii Samenvatting Pharmaceuticals resten opkomende verontreinigende stoffen hebben een belangrijke zorg geworden als gevolg van hun persistentie en continue accumulatie in verschillende milieu compartimenten en de uitslag is een van de grote uitdagingen van deze eeuw. Elektrochemische geavanceerde oxidatieprocessen (EAOPs) zoals anodische oxidatie (AO) en elektro-Fenton (EF) hebben aangetoond dat efficiënte technieken voor volledige afbraak en mineralisatie van deze klasse van stoffen zijn. Een substoichiometrisch titaniumoxide (Ti4O7) op titanium legering afgezet door plasma uitwerking werd onderzocht als alternatief stabiele en efficiënte low cost anode materialen voor toepassing in AO en EF afbraak van [12,[14][15][16][17]. Several authors have reported the potential toxicological effects of pharmaceuticals released into the environment on aquatic organisms, although the effects of these pollutants on health and safety of human are not well understood [18][19][20][21][22][23][24].

List of abbreviations

Several remediation techniques have been studied for the removal of pharmaceuticals from aquatic environment. Both physical and physicochemical techniques such as adsorption, coagulation-flocculation and membrane filtration and biological treatment are inadequate for the removal of this pollutants because pharmaceuticals are xenophobic and refractory in nature [25].

Chemical oxidation technique like chlorination, peroxidation (UV-peroxidation) and ozonation usually leads to the formation of several stable intermediate by-products, which are sometimes more toxic and harmful compared to the parent compounds [9,26]. Recently research has been focused on the application of Advanced Oxidation Processes (AOPs), which are based on in-situ production of hydroxyl radical ( • OH) for the treatment of pharmaceutical residues and pharmaceutical wastewater [25,[27][28][29][30]. Among the AOPs, Electrochemical Advanced Oxidation Processes (EAOPs) have been extensively studied for treating low concentration pharmaceutical wastewaters due to their high versatility, efficiency and environmental compatibility [31][32][33][34].

These techniques are based on electrochemical production of 

Challenges

The efficiency of EAOPs (Anodic oxidation (AO) and electro-Fenton (EF) processes) is greatly influenced by the nature of anode materials. Over the years, commercially available electrodes such as platinum (Pt), Dimensional Stable Anode (DSA), doped oxides of tin and lead (SnO 2 -Sb and α-PbO 2 ), carbonaceous matrix and Boron Doped Diamond (BDD) have been successfully used in electrochemical wastewater treatment both on laboratory and pilot-plant scale [31,37,39]. However, there are some drawbacks encountered with the use of these electrodes, even though some of them have been applied in electrochemical wastewater treatment on commercial scale. For instance, the high cost of BDD electrode and scarcity of suitable substrate on which it can be deposited limit its large-scale application, although it still remains most technically efficient electrode for electrochemical oxidation of organic pollutants [37,40]. Furthermore, relatively short service life of SnO 2 -Sb based electrodes and high risk of lead contamination by chemical leaching of PbO 2 based electrodes have reduced their practical applications, even though both electrodes are relatively effective for electrooxidation of organic pollutants [31,[41][42][43]. Other commercial electrodes like Pt, DSA and carbon matrix are relatively efficient in Fenton based EAOPs but very poor in electrooxidation treatment of organics [37,44].

Sub-stoichiometric titanium oxides recently developed represent efficient and low-cost alternative electrodes in electrochemical wastewater treatment due to their exciting chemical and electrical properties as well as the inexpensive feedstock from which it is prepared [45][46][47].

Although few studies have reported application of different configurations (plate and tubular) of compacted powder and resin bounded substoichiometric TiO 2 on substrate in anodic oxidation, only medium mineralization efficiency could be achieved [48][49][50]. Further, the high possibility of mechanical wearing of compacted or resin bounded substoichiometric TiO 2 is another challenge that is yet to be overcome. Beside at very acid pH, chemical wearing of TiO x may occur and thus preventing the possibility of applying this electrode in Fenton based EAOPs because Ti forms complexes with H 2 O 2 .

On the other hand, EF process with heterogeneous catalyst (heterogeneous EF) was recently developed to enhance the performance as well as overcome some major challenges encountered in traditional/homogeneous EF process. For instance homogeneous EF is only optimal at very narrow pH window (pH 2.5 -3.5), as such working outside this pH drastically reduces the efficiency of the process. However, heterogeneous EF system can be performed at wide pH range even at basic pH because the oxidation of the organics is mainly controlled by surfacecatalyzed process and Fe-catalysts are indissolvable at this pH [51][52][53][54]. Further, the use of heterogeneous catalyst ensures the reusability and recyclability of the heterogeneous EF system since the catalysts are indissolvable. Also the need for post-treatment neutralization, precipitation and separation of the catalyst in homogeneous EF system is completely eliminated with the use of heterogeneous catalyst.

Selection of pharmaceuticals and dye

The selection of appropriate and representative pharmaceuticals was a crucial aspect of preparation for this research work. The criteria used in selection of the two representative for which analytical tools are available or accessible.

Based on these criteria, the two selected pharmaceuticals are: antibiotic "Amoxicillin" and a betablocker: "Propranolol".

Acid orange 7 or orange II, a common azo-dye which is very soluble but persistence and hard to degrade in aqueous solution was selected as other model pollutant.

Objectives

The main aim of this thesis work is to experiment and investigate the removal 

Heterogeneous electro-Fenton with modified carbon felt cathode

A self-catalyzed heterogeneous electro-Fenton process with layered double hydroxide modified carbon-felt as cathode as well as catalyst source will be investigated for the removal of organic pollutants. The specific objectives set to achieve this aim are to:

• synthesize a layered double hydroxide modified carbon-felt cathode,

• study the structural and electrochemical properties of the prepared electrode,

• investigate the performance of the electrode in terms of mineralization efficiency using acid orange II as a model pollutants, • study the influence of synthesis parameters on properties and performance of the prepared electrode,

• compare the performance of the prepared electrode with homogeneous EF with raw carbon-felt cathode,

• study the stability and reusability of the prepared electrode.

Novelty of the thesis

EAOPs have been extensively studied in recent years for the removal of pharmaceuticals because of their high oxidation potential for complete destruction of refractory compounds compared to other AOPs and reducing operation costs. In fact, prominent EAOPs like AO and EF process have been applied on industrial scale for wastewater treatment using different commercially available electrodes such as Pt, DSA, doped SnO 2 , α-PbO 2 and BDD anodes. Ti 4 O 7 anode, recently developed in USA, represents a low cost alternative electrode material compared to other commercially available once because it is prepared from TiO 2 , which is one of the most abundant feedstock on planet. Although electrooxidation of simple organics using compacted/sintered powder or thin film powder of Ti 4 O 7 bound to Ti substrate have been reported in literature, treatment of complex molecules like pharmaceuticals have not been investigated. Additionally plasma deposited Ti 4 O 7 electrode which is highly resistant to abrasion/wear compared to compacted or resin bind Ti 4 O 7 anode and also consist of lower quantities of other phases due to ultra-high temperature at which it is produce, which allows the conversion of other sub oxide of titanium to Ti 4 O 7 , has not been studied in electrooxidation of organic pollutants. Further, to the best of our knowledge, no study has investigated the use of this electrode in EF process. This is understandable because sintered powder or resin bounded Ti 4 O 7 electrode has low mechanical strength and can easily wear into the treated solution. At the acidic pH of EF process, the sub-oxide of titanium dissolve with the titanium react with hydrogen peroxide, which is one the Fenton reagent to forming yellow complex.

Another novelty of this thesis is the study of heterogeneous EF with layered double hydroxide modified carbon felt cathode. There is no report in the literature on the use of this material in EF process, although some studies have reported chemically or electrochemically prepared Fe-impregnated carbon-based matrix for degradation of organic pollutants. This study is unique because the layered double hydroxide (LDH) grown on the carbon-felt not only contains Fe but also other transition metal (Co), which can serve as catalyst and/or co-catalyst in electro-Fenton process.

Structure of the thesis

The structure of the thesis, which is entitled "Electrochemical Advanced Oxidation Processes for removal of Pharmaceuticals from water: Performance studies for substoichiometric titanium oxide anode and hierarchical layered double hydroxide modified carbon felt cathode" is shown in Fig. 1.1.

Figure 1-1 ̶ Structure of the thesis

Chapter 2

A comprehensive literature review is required prior to the research work described from chapter [3][4][5][6] In this chapter we reviewed previous works on EAOPs for removal of pharmaceuticals from wastewater with the focus on electrode materials for electrochemical wastewater treatment and heterogeneous electro-Fenton process. This review is important in order to understand the origins of pharmaceuticals in environment, their contamination level and mobility in different environmental compartments, natural ways of attenuating their contamination level and the analytical procedures/techniques available for their quantification in aquatic environment. It will also enable us to understand the subtle and chronicle effect as well as long term toxicology of this class of (emergent) pollutants on both aquatic and terrestrial ecosystem and why it is essential prevent their inputs into the environment. Several techniques that have been utilized for the removal of the pharmaceuticals from environment will be known and why the EAOPs are most efficient for their complete destruction and majority of other techniques are either not technical or economical efficient.

An extensive overview is also necessary to understand the different varieties of EAOPs and some of the most efficient among them in terms of efficiency, without neglecting the economic and environmental compatibility based on previous studies. The advantages and disadvantages of some prominent among them as well as the operating parameters that controls the efficiency of some of EAOPs must be understood in order to give us clue on where and how to improve the efficiency, reduce the operation cost and ensure a wide applicability of these processes. Based on our preliminary literature survey, a critical review was carried out on AO and EF processes with much focus on the role of electrode materials on the efficiency of both processes, since both are among the most widely studied EAOPs. Extensive review was also carried out on the pH window (pH is a crucial operating parameter in EF process) at which EF can be performs since majority of wastewater effluents are not in acidic pH at which process efficiency is optimal.

Introduction

For the past decades, there is astronomic increase in the demand for the earth's supply of drinking water due to continuous exponential growth in human population. As such, the protection of the integrity of water resources has become one of the crucial environmental issues of this century [1]. Although water bodies constitute majority of earth crust, only few (less than 3%) are available for human use due to high salinity of the others. In addition this few fresh water bodies are under continuous contamination by effluents of WWTPs, hospital, municipal sewage systems, industries, run-off water from agricultural land and others, thus constituting a great threat to the health and safety of both human and aquatic life.

Pharmaceuticals active compounds (PhACs) (human and veterinary) as emerging pollutants have received a lot of attention in the last decade not only because of the persistence and potential toxicity of these substances and their active metabolites but also due to their accumulation as a result of continuous introduction into receiving water bodies via WWTPs effluents [2]. Several investigations and reviews have reported the occurrence, fate and ecotoxicology of both human and veterinary PhACs in different environmental compartments [3][4][5][6][7]. It has been established that, the primary source through which PhACs enter into aquatic environment is effluents of WWTPs, although this is aggravated by indiscriminate disposal of unused drugs in drains and household garbage [8][9][10][11][12]. Other sources include; hospital wastewater effluents, direct discharge of untreated wastewater, aqua farming and livestock impoundments [13,14]. The poor volatility of these chemical substances implies that aqueous transport mechanisms remain the primary mode of their distribution in compartments of the environment [12].

On the other hand, textile factories discharge large volume of wastewater containing a high concentration of dyes that required to be treated. The wastewater from textile industries is very complex in constituent and difficult to remove completely by conventional physicochemical treatment technique []. Many dyes are highly soluble in water and resistant to biotic conversion (oxidation by organisms). They are a major threat to ecosystems, both aquatic and terrestrial because they are toxic and also consist of toxic auxiliary components [].

Consequently, there is need for complete elimination of PhACs, its active metabolites and azo dyes from aquatic compartments in order to avoid their health hazard and potential ecotoxicity. The conventional wastewater treatment technique such as adsorption, bio-oxidation, coagulation, sedimentation and filtration applied in WWTPs cannot completely destroyed these pollutants, even with the combination of post treatment disinfection of the effluents by chlorination and/or ultra-violet radiation (UV) [2,15]. Chemical oxidation treatments such as chlorination and peroxidation usually leads to the formation of more stable and potential carcinogenic byproducts which are most time more toxic than the parent compounds [16,17].

AOPs are environmental friendly chemical, photochemical or electrochemical methods that utilized in-situ production of hydroxyl radical ( • OH) as main oxidant [2,18,19]. The oxidant ( • OH) is the second strongest oxidizing agent known after fluorine, with very high standard reduction potential (E o ( • OH/H 2 O) = 2.8 V vs SHE) and non-selectively react with most organics until their total mineralization [20]. Among AOPs, EAOPs have demonstrated greater ability to efficiently destroy a large variety of toxic and/or biorefractory pollutants [2,[21][22][23]. These techniques are based on electrochemical production of • OH, either directly from water oxidation at the anode or indirectly by total or partial in-situ generation of Fenton's reagent (H 2 O 2 + Fe 2+ ) [23][24][25][26][27]. Fenton-based EAOPs in particular is more efficient and has been successfully applied to the treatment of many pharmaceutical residues in recent years.

The efficiency of EAOPs processes, especially AO and EF is largely influenced by some operation parameters -most importantly selected electrode materials and nature of the catalyst used in Fenton's based EAOPs. The influence of electrode materials (i.e. anode material) on mineralization of organic pollutants by both AO and EF processes depends on the production of physisorbed (heterogeneous) hydroxyl radical (M(•OH)) at the anode surface [27,28]. While some anode materials such as BDD, SnO 2 -Sb , α-PbO 2 and substoichiometric TiO 2 can generate relatively high quantities of M(•OH) (non-active anodes), others like DSA, Pt and graphite has limited capacity for M(•OH) production [21,27]. The generated M(•OH) is highly efficient in mineralization of organic, thus enhance the performance of EAOPs. On the other hand, studies have shown that efficiency of EF process can be significantly enhanced by using heterogeneous rather than homogeneous Fenton catalyst.

In this review, the occurrence, fate and toxicity of the PhACs in the environment are discussed in the first part, while the basic principle of AO and EF are enumerated in the next two sections. In the fourth and fifth section, the selection of electrode materials and use of heterogeneous EF for enhancing the removal of PhACs by electrochemical wastewater treatment are discussed.

Pharmaceuticals: Occurrence, fate and toxicity

Occurrence of PhACs in aquatic environment

Several thousand tons of both human and veterinary PhACs substances are produced per year across the globe. Majority of these medications administered by both human and livestock are excreted unmodified or partially modified via urine and feces and introduced directly into sewage system. The rate of metabolisms of each drugs in organism's system depends on the individual, nature of the drugs itself and dosage. While some are completely removed (diclofenac, carbamazepine), others are partially metabolized (amoxicillin) or not metabolized at all (β-blocker nadolol) [9,29]. Moreover, urine and feces of livestock are not treated like that of human, it may either remains on the pasture field or applied as manure which are eventually washed into aquatic environment by run-off water [29][30][31][32]. The presence of PhACs in surface and underground water has been reported by several authors and they attributed it to ineffective removal of these pollutants in WWTPs [3,5,8,[31][32][33][34][35][36][37][38][39][40][41][42]. A schematic representation of the transport of PhACs in environment right from origin to the point where they cause serious hazardous effects is shown in Fig. 2-1.

Analyses of concentration of PhACs in aquatic environment are carried out by solid phase extraction followed by identification and quantification using either liquid chromatograph coupled with mass spectroscopy (LC-MS), high performance liquid chromatography (HPLC-MS), Reversed Phase-HPLC-electrospray tandem mass spectroscopy or Gas chromatography GC-MS [1,36,39,[43][44][45][46][47][48][49]. Further, over 80 compounds, PhACs and several drugs metabolites have been detected in aquatic environment across the Europe, Australia, Brazil, US and Canada [3]. [12]).

Analytical studies of some receiving water in Romania indicates the presence of over 15 PhACs, metabolites, and intermediates belonging to various therapeutic groups with concentrations ranging from several µg to few ng [44]. About 29 PhACs and 12 drugs of abuse were detected in the intake of drinking water treatment plant in NE of Spain with concentrations up to several ng [50]. The analytical studies conducted by U.S. Geological Survey on water samples from network of 139 streams across several states show the presence of approximately 95 organic wastewater contaminants of which majority are PhACs [1]. Although the concentration measured were generally low and most time below drinking-water guidelines, health adversaries or aquatic-life criteria. More so, 13 PhACs from priority lists (UK Environment Agency and Oslo and Paris Commission) were detected from analytical survey of wastewater effluents and surface water of the lower river Tyne, UK [36]. The concentration of most of these PhACs in raw effluent range from 11 to 67,570 ng L ̶ 1 , whereas in surface water a much lower concentrations 
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Hospital Wastewater PhACs Plant wastewater (4 to 2370 ng L ̶ 1 ) were detected. PhACs such as clofibric acid, carbamazepine, codeine, fluoroquinolones, primidone or iodinated contrast agents have also been detected at µg L ̶ 1 level in underground water and deeper soil horizon as a result of diffusion and infiltration of the drugs [3,51]. Also several PhACs have been detected in shallow underground water as a result of direct or indirect infiltration from livestock wastewater impoundments [46], manufacture spill accidents, underground leakage from sewage facilities and therapeutic treatment of livestock on fields [3,52].

Fate of PhACs in aquatic environment

Investigations have shown that individual concentrations of most PhACs are higher in effluents of WWTPs/STPs than concentrations found in surface water due to dilution as well as partial remediation by natural pathways like hydrolysis, sorption onto colloids, biodegradation and photolysis/photo-transformation [12,32,[53][54][55][56]. Partial transformation by abiotic reactions is much larger because most PhACs are bio-refractory. The speciation and concentration level of each PhACs are influenced by pH, natural organic matter (NOM) and ionic strength of the receiving water. Some PhACs at different pH become charged and can easily absorb onto colloids, trapped by NOM or associated with cations in the water and transferred to sediments [57,58].

Toxicity of PhACs in aquatic environment

Although PhACs are synthesized to elicit a specific biological effect at low doses in human system but there presence in water bodies can adversely affect non-targeted organ in human or other life in ecosystem even at low concentration [44,48]. Studies have shown that the qualitative risk assessment ranking of PhACs relative to probability and potential severity for human and environmental health effects follows this trend: antibiotics > sex hormones > cardiovascular > antineoplastics. While the susceptibility of aquatic life to PhACs are in the following order daphnia > fish > algae, the predicted ranking order of relative toxicity is: sex hormones > cardiovascular = antibiotics > antineoplastics [10]. The presence of PhACs in environment may results in unprecedented consequences such as proliferation and persistence of multi-resistant bacterial pathogenic strains in environment, ecotoxicological impacts and impairment of reproductive and endocrine system of aquatic organisms [31,46,[59][60][61][62][63][64][65]. Further, abnormal physiological processes, increased incidences of cancer and potential increase in toxicity of chemical mixtures have also been reported [1,9]. Accumulation of diclofenac in different organs of fish as a result of long time exposure could cause severe health impairment such as histopathological and cytological effect in liver, kidney, gills and intestine of fish [66,67]. The effects of veterinary anti-bacterial and anti-parasitic compounds on zebrafish range from mortality, malformation and other sub lethal responses [6]. Studies have also revealed that oxytetracycline and florfenicol commonly used in fish farming and livestock cause strong adverse effect on duckweed and algae but minimal effect on bacterial and crustaceans [7].

Ecotoxicology studies indicate that aquatic organisms show high sensitivity to beta-blockers [68,69]. It can affect cardiac rythm; generate abnormalities or causes reproductive impairment in fish, Japanese medaka (Oryzias latipas) and had specific toxicity towards plankton and green algae [70,71]. Additionally, there are several evidences on the additive effects of pharmaceuticals, which means that even a low concentration, it might contribute to the global toxic potential of the total compounds in the aquatic environment [70].

Dyes Stuff in environment: Occurrence and Toxicity

Dyes stuffs are complex aromatic molecular structures which are stable and refractory to degrade. Both synthetic and natural dyes have been applied in various industrial setups, however synthetic dyes are most preferred because they provided dyes with a wide range of fast colors and brighter shades [71]. However, due to the toxic nature and hazardous effects of synthetic dyes on both aquatic and terrestrial life, the interest in natural dyes has been revived in many developed countries [72]. Among the over 100,000 dyes available commercially at present, 70% is azo dyes. Over 1 million tons of dyes are produced annually, of which 50% are textile dyes [71,73]. Textile industries consumed large volume of water and chemicals especially dyes during the wet processing stage and therefore large quantities of effluents/wastewater with varying constituents are delivered into environment. As such, the wastewater/effluents from textile industries remain the major source of dye stuffs in both aquatic and terrestrial environments. The receiving water bodies and landfill are strongly affected and they are visible in water at concentrations as low as 1 ppm [71,72]. One of the major reason for high dyes stuff in textile effluents/wastewater is improper dye up taken as well as fixation on the substrate during textile production and dyeing. Conventional treatment techniques rarely achieved satisfactory efficiency in treatment of textile industries effluents/wastewater because of its high composition variability and deep color intensity of the wastewater [72]. Other source of dye stuffs in environment including effluents from finishing industries, paints and pigment industries, cosmetic and pharmaceutical industries as well as wastewater from leather and printing industries.

Textile dyeing and finishing industry is the second largest pollution source (after agriculture) in fresh water because it is one of the most chemically intensive industries on earth [72,[START_REF] Anjaneyulu | Decolorization of industrial effluents available methods and emerging technologies[END_REF][START_REF] Arora | Textile Dyes: It's Impact on Environment and its Treatment[END_REF].

The major problem of dye stuffs in environment is aesthetic pollutions in which the dyes change the color of both receiving water bodies as well as landfill. As said earlier, this pollutant is visible in environment even at a concentration as low as 1 ppm. The color change inhibits sunlight penetration, water transparency and water-gas solubility as well as oxygen distribution into water bodies and landfill, thus affecting the energy chain in the ecosystem. Indeed, the decrease in light penetration through water polluted with dye stuffs affect the photosynthetic activities, creating oxygen deficiencies and de-regulating the biological cycles of the aquatic biotic [START_REF] Chung | The significance of azo-reduction in the mutagenesis and carcinogenesis of azo dyes[END_REF]. More importantly, the change in color of water bodies and landfill makes the environment irritating and dirty (Fig. 2). Secondly, these effluents as a hazardous toxic waste consist aside from color, large volume of organic chemicals and heavy metals from dyeing and finishing salts. For instance, majority of the dye stuffs contain sulphur, naphthol, nitrate, acetic acid, chromium compounds and heavy metals like Cu, Hg, Pb, Ni, Co, Cd, As and other auxiliary chemicals, all of which collectively makes the effluents highly toxic [72]. Besides, the effluents are usually at high temperature and pH, which is damaging.

Specific attention has been given to azo dyes because they pose very serious health risks to humans if they were used in particular textiles and if get to water bodies used for commercial and municipal usage. Azo dyes have been reported to show serious damage to ecosystems when discharged into water system without prior treatment, which is peculiar to developing countries.

The major threat of azo dyes comes from the formation of highly dangerous, toxic, and carcinogenic aromatic amines which can be easily produced by azo group (̶ N=N ̶ ) cleavage under certain conditions in the digestive tracts and other organs of animals as well as human [71]. Over 24 aromatic amines have been either confirmed or listed as carcinogenic and 5% of azo dyes can cleave to produce these hazardous compounds [START_REF] Apostol | Biological decolorizartion of Xanthene dyes by anaerobic granular biomass[END_REF]. Based on this, in 2002 EU placed a ban on articles that may come in contact with skin which contains certain azo dyes that could break down to any of the 24 possible carcinogenic aromatic amines. In general, many azo dyes are highly toxic and contains auxiliary component that are toxic to ecosystem and mutagenic, and can have subtle to chronic effect on organisms depending on exposure time and concentration of the azo dye. The presence of azo dyes in surface water and landfill has been connected to growth reduction, neurosensory damage, metabolic stress and death in fish, and growth and productivity in plants. Therefore contamination by dye stuffs limits the downstream human water usage like recreation, drinking, fishing and irrigation [START_REF] Puntener | European Ban on Certain Azo Dyes, Quality and Environment[END_REF].

Removal of organic pollutants from aqueous solution by EAOPs

Electrooxidation/Anodic oxidation

Electrooxidation is an emerging AOP, where pollutants are oxidized either directly by exchange of electrons between the anode and the pollutants or indirectly by strong reactive oxygen species (ROS) -most especially • OH -generated on the anode surface [21,24,25,27].

The presence of chloride ions in the treated solution may facilitate indirect bulk oxidation by the in situ electro-generation of active chlorines like hypochlorite, chlorine dioxide and chlorine, which could greatly enhance the overall electrochemical incineration of the organic pollutants [2,27]. The two types of electrooxidation oxidation processes (anodic oxidation and "mediated oxidation"-oxidation with active chlorine) have been widely employed in wastewater treatment predominantly on laboratory scale.

Electrooxidation or AO without active chlorine generation is the most prominent electrochemical technique for the remediation of wastewaters containing low contents of persistent organic pollutants (POPs) [26,[START_REF] Panizza | Application of diamond electrodes to electrochemical processes[END_REF][START_REF] Canizares | Electrochemical oxidation of phenolic wastes with boron-doped diamond anodes[END_REF][START_REF] Vasudevan | Electrochemistry: as cause and cure in water pollution-an overview[END_REF][START_REF] Rodrigo | Electrochemically assisted remediation of pesticides in soils and water: A review[END_REF]. This technique was popularized and extensively developed by Comninellis research group. Oxidation of pollutants in electrolytic cell is achieved by either direct electron transfer to the anode or indirect or mediated oxidation with heterogeneous ROS formed from water discharge at the anode, such as physisorbed • OH which are weakly attached to anode surface or chemisorbed "active oxygen" which are strongly attached to the surface of anode [27,[START_REF] Comninellis | Electrocatalysis in the electrochemical conversion/combustion of organic pollutants for waste water treatment[END_REF][START_REF] Marselli | Electrogeneration of hydroxyl radicals on boron-doped diamond electrodes[END_REF][START_REF] Martínez-Huitle | Electrochemical oxidation of organic pollutants for the wastewater treatment: direct and indirect processes[END_REF].

For wastewater treatment, high anodic potential is required to simultaneously oxidize the pollutants and discharge water for the production of adsorbed • OH as well as the activation of the anode. Studies conducted by Comninellis research group [START_REF] Comninellis | Electrocatalysis in the electrochemical conversion/combustion of organic pollutants for waste water treatment[END_REF][START_REF] Marselli | Electrogeneration of hydroxyl radicals on boron-doped diamond electrodes[END_REF][START_REF] Boye | Electrochemical incineration of chloromethylphenoxy herbicides in acid medium by anodic oxidation with boron-doped diamond electrode[END_REF] have shown that nature of electrode material has strong influence on both process selectivity and efficiency. For instance, several anodes favored partial and selected oxidation of organic pollutants (electrochemical conversion), while other produced complete mineralization of the compounds to CO 2 (electrochemical combustion). Regardless of anode material, the first step in oxygen transfer reaction is the discharge of water molecules to form adsorbed • OH:

M + H 2 O → M( • OH) + H + + e ̶ (2-1)
The nature of electrode material determines the next steps and two limiting classes of electrodes were established vis a vis "active" and "non-active" anodes:

(i) At "active" electrodes, the adsorbed radicals interact so strongly with the anode, forming chemisorbed "active oxygen" or higher oxide, provided that higher oxidation states are available on the electrode surface:

M( • OH) → MO + H + + e ̶ (2-2)
The surface redox pair MO/M (chemisorbed "active oxygen") can act as a mediator in the selective oxidation or electrochemical conversion of organic compounds at surface of "active" electrodes:

MO + R → M + RO (2-3)
Examples of active electrodes include DSA (RuO 2 , IrO 2 ), Pt and doped Ti electrode.

(ii) At "non-active" electrodes, where the formation of a higher oxide is excluded, the surface of the anodes interact so weakly with the physisorbed hydroxyl radicals that these radicals indiscriminately oxidized the organics until complete combustion to CO 2 :

M( • OH) + R → M + CO 2 + H 2 O + H + + e ̶ (2-4)
BDD, oxides of Sn and Pb are typical examples of non-active electrodes.

However, the quantities and versatility of both chemisorbed "active oxygen" and the physisorbed The yielded soluble chlorine diffuses away from anode to be rapidly hydrolyzed and disproportionated to hypochlorous acid and chlorine ion in the bulk solution:

Cl 2 + H 2 O → HClO + H + + Cl ‾ (2-6) HClO ↔ H + + OCl ‾ (2-7)
The chlorine-mediated electrolysis has been found particularly suitable and advantageous for the treatment of real wastewater with high sodium chloride concentrations such as ROC, olive oil wastewater, textile and tannery effluents since salinity could sufficiently lower the energy consumption because it increases the conductivity of the solution [START_REF] Panizza | Electrochemical treatment of wastewater containing polyaromatic organic pollutants[END_REF][START_REF] Panizza | Influence of anode material on the electrochemical oxidation of 2-naphthol[END_REF][START_REF] Zhou | Treatment of high-salinity reverse osmosis concentrate by electrochemical oxidation on BDD and DSA electrodes[END_REF]. The most widely used electrode materials for in situ generation of active chlorine are based on platinum or mixed-metal-oxides (e.g. RuO 2 , IrO 2 , TiO 2 ) [27]. Formation and accumulation of toxic chlorinated organic compounds -chloro-derivatives, trihalomethanes and chloroamines -during the electrolysis is the major drawback of this process [16,[START_REF] Bagastyo | Electrochemical oxidation of reverse osmosis concentrate on boron-doped diamond anodes at circumneutral and acidic pH[END_REF][START_REF] Panizza | Influence of anode material on the electrochemical oxidation of 2-naphthol[END_REF][START_REF] Pérez | Electro-oxidation of reverse osmosis concentrates generated in tertiary water treatment[END_REF].

Electro-Fenton Process

EF process involves the formation of and regenerated (Eq. 2-10) by cathodic reduction of O 2 and Fe 3+ respectively [21,[START_REF] Özcan | A comparative study on the efficiency of electro-Fenton process in the removal of propham from water[END_REF][START_REF] Oturan | Degradation of three pesticides used in viticulture by electrogenerated Fenton's reagent[END_REF]. The fast regeneration of Fenton's reagents accelerates the production of • OH radical by Fenton's reaction (Eq. 2-8), which enhances the removal of the organics from treated solution. Thus, the EF process possess high degradation efficiency than similar AO when both processes are applied separately [21,23].

Fe 2+ + H 2 O 2 + H + → Fe 3+ + H 2 O + • OH (2-8) O 2 + 2H + + 2e ̶ → H 2 O 2 (2-9) Fe 3+ + e ̶ → Fe 2+ (2-10)

Selection of Fenton's Catalyst

The selection of the iron source and regeneration of Fe 2+ requires for Fenton's reaction strongly depend on the nature of cathode used. Studies have shown that Fe 2+ is slowly regenerated in gas diffused electrodes (GDEs) because O 2 reduction is predominant. As such Fe 2+ is the preferred catalyst source for GDEs electrodes. In contrast, both Fe 3+ and Fe 2+ ions can be utilized as iron source with 3D-carbonaceous materials because of rapid regeneration of Fe 2+ by cathodic reduction of Fe 3+ [START_REF] Sirés | Catalytic behavior of the Fe3+/Fe2+ system in the electro-Fenton degradation of the antimicrobial chlorophene[END_REF][START_REF] Oturan | Electrochemical advanced oxidation technologies for removal of organic pollutants from water[END_REF][START_REF] Oturan | Kinetics of oxidative degradation/mineralization pathways of the phenylurea herbicides diuron, monuron and fenuron in water during application of the electro-Fenton process[END_REF]. More so, the cathodic regeneration of Fe 2+ has also been found to depend on factors such as electrode potential and area, pH, temperature and the catalyst content [START_REF] Qiang | Electrochemical regeneration of Fe 2+ in Fenton oxidation processes[END_REF]. Therefore, preliminary studies are usually conducted to establish optimum conditions at which waste reaction such as iron sludge production and H 2 O 2 decomposition are minimal.

Some authors have demonstrated the possibility of utilizing other metallic ions such as Cu 2+ /Cu + [98-100], Co 3+ /Co 2+ [START_REF] Oturan | Metomyl Degradation by electro-Fenton and electro-Fenton-like processes: A kinetics study of the effect of the nature and concentration of some transition metal ions as catalyst[END_REF][START_REF] Pimentel | Phenol degradation by advanced electrochemical oxidation process electro-Fenton using a carbon felt cathode[END_REF] and Mn 3+ /Mn 2+ [START_REF] Salazar | Finding the best Fe 2+ /Cu 2+ combination for the solar photoelectro-Fenton treatment of simulated wastewater containing the industrial textile dye Disperse Blue 3[END_REF] couples instead of Fe 3+ /Fe 2+ pair as catalyst to electrogenerate • OH in the bulk from Fenton-like reactions. Other authors [START_REF] Brillas | Catalytic effect of Fe 2+ , Cu 2+ and UVA light on the electrochemical degradation of nitrobenzene using an oxygen-diffusion cathode[END_REF][START_REF] Flox | Electro-Fenton and photoelectro-Fenton degradation of indigo carmine in acidic aqueous medium[END_REF] have reported excellent co-catalyst effect of copper ions in Fenton systems as a result of the enhanced Fe 2+ regeneration from eq. 2-11.

Cu + + Fe 3+ → Cu 2+ + Fe 2+ (2-11)
Electrolysis System

The cell configurations utilized in EF technology are either undivided cell -reactor in which all the electrodes are in one compartment with the electrolyte or divided cell -where the anodic half-cell containing anolyte (wastewater) is separated from cathodic half-cell housing catholyte (supporting electrolyte) by either porous membrane or salt bridge. Nature of electrodes (anode and cathode) has a significant influence on the efficiency of EF process, as such proper selection of electrodes material is a prerequisite in EF process. Cathode materials such as graphite, carbon felt (CF), activated carbon fiber (ACF), reticulated vitreous carbon, carbon sponge, carbon nanotubes and GDEs have been successfully employed in EF processes whereas anode materials such as graphite, Pt, mixed metal oxides and BDD are usually preferred [23].

In EF process with undivided cell equipped with high oxidation power anode (i.e. BDD or Pt), the destruction of organics is achieved by simultaneous action of both homogeneously • OH formed in bulk by Fenton's reaction (Eq. 2-8) and heterogeneous physisorbed ROS mainly M( • OH), which is produced by water discharge reaction (Eq. 2-1) at a high O 2 -overpotential anode surface [21][22][23].

Operating Parameters

Several operating parameters have been enumerated to influence the degradation of organics in EF process. Such parameters include O 2 /air feeding, stirring rate or liquid flow rate, temperature and pH of the solution, electrolyte composition, applied potential or current, iron catalyst and initial pollutant concentration. It is imperative to optimize these parameters during electrolysis to achieve the best current efficiency and lowest energy cost.

Electrode materials for electrochemical oxidation

The efficiency of electrochemical oxidation process greatly depends on the nature of anode material used. As explained in section 2.3.1, electrodes are grouped into two: "active" electrodes with low oxygen evolution overpotential (i.e. good catalyst for oxygen evolution reaction) and characterized with only partial oxidation of organics; and "non-active" electrodes with high oxygen evolution overpotential (poor catalyst for oxygen evolution reaction) and favors mineralization of organic to CO 2 [27,[START_REF] Rodrigo | Electrochemically assisted remediation of pesticides in soils and water: A review[END_REF][START_REF] Marselli | Electrogeneration of hydroxyl radicals on boron-doped diamond electrodes[END_REF]. However in practice, most electrodes exhibit a mixed behavior, because organic oxidation and oxygen evolution reactions occur via parallel reaction paths [START_REF] Martínez-Huitle | Electrochemical oxidation of organic pollutants for the wastewater treatment: direct and indirect processes[END_REF]. Some works have enumerate major electrodes -their properties, advantages and limitations [21,26,27,[START_REF] Martínez-Huitle | Electrochemical oxidation of organic pollutants for the wastewater treatment: direct and indirect processes[END_REF][START_REF] Chaplin | Critical review of electrochemical advanced oxidation processes for water treatment applications[END_REF] and are hereby summarized in the following section.

Carbon and graphite electrodes

Three dimensional electrodes (fluidized bed, pack bed, carbon particles, porous electrodes, carbon felt, carbon sponge, activated carbon fiber, reticulated vitreous carbon and carbon nanotubes) made of carbon and graphite have be widely used in electrochemical treatment of organics because they are cheap, have a large surface area, and can combine adsorption and electrochemical degradation of pollutants [27]. As an anode in electrooxidation, carbonaceous electrodes of different configurations such as carbon-felt [START_REF] Polcaro | Electrochemical oxidation of chlorophenols[END_REF][START_REF] Canizares | Effect of the current intensity in the electrochemical oxidation of aqueous phenol wastes at an activated carbon and steel anode[END_REF], carbon pellet [START_REF] Polcaro | Three-dimensional electrodes for the electrochemical combustion of organic pollutants[END_REF], carbon-fiber [START_REF] Yang | Removal of fulvic acid from water electrochemically using active carbon fiber electrode[END_REF][START_REF] Shen | Degradation of dye solution by an activated carbon fiber electrode electrolysis system[END_REF][START_REF] Yi | Effect of activated carbon fiber anode structure and electrolysis conditions on electrochemical degradation of dye wastewater[END_REF], glassy carbon [START_REF] Gattrell | The electrochemical oxidation of aqueous phenol at a glassy-carbon electrode[END_REF] and graphite-particles [START_REF] Awad | Electrochemical oxidation of phenol using graphite anodes[END_REF][START_REF] Awad | The influence of residence time on the anodic oxidation of phenol[END_REF][START_REF] Fan | Performance of the decolorization of an azo dye with bipolar packed bed cell[END_REF] have been employed in the electrochemical treatment of organic pollutants. This class of electrode have been studied for the electrooxidation of phenols [START_REF] Polcaro | Three-dimensional electrodes for the electrochemical combustion of organic pollutants[END_REF][START_REF] Gattrell | The electrochemical oxidation of aqueous phenol at a glassy-carbon electrode[END_REF], dyes [START_REF] Yi | Effect of activated carbon fiber anode structure and electrolysis conditions on electrochemical degradation of dye wastewater[END_REF][START_REF] Fan | Performance of the decolorization of an azo dye with bipolar packed bed cell[END_REF] and pharmaceuticals [28]. For instance, Sopaj et al., 2014 [28] investigated electrooxidation of amoxicillin using carbon-felt, carbon-graphite, carbon-fiber and some other known commercially available electrode materials in an undivided electrochemical cell. Relatively high oxidation of amoxicillin was observed with commercial Pt electrode compared to carbon-fiber and carbon-graphite, which in turn performed better than DSA. However, it must be noted that the generation of strong oxidant such as physisorbed hydroxyl radical ( • OH) can oxidize sp 2 -carbon of the anode in the case of carbonaceous electrode which will affect the oxidation of organic pollutant.

Besides, carbon-based anodes undergo surface corrosion and burnt that reduces their service life when utilized in electrooxidation at high potential [27].

Carbon based electrodes has been successfully used as electrodes in Fenton's based EAOPs, however majority of the studies have investigated these electrodes as cathode [21][22][23][START_REF] Oturan | Electrochemical advanced oxidation technologies for removal of organic pollutants from water[END_REF]. As anode materials in Fenton's based EAOPs, excellent degradation and relatively high mineralization of organics have been reported [21], since the degradation and mineralization of organics are mainly by homogeneously generated • OH from Fenton's reaction in the bulk solution. High surface area carbonaceous materials such as carbon-felt, graphite-felt, carbonsponge, carbon-fiber, activated and carbon-cloth has been the most widely studied cathode materials for Fenton-based EAOPs due to their high capacity for in-situ production of large quantities of hydrogen peroxide (H 2 O 2 ) [21].

Ruthenium, Thallium and Iridium oxides -based electrodes

Highly conducting thin film mixed-metal oxides deposited on titanium alloys popularly called DSA have been studied over the past decade as a good catalysts for chlorine and oxygen evolution respectively [27]. These electrodes are classified as "active" electrodes and have strong interaction with the generated • OH. As such, they have lower oxidizing power and promote selective oxidation (i.e. conversion) rather than mineralization of organic pollutants [START_REF] Radjenovic | Electrochemical degradation of the β-blocker metoprolol by Ti/Ru 0.7 Ir 0.3 O 2 and Ti/SnO2-Sb electrodes[END_REF]. The thin-film are made of RuO 2 , IrO 2 , Ta 2 O 5 or mixed metal oxides majorly containing Ru, and Ir oxides with empirical formula Ru x Ir 1-x O 2 deposited on Ti substrate. They are highly robust, chemically and mechanically stable, and have been applied in electrochemical wastewater treatment for the removal of organic pollutants over the past two decades [START_REF] Bagastyo | Electrochemical oxidation of reverse osmosis concentrate on mixed metal oxide (MMO) titanium coated electrodes[END_REF]. However, the major disadvantage of applying these electrodes in electrooxidation is that organic oxidation is expected to yield low current efficiency for complete combustion, because the secondary reaction of oxygen evolution is favored [27].

As an anode in electrooxidation, studies have compared the performance of RuO 2 -based electrode with other commercial electrodes such as Pt, PbO 2 , SnO 2 , BDD or even ebonex® (Ti 4 O 7 ) for the degradation and mineralization of organic pollutants such phenol [START_REF] Feng | Electro-catalytic oxidation of phenol on several metal-oxide electrodes in aqueous solution[END_REF][START_REF] Li | Reaction pathways and mechanisms of the electrochemical degradation of phenol on different electrodes[END_REF], 4chlorophenol [START_REF] Polcaro | Three-dimensional electrodes for the electrochemical combustion of organic pollutants[END_REF][START_REF] Coteiro | Electrochemical oxidation of 4-chlorophenol and its byproducts using Ti/Ru 0.3 M 0.7 O 2 (M = Ti or Sn) anodes: preparation route versus degradation efficiency[END_REF][START_REF] Azzam | Anodic destruction of 4-chlorophenol solution[END_REF], real wastewater effluent [START_REF] De Moura | Active chlorine species electrogenerated on Ti/Ru 0.3 Ti 0.7 O 2 surface: Electrochemical behavior, concentration determination and their application[END_REF], 1,4-benzoquinone [START_REF] Martinez-Huitle | Electrochemical incineration of chloranilic acid using Ti/IrO 2 , Pb/PbO 2 and Si/BDD electrodes[END_REF][START_REF] Pulgarin | Electrochemical Detoxification of a 1,4-Benzoquinone Solution in Waste-Water Treatment[END_REF][START_REF] Bejan | Mechanistic investigation of the conductive ceramic Ebonex® as an anode material[END_REF], pnitrosodimethylaniline [START_REF] Bejan | Mechanistic investigation of the conductive ceramic Ebonex® as an anode material[END_REF], petrochemical industry wastewater [START_REF] Da Silva | Electrochemical treatment of fresh, brine and saline produced water generated by petrochemical industry using Ti/IrO 2 -Ta 2 O 5 and BDD in flow reactor[END_REF], amoxicillin [28], methyl red [START_REF] Tavares | Electrochemical oxidation of Methyl Red using Ti/Ru 0.3 Ti 0.7 O 2 and Ti/Pt anodes[END_REF] and cyanide aqueous wastes containing sulfate and chloride anions [START_REF] Cañizares | Electrochemical treatment of diluted cyanide aqueous wastes: Electrochemical treatment of diluted cyanide aqueous wastes[END_REF].

Electrooxidation of organics with electrode based on RuO 2 generally yield slow degradation rate with the formation of stable intermediates as well as several carboxylic acids with limited mineralization to CO 2 or TOC removal [27]. However, some authors have reported relatively high mineralization of organics in electrooxidation with Ir, Sn, Ti, or Ta doped RuO 2 electrodes [START_REF] Coteiro | Electrochemical oxidation of 4-chlorophenol and its byproducts using Ti/Ru 0.3 M 0.7 O 2 (M = Ti or Sn) anodes: preparation route versus degradation efficiency[END_REF][START_REF] Azzam | Anodic destruction of 4-chlorophenol solution[END_REF].

As anode in Fenton's based EAOPs, DSA electrodes have been reported to show relatively high mineralization of organics since the oxidation of organics is predominantly performed by the large quantities of Fenton's reagent generated • OH in the bulk. However the performance of these class of electrodes are inferior to that of non-active anode like BDD or inferior to that of Pt or BDD anode [START_REF] Olvera-Vargas | Electrochemical advanced oxidation for cold incineration of the pharmaceutical ranitidine: Mineralization pathway and toxicity evolution[END_REF].

Platinum electrodes

Pt electrodes have been used for decades as electrode materials in EAOPs because of their good conductivity and chemicals stability even at high potentials [27]. They are classified as "active anode" because the • OH generated at the surface of this anode is further oxidized to chemisorbed oxygen (M=O), which are effective in electrochemical conversion rather than combustion of organic pollutants. Studies have shown that efficiency of Pt anode in terms of degradation and mineralization of organics in electrooxidation is relatively better than carbonaceous and RuO 2 -based electrodes but far inferior to "non-active" anodes such as BDD or doped SnO 2 and PbO 2 [28]. These electrodes have been used in electrooxidation of varieties of organic pollutants, such as phenol [START_REF] Comninellis | Electrocatalysis in the electrochemical conversion/combustion of organic pollutants for waste water treatment[END_REF][START_REF] Feng | Electro-catalytic oxidation of phenol on several metal-oxide electrodes in aqueous solution[END_REF][START_REF] Gattrell | A study of the oxidation of phenol at platinum and preoxidized platinum surfaces[END_REF], chlorophenols [START_REF] Rodgers | Electrochemical oxidation of chlorinated phenols[END_REF][START_REF] Johnson | Electrochemical incineration of 4-chlorophenol and the identification of products and intermediates by mass spectrometry[END_REF], synthetic dyes [START_REF] Panizza | Electrocatalytic materials for the electrochemical oxidation of synthetic dyes[END_REF][START_REF] Hamza | Comparative electrochemical degradation of the triphenylmethane dye Methyl Violet with boron-doped diamond and Pt anodes[END_REF][START_REF] Araújo | Electrochemical removal of synthetic textile dyes from aqueous solutions using Ti/Pt anode: role of dye structure[END_REF], herbicides [START_REF] Brillas | Mineralization of herbicide 3,6-dichloro-2methoxybenzoic acid in aqueous medium by anodic oxidation, electro-Fenton and photoelectro-Fenton[END_REF], petrochemical industry wastewater [START_REF] Santos | Scale-up of electrochemical oxidation system for treatment of produced water generated by Brazilian petrochemical industry[END_REF] and pharmaceuticals [2,[START_REF] Guinea | Degradation of the fluoroquinolone enrofloxacin by electrochemical advanced oxidation processes based on hydrogen peroxide electrogeneration[END_REF][START_REF] Brillas | Electrochemical incineration of diclofenac in neutral aqueous medium by anodic oxidation using Pt and boron-doped diamond anodes[END_REF][START_REF] Cavalcanti | Electrochemical incineration of omeprazole in neutral aqueous medium using a platinum or boron-doped diamond anode: Degradation kinetics and oxidation products[END_REF][START_REF] Ambuludi | Kinetic behavior of antiinflammatory drug ibuprofen in aqueous medium during its degradation by electrochemical advanced oxidation[END_REF][START_REF] Feng | Removal of residual anti-inflammatory and analgesic pharmaceuticals from aqueous systems by electrochemical advanced oxidation processes. A review[END_REF].

Several studies have reported the use of Pt electrodes in Fenton based EAOPs for oxidation of different organic pollutants either as the lonely anode or in comparison with other commercially available electrodes such as DSA or BDD. Organic pollutants such as textile dyes, pesticides, pharmaceuticals, real wastewater and other hydrocarbon contaminants have been remediated with electrochemically generated hydroxyl radicals using Pt and suitable cathode materials and have been summarized in several reviews in literature [2,[21][22][23][START_REF] Vasudevan | Electrochemistry: as cause and cure in water pollution-an overview[END_REF][START_REF] Rodrigo | Electrochemically assisted remediation of pesticides in soils and water: A review[END_REF][START_REF] Oturan | Electrochemical advanced oxidation technologies for removal of organic pollutants from water[END_REF][START_REF] Feng | Removal of residual anti-inflammatory and analgesic pharmaceuticals from aqueous systems by electrochemical advanced oxidation processes. A review[END_REF][START_REF] Ganzenko | Electrochemical advanced oxidation and biological processes for wastewater treatment: A review of the combined approaches[END_REF].

For instance, the degradation of azo dyes -azobenzene, p-methyl red and methyl orange in aqueous solution was investigated using a Pt anode and a CF cathode [START_REF] Guivarch | Degradation of azo dyes in water by Electro-Fenton process[END_REF]. Excellent degradation of all the dyes and their intermediates byproducts was observed until their final oxidation to CO 2 and water. Complete mineralization of direct orange 61 by EF using Pt anode and CF cathode was also reported by Hammami et al. [START_REF] Hammami | Oxidative degradation of direct orange 61 by electro-Fenton process using a carbon felt electrode: Application of the experimental design methodology[END_REF]. Diagne et al. (2006) [START_REF] Diagne | Removal of methyl parathion from water by electrochemically generated Fenton's reagent[END_REF] reported excellent mineralization of methyl parathion by electrochemically generated Fenton's reagent using Pt anode and CF cathode. 

Doped-Tin oxides (SnO 2 ) based electrodes

Pure SnO 2 has low conductivity at room temperature and thus cannot be used as electrode material in EAOPs. However, antimony (Sb) doped SnO 2 has high conductivity with a potential for O 2 evolution of ~ 1.9 V versus SHE [27,[START_REF] Chaplin | Critical review of electrochemical advanced oxidation processes for water treatment applications[END_REF], thus makes it effective anode material for oxidation of organics. Several other dopants such as Ar, B, Bi, F, Cl and P have been investigated as an alternative to Sb, since the latter is a toxic substance with an US-EPA drinking water limit of 6 µg L ̶ 1 [START_REF] Chaplin | Critical review of electrochemical advanced oxidation processes for water treatment applications[END_REF]. A spin trap experiment using N,N-dimethyl-p-nitrosoaniline demonstrate the formation of • OH at the SnO 2 electrode surface [START_REF] Comninellis | Electrocatalysis in the electrochemical conversion/combustion of organic pollutants for waste water treatment[END_REF] and in turn, the combustion/mineralization of substrates in aqueous solution [START_REF] Comninellis | Electrochemical Oxidation of Phenol for Waste-Water Treatment Using Sno2 Anodes[END_REF][START_REF] Stucki | Electrochemical waste-water treatment using high overvoltage anodes 2: Anode performance and applications[END_REF]. Although several studies have investigated the used of doped-SnO 2 electrodes in oxidation of organics on laboratory scale [START_REF] Pulgarin | Electrochemical Detoxification of a 1,4-Benzoquinone Solution in Waste-Water Treatment[END_REF][START_REF] Wang | Electrochemical treatment of paper mill wastewater using three-dimensional electrodes with Ti/Co/SnO2-Sb2O5 anode[END_REF][START_REF] Chen | Comparison of Ti/BDD and Ti/SnO 2 -Sb 2 O 5 electrodes for pollutant oxidation[END_REF], they have not been applied on commercial scale due to their short-service life [START_REF] Lipp | Removal of organic micro-pollutants during drinking water treatment by nanofiltration and reverse osmosis[END_REF][START_REF] Correa-Lozano | Service life of Ti/SnO 2 -Sb 2 O 5 anodes[END_REF][START_REF] Samet | Electrochemical degradation of 4chloroguaiacol for wastewater treatment using PbO 2 anodes[END_REF]. The short-service life of this class of electrodes is attributed to two mechanisms: (i) the formation of non-conductive Sn-hydroxide layer on the outer surface of the anode and (ii) the passivation of the underlying Ti substrate that causes delamination of the doped-SnO 2 film [START_REF] Kotz | Electrochemical waste-water treatment using high overvoltage anodes 1: Physical and electrochemical properties of SnO 2 anodes[END_REF][START_REF] Montilla | Evaluation of the electrocatalytic activity of antimony-doped tin dioxide anodes toward the oxidation of phenol in aqueous solutions[END_REF][START_REF] Montilla | Preparation and characterization of antimony-doped tin dioxide electrodes. Part 1. Electrochemical characterization[END_REF]. The former (Sn-hydroxide) is believed to be caused by hydration of SnO 2 surface and can be minimized by doping with Pt, while the latter (passivation of Ti substrate) can be mitigated by intercalation of an IrO 2 interlayer between the Ti support and the Sb 2 O 4 doped SnO 2 thin film coating, which has been proven to tremendously improve the service life of the electrode [START_REF] Correa-Lozano | Service life of Ti/SnO 2 -Sb 2 O 5 anodes[END_REF][START_REF] Zanta | Electrochemical oxidation of p-chlorophenol on SnO 2 -Sb 2 O 5 based anodes for wastewater treatment[END_REF].

Several studies have reported the greater potential of doped SnO 2 for electrochemical wastewater treatment. Early studies reported complete mineralization of wide range of organic compounds irrespective of pH, with the efficiency far greater than that of Pt anodes [START_REF] Kotz | Electrochemical waste-water treatment using high overvoltage anodes 1: Physical and electrochemical properties of SnO 2 anodes[END_REF].

Subsequent studies have also obtained complete mineralization of organics such as phenol [START_REF] Li | Reaction pathways and mechanisms of the electrochemical degradation of phenol on different electrodes[END_REF][START_REF] Comninellis | Electrochemical Oxidation of Phenol for Waste-Water Treatment Using Sno2 Anodes[END_REF][START_REF] Comninellis | Electrocatalysis in anodic oxidation of organics with simultaneous oxygen evolution[END_REF][START_REF] Ciríaco | Anodic oxidation of organic pollutants on a Ti/SnO 2 -Sb 2 O 4 anode[END_REF], pharmaceuticals [START_REF] Ciríaco | Anodic oxidation of organic pollutants on a Ti/SnO 2 -Sb 2 O 4 anode[END_REF][START_REF] Santos | Preparation of Ti/Pt/SnO 2 -Sb 2 O 4 electrodes for anodic oxidation of pharmaceutical drugs[END_REF], pesticides [START_REF] Martínez-Huitle | Removal of the pesticide methamidophos from aqueous solutions by electrooxidation using Pb/PbO 2 , Ti/SnO 2 , and Si/BDD electrodes[END_REF], azo dyes [START_REF] Ciríaco | Anodic oxidation of organic pollutants on a Ti/SnO 2 -Sb 2 O 4 anode[END_REF], humic acids and landfill leachate [START_REF] Panizza | Role of electrode materials for the anodic oxidation of a real landfill leachate -Comparison between Ti-Ru-Sn ternary oxide, PbO 2 and borondoped diamond anode[END_REF] with Sb 2 O 4 doped SnO 2 anodes at moderate current density.

As anode in EF process, doped SnO 2 electrode has attracted very limited attention, possibly due to the fact that it is not commercially available. In fact, there is no study available in literature concerning the application of this electrode in EF process to the best of our knowledge. electrodes can be found in literature [27,[START_REF] Chaplin | Critical review of electrochemical advanced oxidation processes for water treatment applications[END_REF]. The generated • OH are weakly adsorbed onto the surface of the PbO 2 anode, thus make it readily available for substrate oxidation. The oxidation potential of PbO 2 electrode for organic pollutants removal has been reported to be relatively closed to that of BDD [START_REF] Gherardini | Electrochemical oxidation of 4-chlorophenol for wastewater treatment -Definition of normalized current efficiency (phi)[END_REF].

Several studies have reported the application of PbO 2 and doped PbO 2 electrodes for oxidation of organics such as synthetic dyes [START_REF] Panizza | Electrochemical degradation of methyl red using BDD and PbO 2 anodes[END_REF][START_REF] Panizza | Electrocatalytic materials for the electrochemical oxidation of synthetic dyes[END_REF][START_REF] Andrade | On the performance of Fe and Fe,F doped Ti-Pt/PbO 2 electrodes in the electrooxidation of the Blue Reactive 19 dye in simulated textile wastewater[END_REF], hydroquinone [START_REF] Santos | Scale-up of electrochemical oxidation system for treatment of produced water generated by Brazilian petrochemical industry[END_REF], 2,4-nitrophenol [START_REF] Quiroz | Degradation of 1-hydroxy-2,4-dinitrobenzene from aqueous solutions by electrochemical oxidation: Role of anodic material[END_REF], chloranilic acid [START_REF] Martinez-Huitle | Electrochemical incineration of chloranilic acid using Ti/IrO 2 , Pb/PbO 2 and Si/BDD electrodes[END_REF], p-nitrophenol [START_REF] Quiroz | Electrocatalytic oxidation of p-nitrophenol from aqueous solutions at Pb/PbO2 anodes[END_REF], herbicides and pesticides [START_REF] Martínez-Huitle | Removal of the pesticide methamidophos from aqueous solutions by electrooxidation using Pb/PbO 2 , Ti/SnO 2 , and Si/BDD electrodes[END_REF], diethyl phthalate [START_REF] Vazquez-Gomez | Anodic oxidation as green alternative for removing diethyl phthalate from wastewater using Pb/PbO 2 and Ti/SnO 2 Anodes[END_REF], real landfill leachate [START_REF] Panizza | Role of electrode materials for the anodic oxidation of a real landfill leachate -Comparison between Ti-Ru-Sn ternary oxide, PbO 2 and borondoped diamond anode[END_REF] and pharmaceuticals [28,[START_REF] Lin | Electrochemical mineralization of sulfamethoxazole by Ti/SnO 2 -Sb/Ce-PbO 2 anode: Kinetics, reaction pathways, and energy cost evolution[END_REF].

However, there are limited literatures on the application of this electrode in EF process for the treatment of wastewater.

Boron doped diamond electrodes

Synthetic boron-doped diamond (BDD) thin film deposited on suitable substrate is the most efficient and widely studied electrode for EAOPs remediation of wastewater [27]. Diamond films are grown on non-diamond substrates (e.g. silicon, tungsten, molybdenum, titanium, niobium, tantalum or glassy carbon) using chemical vapor deposition because this method is inexpensive and has been widely developed for commercial production of crystalline diamond films for industrial application [27,[START_REF] Chaplin | Critical review of electrochemical advanced oxidation processes for water treatment applications[END_REF][START_REF] Kraft | Doped diamond: A compact review on a new, versatile electrode material[END_REF]. The common dopant used in diamond electrode is boron, due to its low charge carrier activation energy (0.37 eV) [START_REF] Haenni | Industrial applications of diamond electrodes[END_REF]. The extent of boron doping controls the behavior of the diamond electrode with low doping level (~ 10 17 atoms cm ̶ 3 ) diamond exhibits semiconductor properties, whereas high doping level (~ 10 20 atoms cm ̶ 3 ) diamond exhibits semi-metallic conductivity [START_REF] Kraft | Doped diamond: A compact review on a new, versatile electrode material[END_REF][START_REF] Xu | Boron-doped diamond thin-film electrodes[END_REF].

BDD electrodes possess several technologically important properties that distinguish them from other electrodes. For instance, they are known for their extreme stability under anodic polarization in aqueous and non-aqueous electrolytes due to C atoms being in sp 3 hybridization [START_REF] Martin | Hydrogen and oxygen evolution on boron-doped diamond electrodes[END_REF]. They have excellent corrosion resistant in very aggressive media even during long-term cycling from hydrogen to oxygen evolution [START_REF] Ramesham | Electrochemical characterization of doped and undoped CVD diamond deposited by microwave plasma[END_REF]. Further, they possess inert surface with low adsorption properties and strong tendency to resist deactivation [START_REF] Swain | The electrochemical activity of boron-doped polycrystalline diamond thin-film electrodes[END_REF]. However, BDD film electrodes are still subject to possible failure especially at high applied current density, majorly due to film delamination from the substrate [START_REF] Chaplin | Characterization of the performance and failure mechanisms of boron-doped ultrananocrystalline diamond electrodes[END_REF] and wear at grain boundaries [START_REF] Chaplin | Understanding anodic wear at boron doped diamond film electrodes[END_REF].

Due to their excellent properties, BDD electrodes promote the production of weakly adsorbed hydroxyl radicals during the electrolysis in the region of water discharge. The produced radical unselectively and completely mineralize organic pollutants with a high current efficiency [27] according to the equations (2-12) and (2-13):

BDD + H 2 O → BDD( • OH) + H + + e - (2-12) BDD( • OH) + R → BDD + CO 2 + H 2 O (2-13)
This mechanism confirmed experimentally using 5,5-dimethyl-1-pyrroline-N-oxide and salicyclic acid as spin trapping, showed that the oxidation process on the BDD electrodes involves hydroxyl radicals as electrogenerated intermediates [START_REF] Marselli | Electrogeneration of hydroxyl radicals on boron-doped diamond electrodes[END_REF].

In the last two decades, several laboratories have been investigating this material for wastewater treatment and the corresponding research papers have increased exponentially [27,[START_REF] Chaplin | Critical review of electrochemical advanced oxidation processes for water treatment applications[END_REF] 

Doped and substoichiometric titanium oxides based electrode

Ceramic electrodes based on sub-stoichiometric TiO 2 , and doped-TiO 2 have been developed and tested for potential application in electrochemical wastewater treatment [START_REF] Pollock | Electrochemical properties of a new electrode material, Ti4O7[END_REF][START_REF] Chen | Electrolytic oxidation of trichloroethylene using a ceramic anode[END_REF][START_REF] Kolbrecka | Sub-stoichiometric titanium oxides as ceramic electrodes for oxygen evolution-structural aspects of the voltammetric behaviour of Ti n O 2n-1[END_REF][START_REF] Smith | Electrodes based on Magneli phase titanium oxides: the properties and applications of Ebonex (R) materials[END_REF]. Stoichiometric TiO 2 is an insulator with an electrical conductivity of ~ 10 ̶ 9 Ω ̶ 1 cm ̶ 1 [START_REF] Walsh | The continuing development of Magnéli phase titanium suboxides and Ebonex® electrodes[END_REF][START_REF] Graves | The electrochemistry of Magnéli phase titanium oxide ceramic electrodes Part I. The deposition and properties of metal coatings[END_REF]. However, creating oxygen deficiencies in the TiO 2 lattice structure can drastically change its electronic properties. Introduction of oxygen deficiencies in TiO 2 lattice can be accomplished at temperature above 900 o C under a H 2 /coke reduced atmosphere, in the presence of reduced metals (e.g., Ti), or by doping with group five elements such as V, Nb or Ta [START_REF] Chaplin | Critical review of electrochemical advanced oxidation processes for water treatment applications[END_REF]. In all case, Ti (IV) is converted to Ti (III) with n-type semiconductor behavior.

The Ti-O system belongs to a homologous series called "Magnéli phases" with the empirical formula Ti n O 2n-1 , (n ≥ 3) [START_REF] Andersson | Phase analysis studies on the titanium-oxygen system[END_REF]. Several oxides in this series exhibit high electrical conductivity at room temperature [START_REF] Walsh | The continuing development of Magnéli phase titanium suboxides and Ebonex® electrodes[END_REF][START_REF] Gusev | Ceramic electrodes based on Magnéli phases of titanium oxides[END_REF][START_REF] Page | Structural chemistry of magnéli phases TinO2n-1 (4 ≤ n ≤ 9). I. Cell and structure comparisons[END_REF], good corrosion resistant in aqueous electrolytes and high chemical stability, especially the first three oxides from the series, i.e. Ti 3 O 5 , Ti 4 O 7 and Ti 5 O 9 [START_REF] Kolbrecka | Sub-stoichiometric titanium oxides as ceramic electrodes for oxygen evolution-structural aspects of the voltammetric behaviour of Ti n O 2n-1[END_REF][START_REF] Walsh | The continuing development of Magnéli phase titanium suboxides and Ebonex® electrodes[END_REF][START_REF] Graves | The electrochemistry of Magnéli phase titanium oxide ceramic electrodes Part I. The deposition and properties of metal coatings[END_REF]. For instance, Ti 4 O 7 has electrical conductivity of 166 Ω ̶ 1 cm ̶ 1 , which is many order of magnitude greater than the conductivity of TiO 2 [START_REF] Walsh | The continuing development of Magnéli phase titanium suboxides and Ebonex® electrodes[END_REF][START_REF] Graves | The electrochemistry of Magnéli phase titanium oxide ceramic electrodes Part II: Ozone generation at Ebonex and Ebonex/lead dioxide anodes[END_REF]. The oxygen deficiency of sub-oxides of TiO 2 phases are due to edge sharing of TiO 6 octahedral in the crystallographic shear plane [START_REF] Chen | EIS Studies of porous oxygen electrodes with discrete particles[END_REF]. Structurally, this electrode is considered to contain a layer of TiO sandwiched with three layers of TiO 2 [START_REF] Walsh | The continuing development of Magnéli phase titanium suboxides and Ebonex® electrodes[END_REF]. Several reduction technique have been investigated with the sole aim of synthesize materials consisting majorly Ti 4 O 7 , since it is the most conducting oxide in the series [START_REF] Walsh | The continuing development of Magnéli phase titanium suboxides and Ebonex® electrodes[END_REF]. However, studies have shown that mixture of sub-oxides of TiO 2 is usually produced from TiO 2 irrespective of the reduction method employed. It is important to note that excessive reduction of TiO 2 create a structure with significant oxygen-deficiencies, which is extremely brittle and less conductive than Ti 4 O 7 [START_REF] Chen | Electrolytic oxidation of trichloroethylene using a ceramic anode[END_REF][START_REF] Smith | Electrodes based on Magneli phase titanium oxides: the properties and applications of Ebonex (R) materials[END_REF].

Ceramic sub-stoichiometric TiO 2 electrodes consisting majorly Ti 4 O 7 are commercially available and sold under the trade name Ebonex® [START_REF] Bejan | Mechanistic investigation of the conductive ceramic Ebonex® as an anode material[END_REF][START_REF] Scott | The anodic behaviour of Ebonex® in oxalic acid solutions[END_REF]. Studies have shown that Ebonex® ceramic electrodes behave as non-active anode with respect to water oxidation and hydroxyl radical generation [START_REF] Chen | Electrolytic oxidation of trichloroethylene using a ceramic anode[END_REF][START_REF] Bejan | On the nature of the hydroxyl radicals produced at boron-doped diamond and Ebonex® anodes[END_REF]. However, the hydroxyl radical formed at its surface appears to be less abundant but more reactive compared with BDD anode at analogous condition [START_REF] Bejan | Mechanistic investigation of the conductive ceramic Ebonex® as an anode material[END_REF]. Few studies have investigated the potential of Ebonex® and sub-stoichiometric TiO 2 nanotube arrays as suitable electrode in various laboratory scale electrochemical wastewater treatment [START_REF] Bejan | Mechanistic investigation of the conductive ceramic Ebonex® as an anode material[END_REF][START_REF] Tennakoon | Electrochemical treatment of human wastes in a packed bed reactor[END_REF][START_REF] Zaky | Mechanism of p-substituted phenol oxidation at a Ti 4 O 7 reactive electrochemical membrane[END_REF][START_REF] Zaky | Porous substoichiometric TiO 2 anodes as reactive electrochemical membranes for water treatment[END_REF][START_REF] Geng | Highly-ordered Magnéli Ti 4 O 7 nanotube arrays as effective anodic material for electro-oxidation[END_REF]. However, Ti 4 O 7 electrodes are primarily used in cathodic protection of metallic structures [START_REF] Smith | Electrodes based on Magneli phase titanium oxides: the properties and applications of Ebonex (R) materials[END_REF]. In addition there is growing interest in the synthesis and application of these electrodes as supports for batteries, fuel cells, catalysts and electrocatalysts due to its corrosion resistance and electrical stability [START_REF] Chen | Electrolytic oxidation of trichloroethylene using a ceramic anode[END_REF][START_REF] Walsh | The continuing development of Magnéli phase titanium suboxides and Ebonex® electrodes[END_REF][START_REF] Chen | EIS Studies of porous oxygen electrodes with discrete particles[END_REF][START_REF] Chen | Development of supported bi-functional electrocatalysts for unitized regenerative Fuel Cells[END_REF][START_REF] Ellis | The performance of Ebonex® electrodes in bipolar lead-acid batteries[END_REF].

The major challenge of application of sub-stoichiometric TiO 2 electrodes is the formation of thin layer of passivating TiO 2 coating due to the oxygen deficient nature of sub-stoichiometric TiO 2 , which allows the possibility of oxygen incorporation into the lattice structure during anodic polarization [START_REF] Chen | EIS Studies of porous oxygen electrodes with discrete particles[END_REF][START_REF] Chen | Development of supported bi-functional electrocatalysts for unitized regenerative Fuel Cells[END_REF]. Conflict results have been reported concerning the reversibility of the passivation layer possibly due to the presence of different Magneli phases in the Ebonex® tested; while some studies have shown that the passivation was reversible upon cathodic polarization [START_REF] Chen | EIS Studies of porous oxygen electrodes with discrete particles[END_REF], other studies report that the passivation is not totally rreversible [START_REF] Chaplin | Critical review of electrochemical advanced oxidation processes for water treatment applications[END_REF].

However, recent work by Bejan et al. ( 2012) [START_REF] Bejan | On the nature of the hydroxyl radicals produced at boron-doped diamond and Ebonex® anodes[END_REF] with Ebonex® (Ti 4 O 7 ) has shown that periodic polarity reversals during the oxidation of sulfide were able to prevent electrode passivation. Further, soft-sand blasting has been found to partially restore the activity of the Ebonex® after reduction in oxidation potential due to passivation. Extensive studies are still need to understand the mechanism of passivation/reactivation of Ti 4 O 7 electrodes.

Some studies have also investigated the doping of TiO 2 (rutile phase) with Nb which produces ceramic materials with very high electrical conductivity [START_REF] Fehse | Nb-doped TiO 2 nanofibers for lithium ion batteries[END_REF]. Niobium-doped rutile TiO 2 (NDR) has been found to be highly conductive with proposed general formula of Ti 1-

x Nb x O 2 and a typical oxide composition of Ti 0.9 Nb 0.1 O 2 has electrical conductivity similar to that of Ti 4 O 7 [START_REF] Chen | Development of supported bi-functional electrocatalysts for unitized regenerative Fuel Cells[END_REF][START_REF] Morris | Photoemission and STM study of the electronic structure of Nb-doped TiO 2[END_REF]. The mechanism of doping in this case is by direct substitution of Nb 5+ for Ti 4+ , which is highly favored due to the similarity in crystal radii of both Nb 5+ and Ti 4+ when present in a 6-coordinate structure [START_REF] Shannon | Revised effective ionic radii and systematic studies of interatomic distances in halides and chalcogenides[END_REF]. As such, doped oxides have much more resistant to oxidation than Ti 4 O 7 as they consist of negligible anion deficiencies [START_REF] Chen | Development of supported bi-functional electrocatalysts for unitized regenerative Fuel Cells[END_REF][START_REF] Morris | Photoemission and STM study of the electronic structure of Nb-doped TiO 2[END_REF]. Based on this unique feature, the NDR has been studied for application in regenerative fuel cells, fuel cell and battery supports, dye-sensitized solar cells and electrocatalysts for water oxidation [START_REF] Chen | Development of supported bi-functional electrocatalysts for unitized regenerative Fuel Cells[END_REF][START_REF] Fehse | Nb-doped TiO 2 nanofibers for lithium ion batteries[END_REF][START_REF] Kim | Nb-doped TiO 2 nanoparticles for organic dye-sensitized solar cells[END_REF][START_REF] Yang | Nb doping of TiO 2 nanotubes for an enhanced efficiency of dye-sensitized solar cells[END_REF][START_REF] Ruiz | Effects of various metal additives on the gas sensing performances of TiO 2 nanocrystals obtained from hydrothermal treatments[END_REF]. However, only limited study could be found in literature that utilized doped-TiO 2 for EAOPs.

As stated earlier, both electrode materials can generate hydroxyl radical via water oxidation reaction [START_REF] Bejan | Mechanistic investigation of the conductive ceramic Ebonex® as an anode material[END_REF][START_REF] Zaky | Mechanism of p-substituted phenol oxidation at a Ti 4 O 7 reactive electrochemical membrane[END_REF][START_REF] Zaky | Porous substoichiometric TiO 2 anodes as reactive electrochemical membranes for water treatment[END_REF] for organic pollutants oxidation. Some recent studies have also employed the formability of sub-oxides and doped TiO 2 to produced conductive porous reactive electrochemical membrane consist of monolithic structure of Ti 4 O 7 electrodes for concurrent filtration and electrooxidation of organics [START_REF] Zaky | Mechanism of p-substituted phenol oxidation at a Ti 4 O 7 reactive electrochemical membrane[END_REF][START_REF] Zaky | Porous substoichiometric TiO 2 anodes as reactive electrochemical membranes for water treatment[END_REF]. Other studies have reported the excellent oxidation potential of sub-stoichiometric TiO 2 nanotube array compared to both Ti 4 O 7 particles electrode and BDD for phenol mineralization [START_REF] Geng | Highly-ordered Magnéli Ti 4 O 7 nanotube arrays as effective anodic material for electro-oxidation[END_REF]. Although, electrochemical water treatment potential of both sub-stoichiometric and doped TiO 2 electrodes are very exciting, the durability and electrochemical stability of both still required extensive investigation. In fact, all studies that have been carried out on Ti 4 O 7 and doped-TiO 2 for electrochemical wastewater treatment were performed at low current densities (i.e. < 10 mA cm ̶ 1 ). Future research should also investigate these electrodes for oxidation of complex organic pollutants such as pharmaceutical, pesticides and synthetic dyes. More importantly, these electrodes have not been used in Fenton's based EAOPs because of formation of yellowish Ti(H 2 O 2 ) 4 complexes which inhibits Fenton's reaction.

Heterogeneous electro-Fenton process

Heterogeneous EF uses solid catalyst source for the generation of • OH. It has been investigated as a promising alternative to homogeneous EF to overcome necessities for catalyst quantity optimization as well as widening the pH range at which EF process can be performed [START_REF] Li | Design of a neutral electro-Fenton system with Fe@Fe 2 O 3 /ACF composite cathode for wastewater treatment[END_REF][START_REF] Huang | Catalytic decomposition of hydrogen peroxide and 2chlorophenol with iron oxides[END_REF]. As stated in section 2.3.2, all Fenton's based AOPs are optimum at pH 2.5 -3.5, as such performing EF process outside this pH range results in lower efficiency of the process. For instance at pH ≤ 2, the formation of peroxonium ions (H 3 O 2 + ) which makes the electrogenerated H 2 O 2 electrophilic and reduces it reactivity towards Fe 2+ in addition to the preferential H 2 evolution at the cathode occurs at lower acidic pH, while at pH ≥ 4.0, there is both precipitation of Fe 3+ (elimination of the catalyst) as ferric hydroxide and the decomposition of generated H 2 O 2 into water and O 2 , thus hindering the production of • OH [21,25]. Heterogeneous EF has been developed to overcome the challenges of narrow pH window encountered in EF process.

Additionally, heterogeneous EF offer added advantage of reusability of catalyst for several cycles as well as its easy separation from the treated solution. The coagulation step used as posttreatment to remove the catalyst in EF usually results in generation of large quantities of ferric iron sludge which constitutes additional separation and disposal problem, and in turn increases the operational cost [START_REF] Li | Design of a neutral electro-Fenton system with Fe@Fe 2 O 3 /ACF composite cathode for wastewater treatment[END_REF].

Generally catalyst/co-catalyst supported on substrate must possess some characteristics in order to achieve the required improvement in activity and overcome the challenges encounter in homogeneous Fenton's reaction. The most important characteristic is the catalytic activity and stability of the material [START_REF] Navalon | Heterogeneous Fenton catalysts based on clays, silicas and zeolites[END_REF]. Reusability in several runs is not a good criterion for determine stability of catalyst since substrate-to-catalyst ratio determined the reusability [START_REF] Wang | Use of Fe(II)Fe(III)-LDHs prepared by coprecipitation method in a heterogeneous-Fenton process for degradation of Methylene Blue[END_REF]. In essence large excessive quantities of solid catalyst should always allow reuse of materials in several consecutive reaction runs whereas; lesser amounts of solid catalyst would make reusability more difficult. The maximum productivity of solid catalyst can be measure by performing an experiment with a large excess of substrate for a prolong time until complete deactivation of the catalyst. Analysis of this experiment can also reveal the deactivation rate of the catalyst and its causes [START_REF] Navalon | Heterogeneous Fenton catalysts based on clays, silicas and zeolites[END_REF].

Other parameter closely related to stability is the leaching of the catalyst to the aqueous phase which must be minimized to avoid excess catalyst in the solution that can act as homogeneous catalyst [START_REF] Li | Design of a neutral electro-Fenton system with Fe@Fe 2 O 3 /ACF composite cathode for wastewater treatment[END_REF]. In case there is leaching of catalyst into the solution, the overall catalytic activity maybe the combination of both activity of the leached species and the activity of the solid catalyst. Although leaching may enhance the overall catalytic activity performance but it usually leads to depletion of metal sites in the solids and may cause loss of solid catalytic activity in the long run [START_REF] Navalon | Heterogeneous Fenton catalysts based on clays, silicas and zeolites[END_REF].

Studies have shown that there are two main mechanisms of oxidation of organics in heterogeneous EF process: homogeneous catalyzed and surfaced catalyzed processes depending on the pH at which the EF process is being performed and the nature of the catalyst used [START_REF] Li | Design of a neutral electro-Fenton system with Fe@Fe 2 O 3 /ACF composite cathode for wastewater treatment[END_REF][START_REF] Wang | Three-dimensional homogeneous ferritecarbon aerogel: One pot fabrication and enhanced electro-Fenton reactivity[END_REF]. Under low pH conditions the process appears to be controlled by both redox cycling of dissolved iron (Fe 2+ /Fe 3+ ) and the surface catalyzed mechanism, the former emanating from the dissolution of Fe catalyst. At circumneutral pH, the contribution of dissolved iron species to the catalytic decomposition of H 2 O 2 should be negligible because Fe[III] is insoluble [START_REF] Wang | Three-dimensional homogeneous ferritecarbon aerogel: One pot fabrication and enhanced electro-Fenton reactivity[END_REF]. As such, catalytic decomposition of H 2 O 2 at higher pH is considered as a surface-catalyzed process.

Heterogeneous EF can be broadly divided into two groups -those with added solid catalyst and catalyst impregnated electrode. Both are vividly discussed in the next section.

Heterogeneous electro-Fenton process using added catalyst

Heterogeneous EF process using added solid catalyst utilized natural or synthetic relatively insoluble Fe or Fe compound supported on substrate. As stated earlier, the overall aim is to achieve reusability of the catalyst, easy separation after EF treatment and widening the pH window at which EF can be perform. Early studies investigated the viability of goethite (FeO(OH)) as an iron dosage source for aniline mineralization by a modified process termed goethite catalyzed EF [START_REF] Sánchez-Sánchez | Goethite as a more effective iron dosage source for mineralization of organic pollutants by electro-Fenton process[END_REF]. Further works by the group [START_REF] Expósito | Mineral iron oxides as iron source in electro-Fenton and photoelectro-Fenton mineralization processes[END_REF] extended their studies to other iron oxides minerals such as wustite (FeO), magnetite (Fe 3 O 4 ) and hematite (α-Fe 2 O 3 ) for their use in both EF and photo-EF processes. The efficiency of EF process with wustite and magnetite was found to be greater than Fe 2+ , whereas that of goethite and hematite is much lower. The difference in the performance was attributed to the ability of the minerals oxide to release Fe 2+ to the bulk, which react with electrogenerated H 2 O 2 via Fenton reaction (eq. 2-8) so that the system could behave as pure homogeneous catalysts that act as self-regulatory iron source.

Since then several researchers and laboratory and in turn corresponding publications have been tailored towards this aspect of EF process, especially in the last 3 years. For instance Ramirez et al. (2010) [START_REF] Ramírez | Heterogeneous photoelectro-Fenton process using different iron supporting materials[END_REF] utilized Fe -supported on Naflon membrane and ion-exchange amberlite and purolite resin as a catalyst in photo-EF for degradation of aqueous orange-II dye solution. While up to 60% TOC removal was achieved under experimental condition employed, the Fe was relatively fixed on the supports with limited desorption. Iglesias et al., (2013) [START_REF] Iglesias | Using iron-loaded sepiolite obtained by adsorption as a catalyst in the electro-Fenton oxidation of Reactive Black 5[END_REF] studied the application of Fe-loaded sepiolite obtained by adsorption as an effective heterogeneous catalyst in EF for degradation of Reactive Black 5. Total decoloration of the dye was achieved in all numbers of batches tested with slight reduction in efficiency with increase in number of batches. At optimum conditions, total decolorization was obtained with a COD reduction of 86.7 % and an energy consumption per decolorized dye mass of 12.76 kWh/kg. Some studies recently utilized pyrite as heterogeneous source of Fe 2+ and pH regulator in EF treatment of pharmaceuticals such as sulfamethazine [START_REF] Barhoumi | Pyrite as a sustainable catalyst in electro-Fenton process for improving oxidation of sulfamethazine. Kinetics, mechanism and toxicity assessment[END_REF], levofloxacin [START_REF] Barhoumi | Electrochemical mineralization of the antibiotic levofloxacin by electro-Fenton-pyrite process[END_REF], azo dye [START_REF] Labiadh | Complete removal of AHPS synthetic dye from water using new electro-fenton oxidation catalyzed by natural pyrite as heterogeneous catalyst[END_REF] and phenolic compound tyrosol [START_REF] Ammar | Degradation of tyrosol by a novel electro-Fenton process using pyrite as heterogeneous source of iron catalyst[END_REF]. In all cases, the oxidation/mineralization of the pollutants by pyrite catalyzed EF was found to be higher than corresponding classical EF process at similar experimental conditions with BDD or Pt anodes. Synthesized nano-Fe 3 O 4 has also been utilized to catalyzed EF for the oxidation of catechol from aqueous solution [START_REF] Hou | Heterogeneous electro-Fenton oxidation of catechol catalyzed by nano-Fe 3 O 4 : kinetics with the Fermi's equation[END_REF]. Several operation parameters such as temperature, pH, catalyst loading and initial catechol concentration were found to affect the efficiency of the process with excellent mineralization and catalyst reusability obtained at optimum experimental conditions.

Other studies have utilized Fe-loaded and Mn-alginate as catalyst for heterogeneous EF treatment of malodorous compound, indole [START_REF] Hammouda | Effective heterogeneous electro-Fenton process for the degradation of a malodorous compound, indole, using iron loaded alginate beads as a reusable catalyst[END_REF] and reactive black 5 respectively [START_REF] Fernández De Dios | Degradation of organic pollutants by heterogeneous electro-Fenton process using Mn-alginate composite: Mn-alginate composite as catalyst in electro-Fenton process[END_REF], with efficient mineralization and reusability obtained for Fe-loaded alginate, whereas poor degradation of the dye was achieved with Mn-loaded alginate due to deposition of MnO 2 at the anode. In a related studies, Fe-supported Y-zeolite and Fe-Y zeolite loaded alginate was utilized for the heterogeneous EF removal of pesticide from ground water [START_REF] Iglesias | Heterogeneous electro-Fenton treatment: preparation, characterization and performance in groundwater pesticide removal[END_REF]. The reusability of Fesupported Y-zeolite was found to be relatively low but was significantly improved when embedded in alginate. Similar studies reported the use of Fe-modified bentonite synthesized via green chemistry using green tea extract as reducing and capping agent as catalyst in heterogeneous EF degradation of orange II dye [START_REF] Qiao | Design of a neutral three-dimensional electro-Fenton system with various bentonite-based Fe particle electrodes: A comparative study[END_REF]. Some of the recent studies on heterogeneous EF with catalyst added are summarized in Table 2-1. 

Heterogeneous electro-Fenton process using catalyst impregnated electrode

Modified carbonaceous electrodes (cathode) have been recently developed, which act as electrode as well as the catalyst in heterogeneous electron-Fenton system [START_REF] Li | Design of a neutral electro-Fenton system with Fe@Fe 2 O 3 /ACF composite cathode for wastewater treatment[END_REF][START_REF] Wang | Three-dimensional homogeneous ferritecarbon aerogel: One pot fabrication and enhanced electro-Fenton reactivity[END_REF]. In many cases, the catalysts are impregnated or loaded on materials potent for H 2 O 2 generation such as active carbon fiber, carbon-felt, graphite felt and recently carbon aerogel. The catalytic performance in most cases is due to combination of both homogeneous oxidation in the bulk of the solution because of leaching of the catalyst and heterogeneous oxidation at the surface of the cathode at low pH value, whereas surfaced catalyzed process is predominant as pH increases [START_REF] Wang | Three-dimensional homogeneous ferritecarbon aerogel: One pot fabrication and enhanced electro-Fenton reactivity[END_REF]. The efficiency, stability and reusability of the catalyst impregnated electrodes are largely affected by the technique by which the catalyst is grafted into the carbon matrix. The technique used controls the adhesion and mechanical wearing of the catalyst from cathode matrix.

Several studies have investigated various methods to obtained functionalized cathodic materials for applications in heterogeneous EF process for mineralization of organic pollutants.

For instance, pyrrhotite (Fe 1-x S x ) powder grafted on graphite sheets by conductive silver paste was utilized as cathodic heterogeneous Fenton catalyst to degrade biorefractory organics in landfill leachate [START_REF] Li | Microbial fuel cells using natural pyrrhotite as the cathodic heterogeneous Fenton catalyst towards the degradation of biorefractory organics in landfill leachate[END_REF]. Previous studies by Zhang and co-workers utilized Fe@Fe 2 O 3 nanowires as an iron source mixing with multi-walled carbon nanotubes and fixed to tetrafluoroethylene (PTFE) as cathode materials for degradation of rhodamine B at neutral pH [START_REF] Li | Design of a neutral electro-Fenton system with Fe@Fe 2 O 3 /ACF composite cathode for wastewater treatment[END_REF]. The same authors [START_REF] Zhang | FeOOH-catalyzed heterogeneous electro-Fenton system upon anthraquinone@graphene nanohybrid cathode in a divided electrolytic cell: Catholyte-regulated catalytic oxidation performance and mechanism[END_REF] have investigated activated carbon-supported nano-FeOOH cathode prepared by depositing iron oxide nanocrystals on the surface of activated carbon for the oxidative degradation of amaranth dye. The prepared electrode was able to achieve desirable reactivity but low stability due to mechanical wearing, dissolution and agglomeration of the catalyst during EF treatment. Some studies have also reported Fe-loaded activated carbon cathode prepared either by adsorption or electrochemical technique as an effective electrode and catalyst for the degradation of m-cresol and Orange II solution [START_REF] Bounab | Effective heterogeneous electro-Fenton process of m-cresol with iron loaded activated carbon[END_REF][START_REF] Banuelos | Electrochemically prepared iron-modified activated carbon electrodes for their application in electro-Fenton and photoelectro-Fenton processes[END_REF]. The use of carbon-aerogel loaded with different kinds of solid Fe-catalyst such as Fe@Fe 2 O 3 C and iron oxide-graphene/nanotubes have recently been investigated for the degradation of various organic pollutants on a wide pH range [START_REF] Wang | Three-dimensional homogeneous ferritecarbon aerogel: One pot fabrication and enhanced electro-Fenton reactivity[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][START_REF] Sklari | Toward the development of a novel electro-fenton system for eliminating toxic organic substances from water. Part 2. Preparation, characterization, and evaluation of iron-impregnated carbon felts as cathodic electrodes[END_REF]. The Fe-loaded aerogel in most cases are highly stable and shows excellent reactivity towards organic pollutants over a wide pH range. However, some of the synthesis techniques seem more complex for commercial application.

Conclusions

The occurrence, fate and toxicology of pharmaceutical residues in aquatic environment Although BDD remain the best anode for electrochemical water/wastewater treatment, the high cost of production has limited its application on industrial scale. Sub-stoichiometric TiO 2 represents a low cost alternative electrode because it is produce from TiO 2 , which is a highly abundant feedstock in universe. This electrode has relatively high potential for production of • OH and mineralization of organic pollutants. However, this electrode has not been extensively studied for electrochemical AO and EF. Indeed, its performances were investigated in the following chapters.

On the other hand, heterogeneous EF system is an exciting alternative to homogeneous EF with the possibility of performing EF at a wide range of pH without necessarily reduce the efficiency of the process. This is possible because surface-catalyzed oxidation process controls the mineralization of the organic as the pH increases. Additionally heterogeneous EF proffer recyclability and reusability of the catalyst thus make the process efficient and economical for commercial application purposes. 3-1) [1][2][3]. The sorbed hydroxyl radicals (M( • OH)) is non-selective highly oxidizing agent and very reactive species against organic contaminants. Therefore it is able to oxidize organic pollutants until ultimate oxidation state, i.e., mineralization [4]. This process has been studied as a possible treatment technique for the remediation of wastewater with low content of various recalcitrant organic pollutants [5][6][7][8].

M H 2 O → M • OH H e (eq. 3-1)
Based on the interaction between the anode surface and M( • OH), anode materials are classified into two: "non-active" anodes (e.g. BDD, PbO 2 and Ti/SnO 2 ) where the oxygen atom of M( • OH) is not covalently bound to the surface of the anode and "active" anodes (e.g., Pt, Ti/RuO 2 , Ti/RuO 2 -IrO 2 and Ti/IrO 2 -Ta 2 O 5 ) in which M( • OH) is further oxidized to form chemisorbed active oxygen with the oxygen atom covalently bound to anode surface (M=O) [9].

The former (M( • OH)) usually leads to complete mineralization (electrochemical combustion) of the substrate [10][11][12][13][14], whereas significant mineralization of complex substrates rarely occur with the active anodes [15][16][17]. BDD thin-film electrodes are the best anode material known for electrooxidation due to their high chemical stability and generation of M( • OH) in large quantities that ensures complete mineralization of organic pollutants [18][19][20][21][22][23][24]. However, the high cost of BDD electrode and scarcity of suitable substrate limit its large-scale application [3].

Furthermore, relatively short service life of Ti/SnO 2 -Sb based electrodes and high risk of lead contamination by chemical leaching of PbO 2 electrodes have prevent their practical applications, even though both electrodes are relatively effective for electrooxidation of organic pollutants [25][26][27][28][29].

Recently, ceramic electrodes based on sub-stoichiometric titanium oxides, particularly Ti 4 O 7 has been developed and tested for potential application in electrochemical wastewater treatment [30][31][32]. The Ti-O system belongs to Magnéli phases homologous series with the empirical formula Ti n O 2n-1 , (n ≥ 3) [33]. Several oxides in this series exhibit high electrical conductivity at room temperature, good corrosion resistant and high chemical stability, especially 4 ≤ n ≤ 6 oxides from the series, i.e., Ti 4 O 7 , Ti 5 O 9 and Ti 6 O 11 [30,34,35]. Studies have shown that Ti 4 O 7 ceramic electrode behave as non-active anode with respect to water oxidation and hydroxyl radical generation [30,36,37]. However, the M( • OH) formed at its surface appears to be less abundant when compared with BDD anode at analogous condition [36]. Although the potential of these oxides as suitable electrode in electrochemical wastewater treatment has been demonstrated in the last decade, only few studies are available in literature [30,[37][38][39][40].

Furthermore, relatively simple organic substrates have been investigated with little attention given to emerging micropollutants such as pharmaceutical residues.

AMX, a β-lactam antibiotic is among the most commonly detected pharmaceuticals in sewage treatment plants, effluents and surface water [41][42][43][44]. It has low metabolism in both human and livestock body system; as such 80-90% is excreted and released into the environment as unmodified drug [45,46]. Like many of other antibiotics, it is widely and unrestricted used in both human and veterinary medicine, and of great concern due to their adverse environmental impacts such as proliferation of antibiotic resistant pathogens and ecotoxicology [44,[47][48][49].

Different treatment techniques have been employed for the removal of AMX from aqueous solution, including AOPs such as Fenton's reagent [50][51][52][53], ozonation [54,55], heterogeneous photocatalysis [56,57] and EAOPs using different anode materials [58][59][60]. Electrochemical based technologies were found to achieve much high mineralization in most cases, whereas other AOPs treatments only achieve good degradation with the formation of more stable intermediates that were mineralized at a very lower rate.

This paper investigates the potential use of the sub-stoichiometric titanium oxide (Ti 4 O 7 )

as ceramic electrode for degradation and mineralization of AMX in aqueous medium. The effects of applied current and AMX initial concentration on the decay kinetics of AMX were systematically studied. TOC decay was assessed to elucidate the mineralization of AMX. For comparison, similar studies were conducted with other known commercial anodes such as Pt, DSA and BDD. A possible reaction mechanism of the electrochemical mineralization of AMX was proposed by analyzing and quantifying the aromatic intermediates, short-chain carboxylic acids and released inorganic ions. Further, the evolution of solution toxicity during electrochemical treatment was examined.

Materials and Methods

Chemicals

All chemicals used in this study were reagent grade or higher and were used as received The fused TiO x particles were used to make a plasma-coating on a Ti substrate of 4 cm x 6 cm. The plasma torch (Saint-Gobain ProPlasma STD) consists of a tungsten cathode and a copper annular anode. Argon and hydrogen gas (19.6% H 2 ) was introduced in the space between these two electrodes. A direct current (DC) potential is applied to the electrodes; leading to an electric arc (38 kW) which ionizes both argon and hydrogen and produces a "plasma plume"
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with inner temperature range of 10000 to 15000 °C. The TiO x particles were introduced into this 

Instruments and analytical procedures

The mineralization of treated solutions was analyzed in terms of TOC abatement, which was measured on a Shimadzu VSCH TOC analyzer according to the thermal catalytic oxidation principle. Reproducible TOC values with ±2 % accuracy were found using the non-purgeable organic carbon method. The percentage TOC removal was calculated according to the following equation:

TOC removal % ∆ x 100 (Eq. 3-2)
where ∆ TOC exp is the experimental TOC decay at electrolysis time t (mg L -1 ) and TOC o is the corresponding initial value before electrolysis. The mineralization current efficiency (MCE in %)

was calculated from the following equation (Brillas et al., 2009):

MCE (100%) = " # $ % ∆ &.() * +, -. / 0 × 100 (Eq. 3-3)
where F is the Faraday constant (96487 C mol -1 ), V s is the solution volume (L), 4.32 × 10 7 is a conversion factor (=3,600 s h -1 × 12,000 mg of C mol The evolution of toxicity of treated AMX solutions at different electrolysis times was performed by means of Microtox ® method. Toxicity of the samples was evaluated based on the inhibition of the bio-luminescence of the bacteria V. fischeri. The pH of all the analyzed samples was adjusted to 6.5 -7.5 with the aid of 0.01 -0.1 mM NaOH, and the bioluminescence measurements were performed on both blank as well as electrolyzed AMX solutions after 5 and 15 min of exposure to V. fischeri bacteria using Microtox method.

Results and Discussion

Kinetic studies of AMX degradation

The kinetics of the degradation of AMX by electrogenerated oxidants especially M( • OH) has been studied from the decay of its concentration monitored by reversed-phase HPLC. A well-defined absorption peak related to AMX was always displayed at a retention time (t R ) of 10.8 min on the chromatograms. As shown in Fig. 3-4a and 3-4b, the decay of AMX concentration is dependent on the applied current and much rapid degradation was observed with increasing current with both Ti 4 O 7 and BDD anodes. The concentration of AMX reduced to 0.09 mM (~4.0 mg L -1 ) in both cases when a lower current of 10 mA was applied for 120 min, whereas it was completely degraded after 120 and 80 min at 30 and 60 mA respectively.

However, a slightly faster decay in AMX concentration was observed with Ti 4 O 7 anode at 120 mA (Fig. 3-4a), with the drug disappeared after 40 min compared to 60 min observed with BDD anode (Fig. 3-4b). The increase in reaction rate of AMX with raising current is related to the production of larger quantities of electrogenerated active oxidant (M( • OH)) from water oxidation at anode surface (eq. In all case, the oxidation of AMX by M( • OH) was fitted with pseudo first-order kinetic reaction assuming a quasi-stationary state for M( • OH) concentration, since it is very reactive and cannot be accumulated in the medium. This implies that a constant concentration of M( • OH) always reacts with AMX [61]. The analysis of the plots using linear regression yielded apparent rate constant (k app,AMX ) values that are summarized in Table 3 As such, high ratio of oxidants to AMX is expected at lower initial concentration, suggesting greater possibility of AMX oxidation that resulted into higher k app,AMX values. Additionally, huge quantity of intermediates by-products is expected to be generated at higher initial concentration, thus limiting the reaction between AMX molecules and M( • OH) since the latter is a non-selective radical and will also react with formed intermediates species. 

Mineralization of AMX solution

The potential of Ti 4 O 7 as a suitable anode for electrochemical oxidation of AMX was assessed by studying the mineralization of 0.1 mM AMX solutions (corresponding to 19.6 mg L ̶ 1 initial TOC) at varying applied current from 10 to 120 mA. Figure 3-6a depicts the decay of TOC vs electrolysis time at different applied current obtained for the experiments performed with Ti 4 O 7 anode. An improved mineralization degree with rising in applied current and electrolysis time with final TOC removal being 20%, 33%, 45% and 69% at 10, 30, 60 and 120 mA, respectively, was obtained after 480 min of electrolysis. This behavior agrees with the generation of high quantity of M( • OH) from water oxidation (eq. 3-1), leading to quick oxidation of both AMX and its intermediates as explained in section 3.3.1. Relatively low mineralization was obtained at lower applied current (10 and 30 mA) due to lower anodic potential (≤ water discharge potential) which limits the generation of M( • OH) [40]. However, improved mineralization was obtained when applied current was increased from 30 to 120 mA. It should be noted that the partial mineralization of AMX solution (69% TOC removal) obtained in this study is clearly due to relatively low applied current studied (i.e. < 5 mA cm -1 current density). A much better mineralization could be achieved at higher current density but may be detrimental to the stability of the anode. demonstrating that these latter anodes have limited mineralization ability for organic pollutants.

Further, increase in applied current from 30 to 60 mA causes a faster TOC decay with BDD (Fig. 3-6b) compared to Ti 4 O 7 anode (Fig. 3-6a), indicating the high potent of BDD for the production of BDD( • OH) at higher currents. However, increased applied current from 60 to 120 mA shows marginal TOC removal (Fig. 3-6b) compared to significant increment obtained with Ti 4 O 7 anode (Fig. 3-6a). The decrease in mineralization efficiency observed with BDD anode at higher applied current can be related to the gradual acceleration of parallel non-oxidative reactions consuming hydroxyl radicals, mainly the recombination reactions of BDD( • OH) (eq. 3-6 and 3-7) when they are generated at high concentration on the anode surface, in particular, with relatively lower concentrations of organic matter. This was clearly seen in (Fig. 3-6c and 3-6d)

where the decay in MCE between 60 and 120 mA was much significant with BDD anode (Fig. 3 has negligible direct effect on the mineralization of organics. In fact, its excessive accumulation may inhibit organic oxidation via the destruction of Ti 4 O 7 ( • OH) in a similar manner to that in eq.

3-5, as it was observed in this study after 240 min of electrolysis at 60 mA (Fig. 3-7a). For instance after 480 min of electrolysis, the mineralization efficiency obtained with and without which can be removed by "soft" sand blasting of the anode surface or polarity inversion to partially restore its activity [38]. 

Evolution of the oxidation byproducts of AMX and mineralization pathways

The oxidation of an organic compound containing heteroatoms on a non-active anode such as BDD or Ti 4 O 7 usually proceeds via the formation of aromatic by-products, short-chain aliphatic carboxylic acids and inorganic ions. It is important to note that the release of inorganic ions in the electrolyzed solution is a major signal of pollutant mineralization [22,28]. Upon While the organic S was totally recovered as SO 4 2-in the treated solutions, the amount of inorganic N was far less than the total initial N content of 0.1 mM AMX solution (i.e. 69% and 91% for Ti 4 O 7 and BDD anodes respectively).In the case of BDD anode, the mass balance is almost complete since the rest of N (9%) is present in oxamic acid that was not mineralized (remained in the solution after treatment) (Fig. 3-9b). In contrast the mass balance for N is slightly deficient in the case of Ti 4 O 7 anode that can be explained by its relatively lower mineralization power (24% of N is present in non-mineralized oxamic acid) (Fig. 3-9a). The remaining 7% of non-detected N can be present in other non-identified N-containing organics remaining in the treated solution judging from the profiles of NH 4 + , NO 3 ̶ and oxamic acid (Fig. Ion-exclusion chromatographs of the treated solution at different electrolysis time showed the formation of several carboxylic acids such as oxalic, oxamic, malonic, maleic, glyoxylic and acetic acids from the cleavage of both aromatics and non-aromatics intermediates by-products.

The evolution of these carboxylic acids shown in Fig. 3-9a and 3-9b indicates high accumulation rate at the early stage of electrolyses, with further treatment caused decline in their concentrations especially with BDD anode. In both case, oxalic acid reaches the highest concentration (0.14 mM and 0.08 mM for Ti 4 O 7 and BDD anodes respectively) because it is the ultimate product of oxidative cleavage of benzenic moiety of aromatic intermediates [70,71] before mineralization. It must be noted that the persistence of these carboxylic acids after 480 min of electrolysis, specifically with Ti 4 O 7 anode accounts for the large residual TOC (Fig. 3-6a) observed in the treated solution. a bicyclical lactamic product, that were further oxidized in similar manner to those formed in first path (1). The carbonyl intermediates was also reported by [57]. Further Ti 4 O 7 ( • OH) attack on acetamide, benzoquinone and sulfonic contained structure produces several carboxylic acids such as oxalic, oxamic, malonic, maleic, glyoxylic and acetic acids, that are later oxidized to CO 2 , water and inorganic ions [72]. • The major mineralization end-products after mineralization treatment at 120 mA are short-chain carboxylic and inorganic ions.

• Both aromatic intermediates and bicyclic lactamic products of AMX were identified by GC-MS. Using these data and analysis of released inorganic ions and carboxylic acid, a plausible mineralization pathway of AMX with Ti 4 O 7 anode was proposed.

• Initial AMX solution shows relatively high inhibition to V. fischeri bacteria, which further increased at the early stage of electrooxidation due to formation of cyclic intermediates but sharply decreased at the later stage of electrolysis.

Since the Ti 4 O 7 is produced mainly from TiO 2 which is very cheap and highly abundant material, this anode could be an interesting alternative in industrial wastewater treatment by electrooxidation.

Introduction

EAOPs are eco-friendly • OH-mediated electrochemical treatments in which organic pollutants are non-selectively destroyed by in-situ electrochemically generated hydroxyl radical ( • OH). These radicals are formed either at the anode surface from water discharge reaction (eq. 4-1) [1][2][3][4], or in the bulk of the solution via Fenton's reaction (eq. between externally added catalyst (Fe 2+ ) and in situ electrogenerated H 2 O 2 [5][6][7][8][9].

M H O → M • OH H e (eq. 4-1) Fe H O → Fe • OH OH (eq. 4-2)
In the absence of ferrous iron in the solution, the process is called AO. This process is effective with high O 2 evolution overpotential anodes (M) such as PbO 2 or BDD.

When using cathodes such as CF that promotes generation of H 2 O 2 , it is named AO-H 2 O 2 [10][11][12].

In EF process, homogeneous • OH are generated from electrochemically assisted Fenton's reaction (eq. 4-2). The Fenton's reagent (i.e. H 2 O 2 + Fe 2+ ) is continuously electrogenerated/regenerated in the solution by 2-electron reduction of dissolved oxygen (eq. 4-3) and 1-electron reduction of Fe 3+ (eq. 4-4) formed by Fenton's reaction, respectively, at the cathode [13][14][15]. As such only small quantity of Fe 2+ is required to catalyze the Fenton's reaction.

O 2H 2e → H O (eq. 4-3)
Fe e → Fe (eq. 4-4)

Hydroxyl radical is the second strongest oxidant after fluorine with very high standard redox potential (E o (•OH/H2O) = 2.80 V/SHE) [16]. Therefore • OH/M( • OH) are able to oxidize organics efficiently, till complete mineralization (i.e. transformation to CO 2 ) [6,17].

EF process is considered more efficient compared to AO because oxidation of organics may occur at the anode surface in addition to the homogeneously generated • OH in bulk, depending on the nature of anode material used [18][19][20]. In fact, when a high O 2 over Ti4O7: A new electrode in electro-Fenton process Chapter 4 105 potential anode such as BDD, doped SnO 2 or β-PbO 2 is used, heterogeneous hydroxyl radicals (M( • OH) are formed at the surface of anode, which have been found to be more effective in mineralization of Fe-carboxylic complexes formed during the EF process, which are highly resistant to oxidation by homogeneous • OH in the bulk [6,21]. On the other hand, the use of "active anode" materials such as DSA, Pt and carbon based anodes, usually results in partial mineralization of organic pollutants due to the limited generation of M( • OH) at these anode surfaces [20,22]. However, BDD is highly expensive compared to DSA and carbon based anodes, while the use of β-PbO 2 poses high risk of lead contamination via chemical leaching and Ti/SnO 2 based electrodes has relatively short service life, even when doped with antimony or cerium [2,23].

Sub-stoichiometric titanium oxides ceramic electrodes, developed in late 80's, could represent a cost effective and efficient alternative anode materials for electrochemical wastewater treatment applications due to their promising characteristic and inexpensive production route [24]. In fact, these electrodes are relatively robust in aggressive media, exhibit high electrical conductivity at room temperature and excellent stability with respect to water oxidation and reduction under anodic (> 2 V vs SCE) and cathodic (~ -1.4 V vs SCE), swept respectively, especially Ti 4 O 7 [25,26]. They are solely prepared from TiO 2 , one of the most abundant feed-stocks available on planet, thus they are less expensive materials compared to BDD, Pt or DSA [24,27]. Ti 4 O 7 electrode is a "non-active" electrode like BDD which generates M( • OH) via water oxidation (Eq. 4-1) [28,29]. Therefore, the mineralization of refractory carboxylic acid complex by Ti 4 O 7 ( • OH) is possible when this electrode is used in EF process. Few studies have reported the potential of this material as electrode in electrooxidation of organic pollutants [27,[30][31][32], but it has not been tested in EF process. This is understandable because EF process is carried out at acidic pH (pH~3) which can be detrimental to the stability of this material. More so, the formation of yellowish Ti(H 2 O 2 ) 4 complex is paramount at this pH due to partial dissolution of titanium oxides, with titanium reacts with H 2 O 2 and thus inhibiting the Fenton's reaction (eq. 4-2).

However, our previous study [33] have shown that plasma deposited Ti 4 O 7 is highly stable and does not form complex with H 2 O 2 at circumneutral pH (5.8) PPN is one of the common beta adrenergic antagonists (beta-blockers) pharmaceutical used in treatment of cardiac arrhythmias, hypertension, anxiety therapies, angina, as well as in veterinary medicine; and sometimes used illegally as doping agent in many sports [34,35]. It is also among most frequently detected beta-blockers in aquatic environment [36]. The major source of PPN in wastewater includes private household, pharmaceutical plant wastewater, livestock impoundments as well as effluents from hospitals and retirement homes [37]. Natural remediation paths such as sorption, biodegradation, hydrolysis and photodegradation may attenuate the concentration of PPN in aquatic environment, but studies have shown that it has high degree of persistence and bioaccumulation in water bodies [39,40]. Ecotoxicology studies indicate that aquatic organisms show high sensitivity to PPN [41]. It can affect cardiac rhythm, generate abnormalities or causes reproductive impairment in fish, Japanese medaka (Oryzias latipas) and had specific toxicity towards plankton and green algae [42][43][44]. Additionally, there are several evidences on the additive effects of PPN, which means that even at low concentration, it might contribute to the global toxic potential of the total compounds in the aquatic environment [42].

Advanced oxidation processes (AOPs) such as ozonation or ozone/Fe 2+ [45,46], pulse and γ radiolysis [47], ferrate (VI) oxidation [48], solar or UV photolysis [49] and solar or UV TiO 2 photocatalysis [50,51] have been reported to achieve good degradation but relatively poor mineralization of PPN in aqueous solution. On the other hand, better mineralization of PPN was obtained with EAOPs treatments [17,52].

In this study, we investigated for the first time the potential of Ti 

Experimental

Chemicals

Analytical grade (>99% purity) propranolol hydrochloride, C 16 H 21 NO 2 , was purchased from Aldrich and used without further purification. Para-hydroxybenzoic acid (pHBA) (99.5%), anhydrous sodium sulfate (99%), potassium sulfate (99%) and iron II sulfate heptahydrate (99.5%) were supplied by Aldrich, Acros organics and Chimie-Plus.

Methanol (HPLC grade, Aldrich), sulfuric (98%, Acros organics), phosphoric (85%, Aldrich) and acetic acids (glacial p.a., Acros organic) were obtained as reagent grade. Ammonium oxalate (99%) and sodium nitrate (99.5%) were obtained from Merck and Aldrich. Oxalic, oxamic, glycoxylic, and maleic acids were analytic grade supplied by Acros organics, Fluka and Alfa Aesar. All solutions were prepared with ultra-pure water obtained from a Millipore Milli-Q system with resistivity > 18 MΩ cm at 25 °C.

Instruments and analytical procedures

The solution pH was measured with a CyberScan pH 1500 pH-meter from Eutech Instruments. Electrolyses were performed with a Hameg HM7042-5 triple power supply at constant current. The decay of dissolved organic carbon, which is considered as TOC was used in assessing the mineralization of the PPN solutions. This analytical parameter was measured with a Shimadzu VCSH TOC analyzer. Reproducible TOC values with an accuracy of ± 2% were determined using the non-purgeable organic carbon method.

The TOC data obtained were then used to estimate the MCE (%) for each treated solution at a given electrolyses time t (h) using the following equation [6]:

MCE % ∆ . " #$ % & ' ( . 100 
(eq. 4-5)

where F is the Faraday constant (96 487 C mol -1 ), V s is the solution volume (L), ∆TOC) exp is the experimental TOC decay (mg L -1 ), 4.32 × 10 7 is a conversion factor (=3,600 s h -1 × 12,000 mg of C mol -1 ), m is the number of carbon atoms of PPN (16 C atoms) and I is the applied current (A). The number of electrons (n) consumed per each molecule of PPN was taken as 84 assuming that PPN completely mineralized into CO 2 and NO 3 ̶ as primary and main inorganic ions (eq. 4-6). The overall reaction can be written as follows:

C 16 H 21 NO 2 + 33H 2 O → 16CO 2 + NO 3 ̶ + 87H + + 84e ̶ (eq. 4-6)
The decay kinetics of PPN and the evolution of it aromatic intermediates were followed by reversed-phase HPLC using a Merck Lachrom liquid chromatograph, equipped with a L-7100 pump, fitted with a Purospher RP-18, 5 µm, 25 cm × 4. and helium was used as carrier gas at a flow rate of 1.5 mL min -1 . The mass spectra were identified by Xcalibur data library.

Electrolytic systems

Experiments were performed in a 250 mL undivided cylindrical glass cell (6 cm diameter) equipped with two electrodes and vigorously stirred with PTFE magnetic bar during treatment to ensure homogenization of the solution and mass transport of the reactants towards the electrodes. Two anode materials both of 24 cm 2 surface area: Ti 4 O 7 (4 cm × 6 cm thin film plasma deposited on Ti alloy, Saint Gobain, France), and commercial DSA (4 cm × 6 cm mixed metal oxide Ti/RuO 2 -IrO 2 ) from Baoji Xinyu GuangJiDian Limited Liability Company, China) were studied. The cathode was a tri-dimensional, large surface area CF (14 cm × 5 cm × 0.5 cm, Carbone-Lorraine, France). In all cases, the anode was centered in the electrolytic cell and was surrounded by the cathode, which covered the inner wall of the cell. The solution was continuously saturated with O 2 by bubbling compressed air at atmospheric pressure through a frit at about 1 L min -1 , starting 10 min before electrolyses to attain a steady O 2 concentration. In-situ production of H 2 O 2 was ensured in all the experiments by 2e -reduction of dissolved O 2 in the solution (eq. 4-3).

For EF experiments, 0.1 mM Fe 2+ in form of solid FeSO 4 .7H 2 O was added into the solution as catalyst. Electrolyses were performed at room temperature (23 ± 2) °C with 230 mL synthetic aqueous acidic solutions (pH 3) containing 0.1 mM of propranolol in 0.05 M Na 2 SO 4 as a supporting electrolyte, under the application of a constant current in the range of 10 -120 mA. All experiments were performed in duplicate and the medium values (with standard deviation less than 10%) were used for building figures.

Results and discussion

Comparative mineralization of PPN solution by AO and EF processes

The effectiveness of Ti 4 O 7 as a suitable ceramic anode was tested in AO and EF processes by electrolyzing a 0.1 mM (19.2 mg L -1 TOC) PPN solution at pH 3. approximately 72% TOC removal at analogous experimental conditions, indicating its higher oxidation power compared to DSA anode. As a non-active anode, it has much greater potential for the generation of large quantities of M( • OH) compared to active anodes such as DSA [30]. A further increase in applied current to 120 mA yielded much better mineralization with Ti 4 O 7 anode (curve c), attaining 82% TOC removal after 480 min of electrolysis. This can be explained by the concomitant production of greater amount of Ti 4 O 7 ( • OH) from water oxidation reaction (eq. 4-1), which can quickly oxidize both PPN and its organic intermediates when using a non-active anode [53]. The superiority of EF process compared to AO can be seen in curve d; the experiment performed at 60 mA using Ti 4 O 7 anode showed an excellent mineralization rate (> 93% TOC removal) compared to AO using either Ti 4 O 7 or DSA anode at the same current. The accelerated TOC decay observed in EF process using Ti 4 O 7 anode can be explained by the production of higher amount of homogeneous • OH in the bulk solution from the electrocatalytically induced PPN molecules and the oxidants, thus minimizing the influence of mass transport of pollutant towards anode since the oxidants are produced in the bulk of solution and not affected by mass transfer to the anode surface or its vicinity as in the case of AO treatment [18,52,54]. Further comprehensive studies with Ti 4 O 7 and DSA anode were performed under EF condition since the efficiency of EF process in terms of TOC removal was far better than AO counterpart. of the EF process. This phenomenon can be explained by the formation of highly resistant short-chain organic by-products such as carboxylic acids that are hardly oxidized and the depletion in organic matter concentration in the electrolytic cell which limit mass transport and enhance the parasitic reactions [56,57]. wastewater. It must be noted that at higher pollutant concentration, there is limited enhancement of parasitic reactions which usually consumes • OH because the larger number of organic molecules that are available ensure maximum interaction with the oxidizing species. For this reason, a more efficient process is usually obtained when treating solutions with higher amount of organic pollutants as depicted by the calculated MCE (Fig. 4-3b) [52]. 

Degradation kinetics of PPN

The decay of the PPN concentration over electrolysis time studied at different conditions was followed by reversed phase HPLC, which displayed a well-defined symmetric peak corresponding to PPN at t R = 9.5 min. Fig. 4-4 shows the effect of some min respectively for Ti 4 O 7 and DSA anodes. This implies that the oxidation of PPN in EF process was predominantly by homogeneously generated • OH in the bulk (eq. 4-2), which results in similar decay rate observed with both anodes at lower applied current because at analogous conditions similar quantity of • OH is generated in EF process regardless of the anode materials used as stated in section 4.3.1. Further, at high applied current values, the rise in current did not yield proportional increase in degradation rate. This can be explained by the progressive enhancement of parasitic reactions like H 2 evolution at the cathode, H 2 O 2 decomposition and M( • OH) self-destruction at the anode [54,58], which reduces the oxidation rate during the treatment.

Fig. 4-4d shows the effect of initial concentration on PPN decay assessed by electrolyzing 0.05, 0.1 and 0.2 mM PPN solutions at 60 mA using EF process with 0.1 mM Fe 2+ and Ti 4 O 7 anode. A faster degradation was obtained for the treatment of 0.05 mM (14.8 mg L -1 ), with complete disappearance after just 6 min compared to 10 min required for 0.1 mM. In contrast, a longer time (20 min) was required for higher concentration of 0.2 mM (59.2 mg L -1 ), indicating reduction in degradation rate at higher concentration. This is expected since similar quantity of oxidants are generated in all cases and the oxidants interact with more PPN molecules as well as its generated organic intermediates at higher initial concentration due to non-selectivity of hydroxyl radicals [52]. The kinetic analysis of the corresponding semi-logarithm plots by linear regression gives the apparent rate constants (k app,PPN ) with excellent correlation coefficients (R 2 ≈ 0.99), which is summarized in The absolute rate constant for the oxidation of PPN by hydroxyl radicals (k abs,PPN ) was determined by competition kinetics experiments performed at 30 and 60 mA with a solutions containing equimolar concentrations of PPN and pHBA (0.1 mM) as the standard competitor. The values of k abs,PPN at 30 and 60 mA were determined to be 2.96 × 10 9 and 3.01 × 10 9 L mol -1 s -1 respectively according to the eq. 4-7, and the average value of 2.99 × 10 9 L mol -1 s -1 was obtained. This value is close to the value (3.36 × 10 9 L mol -1 s -) recently reported for the reaction of PPN with hydroxyl radicals [52].
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Identification and evolution of the oxidation by-products

Generally all β-blockers contain two types of reactive sites, i.e., the aromatic moiety and the lateral chain. The reaction between • OH/M( • OH) and any member of this group is initiated by the formation of corresponding aromatic group with the release of the lateral chain. PPN degradation was not an exception case and the cleavage of the C-O bond of the molecule yields 1-naphtol which further oxidized to phthalic acid [17]. The reversed-phase HPLC analysis of electrolyzed solutions using similar condition reported for Fig. 4-3b

shows two peaks at 6.3 and 14.4 min that is related to aromatic byproducts and suspected to be phthalic acid and 1-naphtol based on previous studies [17]. Both intermediate products were unequivocally confirmed using photodiode array detector by measuring and comparing their retention times and UV-vis spectra with those of corresponding standard compounds. Fig. 4-5 shows the time course of the two by-products obtained at applied current between 10 -120 mA. In all cases, a typical accumulation -destruction profile was obtained thanks to greater formation of the intermediates from PPN degradation at the early stages, followed by predominant oxidation by • OH/Ti 4 O 7 ( • OH) in the later stages. As reported in the case of PPN, a rapid disappearance of both by-products was achieved at higher current. For instance, phthalic acid was totally destroyed after 20, 8 and 6 min (Fig. Narrow pH window and reusability of the catalyst has been major challenges of traditional/homogeneous EF process. Heterogeneous EF process using solid Fe-containing catalysts has been developed to overcome these challenges. Several Fe-containing natural minerals, Fe-modified carbonaceous cathode and transition metal -carbon aerogel have been investigated as suitable catalysts in heterogeneous EF, but no studies available on use of layered double hydroxide.

Introduction

EF is an eco-friendly EAOP based on classical Fenton's reaction chemistry in which organic contaminants are destroyed by in-situ homogenously generated hydroxyl radical ( • OH)

from the Fenton's reaction (eq. 5-1) between Fe 2+ ion and hydrogen peroxide (H 2 O 2 ) [1][2][3][4].

Fe H O H → Fe

• OH + H 2 O (eq. 5-1)

The in-situ production of H 2 O 2 by 2e -reduction of dissolved oxygen (eq. 5-2) at the cathode has great influence on the efficiency of the EF process and the production rate depends on the nature of cathode materials [5][6][7].

O 2H 2e → H O (eq. 5-2)
An interesting characteristic of EF process is that only catalytic quantity of Fe 2+ is required because it can be regenerated at the cathode by e -reduction of Fe 3+ (eq. 5-3) formed from Fenton's reaction (eq. 5-1) [1,[8][9][10].

Fe e → Fe (eq. 5-3)

The in situ electrogeneration of H 2 O 2 (eq. 5-2) and the electro-regeneration of Fe 2+ from Fe 3+ allow continuous formation of • OH that is able to destroy any organic pollutant [1,11].

The major challenges of homogeneous EF with Fe 2+ are the narrow working pH window and non-reusability of the catalyst in several runs [12][13][14]. Optimization of the quantity of Fe 2+ is another problem because excessive quantities of Fe 2+ in the solution may promote the wasting reaction (eq. 5-4) that consumes the generated • OH, thus reduce the efficiency of the process [15,16].

Fe

• OH → Fe OH (eq. 5-4)

To avoid these problems, heterogeneous EF with Fe containing solid catalyst or modified electrodes has been developed for the effective oxidation of organic pollutants over a wide range of pH with excellent stability and reusability of the catalyst. Heterogeneous catalyst such as pyrite [17,18], magnetite [19] goethite [20], Fe/Mn-loaded alginate [21] and Fe-carbon PTFE [22] have been studied in EF treatment of organic pollutants. Fe@Fe-oxides functionalized cathodic materials such as pyrrhotite grafted on graphite by conductive silver paste [23],

Fe@Fe 2 O 3 nanowires mixed with carbon nanotubes and fixed on PTFE [12], activated carbonsupported nano-geothite (FeOOH) [20], Fe-modified activated carbon [24,25]and Feimpregnated carbon-felt [26] electrodes have been investigated as catalyst source as well as cathode for EF oxidation at a wider pH range. Recently, Ferrite-carbon [14], FeCuC [27] and Fe 3 O 4 -C [28,29] aerogel have be synthesized in either one pot or more complex method and studied as efficient cathode materials to enhanced electro-Fenton reactivity at acidic and neutral pHs.

The development of new electrodes that incorporates electrochemically active second phase containing transition metal oxides/hydroxides coated on carbon based matrixes for pseudocapacitors used in energy conversion/storage devices [30,31] with charge-compensating anions positioned within the interlayer space [32,33]. Transition metal based LDHs possess tunable compositions and high dispersion of cations in their octahedral sheets which sometimes gives them astonishing electrochemical properties and have found several applications such as biosensors, alkaline secondary batteries, supercapacitors and recently used as electrocatalyst in water splitting/oxidation reaction [34,35]. These properties can also be harnessed for electrochemical wastewater treatment; with the transition metals catalyzed the process in a heterogeneous EF process. The possibility of using other transition metals such as copper, cobalt, and manganese [36][37][38] that have been tested as co-Fenton catalyst with Fe to improve the efficiency of EF process will be an added advantage of using LDH incorporated carbon based matrix cathode.

Additionally, the modification of carbon based matrix electrodes with LDH may also enhance the generation of H 2 O 2 due to increased electroactive surface area [39]. In fact, Le et al. [40] have shown that graphene modified carbon-felt cathode achieved better mineralization of azo-dye Acid Orang II (AO7) compared to raw carbon-felt due to the increase in electroactive surface area, which in turn enhance in-situ generation of H 2 O 2 . Therefore, this present study investigates for the first time, the use of hierarchical CoFe-LDH grown on carbon-felt cathode for efficient degradation and mineralization of a model organic pollutant. The modified cathode was prepared by in-situ solvothermal process. The structural and electrochemical properties of the prepared cathode were examined by XRD, SEM-EDX, FTIR, XPS and cyclic voltammetry and electrochemical impedance spectroscopy. AO7, a common azo-dye found in high concentration in wastewater and effluent discharge from textile industries [41,42] 

Electrode preparation

The CoFe-LDH modified CF (CoFe-LDH/CF) cathode was prepared by in-situ solvothermal process [44,45] 

Instrument and analytic procedure

All electrolyses experiments were performed with Lambda single power supply (Lambda Electronics, USA) at constant applied current of -40 mA. AO7 solution pH was adjusted with 1 M H 2 SO 4 or 0.1 mM NaOH and was measured with a pH 209 pH-meter from HANNA Instruments (Romania). The mineralization of the AO7 solutions was assessed from the decay of dissolved organic carbon, which can be considered as the TOC for highly water soluble organic compounds. The TOC of initial and electrolyzed samples were measured on a Shimadzu TOC-L CSH/CSN analyzer. Reproducible TOC values with ± 2% accuracy were obtained using the nonpurgeable organic carbon method. Calibration curves for total organic and inorganic carbon analysis were built up by automatic dilution of standards solutions containing potassium hydrogen phthalate and sodium hydrogen carbonate for TOC and inorganic carbon, respectively.

Percentage of TOC removal was calculated from to the following equation:

TOC removal % ∆ x 100 (eq. 5-5)
where ∆ TOC exp is the experimental TOC decay at electrolysis time t (mg L -1 ) and TOC o is the corresponding initial value prior to electrolysis. The CF immersed in the growth solution acts as high energy sites for the nucleation and growth of the LDH on its surface compared to other sites in the growth solution.

Results and Discussion

Preparation of

Structural and morphological properties of the CoFe-LDH/CF

SEM image of pretreated CF shows that it is clean, without organic and inorganic impurities that may have inherited during production process (Fig. 5-1a). After solvothermal synthesis, there was anisotropic growth of hierarchical CoFe-LDH onto the CF as shown in Fig. The N 2 adsorption-desorption result for CoFe-LDH showed type IV isotherm (Figure 3c)

with hysteresis loop typical of mesoporous material. The BET surface area was 42.9 m 2 g ̶ 1 and the total pore volume 0.18 cm 3 g ̶ 1 .

The chemical composition and electronic states at the surface of the as-prepared CoFe-LDH on CF were analyzed by XPS, as shown in Fig. 5-4a and b, the Co 2p core lines split into Co 2p 3/2 (782.5 eV) and Co 2p 1/2 (798.2 eV) peaks with the later accompanied by a satellite band at 803.4 eV (Fig. 5-4a), demonstrative of a high-spin Co II state in the LDH material [48,51].

Similarly, the peaks of Fe 2p 3/2 and Fe 2p 1/2 emanates from the splitting of Fe 2p lines are located at 711.3 and 724.8 eV (Fig. 5-4b) respectively, having a spin energy separation of 13.5 eV [52].

The XPS spectra showed C1s core line at 287.5 eV, confirming the existence of carbon (Figure 4c). Existential state of other elements such as N, O and F in the CoFe-LDH/CF were confirmed by XPS as shown in Figure 4d. 

Mineralization of AO7 by EF process using CoFe-LDH/CF cathode over wide pH range

The performance of the as-prepared CoFe-LDH/CF as a suitable cathode as well as catalyst source for heterogeneous EF process was evaluated by studying the mineralization of AO7 as a model pollutant at pH 2, 3, 5.83 and 7.1. As shown in Fig. 5-6a, high level of mineralization of AO7 was achieved in a wide pH range from 2 to 7.1 in heterogeneous EF oxidation with CoFe-LDH/CF cathode. For instance, TOC removal of 90, 97, 80, and 66% were obtained at pH 2, 3, 5.83 and 7.1 respectively, after 8 h of electrolysis. Based on literature [12,14], the heterogeneous EF reaction occurs on the surface of the CoFe LDH catalyst, thus expanding the working pH range of the EF process without the precipitation of the Fe/Co sludge.

It is important to note that at lower pH (i.e. pH 2 and 3) the overall mineralization of the AO7 is a combination of both heterogeneous oxidation at the surface of the cathode and homogeneous oxidation in the bulk solution due to the leaching of the Fe III /Co II from the brucite sheet of the LDH. The ICP analysis of the treated solutions (Table 5-1) after 8 h shows significant leaching of the Fe III /Co II in the LDH at pH 2 and 3 (Table 5-1), confirmed the participation of the homogeneous EF in the mineralization of the AO7. The CoFe-LDH catalyst was highly stable as the pH increases toward basic region as shown by CV results (Fig. 5-5a), where the mineralization was major by heterogeneous EF reaction at the surface of the catalyst. This is apparent from the amount of Fe and Co found in the final solution, which is less than 0.08 mg L ̶ 1 at pH 5.83 and 7.1 during the whole EF process (Table 5-1). The higher performance observed at pH 3 compared to pH 2 was primarily due to contribution of homogeneous electro-Fenton's reaction since it is optimum at pH ~ 3 [1]. The lower efficiency of EF at pH < 3 could be explained by (i) the preferential formation of peroxonium ions (H 3 O 2 + ) which makes the 151 electrogenerated H 2 O 2 electrophilic and reduces it reactivity towards Fe 2+ at such low pH [11,43], and (ii) huge quantities of the Fe III /Co II leached into the solution at pH 2, which may provoke wasting reactions (eq. 5-4) that consumed the generated hydroxyl radicals. Comparison studies with traditional homogeneous EF process using 0.2 mM Fe 2+ , Co 2+

or Fe 2+ /Co 2+ (1:1 or 1:2 n/n) and raw CF cathode, showed inferior mineralization compared to heterogeneous EF with CoFe-LDH at all pH studied (Fig. 6b). There was drastic reduction in mineralization efficiency in homogeneous EF system as the pH increases. After 8 h, TOC removal of 80% was attained at pH 5.83 in heterogeneous catalysis with CoFe-LDH/CF cathode, which is at least 1.7 times that of homogeneous system with Fe 2+ /Co 2+ at the same pH. Further increase in pH to 7.1 causes more drastic reduction in efficiency of homogeneous system with the TOC removal less than one-third of that of heterogeneous system with CoFe-LDH/CF cathode. This reduction was mainly due to Fe 3+/ Co 3+ precipitation which reduce the Fenton's reaction rate. formyl benzoic acid, and salycilic acid which have also been reported by previous studies [53,54]. Further oxidation of these intermediates by • OH leads to cleavage of their cyclic rings to form several short-chain carboxylic acids which were later oxidized to CO 2 and H 2 O 2 .

b)

The corresponding AO7 conversion/degradation at pH 3 for the comparison studies showed in Figure 5-6b is given in Figure 567. Slightly faster degradation of AO7 was observed for homogeneous compared to heterogeneous EF process at the early stage of treatment as expected because the latter was much diffusion dependent compared to the former due to prevailing surfaced-catalyzed process that controlled the oxidation 

Effect of hydrothermal treatment parameters on mineralization of AO7

The influence of hydrothermal treatment parameters such as temperature, time and initial concentration on the mineralization of AO7 solution was investigated and the results were presented in Fig. 5678. Overall, the hydrothermal treatment parameters control the loading and the morphology of the CoFe-LDH wall on the CF substrate which in turn affects the mineralization of AO7 because of difference in quantity of catalyst loaded on the CF. Among studied parameters, hydrothermal treatment temperature has the greatest effect on the mineralization of AO7 (Fig. 5 features of a good catalyst, which determine its reusability for several cycles [52]. As a heterogeneous catalyst, metal species leaching from solid to the bulk solution was one key issue, and must be minimized to limit the contribution of homogeneous EF and enhance the reusability of the electrode. The concentrations of both Co and Fe gradually accumulated in the treated solution with electrolysis time and 0.63 and 2.02 mg L ̶ 1 of Fe and Co, respectively, were found in the final solution after 8 h of electrolysis (Fig. 5-9a). This implies that the mineralization of the AO7 was mostly due to surface-catalyzed process, even at pH 3. The evidence of leaching at this pH is obvious in the SEM image and XPS analysis of the used CoFe-LDH/CF after 8 h of electrolysis which indicates significant removal of the needlelike structure of the LDH and reduction in XPS spectral of both Co and Fe respectively (Fig. 5-10a-c). The stability of the catalytic activity of prepared CoFe-LDH/CF was even much better at circumneutral pH as the leaching of metal ions from the LDH was less than 0.08 mg L ̶ 1 during the whole EF process as shown in Table 5-1. The catalysis of H 2 O 2 is further accelerated by regeneration of Fe 2+ from reduction of Fe 3+ by Co 2+ (eq. 5-10) in the bulk, as previously reported for homogeneous EF system [36]. Under circumneutral pH conditions (pH 5.83 and 7.1), the application of applied current to the electrolytic cell immediately resulted in generation of large quantities of H 2 O 2 (eq. 5-2), and ≡Fe III -OH in the LDH obtained an electron to partial reduced to ≡Fe II -OH (eq. 5-11) [14,20] or via redox reduction by ≡Co II -OH (eq. 5-12) in a similar manner obtained in homogeneous EF system. The generated H 2 O 2 is adsorbed onto the surface of alkalescent ≡Fe III /Co III to generate ≡Fe III /Co III -OH(H 2 O 2 ) surface complex as presented in eq. 5-13, which later undergoes ground-state electron-transfer to form hydrogen peroxyl radical complex (eq. 5-14).

The generated Fe II /Co II -OH(HO destructive reaction with H 2 O 2 to form HO 2 • (eq. 5-20). However, the high diffusion rate of the AO7 to the cathode ensure the direct oxidation reaction is predominant and prevent the • OH quenching, thus improving the mineralization of the pollutant. Obviously, the ≡Co II -OH in the LDH enhanced the production of • OH via the Fenton-like reaction and regeneration of Fe II -OH (eq. 5-13).

Conclusions

This study has investigated a facile and simple two-steps synthesis route to produce CoFe-LDH on the surface of CF substrate for application as suitable cathode as well as heterogeneous Fenton catalyst source for electrochemical wastewater treatment over a wide range of pH. The structure, morphology and loading of the CoFe-LDH on the CF substrate largely depended on the hydrothermal treatment temperature and time and the best synthesis was obtained at 90 o C for 7 h using initial Co/Fe molar concentration ratio of 25:12.5.

The as-deposited CoFe-LDH/CF cathode exhibited high performance catalytic activity in EF treatment of AO7 over a wide pH range, with superior TOC removal at all pH studied compared to analogous homogeneous treatment with Fe 2+ and/or Co 2+ using raw CF cathode.
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The TOC removal with CoFe-LDH/CF cathode was at least 1.7 and 3.5 times higher than homogeneous system with Fe 2+ /Co 2+ at pH 5.83 and 7.1 respectively.

The mineralization of AO7 was majorly by surfaced-catalyzed process at circumneutral pH, whereas there is significant contribution of homogeneous EF oxidation when working at low acidic pH of 3 and 2. At circumneutral pH, the CoFe-LDH was very stable and the quantity of Fe and Co leached into the solution was negligible, thus minimized the anxiety of Co toxicity.

Furthermore, the as-prepared CoFe-LDH/CF showed relatively good reusability at pH 3 with more that 50% TOC removal after 8 cycles of 2 h treatment. Based on the results obtained in this work, the CoFe-LDH/CF is a good cathode material for efficient mineralization of organic pollutants at circumneutral pH.

• excellent degradation and relatively high mineralization of AMX was obtained with Ti 4 O 7 anode, with the mineralization much higher compared to DSA and Pt anode but inferior to BDD anode • in-situ generated H 2 O 2 was found to significantly enhanced the AMX decay but have limited contribution to the mineralization of the drug.

• the decay of AMX concentrations always follow pseudo-first order kinetics with the apparent rate constant (k app, AMX ) for oxidation of AMX increased with applied current; enhanced by in-situ H 2 O 2 generation and diminished with increased initial AMX concentration.

• there is a slight (17%) reduction in the activity of the prepared Ti 4 O 7 anode after 200 h of usage, possibly due to passivation.

• the major mineralization end-products after mineralization treatment at 120 mA are short-chain carboxylic and inorganic ions.

• initial AMX solution shows relatively high inhibition to V. fischeri bacteria, which further increased at the early stage of electrooxidation due to formation of cyclic intermediates but sharply decreased at the later stage of electrolysis.

Since the Ti 4 O 7 is produced mainly from TiO 2 which is very cheap and highly abundant, this anode could be an interesting alternative in industrial wastewater treatment by electrooxidation

Substoichiometric titanium oxides as suitable anode materials for electro-Fenton degradation of pharmaceuticals

Electro-Fenton process with Ti 4 O 7 anode shows excellent mineralization of pharmaceutical PPN without the formation of yellowish Ti-H 2 O 2 complex, indicating that the anode is highly stable at acidic pH and is suitable for EF treatment. Comparative studies with AO at similar experimental conditions shows lower efficiency (82% TOC removal) compared to EF (96% TOC removal) (chapter 4). However, similar studies (AO and EF) with commercial DSA anode demonstrated inferior efficiency compared to Ti 4 O 7 anode, implying high oxidation ability of Ti 4 O 7 ( • OH) than DSA( • OH). The PPN concentration decay followed pseudo-first order kinetics and the apparent rate constant increased with applied current but decreased with PPN concentration during both AO and EF treatment and the absolute rate constant for the reaction between • OH and PPN was determined as (2.99 ± 0.02) × 10 9 L mol -1 s -1 . The final end products always found in the treated solution were carboxylic acids and inorganic ions.

Heterogeneous electro-Fenton process -an efficient alternative

Excellent mineralization of azo-dye AO7 has been achieved over a pH range of 2 -7.1 with heterogeneous EF using CoFe-LDH modified carbon-felt cathodes (Chapter 5). Two main mechanisms of oxidation of the pollutant were observed depending on the pH at with the EF is being carried out. Both Fe 2+ /Fe 3+ cyclic redox homogeneous catalyzed and surface-catalyzed process occur at pH 2 and 3 and only surface-catalyzed process was prevalent at pH 5.83 and 7.1 (chapter 5). The efficiency of the heterogeneous process was found to depend on pH and hydrothermal treatment parameters -temperature, time and concentration (during synthesis). The efficiency decreased as the pH increases due to the minimal contribution of the homogeneous catalyzed process, while best mineralization was obtained with CoFe-LDH/CF synthesized at 90 o C, 7 h and 25:12.5 (Co:Fe) initial molar concentration (chapter 5).

Comparative studies with homogeneous EF using raw carbon-felt cathode and 0.2 mM Fe 2+ and/or Co 2+ showed lower efficiency and the TOC removal by heterogeneous EF was 1.7 and 3.5 times higher than homogeneous system with Fe 2+ /Co 2+ at pH 5.83 and 7.1 respectively (Fig. 5-5b, chapter 5). The CoFe-LDH/CF showed relatively good stability and reusability at pH 3 with mineralization of 61% still achievable after 7 th cycle.

Future perspectives

High current density application of plasma Ti 4 O 7 electrode

The Ti 4 O 7 prepared by plasma deposition was only tested at low current density (≤ 10 mA cm ̶ 2 ) due to fear of delamination of the thin film Ti 4 O 7 form the Ti substrate. Other studies that have investigated this class of electrode were also carried out at low current density. For commercial and industrial applications this electrode should be studied at high applied current densities (≥ 10 mA cm ̶ 2 ). However, high current density may accelerate the formation of thin passivation layer at the surface of the electrode. The passivation layer is form as a result of the oxidation of Ti 4 O 7 by O 2 . The mechanism of the formation of the passivation layer has not been investigated. Further studies are also necessary to find an economic way to minimize the passivation of the anode or method of completely remove the passivation and restore the activity of the electrode.

Coupling of membrane nanofiltration and EAOPs using reactive membranes

Although some studies have employed the formability of Ti 4 O 7 powder to produce reactive membranes that is capable of performing filtration and electrochemical degradation simultaneously under the application of both current and pressure, but the obtained mineralization for the model pollutants studied is relatively low. Studies are required to fully understand the mechanism of the combined process as well as enhancing the efficiency of such process. A highly stable and electrochemically active Ti 4 O 7 membrane necessary for such studies is feasible plasma process. Beside the reactive Ti 4 O 7 membrane has not been test in electro-Fenton process. Further, pre-pilot scale experiment is required to better understand the combined process and its adaptability for commercial applications.

Enhancing the stability of the modified cathode and assessing the toxicity of the solution

The stability of the prepared CoFe-LDH/CF cathode is an important characteristic required for the efficiency of the heterogeneous process studied because it not only enhance the efficiency of the process by preventing the leaching of the LDH but also eliminate the toxicity that may emanate from Co leached into the solution. As such there is necessity to enhance the stability of the CoFe-LDH to ensure zero percent leaching. The possibility of using Fe[II]/Fe [III] and Cu[II]Fe[III] LDH should be considered because of non-toxicity of Fe compared to Co.
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  molecules were: belonging to different therapeutic classes and different mode of administration, i.e., out of hospital care or at home, characteristic of one type of effluent, molecules that have high potential risk (high index PBT) with a persistence in the environment or in relation to biological treatment, and molecules likely to be found in high concentration (high production volume chemicals)

  pharmaceutical residues from aqueous solution by electrochemical oxidation with the focus on performance studies of plasma deposited sub-stoichiometric titanium oxide ceramic electrode (Ti 4 O 7 ) and heterogeneous electro-Fenton process with hierarchical layered double hydroxide modified carbon-felt cathode. The low cost of the principal raw materials -TiO 2 and coke from which Ti 4 O 7 is prepared make this electrode a cost-effective alternative compared to other commercial available electrode.1.4.1 Electrochemical oxidation using Ti 4 O 7 ceramic anodeAO and EF degradation of some selected pharmaceuticals will be carried out using plasma deposited Ti 4 O 7 anode. The specific objectives set to achieve this aim are to: prepare Ti 4 O 7 powder from a mixture of TiO 2 and coke, which are low cost and relatively abundant feedstock, prepare a thin film of Ti 4 O 7 via plasma deposition on a sand-blasted titanium alloy substrate at elevated temperature, characterize the prepared Ti 4 O 7 anode using X-ray diffraction spectroscopy and scanning electron microscopy, and investigate the performance of the prepared Ti 4 O 7 anode by electrooxidation and electro-Fenton degradation of some selected pharmaceuticals at natural and acidic pH respectively. Operation parameters such applied current, initial pollutant concentration and in-situ generated H 2 O 2 on the degradation and mineralization efficiency will be studied.
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 21 Figure 2-1-Origin and transport of PhACs in environment (modified from[12]).

Figure 2 - 1 ̶

 21 Figure 2-1 ̶ Color change due to dyes contamination of surface water and landfill

PbO 2 ,

 2 as expected due to the contribution of the heterogeneous hydroxyl radicals generated at the anode surface. For instance,[START_REF] Wu | Application of response surface methodology to the removal of the antibiotic tetracycline by electrochemical process using carbon-felt cathode and DSA (Ti/RuO 2 -IrO 2 ) anode[END_REF] [START_REF] Wu | Application of response surface methodology to the removal of the antibiotic tetracycline by electrochemical process using carbon-felt cathode and DSA (Ti/RuO 2 -IrO 2 ) anode[END_REF] studied the removal of antibiotic tetracycline from aqueous solution using CF cathode and DSA anode with focus on the influence of experimental variables such as current, initial pH and tetracycline concentration on the drug removal efficiency analyzed by Response Surface Methodology based on Box-Behnken statistical experiment design. Further studies compared the efficiency of Ti/RuO 2 -IrO 2 , Pt and BDD anodes and CF or stainless steel cathode for tetracycline removal by AO and EF[START_REF] Oturan | Electrocatalytic destruction of the antibiotic tetracycline in aqueous medium by electrochemical advanced oxidation processes: Effect of electrode materials[END_REF]. The performance of Ti/RuO 2 -IrO 2 anode using either CF or stainless steel was found to be lower compared to either Pt or BDD anode. Similar results were reported for EF treatment of pharmaceutical ranitidine, with the mineralization efficiency obtained with Ti/RuO 2 -IrO 2 anode
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 34435 Lead oxide (α-PbO 2 ) based electrodesLead oxide anodes have been widely applied on industrial scale because they are inexpensive and easy to prepare[27]. They have good conductivity and large surface area and have been extensively studied for the oxidation of organics. Earlier studies have shown that PbO 2 electrode has been utilized as pellets, however later research mainly explore PbO 2 and doped PbO 2 anodes deposited on a variety of substrate such as Ta, Ti, stainless steel and Exbonex®[START_REF] Tahar | A comparison of different lead dioxide coated electrodes for the electrochemical destruction of phenol[END_REF][START_REF] Panizza | Electrochemical degradation of methyl red using BDD and PbO 2 anodes[END_REF][START_REF] Bonfatti | Electrochemical incineration of glucose as a model organic substrate I. Role of the electrode material[END_REF][START_REF] Song | Structure and properties of PbO 2 -CeO 2 anodes on stainless steel[END_REF]. Spin trap experiments[START_REF] Martinez-Huitle | Electrochemical incineration of chloranilic acid using Ti/IrO 2 , Pb/PbO 2 and Si/BDD electrodes[END_REF][START_REF] Song | Structure and properties of PbO 2 -CeO 2 anodes on stainless steel[END_REF] have confirmed the production of • OH on PbO 2 and doped PbO 2 , but the mechanism for the production of • OH at the PbO 2 electrode is still not well understood. Summary of the proposed mechanism of generation of • OH on PbO 2 based

  and their removal by EAOPs such as AO and EF are detailed in this chapter. The efficiency of EAOPs such as AO and EF for the removal of pharmaceutical residues could be significantly enhanced in terms of performance and cost by proper selection of electrode materials and in case of EF by heterogeneous catalyst system.Active electrodes such as Pt, DSA and carbonaceous materials are generally not suitable for AO process because only electrochemical conversion can be achieved at their surface with limited mineralization of the pollutants. Non-active anode such as doped SnO 2 , PbO 2 , substoichiometric TiO 2 and BDD on the other hand produces large quantities of • OH at their surfaces which could achieve almost complete electrochemical combustion of organic pollutants to CO 2 . However, doped SnO 2 electrodes are relatively unstable and have short-service life, whereas PbO 2 presents post hazardous risk due to possible leaching, especially at basic pH.

  This chapter has been published as: Soliu O. Ganiyu, Nihal Oturan, Stéphane Raffy, Marc Cretin, Roséline Esmilaire, Eric van Hullebusch, Giovanni Esposito, Mehmet A. Oturan (2016). Sub-stoichiometric Titanium Oxide (Ti 4 O 7 ) as a Suitable Ceramic Anode for Electrooxidation of Organic Pollutants: A Case Study of Kinetics, Mineralization and Toxicity Assessment of Amoxicillin, Water Research 106, 171-181. DOI:10.1016/j.watres.2016.09.056 3.1 Introduction AO (or electrooxidation) is one of the most popular EAOPs that able to oxidize efficiently, organic pollutants present in aqueous solution. It is based on the generation of hydroxyl radicals at surface of a high O 2 -overpotential anode M via water oxidation reaction (eq.

4 O 7 electrode

 47 TiO x particles were prepared by electro-fusion method. Briefly, a mixture of TiO 2 (ALTICHEM >98%) and coke (Coke de Brai AO151203 ALTICHEM 98%C) was fed into a Heroult-furnace and an electric arc was created between the two graphite electrodes. This electric arc was able to melt the fed mixture that was eventually poured into a graphite mold. The obtained ingot was jaw-crushed, milled and sieved to obtain powder with particle size smaller than 70 µm. The X-ray diffraction spectrum of the powder obtained shows a mixture of Ti 3 O 5 , Ti 4 O 7 , Ti 5 O 9 , and Ti 6 O 11 phases (Fig.3-1).

Figure 3 - 1

 31 Figure 3-1 -X-ray diffraction pattern of the powder used in preparing Ti 4 O 7 anode

  01-082-1138 (*) -Titanium Oxide -Ti3O5 -Monoclinic 01-076-1266 (*) -Titanium Oxide -Ti6O11 -Triclinic 01-077-1392 (*) -Titanium Oxide -Ti4O7 -Triclinic 00-051-0641 (N) -Titanium Oxide -argon as carrier gas (30 g min -1 ; injector diameter = 1.8 mm; injection angle = +10°). They are melted and accelerated by the plasma onto the Ti substrate that has been pretreated by sand-blasting to create a rough surface. The TiOx particle size distribution (obtained from HORIBA Laser Scattering Particle Size Distribution Analyzer -PARTICA LA-950V2) is shown in Fig. 3-2 and indicate that 80% of the particles are in the range 20-60µm, which is critical for plasma spraying. Melted particles impact the substrate as "splats" that are quenched at the contact of the cold titanium plate. A homogenous and continuous lamellar coating (Fig. 3-3) was obtained by the motion of the torch versus the substrate (linear velocity = 800 mm s -1 ; step = 2 mm). X-ray diffraction of the prepared electrode shows that the main phase in this plasma-coating was Ti 4 O 7 . D10 = 22.6µm; D50 = 34.2µm; D90 = 52µm
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 3233 Figure 3-2 -TiOx particle size distribution used in preparation of Ti 4 O 7 .
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 13 , m is the number of carbon atoms of AMX (16 C atoms) and I is the applied current (A) and n is the number of electron consumed per molecule of AMX; taken to be 70 assuming complete mineralization of AMX into CO 2 of AMX during electrolysis was analyzed by injecting 20 µL sample to the reversed-phase HPLC set-up, (Model L-7455 Lachrom, Merk Hitachi, Japan) equipped with a L-7100 pump and fitted with a Purospher RP-18, 5 µm, 25 cm x 4.6 mm (i.d.) analytical column at 40 o C with the detection performed on L-7455 photodiode array detector at a selected wavelength of 232 nm. The AMX concentration was determined periodically using an isocratic solvent elution of methanol/water (pH ~ 3 by H 3 PO 4 ) 10:90 (v/v) as a mobile phase at a flow rate of 0.4 mL min -1 . Generated aliphatic carboxylic acids during treatment were identified and quantified by ion-exclusion HPLC using Merck Lachrom liquid chromatograph equipped with an L-2130 pump, fitted with a C18 Acclaim OA (organic acids), 4 mm × 25 cm (i.d.) column at 40 o C, and coupled with a L-2400 UV detector selected at wavelength of 210 nm, using 1% H 2 SO 4 at 0.2 mL min -1 as mobile phase. The concentrations of NO to the treated solutions were assessed on ion chromatography by injecting 50 µL samples into a Dionex ICS-1000 Basic Ion Chromatography set-up coupled with a Dionex DS6 conductivity detector containing a cell maintained at 35 o C through Chromeleon SE software. The NO 3 -and SO 4 2content were determined with a Dionex AS4A-SC, 25 cm × 4 mm (i.d.) anion-exchange column using a mixture of 1.8 mM Na 2 CO 3 and 1.7 mM NaHCO 3 solution at 2.0 mL min -1 as mobile phase. For NH 4 + detection, a Dionex CS12A, 25 cm × 4 mm (i.d.) cation column and a mobile phase of 9 mM H 2 SO 4 at 1.0 mL min -1 was used. GC-MS analyses were performed using a Thermo Scientific GC-MS analyzer equipped with a TRACE 1300 gas chromatography coupled to an ISQ single quadrupole mass spectrophotometer operating in electron impact mode at 70 eV. Samples for GC-MS were obtained by solvent extraction of organic components of 10 cm 3 of electrolyzed solution with 45 cm 3 of dichloromethane (three extractions with 15 cm 3 each), followed by drying of the organic fraction over 2 g of MgSO 4 , filtered and concentrated to a volume of 1 cm 3 with a rotary evaporator under vacuum. The samples were directly analyzed by GC-MS using a TG-5MS 0.25 µm, 30 m × 0.25 mm (i.d.) column, with a temperature ramp of 50 o C for 3 min, 10 o C min -1 up to 250 o C and 4 min hold time. The temperature of the injector and detector were 200 and 250 o C respectively, and helium was used as carrier gas at a flow rate of 1.5 mL min -1 . The mass spectra were identified by Xcalibur data library.
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 3134 Figure 3-4 -Effect of applied current: (-∎-) 10 mA (-•-) 30 mA, (-▲-) 60 mA and (-▼-) 120 mA on AMX concentration decay vs. electrolysis time for the electrooxidation treatment of 0.1 mM AMX in 0.05 M Na 2 SO 4 using (a) Ti 4 O 7 and (b) BDD anode and CF cathode.
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 35 Figure 3-5 -Contribution of in-situ generated H 2 O 2 to the decay of AMX concentration vs time with stainless steel cathode (-∎-) and CF cathode (-•-) for the electrooxidation at 120 mA of 0.1 mM AMX in 0.05 M Na 2 SO 4 using (a) Ti 4 O 7 and (b) BDD anode.
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 36 Figure 3-6 -Effect of applied current: (-∎-) 10 mA (-•-) 30 mA, (-▲-) 60 mA and (-▼ -) 120 mA on TOC removal (a, b) and mineralization current efficiency(c, d) vs. electrolysis time during the electrooxidation of 0.1 mM (19.6 mg L -1 initial TOC) AMX in 0.05 M Na 2 SO 4 using Ti 4 O 7 , (a, c) and BDD (b, d) anode and carbon-felt cathode.

H 2 O

 2 2 generation (CF and stainless steel cathodes) were 45% and 48% respectively, indicating slight reduction in efficiency with the former. The stability of the activity of Ti 4 O 7 anode was also assessed by comparing mineralization experiment after < 25 h and > 200 h of usage in electrooxidation process at 60 mA. Almost 17% loss in mineralization efficiency was observed after 200 h of utilization (Fig. 3-7b), with subsequent studies exhibited no significant reduction in mineralization. Such loss in activity of Ti 4 O 7 can be explained either by the formation of passivation layer on the surface of the anode or partial conversion of Ti 4 O 7 at the surface of the anode to less conducting TiO 2 ,
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 37 Figure 3-7 -(a) Effect of in-situ generated H 2 O 2 on the mineralization of 0.1 mM AMX (19.6 mg L -1 TOC) in 0.05 M Na 2 SO 4 medium at applied current of 60 mA, (-∎-) without H 2 O 2 (stainless steel cathode) and (-•-) with H 2 O 2 generation using Ti 4 O 7 anode. (b) Stability of activity of Ti 4 O 7 with usage time for mineralization of 0.1 mM AMX (19.6 mg L -1 TOC) in 0.05 M Na 2 SO 4 medium

  covalent bonds cleavage of AMX molecules and oxidation of formed lower molecular weight species, organic N atom was released to the solution and quantified as NH 4 + and NO 3 -by ion chromatography without detecting NO 2 -, while S atom was recovered as SO 4 2-in the treated solutions containing 0.1 mM of AMX (Fig. 3-8a and 3-8b) at 120 mA constant current electrolysis. The amount of both NH 4 + and NO 3 -ions continuously accumulated in treated solution over 480 min of treatment with either Ti 4 O 7 or BDD anode as shown in Fig. 3-8a and 3-8b. Majority of N atom released was detected as NH 4 + , with significant proportion as NO 3 -in both cases, which could be explained by the partial reduction of small fraction of the formed NO 3 -to NH 4 + as it has been experimentally confirmed by previous studies [64,66], although Thiam et al., 2015 [66] did not observe reduction of NO 3 ̶ to NH 4 + on carbon-PTFE air-diffusion cathode. Similarly, S atom is oxidized and gradually accumulated as SO 4 2-over the treated time to reach overall 0.1 mM (100% of initial S) with both anodes. After 480 min of electrolysis, 0.141 mM NH 4 + and 0.068 mM NO 3 -representing 47 and 22% respectively of the initial N atom in 0.1 mM AMX solution (0.3 mM N) was found in the final solution treated with Ti 4 O 7 anode, whereas 0.186 mM NH 4 + (62% of initial N) and 0.086 mM NO 3 -(29% of initial N) was obtained with BDD anode, indicating much better mineralization with BDD anode as shown in Fig. 3-6b.
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 3384 Figure 3-8 -Time-course of the identified inorganic ions: (-∎-) NH 4 + (-•-) NO 3 -and (-▲-) SO 4 2-
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 39 Figure 3-9 -Time-course of the identified short-chain carboxylic acids: (-∎-) oxalic; (-•-) maleic; (-▲-) malonic (-▼-) oxamic; (-◄-) acetic; (-►-) glyoxylic during the electrooxidation of 0.1 mM AMX in 0.05 M Na 2 SO 4 solution at 120 mA using (a) Ti 4 O 7 and (b) BDD and CF cathode.
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 3105 Figure 3-10 -Proposed reaction mechanism for the total mineralization of AMX by electrooxidation using Ti 4 O 7 anode.
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 311 Figure 3-11-Toxicity evolution of 0.1 mM AMX solution during electro-oxidation with Ti 4 O 7 anode at 120 mA in terms of Inhibition of luminescence of V. fischeri bacteria after (-∎-) 5 min and (-•-) 15 min exposure time

  Ti4O7: A new electrode in electro-Fenton process Chapter 4 106 the thin coated on the Ti substrate. The high temperature of the "plasma plume" (10 000 -15 000 °C) via which Ti 4 O 7 was deposited ensures deep fusion/penetration into substrate surface and enhance its sealing and stability.

  4 O 7 as a suitable anode in EF degradation of aqueous solutions of PPN using CF cathode. The effect of applied current and initial concentration on the degradation rate and mineralization of PPN solution were carefully studied. Comparative studies under anodic oxidation and EF using Ti 4 O 7 and DSA anodes were investigated on both degradation of PPN and mineralization of Ti4O7: A new electrode in electro-Fenton process Chapter 4 107 its aqueous solution. Aromatic intermediates, short-chain carboxylic acids as well as inorganic ions formed during the treatment were detected and quantified by chromatographic techniques and based on these intermediates and end-products, a plausible mineralization pathway was proposed.

4 109

 4 6 mm (i.d) column at 40 °C and a L-7455 photodiode array detector selected at a wavelength of 232 nm. 20 µL aliquots were injected into the HPLC setup with isocratic elution of the column by a mixture of methanol (pH 3) -water (pH 3) (both adjusted by 1 M H 3 PO 4 ) at 40:60 (v/v) as the mobile phase at 0.4 mL min -1 for PPN decay kinetics, aromatic intermediates and the determination of the absolute rate constant (k abs ) of oxidation of PPN by hydroxyl radicals. Short-chain carboxylic acids were identified and quantified by ion-exclusion HPLC using 1.0 mM H 2 SO 4 as mobile phase at 0.2 mL min -1 and detection wavelength of 210 nm. The ammonium and nitrate ions released during the electrolyses were detected and quantified by ion chromatography (IC) (Dionex-100) system coupled with a conductimetric detector (Dionex-DS6) operating at 35 o C. A cation (IonPac ® CS12A-Dionex (25 cm × 4 mm)) and an anion (IonPac ® AS14-Dionex (25 cm × 4 mm)) exchanger column were used for ammonium and nitrate analyses, respectively. In both cases, 50 µL samples were injected into IC. The mobile phase was composed of 1.8 mM Na 2 CO 3 and 1.7 mM NaHCO 3 at 2.0 mL min -1 , and 9.0 mM H 2 SO 4 at 1.0 mL min -1 for anionic and cationic column, respectively.Ti4O7: A new electrode in electro-Fenton process Chapter Aromatic intermediates formed after 20 min of EF treatment of 0.3 mM PPN solution at 60 mA were identified by Thermo Scientific GC-MS analyzer equipped with a Trace-1300 series GC coupled to an ISQ-Single Quadrupole MS operating in electron impact mode at 70 eV. To obtain samples for GC-MS, organic components of 10 cm 3 of electrolyzed solution were solvent extracted by 45 cm 3 of ethylacetate (three extractions with 15 cm 3 each), followed by drying of the organic fraction over 2 g of MgSO 4 , filtered and concentrated to a volume of 1 cm 3 with a rotary evaporator under vacuum. The samples were directly analyzed using a TG-5MS 0.25 µm, 30 cm × 0.25 mm (i.d.) column, with a temperature of 50 °C for 3 min and a temperature ramp of 10 °C min -1 up to 250 °C and 4 min hold time. The injector and detector temperatures were 200 and 250 °C, respectively,
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 41 the decay of TOC over electrolysis time. The AO experiment performed at 60 mA with the commercial DSA anode shows poor mineralization of PPN (curve a) solution, which only attained 46% TOC removal after 480 min of electrolysis, whereas study with Ti 4 O 7 anode led to a relatively high mineralization of PPN solution (curve b) with
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 41 Figure 4-1-Decay of the TOC vs electrolysis time during the degradation of 0.1 mM PPN (corresponding to 19.2 mg L -1 initial TOC) in 0.05 M Na2SO4 solution at pH 3 by anodic oxidation (ac) and electro-Fenton (d) using (a) DSA and (b-d) Ti4O7 anode. Current: (a, b, and d) 60 mA, and (c) 120 mA.
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 42 Figure 4-2 -Effect of applied current on the decay of TOC (a, b) and mineralization current efficiency (MCE) (c, d) vs electrolysis time for the mineralization of 0.1 mM PPN (19.2 mg L -1 initial TOC) in 0.05 M Na2SO4 with 0.1 mM Fe 2+ at pH 3 using (a, c) Ti4O7 and (b, d) DSA anodes at applied current of (■) 10 mA, ( ) 30 mA, (▲) 60 mA, and (▼) 120 mA.

Fig. 4 -

 4 Fig. 4-3 shows the influence of initial concentration on PPN mineralization studied at 60 mA for 0.05, 0.1 and 0.2 mM PPN solutions using Ti 4 O 7 anode. Almost similar mineralization rates were observed at lower PPN concentrations (0.05 and 0.1 mM) (Fig. 4-3a), whereas the rate slightly diminishes at high concentration (0.2 mM) even though larger amount of TOC (~34 mg L -1 ) was removed as shown in the inset panel (Fig 4-3a). This
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 43 Figure 4-3 -Effect of initial PPN concentration on the decay of TOC (a) and mineralization current efficiency (MCE) (b) vs electrolysis time for the mineralization of PPN in 0.05 M Na2SO4 with 0.1 mM Fe 2+ using Ti4O7 anode and applied current of 60 mA; (■) 0.05 mM (9.6 mg L -1 TOC), ( ) 0.1 mM (19.2 mg L -1 TOC), and (▲) 0.2 mM (38.4 mg L -1 TOC).

  new electrode in electro-Fenton process Chapter 4 115 operation parameters on the PPN concentration decay during electrochemical treatment using CF cathode and either Ti 4 O 7 or DSA anode. Firstly, the effect of type of applied EAOPs (i.e. AO-H 2 O 2 vs EF) was assessed by electrolyzing 0.1 mM (29.6 mg L -1 ) PPN solution containing 0.05 M Na 2 SO 4 at pH 3without Fe 2+ (AO -H 2 O 2 ) or with 0.1 mM Fe 2+ as catalyst (EF) using Ti 4 O 7 anode at 60 mA. As shown in Fig. 4-4a, a slow decay in PPN concentration was observed in AO-H 2 O 2 with total destruction of PPN achieved after 60 min of electrolysis, whereas much quicker degradation rate was obtained in EF process with just 10 min required for total disappearance of PPN. As explained in section 4.3.1, the concurrent generation of • OH both at the surface of Ti 4 O 7 anode and in bulk ensures faster degradation in EF process compared to AO-H 2 O 2 where the oxidant is only generated and confined at the anode surface. Ti4O7: A new electrode in electro-Fenton process Chapter 4
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 444 Figure 4-4 -(a) Decay of PPN concentration vs electrolysis time for the treatment of 0.1 mM PPN at 60 mA and pH 3 using Ti4O7 anode, (■) EF and (•) AO-H2O2; (b, c) effect of current and (d) effect of initial PPN concentration on the decay of PPN concentration vs electrolysis time for the EF treatment at pH 3 using (b) Ti4O7, (c) DSA anodes at initial concentration of 0.1 mM and applied current of (■) 10 mA, (•) 30 mA, (▲) 60 mA, and (▼) 120 mA; and (d) Ti4O7 anode at applied current of 60 mA and initial concentration of (♦) 0.05 mM, (◄) 0.1 mM and (►) 0.2 mM.
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 4 For all trials, the oxidation of PPN with hydroxyl radicals was fitted by pseudo firstorder kinetics assuming a quasi-stationary state for • OH concentration.
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 445464734434 Figure 4-5 -Time course of the concentration of main aromatic intermediates: (a) phthalic acid and (b) 1-naphthol accumulated during the EF treatment with Ti4O7 anode of 0.1 mM PPN in 0.05 M Na2SO4 with 0.1 mM Fe 2+ at pH 3 and applied current of (■) 10 mA, ( ) 30 mA, (▲) 60 mA, and (▼) 120 mA.
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 481264 Figure 4-8 -Proposed reaction sequence for complete mineralization of PPN by EF process assuming • OH as the main oxidizing agent.

  in which CoFe-LDH was grown on CF substrate. The growth solution contains Co(NO 3 ) 2 .6H 2 O, Fe(NO 3 ) 3 .9H 2 O, NH 4 F (0.125 M) and CO(NH 2 ) 2 (0.5 M) dissolved in 100 mL of Milli-Q water with molar ratio of Co/Fe = 2:1 (n/n). The homogeneous solution was vigorously stirred for 30 min before transferred into a Teflon-lined stainless steel autoclave. Raw CF substrate (6.0 cm length × 1.0 cm width × 1.27 cm thickness) was pretreated with concentrated HNO 3 and then washed in turn in ultrasonic bath with deionized water, acetone, ethanol and deionized water for 15 min each. The clean CF was immersed into the growth solution in Teflon autoclave for hydrothermal treatment at predetermined temperature and period. Subsequently, both the substrate coated with LDH and the solid LDH suspension were separated from the solution, washed extensively with distilled water followed by Milli-Q water and oven dried at 40 o C. The sample used for studying leaching of catalyst and reusability were dried at 80 o C 5.2.3 Characterization The surface morphology of the as-prepared cathode was analyzed by SEM (Hitachi S-4800), with an accelerating voltage of 10 kV, combined with EDX. TEM images were taken with a PHILLIP-CM 20. XRD were recorded on a BRUKER S5000 diffractometer, using Cu-Kα radiation (0.15418 nm) at 40 kV and 20 mA. FTIR pattern of the powder LDH was performed on NEXUS FTIR (ThermoFisher). The surface chemistry of the prepared sample was analyzed by XPS (ESCALAB 250 Thermal Electron) with AlKα (1486.6 eV). Cyclic voltammetry (CV) experiments were carried out in solution of 50 mM Na 2 SO 4 using µ3AUT70466 Autolab System (Eco Chemie BV, Netherlands) without external addition Fe 2+ source. A three-electrodes cell consisting of CoFe-LDH/CF as a working electrode, Pt foil and Saturated Calomel Electrode (SCE) as a counter and reference electrodes respectively was used to conduct the CV experiments. The electrical conductivity of the prepared cathode was determined by measuring electrode interfacial-charge transfer resistance using electrochemical impedance spectroscope 141 (EIS). The EIS was performed at an open circuit voltage with voltage amplitude of 10 mV in a frequency range of 50 kHz to 100 MHz. 5.2.4 EF experiment The EF experiments were performed in an open, undivided cylindrical glass cell of diameter 4 cm and 300 mL capacity equipped with Pt gauze anode, placed in parallel to the cathode (4.5 cm × 1 cm × 1.27 cm) made of CoFe-LDH/CF at a distance of 2 cm. All experiments with CoFe-LDH/CF cathode were performed with 150 mL AO7 solutions (0.1 mM) containing 0.05 M Na 2 SO 4 as supporting electrolyte. The solution was constantly stirred by PTFE magnetic bar to ensure mass transfer towards the electrodes. Compressed air was continuously bubbled into the solution at about 1 L min -1 , starting at 10 min prior to electrolysis to maintain a stationary O 2 level.

  The leaching of both Co and Fe from as-prepared CoFe-LDH/CF cathode into the treated solution was monitored by Optima 8300 Optical Emission Spectrometer with Inductively Coupled Plasma (ICP-OES) (Perkin Elmer) at absorption wavelength of 230 and 239 nm for Co and Fe respectively. Standard solutions of different concentrations were prepared with Perkin Elmer IV (1000 ppm) by dilution with acidified Milli-Q water. The organic intermediate formed after 20 min of electrolysis were identified by GC-MS.
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 55 1b-h, with the density/quantity of coating on the CF substrate closely related to the hydrothermal treatment temperature, time and initial concentration of the growth solution. In fact, treatment at 70 o C and 25:12.5 (n/n) initial Co 2+ /Fe 3+ concentration yielded a growth of fine but low dense LDH wall on the CF (Fig. 5-1b), indicating only nucleation of the LDH particleswith limited crystal growth. The quantity of CoFe-LDH deposited on the CF at this temperature was not sufficient enough as it showed little enhancement of mineralization of organic pollutant (as demonstrated in section 5.3.4.2). Synthesis made at higher temperature of 90 o C with similar concentration for period of 4 h produced a highly dense and extensive growth of LDH on the CF substrate with formation of few urchin-like structures (Fig.5-1c). These urchin-like structures extensively grown and increased in quantity for synthesis at 90 o C but longer period of time (7 h) (Fig 5-1d). For these synthesis conditions, it can be observed that the CF strands were entirely coated with CoFe-LDH, which are adhesively grafted on the CF. The magnified image (Fig.5-1e) revealed that the CoFe-LDH wall and urchin-likes structures are distributed across the entire surface of each CF strand, interconnected with each other, highly rough and porous which can enhance the diffusion of substance within the electrode. Further increase in hydrothermal treatment period to 21 h (Fig.5-1f) as well as temperature (120 o C) (Fig.5-1g) at this concentration shows little or no change in the morphology of the CoFe-LDH coated on CF substrate. Additionally, as shown in Fig.5-1h, the increase in the initial concentration of the growth solution (i.e. 50:25) does not enhance the quantity of CoFe-LDH deposited on the CF substrate. The surface compositions of the LDH coated CF were analyzed by EDX and the elemental peaks of C, O, Fe and Co were obtained. Interestingly, the molar ratio of Co to Fe was found to be 2.17, consistent with the initial and normal molar ratio of M II /M III in LDH. Besides, elemental peak of F was detected, which may be one of the interlayer anions that neutralized the excess positive charge of LDH layers. The O peak emanates mainly from octahedral -OH and interlayer water.
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 51 Figure 5-1-SEM images of (a) raw CF, (b) CoFe-LDH/CF -70 o C for 7 h (c) CoFe-LDH/CF -90 o C for 4 h (d) CoFe-LDH/CF -90 o C for 7 h (e) magnified image of (d), (f) CoFe-LDH/CF -90 o C for 21 h (g) CoFe-LDH/CF -120 o C for 7 h and (h) CoFe-LDH/CF -90 o C for 7 h. Note: (a-f) -25:12.5 and (h) -50: 25 (Co 2+ /Fe 3+ )
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 5253 Figure 5-2-TEM images of CoFe-LDH.

149 0. 25 V

 14925 vs. SCE and ~ 0.56 V vs. SCE during the anodic and cathodic sweeps were clearly observed at pH 2 and 3, indicating iron reduction and oxidation respectively (Fe 3+ /Fe 2+ redox couple). This implies that Fe III was leached into the solution. The peak current increased with the decrease of pH, revealing the gradual leaching of Fe and Co into the solution since LDH became less stable as the solution was becoming more acidic. The presence of Co in the solution could lead to extra reversible conversion redox processes via reduction of Fe 3+ by Co 2+ [50]. No redox peak was observed at pH 5.83, indicating high stability of the CoFe-LDH coat on CF with negligible leaching of the metal ions into the solution.
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 55 Figure 5-5-(a) CVs of CoFe-LDH/CF (synthesized at 90 o C for 7 h), in 50 mM Na 2 SO 4 at scan rate 50 mVs -1 : Curves at (a) pH 5.83, (b) pH 3 and (c) pH 2; and (b) EIS of raw and CoFe-LDH modified CF
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 56 Figure 5-6-(a) Effect of initial solution pH on the mineralization of AO7 using CoFe-LDH/CF synthesized at 90 o C, for 7 h and 25:12.5 molar concentration, (■) pH 2, (•) pH 3, (▲) pH 5.83,
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 57 Figure 5-7-Degradation of AO7 at pH 3 (■) Fe 2+ , (•) Co + Fe (1:1), (▲) Co + Fe (2:1) (▼) CoFe-LDH/CF.
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 68 Figure 6-8-Effect of hydrothermal treatment parameters on the mineralization of AO7 at pH 3: (a) temperature (■) 70 o C, (•) 90 o C and (▲) 120 o C; (b) time (▼) 4 h, (♦) 7 h, (◄) 14 h and
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 59157510 Figure 5-9-(a) Evolution of the concentration of Fenton's catalyst/co-catalyst in the treated solution (RSD: 1%); (■) Co and (•) Fe and (b) TOC removal (RSD: 2%) after 2 h vs number of cycles for the EF treatment using CoFe-LDH/CF synthesis at optimal conditions.
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 511 Figure 5-11-Schematic illustration of AO7 degradation in heterogeneous EF system with CoFe-LDH/CF cathode

10 )≡

 10 The surface catalysis of H 2 O 2, which occurs at the surface of CoFe-LDH/CF cathode and the predominant mechanism of mineralization of AO7 at circumneutral pH, also started in similar manner to homogeneous system with the production of H 2 O 2 in the carbon matrix of the cathode. The production of • OH from catalytic decomposition of H 2 O 2 is strongly correlated to the production rate of H 2 O 2 and the catalyst properties. The surface-catalyzed mechanism for the production of • OH at the surface of CoFe-LDH/CF is proposed as follow:≡ Fe ----OH e → ≡ Fe ---OH (eq. 5-11)≡ Co ---OH ≡ Fe ----OH → ≡ Co ----OH ≡ Fe ---OH (eq. 5-12)≡ Fe ---/Co ----OH H O ↔ ≡ Fe ---/Co ----OH H O s (eq. 5-13)≡ Fe ---/Co ----OH H O s → ≡ Fe --/Co ---OH HO • s H (eq. 5-14)≡ Fe --/Co ---OH HO • s → ≡ Fe --/Co ---OH + HO • Fe --/Co ---OH H O → ≡ Fe ---/Co ---

  • OH radical in bulk via Fenton's reaction (Eq.[2][3][4][5][6][7][8] between continuously electrogenerated H 2 O 2 at a suitable cathode fed with air/O 2 and iron catalyst added initially to the treated solution at catalytic amount[22,23,[START_REF] Rodrigo | Electrochemically assisted remediation of pesticides in soils and water: A review[END_REF]. The non-selective attacks of organics contaminants in the bulk solution by • OH gives several intermediates which undergo further combustion to CO 2 . Interestingly, only small quantity of catalytic Fe 2+ /Fe 3+ is required because the Fenton's reagent (H 2 O 2 + Fe 2+ ) is continuously electrogenerated (Eq.[2][3][4][5][6][7][8][9] 

  . As anode in both AO and EF, many publications have reported that BDD electrodes

	allow complete mineralization (with very good current efficiencies) of different classes of
	organic pollutants, which have been summarized in several reviews [2,21-
	24,26,27,81,82,95,103,144,145].

36
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 21 Summary of some recent studies on heterogeneous EF treatment with added catalyst

	Pollutants	Catalyst	Solution	Cathode/	Efficiency	Current	Ref.
				anode		density/Ener	
						gy	
	Indole	Fe-alginate 20 mg L -1 indole	CF/Pt	90 % TOC 0.53 mA	
			in Na 2 SO 4 at pH 3			cm ̶ 1	
			and 7 h				

  without further purification. AMX-(C 16 H 19 N 3 O 5 S, with >90% purity) was obtained from Sigma-Aldrich. Sodium sulfate (Na 2 SO 4 ), sodium chloride (NaCl), potassium sulfate (K 2 SO 4 ), sulfuric acid (H 2 SO 4 ) and phosphoric acid (H 3 PO 4 ) were supplied by Sigma-Aldrich, Merck, and Acros. Oxalic (H 2 C 2 O 4 ), oxamic (C 2 H 3 NO 3 ), acetic (C 2 H 4 O 2 ), maleic (C 4 H 4 O 4 ), glycoxylic (C 2 H 2 O 3 ) and malonic (C 3 H 4 O 4 ) acids were obtained from Acros, Fluka and Alfa Aesar. Bioluminescence bacteria and the activation reagent LCK 487 LUMISTOX were supplied by Hach Lange France SAS. All solutions were prepared with Milli-Q ultra-pure water (> 18 MΩ at 25 o C). Organic solvents and other chemicals used were HPLC or analytic grade from Sigma-Aldrich, Fluka and Merck.
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 31 Apparent rate constants (k app,AMX ) for the electrooxidation of AMX by M(•OH),

			assuming pseudo first-order reaction.	
			k app, AMX (min -1 )			
	Cell	[AMX] (mM)	10 mA	30 mA	60 mA	120 mA
	DSA/CF	0.1				0.02
	Pt/CF	0.1				0.05
	Ti 4 O 7 /CF	0.05				0.12
		0.1	0.02	0.03	0.07	0.10
		0.2				0.05
	Ti 4 O 7 /SS	0.1			0.02	0.03
	BDD/CF	0.05				0.10
		0.1	0.02	0.03	0.05	0.08
		0.2				0.04
	BDD/SS	0.1			0.03	0.05
	To clarify the contribution of H 2 O 2 as a weak oxidant to AMX concentration decay with
	both Ti 4 O 7 and BDD anodes, experiments were carried out by replacing CF with stainless steel
	as cathode. CF is well known for H 2 O 2 generation potential, whereas stainless steel has a very
	limited capacity for H 2 O 2 generation [62]. Fig. 3-5a and 3-5b shows the contribution of H 2 O 2 to
	the AMX degradation assessed from experiment performed at 120 mA using Ti 4 O 7 and BDD
	anodes. It is obvious that the generated H 2 O 2 contributes significantly to the decay of AMX

concentration in the treated solution. The decay rate of AMX tremendously decreased when CF was replaced by stainless steel as cathode material. However, the decrease in degradation rate was more slightly pronounced with Ti 4 O 7 when compared with BDD. The generated H 2 O 2 contribution is either by direct oxidation as a weak oxidant or indirectly after its destructive reaction with M( • OH) to generate hydrogen peroxyl radical M(HO 2 • ) (eq. 3-5) [63]:

  when tested in anodic oxidation with in-situ H 2 O 2 generation (i.e. AO-H 2 O 2 ) because of high adhesion of

Table 4

 4 -1. As can be seen in Table4-1, the k app,PPN values were enhanced at high current, lower initial PPN concentration as well as the presence of Fe 2+ catalyst in the case of EF process. The contribution of Ti 4 O 7 ( • OH) to the PPN degradation during EF process is also obvious with Ti 4 O 7 anode, in which the k app,PPN values are slightly higher compared to DSA anode for all current studied. As mentioned earlier, the gradual enhancement of parasitic reactions at higher currents results in non-proportional increase in k app,PPN observed as current increases.
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Table 4 -

 4 1 -Apparent rate constants (k app,PPN ) for the electrochemical degradation of PPN by • OH assuming pseudo first-order reaction.

	Electrolytic	[PPN] (mM) [Fe 2+ ] (mM)	I (mA)	k app,PPN × × × × 10 1
	cell				
	Ti 4 O 7 /CF	0.5	0.1	60	6.70
		0.1	0.1	10	0.60
		0.1	0.1	30	1.74
		0.1	0.1	60	3.08
		0.1	0.1	120	7.76
		0.1	-	10	0.07
		0.1	-	30	0.21
		0.1	-	60	0.36
		0.1	-	120	0.65
		0.2	0.1	60	2.27
	DSA/CF	0.1	0.1	10	0.41
		0.1	0.1	30	1.49
		0.1	0.1	60	2.93
		0.1	0.1	120	7.10

  may be of great application in Fenton based EAOPs. The transition metals in the carbon based matrix electrode can act as heterogeneous catalyst which reacts with in-situ generated H 2 O 2 in a Fenton or Fenton-like reaction. LDHs are anionic clay materials that contain a brucite sheets of metallic cations (M II and M III ) octahedrally coordinated by hydroxyl groups, forming M II (OH) 6 /M III (OH) 6 octahedral

  was used as model pollutant. Besides, the influence of hydrothermal treatment parameters such as temperature, initial concentration of growth solution and treatment time on the performance of the prepared cathode was extensively studied. More importantly, the mineralization of AO7 solution by heterogeneous EF over a wide pH range as well as the leaching of the Co/Fe in the treated solution was systematically examined. For comparison, analogous studies were made with raw CF using externally added 0.2 mM Fe 2+ , Co 2+ or Co 2+ /Fe 2+ (1:1 and 2:1) as this value was reported in literature as the optimum concentration of Fe 2+ for EF process[43] 

	5.2 Experimental Procedures
	5.2.1 Reagents and Materials
	Carbon felt was obtained from Alfa Aesar. Cobalt II nitrate tetrahydrate, Co(NO 3 ) 2 .4H 2 O (>
	99% purity); iron III nitrate nonahydrate, Fe(NO 3 ) 3 .9H 2 O (98% purity); iron II sulfate
	heptahydrate, FeSO 4 .7H 2 O (> 99% purity); urea, CO(NH 2 ) 2 and ammonium fluoride, NH 4 F
	(99% purity) were purchased from Sigma Aldrich and used in the synthesis of LDH coated on
	the CF without further purification. AO7, C 16 H 11 N 2 NaO 4 S (Orange II sodium salt) and sodium
	sulfate, NaSO 4 (anhydrous, 99-100%) were also supplied by Sigma Aldrich. All solutions were
	prepared with ultra-pure water obtained from a Millipore Mill-Q system with resistivity > 18
	MΩ cm at room temperature.

[START_REF] Guinea | Degradation of the fluoroquinolone enrofloxacin by electrochemical advanced oxidation processes based on hydrogen peroxide electrogeneration[END_REF] 

Table 5 - 1 -

 51 Concentration of Co and Fe after 8h during EF treatment at different pHs

pH Co (mg L ̶ 1 ) RSD =1% Fe (mg L ̶ 1 ) RSD =1%

  

	2	13.69	4.58
	3	2.02	0.63
	5.83	0.075	0.061
	7.1	0.041	0.009
		The mineralization of AO7 by • OH generated by catalytic activity of CoFe-LDH/CF
	cathode proceeds via the formation of several aromatic/cyclic intermediates such as 4-

aminophenol, hydroquinone, 1,4-benzoquinone, 1,2-naphthaquinone, 4-aminobenzosulphonic acid, 4-hydroxylbenzosulphonic acid, 2-hydroxy-1,4-naphthalenedione and its derivatives, 2-

  2 • ) at surface of the brucite sheet of the LDH can activated itself to form Fe II /Co II -OH and HO 2 • (eq. 5-15) with the former catalyzes the decomposition of the H 2 O 2 generated in the carbon matrix to produced • OH. The AO7 molecules which are diffused towards and in the cathode rapidly oxidized by the generated • OH. Two parallel reaction pathways are possible for the produced • OH: (i) direct oxidation of organic pollutants and (ii)
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CHAPTER 3

Substoichiometric titanium oxide (Ti 4 O 7 ) as anode material for electrooxidation of complex organics is required as this material represents a low cost alternative to other commercially available anode materials. Only few studies with major focus on degradation efficiency without in-depth considerations of the behavior, have investigated this anode material according to literature. Further, simple molecules have been studied without focus on emerging and complex pollutants especially pharmaceuticals.

The use of substoichiometric titanium oxide as anode material has not been reported for EF process. Studies are required to understanding the behavior and performance of this anode material in comparison with other commercially available electrode in EF process. was compared with other commercially available electrode such as DSA, Pt and even BDD. On the other hand, CoFe-LDH was grown by solvothermal process on carbon-felt as heterogeneous catalyst for application in EF at circumneutral pH to overcome the challenges of narrow working pH window and reusability encounter in tradition electro-Fenton system. The efficiency of the heterogeneous system was compared with that of homogeneous system using soluble catalyst and raw carbon-felt cathode.

Electrooxidation of pharmaceutical residues using sub-stoichiometric titanium oxides

Substoichiometric TiO 2 has demonstrated to be a suitable and effective electrode in electrooxidation of pharmaceutical AMX as these studies have shown (chapter 3). The main results are listed as follows: Beside the heterogeneous system should be investigated for other pollutants especially pharmaceuticals residues.

Treatment of real wastewater effluents

The thesis work has been achieved by studying synthetic solutions of the selected pollutants, therefore it is important to test the experiments realized here with real wastewater effluents. The real effluents behave differently when treated by electrochemical techniques because of the multicomponent nature of it organic content, varying pH and its significant quantities of inorganic ions. 

ANNEXES